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Preface

Forensic science has long served as the link between criminal activities and

the justice system. The investigation consists of myriad steps, from investi-

gating the evidence at the crime scene to processing and documenting the

collected evidence to be produced as testimony in court. Analytical tech-

niques such as spectroscopic, chromatographic, and microscopy techniques

have been vastly used for the analysis of various evidence. Apart from such

conventional techniques, emerging techniques such as nanotechnology and

lab-on-chip devices have also been used to analyze various evidence. In

order to compile the different analytical techniques used in forensic science,

this handbook has been divided into two parts: part 1 has sections that con-

tain chapters on the aforementioned techniques while part 2 gives an over-

view of the exercises using such techniques for different forensic samples.

Part 1 of this book has six sections. Section I sheds light on the intricacies

of various types of evidence and their collection. There are various types of

evidence collected at the crime scene, namely biological, physical, and

chemical evidence. Biological evidence consists of samples such as hair,

blood, semen, and insects while chemical evidence consists of samples such

as poisons and explosives. Physical evidence consists of samples such as fin-

gerprints, glass, fibers, and paints. The nature of every piece of evidence is

vastly different and therefore it needs suitable analytical techniques for its

analysis. Section II deals with spectroscopic techniques that are based on

the amount of energy absorbed by the sample (molecular or atomic species)

while keeping in check with certain limitations. UV-visible, infrared, near-

infrared, and Raman are some of the spectroscopic techniques commonly

used for the quantitative and qualitative analysis of samples. Absorption,

emission, and nuclear magnetic resonance spectroscopic techniques are also

used for the same. Apart from spectroscopic techniques, chromatographic

techniques, which are discussed in Section III, are also used for the identi-

fication of the sample. These techniques are based on the separation of sub-

stances on the basis of their affinity toward either the stationary phase or the

mobile phase. In Section IV, various microscopy techniques such as optical

and electron microscopes for the analysis of various pieces of evidence have

been discussed. Microscopic techniques are useful in forensic science as they

can provide confirmatory identification of the samples. As mentioned

before, emerging techniques such as mass spectrometry, X-ray diffraction,

xiii



nanotechnology, and lab-on-chip devices are incredibly useful for the anal-

ysis of forensic evidence. Section V deals with the applications of such foren-

sic evidence in forensic science. A very crucial aspect of the use of such

analytical techniques is their standardization and the ethics of the personnel

involved in their operation. The results obtained from analytical techniques

need to be highly reliable and valid so that they can be produced in a court of

law. In order to ensure this, various accreditation boards have been set up

that are responsible for overseeing the accreditation, testimony, and inter-

pretation of data that can be produced in court; these are discussed in

Section VI. Part 2 of this book is the experimental section, which sheds light

on the practical applications of various analytical techniques for the analysis

of evidence.

Overall, this handbook has been written with the intent of briefing

students and researchers about the use of various analytical techniques for

the analysis of forensic samples. Special thanks to Ms. Ruby Smith (editorial

project manager) and the editorial team at Elsevier for their dedicated

support and help during this project. In the end, all thanks to Elsevier for

publishing the handbook.

Chaudhery Mustansar Hussain

Deepak Rawtani

Gaurav Pandey

Maithri Tharmavaram
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CHAPTER 1

Introduction to chemical analysis
of forensic samples

1 Introduction

Forensic science is a field in which science is applied during a criminal inves-

tigation for the analysis of evidence obtained through the course of inves-

tigation. Because it is mainly a scientific field, several analytical

techniques are used for the analysis of various evidence found at the scene

of the crime. The personnel involved in the crime scene investigation

include those who are present at the crime scene such as doctors, police,

and other technicians responsible for the collection of evidence. Forensic

scientists working in the laboratory are more experienced with the different

analytical techniques used for their analysis. Biological, physical, and chem-

ical evidence are most widely encountered during the investigation. Prior to

analysis with the analytical techniques, these samples are usually prepped in

order to ensure optimal analysis. In this chapter, a brief overview of the dif-

ferent analytical techniques used for the analysis of the evidence encountered

during the investigation is given. This chapter will provide a basic outline of

the various analytical techniques used during evidence analysis.

2 Chemical analytical techniques used for the analysis
of evidence

In this section, spectroscopic, chromatographic, microscopic, and other

emerging analytical techniques are discussed in brief. Fig. 1 gives a brief

overview of the various forensic evidence and the analytical techniques used

for their analysis.

2.1 Spectroscopic techniques
Spectroscopic techniques are based on the interaction of the sample with

electromagnetic radiation. Electromagnetic radiation is a form of energy that

consists of the electrical and the magnetic component propagating at right

angles to each other. The electromagnetic radiation basically has a dual

1
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nature, that is, it can travel in either a wave form or in a particulate form. The

electromagnetic radiation as such consists of packets of energy known as

photons. It is due to these particles that the electromagnetic radiation con-

sists of both the wave- and particle-like behavior. Spectroscopic analytical

techniques involve the interaction of matter with the electromagnetic radi-

ation of a wavelength range from 10�3 to 10�8 nm, which basically covers

the infrared to UV-visible range. In this section UV-visible and fluores-

cence, infrared, nuclear magnetic resonance, Raman, and atomic absorption

and emission spectrometry.

2.1.1 UV-visible and fluorescence spectroscopy
UV-visible spectroscopy is a technique that measures absorption occurring

in the UV-visible range. The UV region extends from 190 to 350 nm while

the visible range extends from 350 to 800 nm. The main principle behind

the UV-visible technique is the electronic transitions that occur from the

bonding to non- and antibonding orbitals, that is, from n, π, and sigma to

π* and sigma*, respectively. Such transitions occur in compounds that con-

sist of double bonds or are aromatic. The absorbance by such compounds in

this range is determined by the Beer-Lambert law, which takes into account

the concentration of the sample with the intensity of the transmitted light.

Through this technique, it is possible to analyze myriad compounds. Fluo-

rescence spectroscopy is a technique that also takes into account the elec-

tronic transitions from the ground state to a higher state. When the

Spectroscopic techniques

Chromatographic techniques

Forensic
evidence

Microscopic techniques

Emerging analytical techniques

Hair

Illicit drugs

Explosives

Biological
fluids

Paints and
pigments

Fig. 1 Analytical techniques for the examination of forensic evidence.
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sample is irradiated with a high energy source, it absorbs the energy and tran-

sitions to a higher state. However, it loses its energy and falls back to its

ground state while emitting fluorescence energy for a noticeably short

period of time. The fluorescence emitted is characteristic to each element

and is therefore crucial for the analysis of various evidence. These spectro-

scopic techniques are among the most ubiquitous tools used for the analysis

of various forensic evidence such as blood, semen, saliva, urine, and other

body fluids; counterfeit food products; drugs; paints; or petroleum products.

Some of the samples can be directly analyzed through this technique while

some require appropriate sample preparation techniques (Altemose, 1986;

R€aty et al., 2004).

2.1.2 Infrared and near-infrared techniques
Infrared and near-Infrared techniques are vibrational spectroscopic tech-

niques that take into account the vibrational frequencies of the molecules

when they are irradiated by strong infrared radiation. The infrared radiation

ranges from 700 nm to 1 mm. When the radiation hits the sample, the mol-

ecule absorbs the energy, due to which the bonds start to vibrate. The

behavior of the molecules at such a stage is equivalent to that of a spring

and vibrations such as rocking, twisting, stretching, and bending take place.

This vibrational frequency is characteristic of a particular compound and can

thus be easily used for the determination of the compound. Infrared spec-

troscopy is usually used in conjunction with the Fourier transform tech-

nique, which uses a Michelson interferometer and is based on the

constructive and destructive interference of the radiation obtained from

the sample. The final spectra can be easily developed through Fourier trans-

formation. This technique is nondestructive and is incredibly useful for the

analysis of evidence such as hair, blood, and other biological evidence as well

as illicit and counterfeited products, explosives, and gunshot residue. Near-

infrared spectroscopy is a technique similar to infrared spectroscopy, except

that it uses near-IR radiation for the analysis of compounds. The NIR range

is from 0.7 to 1.4 μm. This technique is widely used due to its simplicity and

nondestructive nature. It works by taking into account the overtone and

combination absorption bands. The absorption here is weak and occurs as

a series of overlapping bonds. Because the absorption bands are weak, they

are highly useful in analyzing samples that are strong absorbers and have high

light scattering (Bell and Xu, 2018; El-Azazy, 2019; Ewing and

Kazarian, 2017).
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2.1.3 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is an interesting analyt-

ical technique that takes into account the magnetic moment of nuclei spin in

the presence of an external magnetic field for the structural determination of

a chemical compound. Typically, nuclei possess a neutron and protons that

contribute to the spin of the nuclei. If an external magnetic field is applied

then based on the energy level of the nuclei spin, there is an energy transfer

from the ground energy level to the higher energy level. This occurs at a

particular wavelength and frequency and is characteristic to the compound.

Typically, H NMR is used as the hydrogen nucleus is composed of only a

single proton, thus resulting in better spectra. However, apart from

HNMR, phosphorous NMR is also used for the analysis of different foren-

sic evidence. NMR in forensic science is typically used to analyze illicit

drugs, explosives, poisons and toxins, and body fluids such as blood, semen,

and saliva. It has also been used for the analysis of postmortem changes.

NMR is a highly sensitive tool that is capable of not only elucidating the

structural details of a compound, but can also easily identify any impurities,

thus determining quality. These features make NMR a highly critical tool

for the analysis of forensic evidence (Elipe and Victoria, 2012a,b).

2.1.4 Raman spectroscopy
Raman spectroscopy is yet another vibrational spectroscopy technique, and

it is mainly used for the structural analysis of a compound. In this technique,

Raman scattering serves as the main basis of analysis. Typically in IR spec-

troscopy, the sample is irradiated with infrared radiation. When the energy

of the molecule matches that of the radiation source, absorption occurs, fol-

lowed by the vibration of the molecular bonds. However, in Raman scat-

tering, the radiation source is typically a laser that has a single wavelength and

frequency. Once the radiation hits the sample, the electron cloud around the

nuclei inelastically scatters the radiation, due to which the energy of the scat-

tered photon is different from that of the incident photon. This difference

corresponds to one vibrational unit; this type of scattering is known as

Raman scattering. Raman scattering has two types of shifts: the stokes

and the antistokes shift. The stokes shift occurs when the electron transfers

from a lower energy level to a higher energy level while the antistokes shift

occurs when the electron moves from a higher energy level to a lower

energy level. Due to these phenomena, there is a difference in the frequency

and wavelength of the molecule that is characteristic of its structure. In

forensic science, Raman spectroscopy is used for its ease of use and
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nondestructive nature. Samples such as blood, saliva, semen, fingerprints,

illicit drugs, paints, pigments, explosives, and gunshot residue are widely

used. It is also used for the on-spot detection of counterfeit documents

(Fikiet et al., 2018; John and George, 2017).

2.1.5 Atomic emission and absorption spectroscopy
Atomic absorption and emission spectroscopy are atomic spectra techniques

that consider absorption and emission by atoms when they are subjected to a

monochromatic light source. These techniques are excellent to perform the

elemental mapping of a sample. In atomic absorption spectroscopy, a mono-

chromatic radiation source emitted by the atomization of free atoms is

absorbed by the sample. Because atomic absorption spectroscopy is based

on the absorption of the radiation emitted by the source, it follows the Beer

Lambert law, which correlates the amount of radiation absorbed with the

concentration of the element in the sample. Through this, it is possible to

obtain the characteristic intensities of transmitted radiation. Therefore, it

can be used for the quantitative determination of the element in the sample.

In atomic emission spectroscopy, when the radiation hits the sample, the

electrons absorb some of the radiation and transition to a higher energy level.

Once excited, they tend to come back to their ground state, which then

leads to the emission of radiation of a wavelength. This emission is charac-

teristic of the element present in the sample. Quantitative analysis can also be

performed because the amount of emitted radiation is proportional to its

concentration. Because these techniques are primarily used for the quanti-

tative estimation andmapping of elements in the sample, it is used in forensic

science mainly for the analysis of explosives, gunshot residue, and other

ammunition. Even samples such as fibers and flammable materials can also

be analyzed through this technique (Cantle, 1982; Moore, 1989).

2.2 Chromatographic techniques
Chromatography was first developed in 1900 by a Russian scientist, Mikhail

Tsvett. It was initially used to separate the plant pigments in a leaf. It is basi-

cally a separation technique that employs a stationary phase and a mobile

phase. The separation takes places on the basis of the affinity of the analytes

toward either the stationary phase or the mobile phase. Typically, the ana-

lytes get adsorbed on the stationary phase if they have more affinity toward

it, due to which they travel slower. If they have higher affinity toward the

mobile phase, they tend to travel faster. Based on this basic principle, the

analytes in any compound can be easily separated and identified. Substances
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that travel slowly have a higher retention time while those that travel faster

have a lower retention time. In this section, we discuss the various types of

chromatographic techniques such as high-performance liquid chromatogra-

phy (HPLC), gas chromatography, and high-performance thin layer chro-

matography (HPTLC) as well as offer a brief overview of hyphenated

techniques.

2.2.1 High performance liquid chromatography
HPLC is a type of column chromatography technique in which the station-

ary phase is in a column and the mobile phase is passed through it under high

pressure. The entire process in HPLC is automated and currently several

instruments come with autosamplers as well. The stationary phase is of many

types in HPLC, including normal phase, reverse phase, ion exchange, and

size exclusion. In normal phase HPLC columns, the stationary phase, which

is usually silica gel, is more polar than the mobile phase. In reverse phase

columns, the stationary phase is nonpolar, and themobile phase used is polar.

Ion exchange columns and size exclusion columns, use acidic/basic columns

or porous stationary phases, respectively. Illicit drugs such as opioids and

cannabis as well as pesticides, poisons, plant toxins, and alkaloids are analyzed

using HPLC. The analysis of each sample demands its own protocol wherein

factors such as the type of column to be used, the mobile phase, the pH of the

mobile phase, flow rate, retention time, and pressure are considered. The

detectors used in HPLC also vary according to the type of sample to be ana-

lyzed. Commonly used detectors are UV/visible, fluorescence, refractive

index, electrochemical, conductivity detector, evaporative light scattering

detector, and chiral detectors (Ahuja, 2005; Daldrup et al., 1986;

Ghosh, 1992).

2.2.2 Gas chromatography
Gas chromatography is yet another interesting chromatography technique

that is widely used in forensic laboratories. In this technique, the mobile

phase is a noble or unreactive gas such as argon or helium. It is passed

through the stationary phase, which is present either as a packed column

or coated inside a capillary. In this technique, the sample is carried along

with the carrier gas or the mobile phase and is passed through the column.

There, based on the affinity of the sample toward the stationary or the

mobile phase, it will be separated at different retention times. While this

is a highly versatile technique, it has certain drawbacks. One is that this tech-

nique is unsuitable for thermally labile compounds, as it can get pyrolyzed
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when the sample is converted to the vapor state prior to analysis. However,

with proper sample preparation techniques and the use of protectants to

ensure sample integrity, it is now possible to accurately separate the com-

pounds in a sample. Illicit drugs and blood alcohol content are some of

the widely analyzed forensic samples. Apart from this, explosives and other

flammable substances, accelerants, and even pesticides and poisons can also

be detected through this technique (Blumberg, 2012; de Coning and

Swinley, 2019).

2.2.3 High performance thin layer chromatography
High-performance thin-layer chromatography is probably one of the most

versatile chromatographic techniques used for the analysis of forensic evi-

dence. In this technique, a thin-layer chromatography or TLC plate coated

with the adsorbent or the stationary phase is used and incubated in a chamber

saturated with the mobile phase. The sample is also carefully loaded on the

TLC plate prior to the chromatographic development. The retention time

of the samples in this case is calculated according to the distance traveled by

the analytes present in the sample. This technique is highly useful in forensic

science as it offers photographic proof of the evidence that can be easily pre-

sented in court. Also, every stage in this technique is independent of each

other, due to which any cumulative errors are minimized. While samples

such as illicit drugs and toxins are commonly analyzed using this technique,

samples such as food adulterants, ink, fabric counterfeiting, and even explo-

sives can also be detected using this technique. This technique also offers

excellent automation, optimization, and detection with minimum sample

preparation (Bensakhria, 2017; Srivastava, 2011).

2.2.4 Hyphenated techniques
While chromatographic techniques are useful for the separation of analytes

and their detection is found through their retention time, it is sometimes not

possible to accurately determine the structure of the compound. Therefore,

these techniques are often paired with other techniques that are capable of

elucidating the molecular structure. GC, HPLC, and HPTLC are often

paired or coupled with techniques such as a mass spectrometer (MS), FTIR,

and NMR. GC-MS is a technique in which the sample is separated as usual

in the GC. Once they are separated, a specific device is used to couple

the two instruments, through which the samples from GC are transported

to the MS. The MS then elucidates the structure of the molecule. Similarly,

in the case of LC-MS, once separated by the chromatographic technique,
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the compounds undergo structural analysis by the MS. Similarly, HPTLC

can also be paired with FTIR and MS. A crucial aspect of such hyphenated

techniques is the link that connects the two. Because both techniques use

different sample forms, it is important that appropriate sample preparation

techniques are used (Bogusz, 1999; Cimpoiu, 2011; Kitson et al., 1996).

2.3 Microscopic techniques
Microscopic techniques are among the most widely used techniques for the

preliminary and confirmatory analysis of forensic samples. While spectro-

scopic and chromatographic techniques are capable of obtaining accurate

structural and chemical information, they do not provide an actual visuali-

zation of the compound. Microscopic techniques overcome this limitation

and provide hard results that can be easily produced in court. In this section,

the different electron, optical, and probe microscopes are discussed.

2.3.1 Optical microscopes
Optical microscopes are probably among the most versatile and ubiquitous

tools used for the visualization of forensic evidence. Optical microscopes

visualize samples by hitting the samples with a light source, which generates

photons. These photons interact with the sample and the reflected and scat-

tered light are collected by a series of lenses. There are mainly two types of

optical microscopes, the simple and the compound microscope. The simple

microscope consists of a single lens while the compoundmicroscope consists

of a series of objective and condenser lenses. Most microscopes used in a

forensic laboratory are compound microscopes. A compound microscope

consists of a light source, a condenser lens that is responsible for collecting

and focusing the light obtained from the light source onto the sample, and an

objective lens that focuses and collects the light from the sample. Typically,

phase contrast, bright field, fluorescence, polarized, and stereomicroscopes

are among the most commonly used microscopes for the analysis of various

evidence. While any biological samples, explosives, and ammunition are

commonly analyzed using the microscopes, samples such as fibers, glass,

paints, and even questioned documents can be easily analyzed through opti-

cal microscopes (Haynes, 1984; Johnson, 2013).

2.3.2 Electron microscopes
Electron microscopes such as scanning electron microscopes and transmis-

sion electron microscopes are among the most advanced microscopes capa-

ble of visualizing a compound with extremely high resolution and
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magnification. SEM is used to analyze the surface morphology of a material

while TEM is used to visualize its internal morphology. SEM is capable of

visualizing the surface morphology by analyzing the backscattered and the

secondary electrons, which are produced when the beam of the primary

electrons hits the same. The backscattered and secondary electrons are gen-

erated as a result of the impingement of the incident electrons on the sample.

In TEM, the primary electron beam is made to pass through an ultrathin

sample and only the transmitted electrons are detected. Based on the

obstructions present inside the material, some of the electrons get scattered,

due to which those areas appear darker in the image. Due to such a mode of

functioning, SEM requires samples that are conductive in nature so that the

primary incident electrons can easily interact with the surface. Therefore,

prior to usage, the samples are coated with a metal such as gold. In TEM,

the samples must be ultrathin in order to ensure that the electrons can pass

through easily. In forensic science, SEM has found more usage than TEM

due to the nature of the evidence obtained. Biological evidence such as hair,

pollen, teeth, skin, or bone cells can be easily imaged through these tech-

niques. The microscopic analysis of such evidence itself is confirmatory in

nature. Apart from this, various anthropogenic and geological samples have

also been analyzed using this technique (Amelinckx et al., 1997; Fultz and

Howe, 2013; Goldstein et al., 2003).

2.3.3 Atomic force microscope
Atomic force microscopy (AFM) is a type of scanning probe microscope

used to produce three-dimensional (3D) images of the sample surface. In this

technique, a probe or small tip moves carefully along the surface of the sam-

ple in order to get a 3D morphology of the surface. The working of this

microscope is similar to that of a blind man walking on the road with his

stick. The probe is usually attached to a cantilever that captures the move-

ments of the probe. A laser light falls on the surface of the tip in order to

monitor its movement. There are basically three types of working modes

in AFM: contact mode, noncontact mode, and tapping mode. In contact

mode, the tip or the probe is in constant contact with the sample surface

and based on the forces detected by the tip on the sample surface, the 3D

morphology is obtained. In noncontact mode, the tip is not in contact with

the surface of the sample and again moves by considering a minimum thresh-

old of force deflection on the sample surface. In tapping mode, raster scan-

ning occurs while the tip is constantly oscillating to and fro from the sample

surface. Depending on the type of sample to be analyzed, the different
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working modes can be selected. In forensic science, however, the use of this

microscope is still not widespread, and it remains in the research stages.

However, this is a highly promising technique as it offers a 3D surface anal-

ysis of the sample (Pandey et al., 2017b).

2.3.4 Energy dispersive X-ray coupled microscopy in forensic science
Energy dispersive X-ray (EDX) is a technique commonly used for the ele-

mental analysis of a material. In this technique, the sample is irradiated with

an electron beam, due to which backscattered, auger, and other secondary

electrons are generated. These electrons are typical of the elements present in

the sample, due to which quantitative and qualitative elemental information

can be easily obtained. The EDX is usually coupled with electron micro-

scopes where the electron gun of the microscope itself acts as the source

for EDX as well. The EDX detector is usually kept close to the sample in

order to efficiently capture the scattered electrons. Typically, an EDX detec-

tor consists of an Si-lithium detector or a silicon drift detector. Just like in an

electron microscope, the accelerating voltage of the electron beam and the

thickness of the sample play crucial roles in determining the elemental infor-

mation. In forensic science, EDX has been majorly paired with SEM to ana-

lyze samples. Typical forensic evidence such as biological samples,

explosives, and toxins are routinely analyzed through this technique. Apart

from this, paints, glass, and gunshot residue are also analyzed through this

technique (Abd Mutalib et al., 2017; Hodoroaba, 2020).

2.4 Emerging analytical techniques
Spectroscopic, microscopic, and chromatographic techniques are routinely

used in forensic laboratories across the world. Currently, these techniques

have seen an increase in their supplementation with emerging analytical

techniques such as mass spectrometry, X-ray diffraction, lab-on-chip

devices, and nanotechnology. In this section, a brief overview of such tech-

niques will be discussed along with how they have been used for the analysis

of various forensic evidence.

2.4.1 Mass spectrometry
Mass spectrometry, as mentioned before, is capable of analyzing organic

compounds by vaporizing the samples into a gas phase, then separating

the ions according to their mass/charge ratio (m/z). Typically, a mass spec-

trometer consists of an ion source that is responsible for the ionization of the

samples, a mass analyzer where the ions are separated according to the m/z
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ratios, and a detector that detects the separated ions. This technique is capa-

ble of not only obtaining structural information but also performing a quan-

titative estimation. Both liquid and solid samples can be easily analyzed

through this technique. A typical mass spectrum consists of the m/z ratio

values on the x-axis and their relative intensities on the y-axis. The strongest

peak corresponds to the parent ion of the sample, which is basically the ion-

ized form of the sample with the molecular weight closest to it upon frag-

mentation. There are many ionization methods such as electron ionization,

chemical ionization, field or matrix desorption, atmospheric pressure chem-

ical ionization, plasma desorption, thermospray ionization, and fast atom

bombardment. Mass analyzers such as a quadrupole analyzer, time of flight

(TOF), and ion trap are commonly used. Detectors such as photomultiplier

tubes, Faraday cups, and scintillators are also used. Typically, mass spectrom-

eters are often coupled with liquid, gas, or thin layer chromatographic tech-

niques in order to get an accurate analysis of the forensic evidence. Here too,

this technique is used for the analysis of myriad forensic evidence such as

biological samples, illicit drugs, and explosives. Gunshot residue and coun-

terfeit inks can also be analyzed through this technique. This is a highly ver-

satile technique and therefore both solid and liquid samples can be easily

analyzed (de Hoffmann and Stroobant, 2007).

2.4.2 X-ray diffraction
X-ray diffraction (XRD) is a technique used to analyze the crystallinity of a

material. In X-ray diffraction, when X-rays, preferably of higher energy, hit

the atoms that are arranged in a material, they undergo two types of scatter-

ing: elastic or inelastic. In elastic scattering, the scattered rays have the same

energy as the incident electron while in inelastic scattering, the energy of the

scattered rays is not equal to the energy of the incident rays. Due to this,

there is a constructive or destructive interference based on the crystal orien-

tation of the sample. The constructive interference follows the Bragg law,

which takes into account the angle between the radiation and the crystal

planes, the wavelength of the radiation, and the spacing between the crystal

planes. Through the Bragg equation, it is possible to obtain information

regarding the crystallinity of the sample. Typically, the analysis takes place

either by fixing or varying the angle between the incident ray and the crys-

talline planes. Metals such as copper, molybdenum, or iron are commonly

used to generate the X-ray sources by subjecting them to a high-voltage

electron beam under vacuum conditions. The samples can either by ana-

lyzed in a powdered form or as a whole crystal. Based on the type of sample
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to be analyzed, the type of X-ray diffraction method can also be selected.

Scintillation, solid state, or charge coupled devices are often used as detectors

in this technique. XRD has been commonly used to analyze the crystalline

structure of drugs, minerals, and other metals. But in forensic science, it has

also been used to analyze paints, pigments, bones, and even fibers (Bishnoi

et al., 2017; Br€ugemann and Gerndt, 2004).

2.4.3 Nanotechnology
Nanotechnology is the science of nanomaterials, that is, those materials

whose size is in the nanometer range. Due to their small size, they have

enhanced optical, magnetic, and electrical properties along with increased

reactivity contributed by a significant increase in their surface area. Due

to such properties, nanomaterials have found myriad use in various applica-

tions. Nanomaterials such as nanoparticles, nanotubes, nanoshells, and nano-

fibers are often used in various applications. However, such nanomaterials

are often functionalized, that is, the surfaces of these nanomaterials are often

modified by incorporating a guest molecule or a functional group. Due to

functionalization, the intrinsic properties of the nanomaterials get further

enhanced. Nanomaterials are commonly synthesized through two routes:

the bottom-up or the top-down approach. In the bottom-up approach, a

precursor salt solution is taken and in the presence of a catalyst or a reducing

agent, nanomaterials are formed. In the top-down approach, the bulk mate-

rial is ground to nanomaterials through various mechanical and chemical

methods. The characterization of these nanomaterials is done through var-

ious spectroscopic, electron, and probe microscopic techniques. The elec-

tron microscopes are usually paired with EDX to get elemental information.

In forensic science, nanomaterials have been widely used for the develop-

ment of sensors that allow the detection of explosives, gunshot residue,

and other toxins and pesticides. Due to their nanosize, they have also been

used for the detection of latent fingerprints as they can easily get attached to

the ridges of a fingerprint, thus allowing enhanced selective and sensitive

detection of the fingerprints with increased contrast (Pandey et al., 2017a;

Rawtani et al., 2019; Tharmavaram et al., 2018).

2.4.4 Lab-on-chip devices
Lab-on-chip devices are among the most advanced devices created for the

analysis of forensic samples. These devices are miniaturized laboratories and

are developed though microfluidic technology. These are basically an amal-

gamation of fluidics, electronics, and optics. These devices can carry out
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independent reactions that usually need an entire laboratory to work. Due to

this, the amount of sample required is very small (microliters to nanoliters)

and the reaction is very rapid, due to which on-spot detection kits can be

easily developed. A lab-on-chip device typically consists of an injector or

a sample holder, and it is connected to a sample processing chamber where

any contaminants are removed through centrifugation or filtration. This is

followed by a reagent mixer that serves as the main component for mixing

the reagents. Once this is done, it is sent to the reaction chamber where the

sensors are attached to monitor the product formation to analyze the reac-

tions. The device also consists of a transducer that is responsible for convert-

ing the chemical signals to electrical signals and converting that into a

readable output. Lab-on-chip devices are highly useful for analyzing forensic

evidence, as they require very small amounts of samples and allow the

on-spot detection of evidence with high specificity. While the use of lab-

on-chip devices for the analysis of evidence is still mostly in the research

stage, it holds immense potential for use in the field. They can be used

for the analysis of DNA, illicit drugs, and even explosives. They can also

be used for the analysis of various biological evidence such as blood and

can easily detect the difference between any red-colored liquid and actual

blood. The use of lab-on-chip devices in the field will significantly reduce

the time required for a criminal investigation, due to which various proac-

tive forensic measures can also be implemented (Abgrall and Gu�e, 2007;
Gupta et al., 2016).

3 Conclusion

The analysis of various forensic evidence is highly necessary, as this can form

the crux of any criminal investigation. Apart from criminal investigation, the

analysis of various samples is also required to implement security measures

and laws, especially in airports. Over the years, samples such as illicit drugs;

explosives; gunshot residue; biological evidence such as blood, semen, saliva,

DNA, pollen, and diatoms; and other physical evidence such as paints, pig-

ments, fabrics, and questionable documents have been analyzed using var-

ious analytical techniques. In this chapter, the various chemical analytical

techniques for the analysis of various forensic samples have been discussed

in brief. Spectroscopic techniques such as UV-visible, infrared, Raman,

nuclear magnetic resonance and atomic emission and absorption spectros-

copies have been used for the preliminary and confirmatory analysis of evi-

dence along with chromatographic techniques such as high-performance
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liquid chromatography, gas chromatography, and thin-layer chromatogra-

phy. These techniques are usually paired with a mass spectrometer to obtain

information regarding structure. Typically, the analysis of evidence is in tan-

dem with optical and electron microscopic techniques that provide an accu-

rate visualization of the sample. Apart from such conventional techniques,

emerging analytical techniques such as the use of nanotechnology and

lab-on-chip devices also have immense potential in the analysis of various

forensic evidence.
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CHAPTER 2

Forensic sampling and sample
preparation techniques

1 Introduction

A forensic sample is evidence collected from the scene of a crime. This evi-

dence provides information about the crime in many ways such as individual

testimony, documented proof, or through the submission of material objects

in courtroom trials. On a broader scale, evidence can be of two types: real

and demonstrative. Real evidence is directly related to and collected from

the crime scene, and it can assist in identifying the victim or the suspect.

Most forensic samples collected from the crime scene such as biological

fluids, explosives, gunshot residue (GSR), drugs, toxins, alcohol, etc., are

real evidence. On the other hand, demonstrative evidence is not directly

collected from the crime scene. This is developed at later stages of forensic

investigation in order to assist and understand the importance of real evi-

dence. Examples of such evidence include a digitally simulated crime scene,

figures demonstrating hair characteristics, bloodstain pattern demonstration,

etc. Evidence collected from the crime scene can be circumstantial, conclu-

sive, conflicting, corroborating, derivative, exculpatory, foundational, hear-

say, incriminating, presumptive, probative, rebuttal, or tainted (Houck and

Siegel, 2010). As far as the transfer of evidence is concerned, it can be direct

(from person to person or to a location) or indirect (involvement of inter-

mediate persons or objects). In indirect transfer, the chances of contamina-

tion of forensic samples are very high. At a crime scene, normally three

modes of searches are performed for the identification and collection of

forensic samples. These search patterns can be lane or strip, spiral, and grid

(Houck and Siegel, 2010). Using these search patterns, different kinds of

forensic samples are properly collected, labeled, and forwarded in a suitable

manner to the laboratory for further testing.

In this chapter, different types of forensic samples belonging to three

different categories—physical, chemical, and biological—are initially dis-

cussed. The chapter also discusses the collection, preservation, and handling
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of such forensic samples. Further, the preparation techniques involved for

the examination of forensic samples through various analytical instruments

are also elaborated.

2 Types of forensic samples

Broadly, the forensic samples collected from a crime scene can be classified

into three categories: physical, chemical, and biological (Robertson, 2016).

This section discusses the types of forensic samples falling into these catego-

ries as well as their collection, preservation, and handling.

2.1 Physical forensic samples
2.1.1 Classification
Physical forensic samples can be classified mainly into five categories: ques-

tioned documents, digital samples, impression marks, ballistics samples, and

trace samples. The latter three categories include a large number of forensic

samples. Impression marks collected at the crime scene include lip prints,

fingerprints, footprints, and tire and tool marks. Forensic samples related

to ballistics include firearms, GSR, bullets, and cartridge cases. Trace foren-

sic samples mainly include soil, paint, fiber, and glass. These are the different

types of physical forensic samples that are encountered during crime scene

investigations (Collett, 2005).

2.1.2 Collection, preservation, and handling
The collection, preservation, and handling of different physical evidence

vary. As far as documents are concerned, they can be found either intact

or in a torn or charred state. Torn documents should be collected by switch-

ing off the fan and picking them up, preferably with forceps. They should be

properly arranged on a glass or plastic sheet during reconstruction. In the

case of charred documents, if they are present in a container, then the entire

container should be collected. If they are present in a heap with unburned

papers inside, then the entire heap should be collected and sent to the lab-

oratory. All the collected documents whether charred, torn, or intact must

be preserved after photography in a cardboard or plastic box during trans-

portation to the laboratory.

In the case of digital evidence, if evidence is present in small devices such

as a cell phone or tablet, then it can be directly collected using gloves. If,

however, it is present in devices that cannot be moved such as a desktop

computer, then the evidence must be collected and preserved on a
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CD-R or DVD. In the case of switched-off systems such as a laptop or desk-

top computer, the hard drive must be collected and signed for by the user

and officer in charge. Also, nearby places must be searched for any paper or

diary that may have the password. In the case of switched-on systems, data

must be collected through digital forensic tools. If no expert is available, then

the power supply should be removed from the system and the hard disk

should be recovered. All the digital samples must be photographed and sent

to the laboratory in antistatic packing material such as a paper bag, cardboard

box, or envelope (Casey, 2004).

Impression marks include fingerprints, lip prints, footprints/shoeprints,

and tire and tool marks. Latent fingerprints after development with fingerprint

powder are lifted by adhesive tape and preserved on glass slides for transpor-

tation. In the case of patent or plastic fingerprints, the object is photographed

and taken directly for laboratory analysis. Lip prints are also collected, pre-

served, and transported in a similar fashion. Photography, lifting, tracing,

and casting are the methods for the collection of footprints/shoeprints or tire

marks. Casting can be done by resin, plaster of Paris, wax, etc. Adhesive tape

and gelatin lifters are used to lift impressionmarks from different surfaces. Tool

marks are collected either by collecting the entire object, or by casting using

plastic or rubber (softened) on the surface. The photographs in this case must

be taken perpendicular to the tool marks (Robertson, 2016).

Firearms, cartridges, and GSR are the ballistic forensic samples found at

the crime scene. If a firearm is recovered, then it should be safely collected

after unloading and a record of the live and fired cartridges should be kept. It

should be packed in a cellophane packet if any foreign material such as

blood, hair, or tissue is present on the firearm. The firearm should be trans-

ported in a wooden box with sufficient padding. In the case of ammunition,

parts such as live cartridges, discharged bullets, bullet from the cadaver, etc.,

should be safely recovered and packed separately. GSR is collected using a

cast of molten wax on the suspect’s hand. If GSR is on clothes, then the

entire material should be packed in cellophane packets and sent to the lab-

oratory for further testing (Saferstein, 2013).

Glass, fibers, paints, and soils are the trace forensic samples found. All

glass particles present at the crime scene must be collected separately and

kept in cotton padding. If glass is present in an object which can be trans-

ported such as a shoe or a window, then the entire object should be trans-

ported for analysis. In the case of fibers or threads, they should be collected

using tweezers and placed in envelopes or paper, then sealed in another

envelope. During paint collection in hit-and-run cases, the sample should
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be collected from the freshly dented regions of the vehicle. In the case of

burglary, the area where the tool was hit should be used for paint collection

and the tool should also be sealed with paper and tape for transportation. Soil

samples can be collected by vacuuming and packing in plastic containers for

transport to the laboratory (Saferstein, 2013).

2.2 Chemical forensic samples
2.2.1 Classification
Chemical forensic samples can be classified as drugs, toxins, fire and arson

samples, explosives, and petroleum products. Drugs include samples such

as normal ones used at high doses, injections, and narcotic and psychotropic

drugs. Toxins are mainly pesticides, alcohols, or poisons. Explosive samples

can be intact, residue, or a sample of soil with an explosive. In the case of

petroleum products, further classification includes products such as kero-

sene, diesel, and biofuel. These different kinds of chemical evidence are col-

lected and preserved in different manners (Houck and Siegel, 2010).

2.2.2 Collection, preservation, and handling
Drugs (solids and powders) are generally collected in inert dry containers and

transported in customized tablet boxes. Preservatives are not added; how-

ever, refrigeration is maintained if required. Plastic vials or pill boxes are used

for collecting counterfeit tablets. Abused drugs and psychoactive substances

are seized in heat-sealed bags of plastic for solids and plastic or glass con-

tainers for liquid samples, which should be wrapped in clean cloth. All

the containers need to be properly labeled before transport to the laboratory

(Houck and Siegel, 2010).

In the case of alcohol poisoning, body fluids such as blood and urine need

to be collected. Blood should be collected from the subclavian or femoral

vessel in an anticoagulant coated vial, and transported in ice boxes. In the

case of urine, there is no requirement of a preservative. In cases of fatal poi-

soning, visceral organs are collected with different preservatives. A rectified

spirit in acid poisoning and a common salt or saturated solution of it in cases

of alcohol, carbonmonoxide, cyanide, or snake venom poisoning are used as

preservatives for the transportation of viscera. Common salt with potassium

oxalate is used for preserving blood in poisoning cases.

In cases of fire and arson, samples such as cigarettes, matchsticks, and con-

tainers of flammable liquids are of forensic importance. These should be

carefully collected. Flammable liquids can be collected using a portable

vapor detector. Soil samples with traces of flammable liquids should also
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be collected. The samples can be collected in metallic airtight containers.

Glass containers with metal lids or caps can also be used. Burnt materials such

as paper, ash, soot, wood, etc., should be packed separately in fresh glass con-

tainers in order to avoid sample loss.

Explosive samples need to be collected in the presence of bomb disposal

squads. Unexploded materials should be collected by wearing safety gear,

and only after a proper examination by the squad. For the chemical analysis

of explosive residue, swab samples are collected from the objects, people,

and dead bodies that came into contact with the explosive after the blast.

Vacuum pumps, vapor detectors, and metal detectors can also be used for

collecting explosive residue. Paper or polyethylene bags are used for packing

samples such as soil, clothing, unused explosives, and other unnecessary

objects. Glass containers for liquid samples and airtight glass containers for

gas samples are used at the explosion site (Saferstein, 2013).

Petroleum products in cases of adulteration are collected from all gas-

oline and diesel tanks in airtight aluminum or plastic containers. In cases of

counterfeiting, fake and original products must be packed separately in

suitable containers. While collecting petroleum products, the container

should not be filled to the brim. Some space should be left at the top

for volume variations due to expansion. Containers with volatile products

should be transported upside down so that the loss of low boiling point

parts can be avoided (Collett, 2005).

2.3 Biological forensic samples
2.3.1 Classification
Broadly, human or animal biological forensic samples can be classified into

body fluids and nonbody fluids. Body fluids include blood, semen, saliva,

vomit, milk, vaginal secretion, sweat, tears, and urine. Nonbody fluids

mainly include teeth, nails, feces, bone, hair, and tissue. Apart from them,

there can be other biological samples as well of botanical, entomological,

or microbial origin. All those collecting these samples must wear proper

masks, gloves, and hair nets in order to prevent cross-contamination. For

the packaging and transportation of biological samples, plastic bags and con-

tainers are avoided because they may cause microbial contamination (Houck

and Siegel, 2010).

2.3.2 Collection, preservation, and handling
Body fluids are collected with or without the use of preservatives. Blood is

one of the most common body fluids found at a crime scene. It can be wet or
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dry, or can be in the form of stains on some objects. Wet blood is soaked in

cotton fabric, air dried, and packed along with a reference cotton fabric as

control. Dry blood, if present on small objects, is collected along with the

object, or with a swab if present on immovable objects. Swabs are then trans-

ported in paper envelopes or bags. If objects can be cut, then bloodstained

parts are carefully cut and transported to the laboratory. Liquid semen sam-

ples are collected using a swab, which is dried and packed in an envelope for

transport. Semen-stained objects such as clothes should be transported as

such in clean paper bags after moisture removal. Condom samples with

semen are transported in refrigerated condition inside the containers. Swab-

bing is also used for the collection of vaginal and nasal secretions as well as

saliva. The swabs are air dried before transportation. Urine samples are col-

lected in liquid form in glass vials. Vomit, if dried, is collected using scraping

with a gauze piece. If present in liquid form, it is collected in a glass vial and

transported in refrigerated condition (Saferstein, 2013).

In the case of nonbody fluids, collection and preservation are different.

Tissues, bones, and teeth are collected for the identification of the cadaver. If

tissues are present, then skeletal muscle is collected in a glass or polypropyl-

ene container. The addition of formalin is avoided. If tissues are not present,

then bone is collected (preferably longer bones if available). Teeth are also

collected in cases of mutilated or burned bodies. All these samples are trans-

ported in an ice box or dry ice to the laboratory.

Botanical forensic samples are collected and preserved by pressing and

drying in natural conditions, thereby maintaining the physical features of

the plant. In the case of fresh plant samples, plastic containers and freezing

should be avoided. Entomological samples such as insects and their different

developmental stages present in cadavers should be collected in glass con-

tainers. Microbial samples such as fungi should be collected and dried for

preservation; this maintains the morphological features. The dried fungal

samples must be transported in paper bags or pasteboard boxes to the labo-

ratory for further analyses (Houck and Siegel, 2010; Saferstein, 2013).

3 Preparation techniques for forensic samples
for instrumental analyses

3.1 Physical forensic samples
As discussed in the previous section, a number of physical forensic samples

are encountered at the crime scene. These samples are collected and sent to

the laboratory for the analysis of their structural and chemical profiling.
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Many techniques are available for the analysis of physical forensic samples.

Broadly, these techniques can be classified into spectroscopic, chromato-

graphic, and microscopic techniques. Apart from these, other techniques

that do not fall into these categories are also used. This section discusses

the preparation involved for the analysis of physical forensic samples through

these instrumental techniques.

3.1.1 Spectroscopic analyses
Spectroscopic techniques mainly include UV-visible, fluorescence, infrared,

atomic, Raman, and nuclear magnetic resonance (NMR) spectroscopy. For

physical forensic sample analysis, all these techniques except NMR are used

during investigations.

UV-visible and fluorescence spectroscopy can be used to analyze phys-

ical samples such as fibers, fingerprints, paints, and questionable documents.

Fibers are treated with different solvents (mostly organic) for the extraction

of dyes, which can be analyzed using UV-visible and fluorescence spectros-

copy (Campiglia et al., 2016). Fingerprints do not need any kind of treat-

ment. They are directly developed using fluorescent powders (Risoluti

et al., 2019). Paint chips are treated with alcohol to remove resins and

the top layer before UV-visible analysis (Trzci�nska et al., 2009). Question-

able documents are initially treated with mixtures of aqueous and organic

solvents to extract inks, which can be analyzed throughUV-visible spectros-

copy (Saviello et al., 2018).

IR spectroscopy can be used for the chemical profiling of physical evi-

dence such as currency notes, GSR, questionable documents, and paints.

Currency notes require no treatment for IR analysis. GSR and questioned

document analysis in attenuated total reflectance (ATR) mode also need no

specific preanalysis treatment (Bueno et al., 2013; Xia et al., 2019). Paint

analysis, however, requires KBr for preparing pellets of paint samples via

the pressed pellet technique, which can be analyzed in IR (Sciutto

et al., 2014).

Atomic spectroscopy can be used for the elemental analysis of physical

samples such as GSR, fibers, glass, papers, and soils. Samples with GSR as

well as fibers and papers are initially treated with strong acids before atomic

spectroscopic analysis (Sungur and G€ulmez, 2015). Glass and soils are finely

crushed before treating with strong acids. Such treated samples can be used

for atomic spectroscopy (Hickman et al., 1983).

Raman spectroscopy also assists in the chemical profiling of physical evi-

dence such as paints, GSR, fibers, questionable documents, and soils. Paint

23Forensic sampling and sample preparation techniques



chips can be attached to glass slides using double-sided adhesive tape

(De Gelder et al., 2005) while GSR on cloth or paper tissues can be directly

analyzed (Karahacane et al., 2019). Fibers and documents do not require any

pretreatment, but soils need to be crushed and sieved before Raman analysis

(Xing et al., 2016).

3.1.2 Chromatographic analyses
High-performance liquid chromatography (HPLC), gas chromatography

(GC), high-performance thin-layer chromatography (HPTLC), and other

techniques hyphenated with these instruments come under chromato-

graphic techniques. However, in the case of physical samples, only GC

and related hyphenated techniques have been used by researchers.

GC has been used for the analysis of physical forensic samples such as fin-

gerprints, paints, and documents. Fingerprints present on the surfaces need

to be extracted using organic solvents before going for GC analysis

(Weyermann et al., 2011). Paint samples need to undergo pyrolysis at a very

high temperature before being subjected to GC analysis (Milczarek and

Zięba-Palus, 2009). Inks are extracted from documents using suitable sol-

vents, which are then subjected to GC (Koenig et al., 2015).

MS hyphenated with GC has assisted in the analysis of physical forensic

samples such as fibers. Just like the paint samples, fibers also undergo pyrol-

ysis before being subjected to GC-MS analysis (Causin et al., 2006).

3.1.3 Microscopic analyses
Optical, electron, and atomic force microscopy are leading in the forensic

analysis of physical samples. Energy dispersive X-ray (EDX) spectroscopy

can also be coupled with these microscopy techniques for the elemental

analysis of physical forensic samples.

Optical microscopy has contributed in studying the structural details of

fibers, glass, paints, documents, and soil. Fibers are mounted on slides using

resins for optical microscopy (De Wael and Vanden Driessche, 2011). Glass

and documents can be directly visualized while paint flakes need to be peeled

off to remove each layer of paint for the analysis (Wright et al., 2011). Soil

samples need to be sieved before microscopic analysis can be done.

Scanning electron microscopy (SEM) has played an important role in

understanding the morphology of physical evidence such as questionable

documents, GSR, tool marks, fibers, and soil. The samples are coated with

inert metals such as gold or palladium through sputtering, and mounted on

aluminum stubs for SEM analysis (Basu, 2006). For EDX analysis, no specific
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treatment is required. Samples present on the sample holder can be directly

used for EDX analysis as well.

Atomic force microscopy (AFM) has played a role in understanding the

surface topography of physical samples such as plastic wrapping material,

fibers, GSR, fingerprints, and documents. These samples are directly

mounted on the sample holder using adhesive tape, followed by their struc-

tural analysis using AFM (Pandey et al., 2017).

3.1.4 Other analyses
Mass spectrometry (MS) and X-ray diffraction (XRD) are other analytical

techniques used for examining physical forensic samples. Recent advance-

ments such as nanotechnology also aid in the physical sample investigations.

MS has helped in the analysis of physical evidence such as GSR, fibers,

and documents. GSR does not require any specific preparation while fibers

need to undergo an extraction process for recovering dyes, which are ana-

lyzed by MS. Similarly, documents are treated to recover inks for MS

analysis (Ifa et al., 2009).

XRD has assisted in understanding the crystalline nature of physical sam-

ples such as paint, paper, fibers, GSR, and soil. Fibers, fabrics containing

GSR, and papers are directly mounted on the sample holder using adhesive

tape for XRD analysis. Paint and soil samples are ground into fine powders

and subjected to XRD analysis (Kugler, 2003).

Nanotechnology has aided in the analysis of physical forensic samples

such as currency notes (counterfeited) and fingerprints. There is no require-

ment of sample preparation in this type of analysis (Rawtani et al., 2019).

3.2 Chemical forensic samples
Large chunks of evidence recovered from the crime scene include chemical

samples of forensic importance. Many kinds of instrumental techniques are

employed for the analysis of various properties of such samples such as absor-

bance, molecular weight, crystallinity, molecular vibrations, structure, etc.

These details help in the identification of the recovered chemical samples.

For the analysis of different properties, different techniques are available.

These techniques require the preparation of samples before they can be ana-

lyzed in the instrument. This section therefore sheds light on the preparation

of chemical forensic samples for studying their properties using different

instruments.

25Forensic sampling and sample preparation techniques



3.2.1 Spectroscopic analyses
Spectroscopic techniques used for the analysis of physical forensic samples

are also used for the analysis of chemical forensic samples.

Drugs, counterfeit beverages, and petroleum products are analyzed using

UV-visible and fluorescence spectroscopy. Beverages do not need any kind

of treatment for UV-visible analysis. Drugs, however, need to be solubilized

in a suitable polar or nonpolar solvent, depending on the drug’s solubility for

such analysis (Banister et al., 2015). Petroleum products are treated for the

removal of oxygen of any kind of fluorescent impurity before fluorescence

spectroscopy (Lloyd, 1980).

IR spectroscopy can be used for the analysis of chemical samples such as

counterfeit and illicit drugs as well as explosives. For Fourier transform IR

analysis, drug and explosive samples need to be prepared with KBr using the

pressed pellet technique; if the analysis is done using the ATRmode, no pre-

treatment is required.

The elemental analysis of chemical samples such as drugs, explosives, and

ignitable liquids can be performed with atomic spectroscopy. Drugs and

explosive powders are initially treated with peroxide and strong acids for

digestion, followed by washing with deionized water (French et al.,

2013). For ignitable liquids such as petrol and diesel, no pretreatment is

needed for atomic spectroscopy (Chan, 1981).

Raman spectroscopy can also be done for chemical samples such as drugs

and explosives. Drugs need to be solubilized, preferably in an aqueous sol-

vent, for Raman analysis (D’Elia et al., 2018) while explosives do not require

any kind of pretreatment for such analysis (Elbasuney and El-Sherif, 2017).

NMR spectroscopy also assists in the analysis of chemical samples such as

counterfeit beverages, drugs, explosives, and toxins. Alcoholic solutions of

beverages can be prepared with a mixture of buffers and deuterated water for

NMR analysis (Kuballa et al., 2018). Drug and toxin solutions are generally

prepared in deuterated water with mild acid while explosives are prepared in

dimethyl sulfoxide (DMSO) (Paul et al., 2019).

3.2.2 Chromatographic analyses
Most of the chromatographic techniques, including those used for the anal-

ysis of physical forensic samples, have been used for the examination of

chemical forensic samples.

HPLC can be used for the analysis of chemical forensic samples such as

drugs and pesticides. The drug is dissolved in a suitable solvent, depending

upon its solubility and the operation mode of HPLC (Freiermuth and
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Plasse, 1997). Pesticides, if present, need to be prepared in solution form,

and if present in other samples need to be extracted, then used for HPLC

analysis (Nasiri et al., 2020).

GC has assisted in the analysis of chemical forensic samples such as alco-

hols, drugs, explosives, and toxins. Alcohol can be directly analyzed while

drugs and toxins need to be extracted from the sample using organic sol-

vents and then used for GC (Papoutsis et al., 2010; Valente et al., 2015).

Explosive samples need to be prepared in organic solvents for GC analysis

(Calderara et al., 2003).

HPTLC has contributed in the analysis of drugs, explosives, textile dyes,

inks, and toxins. Drugs, toxins, and explosives need to be prepared in solu-

tion form using a polar or nonpolar solvent, or extracted from the objects in

which they are present before being spotted onHPTLC plates (Kumar Kuila

and Chandra Lahiri, 2012; Turkmen et al., 2013). Dyes and inks can be

either directly spotted or diluted in solvent for spotting on the HPTLC plate

(Sherma, 2016).

Chromatographic techniques hyphenated mainly with MS have played a

role in the separation and analysis of drugs, explosives, inks, and toxins. The

sample preparation for these samples is similar for hyphenated techniques to

that used for normal chromatographic techniques.

3.2.3 Microscopic analyses
Chemical forensic samples are not generally analyzed using microscopic

techniques. There are very few instances in which microscopic assistance

was needed for such samples. However, EDX attached to microscopes plays

a role in the analysis of the elemental composition of chemical samples.

Optical microscopy has been used by forensic scientists for the analysis of

explosives present in skin samples of victims of bomb blasts. Tissues are fixed

in wax, followed by their sectioning and mounting on glass slides for visu-

alization under the microscope (Turillazzi et al., 2010).

Explosives have also been analyzed using AFM. A powder sample of the

explosive is mounted on glass slides using double-sided adhesive tape, and

then AFM analysis is carried out (Pandey et al., 2017).

3.2.4 Other analyses
MS, XRD, nanotechnology, and lab-on-chip devices have also contributed

their part in the analysis of chemical forensic samples.

MS hyphenated with other instruments has analyzed chemical samples

such as drugs, explosives, and petroleum products. Solutions of drugs and
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explosives need to be prepared in suitable solvents before being subjected to

MS analysis. Petroleum products can be directly injected into theMS instru-

ment if present in pure form (Ifa et al., 2009).

XRD has contributed to the analysis of the crystallinity of drugs and

explosives. These samples, if not present in powdered form, are finely ground

and filled in the sample holder for XRD analysis (Schachel et al., 2020).

Nanotechnology-based sensors are able to detect traces of illicit drugs

and explosives. These samples, if present in solution form, greatly enhance

the sensitivity of detection using nanosensors (Rawtani et al., 2019).

Lab-on-chip devices have also been used for the analysis of drugs and

explosives. These samples need to be diluted in different solvents before

loading on the device. The solution needs to be filtered properly in order

to remove any large impurities that may block channels in these miniaturized

devices (Abgrall and Gu�e, 2007).

3.3 Biological forensic samples
Biological forensic samples are very commonly encountered at the crime

scene because of the involvement of humans or animals, either as the

victim or the suspect. Similar to the physical and chemical forensic samples,

biological samples can also be analyzed using spectroscopic, chromato-

graphic, microscopic, and other analytical techniques. The sample prepa-

ration is different for different techniques. This section therefore elaborates

the preparation of biological samples for analysis using different instrumen-

tal techniques.

3.3.1 Spectroscopic analyses
Spectroscopic techniques for the analysis of physical and chemical forensic

samples are also useful for biological forensic sample analysis.

Different types of body fluids are analyzed using UV-visible and fluores-

cence spectroscopy. These fluids such as saliva, semen, urine, blood, etc., can

be used directly or after centrifugation and filtration for UV-visible and fluo-

rescence analysis (Zapata et al., 2015).

IR spectroscopy can be used for the analysis of biological samples such as

body fluids, hair, and entomological evidence. Body fluids need no specific

treatment upon analysis using the ATRmode (Elkins, 2011). Similarly, hair

samples can also be placed directly onto the ATR assembly for IR analysis

(Boll et al., 2017). However, because entomological evidence is collected

sometimes in alcohol, they need to be dried to remove the alcohol before

the IR analysis (Barbosa et al., 2018).
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Atomic spectroscopy assists in the elemental analysis of biological samples

such as tissues, blood, teeth, nails, and bones. In the case of tissue and blood,

the samples are initially soaked in acid, preferably nitric acid at high pressure

and temperature, before the analysis (Acar et al., 2004). Teeth, nails, and

bones are ground properly and mixed with nitric acid before their atomic

spectroscopy (Kłys et al., 1999).

Body fluids and human remains are also analyzed via Raman spectros-

copy. If body fluids are present on objects such as fabric, they can be analyzed

directly; if present as a whole, a smear of fluid on a glass slide is prepared for

Raman analysis (Fikiet and Lednev, 2019; Hager et al., 2018). For tissues or

human remains, thin sections are prepared and kept on glass slides for the

analysis (Schotsmans et al., 2020).

NMR spectroscopy has also contributed to the analysis of body fluids as

well as tissues. Tissue samples are initially frozen and powdered, followed by

treatment with acid to solubilize the hydrophobic components. Then, their

extracts are prepared in deuterated water with trimethylsilyl propionic acid

(TSP) (Hirakawa et al., 2009). Body fluids are centrifuged followed by freez-

ing, and then reconstituted in deuterated water with TSP for NMR analysis

(Scano et al., 2013).

3.3.2 Chromatographic analyses
The separation of components of biological forensic samples such as food

items and plant alkaloids can be performed using chromatographic tech-

niques such as HPLC and related hyphenated techniques.

HPLC has been used for the analysis of biological forensic samples such as

plant alkaloids. These need to be extracted in organic solvents at basic pH.

The sonication process also assists in this extraction of alkaloids, and the

extracted sample is then used for HPLC (de Oliveira, 2014).

The hyphenation of MS with chromatographic techniques has assisted in

the forensic analysis of food products. Food items are subjected to extraction

procedures for extracting toxins or other metabolites of forensic importance,

followed by the analysis of the extract through a hyphenated technique

(Sanchis et al., 2019).

3.3.3 Microscopic analyses
Microscopic techniques used for analyzing physical forensic samples have

also contributed in studying the morphological details of biological forensic

samples. The EDX associated with microscopes has also assisted in knowing

the elements of forensic importance present in the sample.
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Optical microscopy has aided in the investigation of biological samples

such as bone, teeth, hair, skin, and entomological evidence. Thin sections of

these samples are cut, generally using microtome, followed by mounting on

a glass slide. Then, they are stained with dyes in order to visualize the struc-

tural details under a microscope (Wilson and Wheeler, 2009).

SEM has also assisted in the analysis of biological samples such as ento-

mological evidence, diatoms, tissues, teeth, hair, and bone. Before perform-

ing the SEM analysis, all these samples must be thoroughly dried and washed

to remove moisture and impurities, and then fixed on aluminum stubs for

viewing under the electron microscope (Basu, 2006). The same samples

attached on sample holders can be used for elemental composition analysis

via EDX coupled with SEM.

AFM has helped forensic experts in understanding the surface character-

istics of biological specimens such as blood and hair. Blood can be smeared

on a glass slide while hair has to be mounted on a sample holder using

double-sided adhesive tape for AFM analysis (Pandey et al., 2017).

3.3.4 Other analyses
Techniques such as MS, XRD, lab-on-chip devices, and nanotechnology

have assisted in the investigation of biological forensic samples as well.

MS in combination with other techniques is used for the analysis of for-

eign contents in body fluids such as urine and serum as well as in hair and

plant extracts. Ultrasonication, centrifugation, and filtration steps are used

to extract foreign materials from biological samples, which are then sub-

jected to MS analysis (Ifa et al., 2009).

XRD has been used for the analysis of biological forensic samples such as

burned cremains and human remains. The samples are subjected to heat

treatments in a muffle furnace at very high temperatures before being used

for XRD analysis (Piga et al., 2016).

DNA samples have been very efficiently and specifically detected using

nanotechnology-based sensors. These sensors do not require any specific

sample preparation if the DNA is in solution form. However, if the

DNA is present inside the cells, then it needs to be extracted to be detected

(Rawtani et al., 2019).

Lab-on-chip devices have also shown their potential in the analysis of

DNA and serological samples. However, these samples need to be treated

to make them free from any large impurities because these impurities

may block the ultrasmall channels present in such devices, thereby hindering

the process (Abgrall and Gu�e, 2007).
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4 Conclusion

Evidence recovered at the crime scene can be broadly categorized into three

classes: physical, chemical, and biological. Depending on the nature of the

evidence, the collection, preservation, and handling of such forensic samples

differ. This needs to be kept in mind while collecting the evidence because

improper sampling and transportation may contaminate or destroy impor-

tant information that could be obtained through analysis in the laboratory.

Spectroscopic, chromatographic, and microscopic analytical techniques

along with other techniques such as MS and XRD have been very well

established in forensic investigations of different evidence. These techniques

require some kind of sample preparation before the analysis, which was dis-

cussed in this chapter. Recent advancements such as nanotechnology and

lab-on-chip devices are relatively new and require more extensive research

to gain the trust of forensic investigators and come into the mainstream,

thereby serving as “silver bullets” for forensic investigations.
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CHAPTER 3

UV-visible and fluorescence
spectroscopy for forensic samples

1 Introduction

UV-visible and fluorescence spectroscopy, just like any other spectro-

scopic techniques, deal with the use of the electromagnetic spectrum for

the analysis of different compounds by observing and understanding the

interaction of this spectrum with the compounds. These techniques are

based on the absorption of radiation in the UV-visible region and the emis-

sion of energy from the electrons when they travel from the excited state to

the ground state. The electromagnetic spectrum is composed of particles of

energy that move with two vector components, namely the electric and

magnetic fields that are perpendicular to each other. The particles of

energy move in unison most of the time, due to which they follow the

rules of classical physics. However, these very particles also behave like

discrete packets of energy, due to which they also possess particle-like

behavior. Therefore, in brief, the electromagnetic spectrum has both a

wave-like and a particle-like nature, which is also known as wave-particle

duality. The movement of light occurs with a frequency and a velocity.

The frequency is defined as the number of oscillations made by the wave

per second while the velocity of the propagation is determined in terms of

the units of distance traveled per second. The frequency of the electromag-

netic spectrum remains constant in every media; however, the velocity

changes with the media. These parameters play a critical role in the inter-

action of the electromagnetic spectrum with the compounds. During

interaction, the particle-like nature comes into play where every photon

interacts in a very discrete manner with the electron cloud of the

compounds. These mechanics serve as the basis of the UV-visible and

fluorescence spectroscopy techniques.

In forensic science, these techniques play a very crucial role as they offer

results within a few minutes. These techniques are also used in the prelim-

inary and confirmatory analysis of various forensic evidence such as drugs
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and poisons (Pandey et al., 2017; Rawtani et al., 2019). In this chapter, the

principle and theory of UV-visible and fluorescence spectroscopy are

discussed in brief and the applications of these techniques in the analysis

of various forensic evidence is also discussed.

2 Principle and theory of UV-visible and fluorescence
spectroscopy

2.1 UV-visible spectroscopy
When a photon hits the electron cloud of a compound, there is an energy

transfer from the photon to the electron, which causes the electrons to be

promoted from a ground state to an excited state. The energy difference

between the two molecular levels is exactly equal to that of the energy of

the photon. These are the electronic transitions that play crucial roles in

determining the nature of the sample. Conventionally, when the light hits

the sample, the processes that take place are transmission, reflection, refrac-

tion, luminescence, and scattering. They are dependent on factors such as

the solvent purity, polarity, temperature, solute concentration, ionic

strength, and pH. When electronic transitions occur at a higher energy, that

is, in the ultraviolet region, then the corresponding molecular spectra are

observed. Here, the main transitions that occur are the sigma to sigma star

(bonding to antibonding) and the pi to pi star (bonding and nonbonding to

antibonding). These transitions are exclusively possible in the presence of

compounds known as chromophores. Similarly, a liquid sample that is col-

ored shows a molecular spectrum in the visible region (Penner, 2017).

When a parallel beam of radiation with an intensity I is sent through a

cuvette with a thickness l containing the sample of concentration c, and

travels with a particular wavelength λ, then it is assumed that the absorbance

of the radiation by the sample is directly proportional to the intensity of the

light that has been transmitted through the cuvette. Typically, according to

the Beer Law:

A¼ alc

where A stands for the sample’s absorbance and a is the absorptivity of the

sample.

However, the instrument itself does not directly calculate the absorbance

but rather takes into account the light transmitted through the sample. Here,

the absorbance is considered as the negative logarithm of the fraction of
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transmitted light and is also equivalent to the thickness of the absorbing com-

pounds present in the sample. This is known as the Lambert law.

Therefore, this technique uses the Beer-Lambert law, whose expression

is similar to that of the Beer law. This law functions on the basis of myriad

assumptions such as the radiation source, which is considered to be mono-

chromatic; no energy loss due to phenomena such as scattering or reflection;

and a constant temperature. This law also has certain limitations such as at

high concentrations of the sample, there are deviations in the molar absorp-

tivity coefficients. Also, there is increased scattering, shifts in the chemical

equilibrium, and probable fluorescence and phosphorescence that may arise

from the increase in concentration. However, despite the limitations, this

law serves as the most crucial technique in sample analysis (Thomas and

Burgess, 2007).

UV-visible spectroscopy can also be used in terms of derivative spectros-

copy where the first, second, or third order of the rate of change of absor-

bance with respect to wavelength is used to perform appropriate quantitative

and qualitative analysis of compounds. Derivative spectroscopy also allows

spectral differentiation and resolution enhancement. A first-order derivative

is a technique in which the plot of the rate of change of absorbance with

respect to the change in wavelength shows its start and end at zero with equal

spread on either side of the graph at the same wavelength. This feature is

similar to all odd number derivatives. In the second-order derivative, the

minimum and the maximum both are at the same wavelength but the bands

are negative. In the fourth order, similar features occur but the band is pos-

itive (Gill et al., 1982). Also, only liquid and solution samples can be ana-

lyzed using this technique. Even the presence of a suspension can cause

excessive scattering of light, leading to skewed results.

The absorption maximum of a compound or λmax is calculated by a set of

rules known as theWoodward-Fieser rules. The chromophores present, the

auxophores that are basically substituents in the chromophores, and the type

of solvent used are considered during the calculation of the absorption

maximum. In these rules, a base value for a homoannular diene, that is, a

diene with two double bonds in a single ring, and a heteroannular diene,

that is, a bond with two double bonds in two rings, is predecided and

any extra points are added as the number of attachments to the rings such

as acetate ether or any alkyl substituent group increase. The solvents also

have a specific UV absorbance cutoff that is also taken into account during

the calculation of absorbance (Liljefors and Allinger, 1978).
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2.2 Principle of fluorescence spectroscopy
The basis of this technique is the photonic processes that are involved in the

electronic transitions from a ground state to the excited state. As mentioned

in the previous section, when the energy of the photon matches the energy

of each molecular level, then the electrons get excited and move to a higher

level. However, it is important to consider that each molecular level or elec-

tronic state is further subdivided into a number of subvibrational levels that

are separated by a distance of 100 cm�1. Due to this, the actual distance

between the ground state of the electron and the excited state of the electron

is significantly higher, thus promoting the preference of the electron to rest

in its ground state. Similar to a chromophore, a fluorophore is responsible for

emitting energies with wavelengths longer than the excitation energy during

the relaxation of the excited electron to the ground state. These molecules

get excited when the polarization of the incident light is aligned along with

the excitation dipole of the molecule, thus resulting in fluorescence.

Once excited, the electrons undergo two main types of decay to return

to the ground state: radioactive and nonradioactive decay. In radioactive

decay, photon emission occurs while in nonradioactive decay, photon emis-

sion does not occur. The fluorescence lifetime of a molecule is therefore

measured as the combined rate of the radioactive and nonradioactive emis-

sions (So and Dong, 2001).

3 Instrumentation of UV-visible and fluorescence
spectroscopy

UV-visible spectroscopy typically consists of a radiation source, a mono-

chromator, a sample holder, and a detector (Fig. 1). Initially, the radiation

Fig. 1 Instrumentation of UV-visible spectroscopy (House, 2018).
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source was a tungsten filament, which slowly evolved to deuterium arc

lamps, xenon arc lamps, and light-emitting diodes. The sources emit light

of wavelengths covering the UV and visible range. The light emitted from

these sources is later passed through a grating slit, which is responsible for

focusing the radiation on the sample. These gratings are highly polished sur-

faces consisting of parallel, equally spaced grooves. Also, filters are placed

that eliminate radiation of varying wavelengths and focus only on the UV

and visible range. Also, a series of focusing and folding mirrors is placed

in order to aid the movement of the radiation on the sample. These gratings,

mirrors, and filters together comprise the monochromator and serve to pro-

duce a highly paralleled monochromatic light (R€aty et al., 2004).

There are usually two sample holders in this instrumentation in order to

place a cuvette for the reference and one for the sample. The cuvettes in both

cases must be of equal size so that there is minimal instrumental error. The

cuvette is also usually made of quartz, plastic, or even glass where its opposite

edges are transparent and the remaining edges are roughened.

Detectors in UV-visible spectroscopy are usually phototubes, photomul-

tiplier tubes, photo diode array detectors, and charge coupled device detec-

tors. The phototube detects the transmitted light by using a light-sensitive

cathode and an anode.When voltage is applied to the electrodes, the photon

in the transmitted light hits the electrodes, due to which current is generated;

this is further amplified and processed. In photomultiplier tubes, along with

the cathode and anodes, there are several dynodes placed in a series. Just like

in a phototube, the impinging of the photons on the electrodes generates a

current that is increased due to the multiple striking of the ejected electrons,

which further increases the sensitivity of this detector toward the radiation.

The diode array detector consists of multichannels of a single silicon chip

capable of detecting radiation of varied wavelengths but at the cost of sen-

sitivity. Similar to the diode array detector, charge coupled devices also have

multiple channels of silicon chips. These elements, commonly known as

pixels, interact with light to develop an electrical charge, due to which an

electric current is developed that is further amplified through amplifiers

(Altemose, 1986).

The instrumentation for fluorescence spectroscopy is also similar to that

of UV-visible spectroscopy in that each contains a light source and mono-

chromator (Fig. 2). The light sources commonly used are xenon arc lamps,

mercury lamps, xenon-mercury lamps, quartz tungsten halogen lamps,

light-emitting diodes, and laser diodes, which provide a uniform intensity

of radiation over a broad range. The monochromators in this case also
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consist of gratings and filters that are placed in the excitation and emission

paths in order to select a specific wavelength. The gratings used are either

concave or convex. Beam splitters are also placed in the excitation pathway

to ensure that radiation of a specific wavelength passes through. The beam

splitter consists of a thin section of quartz that is responsible for the reflection

of about 4% of the incident light, which is sent to a reference chamber that

contains a highly fluorescent quantum counter. This is highly crucial in case

any deviations from the light source need to be adjusted. This is done by

subtracting the intensity of the light source with the intensity of the fluor-

ophore in the reference chamber. Polarizers are also present in both the light

paths and are used in case of analysis of polarized compounds. They ensure

that the excitation light path reaching the sample is polarized in order to

achieve an appropriate fluorescence response. The sample holders are also

designed to hold the cuvette. However, here the cuvette is completely
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Fig. 2 Instrumentation of fluorescence spectroscopy (Lakowicz, 2006).
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transparent from all sides, unlike the cuvette used for UV-visible spectros-

copy where only two sides are completely transparent. Detectors, which are

another crucial aspect of this instrument, are placed in an orthogonal align-

ment with the radiation source. Conventionally, photomultiplier tubes are

used as they are capable of detecting the short-lived fluorescence span of a

compound with increased sensitivity. As mentioned before, these detectors

consist of a series of dynodes and electrodes that is responsible for the gen-

eration and amplification of the electric current generated due to the striking

of photons. However, this detector has certain limitations such as the gen-

eration of dark current, which is produced as a result of excessive exposure of

light on the detector; this usually occurs at high voltages. Apart from photo-

multiplier tubes, charge coupled devices are also used to detect fluorescence

with increased radiation (Lakowicz, 2006).

4 Analysis of forensic samples using UV-visible
and fluorescence spectroscopy

UV-visible and fluorescence spectroscopic techniques are among the basic

analytical techniques for sample characterization. These techniques are

widely used in different industries such as food, pharmaceuticals, textiles,

dyeing, etc. Forensic science also utilizes these techniques for the analysis

of different evidence such as body fluids, counterfeit beverages, drugs, fibers,

fingerprints, paint, petroleum products, and questionable documents. This

section discusses the research that uses UV-visible and fluorescence spectros-

copy for the analysis of the aforementioned samples.

4.1 Body fluid
Body fluids such as blood, sweat, semen, saliva, urine, etc., are among the

most common kinds of evidence found at a crime scene. This evidence is

analyzed for different characteristics using myriad analytical techniques.

Zapata et al. have shown the potential of spectroscopic techniques for the

forensic investigation of body fluids (Zapata et al., 2015). This section

describes the studies carried out on blood and saliva using UV-visible and

fluorescence spectroscopy.

In a study by Spence and Asmussen et al., UV-visible and fluorescence

spectroscopy were used for the analysis of blood collected from footwear

impressions. The blood sample was initially treated with leucocrystal violet

(LCV) for spectra enhancement. The UV-visible spectra was obtained in the

range of 200–800 nm. For the fluorescence spectra, the excitation
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wavelength (λex) was 630 nm and the emission wavelength (λem) range was
661–900 nm. The analysis was done for LCV, LCV in hydrogen peroxide, a

working solution of LCV, and blood mixed with a working solution of

LCV. For blood with LCV, a strong peak was observed at 630 nm, and

the fluorescence spectra at this λex showed that LCV is a weak fluorophore

(Spence and Asmussen, 2003). In another study, body fluid identification

was carried out by analyzing RNA and DNA collected from blood and

saliva. For this purpose, DNA was isolated and quantified using a

UV-visible spectrophotometer (nanovolume) (van der Meer et al., 2013).

A fluorescent probe with a nanocluster of Cu/Ag with DNAwas developed

to sense poisoning due to hydrogen sulfide in blood. The λem for the fluo-

rometric analysis was from 500 to 675 nm. The developed probes had a very

high intensity of fluorescence at 500 nm. Fluorescence quenching was stud-

ied using the UV-visible spectra with sodium sulfide. The spectra revealed a

decrease in the maxima at 450 nm for the probes after the addition of sulfide

salt in the probe solution. A decreasing trend in the fluorescence intensity of

the probes was observed upon increasing the concentration of sulfide salt

(Ding et al., 2017). A recent study by Kaur et al. focused on the investigation

of the degradation of hemoglobin andDNA in blood samples with aging and

preservation using UV-visible spectroscopy. A nanodrop spectrophotome-

ter was used to obtain UV-visible spectra in the range of 350–550 nm. It was

observed that with decreasing levels of preservation quality for bloodstain

samples, the hemoglobin and DNA content started degrading, which was

evident with the increasing noise in the spectra (Kaur et al., 2020).

In the case of saliva as well, the fluorescence spectroscopic technique has

shown its potential. In a study by Yuvaraj et al., metabolites present in saliva

were characterized using fluorescence spectroscopy. The λex for the study

was 405 nm. The metabolites in the saliva of normal people and oral cancer

patients were observed. A remarkable difference in the fluorescence spectra

of saliva from both populations was evident. This difference was because of

the increased levels of porphyrin in the saliva of cancer patients (Yuvaraj

et al., 2014). Denny et al. also utilized fluorescence spectroscopy for the

forensic sensing of human saliva. Both dried and liquid saliva were analyzed

during the study, which showed λex at 350 and 345 nm, respectively. It was

concluded that the fluorescence intensity, peak at λex, and area under the

curve can be used to detect the existence of human saliva. Fig. 3 shows

the fluorescence spectra of dried and liquid saliva (Denny et al., 2018). In

another study by Li et al., a fluorescent probe was developed using SiC

nanoparticles stabilized by bovine serum albumin for the detection of saliva.
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The λex and λem for the study were 320 and 410 nm, respectively. The probe

targeted the bacteria Streptococcus salivarius in saliva for its detection. The

study was able to detect saliva in mixed samples of saliva with blood, semen,

and urine (Li et al., 2019).

4.2 Counterfeit beverages
Counterfeiting in food articles has remained a matter of concern for con-

sumers. Forensic experts play a role in detecting such counterfeit products

using different analytical techniques. This section discusses research utilizing

the spectroscopic technique to detect counterfeit beverages.

In a study byMartins et al., UV-visible spectroscopy was used to discrim-

inate original and counterfeit brands of whiskey. Seven different brands of

this alcoholic beverage were selected for the analysis. The spectra was

obtained from 190 to 1100 nm. The absorbance spectra of different brands

of whiskey had different intensities in the UV region, probably because of

congeners, caramel, and phenolic compounds in the drink. The study in

combination with multivariate data analysis was able to differentiate

between branded and counterfeit whiskey (Martins et al., 2017).

4.3 Drugs
UV-visible and fluorescence spectroscopy are among the preliminary studies

for drug characterization in most industries and laboratories. This section

discusses the research that employed these techniques for the forensic

analysis of different drugs.

In a study by Gill et al., UV-visible spectroscopy (derivative) was used

for the forensic toxicological analysis of amphetamines present in low
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concentrations in a liver extract. The derivative mode of analysis helped in

the differentiation of compounds that had similar absorbance spectra. Meth-

adone and carmoisine were also analyzed during the study. In the case of

methadone, sharp bands were observed in the range of 250–275 nm while

carmoisine had a broad absorbance region from 450 to 600 nm. Amphet-

amine showed peaks in the range of 240–280 nm (Gill et al., 1982). The pre-

cursors, intermediates, and byproducts formed during the synthesis of ecstasy

were analyzed using UV spectroscopy in a study by Renton et al. UV spec-

troscopy was also assisted by other analytical techniques for this purpose. The

drug was prepared by three synthetic routes. The absorbance spectra of the

drug as well as its precursors, intermediates, and byproducts were obtained.

Further, this data along with data from other techniques were used as refer-

ence for the identification of ecstasy in case samples (Renton et al., 1993). In

another study, illicit preparations of cocaine were studied using UV-visible

spectroscopy (derivative). This variant of absorption spectroscopy was useful

for resolving mixtures of cocaine with lidocaine, procaine, benzocaine, and

tetracaine. The zero order maxima for different samples were: 274 (cocaine);

261 (lidocaine); 271.8 (procaine); 271.9 (tetracaine); and 270 (benzocaine)

nm. In case of mixtures, the maxima were different: 270.3 (lidocaine and

cocaine); 273.2 (procaine and cocaine); 273 (tetracaine and cocaine); and

270.7 (benzocaine and cocaine) nm. The solvent for preparing these solu-

tions was HCl (Arufe-Martinez and Romero-Palanco, 1988). A similar kind

of study on cocaine and related adulterants such as procaine and lidocaine

was done by Cruz et al. using absorption spectroscopy (derivative). How-

ever, in contrast to the previous study, a phosphate buffer of pH 7.8 was used

as the solvent instead of HCl, and the spectra were obtained in the range of

220–380 nm (Cruz et al., 1994). A study from Brazil used fluorescence spec-

troscopy to identify cocaine present on currency notes that were in circu-

lation in Rio de Janeiro. The λex for the study was 315 nm while the λem
was 230 nm. It was observed that around 86% of the collected banknotes

had traces of cocaine. Banknotes with higher values such as 50 and 100

had very low levels of the drug on them (Almeida et al., 2015).

4.4 Fibers
Fibers are common evidence found at the crime scene, and they can be ana-

lyzed for morphological and chemical characteristics using various charac-

terization techniques. Spectroscopic techniques such as UV-visible,

Fourier transform infrared, Raman, and X-ray fluorescence have shown
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their potential for the analysis of textile fibers (Meleiro and Garcı́a-Ruiz,

2016). In this section, studies employing UV-visible or fluorescence spec-

troscopy for the forensic examination of fibers are discussed.

In a study by Abbott et al., UV-visible spectroscopy was used along with

Raman spectroscopy for the analysis of black dyes present in textile fibers

such as cotton, nylon, polyester, viscose, and acrylic. The spectra were

obtained from 200 to 800 nm. The target dye was reactive black 5. Peaks

were obtained in the region of 550–650 nm, and some fibers with this

dye also showed a peak around 300 nm (Fig. 4) (Abbott et al., 2010). Cotton

fibers dyed with various colored compounds collected as evidence were dif-

ferentiated in a study using UV-visible microspectrophotometry. The spec-

tra were obtained in the range of 200–800 nm (transmittance mode). It was

observed that fibers had different transmittance spectra when colored with
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different dyes. However, the concentration of these dyes could not be found

because the Beer Lambert law was not obeyed. Fig. 5 shows the UV-visible

spectra of cotton fibers dyed with two different types of reactive blue dye

(Was-Gubala and Starczak, 2015). In a study by Campiglia et al., extracts

from textile fibers were examined with the help of fluorescence spectros-

copy. The λex was 330 nm and the λem was 500 nm. The analysis helped

in differentiating visually indistinguishable fibers as well as fibers of the same

material with the same dye but collected from different cloth (Campiglia

et al., 2016). A recent study combined the data obtained from the

UV-visible spectra of different textile dyes with multivariate statistics in

order to classify them and know their concentration in the fiber samples

(Rich et al., 2020).

4.5 Fingerprints
Fluorescence spectroscopy has aided in the investigation of fingerprints col-

lected freshly or after some time. In addition, different UV lights have also

been used for the visualization of fingerprints on different surfaces.

In a study by Akiba et al., latent fingerprints were excited with a laser

having different excitation wavelengths in the UV region. A classic fluores-

cence spectra of a fingerprint shows two peaks at 440 and 330 nm. It was

observed that the fluorescence intensity was the highest at 330 nm when

280 nm λex was used (Akiba et al., 2007). In another study by Liu et al.,

fluorescent nanorods were used for the detection of latent fingerprints.
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The nanorods were specific to human blood fingerprints, and inhibited the

development of prints due to the blood of poultry or livestock. The λex for
the study was 980 nm, obtained via a laser (Liu et al., 2018). In a recent

study, UV and fluorescence light were used to visualize latent fingerprints.

The wavelength for UV light was 254 nm; for fluorescent light, it was in the

range of 415–515 nm (Risoluti et al., 2019).

4.6 Paint
Paint analysis has forensic importance in cases related to hit and run or van-

dalism. Different types of techniques are employed to study the morpholog-

ical and chemical features of paint and its layers. Visible spectroscopy has also

been utilized in some studies.

In a study, visible spectroscopy was used for the forensic investigation of

car paints. Paint chips of blue, red, and green were observed through light in

a perpendicular manner at the cross-section as well as at the top layer of the

paint fragment. The analysis was carried out in the transmittance and reflec-

tance modes. It was observed that the spectra showed greater variation for

different colors when the top layer analysis was done. Fig. 6 shows the
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absorption spectra of car paints (Trzci�nska et al., 2009). In another study,

visible spectroscopy extended to the near-infrared region was used to foren-

sically analyze and distinguish different car paints. The analysis was carried

out in the range of 400–1100 nm (Ferreira et al., 2017).

4.7 Petroleum products
Petroleum products are generally studied using chromatographic techniques

during forensic investigations. However, the luminescence of petroleum

products is a well-known phenomenon. This property of petroleum prod-

ucts was utilized by Lloyd to forensically analyze them using fluorescence

spectroscopy. The λex and λem were 286 and 310 nm, respectively. It was

concluded that fluorescence was produced in the petroleum products mainly

because of the presence of heterocycles of sulfur and alkylated aromatic

hydrocarbons (Lloyd, 1980).

4.8 Questionable documents
Documents become forensically important in cases related to forgery. The

inks used in such questionable documents as well as line crossings and fibers

are analyzed using different characterization tools. UV-visible and fluores-

cence spectroscopy have also assisted in this regard, mostly in the investiga-

tion of inks used in questionable documents.

In a study by Vogt et al., fountain pen inks were studied using capillary

electrophoresis embedded with fluorescence and a UV-visible detection

method. The spectra (UV-visible and fluorescence) of ink samples collected

at variable λex and λem were compared with those of standard ink compo-

sitions in order to identify them (Vogt et al., 1997). In another study, ball-

point pen inks of blue were discriminated on the basis of their visible spectra,

which was recorded in the range of 400–750 nm. It was observed that inks of

different brands had different overall absorbance spectra, with their maxima

ranging from 550 to 700 nm (Thanasoulias et al., 2003). Causin et al. used

absorption spectroscopy in the range of the UV, visible, and near-infrared

region for the forensic examination of paper. The spectra were recorded

in the range of 200–900 nm. Different brands of paper were differentiated

on the basis of their average reflectivity in the 680–900 nm range as well as

their maxima in the 272–360 nm range (Causin et al., 2012). In another

study, black inkjet inks used for printing documents were analyzed using vis-

ible spectra extended to the near-infrared region. The spectra were recorded

from 500 to 1000 nm. It was observed that inks of different brands had dif-

ferent absorption spectra in the 600–1000 nm range (Gál et al., 2015).
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UV-visible spectroscopy extended to the near-infrared region has also been

used for the analysis of ballpoint pen inks of blue in a nondestructive manner.

The diffuse reflectance mode was also used during the analysis. The spectra

were acquired in the range of 200–800 nm. Crystal violet was found as the

common dye in all the ink samples (Kumar and Sharma, 2017). The same

group of researchers used UV-visible spectroscopy in combination with

multiple regression analysis to date the inks collected from ballpoint pens.

The spectra were recorded in the range of 200–800 nm. The combined data

of both the techniques helped in dating inks aged up to 267 days (Sharma

and Kumar, 2017). Saviello et al. also used UV-visible spectroscopy along

with surface-enhanced Raman spectroscopy to investigate the content of

dyes used in the inks of felt tip pens (Saviello et al., 2018). The degradation

behavior of paper and the sequences involved in the process were also exam-

ined using UV-visible spectroscopy in a recent study. The paper samples

were aged at a high temperature for a period of 35 days. The absorption

spectra of different paper samples differed in the UV visible range regarding

the absorbance values corresponding to the 350 and 280 nm wavelengths

(Zięba-Palus et al., 2020).

5 Conclusion

UV-visible spectroscopy and fluorescence spectroscopy are the most widely

used techniques for the analysis of various forensic liquid evidencedue to their

ability to provide immediate and valid results. UV-visible spectroscopy is

based on the detection of UV or visible radiation emitted by the sample

due to electronic transitions and the Beer Lambert law, which calculates

absorbance on the basis of the intensity of the transmitted light from the sam-

ple. While this technique is widely used for preliminary and even confirma-

tory analysis of forensic evidence, there are certain limitations to this

technique. This technique is suitable for the analysis of liquid samples but

for the detection of solid samples, a special apparatus is needed. Also, the

Beer-Lambert law tends to deviate when the sample concentration is high,

due to which it is necessary to perform appropriate dilution techniques in

order to bring the concentration of the sample to the optimal range. Also, liq-

uid samples such as those containing metal solutions need to be prepared

through different techniques to produce a colored solution that can be

detected through colorimetric analysis. Despite such flaws, this technique is

still the most commonly used technique for the analysis of organic solutions.

Fluorescence spectroscopy is highly useful to determine the fluorescence

properties of a sample. This technique detects the fluorescence that is
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emitted when an excited electron falls back to its ground state. This tech-

nique also offers high sensitivity and specificity and can correlate the con-

centration of the sample with the fluorescence intensity. Despite these

advantages, there are certain limitations such as loss of photostability and rec-

ognition capability. If the radiation source is very strong, photobleaching

may occur, due to which the sample may gradually lose its fluorescence.

Despite such limitations, these techniques are indeed highly useful for the

detection of forensic samples such as body fluid, counterfeit beverages,

drugs, fibers, fingerprints, paint, petroleum products, and questionable

documents.
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CHAPTER 4

FTIR and NIR spectroscopy
in forensic science

1 Introduction

Infrared spectroscopy is a type of vibrational spectroscopy in which the

energy of the incident electromagnetic radiation is absorbed by the mol-

ecule, gets excited, and then undergoes rotations or vibrations. Infrared

spectroscopy is a widely used technique because of its versatility and rapid

results. A myriad of liquids, solids, and gaseous samples can be easily ana-

lyzed using this technique. It also requires minimal sample preparation and

based on the type of technique used, it can also be nondestructive in

nature.

This technique involves the use of infrared rays, and the amount of

rays absorbed by the sample is taken into account. The principle and the-

ory behind this technique will be discussed further in this chapter. While

IR spectroscopy takes into account the vibrational energy of the mole-

cules, another technique known as near-infrared takes into account both

the electronic and vibrational transitions. This makes NIR a very unique

technique capable of analyzing a wide range of molecules. The IR

region lies between 700 nm and 1 mm while NIR lies between

800 nm and 1.2 mm.

Quite often, samples are analyzed through an amalgamation of

Raman, near-infrared, and IR spectroscopy in order to get a comprehen-

sive idea about the compound. Forensic science extensively uses these

techniques to analyze samples such as paints, explosives, drugs, and coun-

terfeit compounds (Pandey et al., 2017; Rawtani et al., 2019). Because

these techniques are nondestructive and reliable, they are capable of ana-

lyzing the samples. In this chapter, the use of IR and NIR in the analysis

of biological samples, inks, questionable documents, explosives, gunshot

residue, illicit and counterfeit drugs, bank notes, and paint is discussed.

Also, the principle, theory, and instrumentation of the techniques

are given.
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2 Principle and theory of infrared and near-infrared
spectroscopy

2.1 Principle of infrared spectroscopy
Infrared spectroscopy, just like any other spectroscopy technique, is based on

the use of electromagnetic radiation to analyze compounds. Electromagnetic

radiation consists of an electric and magnetic component that are perpendic-

ularly aligned with each other and travel in a sinusoidal manner. As men-

tioned before, IR spectroscopy is based on the absorption of the IR by

the sample, due to which it gets excited and starts to vibrate. The vibrational

signal sent out is characteristic of each molecule and thus serves as the basis of

this spectroscopy.

However, not all molecules are capable of showing infrared absorption.

Amolecule should possess an electric dipole moment, due to which there is a

change in vibrations when it absorbs the IR. Normally, there are two types

of molecules on whose basis the ability to absorb IR radiation is decided:

heteronuclear and homonuclear molecules. Heteronuclear molecules con-

sist of two atoms, due to which an electric dipole is created that is capable of

vibrating upon IR absorption; homonuclear molecules have an electric

dipole of zero and therefore are said to be IR inactive (Stuart, 2004).

In IR, the molecules are often considered to be similar to two balls con-

nected by a spring. Therefore, upon absorption of IR by these molecules,

they undergo translational and rotational motions through the stretching

or bending of the bonds in which either their length or angle changes.

The stretching can be of two types: symmetric and asymmetric stretching.

In symmetric stretching, the bond length is changed equally on both sides of

the atom while in asymmetric stretching, the bond length changes

unequally. These movements are commonly termed vibrations. The vibra-

tions are described in terms of degrees of freedom. For instance, a molecule

that is diatomic will undergo only stretching and bending and therefore will

have only one degree of vibrational freedom. On the other hand, molecules

that have more than two atoms have 3N degrees of freedom. In this case, the

molecule may be distinguished either as a linear molecule or a nonlinear

molecule. In a polyatomic molecule, stretching and bending also occurs.

Here, the bending can be of four types: deformation, rocking, twisting,

and wagging. In deformation, the position of one atom is constant while

the other two molecules move toward each other. In the case of rocking,

both atoms move in the same direction while in wagging, the two atoms
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move toward the surface of the paper. In twisting, the atoms move in oppo-

site directions to each other with variations in their bond length.

Apart from the conventional vibrations of stretching and bending, sev-

eral other vibrations also take place that may often complicate the readings.

These include overtone and combination bands, Fermi resonance, coupling,

and vibration-rotation bands (Mohamed et al., 2017; Stuart, 2004).

A very crucial aspect of analysis with IR spectroscopy is identifying the

zones of the IR region. The IR region is divided into three main parts: the

far-IR, the mid-IR, and the near-IR. The mid-IR region, which lies in

the range of 400–1400 cm�1, is further divided into the fingerprint region

and the functional group region. This region is responsible for the charac-

teristic signal of every molecule, thus its name as the fingerprint region

(Bell and Xu, 2018).

2.2 Principle and theory of NIR spectroscopy
The NIR range as mentioned above, lies between 14,000 and 4000 cm�1

and was first discovered by Sir William Herschel in 1800. He carried out

an experiment in which he dispersed sunlight using a prism in three ther-

mometers with blackened carbon bulbs. He found that the part in which

there was no visible light showed the highest heating. NIR spectroscopy

is also similar to IR in that they both use vibrational energies. In NIR,

two vibrational models are considered, namely, the harmonic oscillator

and the nonharmonic oscillator. The harmonic oscillator is also known as

the linear model and is applied to diatomic molecules. In this case, a spring

model is considered that obeys Hooke’s law while nonharmonic oscillators

or nonlinear models are applied to polyatomic molecules. This model is also

applied with larger amplitudes of vibrations due to repulsive and disassoci-

ation forces. NIR uses the overtone and combination bands to analyze a

compound. Overtone bands arise when there are multiple fundamental

absorption frequencies while combination bands are formed when two

fundamental bands absorb energy simultaneously. The bands formed due

to the overtone and combination phenomenon are often weak in NIR. This

region is highly transparent to radiation, which makes it highly valuable.

NIR can also penetrate much further into samples and is therefore suitable

for the analysis of bulk materials. It is also suitable for identifying the over-

tones, combination modes, hydrogen bonding, and intramolecular interac-

tions (Ahmed et al., 2010; Manley and Baeten, 2018; Ozaki et al., 2017).
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3 Instrumentation of IR and NIR spectroscopy

3.1 Instrumentation of IR spectroscopy
Currently, Fourier transform IR (FTIR) is a widely used IR technique. This

instrumentation is based on dispersive infrared spectrometers in which a

grating monochromator or a beam splitter is used to split the radiation from

the source into different optical paths and through multiple reflectance, the

light enters the detector after which an interferogram is generated. In FTIR

spectrometers, an interferometer is used, which is basically a signal produced

as a result of a change in path length between two different beams (Fig. 1).

AMichelson interferometer is most commonly used for FTIR; however,

interferometers such as Savart-Plate (Kawata et al., 1989), stop-scan (Biggs

et al., 1990), and JPL MkIV (Toon, 1991) have also been developed. In this

chapter, however, only the Michelson interferometer will be discussed. The

Michelson interferometer was developed by Michelson in 1891 and func-

tions by dividing a beam of IR radiation into two beams with distinct paths

with a beam splitter. The separate beams are later combined and the changes

within their path length and frequency are detected. Also, mirrors are used

that deflect the line at sharp angles. Here, one mirror is generally kept fixed

while the other is kept movable. When the light strikes a mirror, it travels to

a certain distance until it reaches the other mirror. If the distance between

the two mirrors is the same, then the distance traveled by the beams will also

be the same, and therefore there will be a zero-path difference. However, if

the distance between the mirrors varies, then there will be an optical path

difference. This difference can be either constructive or destructive based

on the number of crests and troughs formed. Also, a cosine wave is formed
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Fig. 1 Instrumentation of Fourier transform infrared spectroscopy (Mohamed
et al., 2017).
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that is known as the interferogram, and it is represented in terms of the

function of time and signal intensity. Using Fourier transform, this interfer-

ogram is converted into an FTIR spectrum (Bell and Xu, 2018; Mohamed

et al., 2017; Stuart, 2004).

The beam splitters used are also selected on the type of IR analysis to be

performed. For instance, if mid- and near-IR analysis is to be performed,

then potassium bromide and caesium iodide are used.

For analysis of samples in FTIR, different sample handling techniques are

used such as transmission, attenuated total reflectance (ATR), diffuse reflec-

tance (DRIFTS), and true specular reflectance or absorption. The FTIR

instrumentation varies with the type of sample handling. In the transmission

technique, the sample is mixed with potassium bromide in a ratio of 1:100 to

form a pellet through a hydraulic press. In the instrumentation of this type of

sampling, a special slot to keep the sample-containing sample holder is made

and the analysis happens in a horizontal linear fashion. This technique, how-

ever, is very tedious and cannot be performed for liquid samples. ATR is

another technique in which liquid and solid samples can be analyzed without

any sample preparation. In this technique, the IR beam is sent directly to a

dense crystal at an angle. The sample is kept on top of this crystal. When the

beam is sent through this crystal, it hits the sample and undergoes multiple

reflectance, which is further detected. In DRIFTS, the radiation sent to the

sample gets scattered within the sample matrix through a process known as

true diffuse reflectance. These reflected rays are further detected. In the case

of true reflectance or absorption, the refractive index of the sample is taken

into account. Here, the energy that is transmitted through the sample is not

considered, but rather the rays that are reflected off the samples are consid-

ered and detected.

FTIR detectors have evolved over the years. Initially, thermocouple

detectors were used followed by bolometers, Golay cells, and pyroelectric

and photoconductive cells. Pyroelectric and photoconductive are fast and

sensitive detectors used in the mid-IR and near-IR ranges, respectively

(Mohamed et al., 2017).

3.2 Instrumentation of NIR spectroscopy
The NIR spectroscopy instrumentation is composed of four main parts: the

radiation source, the wavelength selectors, the sample holders, and the

detectors (Fig. 2). Thermal or nonthermal sources are often used to generate

IR radiation of both a narrow and a wide range. Thermal sources such as
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tungsten-halogen lamps and nonthermal sources such as light-emitting

diodes are used.

The role of wavelength selectors is to ensure that the wavelengths are

either discrete or continuous. Spectrometers containing discrete wave-

lengths have very limitedwavelengths, which are controlled by special filters.

In continuous wavelength spectrometers, a grating or diffractionmonochro-

mator is used that is similar to the one in FTIR. Diode arrays are also used to

maintain a continuous wavelength; they are also capable of performing

simultaneous detections of every wavelength. Apart from these, acoustic-

optic tunable filters are also used, which generate a continuous wavelength

Radiation Thermal

Nonthermal

Discrete

Halogen lamp,
Nernst filament

LEDs

Filters

Gratings

AOTF

Diode array

FT-NIR

Cuvetettes,
fiber optics,

special accessories

PbS, InGaAs

Arrays

CCDs

Whole spectrum

Reflectance

Transmittance

Transflectance

Single channel

Multichannel

Detector

Sample presentation

Wavelength selection

Fig. 2 Instrumentation of a near-infrared spectrometer (Manley and Baeten, 2018).
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by using radio frequency signals that are capable of changing the refractive

index of any crystal. A Michelson interferometer is also used in this

spectrometer.

Similar to FTIR, the instrumentation of NIR is also dependent on the

sampling technique. Here too, detachable models for samples are used. This

spectroscopy technique can be used in the reflectance, interactance, diffuse,

and transmittance modes. The detectors used in NIR are most commonly

photon detectors such as diode arrays, charge-coupled devices, and multi-

channel detectors (Ahmed et al., 2010; Manley and Baeten, 2018).

4 Spectrum analysis in FTIR and NIR

In FTIR analysis, the spectrum obtained contains the wavenumber in the

x-axis and the intensity in the y-axis. The intensity of the peak can be of

either the transmittance or the absorbance of the samples. Based on the func-

tional groups present in the sample, different peaks of varying intensity,

broadness, or sharpness are formed at different wavenumbers. While these

wavenumbers are specific to the groups present in the sample, similar func-

tional groups also tend to come in a similar wavenumber range and therefore

need additional tests to confirm the identity of the sample. There are a vast

number of FTIR frequency libraries that contain information about the fre-

quency of each functional group. Through these libraries, it is possible to

easily interpret the data with high certainty.

In the case of NIR, the plot is formed between the wavelength that is on

the x-axis and the absorbance that is on the y-axis. With increases in the

light-scattering efficiency and absorptivity, there is a shift in the wavelength

toward 2500 nm.With a decrease in the band overlap and penetration depth

of the molecule, there is a decrease in the wavelength range; it moves toward

700 nm. Just like FTIR, there are several NIR frequency tables as well that

can be easily obtained and used to interpret the data.

5 FTIR and NIR analysis of forensic samples

FTIR and NIR techniques have been very commonly practiced by

researchers for the qualitative and quantitative analysis of different kinds

of analytes. In the field of forensic science, different research works have

employed these techniques for the analysis of forensic samples such as sam-

ples of biological origin; inks and questionable documents; explosives and
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gunshot residue (GSR); illicit and counterfeit drugs; bank notes; and paint.

Such research works are discussed in this section.

5.1 Samples of biological origin
Myriad biological samples such as hair, body fluids, insects and their larvae in

cadavers, etc., are encountered at a crime scene. This section discusses the

biological samples (blood stains, body fluids, insects, hairs, and fingerprints)

whose analysis requires the utilization of FTIR and NIR techniques.

In a study by Lin et al., ATR-FTIR spectroscopy was used for the deter-

mination of the age of bloodstains that were collected from indoor and out-

door simulated crime scenes. Bloodstain samples that were around 107 days

old were taken and analyzed with ATR-FTIR in combination with chemo-

metrics. The ATR assembly was equipped with a diamond crystal, and the

analysis was done in the spectral range of 1800–900 cm�1. It was observed

that with time, the peaks at 1649 (which correspond to the helical structure

of hemoglobin) and 1533 (which correspond to the amide II) cm�1 changed

with the age of the bloodstain (Fig. 3) (Lin et al., 2017). In another study,

ATR FTIR was also used for the preliminary fingerprinting of body fluids,

along with some other biological materials. The samples taken were semen,

blood, feces, fingerprints, hair, cerumen, fingernails, saliva, tears, vaginal

fluid, nasal mucus, and urine. The spectral range for the study was

Fig. 3 (A) Averaged FTIR spectra of bloodstains; (B) time related trend in the 1649 and
1533 peaks of bloodstains (Lin et al., 2017).
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4000–400 cm�1. The methyl and ethyl stretches as well as specific proteins

in all samples were responsible for differentiating between each sample in the

fingerprint region of the FTIR spectra (Elkins, 2011). Fingerprints have also

been analyzed using this technique. In a study, chemical imaging through

FTIR was used to detect fingerprints that were not visible through conven-

tional techniques. The optimum spectral resolution for obtaining the FTIR

images of fingerprints was 32 or 16 cm�1. It was observed that FTIR images

of fingerprints fumed with cyanoacrylate were of high quality (Tahtouh

et al., 2007). In another study, NIR was used for the efficient imaging of

fingerprints present on different surfaces. The luminescence and absorption

properties of fingerprints treated with NIR dyes were investigated in the

range of 1100–650 nm. Absorbance for NIR was found in samples treated

with a physical developer, iodine, ninhydrin, and powdering. Luminescence

for NIR was found for samples treated with cyanoacrylate, genipin, indane-

dione, diazafluorenone (DFO), and ninhydrin (Maynard et al., 2009).

Hair analysis has also been done using these techniques. In a study by

Signori and Lewis, the damaging effects of bleaching and weathering on hair

were studied using ATR-FTIR. The crystal in the ATR assembly was dia-

mond. It was found that the amount of cysteic acid increased from the mid-

dle of the hair toward its tip region (Signori and Lewis, 1997). In another

study, compartments in hair follicles were imaged through FTIR. The anal-

ysis was done in the spectral range of 4000–700 cm�1. The images taken

were very distinctive for every layer of tissue in the hair follicle. The study

provided a less-destructive and label-free spectroscopic technique for distin-

guishing between tissue layers in hair follicles (Lau et al., 2011). In another

study, dyed and nondyed hair were differentiated using ATR-FTIR spec-

troscopy. The crystal in the ATR assembly was diamond/ZnSe with a single

bounce reflection. The spectral range for the study was from 4000 to

650 cm�1. The volunteers for the hair sampling had variable sex, age, and

race. The dyed hairs were even differentiated among themselves based on

the brand of dye, its manufacturer, and color (Boll et al., 2017). In addition

to these samples, entomological evidence such as insects and their different

developmental stages were also studied using FTIR/NIR. In a research

work by Pickering et al., ATR-FTIR spectroscopy was used for the differ-

entiation of maggots. Four species were taken for the species identification

study: C. vomitoria, M. domesticus, L. sericata while for the life cycle study,

C. vomitoria was selected. The study proved to be helpful in understanding

the identity as well as examining the life cycle of commonly found insects on

cadavers (Pickering et al., 2015). In another study, NIR and ATR-FTIR

63FTIR and NIR spectroscopy in forensic science



were used for the identification of insects belonging to the Sarcophagidae

family of the Diptera order. The NIR analysis was done in the spectral range

of 2500–1000 nm. The study showed the potential of IR spectroscopy in

developing a database for different medicolegal important insect species to

be used by forensic investigators (Barbosa et al., 2018).

5.2 Inks and questionable documents
The examination of inks has been extensively carried out by forensic

researchers and investigators using FTIR/NIR spectroscopy. In a study, inks

on questionable documents were examined using micro-FTIR spectros-

copy. Around 70 samples of blue and black inks were taken from gel and

ballpoint pens. Chemicals such as ethylene glycol, styrene, and luxol fast blue

were observed in the IR spectra of dyes (Fig. 4) (Zięba-Palus and Kunicki,

2006). In another study, black inkjet inks were differentiated using fiberoptic

reflection spectra visible NIR spectroscopy. Nineteen samples of six differ-

ent brands were analyzed during the study, for which the spectral range

Fig. 4 IR spectra of blue inks (A15, A11, A6) from ballpoint pens and the main dye
(methyl violet) (Zięba-Palus and Kunicki, 2006).
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was 1100–200 nm. It was observed that the spectra of different brands varied

significantly, mostly in the region of 600–1000 nm (Gál et al., 2015).

Another research work by Kumar and Sharma focused on utilizing NIR

along with UV and visible spectroscopy for the analysis of blue ink from

ballpoint pens. It was observed that all 57 samples were differentiated on

the basis of their spectra (Kumar and Sharma, 2017). Oravec et al. used

FT-NIR spectroscopy to classify black inks from inkjet printers. The sam-

ples were collected from three widely sold brands of printers. The spectral

region for the studywas 10,000–4000 cm�1. The use of chemometrics along

with this technique helped in the classification of ink samples from different

printers (Oravec et al., 2019). In another study from Pakistan, FTIR spec-

troscopy was used to discriminate between fountain pen inks of red, green,

blue, and black (Sharif et al., 2019).

Diffuse reflectance UV-visible NIR spectroscopy has also been used for

the examination of questionable documents. However, the study mainly

focused on variations in the UV and visible region, and not in the NIR

region of the spectra (Causin et al., 2012). The same characterization tech-

nique was used by Kumar et al. as well for the classification of different types

of paper for office use, writing, and photocopying. Like the previous study,

the UV-visible region helped more in paper discrimination than the NIR

region (Kumar et al., 2015). In another study, ATR-FTIR spectroscopy

was applied to classify white copy papers, which are used to prepare formal

and informal documents. It was observed that the region between 1500 and

1200 cm�1 was the most likely region for the discrimination of papers

(Chuen Lee et al., 2016). Toners printed on questionable documents have

also been analyzed using NIR spectroscopy in combination with chemo-

metrics (Materazzi et al., 2017). Relics of papers of cultural heritage have

also been analyzed using the combination of FTIR and chemometrics

(Xia et al., 2019).

5.3 Explosives and gunshot residue
Infrared-based techniques such as FTIR and NIR have been widely used in

forensic laboratories for the identification and chemical characterization of

explosive materials and their residue. The detection of explosives through

IR techniques for forensic, international, and homeland security applica-

tions has been compiled in a past review (López-López and Garcı́a-Ruiz,

2014). In a research study, residues collected after consumer fireworks blasts

were examined using the ATR-FTIR technique. Initially, the IR spectra of
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the chemicals that comprised these fireworks were recorded and further, the

residues of these fireworks after blasting were analyzed (Fig. 5). The spectral

range for the analysis was 4000–400 cm�1. Some of the chemical com-

pounds found in the residues through IR analysis were charcoal, potassium

nitrate, potassium chlorate, potassium perchlorate, and barium nitrate

(Martı́n-Alberca et al., 2016). Propellants used in improvised explosive

devices have also been discriminated using photoacoustic spectroscopy

based on FTIR. In a study, propellants from four different brands were dif-

ferentiated based on the aforementioned technique in combination with

chemometrics. The analysis was done in the range of 3500–500 cm�1.

The spectra obtained showed peaks regarding the typical chemical compo-

nents of any propellant such as nitroglycerin, nitrocellulose, diphenylamine,

and guanidine (Álvarez et al., 2017).

In addition to explosives, GSR, which is commonly collected from

crime scenes with firearm-related incidents, has also been analyzed through

FTIR/NIR techniques. In a review that focused on developing luminescent

markers using metal organic frameworks for GSR, the potential of IR tech-

niques was shown for GSR analysis (Harshey et al., 2020). In a research work

by Bueno et al., ATR-FTIR spectroscopy was utilized for the investigation

of GSR. The study was focused on the determination of ammunition

Fig. 5 IR spectra of (A) chemicals used in fireworks; and (B) chemicals found after blast
residue of fireworks (Martín-Alberca et al., 2016).
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through GSR analysis. The spectra were obtained in the range of

1800–600 cm�1. It was observed that most of the important peaks were

observed in this region, and outside this region, only peaks specific to

CdH stretching were observed (Bueno et al., 2013).

5.4 Illicit and counterfeit drugs
Illicit materials such as drugs and liquor have been widely examined through

the use of IR techniques such as FTIR and NIR. These illicit materials are

extensively consumed at rave parties. Many of the forensic researchers have

utilized FTIR/NIR in their research work for the detection of these mate-

rials. In a study, ATR-FTIR was used for the chemical profiling of cocaine,

a widely consumed illicit drug. The ATR assembly was equipped with a

diamond crystal having a single reflection. The spectral range for the study

was 1800–650 cm�1 because this region was the fingerprint region for

the cocaine analysis (Marcelo et al., 2015). In another study by Pereira

et al., mid-IR spectroscopy was used for the detection and classification

of ecstasy tablets containing psychoactive drugs. The scanning range was

4000–400 cm�1. The IR spectra revealed characteristic peaks for the drugs

present in the seized tablets of ecstasy (Pereira et al., 2016). Illicit liquors col-

lected from different locations in Punjab, India, were also examined using a

combination of ATR-FTIRwith chemometrics (Yadav and Sharma, 2019).

In addition to illicit materials, counterfeit drugs have also been analyzed

through these techniques. In a recent study, counterfeit Viagra and Cialis

were detected using ATR-FTIR spectroscopy in combination with chemo-

metry. A total of 53 commercial and 104 counterfeit drug samples were ana-

lyzed during the study. The spectral range for the study was from 1800 to

525 cm�1. The spectral region between 1800 and 525 cm�1 proved to be

the fingerprint region for differentiating between the drug samples (Ortiz

et al., 2013). A similar group of researchers carried out a research work to

develop a framework in order to select characterization techniques to detect

counterfeiting in the same drugs, that is, Cialis and Viagra. Along with other

techniques, ATR-FTIR spectroscopy was used with a diamond crystal

equipped single reflection ATR assembly. The spectral range for scanning

the samples was 4000–525 cm�1 (Anzanello et al., 2014). In another study

focusing on the pharmaceutical market of Brazil, tablet forms of sildenafil

and tadalafil were analyzed through ATR-FTIR spectroscopy. The spectra

were obtained in the range of 4000–400 cm�1. The specific peaks for drugs

were obtained in the IR spectra. Fig. 6 shows the overlayed and averaged IR

spectra of sildenafil (Coelho Neto and Lisboa, 2017).
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5.5 Bank notes
Counterfeiting currency notes is a major issue for any country. It directly

affects the growth and economy of the country and brings it down to very

low levels if these notes are not detected in a proper time frame. Various

types of analytical techniques can be employed to check for counterfeiting

in bank notes. Forensic experts have also utilized IR technology for this

purpose.

In a study by Correia et al., portable NIR spectroscopy was utilized for

the analysis of authentic and counterfeit bank notes of Brazil. The counter-

feit notes were made from laserJet and deskjet printers. The spectral range for

the analysis was 1676–908 nm. The spectral regions of 1600–1400 and

1100–1000 nm were of relevance to the discrimination between authentic

and counterfeit notes. The region below 1200 nm had a distinction between

authentic notes. Hence, it was proposed that this region could be used

to differentiate between authentic notes of different values as well

(Correia et al., 2018).

5.6 Paint
Paint analysis is of great forensic importance when it comes to investigations

related to hit and run or vandalism. As per the Locard exchange principle,

paint traces are exchanged whenever any vehicle hits an object or person, or

any tool is smashed on any wall or object. Such cases require the analysis of

paint by which the origin of that paint source, its manufacturer, etc., can be
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Fig. 6 IR spectra (overlayed and averaged) of sildenafil showing characteristic peaks at
734, 939, 1171, and 1698 cm�1 (Coelho Neto and Lisboa, 2017).
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identified. This section focuses on the research works that have utilized

FTIR/NIR spectroscopic techniques for the examination of paints.

In a study by Muehlethaler et al., FTIR in combination with Raman

spectroscopy and chemometrics was used to forensically analyze paint sam-

ples. A total of 34 red paint specimens were collected and analyzed through

FTIR spectroscopy, in which the spectra was recorded for the spectral range

of 4000–650 cm�1 with a resolution of 4 cm�1. The composition of paints

as per the IR spectra of seven groups formed was comprised of binders such

as acrylic and styrene as well as extenders such as magnesium silicate and

calcium carbonate (Muehlethaler et al., 2011). Another group led by

Muehlethaler published a research work focusing on the use of FTIR spec-

troscopy for the discrimination of spray paints of different colors such as

green, blue, and red. A total of 74 cans of spray paint was used for the study.

The IR spectra were obtained from 4000 to 650 cm�1 at 4 cm�1 resolu-

tion. It was observed that alkyd binders (orthophthalic acid) were com-

monly used in paint cans collected from the market as compared to the

acrylic binders. The study proposed developing a database of the FTIR

analysis of paint samples that can assist crime investigators in solving cases

(Muehlethaler et al., 2014). In another study by Sciutto et al., FT-NIRwas

used as an advanced spectroscopic technique for the examination of cross-

sections of paint samples. The IR spectra were recorded in the NIR and

MIR region in the range of 8000–675 cm�1, having a mode of total reflec-

tion and a resolution of 4 cm�1. Fig. 7 shows the NIR spectra of the first

layer of paint sample and reference NIR spectra for animal glue and egg

protein. The spectra of paint matched with that of animal glue at

4896 cm�1, suggesting the presence of animal glue in the paint sample

(Sciutto et al., 2014).

6 Conclusion

In this chapter, the theory and principle and a brief overview about the

instrumentation of infrared and near-infrared spectroscopies were given.

These techniques are highly useful in the analysis of forensic samples as they

are nondestructive in nature and require minimal sample preparation. FTIR

is the most commonly used technique all over the world. This technique is

capable of analyzing the chemical composition of solids, liquids, and even

gaseous samples through the detection of fundamental vibrations, especially

rotational and translational. NIR is capable of providing both the structural

and chemical composition of any sample, as it is depends on the overtone
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and combination bands produced by the sample. It can also provide fast and

reliable results and separate the main sample from any contaminant.

In forensic science, these techniques have been used for the analysis of

biological samples, inks, questionable documents, explosives, gunshot resi-

due, illicit and counterfeit drugs, bank notes, and paints. These techniques

can also be pairedwithmicroscopes in order to not only get the chemical and

structural composition of a sample, but also to get a detailed visual look.

These techniques are also widely used in forensic science laboratories across

the world. While these techniques provide excellent analysis of the sample,
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further research into the sampling techniques and the development of novel

detectors will significantly enhance the current mode of analysis in forensic

science.

References
Ahmed, M.K., McLeod, M.P., N�ezivar, J., Giuliani, A.W., 2010. Fourier transform infrared

and near-infrared spectroscopic methods for the detection of toxic diethylene glycol
(DEG) contaminant in glycerin based cough syrup. Spectroscopy 24, 601–608.
https://doi.org/10.1155/2010/608749.
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CHAPTER 5

Atomic absorption and emission
spectrometry in forensic analysis

1 Introduction

Atomic spectroscopy is an excellent analytical tool used for the detection and

measurement of elements in a sample with high precision and confidence.

Atomic spectroscopy mainly consists of two types of techniques: atomic

absorption spectroscopy and atomic emission spectroscopy. In forensic sci-

ence, these techniques are of utmost importance because of their ability to

detect even trace amounts of elements in very small amounts of a sample.

Through this, it is possible to associate the available material with the victim

or the perpetrator. It can also be used for the sampling of varied samples with

high sensitivity and quantification.

Atomic spectroscopy is typically based on the analysis of the electromag-

netic radiation emitted by the atoms in an element. This electromagnetic

radiation is highly unique to the particular atom; therefore the detection

is very accurate even for small sample amounts. Typically, in forensic sci-

ence, samples such as glass, paint, soil, drugs, and gunshot residue are com-

monly encountered. Therefore, through atomic spectroscopy it is possible to

detect these elements and obtain a confirmatory analysis of the same. In this

chapter, the principle and theory of atomic absorption spectroscopy and

atomic emission spectroscopy are discussed along with their instrumenta-

tions. Also, their applications in the analysis of various forensic evidence

are also discussed.

2 Principle and theory of atomic absorption
and emission spectroscopy

The electromagnetic radiation that is composed of two components—

electric and magnetic fields oscillating perpendicularly with each other—

is often represented in the form of a line spectrum where each line is

composed of monochromatic radiation, that is, radiation of a single wave-

length. In this spectrum, a particular region can be found exclusively for the
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analysis of atomic spectrometry ranging from 190 to 850 nm covering the

entire range from the UV to infrared. Every atom in an element has a num-

ber of energy bands. When these atoms are radiated with an external source,

the electrons in these levels get excited, absorb energy, and transition to a

higher energy level. This absorption is specific to the quantum theory in

which the energy absorbed is equivalent to the energy difference between

the energy levels of the ground state and the excited state of the atom.

In order to obtain further insight into the ground and excited states of the

electron, it is important to understand the atomic theory of the atom, which

describes the different orbitals of the atom in which the electrons are present.

These orbitals get filled progressively as the atomic number increases. The

electron is considered to be in a ground state if it is present in the first orbital,

which is the s orbital. It is considered to be in an excited state when it tran-

sitions to a higher level such as the p, d, or f orbital. The transition of the

electrons from the ground state to the excited state also depends on the

wavelength of the light responsible for the excitation of the electron. In

atomic absorption spectroscopy, the absorption of light by electrons is taken

into account. The principle of atomic emission theory will be explained fur-

ther in the section.

The absorption of light by an atom is governed by a very crucial law

known as the Beer Lambert law, which takes into account the intensity

of the transmitted light from the electrons and relates it to its concentration.

The Beer Lambert law is represented as follows:

A¼ abc¼ log Io=Ið Þ
where Io is the intensity of the initial radiation while I is the intensity of the

transmitted light. a denotes the absorptivity coefficient while b and c corre-

spond to the path length and the concentration, respectively. However, this

law holds certain limitations. One limitation is that this law is valid as long as

the sample is homogenous and does not hold for higher or extremely low

concentrations. Therefore, a modification of this law takes into account

the charge, mass, speed, and number of atoms that are free to absorb the

light. The ability of the atom to efficiently absorb light is expressed in terms

of the oscillator strength, which also serves as the basis for performing the

quantitative analysis of the samples.

When the sample is irradiated with a light source, it absorbs energy and

transitions to a higher energy level from its ground state. However, once it

reaches the higher energy level, it quickly loses its energy to come back to

the ground state.When it transitions back to the ground state, it emits a certain
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amount of energy, which lasts for a very short time. This emitted energy serves

as the basis of the detection of elements in atomic emission spectroscopy. Sim-

ilar to the amount of energy absorbed by the atoms that is determined by the

energy difference between the two energy levels, the emission is also charac-

terized by the energy difference between the two levels that corresponds to

the excited and ground states of the electron. Also, as the number of electrons

increases, the intensity of the emitted radiation also increases. Therefore,

under appropriate conditions, it is possible to correlate the intensity of the

emitted radiation with the concentration of the atoms present in the sample.

The emission is characteristic to each atom due to the unique electronic struc-

ture of each atom and is radiated in the form of discrete wavelength lines

instead of a continuous spectrum. These discrete lines, as mentioned before,

are monochromatic in nature and therefore accurately represent the atom

(Cantle, 1982; Van Loon, 1980; Welz and Sperling, 1999). Fig. 1 highlights

the various techniques of atomic spectroscopy.

3 Instrumentation of atomic absorption and atomic
emission spectroscopy

In this section, the instrumentation of atomic absorption and atomic emis-

sion spectroscopy will be briefly discussed.

3.1 Atomic absorption spectroscopy
This technique consists of five main components: mainly the radiation

source, a sample cell that also consists of an atomizer to split the sample into

its atomic counterparts, a monochromator, a grating slit, and a detector.

Apart from this, a computer is also used to display and process the results

obtained.

Typically, the atomizer used in AAS is a chemical flame that is formed

through a combination of fuel gas and oxidants. Once, the sample is

Fig. 1 Principles of atomic spectroscopy.
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prepared which is usually in the liquid form, it is passed through a nebulizer

through a capillary and is dispersed in the form of small droplets into the

flame. Here, the portion where the measurement radiation passes through

is known as the absorption volume. However, many techniques have

now replaced flames with arcs and plasma, which provide even more energy

to convert the liquid samples into gaseous forms. Apart from this conversion,

the atomizer is also responsible for providing an appropriate chemical envi-

ronment to allow both the oxidation and reduction reactions. It should also

not hamper the incident measurement radiation in any way and should be

nonturbulent. The transport of the sample through the sample usually occurs

in three phases in which the sample droplets are formed, followed by the

separation of larger droplets. Once they are separated, the droplets are trans-

ported into the flame. Also, the samples are introduced into the instrument

either through injection or through a pump. Several techniques have also

allowed atomization without flames. In these techniques, electrothermal

atomization occurs in which a furnace that is electrically heated is used as

an apparatus to hold the sample volume that is later atomized due to the heat.

This technique is useful in cases where the solid samples need to be directly

measured or when the chemical changes occurring during the atomization

need to be directly measured. However, this technique is less sensitive and

precise than the flame technique.

The radiation sources used for the production of the measurement radi-

ation are hydrogen or a deuterium-filled hollow cathode lamp (HCL) that is

responsible for emitting the light of the continuum radiation. Later, an HCL

line source was used that emitted light of discrete wavelengths, which turned

out to be more suitable for analysis as this technique required a very narrow

range of the spectrum. This lamp typically consists of a cathode that is usually

a metallic cup or cylinder and an anode encased in a glass shell. Because AAS

allows the detection of only one atom at a time, the cathode is made of the

metal that is supposed to be analyzed. To these electrodes, high-energy elec-

tric voltage is applied through which the emission spectra are generated.

Apart from this, multielement sources hat consist of cathodes made of

two or more elements and electrodeless discharge lamps are also used.

Another major component is the monochromator, which is responsible

for the isolation and control of the transmitted light and is used in the form

of a diffraction grating slit. These slits are placed between the source and the

sample and also between the sample and the detector. Due to this, it is pos-

sible to create a light source of a very narrow range and a specific wavelength

reaches the sample. The transmitted radiation is also carefully separated in

78 Handbook of analytical techniques for forensic samples



order to allow the transmission of the characteristic radiation only. Typi-

cally, photomultiplier tubes are used as detectors in which an electric current

is generated when the photons from the transmitted radiation hit the tube.

This electric current is further amplified and displayed on the computer for

visualization and processing, wherein the intensity of the transmitted light is

compared with the intensity of the initial radiation and the absorbance is

determined (Fig. 2). Various types of samples such as aqueous, organic

and inorganic solutions, organic solids and gaseous samples can be analyzed

through this technique. Aqueous solutions are usually degassed, and any

impurities are removed either through filtration or precipitation. Organic

and inorganic samples such as petroleum products, fertilizers, or soil samples

that are commonly encountered in forensic science can be analyzed by

selecting a suitable solvent either for their extraction or dissolution. Gaseous

samples are not frequently encountered in forensic science and if encoun-

tered they can be analyzed either by dissolving them in a liquid solvent

or by converting them into a solution (Cantle, 1982; Moore, 1989a,b;

Van Loon, 1980; Welz and Sperling, 1999).

3.2 Instrumentation of atomic emission spectroscopy
The instrumentation of flame AES is similar to that of flame AAS in that it

also contains a radiation source, an atomizer, a monochromator or a filter,

and a detector. However, in this section, emphasis is given on the use of
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Fig. 2 Instrumentation of atomic absorption spectroscopy (Cheremisinoff, 1996).
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inductively coupled plasma AES, which uses plasma as the ionization source.

Plasma is generated when a gaseous mixture of cations and anions consisting

of extremely high energies interact with each other. They are typically gen-

erated from argon and are therefore inert. Typically, in an ICP-AES, an

argon plasma source, a monochromator, a detector, and a computer are pre-

sent. The plasma source is composed of three quartz tubes that are concen-

trically arranged around a copper coil. This coil acts as the load coil because a

radiofrequency power is applied to this power. Argon gas is pumped in this

system and it is used to initiate the plasma through the application of a spark

that produces the cations and anions. Due to the application of the RF

power to the copper coil, a magnetic field is generated that is responsible

for maintaining the path of the ions generated. The argon ions generated

collide with free electrons until plasma that is self-sustaining and of high

energy is produced. This technique is called “inductively coupled” because

of the use of a magnetic field to generate electromotive forces. Once the

plasma is generated, the samples are aerosolized and carried to the base of

the coil where the plasma is being generated. Once the sample hits the sam-

ple, it undergoes a series of processes that ends in the excitation of the elec-

trons present in the atoms. Once the electrons are excited, the emission

radiation is emitted, which is further detected by detectors. However, prior

to detection, there is a series of prism and diffraction grating monochroma-

tors that isolate the emission radiation produced by the atoms. This optical

system is also present between the plasma and the sample. The detectors used

in this case are usually photomultiplier tubes or solid-state detectors such as

charge coupled devices (CCD), complementary metal oxide semiconduc-

tors (CMOS), and charge injection devices (CID). This entire instrument

is paired with a computer that consists of software wherein the parameters

can be easily entered. Similar to AAS, this technique can also be used to ana-

lyze organic and inorganic solids as well as liquid samples. Every sample has a

specific sample preparation and extraction technique. Significant research

has been done on the sample preparation of commonly encountered forensic

samples; any new user can consult research papers for further information on

the sample preparation of forensic evidence. Fig. 3 shows the instrumental

setup of ICP-AES (Lajunen, 1992; Moore, 1989a; Yeung et al., 2017).

4 Analysis of forensic samples via AAS and AES

Atomic spectroscopy such as AAS and AES has assisted forensic investiga-

tions for many years in the elemental analysis of different samples. However,
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with the emergence of newer techniques for elemental analysis, the use of

AAS and AES has somewhat faded away from forensic laboratories. In this

section, we discuss research works from the past that used AAS and AES for

the analysis of evidence such as biological samples, drugs, explosives, gun-

shot residue (GSR), ammunition, textile fibers, glass, ignitable materials,

inks, paper, and soil.

4.1 Biological samples
Biological samples are often found at a crime scene. These samples need to

undergo elemental analysis in order to check for any foreign elements that

may have caused harm to the victim, or give a clue about the crime com-

mitted. AAS has assisted in detecting metals in biological samples in the past

(Klotz et al., 2013). Research works on biological forensic samples using

AAS and AES are presented here.

In a study, fragments of a mummywere analyzed for the elements present

using AAS and AES. AAS was used to detect elements such as Na, Mg, K,
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Fig. 3 Instrumental setup of ICP-atomic emission spectroscopy (Yeung et al., 2017).
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Ca, Zn, Fe, Tl, Pb, Mn, and Cu while AES was used to detect Na. Samples

of teeth, bones, nails, and resin from a mummy were ashed and treated with

acid for AAS analysis. In bone fragments, elements were similar to those pre-

sent in today’s people while in nails, the percentage of elements was higher

except for Pb and Cu (Kłys et al., 1999). In another study, inductively

coupled plasma AES (ICP-AES) was used for the analysis of tissues from

the brain, heart, pancreas, liver, kidney, ovary, and spleen during autopsy.

The instrument was operated in axial mode. In most of the tissues, Fe

was found in the highest concentration while Co was the lowest. Mn was

majorly present in the spleen while Cu was in the brain. Al was found in

the kidney while Cd was found in the cerebellum of the brain (Rahil-

Khazen et al., 2002). Electrical injuries have also been analyzed by AAS

using a rat as the animal model. Cu and Fe were detected in the skin samples,

which were initially soaked in nitric acid for AAS analysis. Because the elec-

trical wire used for electrocution was made of Cu, its content was higher in

the skin samples while the difference in study and control rats for Fe was not

significant (Acar et al., 2004). Fish and mussels were analyzed for the pres-

ence of Cd, Zn, and Cu using the AAS technique. This study could be useful

in cases of metal poisoning via food (Manutsewee et al., 2007). AAS has

also assisted in cases related to drowning, mainly through the analysis of

Sr concentrations (P�erez-Cárceles et al., 2008). In a study, pleural effusion

and cardiac blood were analyzed for Sr concentration in dead bodies

drowned in seawater or freshwater. Samples were treated with nitric acid

followed by AAS analysis at 460.7 nm. It was found that concentrations

of Sr were higher in bodies recovered from seawater as compared to those

found in freshwater (Gurler et al., 2015).

4.2 Drugs
Drugs, especially psychotropic drugs, are often abused by youngsters. Other

drugs if given in excess can have adverse health effects, and can also be fatal in

several cases. AAS and AES have aided in forensic research for the elemental

analysis of drug samples.

In a study, conventional Chinese medicines were analyzed for the pres-

ence of Pb, Cu, and Hg using AAS. The samples were digested with dilute

nitric acid prior to use. The wavelengths for flame AAS for Pb, Cu, and Hg

were 283.3, 324.8, and 253.6 nm, respectively. The limit of detection

(LOD) values for Pb, Cu, and Hg were 4, 0.2, and 0.03 μg/g, respectively.
The developed method could be used for the forensic analysis of metals in
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such drugs (Chow et al., 1995). Mohammadzai and Hinze developed a

method for the indirect estimation of cocaine via AAS. The cocaine sample

was complexed with a salt of Fe(III), which was analyzed via AAS. The

wavelength for the analysis was 248.3 nm, with a spectral bandwidth of

0.2 nm. Argon was flowing through the system at a rate of 300 mL/min.

The method developed had an LOD of 0.01 ng/mL of cocaine

(Mohammadzai and Hinze, 2004). A Research has also been done related

to the elemental analysis of ecstasy tablets. Fierro et al. performed an analysis

of Hg and As in ecstasy tablets. The research team used AAS for the analysis

of As at a wavelength of 193.7 nm. Upon comparing the results with other

electrochemical methods such as differential pulse anodic stripping voltam-

metry (DPASV) and the flow-injectionmercury system (FIMS), AAS lagged

behind in the analysis of As (Fierro et al., 2006). French et al. differentiated

two ecstasy seizures on the basis of Ba content, analyzed via AAS (French

et al., 2013).

4.3 Explosives, gunshot residue, and ammunition
Explosives, GSR, and ammunition come under the ballistics division of

forensic science. Their elemental analysis has been carried out in the past

using atomic spectroscopic techniques. Some such research works are dis-

cussed in this section.

Regarding the elemental analysis of explosives using AAS, a study was

published in 2008 for industrial explosives. Identification particles, which help

in postblast analysis for the identification of explosives, were analyzed. Flame

AAS was used to detect elements such as Mg, Zn, Cu, and Pb. The LOD

values for Mg, Zn, Pb, and Cu were 0.2, 1.9, 2.4, and 1.3 mg/g, respectively,

of the explosive sample. The study can be helpful in determining the explo-

sives used in terrorist activities as well (Husáková et al., 2008). GSR is themost

common type of forensic evidence analyzed by atomic spectroscopy. Yourd

et al. used AES coupled with ICP for the analysis of trace elements present in

bullet samples. Argon gas was flowing at a rate of 15 mL/min while the tem-

perature of the spray chamber was ambient. The method developed could be

helpful for the analysis of microelements such as Ag, Bi, Cd, As, Cu, Sn, and

Sb in lead collected from bullet samples (Yourd et al., 2001).Molina et al. used

ICP-AES for the elemental analysis of GSR in suicides. The GSR was ana-

lyzed for elements such as Pb, Sb, and Ba. The study showed the ability of

ICP-AES to differentiate between non-self-inflicted as well as self-inflicted

wounds based on the elements in the GSR while also proving that this
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technique has merit over energy dispersive X-ray spectroscopy in elemental

analysis at lower concentrations (Molina et al., 2007). The shooting distance

was also estimated by studying the Pb content in the bullet holes via AAS. It

was concluded that with increasing distance, the Pb content in the GSR

around the bullet hole keeps decreasing (Gagliano-Candela et al., 2008).

A similar kind of study was performed by Turillazzi et al., but they included

the analysis of Sb and Ba along with Pb. The instrument used in this study was

ICP-AES rather than AAS (Turillazzi et al., 2013). In the case of ammunition,

atomic spectroscopy has also played a role in that comparison. In a study, fire-

arm cartridge case brass was compared for elements such as Ni, Fe, and Pb via

graphite furnace AAS. For the analysis, hollow cathode lamps for Ni, Fe, and

Pb were used in order to provide the characteristic radiation. The estimated

content of these elements helped in classifying the brass cartridges according to

their origin (Heye and Thornton, 1994).

4.4 Textile fibers
Fibers usually encountered at crime scenes are analyzed in forensic labora-

tories to get information about their structure and composition.Microscopic

techniques assist in the structural profiling of fibers. Spectroscopic tech-

niques play a role in the chemical profiling of these fibers, which can help

in their identification (Houck, 2009). Elemental analysis can also help in

comparing different fibers collected from the crime scene. Atomic spectro-

scopic techniques have also assisted forensic scientists in this regard, and such

research works are discussed here.

Saracoglu et al. used AAS to determine the trace elements (heavy metals)

present in textile materials. Flame AAS as well as graphite furnace AAS were

used for the study. Elements such as Fe, Pb, Ni, Cu, and Znwere detected in

different textile samples taken. In most of the samples, Pb was found to be

below the detection limit while Ni was present in an ample amount in most

samples (Saracoglu et al., 2003). Tuzen et al. performed an elemental analysis

of textiles produced in Turkey for the presence of heavy metals such as Cu,

Cd, Zn, Mn, Fe, and Ni using flame AAS and graphite furnace AAS. Oeko-

Tex regulates the metal content in the textile materials. The concentrations

of Cu, Cd, Zn, Mn, Fe, and Ni were in the range of 0.1–341 μg/g of the

textile sample. As per Oeko-Tex guidelines, the Cu and Cd concentrations

were found to exceed the limit (Tuzen et al., 2008). Tonetti and Innocenti

also checked the presence of heavy metals (Cr VI and total Cr) in textile

materials and further verified the method developed for the analysis. AAS
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was used for the estimation of total Cr. The wavelength for the Cr was

357.9 nm, and Ar was flowing as an inert gas at a rate of 250 mL/min.

The method developed for the extraction and estimation of Cr from textiles

could assist forensic experts in comparing different fibers on the basis of their

elemental composition (Tonetti and Innocenti, 2009). Another research

work analyzed metals such as Cd, Al, Co, Zn, Tl, Pb, Ni, Mn, Fe, Cu,

and Cr in textile fibers of different types such as acrylic, cotton, nylon, poly-

ester, polypropylene, and viscose. These different-colored fibers were taken

for the analysis. The metal content in the fibers was found to be higher upon

extraction via wet digestion while lower as per Oeko-Tex guidelines when

estimated in sweat extract (Sungur and G€ulmez, 2015).

4.5 Glass
Glass analysis is required in cases related to vehicular accidents or burglary

where broken glass fragments of windows are found as evidence. The ele-

mental analysis of such glass samples via atomic spectroscopic techniques can

help in linking the fragments to their original source (Buscaglia, 1994). The

research regarding the use of such techniques for the forensic analysis of glass

is discussed in this section.

In a study byHowden et al., Fe andMgwere analyzed in the fragments of

glass with the help of flameless AAS. The samples were digested by polyte-

trafluoroethylene prior to AAS analysis. The wavelength for Fe was

248.5 nm while for Mg, it was 202.5 nm; the source was a hollow cathode

lamp. It was found that the results were replicable in the window glass sam-

ples collected for the analysis (Howden et al., 1977). Hickman performed

the elemental analysis of glass samples in the form of sheets and used the data

to discriminate them. ICP-AES was used for elements such as Mn, Mg, Fe,

Al, Ba, and Sr; flame atomization AES was used for elements such as Li, Rb,

and K; and AAS was used for As. It was concluded that glasses with higher

refractive index values (>1.519) can be discriminated using more than four

elements while glasses with a refractive index lower than 1.519 can be dis-

criminated on the basis of two or fewer elements. Sr helped in discriminating

glasses with a lower refractive index (1.5165) while Ba helped in discrimi-

nating glasses with a higher refractive index (Hickman, 1983). Hickman and

his coresearchers again carried out a similar kind of study that was focused on

selecting variable elements in the glass fragments in order to classify them.

Tableware, containers, and sheet glasses were used for the analysis

(Hickman et al., 1983). In a relatively recent study, Pb was determined in
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glass samples using graphite furnace AAS. The wavelengths for the Pb anal-

ysis were 205.328 and 283.06 nm, among which the LOD value was higher

at the previous wavelength (Kelestemur and €Ozcan, 2015).

4.6 Ignitable materials
Ignitable materials and their traces are often encountered in cases of fire

and arson. Elemental analyses of such materials through AAS and AES

coupled with other techniques in research works for forensic purposes

are discussed in this section.

Chan used AAS combined with gas chromatography (GC) for the anal-

ysis of tetraalkyl Pb compounds present in petrol. AAS acted as the detector

in the GC instrument. The flame used for AAS was air-acetylene while the

wavelength selected was 217 nm, with a slit width of 1 nm. The advantage

with this analysis was that there was no requirement of sample preparation.

Upon analysis of petrol coming from two refineries, it was found that petrol

from one refinery had tetraethyl and tetramethyl Pb in the mixture while the

other refinery’s petrol had only tetraethyl Pb (Chan, 1981). A similar kind of

study was performed on gasoline (petrol) using AES in a combination with

GC. AES was also combined with microwave-induced plasma (MIP). The

LOD value for different kinds of tetraalkyl lead compounds was less than

1 μg/L of the petrol sample. The technique (GC-MIP-AES) had the advan-

tage of fast analysis (in seconds) rather than minutes as in the case of AAS or

ICP-AES (Rodriguez Pereiro and Łobi�nski, 1997).

4.7 Inks and paper
Inks and papers are readily investigated in questionable documents in forg-

eries. The elemental analysis of such evidence can help in linking it to the

source from which it originated, thereby going a step toward solving

the cases.

In a study from late 1970s, papers were categorized into different types

on the basis of their elemental profile. Elements such as Mn, Cd, Sb, Cu, Cr,

Mg, Ag, Co, Pb, and Fe were analyzed in the paper samples from different

manufacturers using electrothermal AAS. The lowest wavelength was for

Mg (202.5 nm) while the highest was for Cr (425.5 nm). The LOD values

for these metals varied from 0.001 to 520 μg/g of the paper sample (Simon

et al., 1977). Lee et al. used AAS and ICP-AES for the elemental analysis of

red sealing inks collected from the paper samples. Five different types of

samples were taken for the study. Elements such as Zn, Pb, and Ca were
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determined in the study. However, the study showed demerits over mass

spectrometry, mainly because of the destructive nature of sample analysis

(Lee et al., 2008).

4.8 Soil
The elemental analysis of soil samples collected from crime scenes can give

an idea about its mineralogy, which can further help in identifying the

location where this soil belongs. This assists in knowing the probable loca-

tion of a crime.

In a research work, AAS and AES in combination with other advanced

techniques were used for the analysis of soils. In addition to soils, other sam-

ples such as sediments, rocks, and ceramic materials were also analyzed. Ele-

ments such as Cr, Pb, Cu, Zn, and Ni were analyzed during the study. The

study compared the results with the certified reference materials (CRMs) as

well as reference materials (RMs). The method developed could be helpful

in identifying the type of soil encountered during the analysis (Schr€on et al.,
2000). ICP-AES was used by Pye et al. for the elemental composition anal-

ysis of soil samples. Many elements were analyzed in the soil samples, among

whichW showed maximum variability. Among others, metal oxides as well

as Sr, Nd, Sm, La, and Rb showed less variability, and therefore were con-

sidered good for differentiating among different soil samples. The study

recommended carrying out the sample analysis of soils belonging to the same

case in a single or sequential run in order to get reproducible results (Pye

et al., 2006). ICP-AES was also used by Cheshire et al. for the differentiation

of soil samples that were collected from the close proximity. The samples

had single as well as mixed soils from different geographically similar loca-

tions. Elements such as Al, Ca, P, Zn, Be, Fe, Ni, Ti, and Sc were analyzed

through ICP-AES. The analysis results when combined with X-ray fluores-

cence spectroscopy (XRF) and ICP-MS helped in differentiating the soils

based on their elemental composition (Cheshire et al., 2017).

5 Conclusion

Atomic spectroscopy techniques, especially atomic absorption and emission

spectroscopies, are widely used in forensic science labs for the determination

of elements in the forensic evidence. These techniques are based on the exci-

tation of atoms via a radiation source, due to which the electrons absorb

energy and transit to a higher energy level. The absorption difference in

the transmitted light serves as the principle for the AAS technique.
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However, once it transitions to a higher energy level, it loses its energy and

comes back to the ground state, during which the loss of energy is emitted in

the form of radiation of the characteristic wavelength. This serves as the

principle of the AES technique. The instrumental setup of both techniques

are very similar in the fact that they both contain a light source, a sample

holder or atomizer, a monochromator, and a detector. In the case of

AAS, a chemical flame is used as the ionization source. This is also similar

in the case of flame AES. However, recently, ICP-AES is more frequently

used as it offers better, sensitive, and accurate results. ICP-AES uses plasma as

the source of ionization of the atoms, after which they emit their character-

istic radiation. In this chapter, a brief overview of the principle and theory of

these techniques and their instrumentation has been given. Also, their appli-

cation in the analysis of various forensic evidence such as biological samples,

drugs, explosives, gunshot residue, ammunition, fibers, glass, ignitable mate-

rials, inks, papers, and soils have also been discussed.
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CHAPTER 6

NMR spectroscopy for forensic
samples

1 Introduction

Forensic science is largely based on the analysis of evidence found at a crime

scene. The analysis of such evidence usually involves determining its struc-

ture, composition, and behavior (Pandey et al., 2017; Rawtani et al., 2019).

One such technique that provides direct structural determination without

any sample preparation is nuclear magnetic resonance (NMR) spectroscopy.

NMR is a technique in that the characteristic electromagnetic signal pro-

duced by the nuclei of a molecule under high magnetic fields is detected.

NMR can completely determine the structure of a molecule or compound.

It is a powerful tool capable of performing both quantitative and qualitative

analysis and is therefore employed by industrial as well as the academic insti-

tutions across the world. NMR has several advantages that make it suitable

for the analysis of forensic evidence. One major advantage is that this tech-

nique is capable of observing the molecular dynamics in the liquid or solid

state without any sample preparation and keeps the samples preserved even

after testing. Apart from this, the instrument does not require any major

preparation prior to the sample testing, and it speeds up the data acquisition

and analysis of the information obtained from the sample. Most NMR spec-

trometers are also equipped with a library of molecules that can be used to

compare with the sample to be analyzed. Conventionally, NMR has been

widely used in forensic chemistry, that deals with the application of chemical

principles to identify the structure of a compound. While there are certain

advantages to this technique, it is not free of limitations such as low sensi-

tivity and resolution, high cost, and loss of information. However, despite

the limitations, NMR is still the most efficient tool to analyze compounds

without any damage to the sample. Therefore, in this chapter, the principles,

instrumentations, and types of NMR spectroscopy and how they have been

used in various forensic applications such as drug analysis, postmortem

changes, xenobiotic examination, and the identification of body fluids,

explosives, and counterfeit products will be discussed.
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2 Principle and instrumentation of NMR spectroscopy
1H NMR or proton NMR is the most widely used type of NMR spectros-

copy, in that the structure of the compounds is determined with respect to

the hydrogen nucleus. Hydrogen is the simplest atom with an atomic num-

ber and atomic mass of 1. It is denoted as 1H, where the 1 indicates the

atomic mass, that is, the sum of the total number of protons and neutrons

in the atom. The most crucial aspect of the hydrogen atom is its angular

momentum, that depicts the spin of the nucleus. The spinning of the hydro-

gen nucleus is analogous to a sphere spinning on its axis. It is positively

charged and generates a magnetic field with the magnetic moment. This

magnetic moment has magnitude and direction as well and is characteristic

to every element. NMR spectroscopy employs this principle to analyze the

structure of different compounds (Lambert et al., 2019).

In the case of heavier elements, this spin is determined by combining the

overall spin of the protons and neutrons. In cases of an even atomic number,

the number of protons and neutrons is equal and the spins cancel each other,

meaning the nucleus has no magnetic properties. However, in the case of an

odd atomic number, the nucleus possesses magnetic properties due to the

extra spin accounted by the odd number of protons and electrons. The mag-

nitude of the magnetic moment generated is highly dependent on a factor

known as the gyromagnetic or magnetogyric ratio. Themagnetic moment is

directly proportional to this ratio. In the presence of a high magnetic field

with a direction, the magnetic moment of each element tends to align in the

direction of the magnetic field. The frequency of the magnetic moment in

this case is known as the Larmor Frequency, and it is directly proportional to

the magnitude of the magnetic field. The magnetic moment also tends to

move in a circular fashion in the presence of a magnetic field. This move-

ment is also known as precession. When the frequency of the magnetic field

matches the frequency of the magnetic moment, resonance occurs, due to

that there is a net absorption in energy. This absorbance is detected by the

NMR spectroscopy and is displayed in the form of a plot of frequency vs

energy absorbed. The gyromagnetic ratio also affects the energies of the spin

state and is directly proportional to the intensity of the signals produced. It is

highly crucial that the magnetic field applied is high, as it affects the signal-

to-noise ratio, magnitude, and coupling of the elements. With the increase

in the magnetic field, the signal-to-noise ratio increases proportionally. Also,

two major phenomena occur when the magnetic field is increased, namely

the chemical shifts and J coupling. A chemical shift is an interesting
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phenomenon in that the electron cloud that is specific to the nucleus has its

own magnetic moment, that alters the external magnetic field applied in the

microenvironment. The total magnetic field of the element is thus depen-

dent on the magnetic moment of the electron cloud and the magnetic

moment of the nucleus. Depending on the shielding effect of the element,

the overall resonant frequency gets affected and this variation in the resonant

frequency is known as the chemical shift. These frequencies are dependent

on the local environment and are specific to the structure of the molecule.

The resonant frequency is also affected by the presence of other magnetic

nuclei in the nearby environment. In NMR, if there are multiple proton

groups neighboring each other, this may result in multiple or split peaks;

it is known as spin-spin splitting or indirect coupling. The J coupling con-

stant is another measure that depicts the extent of the influence of nuclear

spins on their neighboring proton groups through the distance between

the peaks, that is measured in terms of hertz (Hz). The magnitude of the

external magnetic field is also crucial as it helps in the formation of a simple

spectrum. This is possible due to the fact that the chemical shift is directly

proportional to the external electric field applied. With an increase in the

chemical shift, the resonances between two proton groups also increase sig-

nificantly until they are relatively larger than the J coupling, thus resulting in

a simple spectrum (Bai, 2016; Lambert et al., 2019).

2.1 Types of NMR
NMR is a versatile technique as it is capable of determining the molecular

structure by determining the protons associated with hydrogen followed by

the protons attached to carbon. The 1HNMR takes into account the chem-

ical shift, J-coupling constant, splitting, and the protons attached to 1H in the

molecule while another type of NMR, commonly known as 13C NMR,

takes into account the protons attached to 13C carbon (Bales et al., 1984;

Ellis, 1973; Haasnoot et al., 1980; Wagner et al., 1983). Here, 13C carbon

rather than 12C is used as it is the only form of carbon that has one-half spin

and thus possesses a magnetic moment. This form of carbon is very rare and

covers only 1.1% of the main isotope. These techniques are also known as

1DNMR (Sarkar and Bax, 1985). Sometimes, 1DNMR can generate spec-

tra that are too complex and therefore additional techniques are required

that are capable of producing a simple spectrum. In such cases, 2D NMR

is used, that consists of techniques such as correlational spectroscopy

(COSY), total correlated spectroscopy (TOCSY), and nuclear overhauser
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effect spectroscopy (NOESY). Apart from these techniques, 31P NMR or

phosphorous NMR is another NMR technique in that compounds contain-

ing phosphorous can be analyzed. Phosphorous has a nonspherical symmetry

due to that the chemical shift occurring in this case comes from the paramag-

netic nature of this element, that is actually contributed by the electron cloud

surrounding the element. The paramagnetic term also takes into account the

energies of the excited states, radial expansion, and bond overlap. This tech-

nique is widely used for the analysis of phospholipid bilayers and cell mem-

branes. Because most of the biological compounds have phosphorous as

their key element, they are highly useful in analyzing evidence comprising

body fluids. Here, 31P is used as it is easily available with a relatively high

gyromagnetic ratio (Gorenstein, 1984).

In COSY NMR, only the protons that are separated by two or three

bonds give the signal. This is highly useful for protein structure interpreta-

tion as the torsion angle between the hydrogen attached to the amine group

and the alpha hydrogen gives excellent NMR signals in this case (Dufour

et al., 2015). In TOCSY, every proton in the spin state gives the NMR sig-

nal. This is advantageous because the signal emitted is characteristic to every

molecule and can therefore be used to differentiate between different mol-

ecules such as amino acids, that have similar functional groups but varying

side chains (Hansen et al., 2017). The NOESY experiment employs the

nuclear Overhauser effect in that two nuclei that are in close proximity

to each other tend to transfer their spin state to the nearby nonspinning

nucleus. This technique is useful in cases of predicting the stereochemistry

of proteins ( Jacobsen, 2007; Aguilar et al., 2012).

2.2 Instrumentation of NMR spectroscopy
The instrumentation of NMR comprises certain common components such

as a magnet to generate the magnetic field; a radio frequency (RF) generator;

an apparatus to generate the magnetic pulse of the sample and receive the

NMR signal; a sample holder for positioning the sample near the magnet;

hardware and controllers for feedback, control, and optimization of the sig-

nal; and a computer as an end-user interface for the processing and interpre-

tation of the signals.

Initially, electromagnets were used to provide a continuous RF field that

would be constantly showered on the sample. Any signal from the sample

would result in a change in the quality factor of the electromagnetic coil,

that could be interpreted in terms of the absorption of energy by the sample.

94 Handbook of analytical techniques for forensic samples



The spectrometer employing this mode of detection is known as a contin-

uous wave spectrometer. Nowadays, the pulse Fourier transform mode is

used in that superconducting magnets are used. This technique was devel-

oped after a brief use of permanent magnets, that provided better stability

than the electromagnets but were still not strong enough to provide a clean

NMR spectrum. Superconducting magnets have several benefits such as

high stability, low resistance, similar signal averaging for multiple analysis,

and repeatability. Currently, a superconducting solenoid that is capable of

producing 600 MHz of magnetic field is used. This apparatus is encased

in a chamber that prevents any leakage of the magnetic field. There are sep-

arate RF generators for the hydrogen proton and any other nuclei. There is

also a separate RF generator for the deuterium lock that is responsible for

controlling the magnetic field. The deuterium lock controls the magnetic

field with an inbuilt microprocessor and maintains the homogeneity of

the field. Samples in NMR are usually held together with a probe that is

usually kept in a cryogenically cooled unit. This is because the sample holder

itself is comprised of transmitter coils that are responsible for providing the

magnetic fields and receiver coils for receiving the NMR signals. The pri-

mary computer is another important component in the NMR spectrometer

that is responsible for the acquisition of data as well as the maintenance of the

frequency and homogeneity of the RF and the magnetic field. It also serves

as an end-user interface and carries out the data processing and acquisition of

the signals received from the instrument. The NMR spectrometer is

composed of separate entities that allow it to be modified or customized

according to use; it can also be used along with other techniques such as

high-performance liquid chromatography (Bai, 2016; Lambert et al., 2019).

One of the most crucial aspects of analysis using anNMR spectrometer is

the sample preparation. NMR initially was used for the analysis of liquid

samples, but later modifications to the sample probe were made such that,

when accompanied with appropriate sample preparation techniques,

allowed excellent analysis of the samples. In the case of solid samples, small

rotors are fixed in the sample probe and the sample is stuffed in those rotors.

When the analysis starts, the rotors start to mix the sample such that their

movement mimics the free tumbling of the molecules in liquids. When

the particles move rapidly at a particular angle, the spectral lines formed

are narrow and a high-resolution spectrum is produced. In the case of liquid

samples, the sample is usually dispersed in a suitable solvent in clean tubes

and placed in the sample holder for further analysis. Fig. 1 gives a brief over-

view of the NMR instrumentation.
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3 NMR in the world of forensic science

This section discusses the applications of NMR spectroscopy in the world of

forensic science. Forensic applications that employ NMR as an analytical

tool, such as drug analysis, explosive detection, postmortem change analysis,

examination of xenobiotics, identification of body fluids, and identification

of counterfeit products, are discussed in detail (Fig. 2). The details of NMR

analysis for the aforementioned applications are shown in Table 1.

3.1 Drug analysis
NMR spectroscopy has been used by scientists for drug analysis for many

years. Various pharmaceutical industries use this spectroscopic technique

to identify drugs and their metabolites. The applications of 1H NMR and
13C NMR spectroscopy for the analysis of different drugs have been very

well reviewed in the past (Pieters and Vlietinck, 1989). Over the years,

forensic scientists and investigators have started usingNMR to identify drugs

in different samples or evidence collected from the crime scene.

In the past, Wilson and Nicholson used NMR spectroscopy in combi-

nation with solid phase extraction chromatography (SPEC) to detect and

identify metabolites of drugs in urine samples. The drugs used were aspirin,

oxpentifylline, ibuprofen, and paracetamol (collected from a male donor)

and naproxen (collected from a female donor). The combination of SPEC

helped in removing the endogenous constituents from the urine sample that

contained drugs and their metabolites before they could be detected and
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Magnet controller

RF generator

Primary computer

Fig. 1 Instrumentation of NMR.
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identified through NMR (Wilson and Nicholson, 1988). Research work

before this study also demonstrated the ability of 1H NMR for the quanti-

tative and qualitative analysis of drugs and their metabolites in the urine

(Bales et al., 1984). In a comparatively recent study, proton NMR was uti-

lized for the detection of paracetamol and its metabolites in urine (Galinski

et al., 2014). In another study from the mid-1990s, chiral drug molecules,

namely ephedrine, methamphetamine, pseudoephedrine, and meta-

cathione, were identified and quantified using NMR in combination with

gas chromatography. The solvating agent used [(R)-(+)-1,10-bi-2-naphthol]
was chiral in nature, which helped in the detection of the enantiomers of the

aforementioned drugs. The forensic importance of some of these drugs such

as ephedrine and pseudoephedrine makes this study very relevant to forensic

investigators dealing with cases of drug abuse (LeBelle et al., 1995).

Studies from this decade as well have shown the potential of NMR for

the detection and identification of drugs and their metabolites. A study from

2011 reported the use of low field NMR for the detection of micromolar

concentrations of drugs such as nicotine, harmine, and morphine. The study

utilized an advanced para-hydrogen induced polarization (PHIP) technique

to polarize the drugs that selectively enhance the 1H signals coming from

Fig. 2 Applications of NMR in forensic science.
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them. This polarization helped in detecting trace levels of the aforemen-

tioned drugs (Gl€oggler et al., 2011). A group of researchers from Italy

and Denmark used NMR for the chemical profiling of cocaine, a well-

known illicit drug that was seized from different places and at different times

from Naples, Italy. The study helped in identifying the trafficking path for

the drug, which was detected from the chemical’s fingerprint. It was con-

cluded that the fingerprint of cocaine was dependent on its origin plant,

method of cultivation, and process adopted for its extraction and refinement

(Pagano et al., 2013).

3.2 Detection of explosives
Explosives have been widely used in the preparation of bombs and ammu-

nition. Their traces can be found in terrorist activities or criminal activities

involving firearms and ammunition. Sometimes, this evidence has such

minute levels of explosive that it becomes difficult to detect. In such cases,

NMR can be used for detection and can identify various primary and sec-

ondary explosives, even in trace quantities. An article compiling the appli-

cation of NMR for explosive detection has been published (King and De

Los Santos, 2004).

The first study regarding the investigation of explosive residue in envi-

ronmental samples was carried out in 2004 by Godejohann et al. The sam-

ples were collected from the Susten-Stone glacier (Switzerland), which was a

disposal site for ammunition. 1H NMR in combination with high-

performance liquid chromatography, solid phase extraction, and mass spec-

troscopy was used to detect traces of explosives such as trinitrotoluene,

hexogen (RDX), trinitrobenzene, dinitrotoluene, octogen (HMX), dini-

trophenol, dinitroaniline, centralite, acardite, dinitroanthranile, and bisphe-

nol A. The concentrations of these residues detected through NMRwere in

the range of 0.1–48 ppm (Godejohann et al., 2009). Another study discussed

the detection of liquid explosives, which are a major security threat in public

places and airplanes, using an NMR-based detector. The spin relaxation

times and self-diffusion coefficient of different liquids helped to differentiate

among them (Gradišek and Apih, 2010). In the same year, pentaerythritol

tetranitrate (PETN), a highly explosive compound from the family of nitro-

cellulose and nitroglycerine, was detected using NMR. The study also

employed 14N NQR (nuclear quadrupole resonance) spectroscopy along

with 1H NMR to detect PETN. The spin-lattice relaxation time was mea-

sured between the frequencies of 1.8 kHz to 40 MHz in the temperature
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range of 250–390 K (Smith et al., 2010). In a recent study, norharmane

(NHM) was used to detect 2,4,6-trinitrophenol (TNP) in the presence of

potential contaminants, which can usually be found in real explosive samples

collected from a crime scene. Ratiometric spectroscopic responses were

responsible for the interaction between NHM and TNP. NMR was used

to identify the mechanism behind these responses, which was proton transfer

phenomenon at the ground state (Paul et al., 2019). Another recent study

employed 1H and 13C NMR to detect explosives that were excavated from

the bed of the Baltic sea (Nawała et al., 2020).

3.3 Analysis of postmortem changes
Whenever any crime is committed and a dead body is found, the estimation

of time since death becomes very important. The dead body starts undergo-

ing many changes, such as pallor mortis, algor mortis, rigor mortis, and livor

mortis, followed by putrefaction and decomposition. The issues that inves-

tigators face while determining the time since death is studied under the sci-

ence of thanatochronology (Santos et al., 2018). Forensic scientists have used

NMR for many years as an analytical tool to determine the postmortem time

interval and study the postmortem changes a cadaver undergoes.

A study from the last decade used 1H NMR to study the biochemical

alterations that take place in the skeletal muscle of a rat after death. The bio-

chemical changes in the perchloric acid extracted from the skeletal muscle at

different postmortem time intervals were observed. The NMR study was

performed at 298 K, with a frequency of 200 MHz. The NMR spectra of

extracts collected at different time intervals were different, indicating the

biochemical changes taking place inside the body after death (Fineschi

et al., 1990). Another study from the same decade used 31P NMR to analyze

the muscle metabolism and changes after death. A rabbit was taken as the

model animal. The NMR study was performed at 162 MHz, using a dual

tune probe (1H and 31P). It was observed that after muscle death, the amount

of energy-rich compounds and changes in pH increased. This could be cor-

related to the time since death (Miri et al., 1991). In another study, postmor-

tem changes were correlated to time since death by monitoring the

metabolic changes in the femoral muscles of the rat. The rats were sacrificed

through an overdose of cocaine, suffocation, and induced respiratory failure.

The NMR spectra of the metabolites differed for extracts collected at dif-

ferent time intervals as well as among the different modes of death. The fre-

quency used for the NMR study was 270 MHz (Hirakawa et al., 2009). 1H
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NMR has also been used to study the metabolites produced in the brains of

dead people who suffered from Huntington disease. The metabolites were

studied in the frontal lobe and the striatum regions of the brain. Urea was the

metabolite that underwent maximum changes in the striatum. All the NMR

measurements were done at 300 K with a frequency of 600.13 MHz

(Graham et al., 2016). In a recent study, the cerebrospinal fluids collected

after the deaths of rats that had induced seizures and comas using drugs were

also analyzed through NMR (Kanawaku et al., 2017).

3.4 Examination of xenobiotics
Any chemical substance that is foreign to the body can be considered xeno-

biotic. Broadly, this can be drugs, food additives, agrochemicals, organic

compounds, carcinogens, etc. Natural compounds can also behave as xeno-

biotic compounds if they are taken up by any organism whose natural com-

position does not contain that compound. In forensic science, the

examination of xenobiotics becomes important in cases related to poisoning.

NMR has been used by different forensic researchers to detect various poi-

sons in the body.

Imbenotte et al. used NMR for the qualitative and quantitative analysis

of xenobiotic compounds in cases related to poisoning. Serum and urine

samples were used in cases of lysine acetylsalicylate, valproic acid, paraquat,

tetrahydrofuran, methanol, and ethylene glycol poisoning. The frequency of

operation for NMR analysis was 300 MHz. The NMR spectra from the

body fluids revealed the metabolites of the aforementioned xenobiotics that

were responsible for the poisoning in patients (Imbenotte et al., 2003). In

another study, glyphosate, a well-known herbicide, was detected and quan-

tified using 31P and 1H NMR spectroscopy. The proton NMR spectra was

obtained at 300.09 MHz while the phosphorus NMR spectra was obtained

at 121.48 MHz. The study showed the ability of NMR spectroscopy for the

identification and quantification of organophosphates, which form a major

class of pesticides (Cartigny et al., 2004). Proton NMR has also shown its

applicability in the detection of ethyl glucuronide present in the liver extract.

Ethyl glucuronide is a metabolite of ethanol, whose presence in the biolog-

ical fluid can be correlated with alcohol consumption. The samples were

collected from the livers of rats who were allowed to consume alcohol at

a concentration of 8.6 g/kg/day. The NMR spectra was obtained at

700 MHz (Nicholas et al., 2006). Ecstasy, a common synthetic drug widely

abused at rave parties, has also been detected and quantified using NMR
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spectroscopy. The study used a urine sample as a source for the drug. The

NMR spectra was obtained at 500 MHz frequency. A linear response was

observed while performing the calibration curve for the concentrations

ranging from 0.01 to 1 mg/mL. Spiked as well as real samples were analyzed

for the presence and quantification of ecstasy (Liu et al., 2010).

3.5 Identification of body fluids
Body fluids such as urine, semen, saliva, sweat, blood, and vomit have served

as sources for different types of analyzes for diagnostic and medical use.

These body fluids are also key evidence for crime scene investigators because

they contain useful information about the identities of victims and suspects.

A number of spectroscopic (Zapata et al., 2015) and chromatographic (Deyl

et al., 1986) techniques have been adopted by analysts to detect different

analytes and metabolites in body fluids. These fluids can be identified via dif-

ferent biochemical tests, but these require preliminary and confirmatory

examination through various chemicals. The utilization of analytical tech-

niques such as NMR can identify these fluids in a more specific and

sensitive manner.

However, until now, only one research work has been published by

Scano et al. for identifying different types of body fluids. Different body

fluids such as blood, saliva, semen, and urine were collected from donors

and analyzed through 1H NMR at 300 K with a frequency of 500 MHz.

The analysis was done for single body fluid samples as well as binary mixtures

of the aforementioned fluids. The body fluids were identified on the basis of

the presence of different metabolites such as lactate, citrate, propionate, and

various amino acids in them. In order to identify the fluids in the binary mix-

ture, a fitting procedure was developed that was based on the spectra

obtained for the individual fluids (Scano et al., 2013).

3.6 Identification of counterfeit products
Counterfeit products have created havoc in the global market. Counterfeit-

ing is practiced for products related to jewelry, medicine, clothing, food, etc.

Counterfeit drugs are consciously and deceitfully labeled regarding their ori-

gin and individuality. Counterfeit medications can be divided into five types

(Holzgrabe and Malet-Martino, 2011): counterfeit drugs (a) with a low

active pharmaceutical ingredient (API); (b) wrongly labeled; (c) wrong

API; (d) no API; and (e) low quality. Counterfeit food products are also a

matter of concern because they directly affect the public health. Various
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types of analytical techniques have been utilized for detecting the counter-

feiting of medications and food products. NMR has also been utilized for

this purpose (Malet-Martino and Martino, 2015).

In a study, 13C NMR was used for the assessment of the APIs in coun-

terfeit medicines such as aspirin and paracetamol. More than 15 samples for

both medicines were collected from pharmacies in different countries and

analyzed through NMR. Tablets and capsules containing around 1 g of

API were crushed and API was extracted. The NMR spectra of the extracts

containing API were recorded at 303 K with a frequency of 125.76 MHz.

The spectra differed with the suppliers and batches of the drugs. The study

can be useful to identify any counterfeiting or infringement of patents on

pharmaceutical industries (Silvestre et al., 2009). In another study, 1H

spin-lattice NMR was used to identify and distinguish between counterfeit

and original Viagra. The analysis was performed in the frequency range of

4 kHz to 40 MHz at 310 K. The NMR study revealed that the original

Viagra had a single exponential relaxation process while for the counterfeit

Viagra, the relaxation process was biexponential. This helped in differenti-

ating between the original and the duplicate drug (Wilczy�nki et al., 2017). In
a recent study, counterfeiting in branded alcoholic beverages was detected

using 1H NMR. The counterfeiting of such beverages usually involves a

mixture of methanol that poses many health hazards but is difficult to detect

organoleptically by the consumers. The counterfeit samples (vodka, rum,

and whiskey of different brands) were collected from Russia and Kenya

and compared with authentic ones. The NMR spectra were obtained at

300 K. The coefficient of determination was different for the authentic

and counterfeit samples, which helped in distinguishing between the two

(Kuballa et al., 2018). Another recent study has utilized NMR with a

recording frequency of 600 MHz for the analysis of counterfeiting and

impurities in weight loss-related drugs (Lee et al., 2019).

4 Conclusion

NMR is a widely used technique to determine the structure of a molecule.

This technique takes into account the magnetic moments of the nucleus and

electron cloud of a particular element when exposed to a strong external

magnetic field. This technique is highly useful in forensic science wherein

the structure of evidence commonly encountered at a crime scene needs to

be determined. NMR has several advantages such as high stability and neg-

ligible sample preparation while also keeping the samples intact even after
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testing. However, this technique is not devoid of limitations. NMR has less

sensitivity, especially while analyzing bodily fluids that are majorly com-

prised of water and have an abundance of hydrogen. Therefore, the smaller

molecules become difficult to differentiate. It is also an expensive technique

as it requires strong magnetic fields that consume extensive energy and have

high maintenance costs. However, with recent advances in superconducting

magnets, these limitations may be easily overcome. Also, techniques such as
31PNMR that target the phosphorous elements in the samples can be used in

combination with H-NMR in order to improve the sensitivity of the anal-

ysis. Also, the entire setup of an NMR spectrometer is modular in nature,

thereby allowing room for any customizations or modifications that can

improve the analysis. NMR can also be used in conjunction with other ana-

lytical techniques such as high-performance liquid chromatography, thereby

making this hyphenated technique highly useful in the toxicological analysis

of forensic evidence.

In forensic science, this method has been used for the detection of illicit

drugs that are abused at rave parties such as cocaine, morphine, nicotine, etc.

Different types of primary as well as secondary explosives such as TNT,

PETN, RDX, Torpex, etc., have also been analyzed through this spectro-

scopic technique. The biochemical changes that occur inside the body after

death have also been analyzed through NMR. Such studies are helpful in

determining the time since death because the NMR spectra were different

for the tissue extracts collected at different postmortem time intervals.

Xenobiotics such as ecstasy, alcohol, etc., have also been identified and

quantified using NMR. In the case of body fluid identification, only one

study has been published so far as per our knowledge. Counterfeit drugs such

as Viagra and those related to weight loss as well as counterfeited branded

spirits have also been investigated through this technique. Due to drawbacks

associated with NMR such as long analysis time and costly instrumentation,

forensic laboratories avoid the use of this instrument. However, partnerships

of such laboratories with local universities and research institutes can assist

the forensic analysts in utilizing these facilities and increasing the efficiency

of the investigation many-fold.
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CHAPTER 7

Raman spectroscopy in forensic
science

1 Introduction

Spectroscopic techniques use electromagnetic radiation with variable ener-

gies to analyze the characteristics of a molecule. The electromagnetic radi-

ation is composed of electric and magnetic vectors that oscillate at right

angles with each other. Normally, when the radiation hits a molecule,

the electrons on different levels absorb energy, get excited, and move to

a higher level where they emit energy until they fall back to a ground state.

Most spectroscopic techniques are based on this principle and the instru-

mentation and type of molecule that can be detected vary with the type

of energy emitted by the molecules upon excitation by the radiation.

Over the years, many spectroscopic techniques have been developed to

analyze the composition and characteristics of a molecule. Raman spectro-

scopic techniques are the most widely used techniques to analyze the com-

position of a molecule as they are easy to use, require minimal sample

preparation, and the spectra is also easy to interpret. Raman spectroscopy

(RS) works on the basis of Raman scattering, which was discovered by

Krishna and Raman in 1928. The theory behind Raman scattering will

be discussed in brief in this chapter.

Raman radiation lies in the range of 103–105 nm with a frequency

between 1013 and 1014 Hz. Early Raman spectrometers were a bit more

complicated and needed the expertise of experienced spectroscopists. How-

ever, recently several modifications have been done to the spectrometer and

now they are fully automated and even portable. With appropriate statistical

and sample preparation techniques, it is possible to develop spectra of sam-

ples with high reliability. This technique can also positively identify the ele-

ments and molecules as well. This technique can also with utmost clarity

differentiate between the pure and impure forms of germanium, sulfur, car-

bon, and silicon. Amorphous and crystalline carbon can also be differentiated

on the basis of the sharpness of the band. In this chapter, however, the main

focus shall be on the use of RS in the analysis of various forensic evidence.

109
Handbook of Analytical Techniques for Forensic Samples © 2021 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-822300-0.00007-0 All rights reserved.



In forensic science, evidence such as biological fluids, drugs, and explosives is

often encountered and is of immense significance. Also, evidence such as

paints, pigments, dyes, gunshot residue, and even fibers and soil are com-

monly encountered. The use of RS in such cases allows the facile, rapid,

and accurate determination of the composition of the evidence

(Hofmann, 2010; Pandey et al., 2017; Rawtani et al., 2019; Smith and

Dent, 2005).

2 Principle of Raman spectroscopy

Light, that is, electromagnetic radiation, is made up of small packets of

energy known as photons. When these photons hit a molecule, a transfer-

ence of energy takes place. If the energy of the incident photon matches the

energy gap between the ground state and the excited state of the molecule,

then the energy by the photon is absorbed and the molecule moves to the

higher state. However, sometimes the energy absorbed by the photon may

also result in its scattering, which may be detected. This scattering is char-

acteristic to every molecule and is emitted with a strong intensity as long as

the scattering is not absorbed by nearby electronic transitions. The scattering

that occurs is also of two types, namely elastic and inelastic scattering. In elas-

tic scattering, the kinetic energy of the photon is conserved, albeit with a

change in its direction. In inelastic scattering, the kinetic energy is not con-

served and the energy is transferred to its interacting matter. Raman scatter-

ing is a type of inelastic scattering in which the unconserved kinetic energy is

taken as the difference between two vibrational states of themolecule, due to

which the molecule gets promoted to a higher energy level. This difference

is also known as the Stokes shift. Sometimes, the scattered light tends to have

more energy than the incident light, due to which there is energy transition

to lower wavelengths. This phenomenon is known as the anti-Stokes shift

(Fig. 1). The entirety of the Raman spectrum comprises these shift lines.

While scattering due to the Stokes shift will be stronger and is often the pre-

ferred shift during analysis, the anti-Stokes shift, which is significantly

weaker than the Stokes shift, is preferred when there is additional interfer-

ence such as fluorescence that occurs at an energy lower than the excitation

energy ( John and George, 2017; McCreery, 2005; Slater et al., 2001).

A phenomenon associated with Raman scattering is surface enhanced

Raman scattering, or SERS. In this technique, through the interaction of

the light with rough metal surfaces or nanomaterials, there is an enhance-

ment in the electromagnetic field due to which even low concentrations
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can be easily detected. It is an excellent technique to enhance the structurally

rich signal of Raman scattering. Enhancement in the electromagnetic radi-

ation and chemical enhancement are the two main theories behind this phe-

nomenon. Electromagnetic enhancement happens when the light is

amplified due to the excitement of localized surface plasmon resonances

(LSPR). In chemical enhancement, there is a series of charge transfer mech-

anisms in which the excitation wavelength corresponds with the charge

transfer electronic states between the metal and the molecules. SERS allows

the enhancement of the signal by a factor of 1010–1011, thus offering a detec-
tion accuracy of even a single molecule. Factors affecting the SERS phe-

nomena are the substrates to be analyzed, the excitation source, and a

detector capable of detecting Raman spectra across a wide spectral region

(Bruzas et al., 2018; Schl€ucker, 2014; Sharma et al., 2012).

2.1 Instrumentation of Raman spectrometer
The Raman spectrometer consists of three main components: the light

source, the spectrometer, and the detector. These three main components

are also supported by additional faculties such as monochromators

(Fig. 2). In RS, in order to achieve adequate scattering, a source with very

high energy needs to be used. Initially, mercury arc lamps were widely used

before transitioning to the use of a laser. The laser seemed to a be a suitable

choice for this analysis because of its high frequency. The spectrometer con-

sists of monochromators that are responsible for minimizing any stray light

Fig. 1 Overview of Raman scattering ( John and George, 2017).
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due to the scattering, thus allowing the formation of a clean spectra. The

detectors used depend on the type of sample to be analyzed. They can be

a dispersive monochromator with a charge coupled device, or a Fourier

transform (FT) interferometer that employs indium gallium arsenide or liq-

uid nitrogen cold germanium as the detector. Dispersive RS employs a laser

of a shorter wavelength, as this will result in the enhancement of the Raman

signals that occur at shorter wavelengths. In this type of spectroscopy, graters

or monochromators also assist in the removal of any residual fluorescence.

The charge coupled devices consist of light-sensitive receptors that capture

every single dispersed wavelength. This type of detector has certain disad-

vantages as well, as it provides weak signals for high wavenumber rays such

as in the case of NIR. Apart from this, FTRS is also used that uses a 1 μm
excitation laser combined with an interferometer and an NIR detector. The

interferometer receives the scattering signals and converts them into a uni-

form signal, thus producing an interferogram. This technique offers high res-

olution, an umbrella analysis of wavelengths, an increased signal-to-noise

ratio, and excellent wavelength calibration. The type of detector chosen

depends on the sample. Charge coupled devices are more suitable for the

microscopic analysis of samples while FTRS is more suitable for the analysis

of bulk substances.
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Fig. 2 Instrumentation of Raman spectroscopy (Biswas et al., 2010).
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Recently, several advancements have been made in RS. For instance,

flexible optics have been the go-to option as a light source in this technique.

Flexible optics have several advantages such as the detection of molecules in

a liquid sample. Raman scattering as such is weak, but when used in com-

bination with liquid chromatography, it can result in variable results. How-

ever, with flexible optics, it is possible to view the samples in the liquid with

higher control and accuracy, thus enabling better results. Optical tweezers

are an example of flexible optics in which the intensity of the light is focused

on a particle. Once the light hits the particle from the top, replusive forces

are created at the surface and at the base of the particle. Due to this there is a

“caging” or “trapping” effect due to which the motion of the particle can be

carefully controlled. By capturing the scattered light obtained from the par-

ticles, it is possible to obtain a very clean and accurate Raman spectra. The

laser source used until now has been a continuous wave type in which the

light emitted is of the same frequency. However, due to recent develop-

ments, tuneable or dye lasers are also used. Dye lasers involve the excitation

of dyes that are kept in a continuous flow. The emissions obtained cover a

wide range of frequency, thus allowing the analysis to be carried out over a

wide spectral range. Double frequency lasers such as an Nd/YAG system are

also used. These lasers offer a higher frequency range but at a lower power

(Smith and Dent, 2005).

A great advantage with RS is that it requires minimal or no sample prep-

aration. Samples such as fabrics and plastic sheets do not require sample prep-

aration. However, samples that are in a lesser amount or are irregularly shaped

require sample holders. Sample holders are also required when the laser beam

needs to be focused on the sample at a particular angle in order to cancel out

excessive irregular scattering such as in the case of crystalline samples. Samples

can also be dispersed in a matrix that does not have a Raman spectrum such as

potassium bromide or potassium chloride. Sometimes, samples cannot be dis-

persed in the mentioned solvents and need to be analyzed directly from the

container. In such cases, it is important to consider the Raman scattering of

the surrounding matrix as well. Samples that are less in amount or are micro-

scopic may also be visualized and analyzed using a microscope linked with a

Raman spectrometer ( John and George, 2017).

3 Raman spectroscopy for forensic sample analysis

RS has remained an analytical tool for forensic scientists for many years

(Fikiet et al., 2018; Izake, 2010). This section discusses the major types of
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forensic samples that can be examined using this characterization technique.

These samples include biological samples such as body fluids, body remains,

and fingerprints; recreational drugs; paints, dyes, and pigments; explosives

and gunshot residue (GSRs); fibers; soil; and inks in questionable

documents.

3.1 Samples of biological origin
Biological samples are among the most common evidence found at the

crime scene. These samples primarily include body fluids, fingerprints,

and decaying cadavers. A number of analytical techniques can be employed

for the chemical and morphological profiling of these samples. RS has also

served as a helping hand in the chemical profiling of the biological samples.

Some research on biological samples including this technique are

discussed here.

A group of researchers from Australia, France, and the United Kingdom

using RS and a Raman microscope to examine the human remains of the

Rwandan genocide that were excavated and put on display in the Murambi

Technical School, Rwanda. The analysis at 1064 and 785 nm using a Raman

microscope gave details about the deterioration of the remains due to envi-

ronmental factors. Because the remains were preserved with lime, RS con-

firmed that the lime was converted to calcium carbonate. The presence of

organic compounds was also confirmed through RS (Schotsmans et al.,

2020). In addition to this, RS has also been used to study latent fingerprints.

In a study, RS was used to study the interaction of cyanoacrylate with the

fingerprints and find the anomalies in this mode of fingerprint detection.

The cyanoacrylate polymerizes under suitable environmental conditions

and develops a white film for fingerprint visualization. However, the RS

spectra of the film indicated the presence of unreacted cyanoacrylate that

could interact with the other substances such as drugs present in the finger-

print, thereby hindering their detection through fingerprints (Edwards and

Day, 2006). SERS has also been used for detecting latent fingerprints. In a

study, the presence of amino acid residues was taken as the base for detecting

latent fingerprints. The sensitivity of the process was enhanced by using

metal nanoparticles (vapors of silver deposited on polydimethylsiloxane).

The study was the first one to carry out SERS-based imaging of fingerprints

(Connatser et al., 2010). In a similar recent study, a SERS-based core shell

nanoprobe functionalized with aptamer was developed for theRaman imag-

ing of latent fingerprints found on the surface of curved or large immovable
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objects (Fig. 3). The characteristic peaks obtained for the fingerprints were at

1572, 1343, 1081, 855, and 723 cm�1 (Zhou et al., 2019).

Because body fluids are very common evidence collected from the crime

scene, therefore many forensic research works have been done on these

body fluids by employing RS. A compilation of research works related to

the age estimation of bloodstains through RS was published a few years back

(Zadora and Menz
�
yk, 2018). Lednev and coresearchers have shown the

potential of RS for the identification of different types of body fluids such

as semen (Virkler and Lednev, 2009), saliva (Virkler and Lednev, 2010), vag-

inal fluid (Sikirzhytskaya et al., 2012), and sweat (Sikirzhytski et al., 2012).

Lednev also carried out a research work with his team to detect and identify

stains of very common human body fluids such as blood, saliva, and semen.

Fourteen blood, 50 semen, and 15 saliva samples were collected, dried, and

further used for RS analysis. The study employed statistical analysis with RS

for producing the signature spectra of these body fluids, and these spectra can

be referred to for the identification of unknown body fluid samples

(Sikirzhytski et al., 2010). These body fluids are often found contaminated

with dust, soil, and sand particles when collected. In this regard, a study

demonstrated the ability of Raman microspectroscopy to identify blood

in the presence of these contaminants (Sikirzhytskaya et al., 2013). Another

group of researchers also used RS to differentiate between dried samples of

saliva, sweat, semen, blood, and vaginal fluid (Fig. 4) (Muro et al., 2016).

The detection of urine on polyester and cotton fabric materials has also been

Fig. 3 SERS-based nanoprobe functionalized with an aptamer for the detection of latent
fingerprints (Zhou et al., 2019).
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made possible by researchers through a portable Raman spectrometer. The

Raman spectra showed a single characteristic peak of the NdCdN bond

found in urea at 1000 cm�1. The study concluded that the combination of

RSwith partial least squares discriminant analysis can help in the detection of

urine in these fabrics with high accuracy (Hager et al., 2018). Another recent

study demonstrated the potential of RS to differentiate between human and

animal blood (Doty and Lednev, 2018).

3.2 Recreational drugs
A recreational drug can be defined as a drug taken for its psychoactive nature,

with users thinking that their sporadic consumption cannot be addictive.

Fig. 4 Average Raman spectra of commonly found human body fluids (Muro et al.,
2016).
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These drugs can be synthetic or naturally available. Common examples of

such drugs include cocaine, morphine, marijuana, etc. The utilization of

RS for the analysis of drugs has been compiled in articles published a few

years back (de Oliveira Penido et al., 2016; Khandasammy et al., 2018).

Forensic scientists have utilized RS very efficiently to analyze these recrea-

tional drugs as well as their analogs.

In a study, RS was used to examine the cocaine hydrochloride collected

from the nails of a human. The nail clippings were donated by the

researchers themselves. The RS spectra of cocaine collected from the nail

was also compared to that of pure drug and nail varnish in order to eliminate

any extra peaks. A near-infrared laser (785 nm) was used for the RS analysis,

which helped in reducing the fluorescence that is generated with visible

range lasers (Ali et al., 2008). In another study, RS was used to analyze

β-ketophenethylamine (β-KP), a class of legal high recreational drugs from

the cathinone family. The analysis was performed with reference as well as

seized samples. Calcium carbonate was used as the excipient in the seized

β-KP drugs, which was identified through RS (Stewart et al., 2012). In a

recent study, UV resonance RS was used to detect the presence of cocaine

in oral fluid. The reference cocaine sample was dissolved in acetonitrile and

water, and the spectra of both these solutions were compared with the

cocaine’s spectra in the oral fluid. Upon eliminating the peaks for pure oral

fluid, the characteristic peaks of cocaine obtained on the RS spectra were at

1714, 1607, 1281, 1178, and 908 cm�1 (Fig. 5) (D’Elia et al., 2018). Phen-

cyclidine, also called angel dust, and its analogs such as rolicyclidine, teno-

cyclidine, 3-methoxycyclidine, and 4-methoxycyclidine, have also been

detected using Raman microspectroscopy in a recent study (Quinn

et al., 2020).

3.3 Paints, dyes, and pigments
Paint analysis is very important in the automobile industries. However, for

forensic investigators, the analysis of paints is important mostly in hit-and-

run cases. If Locard’s principle of exchange is taken into consideration, paint

scrapings can be found in such accidents on the vehicle, person, or object

that was hit. In addition to this, dyes and pigments that can be used in dif-

ferent fibers and inks also need to be examined by forensic scientists.

Research works employing RS for such investigations are discussed here.

In a study, automotive paints were analyzed through RS. Paint flakes as

well as a cross-section of paint layers were used to obtain theRS spectra. The
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study not only focused on the identification of pigments, but also on the

identification of extenders and binders that are present in different layers

of paint. Regarding the RS analysis, it was concluded that paint samples

can be easily distinguished upon comparing the RS spectra of base coats

(De Gelder et al., 2005). In another study, multiple layers of paint coats were

examined through RS. The analysis was also supported by other techniques

such as infrared and X-ray fluorescence spectroscopy. The RS analysis with

an excitation laser in the visible range (633 nm) gave information about the

pigments used in the paints. However, it did not give any details about the

polymers used (Zięba-Palus and Borusiewicz, 2006). In addition to paints,

dyes have also been analyzed through this technique. In a recent study,

SERS was used for the analysis of trace quantities of dye samples with

<5% weight of dyes. The constraint of synthesizing a SERS substrate for

the SERS analysis was overcome in this study, which demonstrated a less

time-consuming process for synthesizing silver nanoparticles that acted as

SERS substrates. Eleven different dyes (basic, acidic, mordant, and direct)

such as orange 1, yellow 2, red 3, green 4, blue 9, yellow 9, violet 19, blue

27, red 28, orange 52, and blue 74 were analyzed through SERS and the RS

technique. The excitation wavelength for the laser was in the visible range

(473 nm). In order to perform the SERS analysis, dye solutions were mixed

Fig. 5 Resonance Raman spectra of cocaine at different concentrations in different
solvents and oral fluid (D’Elia et al., 2018).
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with silver nanoparticles while for Raman analysis, dye solutions were

directly placed on a glass slide covered with aluminum foil (Lux et al., 2019).

3.4 Explosives and gunshot residue
Explosive analysis is a very important part of forensic investigations, espe-

cially in cases related to terrorist attacks, bombings, and firearm incidents.

RS has been utilized by researchers for the examination and chemical pro-

filing of explosives and their derivatives. Gulia et al. used time gated RS for

the analysis of trace quantities of explosives as well as their derivatives. The

improvised explosive devices have traces of explosives on their surface up to

the ppm level that need to be detected with high sensitivity and selectivity.

This study helped in this regard through RS analysis. The laser’s pulse

energy, number of pulses getting accumulated, and the gain of the intensifier

were the parameters that were optimized for increasing the sensitivity of

detection through RS. The RS spectra of trinitrobenzene (TNB), trinitro-

perhydro triazine (RDX), and para-nitrobenzoic acid were obtained. The

study showed the potential of RS, especially the time gated one for the

detection of traces of explosives even on contaminated surfaces (Gulia

et al., 2016). Almeida et al. conjugated an independent component analysis

with Raman hyperspectral imaging for the detection of explosives. The

study was focused on the detection of the ANFO (ammonium nitrate fuel

oil) explosive on currency notes after an explosion experiment in ATM. The

RS spectra were obtained through a near-infrared laser with an excitation

wavelength of 785 nm. The characteristic peak for nitrate was obtained at

1044 cm�1. Fig. 6 shows the Raman spectra of ANFO and compares it with

that of other nitrate compounds (Almeida et al., 2017). In another study, the

Stokes RS and infrared spectra of explosive-related materials were compar-

atively examined. The explosive-related compounds were urea nitrate,

ammonium nitrate, nitroguanidine, and ammonium perchlorate. It was

concluded that both analytical techniques were completing each other

because the vibrations that were weak in one had strong bands in the other

(Elbasuney and El-Sherif, 2017). Different SERS substrates have also been

used for the detection of explosives in recent studies (Liszewska et al., 2019;

Wu et al., 2020).

In addition to explosives, GSRs have also been detected using RS. In a

study, macroscopic GSRs were examined through RS for the assessment of

the memory effect of the weapon. Twenty shots were fired at the paper at a

close distance of approximately 30 m, using the same weapon but two
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different types of ammunition. The 1st, 3rd, 9th, and 20th shots were with

the 1st ammunition while the rest were with the 2nd ammunition. The RS

spectra of the GSRs were different at 1342 cm�1, which corresponded to

the diphenylamine and its derivatives that were present in one of the ammu-

nitions (López-López et al., 2013). In another study that demonstrated the

applicability of luminescent markers in GSR as indicators, RS was used to

study the chemical profile of the modified GSR. The RS spectra helped in

concluding that the marker merges with the GSR and travels along with it

once shot from the weapon (Lucena et al., 2017). In a recent study, RS was

used to analyze the GSR of two different ammunitions which had organic

composition. The GSR spectra were compared with that of stabilizers and

nitrocellulose. The study showed the potential of RS to differentiate

between rifle calibers having propellants with ethyl centralite and diphenyl-

amine as stabilizers (Karahacane et al., 2019).

3.5 Fibers
Fiber analysis in forensic science is important because it gives an idea about

the clothing and fiber-containing belongings associated with the victim

and the suspect. Microscopic techniques such as optical, bright field,

Fig. 6 Raman spectra of nitrate containing compounds: (A) ANFO; (B) potassium nitrate;
(C) sodium nitrate; (D) calcium nitrate; (E) miconazole nitrate (Almeida et al., 2017).
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fluorescence, and polarization are widely used for forensic fiber analysis

(De Wael and Lepot, 2017). RS has been used by forensic scientists for fiber

analysis mainly for three purposes: to identify the dyes present in the fibers;

to compare the spectra of dyes in fibers with the reference dyes; and to deter-

mine the class and subclass to which the fiber belongs. Fig. 7 shows the

Raman spectra of different types of vegetable, animal, and synthetic fibers

using a visible range laser (633 nm) (De Wael and Lepot, 2017).

In a study, black or gray and blue cotton fibers were analyzed through

RS, and the effect of changing the laser’s wavelength was also investigated.

Most of the dye components were identified throughRS. The variable exci-

tation wavelengths of the laser were 830, 785, 632.8, and 514.5 nm. It was

observed that the lasers with 830 and 785 nm excitation wavelengths gave

the most promising results. It was also concluded that for preparing the dye

sample for RS analysis, the best way is to prepare their aqueous solutions and

dry them on an aluminum slide (Thomas et al., 2005). In another study, the

ability of RS to compliment other techniques such as microspectrophotom-

etry (MSP) and optical microscopy in forensic fiber analysis was shown.

Fibers were collected from five different criminal cases through the tape-

lifting technique and mounted on glass slides or cover slips using mounting

resin. The RS spectra were obtained using a laser with an excitation wave-

length of 514.5 nm. The study showed the potential of RS-based fiber anal-

ysis in criminal cases such as murder, burglary, and car accidents (Lepot

et al., 2008).

3.6 Soil
Soil analysis in forensic science can be helpful in finding the mineral com-

position of soil, which can be further correlated to the location of the soil.

Soil samples collected from vehicles as well as the clothing of victims and

suspects can be analyzed to identify the origin of the soil and the location

where the crime was committed. RS has been used in research works that

focused on the forensic examination of soil. However, a limitation of using

RS for soil analysis is the fluorescence emitted by the soil sample, which

interferes with the analysis.

In a study, RS was used to identify arsenates in the soil. The study was

helpful for forensic and environmental scientists. The arsenic compounds

that leach into the soil combine with metals and form metal arsenates. RS

was used to analyze one such compound called vivianite arsenate. The

RS spectra was obtained in the range of 4000–100 cm�1 using a laser with
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an excitation wavelength of 633 nm (Frost et al., 2003). Another study

focused on the use of near-infrared RS for forensic soil analysis. The water

soluble and mineralogical organic fractions were examined using RS. Ten

soil samples were collected each from Bradford (urban location) and Lin-

colnshire (rural location). The RS spectra were obtained through the laser

that operated at a 785 nm excitation wavelength. The soil samples were pre-

pared through oxidation using hydrogen peroxide for removing aromatic

and aliphatic contaminants from soil. Oxidation also helped in reducing

the fluorescence from soil samples, which had been a major issue with

the RS analysis of soil. The inorganic and organic constituents of soil

appeared between the vibrational bands of 2000–1000 cm�1 (Edwards

et al., 2012). Farmland soils have also been examined for their organic matter

using RS. A total of 194 soil samples were collected from farmlands of

China, and the RS spectra were obtained in the spectral range of

180–3200 cm�1. There were 49 fluvo-aquic soil samples, 50 paddy soil sam-

ples, 46 black soil samples, and 49 red soil samples. The analysis was carried

out using a near-infrared laser with an excitation wavelength of 785 nm.

The study proposed the combination of Fourier transform infrared photo

acoustic spectroscopy (FTIR-PAS) along with RS for better analysis of

the organic matter in soil (Xing et al., 2016). In another study, a novel var-

iant of RS called morphologically directed RS (MDRS) was used for the

forensic examination of soil. The MDRS technique combines the RS with

automated particle imaging in order to determine the particle shape and size.

The analysis was performed using a semiconductor laser with an excitation

wavelength of 785 nm. The difference in mineral content of different soil

samples was examined through RS, which could assist criminalists in soil-

based investigations (Kammrath et al., 2018).

3.7 Inks in questionable documents
The analysis of questionable documents becomes important for forensic

investigators in cases related to forgery, counterfeiting, or murder. Docu-

ments are examined for line crossings and ink composition using different

analytical tools. The inks in stamps can be used for hand signatures as a proof

of the person’s identity. RS has also shown its potential for analyzing the inks

present on such questionable documents. The inks can be from a printer or a

pen. In addition, line crossings can also be analyzed through RS (Braz

et al., 2013).
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Geiman et al. applied RS and SERS for the chemical profiling and exam-

ination of synthetic dyes that are present in inks of ballpoint pens. Ten dye

samples were studied, and the spectra were recorded using a laser with exci-

tation wavelengths of 633, 785, and 1064 nm. After performing the thin

layer chromatography of the dyes, samples for RS and SERS were directly

taken for the chromatography plate. Raman spectra often face hindrance due

to the fluorescence offered by the dyes. However, SERS was found to be

helpful in characterizing the dye samples (Geiman et al., 2009). In another

study that focused on the forensic analysis of documents printed from black

and colored inkjet printers, RS was used to distinguish the color printed

documents. Ten inkjet ink cartridges were taken (seven from HP, one each

from Canon, Epson, and Lexmark) for the analysis. The Raman spectra for

different color printed documents were recorded with lasers having different

excitation wavelengths (458, 532, 633, and 785 nm). The study also sug-

gested the use of SERS for eliminating any chances of fluorescence from inks

during RS (Heudt et al., 2012). Another study focused on the analysis of

stamp inks present on questionable documents through RS. Nine different

samples of stamp pad inks were collected from across India and analyzed

through RS. All the Raman spectra were obtained with a laser having

785 nm as the excitation wavelength. The Raman scattering tool helped

in analyzing intersection strokes as well by comparing the spectrum of indi-

vidual inks with that of the intersection point (Raza and Saha, 2013).

4 Conclusion

RS is a versatile, nondestructive technique capable of analyzing various mol-

ecules with minimal or no sample preparation. RS works on the principle of

Raman scattering that occurs when a high energy incident photon strikes a

molecule, resulting in the absorption of the photon by the molecule and

their shift to a higher or lower wavelength. This shifting to a higher or lower

wavelength is known as the Stokes or anti-Stokes shift, respectively. The

vibrations caused due to this are specific to each molecule and are therefore

suitable for the characterization of every molecule. Any type of liquid or

solid sample can be directly mounted on the spectrometer for analysis.

A variation of the RS is surface enhanced Raman spectroscopy, or SERS.

In this technique, when the incident light hits a rough metal surface or

any nanomaterial, it results in an increase in the amplitude of the weak

Raman signal by many-fold due to electromagnetic or chemical enhance-

ment. The instrumentation of RS consists of three main components: the
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light source, the spectrometer, and the detector. The laser is the most used

light source and the type of detector selected depends on the sample to be

analyzed.

In this chapter, a brief overview of the principle, theory, and instrumen-

tation was given. Also, the applications of RS in forensic science was also

discussed. The application includes the use of this technique in the identi-

fication of samples of biological origin such as human remains, fingerprints,

body fluids, and other samples such as recreational drugs, dyes, paints and

pigments, and even explosives and gunshot residue. Bulk samples such as

fabric and soil can also be analyzed using RS. Portable Raman spectrometers

are also widely used. In the future, further miniaturizations can be done such

that a lab-on-chip device with this technique can be used.
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CHAPTER 8

HPLC for the toxicological analysis
of forensic samples

1 Introduction

Liquid chromatography is one of the most commonly employed analytical

techniques for the separation, identification, and quantification of different

constituents present in a mixture. The solvents, commonly called the mobile

phase, are moved through the stationary phase, where the separation takes

place. Different kinds of drugs, explosives, pesticides, toxins, etc., are ana-

lyzed using liquid chromatography (Oberacher and Arnhard, 2016). High-

performance liquid chromatography (HPLC) (previously called

high-pressure liquid chromatography) is the advanced version of traditional

chromatographic techniques such as paper chromatography, thin layer chro-

matography, etc. It employs high pressure to push the mobile phase through

the stationary phase made up of small particles that are densely packed inside

a column (Gumustas et al., 2013). The merits of HPLC over other tech-

niques include its amenability for myriad samples such as biomolecules, ions,

and labile organic compounds; great sensitivity, precision, and resolution;

autosampling (through an autosampler); and sample recovery postanalysis.

However, there are some drawbacks also associated with this technique such

as its costly instrumentation and operation; extensive sample processing;

time consuming; the requirement of strict experimental conditions such

as a dust-free environment and constant temperature; and the requirement

of a skilled operator (Pragst, 2008). With advancements in different compo-

nents of the HPLC instrument, most of the aforementioned drawbacks have

been overcome. HPLC with new technological support in its pump, detec-

tor, autosampler, etc., has taken over the market, and this new HPLC is

termed ultrahigh-performance liquid chromatography (UPLC) ( Jerkovich

et al., 2003).

This analytical technique has gained the attention of forensic investiga-

tors, and it has been used, especially in forensic toxicology, for the analysis of

different toxicological evidence. Forensic toxicology is the division of

forensic science that helps in the legal or medical examination of drug abuse,
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poisoning, or death due to a drug overdose or the consumption of poison or

any pesticide (Pandey et al., 2017; Rawtani et al., 2019). The substance

being ingested may get metabolized in the body, and can be found in

body fluids and vomiting. The amount of the abused substance may also

get reduced in concentration in the evidence collected from the crime

scene (such as blood, sweat, urine, saliva, etc.), and given to the toxicologist

for analysis. These kinds of analyses of illicit drugs, toxins, pesticides, etc.,

and their metabolites, even at very low concentrations, have become pos-

sible because of HPLC (El Sherbiny and Wahba, 2019). The technique

has also been combined with other techniques such as mass spectroscopy

for more specific and accurate identification of analytes and their

metabolites.

This chapter discusses the utilization of HPLC in forensic science inves-

tigations with respect to toxicological analysis. Initially, the chapter sheds

light on the principle, classification, and instrumentation of HPLC. Further,

the application of HPLC in the detection of toxicological analytes such as

illicit drugs, plant toxins, and pesticides is elaborated as well.

2 High performance liquid chromatography: An insight

2.1 Principle
The major principle behind any liquid chromatography (LC) is the interac-

tion between the sample present in the mobile phase and the small particles

present in the stationary phase. Similarly, in HPLC, whenever any mixture

with myriad constituents is passed through the column with a stationary

phase, different types of physical as well as chemical interactions occur

between the analyte and the column packing material. Principally, LC

and HPLC work in a similar manner except that HPLC is more efficient,

sensitive, and easy to operate compared to LC. In HPLC, different compo-

nents of the mixture have different affinities toward the column packing

material (stationary phase). The components with higher affinity move

slower while the components with lesser affinity travel faster in the column.

Because of the different affinities of each component, they get separated and

elute from the column at different times. The time duration for which the

component is present inside the column is termed the retention time for that

component. At the exit, the amount of these components is measured

through a detector that gives a graphical output, known as a chromatogram

(Lozano-Sánchez et al., 2018; Weston and Brown, 1997a).
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2.2 Classification
HPLC techniques can be classified on the basis of separation mode, the prin-

ciple of separation, the operating scale, the type of elution, and the analysis

type. These classifications on the basis of the aforementioned parameters are

as follows:

2.2.1 On the basis of separation mode
• Normal phase: In this case, the mobile phase is nonpolar in nature

while the stationary phase is its opposite, that is, polar.

• Reverse phase: Here, the stationary phase is nonpolar while the mobile

phase is polar. This technique is more common for drug analysis because

most of the drugs are hydrophilic in nature.

2.2.2 On the basis of principle of separation
• Ion exchange: In this type, polar compounds and ions get separated on

the basis of their charge. Resin is used in the stationary phase, which has

anions and cations attached on it. The oppositely charged ions in the ana-

lyte interact electrostatically with the resin and get separated.

• Gel permeation: The analytes get separated on the basis of their size.

There is no interaction between the analyte and the stationary phase.

• Affinity: The interaction between the stationary phase and the analyte is

highly specific and selective. The technique is used to selectively separate

any desirable compound from a mixture. Usually, proteins are separated

using this method by using its antibody in the stationary phase.

• Adsorption: Here, the analyte molecules directly interact with the sur-

face of the stationary phase. Depending on their affinity with the station-

ary phase, they elute at different times and thereby get separated.

• Chiral: The technique is use to separate stereoisomers. Enantiomers,

which are stereoisomers with nonsuperimposable mirror images, cannot

be separated using normal chromatography. To separate them, either the

stationary phase or the mobile phase needs to be chiral in nature.

2.2.3 On the basis of scale of operation
• Preparative: Discrete constituents of a compound can be recovered.

• Analytical: Different constituents of the compound cannot be

recovered.
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2.2.4 On the basis of type of elution
• Isocratic: The composition of the mobile phase remains the same

throughout the process. The technique is suitable only for simple sepa-

rations. Upon increasing the complexity, the peaks become broad

and flat.

• Gradient: During the separation process, the composition of the mobile

phase keeps on changing. The technique helps in reducing the retention

time for the components that get eluted last, thereby forming sharp and

narrow peaks and thus assisting in complex separations.

2.2.5 On the basis of type of analysis
• Qualitative: The technique is useful only for the separation of com-

pounds and analyzing the nature of the chemical constituents of a

mixture.

• Quantitative: The technique in addition to the separation of com-

pounds also gives data about their quantity and proportion in the

mixture.

2.3 Instrumentation
The basic instrumentation of any HPLC includes a solvent delivery system,

pumps, a sample injector, a guard column, an analytical column, a detector,

and a data processing unit (computer) (LaCourse and LaCourse, 2017;

Weston and Brown, 1997b). These components of the HPLC instrument

are shown in Fig. 1 and elaborated below in detail.

2.3.1 Solvent delivery system
The delivery system of a solvent or the mobile phase mainly consists of res-

ervoirs and degassers. In the case of isocratic elution, the full mobile phase is

present in the reservoir while in case of gradient elution, the reservoirs con-

tain different solvents that constitute the mobile phase. The mixing of these

components takes place in a mixing chamber, which is usually present before

pumps. The characteristics of solvents that can be used as the mobile phase in

HPLC are that they are noncorrosive; pure, cheap, and UV transparent; less

viscous; able to solubilize different analytes; nonflammable; and less toxic.

An online vacuum degasser is used for degassing in the case of gradient elu-

tion in order to achieve a proper blending of the components of the mobile

phase. If an online degasser is not available, a sonicator is used for degassing.
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2.3.2 Pumps
Pumps are used to push the mobile phase through the column at the desired

pressure and flow rate, which is usually expressed in mL/min. Typically, the

flow rate during operation is kept at 1 or 2 mL/min, and the pressure is kept

in the range of 6000–9000 psi. The type of elution (isocratic or gradient) is

decided by the delivery of the mobile phase through the pump. The differ-

ent types of pumps used in an HPLC instrument include:

• Syringe pump: This pump delivers a fixed volume (mostly between

250 and 500 mL) of the mobile phase and needs to be refilled again

and again, which makes it suitable only for columns with a small bore

size. The pump is driven by a mechanical lead screw that helps in deliv-

ering the mobile phase at a perpetual rate.

• Reciprocating piston pump: The piston on this pump is connected to

a motor and moves back and forth inside a hydraulic compartment of

around 30–400 μL. The back stroke pulls the mobile phase from the res-

ervoir while the separation valve is shut. The following forward stroke

pushes the solvent out from the column. Alterations in the stroke fre-

quency or stroke volume vary the rate of flow for the mobile phase.

• Constant pressure pump: The flow rate remains in continuous phase

in this pump, which drives the mobile phase through the column by

using the pressure from a gas cylinder. The gas source is normally at

low pressure in order to achieve high pressure in the solvent.

Fig. 1 Basic instrumentation of HPLC (LaCourse and LaCourse, 2017).
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2.3.3 Sample injector
The sample injector helps to introduce the sample into the flow stream of the

solvent (mobile phase). The sample is injected just before the column with

the help of a Teflon and stainless steel valve, which is fitted with a loop that

has two positions: load and inject. In the load position, the sample is intro-

duced into the sample loop using a syringe, during which the injector is not

in the flow path of the mobile phase. In the inject position, the injector

comes in the flow path of the mobile phase and delivers the sample just ahead

of the column. Fig. 2 depicts these two positions. The typical volume of a

sample injection (manually) is 10–20 μL. The advanced versions of HPLC

come equipped with autosamplers that can continuously inject the sample

with a volume ranging from 1 μL to 1 mL.

2.3.4 Guard column
It is a small column, fitted just before the analytical column. The purpose of

using this column is to protect the analytical column from any kind of con-

tamination from foreign particles. It is also packed with the same material as

the analytical column. These columns should not degrade the analytical per-

formance of the instrument and should not cause any significant variation in

the pressure of the mobile phase.

Fig. 2 Load and Inject position in a sample injector of HPLC (Dong, 2005).
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2.3.5 Analytical column
The analytical column is considered the heart of the HPLC instrument. Dif-

ferent types of physical and chemical parameters govern the separation of

components through the stationary phase present inside the column.Mostly,

columns are made up of stainless steel, which allows them to withstand high

pressure of the mobile phase created by pumps. Other materials include glass

and polyether ether ketone (PEEK). The particles used inside the column are

referred to as packing material. Depending on the type of HPLC, the bond-

ing groups in the packing materials change. For normal HPLC, polar groups

such as silica and aminopropyl are used; for reverse phase HPLC, nonpolar

groups such as C18 (octadecyl), C8 (octyl), etc., are used. Among these

bonding groups, silica is the most common. However, a drawback of

silica-based packing material is that the column is suitable for separations

only in the pH range of 2–8. Below pH 2, the SidObonds gets hydrolyzed,

and above pH 8, the structure of silica becomes susceptible to dissolution.

Depending upon the internal diameter of the column, it can be of different

types such as preparative (>25 mm), semiprep (10 mm), minibore

(3.0 mm), narrow bore (2.0 mm), microbore (1 mm), micro-LC

(<0.5 mm), and nano-LC (<0.1 mm). However, these diameters are not

universal, and may fluctuate with different manufacturers.

2.3.6 Detector
The detector is used to identify and quantify the analytes that get eluted from

the column. The detector collects the data, converts it into an electrical sig-

nal, and sends it as an output signal to the recorder or the computer. The

typical characteristics of an HPLC detector include high sensitivity, stability,

and reproducibility; less response time; nondestructive; and a similar

response toward different analytes. Various types of detectors used in HPLC

are discussed below:

• Absorbance or UV-visible detector: It has a typical Z shape, and

measures the absorbance of the eluents from the column. It is of three

types: Fixed wavelength, variable wavelength, and diode array. In a fixed

wavelength detector, the wavelength is around 254 nm, and the source is

a mercury vapor lamp. In a variable wavelength detector, a complete

spectrum of the UV-visible range is available for analysis

(190–900 nm). In a diode array detector (DAD), the absorbance of

the analyte is simultaneously measured at various wavelengths.

• Fluorescence detector: The detector has the same design as a typical

fluorometer. Molecules with a fluorescence property can be very easily
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detected using this detector. The sensitivity of these detectors is depen-

dent on the fluorescent property of the eluent.

• Refractive index detector: The ability of the eluent to bend or refract

light is measured through this detector. The degree of deflection can be

correlated to the concentration of the analyte present in the mobile

phase. A deflection refractometer and a Fresnel refractometer are the

two main kinds of refractive index detectors.

• Electrochemical detector: The current produced due to the redox

reaction going on at the electrode because of the analyte is measured

through this detector. The intensity of the current produced is in direct

proportionality with the concentration of the analyte.

• Conductivity detector: The ability of the analyte to conduct or resist

current when it is placed between two electrodes to form a Wheatstone

bridge is measured through this detector. The resistance offered is in pro-

portionality with the concentration of the analyte.

• Evaporative light-scattering detector (ELSD): The scattering of

light by the particles present in the mobile phase postevaporation is mea-

sured in this detector. The mobile phase gets evaporated upon passing

through a nebulizer, and the remaining analyte is thrown with a laser

beam. The scattering of light is measured at a right angle.

• Chiral detector: Depending upon the technique, it is one of two types:

circular dichroism (CD) and optical rotary dispersion (ORD). CD

detectors differentiate between enantiomers by quantifying the differ-

ence between the absorption of circularly polarized light. ORD detec-

tors calculate the difference in the refractive index of the chiral

compounds.

2.3.7 Data processing unit
The data are obtained from the detector and utilized to decide the retention

time and amount of analyte for the qualitative and quantitative analysis,

respectively, by the data processing unit. The concentration of each com-

ponent or analyte is measured by calculating the area of the peak correspond-

ing to that analyte.

3 Applications of high-performance liquid
chromatography in forensic toxicology

HPLC finds extensive application in forensic toxicology, especially in the

detection of drugs, toxins, and pesticides. It can be used to analyze
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compounds that are nonvolatile, have a higher molecular weight, and are

thermally sensitive. A validated HPLC method is capable of analyzing a

compound with high sensitivity, reproducibility, automation, and robust-

ness. It can also be applied to a wide range of samples in different matrices.

Every class of analyte has a specific technique of sample preparation; analyz-

ing a compound is highly dependent on the type of sample preparation, the

mobile phase, the column, and the detector. Based on the sample, the HPLC

conditions can be varied and modified accordingly. In this section, the use of

HPLC for the analysis of various drugs, pesticides, and plant toxins will be

discussed with special mention to sample preparation. Table 1 outlines the

various HPLC parameters for the analysis of opiates, pesticides, and plant

toxins.

3.1 HPLC analysis of drugs
In toxicology, drugs are the most widely used compounds that contribute to

a person’s death. Forensic drug analysis using HPLC involves the identifica-

tion and quantification of illicit drugs. In this section, the HPLC analysis of

cannabis and opiates will be discussed in brief.

Cannabis has long been used as a medicinal and recreational drug and for

various industrial purposes such as the production of fiber and oil. The active

constituent of cannabis is Δ9-tetrahydrocannabinol or THC, which is

known to produce euphoria and relaxation as well as chronic dependence

and addiction. Apart from THC, cannabidiol is also an active constituent

of this drug. Cannabis can also be detected through gas chromatography

(GC) and mass spectrometry techniques, albeit with certain limitations.

A major drawback with using GC for the detection of THC and cannabidiol

is that upon heating during injection at the thermal port, these compounds

often get oxidized from their acidic form to neutral forms, thus resulting in

their decarboxylation. Therefore, they can be detected using HPLC. In a

study, THC, cannabidiol, Δ9-tetrahydrocannabinolic acid (THCA), and

cannabidiolic acid (CBDA), which are some of the common constituents

found in cannabis, were detected through HPLC-DAD. In the study, sam-

ple preparation was carried out by drying the plant and grinding it evenly,

followed by the extraction of the components using a mixture of methanol

and hexane. The column used was TCC-3000RS with a gradient elution of

water and acetonitrile adjusted with 0.1% formic acid. The compounds

showed peaks at retention times of 6–12 at a wavelength of 210 nm

(H€adener et al., 2019). In yet another study, a more complex sample
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preparation was used in which dynamic maceration, ultrasound assisted

extraction, microwave extraction, and supercritical fluid extraction were

employed. For analysis, a C18 reverse phase column was used with a gradi-

ent elution of water and acetonitrile adjusted with 0.1% formic acid. The

detection was done through HPLC-UV/DAD and further detection was

done using electrospray ionization-mass spectrometry. The dynamic macer-

ation technique that was done in ethanol proved to be the most efficient

sample preparation technique. Overall, the mobile phase used, the sample

preparation, and the detector were commonalities in several studies

(Brighenti et al., 2017; Burnier et al., 2019). However, in a study, an inno-

vative methodology was developed using HPLC-DAD for the analysis of

the cannabis constituents as well as for the determination of the plant phe-

notype, the psychoactive potency of the plant, and its quality. Here, several

multilinear models were developed that had the ability to predict the most

optimum chromatographic conditions (De Backer et al., 2009).

Apart from cannabis, opiates have also been widely analyzed using

HPLC. Opiates are derived from the plant Papaver somniferum, or the poppy

plant, and are commonly referred to as opium. Opium contains morphine,

codeine, and their derivatives such as heroin, oxymorphone, methadone,

and fentanyl. These drugs are known to induce a state of stupor and eupho-

ria, and can also cause hallucinations (Ling and Wesson, 1990). Similar to

cannabis, opiates have been analyzed using an HPLC-DAD detector. In a

study, cocaine, cocaethylene, and methadone were dissolved in methanol

and analyzed using an X-Terra RP-8 column with a mobile phase of ace-

tonitrile and a phosphate buffer. The analysis was also performed in real-life

urine samples (Fernández et al., 2005). In another study, morphine was

detected in an HPLC-PDA (photodiode array detector). Here, the mor-

phine standard was ground and dissolved in methanol, followed by its anal-

ysis in HPLC using a Kinetex Su PFP 100A column with the mobile phase

acetonitrile and ammonium formate (Chan, 2017). While these studies used

similar sample preparation techniques, a paper reported the use of HPLC-

UV for the detection of morphine and codeine through solid phase extrac-

tion. For the extraction, C18 bond Elut cartridges were used that were con-

ditioned with methanol. The HPLC column used was a C18 column with a

mobile phase consisting of sodium heptane sulfonate, glacial acetic acid, and

triethylamine. This procedure offered single-step extraction and analysis of

the drugs (Freiermuth and Plasse, 1997). Interestingly, HPLC was also used

to analyze opiates present in hair. In this case, hair was usually dissolved in

NaOH, followed by further analysis using HCl. The final extraction was
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done by isoamyl alcohol for the extraction of morphine. A similar extraction

technique was also conducted for the analysis of codeine and other opiates.

6-monoacetylmorphine was considered the main byproduct of heroin that is

widely found in hair, which was hydrolyzed in strong acidic and basic con-

ditions as mentioned above (Staub, 1995).

3.2 HPLC analysis of pesticides
Pesticides have high forensic relevance as agricultural workers often get acci-

dently exposed, resulting in acute and chronic poisoning. Quite often, the

lack of appropriate regulations, surveillance systems, and enforcement can

lead to misuse of pesticides and contribute to higher incidences of pesticide

poisoning (Kulkarni, 2011; Rawtani et al., 2018).

Just like any other analyte for the analysis of HPLC, pesticides are also

extracted from the matrix using a myriad of techniques. Some of the extrac-

tion techniques include solid-phase extraction (SPE) such as QuEChERS,

which is an acronym for quick, easy, cheap, effective, and rugged; stir bar

sorptive extraction; liquid-liquid extraction; and coupling techniques in

which two different types of extraction techniques are combined (Nasiri

et al., 2020). SPE is a technique in which the extraction takes place with

the help of a solid matrix. This technique has several advantages such as ease

of use and handling as well as automation. Over the years, adsorbents such as

metal organic frameworks, graphene oxide sheets, and TiO2 nanotubes have

been widely used for this method of extraction (Huang and Lee, 2015; Li

et al., 2016; Zhou and Fang, 2015). There are various forms of SPE such

as dispersive SPE in which the adsorbent is directly added to the pesticide

solution for extraction. Magnetic SPE is another technique in which the

adsorbent itself is magnetic. Once the extraction process is complete, the

adsorbent is magnetically separated. These techniques often pose difficulties

when coupling with GC or HPLC. Therefore, an alternative method

known as solid phase microextraction (SPME) was developed that per-

formed extraction with increased speed, less solvent usage, and, most impor-

tantly, offered easy pairing with GC and HPLC. In this technique, the

sorbent is coated on fibers and then exposed to the pesticide solution. Of

recent, the most widely used SPE technique is QuEChERs, in which the

sample-containing pesticide such as fruits or vegetables is homogenized in

a suitable analyte and is later centrifuged before analysis through HPLC

(Chan, 2017). Apart from solid phase extraction, liquid-liquid extraction

is also used. However, the use is limited as it is expensive, requires large
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amounts of liquid sorbent. and is time consuming without any proper res-

olution of the analytes. Apart from liquid-liquid extraction, liquid-phase

microextraction is also used in which the aqueous solution of the pesticide

is mixed with a few microliters of a solvent that is not miscible with water.

This technique can also be easily coupled with HPLC (Nasiri et al., 2020).

The various sample preparation techniques have been employed by

researchers over the years for the extraction and detection of pesticides from

various matrices. In a study, 250 pesticides in processed fruits were detected

through ultraperformance liquid chromatography that was coupled with

MS/MS. The extraction method used in this case was the QuEChERS

method. The entire method of analysis took only 16 min and it achieved

excellent linearity, trueness, and limit of quantification. This technique

was later applied to real fruit samples and pesticides such as fluopyram, spi-

nosad, and cyprodinil, which are organochlorine pesticides, were detected

(Valera-Tarifa et al., 2020). A group of researchers reported the use of

HPLC-DAD for the detection of carbamate pesticides in milk, wine, and

juice. In this study, solvent solid phase extraction technique was used to

extract the pesticide from the matrix. It was later analyzed using HPLC-

DADwith a C18 column and amobile phase of acetonitrile andwater. Apart

from HPLC-MS/MS, researchers have also used fluorescence emission for

the detection of pesticides in the microgram range using HPLC-DAD. The

researchers modeled the data with three commonly known algorithms and

coupled the data with the fluorescence emission data. This technique

allowed the detection of pesticides as low as 0.02 μg/L (Montemurro

et al., 2016). Interestingly, HPLC has also been used for the analysis of pes-

ticides in cannabis plants. Because many cannabis users are medically fragile,

they may be at an increased threat of pesticides. Also, during processing, the

oils present in cannabis may get pyrolyzed, resulting in the development of

several harmful byproducts. The extraction methods for the pesticides from

cannabis are similar to the extraction techniques discussed before. For their

detection, HPLC-UV and HPLC-DAD have been used (Atapattu and

Johnson, 2020).

3.3 HPLC in analysis of plant toxins and alkaloids
The accidental ingestion of plants can often result in toxicity due to plant

alkaloids, which are the largest group of plant toxins. The alkaloids consist

of a nitrogen containing heterocyclic ring. Examples include pyrrolizidine,

piperidine, pyridine, indole, and ergot alkaloids. Apart from alkaloids,
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glycosides are also commonly occurring toxins. Examples include digitalin

and toxins from Nerium oleander (Aguete et al., 2001; Beyer et al., 2009;

Elbardisy et al., 2019; Jones and Dargan, 2016; Poppenga, 2010; Romanucci

et al., 2016; Wiegrebe and Wichtl, 1993). Just like any other analyte, plant

alkaloids also must be subjected to a series of extraction and preparation pro-

cedures. The most commonly used method of extraction is through sonica-

tion in a suitable solvent. The pH of the solvent is highly important to allow

extraction with high efficiency. Apart from sonication, acid-base extraction

is also used in which a crude extract is developed from the plant, followed by

a liquid-liquid extraction using an acid that is often diluted, which is fol-

lowed by neutralization of the extract with a suitable solvent. Extraction

techniques such as SPME and liquid phase microextraction are also used

for the extraction of plant alkaloids. TheHPLC analysis of alkaloids is usually

done in a stationary phase composed of alkyl silica while the mobile phases

are usually composed of methanol, acetonitrile, and water. A major factor in

the analysis of alkaloids using HPLC is the pH of the mobile phase. At low

pH, the silanol group of the stationary phase does not undergo ionization

and therefore allows better retention of the analyte, thus improving the peak

shape. The reverse happens when the pH is high (de Oliveira, 2014). For the

analysis of opium alkaloids, HPLC with reverse phased ion chromatography

is excellent because they have a bulky nature and tend to form strong ion-

pair bonds. [Gaillard and Pepin (1999)] analyzed a group of 40 plant toxins

using HPLC-MS. In order to perform their analysis, the researchers

employed a C18 column along with a gradient elution of acetonitrile-

methanol with a formate buffer as the solvent system. Apart from this, pyr-

rolizidine alkaloids have also been detected in liqueurs, elixirs, and herbal

juices. For sample preparation, a small amount of the sample was added

in sulfuric acid and for further analysis, HPLC-ESI-MS/MS was used.

The amount of pyrrolizidine detected was as low as 9.5 μg/kg. Also, the
alcohol content used for the extraction determined the amount of alkaloid

that could be extracted. Extraction using alcohol greater than 75% showed

alkaloid content greater than the limit of detection (Chmit et al., 2019).

Apart from pyrrolizidine alkaloids, norditerpenoid alkaloids have also been

analyzed using HPLC-MS. In this case, two plant species, Delphinium nut-

tallianum and D. andersonii, were selected. They found four major alkaloids

in these plants along with three additional alkaloids found in lower concen-

trations. The HPLCmethod used was reverse phase with a C18 column and

a gradient elution with ammonium acetate and methanol was performed.

Concentrations of the alkaloids detected using this technique ranged from

0.72 to 7.02 mg/g (Gardner and Pfister, 2009).
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4 Conclusion

HPLC has remained as a favored analytical technique of forensic toxicolo-

gists for the separation, identification, and quantification of different analytes

such as drugs, toxins, explosives, pesticides, etc. The technique has many

advantages over conventional chromatographic techniques such as high sen-

sitivity, selectivity, reproducibility, fast analysis, etc. HPLC can be classified

on the basis of separation mode, principle of separation, scale of operation,

type of elution, and type of analysis. The basic components of a typical

HPLC instrument include a solvent delivery system, pumps, a sample injec-

tor, a guard column, an analytical column, a detector, and a data processing

unit. The solvent delivery system consists of reservoirs (for storing the

mobile phase) and degassers. Pumps help in pushing the mobile phase

through the column at a desirable pressure and flow rate. The guard column

prevents any kind of contamination from entering into the analytical col-

umn. The heart of the HPLC instrument, called the analytical column, is

responsible for interacting with the analytes in the mobile phase. Due to dif-

ferences in retention time for different components, they elute at different

times from the column, which is identified and quantified by the detector.

The data are finally expressed as peaks by the data processing unit in the form

of a liquid chromatogram.

HPLC has a crucial role in the analysis of drugs, pesticides, and plant

toxins in forensic science. A very important factor in the analysis of any ana-

lyte is its sample preparation. Over the years, various sample preparation

techniques have been developed that are capable of extracting the main con-

stituents from a sample. Based on the sample, the type of solvent used is also

determined. If the sample has a high pH in nature, then the constituent is

usually treated with an organic solvent of low pH. For the HPLC analysis

of any sample, the mobile phase, the pH of the mobile phase, the analytical

column, and the detector play significant roles in the analysis of any com-

pound. In this chapter, we presented a brief discussion on the sample prep-

aration of opiates, cannabis, pesticides, and plant toxins such as alkaloids and

glycosides as well as their analysis using various HPLC detectors. HPLC is

also a suitable alternative over GC in samples that are nonvolatile or that can

get damaged upon injection at the thermal port of the GC. Recently, several

new adsorbents have been made that can be incorporated in the analytical

column for the analysis. With developments such as these, the time required

and the cost required for HPLC analysis may become less, making it a prime

candidate for facile toxicological analysis.
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CHAPTER 9

Gas chromatography in forensic
science

1 Introduction

Gas chromatography (GC) is a powerful analytical tool used for the analysis

of various forensic evidence that can be made volatile. It offers rapid analysis

and can efficiently separate the analytes present in the sample. This technique

can also be efficiently coupled with mass spectrometry and thus can be used

to accurately identify the molecular composition of the sample.

Chromatography itself was first created by Ramsey and Tswett in 1905

and 1906, respectively, for which they received the Nobel prize. The first

GC was developed by James and Martin in 1951 and 1952. While the first

ones created were very fragile and poorly constructed, they did the job of

separating the analytes in the sample. Over the years, this instrument has

undergone a revolution, and now almost every forensic lab contains a

GC equipment.

In forensic science, evidence such as drugs, toxins, and explosives is com-

monly encountered (Pandey et al., 2017; Rawtani et al., 2019). Also, any

forensic evidence that can be easily solubilized in a solvent and volatilized

can be analyzed using this technique. Some equipment also has an inbuilt

library of molecules through which the analysis and identification of the evi-

dence can be easily done. In this chapter, a brief overview of the principle

and theory of GC, its instrumentation, and its applications in the analysis of

various forensic evidence such as alcohol, organic compounds, drugs, explo-

sives, ignitable materials, fingerprints, inks, paints, and toxins has been

discussed.

2 Principle and theory of gas chromatography

Gas chromatography, just like every other chromatography technique, sep-

arates analytes through adsorption by a stationary phase, followed by expo-

sure to the mobile phase that in this case is a carrier gas. More information on

the type of stationary phases and the carrier gases used is given in the next
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section. When the sample is introduced to the stationary phase, it gets

adsorbed on it. Based on the affinity of the analytes present in the sample

toward the stationary phase or the mobile phase, they get separated into sep-

arate components. These analytes are further detected by a suitable detector.

The affinity of the sample toward the stationary phase is represented by the

partition coefficient and provides a number for the total amount of analytes

adsorbed on the stationary phase. In GC, the flow of the carrier gas is kept

constant and the flow rate itself is measured in terms of mL/min. This flow

rate is highly dependent on the column volume and varies with different

volumes; it is known as volumetric flow. Another parameter that represents

the flow of the gas is the average linear velocity, which is a representative of

the velocity of the gas within the column according to the pressure inside it.

This parameter is more useful than the volumetric flow rate because it is

independent of the volume of the column and once calculated for a sample,

it can be applied to any instrument in any laboratory as it is not affected by

the column size.

Other highly crucial parameters for analysis using GC are the retention

time and factor. In GC, the mobile phase carries the samples that get

adsorbed on the stationary phase, thus making them travel at separate times.

The retention time is therefore the amount of time the sample spends on the

stationary phase and thereby in the column. This retention time is an excel-

lent parameter that indicates the time spent by the sample in the column and

the velocity of the mobile phase. Every compound therefore has its charac-

teristic retention time and is represented as a peak at that particular retention

time. Apart from retention time, the retention factor is yet another param-

eter that indicates the retention capacity of the sample. It is a ratio of the time

spent by the analyte in the stationary phase to the time spent in the mobile

phase, and it is calculated from the retention time. Because this technique

too allows the separation of the sample through two different phases, there-

fore there may be an overlapping of two peaks. This overlapping can be pre-

vented by increasing the resolution in which either the mobile phase or the

stationary phase can be modified. Appropriate sample extraction techniques

can also increase the sample concentration. Also, by focusing on factors such

as the distance between two peaks and the area or width of each peak, it is

possible to optimize the resolution of a particular sample. While resolution

deals with how efficiently a chromatographic method can be developed to

separate two compounds and thus prevent the overlapping of their peaks,

another factor known as selectivity gives an idea of how the selectively dis-

tinguishes the two compounds and is represented through the alpha value.
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This value is directly proportional to the separation of the two compounds,

that is, the greater the alpha value, the greater the separation of the

compounds.

Theories such as plate theory and rate flow theory as well as the Van

Demeter equation are applied in every chromatographic technique to

hypothesize the different forms of chromatographic separation. In plate the-

ory, it is assumed that the column is made up of a series of plates stacked

closely to each other vertically. The column efficiency is determined by

the number and height equivalent of the plates, which is also known as

the height equivalent to the theoretical plate (HETP) and is usually calcu-

lated from the retention time and the peak area. Because HETP is an indi-

cator of column efficiency, it is dependent on the length of the column and

the number of plates stacked while being inversely proportional to the col-

umn efficiency. The rate theory is another hypothesis in which emphasis is

given to the dynamics inside the column. Factors such as the flow rate, the

type of flow and diffusion, and the temperature and pressure that contribute

to band broadening are indicators of the column efficiency. The main phe-

nomenon considered in this theory is the flow of the sample in the column,

either through longitudinal diffusion or the flow paths. In longitudinal dif-

fusion, the sample diffusion occurs along the length of the column and

occurs when the linear velocity is very slow, which gives the samples more

time to stay in the column. However, this does not mean that the linear

velocity can be increased many-fold. Too much linear velocity can prevent

the samples from actually getting adsorbed by the stationary phase. Also,

every sample has its own path of movement in the sample and is made uni-

form according to the flow of the mobile phase, also known as eddy diffu-

sion. Here, the faster the flow of the mobile phase, the greater will be the

deviation of the sample flow path, which may further influence the band

broadening. All these factors had have been summarized efficiently in an

equation known as the Van Deemter equation, which is as follows:

HETP¼A+B=μ+C�μ

where A represent the eddy diffusion (cm), B represents the diffusion

coefficient (cm2/s), and C is the resistance to mass transfer between the sta-

tionary phase and the mobile phase. μ is the parameter for the linear velocity

(cm/s). Fig. 1 gives a brief overview of the principle of gas chromatography.

By considering these parameters, the HETP can be easily found and the

column efficiency can also be determined (Blumberg, 2012; McNair and

Miller, 1933).
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3 Instrumentation of gas chromatography

GC typically consists of a sample injector, carrier gas, flow controller, col-

umn, detector, and data acquisition system. The sample injector is respon-

sible for the inlet of samples into the stream of the carrier gas. It is usually

built to handle a myriad of samples such as solids, liquids, and gases and their

conversion to a volatile form so that they can be introduced into the carrier

gas. The sample inlets vary according to the columns used. For instance, a

flash vaporizer is used in case of a packed column and split or splitless inlets

are used in case of a capillary column. More information on the different

types of columns used is discussed further. Gas samples are often obtained

as mixtures of gases and liquids. These samples are further converted to liq-

uids before injection into the carrier gas. Typically, syringes and valves that

Fig. 1 Principle scheme of gas chromatography.
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are specific to gas sampling are used.Meanwhile, liquid sampling is also done

using syringes that are capable of injecting very small amounts of samples.

Extreme small amounts of liquid samples are inserted because upon vapor-

ization, they tend to expand and may therefore pose problems in the col-

umns. Solid samples are the most challenging types of samples because of

the challenges in volatilizing them. One of the most common ways of pre-

paring a solid sample is by solubilizing it in a suitable solvent. Once solubi-

lized, it is treated just like any liquid sample. Here too, syringes are used to

inject the samples. However, these days, autosamplers are used in which the

amount of sample drawn from the prefitted vial is automatically done

according to the volume given in the software of the system.

The carrier gas as mentioned before serves as the mobile phase and carries

the samples from the sample inlet to the column and the detector. The type

of carrier gas used depends on the type of detector used because this gas also

serves as a matrix for the detector. For instance, a flame ionization detector

requires helium or nitrogen gas. Factors such as the purity, flow control,

measurement, and compressibility of the carrier gas are highly important.

The carrier gas used must be free of any impurities because it can react with

the stationary phase in the column, possibly hindering and corrupting the

sampling. Impurities here mean any foreign substance apart from the gas.

Therefore, even oxygen and water are considered impurities in such cases.

These impurities also tend to produce their own peaks that may affect the

movement of samples as well as their resolution and width. The flow rate

of the carrier gas is also important as it can affect the column efficiency

and the band broadening. The flow of the carrier gas is controlled by using

specific controls that take care of the pressure, temperature, and flow rate.

The measurement is also typically done either by a soap bubble flowmeter

or an electronic device.

The columns are the most crucial part of GC and are considered the heart

of the instrument. There are basically two types of columns: the packed col-

umn and the capillary column. The packed column consists of small particles

typically of diatomaceous earths that are usually modified with various orga-

nosilanes to enhance the adsorption capacity of the stationary phase; they

come in variable heights, with the longest at 12 ft. Apart from this silica

gel, alumina, carbon adsorbents, and zeolites have also been used as station-

ary phases. Meanwhile, the capillary column is a simple column with

extreme diameters, and it does not consist of any packing. These columns

are more efficient than the packed columns as they have a high separation
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efficiency, as long columns can be easily used. These columns are also coated

by the stationary phases as mentioned above.

Another equally crucial part of the instrument is the detector. A good

detector has excellent sensitivity, signal-to-noise ratio, detectability, speci-

ficity, linearity, and response time. Detectors commonly used for GC are

thermal conductivity detectors (TCD), flame ionization detectors (FID),

electron capture detectors (ECD), helium ionization detectors (HeD), alkali

flame ionization detectors (AFID), and flame photometric detectors (FPD).

In TCD, two filaments are used that are heated sufficiently and the

power to heat them is kept constant. Carrier gases such as hydrogen and

helium are passed on these filaments. One filament that is the reference fil-

ament receives only the carrier gas while the other filament receives the car-

rier gas with the sample. Due to this difference, there is a also a difference in

the amount of power required to maintain the temperature of the filament.

This difference is considered and processed further. Meanwhile, FID is

highly suitable for the detection of low concentrations of analytes by detect-

ing the ions that are formed when an analyte is burned in a hydrogen flame.

The greater the amount of organic groups in the analyte, the greater the

amount of ions generated. ECD, as the name suggests, works by capturing

electron absorbing compounds such as halogens present in the carrier gas.

The greater the electronegativity, the greater the amount of electrons cap-

tured, thus causing an increase in the current detected. HeD uses metastable

helium ions that produce ions of the analytes that hit the metastable ions.

The generated ions are captured, and an electric current is generated that

serves as the signal and is further processed. AFID is a modification of the

flame ionization detector in that the hydrogen flame enters the FID perpen-

dicularly to the FID jet. Due to this, there is a constant supply of alkalis, thus

limiting the detector fatigue time. Lastly, FPD is commonly used to detect

sulfur and phosphorous compounds by measuring the fluorescence emis-

sions of the molecules in organic samples. Fig. 2 highlights the overall instru-

mentation of GC (Conte and Barry, 1993; Hartmann, 1971; Kitson et al.,

1996; McNair and Miller, 1933; Ševĉı́k, 1976; Sparkman et al., 2011).

4 Forensic sample analysis via gas chromatography

GC has been used widely in different laboratories and industries for the

detection and quantification of myriad analytes. In forensic science, GC

in combination with other techniques has helped in the investigation of ana-

lytes such as alcohol and other volatile organic compounds (VOCs), drugs,
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explosives and ignitable materials, fingerprints, inks, paints, and toxins

(Sampat et al., 2016a). The research on the use of GC for such samples is

elaborated in this section.

4.1 Alcohol and other volatile organic compounds
Alcohol and VOCs are routinely analyzed in forensic laboratories in cases of

abuse, poisoning, leakage, etc. GC has assisted in this regard in many inves-

tigations, and various research works have also been conducted.

In a study by Davis and Cortivo, biological specimens such as the blood,

brain, liver, and kidney were analyzed to check for the presence of isopro-

panol using headspace GC (HS-GC). Acetone, being the metabolic product

of isopropanol, was also detected. MS was used for the identification of such

products. The concentration range (mg/100 g) of isopropanol detected in

these specimens was 1–29 (for blood), 7–59 (for liver), 2–12 (for brain),

and 6–26 (for kidney) (Davis et al., 1984). Ethyl glucuronide, a metabolic

product of ethanol, has also been determined using GC with tandem MS.

Solid phase microextraction (SPME) was used to extract the metabolite from

hair. Helium was used as the carrier gas with a flow rate of 1 mL/min.

A retention time of 6.6 min was observed for ethyl glucuronide (Fig. 3).

The limit of detection (LOD)was 0.6 pg/mg of hair (Agius et al., 2010). Bras-

seur et al. used 2D GC-MS to study the VOCs released by cadavers inside the

soil by burying pig carcasses that were already decaying. The flow rate for the

carrier gas (helium) was maintained at 1 mL/min. VOCs such as ketone,
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Fig. 2 Instrumentation of gas chromatography (Stauffer et al., 2008).
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aldehyde, alcohol, alkanes, etc., were found in the samples. An increasing

trend in the concentration of alkanes was observed upon moving up from

the buried cadaver toward the soil’s surface (Brasseur et al., 2012). Another

study focused on the analysis of VOCs such as sevoflurane, acetaldehyde,

n-propanol, ethanol, methanol, acetone, and desflurane present in biological

fluids such as blood and urine using GC coupled with a flame ionization

detection (FID) system. In blood, the lowest LOD was recorded for acetone

(0.7 mg/dL) while in urine, the lowest LOD recorded was for sevoflurane

(1.3 mg/dL). Fig. 4 shows the chromatogram with retention time for VOCs

discussed in this study (Kovatsi et al., 2011). Another study focusing on

the exposure of neonates to ethanol and other VOCs such as acetic acid,

acetaldehyde, methanol, and acetone used HS-GC along with MS for

the investigation. Helium at a flow rate of 1 mL/min was used as the
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carrier gas. The LOD values ranged from 0.1 to 0.2 mg/L. The consump-

tion of ethanolic medications by neonates was the reason for the presence

of such VOCs in the blood (Cordell et al., 2013). VOCs coming from

fabric specimens were evaluated through GC-MS in a research work.

The VOCs were extracted from fabrics such as polyester, acrylic, and cot-

ton via SPME (headspace). Helium as the carrier gas flowed through the
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stationary phase at the rate of 1 mL/min. The LOD for different VOCs

varied from 0.44 to 45.45 nM (Gherghel et al., 2018).

4.2 Drugs
Illicit drugs have been globally consumed, mainly by youngsters for recre-

ational purposes. Rave parties are one of the most common locations for the

possibility of such evidence. GC has been used by a number of research

teams for the detection of these drugs.

In a study from the late 1990s, cocainics and opiates extracted from

human hair though solid phase extraction (SPE) were quantified on

GC-MS. A flow rate of 1.3 mL/min was selected for helium gas, which

was the carrier for the analytes. For both the drugs and their metabolites,

the LOD value ranged from 0.12 to 0.28 ng/mg of hair. The method devel-

oped can be used for the extraction and quantification of such drugs from

human hair evidence (Gaillard and P�epin, 1997). Hadidi et al. extracted tra-

madol, a commonly abused analgesic, from hair via SPE and analyzed it

through GC coupled with MS. The flow for the helium gas that was acting

as the carrier was 1.2 mL/min. The LOD value for the drug in the hair sam-

ple was 0.5 ng/mg of hair. It was concluded that the method developed

could detect tramadol in hair for patients prescribed with multiple drugs

as well (Hadidi et al., 2003). 2D GC with MS was used by Song et al. in

order to screen and confirm the presence of 78 drugs (underivatized) of

forensic interest. The 2D analysis in GC was employed to enhance the sep-

aration of the drugs on the chromatographic column. Two different col-

umns were used for first and second dimensional separation. The flow

rate was 2 mL/min for helium gas (carrier). The retention time of all the

analyzed drugs was found to be in the range of 250–1750 s (Song et al.,

2004). Cannabinoids, particularly tetrahydrocannabinolic acid, was also sep-

arated using GC, and further analyzed by MS. The flow rate of helium gas

was maintained at 1 mL/min. The study concluded that due to external con-

tamination of hair with cannabinoids, majorly because of the smoke, the

cannabinoids enter the matrix of the hair and cannot be removed even after

multiple washes (Auw€arter et al., 2010). Benzodiazepines and their metab-

olites were also detected in blood samples using GC coupled with MS with

an electron impact ionization source. The carrier gas (helium) was main-

tained at a flow rate of 1 mL/min. The lowest retention time (14.43 min)

was for medazepam while the highest (23.24 min) was for triazolam

(Fig. 5). The developed protocol could be used for the analysis of many ben-

zodiazepine drugs simultaneously from blood (Papoutsis et al., 2010). GC
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along with MS has also been used by Philipp et al. for monitoring kratom, a

herbal drug commonly abused in Thailand. O-demethyltramadol (ODT)

has also been used to produce another herbal blend called Krypton using kra-

tom. The drugs were detected in the urine samples. The flow rate of the

carrier gas was 1.2 mL/min. The LOD value for ODTwas 50 ng/mL while

for parent alkaloids, it was around 100 ng/mL. The procedure could be suit-

able for kratom and Krypton detection in humans having similar kinds of

metabolisms (Philipp et al., 2011). Psychoactive drugs such as antidepres-

sants, anticonvulsants, analgesics, benzodiazepines, sedatives, anesthetics,

hypnotics, and other drugs of abuse have been detected in serum samples

using GC-MS (Grapp et al., 2016). GC in combination with tandem MS

has also been used by Truta et al. to detect as well as quantify antidepressants

present in blood samples (Truta et al., 2016).

4.3 Explosives and ignitable materials
Explosives and ignitable materials are often collected as evidence from bomb

blast sites and in cases of fire and arson. These materials along with their res-

idue are readily analyzed through chromatographic techniques. GC has also

assisted many researchers for this purpose, which is discussed in this section.

In a study, components of kerosene as well as gasoline were detected in

blood via GC coupled with MS. The LOD value for gasoline was 0.01 μg
while for kerosene, it was 50 pg. The samples exposed to kerosene vapor

showed the presence of aliphatic hydrocarbons with more than nine carbons

and aromatic hydrocarbons with nine carbons such as trimethylbenzene,

cumene, pseudocumene, etc. Gasoline-exposed samples showed the pres-

ence of aliphatic hydrocarbons with 5–8 carbons, and aromatic hydrocar-

bons such as benzene, xylene, and toluene (Kimura et al., 1988). In

another research work, petroleum-based ignitable liquids were also analyzed

using 2D GC coupled with MS. The flow rate was 2 mL/min fixed for

helium as the carrier gas. The study focused on attaining the near theoretical

maximum for the gain capacity in peaks during the investigation of flamma-

ble liquids via 2D GC-MS (Nizio et al., 2016). Sampat et al. also employed

2D GC for the chemical profiling of flammable liquid, mainly white spirits.

The GC analysis was combined with FID as well as MS separately for the

analysis. The carrier gas (helium) had a 1 mL/min flow rate. It was observed

that for aromatic compounds, the maximum retention time (44.87 min) was

for tetramethylbenzene while for aliphatic compounds, it was for pentylcy-

clohexane (44.20 min) (Sampat et al., 2016b). In the case of explosives,
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Calderara et al. used GCwith an electron capture detector for the analysis of

explosives after a blast, extracted via SPME. The flow rate for helium was

fixed at 8 mL/min. It was observed that the retention time for the standards

of organic explosives was in the range of 4–17 min (Calderara et al., 2003).

HS-GC has also been used by Stamboli et al. for the analysis of triacetone

triperoxide (TATP) residue in the debris collected after an explosion.

The method developed in this study was able to detect TATP levels as

low as 0.1 ng. The use of HS in this analysis helped in removing the tedious

process of sample treatment with organic solvents (Stambouli et al., 2004).

4.4 Fingerprints
Fingerprint analysis is often done using microscopic techniques. However,

in order to chemically profile the fingerprints, which can give an idea about

the chemicals or compounds the victim or the suspect was subjected to,

chromatographic and spectroscopic techniques come into the picture. This

section deals with the research that employedGC for the chemical analysis of

fingerprints.

In a study byCroxton et al., GC coupledwithMSwas used for the inves-

tigation of components present in a latent fingerprint. The fingerprint sam-

ples were collected from nonporous substrates. Helium was flowing at a rate

of 1 mL/min through the stationary column. Through the analysis, 12 amino

acids as well as 10 fatty acids were identified in the fingerprints (Croxton

et al., 2006). Weyemann et al. also used GC in combination with MS for

the analysis of fingerprint composition, which was present at the time of

deposition of the fingerprint. Helium carried the analytes through the sta-

tionary phase at a constant flow rate, which was 1 mL/min. Cholesterol

and squalene were the target compounds for the analysis in fingerprints col-

lected from porous and nonporous surfaces. It was observed that with time,

squalene was depleted from the nonporous surface as compared to choles-

terol (Weyermann et al., 2011).

4.5 Inks
Ink chemical profiling and solvent analysis often become important in the

forensic examination of questionable documents. GC has been utilized by

researchers over the years for such purposes, which are elaborated here.

In a study by Brazeau and Gaudreau, GC coupled with MS was used to

quantify the ink solvents extracted via SPME. For chromatographic separa-

tion, heliumwas maintained at a flow rate of 1.2 mL/min. The study was the
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first of its kind to report the analysis of volatiles in inks via headspace after

extraction by SPME (Brazeau and Gaudreau, 2007). Weyermann analyzed

the ink from a ballpoint pen that was dried on paper via GC coupled with

MS in order to estimate the age of the ink. The flow rate was 3 mL/min for

helium. It was found that the concentration of ink solvents kept decreasing

in the ink on paper with time, which could help in its age estimation

(Weyermann et al., 2007). In another study, black ink from a gel pen was

analyzed for its volatile components under variable conditions via GC with

an FID system. Nitrogen at a flow rate of 2 mL/min was used as the carrier

gas. Fig. 6 shows the retention time of different solvents on the chromato-

gram (Li et al., 2014). Aging parameters have also been analyzed for ballpoint

pen inks with the help of GC coupled with MS (Koenig et al., 2015).

4.6 Paints
Paint analysis in forensic laboratories is mostly done by a combination of

chromatographic and spectroscopic techniques. Pyrolysis GC (Py-GC)

has also assisted in this regard. The research works that used GC for paint

analysis are discussed here.

Burns andDoolan used Py-GC coupled withMS for the characterization

of paints used in vehicles. The injector temperature in GCwas maintained at

250°C. It was observed that such an analysis could differentiate paint samples

from different car producers on the basis of solid paint, base, and clear coat.

The components found in solid paint samples from an Audi car, such as pen-

tanoic acid methyl methyl ester (PAMME), styrene, and diisocyanatohex-

ane, are shown in Fig. 7 (Burns and Doolan, 2005). Another study used
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Fig. 6 GC chromatogram of ink solvents (Li et al., 2014).
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Py-GC with MS for the analysis of polymer binders present in the clear coat

of paint traces. Helium was passed through the column at a pressure of

70 kPa. The study was able to discriminate between different paint samples,

but not all were discriminated. This could be due to the focus on only one

component of paint, which was the clear coat (Zięba-Palus et al., 2008).
Paint components that consist of polystyrene were also analyzed using

Py-GC-MS by Yang et al. for their quantification (Yang et al., 2012). In

addition to vehicle paints, spray paints have also been analyzed through this

characterization tool (Milczarek and Zięba-Palus, 2009).

4.7 Toxins
Excessive sniffing of organic solvents or pesticide intake often becomes toxic

and fatal in many cases. Forensic analysis of such cases requires the use of GC

to identify the cause of poisoning.

A research work from Boatto et al. used GC coupled with MS for the

analysis of a lethal intoxication case of o-cresol and phenol. The concentra-

tions of these compounds were examined in the stomach content, blood,

and urine. Helium was used as the carrier gas. The concentration of phenol

varied from 3.3 to 115 ppm in different specimens while for o-cresol, it was

in the range of 1.9 to 20.5 ppm (Boatto et al., 2004). Another research group

used GC coupled with MS for the analysis of pesticides present in blood,

which inhibit the activity of cholinesterase. The flow rate of helium was

maintained at a rate of 1.1 mL/min. The LOD value ranged between 1

and 10 μg/L for different pesticides. The developed method could be

Fig. 7 Py-GC analysis of solid paint from an Audi car (Burns and Doolan, 2005).
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helpful in solving suicide or accidental cases related to pesticide intake

(Papoutsis et al., 2012). A similar kind of work has also been done on organ-

ophosphate pesticides, which are also a potent cholinesterase inhibitor. The

pesticides were extracted by SPE from blood. For the analysis, the quanti-

fication limit was 500 ng/mL (Valente et al., 2015). A case report by

Boumba et al. used GC-MS for a suicidal case due to the intake of mirtaza-

pine (antidepressant) and pyrethroids (deltamethrin and α-cypemethrin).

Toxic levels of these compounds were detected in the blood and urine of

the subject. In addition to these, GC-MS analysis revealed the presence

of a high ethanol concentration in the blood, which could have become

the combined cause of fatality (Boumba et al., 2017).

5 Conclusion

Gas chromatography is the most widely used analytical technique for the

analysis of various forensic evidence. It is widely used because it offers rapid

and efficient analysis with high resolution. It is also a very sensitive technique

due to which it can easily detect extreme low concentrations of analytes.

Another major advantage with this technique is that it requires only a micro-

liter amount of samples and is a one-time investment. However, despite

these advantages, it has certain disadvantages such as it can be used to analyze

only the samples that can be volatilized without damaging their overall com-

position. Therefore, thermally labile compounds cannot be easily analyzed.

However, this limitation can be overcome through appropriate extraction

techniques or by exposing the samples to lower temperatures to ensure their

proper elution. In forensic science, it has been mainly used for the analysis of

volatile compounds such as alcohol and other organic compounds, drugs,

explosives and flammable materials, fingerprints, inks, paints, and toxins.

Such myriad applicability of GC in the analysis of forensic evidence makes

it a ubiquitous tool in forensic science laboratories across the world. In this

chapter, a brief overview of the theory behind GC and its applications in the

analysis of various forensic evidence has been given.
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CHAPTER 10

HPTLC in forensic science

1 Introduction

High-performance thin-layer chromatography (HPTLC) is a type of chro-

matography technique that is used for the analysis of mixtures based on the

migration of chemicals along the solid phase under the influence of a suitable

mobile phase. This is a type of planar chromatography that offers direct

visual comparison of the separation of mixtures whose results can be devel-

oped into high-quality color photos and can be easily produced as evidence

and testimony in court. HPTLC offers excellent automation, scanning, and

minimum sample preparation that can also be easily hyphenated with other

techniques such as Fourier transform infrared spectroscopy (FTIR). It is also

a highly cost-effective method that can offer high sample throughput as well.

In forensic science, HPTLC has been used for the detection of textile

dyes and drugs and even in the detection of adulterants (Pandey et al.,

2017; Rawtani et al., 2019). In this chapter, the principle, theory, and instru-

mentation of HPTLC as well as its applications in the analysis of various

forensic evidence are discussed in brief.

2 Principle and theory of HPTLC

As mentioned briefly in the introduction section, HPTLC is a type of planar

chromatography that separates the samples over a stationary phase under a

suitable mobile phase and is developed after modification in thin-layer chro-

matography. The differences between TLC and HPTLC are highlighted in

Fig. 1.

There are a few theoretical considerations associated with this type of

chromatography, namely separation efficiency, partition coefficient, reten-

tion factor, spot factor, capacity, resolution, and selectivity. During chroma-

tography, if a compound has an increased affinity toward the stationary phase

rather than the mobile phase, then it tends to move slowly over the station-

ary phase and separates at a different rate. This separation efficiency is

affected by factors such as the polarity, pH, and composition of the mobile

phase. Conventionally, the stationary phases in this technique are made of
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silica gel that offers an extremely low contact angle for all mobile phases.

However, this water contact angle increases with the increase in the number

of alkyl chains in the stationary phases. Another factor that effects the sep-

aration efficiency of the compounds is the particulate nature of the stationary

phase. The mobile phase tends to travel at a higher velocity and to a long

distance in cases of stationary phases with fine particle coating. However,

this rate significantly slows in the case of a coarse particle layer. In HPTLC,
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Fig. 1 Differences between TLC and HPTLC (Srivastava, 2011).
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there is a significantly shorter migration distance. Due to this, the number of

theoretical plates, which is basically a hypothetical zone, is considered as the

equilibrium stage between the liquid and the stationary phases. The greater

the number of theoretical plates, the greater the efficiency of separation. The

separation of the samples on the stationary phase also depends on the parti-

tion coefficient that serves as an indicator of the migration rate of the sam-

ples. During migration, a certain part of the compound gets absorbed by the

stationary phase while a certain part remains in the mobile phase, due to

which there is a variation in the migration times of the compound. This

is presented in terms of the partition coefficient that is further represented

as a ratio of the concentration of the sample in the stationary (Cs) and mobile

phase (Cm) at equilibrium, and is written as Ka.

Ka¼Cs=Cm

This coefficient is affected by the amount of sample loaded, as an exces-

sive sample causes it to flow with the mobile phase irrespective of the affinity

of the sample to the mobile phase. This further causes an increase in the par-

tition coefficient.

The most crucial aspect for the interpretation of any chromatographic

result is the retention time or retention factor (Rf), which is basically an

indicator of the spot size of the sample on the stationary phase. It can be

written as:

Rf ¼ analyte’s distance travelled Zsð Þ=solvent front’s distance travelled Zf

� �

This factor is dependent on factors such as the partition coefficient, the

stationary phase, the thickness of the stationary phase, the composition of the

mobile phase, the migration distance, the amount of the sample, the humid-

ity, and the temperature. Apart fromRf values,Rx values are also considered,

which is a ratio of the solute’s travelled distance to that by the standard sam-

ple. While the Rf values usually range from 1 to 0, the Rx values can go

greater than 1. Ideally, in order to compare theRf values of different samples,

they are usually run against a standard sample whose Rf value is known.

A value of 0.5 is considered optimal for achieving excellent resolution. Apart

from the retention factor, the capacity factor is also there, which is the ratio

of the sample’s retention time in the stationary and mobile phases. This fac-

tor allows the determination of any shifts in retention time due to either the

stationary phase or the mobile phase. Apart from capacity factor, spot capac-

ity also plays a crucial role in this technique as it determines the maximum
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number of clearly resolved substances between a retention time of 0 to 1

under isocratic conditions. It is also known as the separation number and

is a simple parameter to measure with easy handling and sufficient accuracy.

In HPTLC, the number of the plate height corresponds to the number of

theoretical plates. It is useful to understand the broadening of the chromato-

graphic spot and is dependent on the diffusion processes affecting the broad-

ening of the spot. The Van Demeter equation is a highly useful

chromatographic equation that takes into account the information regarding

the flow rate of the mobile base and other constants representing the eddy

diffusion, mass transfer, and mass diffusion that determine the broadening

capacity of the spot. Therefore, with optimal plate height, it is possible to

achieve a high resolution of the mixture separations. The resolution in

HPTLC is represented as Rs and is defined as the measurable distance

between two spots. The distance is measured from the center of the two

spots. When the resolution is equal to 1 or more than 1, then the separation

is said to be excellent. Here too, the loading of the sample plays a key role in

determining the resolution, as too much of the sample can distort the dis-

tance between the two spots (Srivastava, 2011).

3 HPTLC instrumentation

Typically, in HPTLC, a series of steps is followed to develop the method. It

first starts with the preparation of the standard and the sample. After that, the

stationary phase and the mobile phase are prepared and conditioned. Once

they are prepared, the sample and the standard are applied on the stationary

phase and kept in a chamber saturated with the fumes of the mobile phases.

This phase is known as chromatographic development and is highly crucial

to allow the separation of the analytes in the sample and the standard. Once

the chromatographic development is done, the separated spots are later

detected and scanned. Additionally, a camera is also fixed to ensure the

photographic development of the sample and standard separation.

The HPTLC instrumentation is therefore designed to support this meth-

odology. The stationary phase is made up of equal layers of pristine or mod-

ified silica gel. The HPTLC techniques are usually divided into normal-

phase and reverse-phase techniques based on the type of stationary phase

used. For instance, if silica gel is used without any modification, then it is

considered to be a normal phase technique where a nonpolar mobile phase

such as chloroform and methanol are used. However, in reverse-phase

HPLC, the silica gel is modified with compounds that are lipophilic such
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as C18 or C-12 phenyl compounds. In this case, the mobile phase used will

be polar. Apart from silica gel, aluminum oxide, magnesium silicate, and

amino or thiol modified silica gels are also used as adsorbents for the station-

ary phase. It is important that the plates are carefully stored and protected

from direct sunlight or dust to prevent contamination. The handling of

the plates is also extremely important as it can cause unnecessary contami-

nation. Prior to analysis, layer prewashing with a suitable solvent is done to

remove any impurity and make the stationary phase more reactive to

adsorption.

Preparation of the sample and the standard is highly important in this

technique, as too high a concentration of the sample or the presence of any

additional analytes in the sample may affect the migration of the analytes on

the plate. Sample preparation processes such as grinding, sonication,

extraction, and centrifugation are the basic sample preparation techniques.

Another crucial aspect is the solvent in which the sample will be dissolved.

Typically, solvents such as methanol, ethanol, or chloroform are used that

are nonpolar and volatile. In TLC, the sample is loaded manually but in

HPTLC, special automated applicators exist that load the correct optimal

amount of the sample in the form of narrow bands. The applicator consists

of a syringe connected to a motor and the sample is loaded in the syringe.

Due to such an applicator, problems such as overloading of the samples are

minimized. Once the sample is developed, the plate must be chromato-

graphically developed by placing it in a twin trough chamber. In this

chamber, the mobile phase is first poured, and the chamber is tightly closed

in order to ensure that the chamber is saturated with the vapors of the

mobile phase. Once saturated, the plate is kept inside and developed for

10–25 min, during which the migration of the analytes occurs. During

the migration of the analytes, specific zones are created that vary in color

and other properties such as fluorescence or UV-absorbing. Once the

chromatographic development is done, the zones are detected through

special viewing chambers that allow visualization within a specific wave-

length. UV, fluorescence, colorimetric zones, and bioluminescence can be

easily detected through this method. Currently, the detection is done with

the help of a densitometer or a scanner in which the light source is fixed

and emitted from a narrow rectangular slit. The scanner then processes the

zones and detects the absorbance or fluorescence of the zones. Once the

scanning is done, photographic documentation of the developed film is

done, which is usually done under UV light of 254 and 366 nm wave-

lengths and white light (Patel et al., 2011).
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While the discussed steps are routinely used in any lab, quite often the

postchromatographic derivatization of the plate is also done in which the

analytes can be further derivatized to obtain additional information. Here

again, the plate can be prepared by putting it in the chamber and factors such

as the mobile phase and the positioning of the plate (vertically or horizon-

tally) are considered according to the analysis of the samples. Also, similar to

HPLC, the analysis here can be done using a gradient elution in which more

than one mobile phase is used (Figs. 2 and 3) (Patel et al., 2011).

Because HPTLC is a planar chromatography and each step in the meth-

odology development can be performed independently, the hyphenation of

this technique with other techniques such as HPLC, mass spectrometry

(MS), and FTIR can be easily done. Some of the advantages of using

HPTLC for hyphenation are easy sample preparation, no loss of samples

Fig. 2 HPTLC methodology for the separation of analytes (Charegaonkar, 2011).
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once they are adsorbed on the plate, parallel chromatography in which 70 or

more samples can be analyzed at a time, photographic development of the

plate with the analytes, and a flexible system for easy hyphenation. If

hyphenated with FTIR, then the scanning is done with an IR source using

the diffuse reflectance infrared Fourier transform (DRIFT) technique in

which the IR light hits the sample and comes back in diffusely remitted radi-

ation (Cimpoiu, 2011). This technique has also been paired with MS

through different ionization sources that are capable of working under ambi-

ent conditions and atmospheric pressure. Techniques such as matrix laser

adsorption and desorption (MALDI) and other elution or desorption-based

Fig. 3 Basic instrumentation of an automated HPTLC system (Charegaonkar, 2011).
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techniques have been widely used for the analysis of samples from HPTLC.

For instance, HPTLC-UV-Vis/ESI-MS and HPTLC-UV-Vis/MALDI-

TOF-MS have been used for the detection of food dyes and phospholipids,

respectively (Morlock and Schwack, 2010). In the case of food dyes, upto

36 samples could be applied on the same plate. This is followed by scanning

with a UV-visible detector and then analyzing the purity and composition of

the food dyes with ESI-MS. Similarly, phospholipids, which are a major

component of biological samples, can be easily separated with HPTLC,

and then scanned by a UV-visible detector. This is followed by ionization

using MALDI and mass analysis by time of flight (TOF) (Morlock and

Schwack, 2010).

4 HPTLC analysis of forensic samples

HPTLC has been widely used in industries such as pharmaceuticals, food,

textiles, etc., for the separation of various kinds of analytes on chromato-

graphic plates. Forensic experts also require separation, identification, and

quantification of analytes such as drugs, explosives, inks, dyes in fibers,

and toxins. HPTLC has been utilized by forensic experts and researchers

for such purposes. This section sheds light on the research works that

employed HPTLC for the analysis of the aforementioned forensic samples

(Table 1).

4.1 Drugs
Chromatographic techniques have been utilized by forensic experts for the

separation and quantification of different drugs of forensic importance.

HPTLC has also shown its potential in analyzing forensically significant

drugs (mainly illicit drugs) in different research works, which are discussed

in this section.

In a study by Varshney, HPTLC was utilized for heroin, a widely used

illicit drug, in order to check its stability in methanol. The sample was pure

heroin (reference standard), and the study was carried out at room temper-

ature for a duration of 1 year. A small aliquot (10 μL) of heroin solution was
applied as a 6 mm band on an HPTLC plate using a sample applicator.

Through the study, it was observed that heroin starts degrading after its solu-

tion preparation in methanol on the second day, and was completely

degraded in 38 weeks (Varshney, 2002). Dongre and Kamble also used

HPTLC to detect and identify heroin in samples of forensic importance.

The study developed a spray reagent with ferric chloride and dipyridyl
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for heroin detection, which was responsible for the red-colored spot of her-

oin on the HPTLC plate. After spraying of the reagent on the plate, it was

subjected to heat at high temperature. An automated applicator was used to

apply sample spots of 5 μL volume on the plate. The reagent also helped in

developing spots for codeine, morphine, and thebaine, but not for narcotine

and papaverine (Dongre and Kamble, 2003). Benzodiazepine drugs, which

are abused worldwide by youngsters, have also been analyzed through

HPTLC. A diode array variant of HPTLCwas used for forensic analysis with

the help of the Rf value and UV data acquired by the spectrometric analysis

of HPTLC plates. This variant of HPTLC helped in detecting trace quan-

tities of the drug up to 20 ng. 10 μL of drug samples were applied as 7 mm

bands on HPTLC plates using an applicator. Three different mobile phases

were used, and it was observed that drugs had different Rf values in different

mobile phases (Spangenberg et al., 2005). Among benzodiazepenes, diaze-

pam was selected as the target by a group of researchers to develop a chro-

mogenic reagent specific to diazepam.HPTLCwas utilized for the detection

of diazepam. The drug was extracted from tissues, vomit, blood, urine, and

tablets. Chloroform methanol was used as the mobile phase. For diazepam,

violet-colored bands were observed while for other benzodiazepines, there

was no band, showing the specificity of the reagent (Daundkar et al., 2008).

A study from Jakarta focused on the chemical profiling of ecstasy that was

recovered from places around Jakarta using densitometry HPTLC. 2 μL
of samples were spotted at 19 positions on HPTLC plates, and after analysis,

the plates were also analyzed at 210 nm. The Rf values were used to identify

the drugs. The study proved helpful in the identification of the street drug

(Wirasuta, 2012). The adulteration of regular slimming products with sibu-

tramine has also been identified with the help of HPTLC densitometry. The

mobile phase used was a mixture of hexane, acetone, and ammonia. The

stationary phase on HPTLC plates was silica gel. A calibration curve was

plotted for the drug in the range of 250–2000 ng/spot. The developed

method was precise, accurate, linear, and robust in the detection of illegally

added sibutramine (Ariburnu et al., 2012). NBOMe, which is an

N2-methoxybenzyl substituted phenylethylamine hallucinogen, has also

been detected in blotters using HPTLC. 2 μL of standards and 1 μL of sam-

ples were applied in the form of 3 mm bands on the HPTLC plates using an

automatic sampler. The study concluded that NBOMes have replaced LSD

(lysergic acid diethylamide) as the major hallucinogen impregnated in the

blotters in Chile (Duffau et al., 2016).
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4.2 Explosives
Explosives are commonly encountered in terrorist attacks and cases related

to firearms and ammunition. They are detected using various kinds of chro-

matographic and spectroscopic techniques. Forensic experts have utilized

these techniques to separate, identify, and quantify the explosives and their

residue collected from a crime scene. This section discusses the research

works on explosives using HPTLC.

In a study by Sharma and Lahiri, explosives and their residue were char-

acterized and identified using HPTLC. The explosives taken for the study

were nitroglycerine (NG), tetryl, cyclonite (RDX), trinitrotoluene (TNT),

pentaerythritoltetranitrate (PETN), and ammonium nitrate fuel oil. 3–27 μL
of each sample were spotted on the HPTLC plate using an autosampler.

A benzene acetone mixture was used as the mobile phase. It was observed

that upon increasing the volume of the sample, the area of the developed

spots kept increasing (Sharma and Lahiri, 2005). Krishnamurthy et al. per-

formed HPTLC analysis on explosives in a study focusing on the successive

bomb blasts that took place inMumbai. The explosives selected for the study

were TNT, RDX, tetryl, NG, nitrocellulose (NC), and PETN. The sam-

ples of explosive debris were prepared in acetone. Three different mobile

phases were used for the analysis: chloroform and acetone; toluene; and tri-

chloroethylene and acetone. It was observed after spraying the Gries reagent

that all the samples contained RDX (Krishnamurthy et al., 2006). Chaloosi

et al. used HPTLC to separate and identify guanidine nitrate and nitrogua-

nidine. The analysis was carried out in online and offline modes. Silica gel

was used as the stationary phase while a mixture of tetrahydrofuran and diox-

ane was used as the mobile phase. A 10 μLHamilton syringe was used to spot

the samples in the form of bands of 2 mm size. Both explosives were differ-

entiated after the plate development using their UV scanning (Chaloosi

et al., 2007). Chaloosi et al. also used HPTLC for separating and quantifying

PETN and TNT. The stationary phase was the same as the previous study

(silica gel). However, two mobile phases were used in this study: petroleum

ether and acetone; and acetone and trichloroethylene. The study was able to

detect very low concentrations of the analyzed explosives. The detection

limit for PETN was 0.180 μg/spot while for TNT, it was 0.006 μg/spot.
In order to obtain the chromatograms of these explosives, UV analysis

was carried out at 215 nm (for PETN) and 250 nm (for TNT) (Chaloosi

et al., 2009). Another study used HPTLC in combination with the partial

least squares regression method for the real-time quantification of PETN
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and TNT. Amixture of acetone and petroleum ether was used as the mobile

phase for silica gel (stationary phase). A Hamilton syringe was used to apply

the sample, and UV analysis of the spots was carried out in the range of

200–400 nm. The detection limit for PETN was 2.06 μg/spot while for

TNT, it was 0.078 μg/spot. Both limits were higher than that reported in

the previous study by Chaloosi et al. (2009) and Nejad-Darzi et al.

(2009). Diethylaniline (DEA) and nitro explosives have also been analyzed

through HPTLC densitometry along with spectroscopy by Kuila and Lahiri.

The nitro explosives taken for the study were TNT, dinitrobenzene (DNB),

and dinitrotoluene (DNT). Silica gel with a fluorescence indicator was used

as the stationary phase. 3 μL of samples were spotted on the HPTLC plates

using an autosampler. It was observed that the complexes of nitro explosives

with DEA did not move, but spots having only nitro explosives showed

movement on the HPTLC plate (Kumar Kuila and Chandra Lahiri, 2012).

4.3 Inks
Inks have been analyzed for many decades in forensic laboratories during the

examination of questionable documents. The major aims behind these

examinations is to know the source as well as chemical profile of the inks

used in writings or prints on the questionable documents. Many types of

techniques based on spectroscopy and chromatography have assisted forensic

experts in this regard (Sherma, 2016). Many of the research works have also

utilized HPTLC to investigate the inks, which are discussed in this section.

In 2009, Neumann and Margot presented their research work on ink

analysis using HPTLC in three sets of publications. In the first set, HPTLC

was used to develop a process for quality assurance during the forensic anal-

ysis of inks. For the study, 13 types of inks with variable dye profiles were

selected from 40 pens collected from the market. These 13 samples were

analyzed on 10 different HPTLC plates. Standard ladders of dyes were also

analyzed for calibration purposes. The samples were compared with the

standards, and the data were stored for future examiners (Neumann and

Margot, 2009a). The second set focused on the development and analysis

of mathematical algorithms, which can be used for comparing ink specimens

analyzed by HPTLC. The sample volume for the samples was 10 μL, and the
band size varied from 5 to 20 mm. The study helped in the automatic com-

parison of inks through the calibration and acquisition reports from the pre-

vious study (Neumann and Margot, 2009b). The third set focused on the

operative applications and evaluation of the methodology proposed in
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previous research works in the context of forensic science. The study

showed the ability of HPTLC, which is often considered to give nonrepro-

ducible results, to be used to develop digital libraries with information

related to ink analysis for practitioners and researchers working in the field

of forensic ink examination (Neumann and Margot, 2009c). Senior et al.

published a technical note on questionable documents in which blue ball-

point pen inks were characterized and dated using HPTLC in combination

with spectroscopic techniques. The inks were classified into three different

groups on the basis of theirRf values and the tones of colored bands obtained

on HPTLC plates. Silica gel was used as the stationary phase, and the samples

were applied on plates using an autosampler. It was concluded that HPTLC

lacked efficiency in analysis as compared to the spectroscopic techniques

(Senior et al., 2012). Lee et al. also characterized blue ballpoint pen inks

using HPTLC. The ink samples were collected after methanolic extraction

from the paper. A mixture of ethyl acetate, water, and methanol was used as

the mobile phase. The samples were manually spotted on the plates with the

help of a capillary tube. The inks were classified into four groups based on

the HPTLC analysis, and crystal violet was found to be the major constituent

of all the inks, except the ones in the first group (Lee et al., 2014). Hosu et al.

also used HPTLC for the analysis of pigments present in the ink samples.

The mobile phase used was a mixture of butanol, isopropanol, acetic acid,

and water while silica gel was the stationary phase. 5 μL of the sample was

applied on the plates. From the results, multiple bands were observed for

each ink sample, revealing the presence of many components in the inks col-

lected in the ethanolic extracts from the paper (Hosu et al., 2015). Sharma

and Kumar also carried out their research work on blue ballpoint pen inks

using HPTLC (Sharma and Kumar, 2017).

4.4 Dyes in fibers
Fiber analysis is often comprised of structural as well as chemical profiling.

Structural details are studied using microscopic techniques while spectro-

scopic and chromatographic techniques assist in the chemical profiling. This

section discusses the use of HPTLC for the forensic analysis of dyes present

in fibers.

Groves et al. in his study proved the reproducibility of HPTLC in the

investigation of dyes used in textile fibers. The study stated that the Rf value

is not enough to identify any particular dye. Therefore, the effect of variables

affecting the variability of HPTLC analysis of a dye mixture with six
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components was studied. The variables were the saturation of the tank, pre-

elution, the selection of the plate, the distance of development, and the sta-

bility of the eluent. The reference dye mixture that was used to compare

other dye samples consisted of four dyes: Fast Green FCF, Sudan IV, Rho-

damine B, and Bismarck BrownY. It was concluded that HPTLC results can

be reproduced on different plates and laboratories if the aforementioned var-

iables are controlled and defined properly (Groves et al., 2018a). In a review

article published by Groves et al. in the same year, HPTLC was included in

the general approach toward the forensic identification of dyes in fibers. The

potential of HPTLC to separate a dye mixture into its components was

highlighted as an important step in dye identification (Groves et al., 2018b).

4.5 Toxins
Forensic toxicology deals with the study of toxins such as pesticides, plant

toxins, heavy metals, etc. A number of techniques based on spectroscopy

and chromatography are used by forensic toxicologists for the qualitative

and quantitative estimation of toxins. This section throws light on the foren-

sic research works that used HPTLC for the analysis of pesticides and plant

toxins.

Carbosulfan, a pesticide from the class of carbamates, has been sensed and

identified using a chromogenic spray reagent by Kulkarni et al. via HPTLC.

The analysis was carried out using standards of carbosulfan and other pesti-

cides of different classes as well as carbosulfan’s residue extracted from bio-

logical tissues. The volume selected for spotting the samples was 5 μL, and a
mixture of hexane and acetone was used as the mobile phase. The spray

reagent consisted of potassium ferrocyanide, which was responsible for

the specific detection of carbosulfan up to 0.5 μg (Kulkarni et al., 2010).

A similar group of scientists also detected endosulfan, an organochlorine pes-

ticide, using HPTLC. The samples applied on HPTLC plates were endosul-

fan, endrin, dichloro diphenyl trichloroethane (DDT), and extracts from

viscera with endosulfan. It was observed that upon varying the mobile phase

composition, the Rf value of endosulfan also varied from 0.78 to 0.97

(Kulkarni et al., 2016). Pyrethroids, a widely used class of insecticides, have

also been detected by this research group using HPTLC (Kulkarni et al.,

2017). Nagaraju et al. also used HPTLC for the separation of fungicides

of the organophosphate class for forensic purposes. The selected fungicides

were tolclofos-methyl, edifenfos, and ditalimfos. A mixture of acetone with

hexane was taken as the mobile phase, which was run on silica gel (stationary
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phase). It was observed that the Rf value kept increasing upon increasing the

content of acetone in the mobile phase (Nagaraju et al., 2011). Nagaraju

et al. also evaluated the parameters responsible for the separation of fungi-

cides. However, in this study, reverse-phase HPTLC was used for the anal-

ysis with a water and methanol mixture as the mobile phase. Bands of 6 mm

size were applied using an autosampler. The study concluded that the use of

this mobile phase in reverse-phase HPTLC efficiently separated the selected

pesticides (Nagaraju et al., 2012). Oleandrin, a plant toxin coming from

Nerium oleander, was detected using HPTLC by Turkman et al. The injec-

tion volume for standards and purified oleandrin was 1 μL while for toxin

extracted from plant and biological samples, it was 10 μL. Hexane and ethyl

acetate were mixed in order to prepare the mobile phase. The Rf value for

the toxin was found to be around 0.24, with a limit of detection of about

2.2 ng/spot. The study was the first of its kind that reported the use of

HPTLC to detect oleander poisoning (Turkmen et al., 2013). Normal-

and reverse-phase HPTLC has also been used for the detection of organo-

phosphate pesticides such as chlorpyrifos, triazophos, and quinalphos.

Normal-phase HPTLC had a hexane and acetone mixture as the mobile

phase in which the Rf value increased with increasing the acetone content.

Reverse-phase HPTLC had a water and acetonitrile mixture as the mobile

phase in which the Rf value increased by decreasing the water content

(Sanganalmath et al., 2017). Normal- and reverse-phase HPTLC has also

been used byNareshkumar et al. for the detection of insecticides such as imi-

dacloprid, flubendiamide, and buprofezin (Nareshkumar et al., 2018). More

et al. developed a spray reagent with a chromogenic property for the detec-

tion of indoxacarb, an oxidiazine pesticide, via HPTLC (More et al., 2019).

These research works show the potential of HPTLC for sensing different

toxins at trace levels in normal- as well as reverse-phase mode.

5 Conclusion

HPTLC is a type of planar chromatography technique in which the samples

are migrated across the plate coated with the adsorbent. The plate is also

known as the stationary phase. It is a sophisticated technique capable of

sample preparation, chromatographic development, scanning, detection,

photographic development, and derivatization of the sample. It is a

completely automated technique in that each step in the development

method is completely independent. There are certain factors that determine

the results of the HPTLC such as the stationary phase, layer thickness,
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mobile phase, purity of the solvent, size of the developing chamber, volume

and concentration of the sample, size of the sample spot, flow rate of solvent,

and mode of development. Once the sample has been adsorbed on the sta-

tionary phase, the plate can be reused for further analysis. Due to this feature,

this technique can also be easily hyphenated with techniques such as FTIR

and MS. In forensic science, this tool is especially good because it allows

photographic development of the sample, due to which it can be easily pro-

duced in a court as scientific testimony. Apart from this, the cost of HPTLC

is also much lower and the entire technique can be easily performed in any

lab. Due to such reasons, HPTLC is already being used in the analysis of

various forensic samples in various forensic science labs across the world.

With minimal extraction of samples and other sample preparation tech-

niques, it is relatively easy to perform HPTLC analysis for the analysis of

forensic samples. In this chapter, the principle and theory of HPTLC,

and its use in the analysis of forensic evidence such as drugs, explosives, inks

in questionable documents, dyes in textile fibers, and toxins such as pesti-

cides and plant toxins has been discussed. In the future, modifications in

the sample application, chromatographic development, and scanning of

the plate may increase the sensitivity and selectivity of this technique.
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CHAPTER 11

Hyphenated techniques
for forensic sample analysis

1 Introduction

There has been a surge in the development of analytical techniques over the

past century. Various chromatography techniques such as high-performance

liquid chromatography (HPLC), thin-layer or high-performance thin-layer

chromatography (TLC/HPTLC), and gas chromatography (GC) have been

used for myriad applications. These techniques provide excellent separation

and detection of analytes with high sensitivity, selectivity, and robustness.

These features are further enhanced by coupling them with other analytical

techniques such as UV-visible or infrared spectroscopy, mass spectrometry,

and even nuclear magnetic resonance (NMR). This coupling of one tech-

nique with another to obtain a rounded analysis of compounds is known as

hyphenation and it provides the best of both worlds. The most commonly

used hyphenation techniques are the ones combining chromatographic

techniques with spectroscopic or spectrometry techniques. The spectro-

scopic or spectrometric techniques provide selective information to identify

the compound through spectral analysis while the chromatographic tech-

niques perform an efficient separation of the analytes. However, not all

hyphenation techniques are necessarily of two different techniques. Tandem

techniques such as MS-MS are also considered hyphenation techniques.

Recently, there has been an increase in attention for these techniques in

forensic science as they can provide both qualitative and the quantitative

analysis of evidence that can be produced in court. In forensic science, evi-

dence such as illicit drugs, adulterants in food and its packaging, explosives,

and inks are widely detected using such hyphenation techniques (Pandey

et al., 2017; Rawtani et al., 2019). In this chapter, a brief overview of the

various hyphenated techniques commonly used in the detection of various

forensic evidence is discussed. Also, the applications of the hyphenated tech-

niques for the analysis is also discussed.
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2 Hyphenated techniques

In this section, a brief overview of hyphenated techniques such GC-MS,

LC-MS, LC-IR, LC-NMR, capillary-electrophoresis-MS, HPTLC-

FTIR, and HPTLC-MS will be discussed in brief.

2.1 Gas chromatography-mass spectrometry
The main principle behind GC is the volatilization of the sample in a spe-

cial heated chamber followed by the separation of the analytes present in

the sample and later detection using a detector. Here, in order to separate

the samples, a special carrier gas, which is usually an inert gas such as hydro-

gen or helium, serves as the mobile phase carrying the samples over a spe-

cialized column coated with the stationary phase. Just like any other

chromatography technique, the affinity of the analytes toward the mobile

phase or the stationary phase determines their separation rates. The instru-

mentation of GC typically consists of a headspace or an injector that is

responsible for the sample injection, followed by the GC column that con-

sists of nonpolar stationary phases such as dimethyl siloxanes. The stationary

phases are also made of different thicknesses, with the thin stationary phases

suitable for analytes requiring higher temperature for volatilization and the

thick stationary phases for compounds requiring lower temperatures for

volatilization. Once separated, the detectors are used to detect the analytes.

There are several detectors such as flame ionization detectors (FID), ther-

mal conductivity detectors (TCD), thermionic specific detectors, and elec-

tron capture detectors (ECD). These detectors have different modes of

working and are used according to the type of sample to be analyzed.

In GC-MS, a special device responsible for the transport of the samples

from the GC to the MS is fitted. This device ensures the integrity of

the sample and maintains its phase prior to ionization at the MS. Here

too, an inert carrier gas is used to transport the samples from one instru-

ment to the other. The devices used can be capillary columns, packed col-

umns, or jet separators, which are basically a series of two vacuums present

under high vacuum. Precautions are taken to ensure that the columns used

are completely inert in order to avoid any interaction of the samples with

them. Once the samples enter the mass spectrometer, they undergo ioni-

zation followed by their separation by the mass analyzer and their detection

(Fig. 1) (Kitson et al., 1996).
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2.2 Hyphenated liquid chromatography techniques
2.2.1 LC-MS
The hyphenation of GC-MS is relatively easy as the sample is already in the

vapor form, due to which the ionization at the MS becomes easier. Also, the

interface of GC-MS is relatively simple due to this factor. However, with

liquid chromatography, there are certain challenges to develop an interface

as the sample is in a liquid phase. Over the years, there have been several

developments to develop a suitable interface for these techniques and

now LC-MS is one of the most widely used analytical techniques. Advan-

tages such as accurate separation by the LC and its appropriate identification

using the MS have influenced the development of such an interface. HPLC

and ultra-HPLC (UHPLC) are the most commonly used LC techniques that

have been hyphenated with MS. These instruments are commonly com-

posed of a mobile phase reservoir and a pump to ensure the movement

of the mobile phase from the reservoir to the column that consists of the

stationary phase. A sample inlet injects the sample into the column and

the analytes are later detected by the detector. Usually, in LC-MS, the

Fig. 1 Instrumental setup of GC-MS (Wu et al., 2012).
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ionization source is responsible for the ionization of the liquid sample. One

of the earliest ionization sources was the moving belt interface in which the

analytes and the mobile phase were present in a moving belt that moved

continuously. The mobile phase was later removed through infrared heating

followed by ionization using the fast atom bombardment (FAB) technique.

However, these had certain disadvantages such as the nonuniformity of the

sample. Later, soft ionization techniques such as electrospray ionization

(ESI) and atmospheric pressure chemical ionization (APCI) were developed

that are still most commonly used today. Once the samples are ionized, they

undergo separation via the mass analyzers such as time of flight and quadru-

pole instruments (Fig. 2). Once analyzed, they undergo detection as usual in

the MS (Ardrey, 2003; Bogusz, 1999).

2.2.2 LC-IR
IR or Fourier transform IR (FTIR) spectroscopy is a powerful vibrational

spectroscopy technique capable of analyzing the composition of a sample. In

this technique, an IR source is responsible for emitting IR radiation that hits

the sample and excites the electrons present in the sample, due to which

there are molecular vibrations. The vibrations are specific to a particular

functional group, due to which they can be easily used to identify the nature

and composition of different samples. LC itself is an efficient tool that sep-

arates the samples efficiently. However, developing an LC-FTIR interface is

a challenging task due to the presence of the mobile phase in HPLC that may

also contribute to its own vibrational information. Therefore, in order to

overcome this challenge, specialized flow cells are created that allow the

direct coupling of the LCwith the FTIR. Typically, the most basic approach

for the LC-IR interface is the use of a flow cell in which the sample from the

Solvent
reservoir Pump

Liquid chromatograph

Interface

Mass spectrometerInjector Column

Fig. 2 Instrumental setup of LC-MS (Ligon, 2001).
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LC along with the sample are directly added. Once the sample is detected,

the spectral data from the mobile phase are subtracted, thus allowing the

information of only the sample to be retained. However, this method is

vey much prone to errors, as any error during the subtraction may cause

the development of erroneous spectra. Also, this technique is not suitable

in cases where there is gradient elution of the sample in LC. Apart from

the flow cell approach, a solvent removal method has also been developed

in which the mobile phase is removed. The separated analytes are fixed on a

substrate, after which the analytes are subjected to sample testing. This

method is similar to allowing the flow of salt water on a heated belt, due

to which the water evaporates and the salt is left behind. In this case, it is

important that the mobile phase used is completely free of impurities in

order to eliminate any contamination of the analytes present on the sub-

strate. Once the analytes are immobilized, they can be easily analyzed using

FTIR (Kuligowski et al., 2010; Somsen and Visser, 2006).

2.2.3 LC-NMR
NMR spectroscopy is a very sophisticated absorption technique responsible

for the structural analysis of organic compounds by analyzing the magnetic

field of atomic nuclei. There are many types of NMR such as CNMR,

HNMR, and PNMR. These NMR types allow the detection of the respec-

tive elements and use that information to obtain their structural information.

Parameters such as chemical shift, spin-spin coupling or J-constants, signal

intensities, bond and spatial correlations are often considered during the

complete analysis of the structure. There are many types of NMR based

on the types of correlations as well. Two-dimensional correlation NMR

such as correlation spectroscopy (COSY) and nuclear Overhauser effect

spectroscopy (NOESY) look after the spatial orientation of the protons in

a molecule to interpret the data. While LC separates the analytes efficiently,

NMR elucidates the structure of the separated analytes. An analysis using

LC-NMR starts with the usual analysis by LC in which the sample is

injected and pumped in the column containing the stationary phase and then

analyzed by a UV-visible or refractive index detector. Once the analytes in

the sample are separated, they are sent to the NMRwhere a specialized flow

cell is present and further NMR analysis occurs. The sample is sent to NMR

through PEEK tubing. The NMR used in this case is liquid NMR, which

requires its own set of solvents to analyze the analytes obtained from LC.

Typically, deuterated solvents are used, preferably with reverse-phase HPLC

as they are expensive in normal-phase HPLC. With the development of
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suitable analytical techniques such as solid phase microextraction, it is now

possible to significantly reduce the amount of deuterated solvents for the

analysis using LC-NMR. Certain specifications such as the homogeneity

and volume of the analyte are considered while injecting the analyte into

the flow cell. Ensuring such proper conditions ensures that the analysis is

highly accurate and sensitive. Fig. 3 shows the instrumental setup for

LC-NMR.

2.3 IMS-MS
IMS is a technique that separates ions on the basis of the time the sample ions

take to move from the source to the detector. Here, an inlet to inject the

vaporized form of the sample is present; after that, the group of ions also

known as a swarm enters a specific region known as the drift region where

the movement of the ions is controlled by a voltage gradient. The ions move

with a drift speed from the ionization source to the detector and the time

taken for this movement is known as the drift time. Upon reaching the

detector, they generate an electric current that is further amplified for anal-

ysis. The IMS results are interpreted through a mobility spectrum that is

basically a plot between the intensity of the signals generated and the drift

time. Typically, the parameters that are looked out for in the mobility

NMR

HPLC

UV detector

Radioactivity
detector

Splitter

Trigger

MS

Fig. 3 Instrumental setup of LC-NMR (Victoria and Elipe, 2012).
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spectrum are the mobility coefficient through which the properties or the

characteristic ions can be determined, the peak shape through which the

behavior of the ions in the drift region is known, and the secondary spectral

details that offer information on the ion fragmentation and give an idea of

the chemical class (Eiceman and Karpas, 2005).

In the case of IM-MS, two approaches are usually followed. One

approach is where the sample ions are analyzed by the IMS, followed by

their collection and detection by theMS. This approach focuses on the anal-

ysis and identification of compounds though their mass. In another

approach, a typical tandemMS setup is present in which the drift cell is pre-

sent instead of the collision cell. Both techniques are capable of analyzing

the sample through their shape and mass. Fig. 4 shows a general setup of

IMS-MS. The coupling of these techniques is relatively easy as the samples

are used in a similar form.

2.4 HPTLC hyphenated techniques
2.4.1 HPTLC-FTIR
HPTLC is a highly sophisticated technique in which the separation of ana-

lytes can be directly seen and photographed. Typically in HPTLC, there is a

stationary phase that is usually a plate coated with a layer of an adsorbent such

as silica gel and the sample is spotted on a particular area of this plate. Later,

this plate is placed in a twin trough chamber that is saturated with the mobile

phase. Once developed, the analytes in the sample migrate over a distance

and create zones that can be scanned or detected by a densitometer or any

specific reagent. In forensic science, HPTLC has great potential to be

hyphenated because the plate containing the migrated analytes can be easily

reused for further analysis. HPLC FTIR is one such technique in which the

molecular structures of the migrated analytes and any unknown compounds

or impurities can be easily analyzed. In an HPTLC-FTIR interface, the

scanner used is an FTIR instrument, typically diffuse reflectance infrared

spectroscopy (DRIFT). In this technique, the use of multiple reflections

and diffractions of the IR radiation is taken into account and converted into

an interferogram. To this interferogram, Fourier transform analysis is applied

to create a spectra of transmittance percentage or absorbance vs. the wave-

number. The DRIFT technique for the analysis of the HPTLC plate is use-

ful because here, the signal-to-noise ratio is directly proportional to the

square root of the concentration. Therefore, there is a very slight change

in the signal-to-noise ratio with varying concentrations. While the DRIFT

technique is very useful in HPTLC-FTIR analysis, challenges regarding the
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samples exist. Silica gel is a very strong adsorbent of IR and therefore cannot

be used directly for IR analysis. Therefore, stationary phases that contain a

mixture of silica gel and magnesium tungstate significantly improve the

signal-to-noise ratio. Fig. 5 highlights the instrumental setup of HPTLC-

FTIR (Cimpoiu, 2011).

2.4.2 HPTLC-MS
HPTLC-MS is a unique interface because of its ability to elucidate the

molecular structure very clearly (Fig. 6). The development of this technique

had to happen with two basic needs, namely the conversion of the adsorbed

samples on the TLC plate to the ionized part and the transfer of the ionized

part to the mass analyzer, allowing its further detection. Two main ioniza-

tion techniques for the ionization of the immobilized samples are electron

spray ionization and MALDI. These techniques are based on the field

desorption and particle beam desorption. Electron spray ionization is a tech-

nique in which the sample obtained from the plate is converted to a liquid

form by dissolving it in a polar volatile solvent, and then it is nebulized in the

presence of a strong electrostatic field. In MALDI, laser desorption takes

place in which the laser is applied to the matrix due to which the samples

get ionized. Once ionized, they get transported to the mass analyzer.

Michelson interferometer

Fixed mirror

Light source

Movable
mirror

Beam splitter

Fresnel reflectance

KBr disk

DTGS
detector

One-sider mirror
with aperture

X,y-stage

Diffuse reflectance

MCT
detector

Parabolic mirror

TLC plate

Elliptical mirror

DRIFT unit

Fig. 5 Instrumental setup of HPTLC-FTIR (Cimpoiu, 2011).
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TOF and quadrupole are the most commonly used analyzers in this case

(Gupta and Gupta, 2011; Kasote et al., 2015).

3 Hyphenated technique-mediated analysis of forensic
samples

A number of hyphenated techniques, as mentioned in Section 2, are present

to assist analysts and researchers around the world in characterizing different

kinds of samples. Forensic studies have also been done for many years using

hyphenated techniques for the analysis of samples such as drugs, explosives,

fibers, food products, inks, and toxins, which are discussed in this section.

3.1 Drugs
Drugs of forensic importance have been analyzed using chromatographic

and spectroscopic techniques. However, the combined usage of two or

Fig. 6 Instrumental setup of HPTLC/MS. (A) Bioautography HPTLC plate, (B) reference
HPTLC plate, (C) TLC interface, (D) flow-pump enabling the elution of target
compounds from the plate, (E) UPLC pump, (F) time-of-flight mass spectrometer,
(G) data analysis, and (H) mass spectral data allowing identification of compounds
(Kasote et al., 2015).
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more such techniques has proven to be more useful in clearly identifying and

quantifying the drug present in the sample. The use of different techniques

in combination for the forensic analysis of drugs is discussed here.

JWH-073, a manmade cannabinoid collected from urine and blood, was

detected and quantified along with its metabolites using LC-MS/MS.

A C-18 column was used for the LC part, and the sample injection volume

was 5 μL. The limit of detection (LOD) for the drug was up to 0.08 ng/mL.

The method proved to be robust and specific for the detection of JWH-073

and its metabolites (Ozturk et al., 2015). Vaino et al. detected propofol, a

hypnotic drug, in blood and urine with the help of GC-MS and LC-MS.

The study was able to detect low concentrations of the drug, which helped

in concluding that the cause of death was acute propofol poisoning. The

method developed in this study for LC-MS/MS proved to be more effective

and reliableover the routinely usedmethod forGC/MSbecauseLC-MS/MS

was faster in analysis, as evident in Fig. 7 (Vaiano et al., 2015). Al-Matrouk

et al. also used GC-MS and LC-MS/MS to identify manmade cannabinoids,

which were connected with deaths in Kuwait in 2018 (Al-Matrouk et al.,

2019). Propofol andpropofol glucuronide extracted simultaneously fromhair

evidence have also been detected using LC-MS/MS. The method validated

in this study had an LODof 3.6 pg/mg of hair for propofol and 7.8 pg/mg of
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Fig. 7 (A) GC-MS and (B) LC-MS/MS chromatogram of propofol (Vaiano et al., 2015).
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hair for propofol glucuronide (Maas et al., 2017). An LC-MS/MS mediated

analysis of a drug abuse casewith tramadol (an artificial opioid) extracted from

hair evidencewas carried out byVerri et al. Twomobile phases were used for

the study: aqueous ammonium acetate and methanol:acetonitrile enriched

with formic acid. The LOD for tramadol was 0.003 ng/mg of hair while

for its metabolites, it was in the range of 0.005–0.009 ng/mg of hair (Verri

et al., 2015). Urine samples have been examined for the presence of designer

benzodiazepine drugs using LC-MS/MS. The urine samples were pretreated

for hydrolyzing the glucuronide conjugates. Two mobile phases—

acetonitrile and formic acid in water—were used for the analysis. The

LOD ranged from 1 to 10 ng/mL for different drugs of the benzodiazepine

class (Pettersson Bergstrand et al., 2016). A portable nano-LC-MSwith elec-

tron ionization was used by Abonamah et al. for the detection (onsite) of fen-

tanyl and associated derivatives. It took less than 10 min for the developed

device, weighing around 37 kg (reported for the first time in this study) to

analyze and identify heroin and manmade opioids such as fentanyl and its

derivatives (Abonamah et al., 2019). Boldenone, a type of androgenic ana-

bolic steroid used illegally to upsurge the body mass of animals, was detected

in blood and urine using LC-MS/MS.Themobile phases usedweremixtures

of ammonium formate and formic acid in water and acetonitrile. It was

observed that the drug’s concentration was higher in blood than in urine

(Park et al., 2019).

3.2 Explosives
Explosives and their traces are collected from crime scenes of firearm inci-

dents and bomb blasts. This evidencs is detected and quantified using a num-

ber of techniques, and hyphenated techniques are among them. Research

works focusing on explosive analysis using hyphenated techniques are

discussed here.

Du et al. developed ion mobility spectroscopy (IMS)-MS (plug-type) for

the onsite analysis of explosives and unlawful drugs. In order to characterize

the ion chemistry in the gas phase, trinitrotoluene (TNT) was used for inter-

nal calibration. Nine different explosives were studied using this device in

negative mode. It was observed that the gas phase ion chemistry of explo-

sives was more complicated than that of drugs (Du et al., 2018). Triacetone

triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD) have

been detected using LC-MS in Dunn et al.’s research work. The mobile

phase used was a mixture of methanol and water. The LOD values for both
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explosives was 10 and 0.5 ng in the column, respectively. The developed

method showed good chromatographic separation by retaining peroxide

analytes inside the column in order to avoid peak overlap of solvents

(Dunn et al., 2018). Homemade erythritol tetranitrate, a kind of nitrate ester

explosive, was studied by Benzemer et al. using LC-MS. Acetonitrile with

water was used as the mobile phase. The study was, however, not able to

provide information regarding the precursor materials that were used to pre-

pare the explosive (Bezemer et al., 2020). Headspace GC-IMS (HS-GC-

IMS) was used for the detection of ignitable liquids that are present in fire

debris. The carrier gas and drift gas taken for the study was nitrogen. The

ignitable liquids studied included gasoline, diesel, paraffin, and ethanol.

The ion mobility sum spectrum (IMSS) of substrates burned with these liq-

uids is shown in Fig. 8, which helped in identifying the cause of the fire

(Aliaño-González et al., 2019). LC-MS has also been used by Irlam et al.

for the detection of organic explosives up to the femtogram level. Ammo-

nium acetate added in a mixture of water and methanol in two different

ratios was taken as the mobile phase. Among the different matrices chosen

for the extraction of explosives, the approach showedmost promising results

for explosive detection in topsoil, oil, blood, and untreated wastewater

(Irlam et al., 2019).

3.3 Fibers
Fiber analysis is an integral part of forensic investigations because it helps in

giving information about the identity and clothing that a suspect or victim

was wearing. Different types of hyphenated techniques are discussed in this

section regarding forensic fiber analysis.

Causin et al. used pyrolysis GC-MS for the forensic investigation and

differentiation of acrylic fibers. Phenylmethylpolysiloxane was the stationary

phase while helium served as the mobile phase or the carrier gas. The pyrol-

ysis products identified through the process helped in differentiating the

structurally and visually similar fibers (Causin et al., 2006). In a study by

Schotman et al., dyes present in textile fibers were initially separated by

HPLC, followed by their detection using diode array detection (DAD)

and MS. Ammonium acetate enriched mixtures of water:methanol and ace-

tonitrile:methanol were utilized as the mobile phase. HPLC-DAD-MS

helped in proving the presence of dye mixtures in textile fibers such as poly-

amide, polyester, and cotton. The study also helped in differentiating

fibers of the same color on the basis of the dye concentration present
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(Schotman et al., 2017). Fiber dyes have also been analyzed byHu et al. using

HPLC-MS/MS. Different classes of dyes such as basic, acid, reactive, direct,

and disperse were analyzed during the study. Mixtures of acetic acid with

water and acetonitrile were used as the mobile phase. The LOD for dyes

ranged from 0.01 to 16.7 ng/mL. The method proposed in this study was

suitable and sensitive to detect dyes in even a few mm size of single fibers

(Hu et al., 2018). Sultana et al. used a technologically advanced microfluidic

device coupled withMS (MFD-MS) for the extraction and detection of tex-

tile dyes. The device required just 10 μL of solvent for the dye extraction

from the fiber, and the analysis time was less than 12 min. The dyes such

as anthraquinone and sulfonated azo dyes present in nylon fibers were tested

in this work. Fibers of around 10 μm diameter could be analyzed by this

technique to characterize the multiple dyes present in the fibers. The spec-

trum of acid red dye is shown in Fig. 9 (Sultana et al., 2018). Techniques

such as TLC have been combined with a video spectral comparator

(VSC) to enzymatically extract and differentiate dyes extracted from red

cotton fibers (Góra and Wąs-Gubała, 2019).

Fig. 9 Acid red 266 dye’s MFD-MS spectrum (A) with background; (B) without
background (Sultana et al., 2018).
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3.4 Food products
Forensic food analysis is often associated with the investigation of illegally

added or toxic substances present in food products. These harmful materials

can be examined using different types of hyphenated techniques, among

which LC-MS has been widely used by researchers (Gallart-Ayala et al.,

2013; Gosetti et al., 2018).

In a study by Negreira et al., milk packed in cartons was analyzed by

GC-MS in order to determine ink photo-initiators extracted from it via solid

phase microextraction. Helium was utilized as the carrier gas while the elec-

tron impact was the source of ionization for the GC-MS analysis. The limit

of quantification for the photo-initiators was in the range of 0.2–1 μg/L.
The study was able to detect ink initiators in skimmed, semiskimmed,

and whole milk samples (Negreira et al., 2010). LC-MS was also utilized

by Sanchis et al. for the analysis of photo-initiators along with primary aro-

matic amines in food packaging materials such as pouches, bags, and juice

tetrabricks (Sanchis et al., 2019). LC tandem MS has also been employed

for the analysis of illegal dyes such as neutral and sulfonated azo dyes, basic

dyes, indole dyes, xanthene dyes, quinolone dyes, and anthraquinone dyes

present in food samples at trace levels (Hu et al., 2020). HS-GC-IMS has also

been used to check the adulteration in honey samples. The study focused on

the adulteration of honey with corn and sugarcane syrups. Pure nitrogen was

used as the carrier as well as drift gas; the sample was eluted on a GCnonpolar

column. The success rate of classifying pure and adulterated honey based on

GC-IMS analysis was 97.44%. The study proved to be helpful in identifying

and classifying honey based on the type of adulterant added (Arroyo-

Manzanares et al., 2019).

3.5 Inks and questionable documents
Questionable documents are analyzed by forensic experts to determine their

age, ink composition, line crossings in case of forgeries, etc. Hyphenated

techniques have assisted researchers in the process of ink analysis, some of

whose works are discussed here.

Koenig et al. used GC-MS to study the aging parameters of ballpoint pen

inks. Heliumwas taken as the carrier gas, which was flowing on an HP5-MS

column. The ionization source in MS was electron impact. It was found that

factors such as ink composition, storage conditions, and writing pressure

affect the aging of inks on documents (Koenig et al., 2015). Laser-induced

breakdown spectroscopy (LIBS) was used with ICP-MS for the elemental
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analysis of inks used for printing documents such as inkjets, toners, offset,

and intaglio. The CCD spectrometer in the LIBS and EMT detector in

ICP-MS helped in identifying different elements present in the standard

ink samples (Fig. 10) (Subedi et al., 2015). Redacted documents, which

are the documents in which text is hidden with a marker or pen ink, have

been analyzed by Huynh et al. using direct analyte probed nanoextraction

coupled withMSwith nanospray ionization (DAPNe-NSI-MS). Laser abla-

tion was used to nondestructively extract the ink from the redacted docu-

ment, and further, the analysis was carried out to study the thermal

degradation of binding agents present in the inks (Huynh et al., 2016).

LC-DAD-MS has been used by Sun et al. for the sensing and identification

of blue roller ball pen and ballpoint pen inks. The degradation products

of dyes such as Crystal Violet, Victoria blue, Acid blue, and Acid violet

were identified in the ink samples (Sun et al., 2016). HPLC-MS has also

been used for the analysis of red inks present in counterfeit Chinese currency

notes, and the study was the first of its kind. A mixture of methanol, acetic

acid, and water along with an ion pairing reagent were used in different

ratios as the mobile phase. The method developed was able to discriminate

between the real and counterfeit notes on the basis of data regarding the

components of inks obtained by HPLC-MS and HPLC-MS/MS analysis

(Xu et al., 2016).

Fig. 10 Instrumentation of LIBS/ICP-MS along with the spectra of LIBS and ICP-MS for
inks having different elements (Subedi et al., 2015).
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3.6 Toxins
Toxins are readily studied in forensic toxicology laboratories by the use of

hyphenated techniques for their separation, identification, and quantifica-

tion. The research works related to toxins are discussed here. These works

can be helpful for forensic practitioners to develop methods for detecting

different toxins in illegally intoxicated people.

Coleman et al. used LC-MS/MS for the detection of tetrodotoxin, a

potent paralytic toxin extracted from urine via solid phase extraction.

Mobile phases used for the chromatographic separation were acetonitrile

and ammonium formate enriched with formic acid. MS analysis was done

in the positive mode. The study very precisely and accurately detected

the toxin in individual and pooled urine samples (Coleman et al., 2016).

In another study, poisoning due to tetradotoxin and its analogues coming

from puffer fish was also studied in the body fluids of humans using

LC-MS/MS. The toxin and its analogues were found in the urine, serum,

and plasma, indicating the cause of intoxication for the incident from New

Caledonia (Rambla-Alegre et al., 2018). Human plasma has also been ana-

lyzed to check the presence of mycotoxins using LC-MS/MS. Ammonium

formate and a formic acid mixture in water as well as ammonium formate

and formic acid in methanolic water were used as mobile phases. The

LOD values for different toxins range from 0.04 to 2.7 ng/mL. The method

developed in the study could be helpful to estimate the type of mycotoxin

used to intoxicate the person (Arce-López et al., 2020). LC-MS/MS (high

resolution) was used to identify biomarkers to detect the intoxication caused

by the consumption of toxicRicinus communis or mushrooms. Such materials

can be deliberately added in food items for mass homicide, and thus a

method for their analysis becomes an important task (Bambauer et al.,

2020). Endocrine disruptors found in human tissues cause intoxication,

and this has been detected using GC-MS. The endocrine disruptors selected

for the study included bisphenol A (BPA), bisphenol Z (BPZ), bisphenol

F (BPF), 4-tert-butylphenol (4-TBP), 4-tert-octylphenol (4-TOP),

4-pentyphenol (4-PP), 4-octylphenol (4-OP), 4-hexylphenol (4-HP),

and 4-nonylphenol (4-NP). Fig. 11 shows the elution profile of these

endocrine-disrupting compounds. The carrier gas used was helium, which

was flowing through the capillary chromatographic column at a rate of

45 mL/min. The ionization source was electron impact while a quadrupole

was the mass analyzer. In the case of alkylphenols, the limit of quantification

was 0.05–4 ng/g of tissue while for bisphenols, it was in the range of
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0.26–2.6 ng/g of tissue. The study therefore developed a method to detect

very minute quantities of such toxic compounds in human tissues.

These studies have developed methods for the separation, identification,

and quantification of toxins coming from different origins, which will be

helpful to forensic toxicologists in their investigations of criminal cases

related to intoxication by such toxic substances.

4 Conclusion

Hyphenated techniques are those in which two different techniques are

coupled in order to get the best of both worlds. In forensic science, these

techniques are highly useful as the forensic evidence can be easily separated

due to the chromatographic techniques and the structure of the molecule

can also be easily elucidated because of techniques such as mass spectrome-

try. In this chapter, a brief overview of the different hyphenated techniques

has been given and the applications of these techniques in the analysis of

various forensic evidence has also been discussed.
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CHAPTER 12

Optical microscopy for forensic
samples

1 Introduction

Optical or light microscopes are highly crucial instruments that use light as a

probe in order to determine the structure and morphology of a particular

compound. Light as such is an electromagnetic radiation in which the

two components that are primarily present—the electric field and the mag-

netic field—oscillate at right angles to each other. Light itself is composed of

photons that contribute the particulate and the wave-like nature to light.

Due to such properties, parameters such as amplitude that determines the

height of the oscillation, wavelength, frequency, and the energy of light

are manipulated in order to obtain a higher-resolution image of the sample.

There are mainly two types of microscopes: simple and compound. While

the simple microscope is composed of a single lens and is simply used to visu-

ally observe the samples, the compound microscope itself is made up of two

or more lenses and a light source. Based on the type of light source and the

way a sample is viewed, the compound microscopes are divided into

various types.

In forensic science, light microscopes are often one of the earliest tools

used for the preliminary and confirmatory analysis of evidence (Pandey et al.,

2017; Rawtani et al., 2019). There is a myriad of evidence found and each

sample has its own method of preparation and viewing. In this chapter, we

present a brief overview on the different types of optical microscopes,

namely the phase contrast, bright field, confocal, fluorescence, polarized,

and stereomicroscope. Also, the applications of such microscopes in the

analysis of biological samples such as bone, hair, skin, insects, fibers, explo-

sives, glass, paints, questionable documents, soil, and minerals is also

discussed.
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2 Fundamentals of optical microscopy

As mentioned in the introduction, light is made up of photons, which are

packets of energies that contribute to its dual nature. This duality is usually

expressed in the form of the equation:

E¼ hc=λ

Here, λ is the wavelength of the light, c is the speed of light, h is Plank’s con-
stant, and E is the energy that itself takes into account the frequency of the

light. Apart from this, there are also various types of lights that vary based on

their wavelengths and uniformity. Some of the types of light include mono-

chromatic, polarized, coherent, and collimated. Monochromatic light has a

single wavelength or frequency while in polarized light, the electric vectors

of light oscillate at different planes. Typically, light itself changes phases

when it enters different mediums. However, coherent light does not change

the phase despite a change in the medium of propagation. Finally, collimated

light propagates through mediums by maintaining its coaxial paths.

Typically, in a compound microscope, a light source with visible light is

used to image a sample through an objective lens that is responsible for the

collection of the light diffracted from the sample. This forms a real image that

is significantly magnified. This real image can be visualized through an eye

piece mounted on top of the microscope. Apart from this, condenser lenses

are also used that are responsible for focusing the light from the light source

onto the sample mounted on the sample holder. Apart from this, several fit-

tings are also used that aid the entire process of light scattering and magni-

fication (Fig. 1) (Murphy, 2001).

3 Types of optical compound microscopes

In this section, the different types of compound microscopes such as phase

contrast, bright field, confocal, fluorescence, polarized, and stereomicro-

scope are discussed.

3.1 Bright-field microscope
The bright-field microscope is one of the simplest compound microscopes.

It consists of a condenser lens that focuses the light from the source to the

sample, and an objective that converges the light to form a magnified virtual

image of the sample. The sample itself is placed between the object focal

plane and the lens. This technique is incredibly simple and can be visualized
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anywhere. Also, living cells such as any bacteria can also be easily visualized

using this technique. It is also one of the most widely used microscopes for

the preliminary analysis of forensic evidence. However, despite its use, it has

certain limitations such as low contrast, limited magnification, and resolu-

tion. A crucial parameter of bright field microscopy and also of other tech-

niques is the resolving power of the lens. The greater the resolving power of

the lens, the higher the resolution of the image obtained. This parameter is

dependent on another crucial factor known as the numerical aperture,

which is basically the ability of the lens to clearly differentiate the positions
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Condenser
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system
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Fig. 1 Instrumental setup of a compound microscope (Roane and Pepper, 2015).
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of two closely situated points. The greater the numerical aperture, the

greater the resolving power of the lens. Another factor related to the numer-

ical aperture is the brightness. Here too, the greater the numerical aperture,

the greater the brightness. The brightness is also inversely proportional to the

transverse magnification that is basically a measure of the magnification.

Therefore, it is important to keep in mind that too much brightness can

be a hindrance to obtaining an image with high magnification and resolu-

tion. This limitation is why a bright-field microscope is not useful for myriad

applications (Wayne, 2019a).

3.2 Phase contrast microscope
A phase contrast microscope typically functions on the contrast obtained from

a sample. Contrast is mainly defined as the difference in the intensity of two

points as observed from a single point of view. Typically, light travels at dif-

ferent velocities in different mediums and is represented according to the

refractive index of the medium. As the refractive indices change, there is also

a phase shift, due to which there is a difference in the contrast as well. The

phase shift also occurs when there is diffraction, due to which there is a phase

shift of λ/4. Based on the changes in the phases, the phase shift is represented in
terms of changes in contrast, due towhich the fine details of a particular sample

can be easily observed. The instrumentation of this microscope is similar to

any compound microscope and has a light source, condenser lens, objective

lens, and an eye piece. The light source such as a halogen bulb or LED pro-

vides homogenous illumination. This light passes through a particular phase

region known as the conjugate region. Apart from this, when the light hits

the sample, it undergoes diffraction and is collected by the objective lens, after

which it passes through a region known as the complementary region. The

waves obtained from the different phase shifts interfere with each other,

due to which it provides a brighter or darker image of the sample. If a sample

has multiple regions of different media, then those regions can be visualized

efficiently through this technique (Fig. 2) ( Johnson, 2013).

3.3 Fluorescence microscope
Visualization of an object occurs when there is a collision of the photons

with the sample and the scattered photons enter the eye. In the case of fluo-

rescence, when the photons hit a sample, there is a transfer of energy from

the photon to the electrons present in the sample. This energy transfer facil-

itates the movement of electron from the ground state (the preferred form of
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equilibrium for electron) to the excited state. However, it does not stay for a

long time at the excited state, soon losing energy and falling back to the

ground state. Many types of energies are released when the electron falls

from its excited state to the ground state. This is dependent on the position-

ing of the electron in its shell. Fluorescence is one such energy that is emitted

when the electron falls back. This lasts for a very small time, almost 10�8 s.

Also, when it falls back to the ground state, the wavelength of the energy

emitted is longer than the incident light. This phenomenon is known as

the Stoke’s shift and serves as the principle for fluorescence microscopy.

A fluorescence microscope consists of a light source that is capable of emit-

ting light in the UV range; currently, Kohler illumination is being used. The

light from the light source then passes through the excitation filter in which

only the wavelength of light that is capable of exciting the electrons passes

through. This excitation light then passes through the condenser lens that

focuses the light on the sample. The sample then emits fluorescence that

is a mixture of both the emission and excitation wavelengths. This is further

passed through an emission filter that focuses only on the emission wave-

lengths and is focused by the objective lens before it reaches the eye piece

(Fig. 3) (Wayne, 2019b; Wolf, 2013).

Fig. 2 Instrumentation of a phase contrast microscope ( Johnson, 2013).
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3.4 Confocal microscope
Confocal microscopy is another type of optical microscope that increases the

resolution and contrast of an image by focusing on it through a pinhole.

Through this technique, it is possible to see a three-dimensional (3D) view

of a sample by superimposing multiple two-dimensional (2D) images of the

sample. This microscope is different from other techniques because it has the

ability to scan the entire sample, whereas in other techniques, the entire sam-

ple is illuminated at once. Due to this, the small area of the sample that is

illuminated can be focused more easily, thus increasing the resolution of

the image. This focusing as mentioned before is done through a pinhole

as it filters out the remaining areas.

Typically, the confocal microscope consists of a scanning stage that is

capable of moving in the x-y direction. On this stage, the sample can also

be kept. Due to this setup, the sample can be moved for scanning while

the rest of the optical system remains fixed. However, the movement of

the sample itself is very slow, especially when compared to a speed of at least

25 frames a second to achieve the optimal speed. Therefore, in order to do

this, the optical beam is moved with the help of acousto-optical device-

controlled mirrors. However, this technique has certain disadvantages such

as the development of poor-quality beams. Therefore, later the laser itself

was split into a thousand parts and each individual beam was controlled

and focused on a particular area. A special pinhole disk called a Nipkow disk

is used to generate the thousand beams and allow their efficient control.

Fig. 4 shows the instrumentation of a confocal microscope (Lu, 2005;

Yao and Wang, 2005).

3.5 Polarizing microscope
Typically, light is made up of the sinusoidal waves of the electric and mag-

netic components propagating at right angles to each other; such a light is

commonly referred to as nonpolarized light. However, when light is polar-

ized, there is only one direction or plane of vibration. Light that is

completely polarized propagates in a sinusoidal uniform helical motion

and can be visualized as an ellipse at the end; this is known as elliptically

polarized light. Apart from this, linearly and plane polarized light also exist.

The polarizing microscope uses the linearly polarized light to visualize var-

ious samples and is used to image samples with higher contrast, resolution,

and magnification.
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Initially, the source used in the polarizing microscope to generate polar-

ized light was a crystal called a tourmaline. Later, these were switched to

calcite. Currently, a Nicol prism is the most commonly used polarized light

source. From the source, a condenser is kept that is responsible for carefully

diverting the polarized light onto the sample, which is set on a rotating stage.

The light obtained from the specimen is further passed through the objective

lens with low numerical apertures. It also passes through a compensator and

analyzer that are highly useful in determining the birefringence. Birefrin-

gence is a phenomenon that typically occurs in anisotropic materials and

whose refractive index changes based on the polarization and the direction

of light propagation. Birefringence is also responsible for double refraction,

due to which the polarized light may take two different paths, thus resulting

in a distorted image. The image analysis is also done in which background

subtraction and any errors are removed (Fig. 5) (Wayne, 2019c).

3.6 Stereomicroscope
Stereomicroscopes are typically used to image a sample with a lower mag-

nification. Also, another crucial difference is that this microscope uses

reflected light rather than transmitted light, as used in other microscopes.

By capturing the reflected light from the sample, it is possible to image opa-

que or thick samples. Factors such as working distance and depth of field are

important in order to obtain an image with higher resolution. Upon

decreasing the working distance, the resolution as well as depth of field

increases, which are the measures of acceptable sharpness. The stereomicro-

scopes are also designed according to the CMO (common main objective)

design in which the objective lens is exactly parallel to the sample and is kept

at the base of both optical paths.

The stereomicroscope consists of two optical paths in order to cater the

reflection from the samples to both eyes, thus offering a 3D image of the

sample. The light source used is generally fiber optic as it offers uniform high

intensity light and can also be easily placed in the microscope. The light hits

the sample from where the reflected light passes through the objective lens

that is kept at the base of the two optical paths. Apart from this design, the

stereomicroscope can also be operated at fixed and zoom magnifications. In

the case of fixed magnification, simply by changing the eyepiece, the mag-

nification of the microscope can be controlled. In zoom magnification, the

eyepiece can be easily changed to another eyepiece of a higher range (Fig. 6)

(Wilson and Wheeler, 2009).
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4 Optical microscopic analysis of forensic samples

Optical microscopy has always assisted scientists in understanding the struc-

tural details of the microscopic world around us. Forensic scientists have

used optical microscopy, especially polarized light microscopy (PLM) and

stereomicroscopy, for the ultrastructural examination of forensic samples

such as those of biological origin, fibers, explosives, glass, paint, questionable

documents, soil, and minerals (Wilson and Wheeler, 2009). Some of the

research works employing optical microscopy of forensic evidence are

discussed here.

4.1 Biological samples
Different types of biological samples are encountered at a crime scene. This

evidence can be of forensically important insects and their developmental

stages as well as bones, hair, skin, etc. These samples are analyzed under

an optical microscope for the in-depth investigation of their morphological

features.

In a study by Sousa et al. that was focused on age determination from the

incremental lines present in the cementum of teeth, light microscopy was

used to take the images of cross-sections of almost all types of teeth, be they

incisor, canine, molar, or premolar. The bar for taking the images was

100 μm. The incremental lines were clearly visible, and were counted to

estimate the age of the individual. There was no significant difference

observed in their estimated and real age (Sousa et al., 1999). A similar kind

of study was also performed by Kasetty et al. using PLM at 10� and stereo-

microscopy at 5�. From the study, it was concluded that the annulations in

cementum are less significant as compared to the thickness of cementum in

the age estimation (Kasetty et al., 2010). Maat et al. used bright-field light

microscopy for the analysis of bone, which could be helpful for forensic

anthropologists. For bright-field microscopy, images were taken at 6.6�
for the parietal bone and a rib sample of 12 and 12 μm size. In addition,

PLM was also used at 66� for the detailed analysis of these bones. The

method developed in this study for bone sample preparation could be used

for inhumed, cremated, and preserved bone remains of forensic value (Maat

et al., 2001). Cerutti et al. showed the ability of light microscopy for exam-

ining toolmarks on bone samples. Bones were cut by different types of tools

such as metal cutting and wood cutting saws, symmetrical and asymmetrical

blades, and box cutters. The injuries were made in two ways: a single swipe

and repeated motion. The images were recorded at 40� magnification.
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The microscopic images clearly revealed the presence of fractures due to dif-

ferent tools that were surrounding as well as penetrating the osteons (Cerutti

et al., 2016).

The morphology of flies of forensic importance mostly belongs to the

order Diptera. Their morphological details along with the study of their

developmental stages give an idea about the time since death. In a study

by Sukontason et al., Chrysomya villeneuvi Patton, which belongs to the

Calliphoridae family, was studied using optical microscopy for the mor-

phological details of its second and third instars. The structural details

observed under a light microscope such as the cephalopharyngeal skeleton,

the anterior and posterior spiracles, the intersegmental spines, the tuber-

cles, and the papillae were clearly visible for both the instars. The detailed

structures for the second instar are shown in Fig. 7 (Sukontason et al.,

2005). Another member of this family, Lucilia porphyrina, was also studied

in its immature (instars and puparia) form using light microscopy. Magni-

fication for the image procurement varied from 4� to 40�. All the struc-

tural details were visible in the microscopic images (Klong-klaew et al.,

2012). Hair has also been analyzed using light microscopy. In a study by

Wilson and coresearchers, structural changes in hair shafts due to biodeg-

radation by microbes was studied using light microscopy along with

electron microscopy. 0.5 μm thick sections of hair were taken for high-

resolution light microscopic analysis after treatment with toluidine blue.

It was observed that a layer in the cuticle and melanin granules in the cortex

was the most resistant while the intercellular cell membrane complex was

the least resistant to biodegradation (Wilson et al., 2007). Yates et al. used

light microscopy for the forensic identification of giraffe and elephant spe-

cies using hair samples collected from their tails. The images were taken at

100� magnification. As observed in the images, giraffe hair was different

from elephant hair due to the radially arranged tubules in the periphery of

the hair shaft (Yates et al., 2010).

A study from the late 1970s by Danielsen et al. showed the potential of

light microscopy in the analysis of skin after thermal and electrical injuries.

Pig skin was used for this purpose. The samples for microscopic analysis were

stained by eosin and hematoxylin. The images revealed a clear distinction

between the electrocuted and heated skin samples. It was observed that

the changes in dermis and epidermis were distributed in a diffused manner

in heated skin while for electrocuted skin, they were present in segments

(Danielsen et al., 1978). Nakatome and coresearchers used light microscopy

to detect apoptosis in cardiomyocytes, which could help to develop a
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biomarker for the diagnosis of acute myocardial infarction (AMI) during an

autopsy. The myocardial cells were specifically stained and were visible

under the microscope for samples coming from people who died of AMI

(Nakatome et al., 2002). Wiltshire used light microscopy to check for the

presence of fungal and psychotropic plant materials in people who had sus-

picious deaths. The images revealed the presence of fungal spores as well as

pollens of different psychotropic plants in the gut contents as well as con-

tainers (Wiltshire et al., 2015).

Fig. 7 Images from a light microscope of Chrysomya villeneuvi (second instar). (1) whole
body sideways view: C, cephalopharyngeal skeleton; AS, anterior spiracle; S, spines in
between segments; T, tubercles; PS, posterior spiracle. (2) Papillae in AS. (3) IS. (4) PS
with spiracular slits. (5) T covered with dark spots. (6) Third instar cuticle (Sukontason
et al., 2005).
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4.2 Fibers
Fibers are very commonly encountered at any crime scene. These fibers can

be of animal or plant origin or synthetic in nature. Optical microscopy has

contributed much in the structural characterization of these fibers in forensic

laboratories. Research works related to these structural characterizations are

discussed here.

In a study by Grieve et al., acrylic fibers were characterized using PLM

and bright-field microscopy. It was observed through bright-field images

that fibers such as Orlon 78 and 21 as well as X-24 had an irregular

mushroom-like morphology and were bicomponent in nature. The PLM

analysis revealed that fibers such as Acrilan B94 and B57 as well as Dralon

K exhibited birefringence property (Grieve et al., 1988). Another study

by Flynn et al. used bright-field, fluorescence, and PL microscopy for the

analysis of bicomponent fibers. The images were recorded at 100� and

500� magnification. It was observed that none of the fibers had a fluores-

cence property while the bicomponent nature of fibers was observed under a

bright-field microscope and PLM, but not for all the fibers. Orlon 21 was

seen to exhibit a side-by-side configuration of both components (Flynn

et al., 2006). Kemp et al. used a stereomicroscope for the analysis of fabrics

that were torn after a stabbing. The fabrics taken for the study were cotton

single jersey knit and cotton bull drill (same as denim). The weapons taken

were a kitchen knife, a hunting knife, and a screwdriver. It was observed

through microscopic analysis that knives produced tapered and sharp sever-

ances on the fabric while screwdrivers produced rough and spherical sever-

ances (Kemp et al., 2009). De Wael and coresearchers have done a lot of

work in this field. This research team did a forensic analysis of different fibers

and published their research work in three parts. All the fibers were exam-

ined for their dichroism behavior in plane polarized light under an optical

microscope. In the first part, polyester fibers colored with different disperse

dyes were examined. Initially, the color of the fiber was noticed using

bright-field microscopy, followed by analysis under a polarizer oriented

in the north-south direction. It was observed that the dyed polyester fibers

showed strong dichroic behavior by exhibiting hypochromic and hypso-

chromic or bathochromic effect (De Wael and Vanden Driessche,

2011a). The second part focused on the analysis of fiber sof polyamide, silk,

and wool colored with different acid dyes. It was observed that these fibers

had a weaker dichroic property than polyester fibers. However, these fibers

showed inverse dichroism (hyperchromic effect) (De Wael and Vanden
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Driessche, 2011b). The third part was focused on the analysis of viscose and

cotton fibers colored with various types of dyes. Hypochromic and hypso-

chromic effects were observed in this case as well (De Wael and Lepot,

2011). The PLM images of different fibers in comparison with bright-field

light microscopy taken at 400� are shown in Fig. 8 (De Wael et al., 2012).

4.3 Explosives
Explosives and their residues are found as fragments that penetrate the skins

of people present at a crime scene. The analysis of such samples becomes

important in order to identify the type of device utilized for the explosion.

Bright field

FRC11537 (PES50)

FRC8690

FRC8849 (CO134)

Parallel position
(polarizer oriented N-S)

Perpendicular position
(idem oriented N-S)

Fig. 8 Bright-field and polarized light microscopic images of three types of fibers (bar is
25 μm) (De Wael et al., 2012).
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In this regard, PLM and confocal microscopy were used by Turillazzi

et al. for the structural analysis of skin samples of people killed in the explo-

sion of a letter bomb (masked) for the detection of traces of explosives and

their residues. A histological study for the samples was performed under a

bright-field light microscope. The samples that exhibited stratified strange

materials were taken for confocal microscopic analysis along with the use

of polarized light. The presence of explosive residues in the skin samples

was visible on the epidermal and dermal layer of the skin (Turillazzi

et al., 2010).

4.4 Glass
Glass is a common trace evidence analyzed by forensic investigators in cases

of hit and run, burglary, or assault. In these cases, fragments of glass are found

on the body as well as clothing of the people involved in the crime. Optical

microscopy has played an important role in these cases.

In a study by Welch et al., a phase contrast microscope was used for the

analysis of band patterns in glass fragments. The fragments were ground

and mixed with silicone oil for microscopic analysis. In the image, light

and dark bands of around 5 and 50 μm size were observed, with the best

resolution at the temperature when the refractive index of oil and glass

matched. The examination of the dark and light bands in glass fragments

could be correlated to its original source or the window from which it was

broken (Welch et al., 1989). Petterd el al. published a survey from south-

east Australia regarding the analysis of glass particles in the clothes of peo-

ple. A stereomicroscope at magnification ranging from 6 to 40� was used

for the analysis. The study concluded that the possibility of finding glass

fragments on the clothing of a suspect was very high because fragments

were found on most of the garment samples examined (Petterd et al.,

1999). A similar kind of study was conducted by Roux et al. for analyzing

fragments of glass. However, the samples were collected from the footwear

of people rather than clothing, as mentioned in the previous study. In this

study, a stereomicroscope along with PLM was used in order to differen-

tiate between isotropic and anisotropic wreckage. It was observed that the

presence of glass fragments was more in the sole as compared to the upper

region of the shoe (Roux et al., 2001). In another study focusing on the

analysis of glass fragments present on the jackets of police officers and

forensic laboratory workers, PLM was used to differentiate between the
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anisotropic (may be quartz or something similar) and isotropic (may be

glass) (Da�eid et al., 2009).

4.5 Paint
Paint analysis is usually performed in cases related to hit and run, or for the

samples collected from tools involved in a burglary. Microscopic analysis

reveals the layers of paint, by which it can be correlated to the vehicle or

source from where it came. This analysis is commonly practiced in the

forensic examination of vehicles.

Hamer published an article in the early 1980s regarding the use of light

microscopy along with plane polar and crossed polar lights for the forensic

analysis of pigments present in paints. The images were recorded in the mag-

nification range of 150� to 625�. Properties such as color, shape, size, crys-

tallinity, and refractive index of paint samples were analyzed (Hamer, 1982).

Allen also used light microscopy for the investigation of thin sections of

household paint samples. The illumination type was both bright-field and

dark-field. These microscopic techniques helped in the discrimination of

paint samples on the basis of their color as well as particle distribution. In

addition, PLM was used for analyzing the birefringence and fluorescence

microscopy for the fluorescent property of the paints (Allen, 1992). In

another study that focused on the investigation of architectural paints, a ste-

reomicroscope was used for the analysis and discrimination of such paint

samples on the basis of properties such as topcoat sheen and color as well

as the layer color, texture, number, and thickness. The microscopic inves-

tigation helped in discriminating paints on the basis of their topcoat as well as

the structure of layers they had (Wright et al., 2011).

4.6 Questionable documents
Questionable documents are analyzed in cases of counterfeiting or forgery.

Chromatographic analysis usually helps in the chemical profiling of inks

while microscopic analysis helps in the examinations of line crossings.

In this regard, Saini et al. used stereomicroscopy for the analysis of line

crossings through gel pens and strokes of a laser printer. The magnification

used for capturing the images was in the range of 2.5� to 40� while the

illumination angles for the light source were 15 and 45 degrees. Features

such as the sheen, gap, and skipping of the ink as well as specular reflection

were visualized. Fig. 9 shows the sheen discontinuity, gel ink skipping and

gaps, and specular reflection in a writing sample (Saini et al., 2009).
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4.7 Soil and minerals
The analysis of soil and mineral particles collected from the body, clothing,

or shoes of a suspect or victim can be directly correlated to the crime scene or

any other location related to the crime. The microscopic analysis of these

particles is done in forensic laboratories using different optical microscopes.

In a study related to environmental forensics, a soil sample was analyzed

with PLM to check the morphology of mineral crystals in the soil and also to

detect the presence of perchlorate, a kind of xenobiotic substance, in those

samples. The analysis was done at 200�. The study reported the presence of

perchlorate in soil using PLM along with other characterization techniques.

Fig. 10 shows the soil sample with perchlorate analyzed by PLM (Duncan

et al., 2005). Bull et al. used a light microscope (binocular) to examine

the sediment and soil particles collected from the cast footprint. Minerals

such as calcite, feldspar, mica, iron, shale, quartz, and limestone along with

fibers and hair were reported through microscopic analysis to be present in

the soil samples (Bull et al., 2006). In a study related to the forensic charac-

terization of soil from Portugal, light microscopy was used for the analysis of

pollen grains present in the soil samples by capturing images at 400� mag-

nification (Guedes et al., 2011). A study from forensic geology showed the

ability of PLM in the mineral analysis. The analysis helped in creating data

about the mineral properties such as color, Becke line movement,

Fig. 9 Characteristics of writing through green gel pen ink observed via
stereomicroscope at a 15-degree illumination angle (Saini et al., 2009).
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pleochroism, relief, shape, and texture (Shieh and Chen, 2013). In Giam-

paoli et al.’s study, which was related to the NGS (next-generation profiling)

profiling of soil for forensic purposes, a stereomicroscope in the range of

10� to 50� along with PLM were used for the geological analysis of soil.

The analysis revealed the presence of different minerals and fragments of

rocks in the soil samples (Giampaoli et al., 2014).

5 Conclusion

Optical microscopes are among the most widely used tools for the prelim-

inary and confirmatory analysis of different forensic evidence. There are two

types of optical microscopes, namely the simple and the compound micro-

scope. The magnifying glass is a simple microscope while the compound

microscope consists of two or more lenses. The two most commonly used

lenses are the objective and the condenser lens, which help in controlling the

light paths from the source to the specimen and then to the user. Compound

microscopes such as bright-field, phase-contrast, fluorescence, confocal,

polarizing, and stereomicroscopes are commonly used in the analysis of var-

ious forensic evidence such as biological samples, fibers, explosives, glass,

paint, questionable documents, soil, and minerals. These microscopes, espe-

cially polarizing and stereomicroscopes, are widely used for the analysis of

breech marks in bullets as well as soils and minerals from different crime

Fig. 10 PLM analysis of a soil sample with the presence of perchlorate (Duncan et al.,
2005).
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scenes. In this chapter, a brief overview of such microscopes along with their

application in the analysis of different forensic evidence has been given.
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CHAPTER 13

Electron microscopy for forensic
samples

1 Introduction

Microscopes have been used over the years to magnify and image objects in

much more detail. Light microscopes are most commonly used because of

their cost efficiency, robustness, and noninvasiveness. There are also many

types, and they can magnify images with high resolution. X-rays, which are

another part of the electromagnetic spectrum, have also been employed in

X-ray computed tomography to visualize materials with a resolution similar

to that of a light microscope. However, this resolution does not exceed

0.1 μm and thus particles smaller than this cannot be visualized clearly.

Therefore, electron microscopes have been developed that employ electron

beams of shorter wavelengths that have been generated with accelerating

voltages. Electron microscopes such as scanning electron microscopes

(SEM), transmission electron microscopes (TEM), and scanning transmis-

sion electron microscopes (STEM) have been developed that are capable

of visualizing an object in the range of pico- to nanometers as well. Such

imaging offers new insights into the actual structural composition of the

material. Electron microscopes have undergone a revolution in the past

few years and are capable of visualizing the materials down to their atomic

level. Even the surface quality and local chemistry of the material can be

observed through these techniques. The resolution of the electron micro-

scopes is similar to those of scanning probe microscopes such as atomic

force microscopes (AFM) and scanning tunneling microscopes (STM)

(Inkson, 2016).

In forensic science, evidence such as gunshot residue (GSR), bullets,

paints, fibers, questionable documents, and counterfeit products are com-

monly encountered. This evidence is often characterized by analytical tech-

niques such as spectroscopic techniques that are capable of determining the

chemical composition and structural morphology of the material. The infor-

mation obtained from these techniques can be paired with the data obtained

from electron microscopes to ensure a thorough and positive identification
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of the materials. Interestingly, electron microscopes can also be combined

with techniques such as energy dispersive X-ray spectroscopy (EDX) to ana-

lyze the elemental composition of the material. This technique is of impor-

tance in the identification of GSR where the composition of the primers

used needs to be identified.

In this chapter, the principle, theory, working, and instrumentation of

electron microscopes will be discussed. Also, emphasis will be given on sam-

ple preparation and the combination of electron microscopes with other

techniques. The applications of electron microscopes in the analysis of var-

ious forensic evidence will also be discussed.

2 Principle and theory of electron microscopes

Electron microscopes use electron beams of a shorter wavelength that are

developed with the help of accelerating voltages of 1–300 kV. Electrons
behave in accordance with the wave particle duality in which a stream of

electrons behaves like a wave, but upon impact with a material, each indi-

vidual electron interacts with it. Due to this property of wave particle dual-

ity, the wavelength of the electrons depends on their momentum.

Therefore, by using accelerating voltages, it is possible to generate electrons

with very high energy and thereby shorter wavelengths.

The imaging in an electron microscope is done through the interaction

of the material with two types of electrons, primary electrons that generate

secondary electrons. Primary electrons are those that are targeted at the

material while secondary electrons are those that escape from the material

once the primary electron has hit the sample. The trajectories of these elec-

trons are very much dependent upon the positioning of atoms and the types

of elements in the material. Backscattered electrons are those electrons that

reflect from the specimen and auger electrons are low-energy electrons. The

scattered electrons are detected to develop a high-resolution image (Fig. 1).

The scattering of electrons mainly occurs in two different ways, elastic

and inelastic scattering. In elastic scattering, the energy is conserved when

the electron hits material while in inelastic scattering, there is a loss in energy

upon impact. Uniform elastic scattering allows the imaging of crystalline

structures with greater resolution as it is able to diffract better. The informa-

tion obtained from inelastic scattering helps in getting an idea about the

thickness, volume, and transparency of the material (Amelinckx et al.,

1997; Kuo, 2014; Spence, 2009).
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2.1 Theory of scanning electron microscopy
SEM is used to visualize the surface morphology of a material. It gives details

such as topography, composition, and crystallographic information. How-

ever, it does not give any information about the underlying image. Quite

often, cross-sections of a material are cut and visualized in order to get fur-

ther insight into the structure and composition of the material. In SEM,

electron beams are used that are emitted from a filament to which an accel-

erating voltage is applied. The sample that is conducting in nature is

impinged by the electron beam. Any nonconducting materials are often

coated with a coating material prior to analysis with SEM. In this technique,

the primary electrons are released under vacuum through an electron beam

with an accelerating voltage of 1–40 KeV. The electron beam is highly

focused and monochromatic. It is sent through a series of magnetic lenses
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Secondary electronsX-rays:
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Fig. 1 Scattering of electrons upon impingement of electrons on a sample (Kwiecińska
et al., 2019).
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that keep the beam highly focused in order to increase the resolution. Here,

the routinely used electrons are the backscattered and secondary electrons.

The backscattered electrons give an idea about the multiple phases existing

in the composition of the material while the secondary electrons give an idea

about the sample topography and form ( Joy, 2019; Sharma, 2018).

2.2 Theory of transmission electron microscopy
TEM is preferred when the internal microstructures of any material need to

be visualized. It is highly useful for materials such as fibers, thin films, or even

atoms. The principle of TEM is similar to SEM in that it uses electron beams

that are highly focused. It also consists of a series of magnetic lens to focus the

beams. However, the electrons detected in this case are the primary electrons

that are able to pass through the material. The material therefore should be

extremely thin and capable of allowing complete penetration of the electron

beam. Scattering also takes place in this technique to produce elastically scat-

tered electrons, X-rays, and auger electrons (Williams and Carter, 1996).

3 Instrumentation of electron microscopes

The instrumentation of TEM and SEM is similar in many ways; however,

there are certain differences that need to be considered. For instance, both

microscopes need to have an electron gun that is capable of accelerating elec-

trons and generating electron beams. Also, the entire instrumental setup is

done in a vacuum in order to prevent the loss of energy of the electrons upon

collision with any gas molecules. Both instruments consist of a sample holder

and detector to place the sample and detect the scattered and transmitted

electrons.

The key differences between the instrumentation of SEM and TEM are

in sample preparation, operating voltage, the number of apertures and con-

densers, and the positioning of the sample holder. In SEM, the sample holder

is placed at the end of the instrument while in TEM, the sample holder is

placed in the center of the instrument. Fig. 2 shows an overview of the

SEM and TEM instrumentation.

Conventionally, the electron guns used employed thermal energy to

emit electrons from a cathodic filament. The movement of electrons is

assisted by the presence of an accelerating voltage. However, there were cer-

tain drawbacks such as the development of a wide area of the electron beam,

due to which the narrowing and focusing are difficult. Later, field emission

(FE) guns were developed that used tunneling or the Schottky effect to emit
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electrons. These are a remarkable development from the conventional cath-

ode guns as they are capable of creating electron beams of 10 nm spread.

However, these electron guns need to be operated in ultrahigh vacuum.

SEM is usually operated at 0.1–10�4 Pa while TEM is operated at 10�7

to 10�9 Pa.

In SEM, the electron beam is controlled by a series of electromagnetic

lenses and condensers that are designed to focus the beam and control the

movement of the beam over the sample while scanning it. The lenses are

also designed to remove or adjust any beam astigmatism. TEM uses electro-

magnetic lenses and condensers to control the beam, but it has more such

lenses than SEM. Condenser, objective, and projector lenses are used

sequentially before and after the sample holder to achieve the highest reso-

lution. Also, apertures are built in to reduce any chromatic aberrations.

Another crucial aspect of electron microscopes are the detectors that are

capable of capturing the scattered and transmitted electrons. In SEM, there

are four types of detectors: scintillation detectors, semiconductor detectors,

cathodoluminescence detectors, and microchannel plate detectors. In the

scintillator detector, a scintillation material such as yttrium-aluminum-

garnet (YAG) or yttriumaluminum-perovskite (YAP) converts the scattered

electron signals to photons that are further amplified by a photomultiplier

tube (PMT). Semiconductor detectors or solid-state detectors involve the

generation of electron-hole pairs to generate current that is proportional

to the number of electrons reaching the detectors. This type of detector

is highly useful for detecting backscattered electrons. Microchannel plate

detectors deal with the use of small PMTs present in a large number; they

are kept between the sample holder and the objective lens. This detector is

capable of working at both high and low accelerating voltages, and is also

capable of efficiently detecting the scattered electrons. Quite often, when

the high energy incident electrons hit the material, some amount of lumi-

nescence and visible light is also produced. The cathodoluminescence works

by collecting the luminescence signal. The detector is kept at a very specific

angle in order to collect the maximum amount of luminescence (Hawkes

and Spence, 2019).

3.1 Sample preparation for electron microscope
Electron microscopes, while offering high resolution and information about

the morphology and composition of the material, are still very complex and

expensive tools. Over such complex instrumentation, it is therefore
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important to perform proper sample preparation procedures in order to

achieve images of utmost clarity and detail. SEM and TEM both have very

varied sample preparation procedures, but the one thing both techniques

have in common is that the sample must be prepared under very clean

and dry conditions, as any dirt may cause the presence of artifacts in the

image. In SEM, it is necessary that the sample is conducting in nature.

Therefore, in order to image nonconducting samples, especially biological

samples, they are coated with conducting materials such as carbon, gold, or

platinum. The coating is made ultrathin so that the sample is made conduct-

ing in nature while not bringing any change to the actual morphology of the

sample. Also, prior to coating, the samples are usually fixed through slicing,

acid etching, or abrasions. TEM, meanwhile, involves creating ultrathin

slices of the sample such that the samples are at a maximum of 200 μm thick.

3.2 Modes of SEM and TEM
Various factors affect the imaging in SEM and TEM. In SEM, the factors

affecting the imaging are the electron probe size, current, convergence

angle, and accelerating voltage. Based on the variation of these factors,

different modes of imaging by SEM have been developed. The electron

probe size is the diameter of the beam spot when it hits the sample while

the electron current is the one that, upon hitting the sample, generates

the different signals required for imaging. The convergence angle is the

angle of the cone that is developed when the electron beam hits the sample.

In TEM, the geometry of the electron beam involved in the illumination of

the sample, the path of the electron passing through the lenses attached

below the specimen, the apertures, and the detector used are themain factors

affecting imaging.

The four main modes of imaging in SEM are the resolution mode, the

low-voltage mode, the high-current mode, and the depth-of-focus mode.

Goldstein et al. (2003) very well summarized the different modes of imaging

in SEM. In the resolution mode, the probe diameter is kept extremely small.

Because the diameter of the probe is extremely small, the beam itself should

contain enough current so that when it hits the sample, it can emit enough

signals. This mode allows the imaging of the sample with greater detail and is

highly useful to observe samples such as treated hair, where small striations

are visible on it. The different imaging modes are often used in conjunction

with each other. A smaller electron probe without adequate current gener-

ates a lot of noise and poor visibility of the image. Therefore, the
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high-current mode and the high-resolution mode are often used together.

In the depth-of-focus mode, the convergence angle is manipulated such that

the probe diameter is least affected. A small convergence angle allows greater

focus while keeping the probe diameter small, thus allowing the focus to be

on minute details of the sample. Manipulating the accelerating voltages con-

trols the movement of the electron beam and its impingement on the sam-

ple. Electron beams generated with low voltages stay close to the surface of

the sample and therefore give extremely high detail of the surface morphol-

ogy. High-voltage electron beams have the ability to travel through the sam-

ple. While this is a great feature for TEM, it is not suitable in case of SEM as

the sample prepared is thick and will not generate a clear image of the sample

(Goldstein et al., 2003).

In TEM, bright-field imaging, electron diffraction, STEM, high-

resolution TEM (HRTEM), and high-angle annular dark field (HAADF)

are the most widely used. In bright-field imaging, the scattered electrons

are blocked by an objective aperture that allows the transmittance of only

unscattered electrons that form a bright field image. This mode is highly use-

ful to analyze the thickness of the grain boundaries or any dislocations in the

sample. Such features of the sample generate a darker contrast in the image as

they do not allow the passing of electrons through them. Just like bright-field

imaging, dark-field imaging can also be done in which the scattered elec-

trons are detected. In electron diffraction mode, elastically scattered elec-

trons are detected that can cause constructive and destructive

interference. This phenomenon causes the impingement of the electrons

on the sample at specific angles, thereby causing diffraction. The angles at

which the electrons impinge are characteristic of the crystal structure and

orientation of the sample. Therefore, they give an idea about the crystallinity

of the sample. This mode can be used along with bright-field imaging and

EDX. HRTEM, as the name suggests, is used when extremely high detailed

imaging is required. In this case, it is necessary that the samples are ultrathin

due to which the elastically scattered electrons are easily detected. STEM is

an amalgamation of both SEM and TEM. In this technique, the focused

electron beam is raster scanned on the sample. Unlike SEM and TEM,

the electron in this case is sent from the bottom of the sample and is set

upward. This technique also consists of a series of magnetic lens and con-

densers that focus the electron beam on the sample, and the elastically scat-

tered electrons are detected (Peter, 2019). Also, STEM is used when the

chemical composition of the entire sample has to be analyzed sequentially.

HAADF collects the electrons that have been incoherently scattered at high
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angles. This mode is used when images with high contrast need to be gen-

erated and also when the chemistry at an atomic scale has to be analyzed

(Inkson, 2016).

4 Electron microscopy-based forensic investigations

Electron microscopy has aided forensic investigations for many years. This

technological advancement has helped forensic scientists to closely look at

the morphological details of much evidence. Among different types of elec-

tron microscopic techniques, SEM has garnered the attention of most foren-

sic scientists and is widely used for the morphological examination of

forensic samples (Basu, 2006). The different evidence collected from the

crime scene that needs to be analyzed through electron microscopy can

be classified into three types: biological, anthropogenic, and geological

(Palenik et al., 2018). This section discusses the use of electron microscopic

techniques for the different aforementioned types of forensic samples.

4.1 Biological evidence
Crime investigations often encounter different kinds of biological evidence.

Various types of biological evidence that can be found at a crime scene for

microscopic analysis include hair, diatoms, wood, seeds, pollen, fungi, dental

remains, skin, bones, etc. (Palenik et al., 2018). In this section, the electron

microscopic analysis of biological forensic samples such as hair, skin, bones,

and diatoms as well as flies and their developmental stages that are of forensic

importance are discussed.

The morphological analysis of hair is an important task in forensic inves-

tigations. With changes in race and ethnicity, the morphology of hair

changes. Drug consumption and cosmetic treatments also affect the structure

of hair. The structure also varies between humans and animals. In a research

work that focused on the analysis of cocaine incorporated in hair that was

damaged by various cosmetic treatments, SEM was used to study the mor-

phological changes in hair due to cosmetic treatments. The cosmetic hair

treatments done were chemical (bleaching, dyeing) and thermal (straighten-

ing). The images were captured using an SEM microscope with 20 kV of

acceleration potential and 60 μA of beam current. It was observed that ther-

mal treatment produced localized damage while chemical treatments dam-

aged the entire surface of the hair (Gerace et al., 2017). Another study also

performed a similar kind of work in studying the effect of cosmetic treat-

ments on hair. However, this study compared the effects produced by
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cosmetic treatments on hair from two different ethnic groups, Afro and

Caucasian. The cosmetic treatments applied were thermal, straightening,

and bleaching. It was observed that there was no significant morphological

difference between the untreated hairs from the two ethnic groups. How-

ever, thermal treatment caused the removal or breakage of the cuticle layer

(Fig. 3); bleaching caused the development of striations on the hair surface

(Fig. 3); and straightening caused minor undulations and was responsible for

cuticle detachment (dos Santos et al., 2019). Apart from hair, bone structure

has also been examined by forensic scientists. In a case report published by

Melki et al., SEM was used to investigate exhumed bones. The study

Fig. 3 SEM images of Caucasian and Afro hair after thermal and bleaching treatment
(dos Santos et al., 2019).
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focused on examining a fracture in the victim’s skull to correlate it with a

seized weapon that was probably used in the homicide. The first autopsy

report discussed the use of a stabbing weapon for the homicide. The

SEM results revealed the presence of red blood cells and fibrin in the bone

tissue, which are not present in normal cases. It was concluded on the basis of

the SEM images that the seized weapon was probably used for the homicide

(Melki et al., 2011).

Skin samples are also analyzed to examine any kind of morphological

changes in cases of burns, electrocution, etc. In a recent technical note, a

preservation protocol for SEM analysis of skin samples of forensic impor-

tance has been developed. The skin samples with bone were used to perform

SEM analysis just after sample collection and after storing the samples in 4%

formalin for 7 days. The SEM images revealed that the preservation method

was perfect because the samples had not lost any information, even after

storage for a week (Montoriol et al., 2019). Skin samples of electrocuted

people were also analyzed through SEM in a research work. The samples

were collected from five different cases of electrocution, and all victims were

male. The ultrastructural analysis of specimens showed that epidermal cells

were elongated, the vacuolization of the horny layer became evident, and

elastic fibers got coagulated (Fig. 4). The study suggested the use of SEM

Acc.V   Spot Magn     Det   WD 200 mm

10.0 kV 3.0   80x        SE   8.8

Fig. 4 SEM analysis of the skin of an electrocuted person (site of contact of skin with
conductor was the index finger of the right hand) (Visonà et al., 2018).
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along with EDS (energy dispersive X-ray spectroscopy) in cases of electro-

cution to identify metals that get embedded into the skin and to study the

morphological changes in skin due to electrocution (Visonà et al., 2018).

The detection of diatoms (unicellular algae with a transparent cell wall made

up of silica) becomes essential in cases of drowning, where corpses are recov-

ered from water in a mostly decomposed state. In a relevant study, SEMwas

used to identify different species of diatoms in cadavers found at the bank of a

river and from the sea. Microwave digestion, followed by vacuum filtration

and automated SEM, was used for this purpose. The identification of diatom

species from SEM was compared with those identified through acid diges-

tion (a conventional technique for a diatom test). Researchers were able to

identify 25 species of diatoms through SEM, but only five with the conven-

tional diatom test. Hence, SEM proved to be a better option for a diatom test

over the conventional one (Zhao et al., 2015).

In addition to these biological samples, forensic entomology also utilizes

SEM to study the ultrastructural details of different flies and their various

developmental stages such as eggs, larvae, etc. Flies or insects are the pioneer

species that start colonizing a dead body. They start depositing their eggs on

the cadaver a few hours after death. Murder victims’ bodies are often contam-

inated with eggs of various flies (Erzinclioglu, 1989). The correct examination

of eggs and flies becomes important because they can be correlated to the post-

mortem interval, murder circumstances, movement or disturbance of the

body after death, the presence of drugs, etc. (Benecke et al., 2004;

Gagliano-Candela and Aventaggiato, 2001). SEM analysis has been widely

used for this purpose. In a study, SEM was used to identify fly eggs. The eggs

of dipteral species of forensic importance such as Chrysomya putoria, Ophyra

aenescens, Lucilia eximia, Chrysomya megacephala, and Lucilia cuprina were iden-

tified through SEM analysis. The egg samples were prepared for SEM analysis

by a thin gold coating of around 20–30 nm thick. On the basis of median area,

anastomosis, and holes on islands of eggs, they were categorized into different

species. These characteristics can be helpful to forensic entomologists for spe-

cies identification, thereby aiding in forensic investigations (Mendonça et al.,

2008). In another study, the ultrastructural details of forensically important

flies belonging to the Muscidae family of the Diptera order were investigated.

The species taken for the study were Ophyra albuquerquei, Biopyrellia bipuncta,

Ophyra aenescens, and Morellia humeralis. The study was conducted to increase

the database about the structural details of forensically important flies. It was

observed that various groups of sensilla covered the katepisternals ofB. bipuncta

andM. humeralis. Sensilla were also densely populated on the ocellar region’s
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surface of O. chalcogaster and O. albuquerquei, but absent on O. aenescens.

The flagellum of O. albuquerquei also had a population of coeloconic sensilla.

Fig. 5 reveals the ultrastructural details of B. bipuncta (Carriço et al., 2015). In

another study, a fly from the Sarcophagidae family of the Diptera order,

known as Ravinia belforti (commonly called the flesh fly), was ultrastructurally

analyzed through SEM. Specimens of the developmental stages (larvae of the

L1, L2, and L3 stages and puparium) of the flesh fly were analyzed in the study.

The SEM images revealed the structural details of the larval stages, in which it

was observed that the larvae had 12 segments with a pattern of muscoid ver-

miform. The posterior end of the larvae was thick while the anterior end was

pointed. The cephalic collar’s spines were flat and possessed double, triple, or

quadruple points. The structural details of puparium were similar to those of

the other species of this family (da Silva-Xavier and de Carvalho Queiroz,

2016). Another research work studied the antenna of the blow fly

(Hemipyrellia ligurriens), which belongs to the Calliphoridae family of the

Diptera order, through SEM. Both male and female blow flies were

Fig. 5 SEM images of Biopyrellia bipuncta: (A) adult female’s katepisternals; (B) Sensilla
on katepisternal; (C) adult male’s head with compound antenna (A), eye (E), and palp (P);
and (D) compound eye’s ommatidia (Carriço et al., 2015).
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investigated for the ultrastructural details. The structural details of the antenna

included the study of the flagella and sensilla because they play an important

role in locating colonies and oviposition sites of these flies in cadavers.

Through SEM images, it was observed that the width of flagellum was higher

in females, but the length was almost the same in both sexes. In the length and

width of coeloconic sensilla, females scored higher measurements than males

(Hore et al., 2017). A similar group of researchers used SEM to examine the

sensory organs of both sexes of Ophyra capensis belonging to the Muscidae

family of the Diptera order. SEM images showed the existence of sexual

dimorphism in the sensory organs of both sexes. The flagellum, ocellar region,

arista, chaotic sensilla, and pedicel of females were larger in size compared to

those of male flies. It was therefore concluded that larger sensory organs

observed through SEM help with better vision and olfaction in female flies,

thereby aiding in identifying sites for oviposition on cadavers (Hore

et al., 2018).

4.2 Anthropogenic evidence
Anthropogenic evidence commonly encountered at a crime scene includes

firearms and GSR; polymers such as paints, plastic, and fibers; metals and

alloys; tool marks; pharmaceutical samples such as supplements and drugs;

paper; glass; industrial samples such as chemicals, explosives, dyes, and pig-

ments; and food (Palenik et al., 2018). In this section, the use of SEM for

the ultrastructural analysis of anthropogenic forensic samples such as tool

marks, line crossings in questionable documents, firearms, GSR, and fibers

is discussed.

In a study published by Sehgal et al. in 1988, the potential of SEM for

examining the ultrastructural details of tool marks was demonstrated. The cuts

for the experiment were made using the complete cutting edge of the tool.

SEM images showed the presence of focused and sharp striations across the

sections cut for the experiment. The ultrafine structural details present

between the striations were also visible in SEM. It was concluded that the

SEM analysis can even give details about the tool marks produced from super-

fine tools (Sehgal et al., 1988). Questionable documents have also been ana-

lyzed through SEM in order to attest to the authenticity of the document.

Line crossing examination is a common thing to do while examining the

questionable documents. Brito et al. compiled an article in which the appli-

cations of SEM to investigate line crossings in questionable documents were

described (e Brito et al., 2017). In a study byKim et al., a focused ion beamwas

combined with SEM for the analysis of line crossings and to determine their
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sequence. Three kinds of samples were prepared for the analysis: (a) gel pen

ink layered below red sealing ink; (b) red sealing ink layered below gel pen

ink; and (c) red sealing ink layered below red sealing ink. Through SEM

images, it was observed that the layers of the first ink got disturbed upon apply-

ing the second ink, and the particles of the second ink were found deposited

over the paste of the first one. The study can be helpful in the examination of

documents with forged signatures and overwriting (Fig. 6) (Kim et al., 2016).

During the analysis of firearm cartridges before and after shooting, the

exact reproduction of the case head is difficult. In this regard, Valle et al. used

polydimethylsiloxane (PDMS) to make a replica of the case head of the spent

cartridge and identified the unique characteristics of the firearm through

SEM. AFM and optical microscopy were also used for the comparison.

A 20 keV SEM was used for the study and the samples were coated with

a 10 nm thick layer of gold to reduce any electrostatic effects. The SEM anal-

ysis provided a 3D view of the characteristics of the cartridge through its

replica, which in the 2D view in optical microscopy looked flat. Fig. 7 shows

various marks present on the case head of the cartridge captured through

SEM (Valle et al., 2012). GSR has also been analyzed thorough SEM. In

a study, the distribution of GSR from shots fired using a silenced gun at close

range was examined thorough SEM. Ammunition of 7.65 mm caliber was

fired from the gun. The study suggested that there was a difference in the

GSR pattern when a silencer was used with the gun (Broz
�
ek-Mucha,

2017). In another study, luminescent GSR that was used as a forensic marker

was also investigated through SEM. The GSR was collected with tape from

the hands of the shooter more than 50 times. On average, 393 luminescent

GSRs were analyzed through SEM (Arouca et al., 2017). Fiber analysis is

also an integral part of a crime investigation in order to relate an individual

with the crime scene. In a study, SEM was used to study the morphological

details of the PET (polyethylene terephthalate) fibers. The sample was sput-

tered with 10 nm thick gold/palladium and the analysis was carried out with

an accelerating voltage of 30 kV. The SEM images of 14 PET fibers are

shown in Fig. 8 (Farah et al., 2014).

4.3 Geological evidence
Geological evidence commonly encountered at any crime scene includes

soil, sediments, minerals, and construction materials. The analysis of these

samples can be directly correlated to the location or site where any incident

related to the crime took place. This section discusses the utilization of SEM

for the ultrastructural analysis of the aforementioned geological samples.
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Fig. 7 SEM image of marks present on the case head of a cartridge that were visible on
the PDMS replica (A) case head of cartridge; (B) breech face mark; (C) ejector mark; and
(D) firing pin (Valle et al., 2012).
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A number of studies have been done regarding SEM-mediated forensic

soil analysis. In a study from 2004, SEM along with EDS was used to analyze

and discriminate the forensic soil. The soil samples were collected from var-

ious places in Istanbul. The aim of the study was to check the effect of pressure

on the elemental composition and homogenization of soil samples. Through

the SEM images, it was evident that the application of pressure breaks down

the hard bits into a softer matrix, which further caused the soil samples to

become homogenized (Cengiz et al., 2004). In a case study, soil and sediment

samples collected from a footprint were examined through SEM. The samples

were taken from an area in the English Midlands where a murder took place.

In the SEM analysis, water lily pollens were found, which indicated that the

perpetrator was standing in some nearby waterbody (Bull et al., 2006).

A similar kind of soil and sediment analysis was carried out on experimental

samples by Pye and Croft using SEM in combination with energy dispersive

X-ray analysis (Pye and Croft, 2007). Woods et al. used SEM to discriminate

between the forensic soil samples collected from Australia. The data obtained

from SEM/EDS were efficient in discriminating soils from Canberra and

other Australian locations (Woods et al., 2014). Another study used SEM/

EDS to check the efficiency of soil recovery from clothes. Three different

methods were used for recovering the soil from clothes: direct tag lifting,

washing, and dry brushing. The major goal of the study was to study the min-

eralogy of the soil through EDS attached to SEM. The SEM images revealed

that all the soil samples had textural similarities that were independent of the

method of sample collection (Pirrie, 2018).

In addition to soil, construction materials (man-made) have also been ana-

lyzed through SEM. The analysis of such particles becomes important in

investigations related to nuclear security. The SEM analysis along with

EDS can aid in distinguishingman-made geological samples from soil minerals

because each man-made construction material, be it cement, concrete, brick,

render, construction block, or plaster, has a different texture and mineralogy

(Pirrie et al., 2019). In a study related to an investigation in nuclear forensics,

metastudtite (a mineral of uranium) and uranyl peroxide were analyzed

through SEM at an accelerating voltage of 12 kV to study the effect of calci-

nation on their decomposition. At different temperatures of calcination, a dif-

ference in circularity and particle area was observed (Schwerdt et al., 2018). In

a recent study, coal particles (bituminous and anthracite) collected from an

urban brownfield and an earlier rail yard were analyzed through SEM. The

images obtained from SEM revealed the encrustations on the surface of coal

particles that were resisting the sonication (Fig. 9) (Hagmann et al., 2020).
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5 Conclusion

Electronmicroscopes are revolutionary instruments capable of imaging sam-

ples right down to their atomic positions. SEM and TEM are the most

widely used electron microscopes and they are often used with different

imaging modes. While there are several advantages to these techniques,

there are certain limitations as well. For instance, the microscopes require

the presence of an ultrahigh vacuum to prevent the collision of the electrons

with any gas molecules, thereby making them lose their energy. This

requirement makes the instruments very expensive and only specialized labs

are able to acquire them. Also, any lack in sample preparation may cause the

samples to be damaged by the high-intensity electron beams hitting them.

In forensic science, electron microscopes have been used for the analysis

of various biological, anthropogenic, and geological samples. However,

SEM has seen more popularity among forensic scientists, as evident in the

third section of this chapter, mainly because of their requirement for surface

analysis. However, TEM can also assist in crime investigations in cases where

an effect on internal structures has to be analyzed, for example, in case of

biological samples such as tissues, cells, etc. Over the years, several modifi-

cations have been made in the instrumentation of electron microscopes.

With constant improvements, it is possible to make this tool a ubiquitous

element in forensic labs across the world.

Fig. 9 SEM image of coal particles (Hagmann et al., 2020).
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CHAPTER 14

Atomic force microscopy
for forensic samples

1 Introduction

Optical and electron microscopes have been widely used for the analysis of

different types of forensic evidence. Recently, further advancements have

been made in developing scanning probe microscopy (SPM) techniques

that, when combined with optical and electron microscopes, can provide

image analysis of the sample much more accurately. SPM techniques use

a specialized tip or probe that is capable of imaging the surface of the sample

through proximal contour analysis. There are mainly three types of SPM:

scanning tunneling microscopy (STM), near-field scanning optical micros-

copy (NSOM), and atomic force microscopy (AFM). STM employs a con-

ducting metallic nanosized probe that is capable of tunneling currents

between the tip and the surface. Based on the current changes, the gap dis-

tance between the sample and the tip can be determined, thereby allowing

the three-dimensional (3D) imaging of a conducting sample. Meanwhile,

the probe in NSOM is an optical fiber that is tapered at the end to a range

of a few nanometers. This optical fiber then further allows the transmission

of the light on the sample, thus allowing its visualization. AFM, just like all

other SPM techniques, has two main components: a nanoscale probe or tip

and a piezoelectric actuator. These two components are often assisted by

several more components that precisely control the movements of the probe

and help in image analysis. The difference between AFM and other SPM

techniques is that it has a sharp conducting or nonconducting tip that moves

along the surface of the sample. There are several modes involved during the

operation of AFM that shall be discussed in detail in this chapter.

AFM has been widely used in the analysis of various physical or biolog-

ical samples. During a crime scene investigation, numerous trace evidence

such as hair, fiber, blood, soil, plant specimens, or biological fluids from

humans or animals is collected (Pandey et al., 2017a). Several techniques

have been developed for the analysis of such trace evidence. Combining

AFM analysis with the existing techniques allows the addition of a new
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dimension for the characterization of the samples. AFM allows the high-

resolution microscopic analysis of the sample and can analyze even the bonds

involved at a molecular level. In this chapter, the principle of AFM, its

instrumentation, working modes, and applications for the analysis of differ-

ent types of forensic evidence are discussed in detail. Also, the advantages

and drawbacks associated with the use of this technique for forensic evidence

analysis are also discussed.

2 Principle, working, and instrumentation of atomic
force microscopy

2.1 Principle of atomic force microscopy
Analysis through AFM is similar to a blind man walking on a path with a

stick, wherein the blind man analyzes with his stick the path in front of

him through the different bumps and holes. Due to this analogy, AFM

has also been called many times a “blind”microscopy technique. Such imag-

ing allows accurate 3D scanning of the surface of the samples. Unlike the

different microscopy techniques that employ line-of-sight visualizations,

or analyze the reflections or shadows on a sample, AFM analyzes the height

of the irregularities present on the surface of the sample (Haugstad, 2012).

These irregularities are very small and therefore can be easily analyzed with

the nanoscale probe in AFM. The height calculated is further subjected to

algorithmic and mathematical processing, due to which the final 3D image

of the sample is presented by the software.

2.2 Instrumentation and modes of atomic force microscopy
As mentioned in the introduction section, AFM has two main components:

the probe and the piezoelectric actuator or cantilever that carefully controls

the movements of the needle with high accuracy (Fig. 1). The tip is attached

to the microcantilever and when the tip comes in contact with the sample

surface, the microcantilever bends a little. This bending or deflection is mea-

sured by the deflections in the laser that is pinpointed at the tip. This

reflected laser then reaches the photodiode, which along with the entire

feedback system carefully gauges the position of the tip and thereby controls

the entire analysis. There are many modes of detection in AFM such as pie-

zoelectric detection that is capable of directly detecting the deflections in the

cantilever, optical interferometry, capacitive detection, and piezoresistive

detection. The most widely used mode of detection is piezoelectric
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detection ( Jumpertz et al., 1998; Kunicki et al., 2019;Wang and Chu, 2013;

Xiong et al., 2014).

AFM works in three main modes: direct contact mode, noncontact

mode, or tapping mode (Dombrowski, 2013). In contact mode, the probe

is in constant physical contact with the sample and the sample topography is

developed as a result of the vertical movements of the cantilever and the

probe. The feedback loop system in the instruments allows the maintenance

of a preset load force while the movement of the probe on the sample occurs.

This mode is highly useful for analyzing soft samples such as biological sam-

ples, as they are less likely to provide counter force that may damage the

probe during the analysis. Contact mode achieves the highest resolution

in a liquid medium. In the presence of a liquid, the capillary forces between

the probe and the sample surface are eliminated. However, if the preset

force is not properly maintained, then it may cause damage to the soft or

friable biological samples that are commonly encountered at a crime scene

Fig. 1 Instrumentation of atomic force microscopy.
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(Binnig et al., 1986; H€olscher, 2012a; Junno et al., 1995; Le Grimellec et al.,

1998; Manfredotti, 2013; Walter et al., 2017).

In noncontact mode, the probe is in very close proximity to the surface

of the sample; however, it is not touching the sample. The main driving

force between the interaction of the probe and the sample surface is the

attractive van derWaals force. In this mode, the tip is kept in a constant oscil-

lation mode in order to detect the extreme low magnitude of van der Waals

and other attractive forces between the tip and the sample. Any interaction

between the probe and the sample is measured by measuring the change in

the amplitude of the oscillation or by measuring the resonant frequency

via the feedback system. The noncontact mode of AFM achieves images

with high resolution and can perform even submolecular imaging

(H€olscher, 2012b; Smallman and Ngan, 2014).

The tapping mode is the most recent and the most advanced mode

of AFM. In this technique, the probe is kept very close to the sample

surface, and at alternating short intervals of time (approximately

50,000–500,000 cycles per second), it touches the sample surface. Just like

the noncontact mode, the probe and the microcantilever are kept oscillat-

ing. This oscillation is kept at the lowest level and at a constant speed by

the feedback system. When the probe comes across a groove on the sur-

face, the oscillation of the probe increases while the opposite happens

when the probe encounters any bump on the sample surface. The feed-

back loop system carefully monitors the interaction of the probe with the

sample surface and automatically adjusts the tip-surface separation such

that the magnitude of the preset force is maintained. Based on the changes

in the amplitude of the oscillation, the surface topography can be easily

analyzed. Due to the intermittent touching of the sample surface by the

probe, the energy loss is significantly reduced. The tapping mode has sev-

eral advantages over other modes of AFM, as it alternatively touches the

surface. This technique allows high-resolution scanning on a myriad of

samples and overcomes limitations such as friction, electrostatic forces,

and adhesion. This mode of AFM allows sample analysis in air, vacuum,

or fluid and is the most suitable technique for the analysis of very fragile

and soft surfaces (Hansma et al., 1994; Ishida et al., 2000; Kueng et al.,

2003; Magonov et al., 1997; Thomson, 2005). Fig. 2 depicts the changes

in the forces with the change in distance between the tip and the in the

different modes of AFM.

In brief, contact mode is the most damaging mode for analyzing samples

in AFM, as it can not only damage or break the probe but can also distort the
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sample surface. Meanwhile, the noncontact mode is significantly better than

the contact mode, especially in terms of probe or sample damage. However,

when compared to the tapping mode, the resolution provided by the non-

contact mode is relatively less. A major drawback associated with the non-

contact mode is that it is rendered useless in the presence of a contaminant

layer that can hinder its oscillation. This drawback is overcome by the tap-

ping mode, which is capable of achieving high resolution while causing

minimal or negligible damage to the sample surface. Myriad samples can

be analyzed through this mode in air, vacuum, or liquid.

3 Atomic force microscopy for forensic investigations

In past years, AFM has emerged as an efficient characterization tool for myr-

iad samples of forensic importance. These samples usually have a physical,

Fig. 2 Modes of atomic force microscopy.
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chemical, or biological origin. This section illustrates the various research

works carried out by scientists using AFM for the analysis of forensic samples

such as blood, hair, plastic wrapping material, questionable documents, fin-

gerprints, fibers, SIM cards, explosives, and gunshot residue (GSR). The use

of AFM for different types of forensic samples has been presented in Table 1.

3.1 Age determination of bloodstains
The examination of health and the diagnosis and treatment of disease usually

include the analysis of blood. This analysis has become a very common prac-

tice for forensic scientists and investigators as well. The examination of blood-

stain scattering patterns contribute to understanding the criminal dynamics

and thus provide necessary crime-related elements during investigation

(Gardner and Krouskup, 2018). It forms a major chunk of the crime investi-

gation, and thus needs to be very accurate and precise. Innumerable and reli-

able tests are available to detect and identify bloodstains such as the benzidine

test, the phenolphthalein test, the Takayama test, and the Teichmann test

(Cox, 1991). Apart from these tests, the estimation of the age of bloodstains

becomes crucial in order to determine the probable time the crime was com-

mitted. When there is an injury during a crime, and blood gets splattered

outside and comes in contact with different substrates, various types of deg-

radation occur on the exposed blood. The oxidation of Fe2+ (in hemoglobin)

to Fe3+ (in methemoglobin) becomes responsible for the reddish-brown color

of the exposed and dried bloodstains. The transformation of hemoglobin to

methemoglobin changes the structure of red blood cells. These changes

can be noticed with the aging of bloodstains, and therefore their analysis

can be correlated to the probable time the crime was committed. However,

the age determination of bloodstains has remained an issue for forensic inves-

tigators in the past. Worldwide, techniques such as electron paramagnetic res-

onance (Fujita et al., 2005), high-performance liquid chromatography

(Andrasko, 1997), quantitative RNA degradation analysis (Anderson et al.,

2005), and hyperspectral imaging (HSI) (Edelman et al., 2012) have been used

for this purpose. However, apart from HIS, other techniques have proved to

be invasive and are thus less attractive in the eyes of forensic experts. The

drawback of HSI was the deviation in the bloodstain’s age determination with

increasing time (Smijs and Galli, 2019). With the advent of nanotechnology-

based instruments such as AFM, the analysis of bloodstains for their age deter-

mination has become a comparatively easy task. AFM assists in providing the

topographical data of the RBC’s surface such as perimeter, area, height, and

volume as well as in determining their viscoelasticity (Kuznetsova et al., 2007).
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One of the pioneer works related to the age determination of bloodstains

was carried out by Strasser et al., and was published in 2007. For analysis,

blood was collected from the fingertip of a volunteer and was dropped onto

a glass slide, and was further dried at room temperature. The analysis was

done in noncontact mode. The typical doughnut-like shape of the RBCs

was observed under the microscope. The morphological investigation of

the RBCs was carried out for 4 weeks, and there was no alteration observed

in the structure of RBCs, even after 31 days, as shown in Fig. 3. However,

the elasticity of the blood decreased over this period of time. This change

was probably because of the morphological changes the RBCs underwent

during the coagulation and drying of the bloodstain (Strasser et al., 2007).

Another study focused on analyzing the morphological changes in the

RBCs at different environmental conditions as well as at high and low tem-

perature (Wu et al., 2009). In a recent research work, the examination of

time since deposition (TSD) of RBCs from bloodstains was carried out using

AFM. The researchers investigated the changes in blood smears with time as

well as variations in the analysis of TSD for smears deposited on three types

of surfaces: glass, metal, and ceramic. For 28 days, there was no noticeable

variation observed in the morphology of the RBCs. However, the quanti-

tative analysis through AFM revealed an increasing drift in the perimeter,

volume, height, and area of the RBCs during the aforementioned time

duration. However, significant differences were observed in the morphol-

ogy of theRBCs from the blood deposited onmetal, ceramic, and glass. This

study thus highlighted the importance of the type of surface on which the

bloodstain was deposited as a crucial factor in the age determination of

bloodstains (Cavalcanti and Silva, 2019). In spite of these kinds of encour-

aging results obtained, the application of AFM in routine forensic investiga-

tions still needs more development, expansion, and research.

3.2 Hair examination
Hair is one of the most common types of evidence found at a crime scene.

Hair is a favorable site for the accumulation of chemicals, drugs, and biomol-

ecules. The importance of hair analysis is very high in crime investigations

because of the unique nature of hair in retaining its chemical profile and

show only minute variations. The analysis can give an idea about drug intake

and abuse, even if the hair sample has been collected after several days,

months, or years (Palmeri et al., 2000). AFM has proved to be an excellent

tool for the examination of hair because of its capability to function in liquid,
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Fig. 3 Morphological analysis of bloodstains through AFM. Rows are related to the
measuring days (individual) and columns are related to the scan area (identical) of
the blood spot on different days. The time after which each row was scanned was
1.5 h (1st row), 1 week (2nd row), 2 weeks (3rd row), and 4 weeks (4th row). No
morphological change was observed with time (Strasser et al., 2007).
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air, and vacuum (Pandey et al., 2017b). The effect of environmental factors

on the nanomechanical properties and structure of the surface of hair can be

easily studied through AFM (Bhushan and Chen, 2006). However, in order

to perform the toxicological hair investigations, AFM needs to be coupled

with Raman spectroscopy to identify different drugs, chemicals, and toxins

on the surface of the hair. AFM imaging of hair for forensic investigations

often faces issues related to lack of reference samples of hair with similar

physical assets (Smijs and Galli, 2019).

In the past, a research work employed AFM to study the influence of

treatments and ethnicity on structural variations and tensile reaction

(in situ) of human hair. Caucasian, African, and Asian volunteers gave parts

of their hair for the AFM analysis. The tensile response was evaluated for

changes due to soaking, ethnicity, and fatigue. It was observed that hair sam-

ples from different ethnicities had different mechanical properties (Seshadri

and Bhushan, 2008). In a recent study, an advanced AFMwas developed via

robot technology with the capability of multiparametric imaging for 3D

reconstruction and 360-degree mapping. Human hair was taken as the

anisotropic material of biological origin and its adhesion, topography,

energy dissipation, and Young’s modulus were studied using the developed

AFM system (Lu et al., 2019).

3.3 Plastic wrapping material analysis
Burial of evidence in soil related to a crime, such as cadavers, clothes,

weapons, etc., has always remained a common practice among criminals.

This evidence is usually found to be wrapped in materials made of plastics

such as polyvinyl chloride (PVC) and polyethylene (PE) (Schotsmans

et al., 2017). These plastic-based materials are usually thought to be nonde-

gradable and inert to the environment; however, at the microscopic level,

these materials get damaged. The decomposition of these materials depends

upon the nature of the soil in which they are buried and their chemical struc-

ture (Singh and Sharma, 2008). Certain environmental conditions favor the

growth of microbial flora and fauna, which ultimately become responsible

for the biological degradation of plastics (Shah et al., 2008). The structure of

PE gets damaged due to the mycelial growth on its surface while the leaching

out or damage caused by fungi and bacteria to the platicizers added in PVC-

based materials becomes responsible for their biodegradation (Pradeep and

Benjamin, 2012). The forensic investigation of such wrapping materials is

done to analyze the effect of environmental factors in soil that stimulate

the degradation of these polymeric materials.
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In a recent study, AFM was used to analyze the surface alterations in

polymeric materials with forensic importance that were buried in different

soil environments at the nanometer level. PE bags and PVC sheets were

concealed in different model soil environments such as loam, sand, clay,

and lime for a period of 24 months. Further, the pH, moisture content,

and temperature of these soil types were varied. The analysis was done in

tapping mode while maintaining the vibration amplitude of the cantilever

to be constant. Over a period of 2 years, it was found that the high pH of

soil and elevated moisture content favor the degradation of PE bags.

A continuous leaching of plasticizer from the PVC sheeting was observed

over the period of burial, which was aggravated in the moist environment.

AFM also helped in measuring the nanoscale changes in the roughness of

these materials, which shows the potential of this technique that can be uti-

lized to study even the minute details of the degradation of wrapping mate-

rials used to bury evidence during forensic investigations (Sullivan

et al., 2019).

3.4 Examination of textile fibers
Textile fibers are often encountered at the crime scene that could be directly

correlated to the clothing belonging to the suspect or victim. The forensic

examination of textile fibers usually involves chemical, microscopic, and

mechanical investigations. The basic structure of fibers change upon expo-

sure to different environmental conditions, which could be determined

using microscopy (Br€uschweiler and Grieve, 1997).

AFM was first used by Canetta et al. in 2009 to study the morphological

parameters of textile fibers at the nanoscale level. Two natural fibers, cotton

and wool, and one synthetic fiber, viscose, were exposed to various environ-

mental conditions for variable intervals of time. The imaging was done in

contact mode using a gold-coated Si3N4 cantilever. The nanoscale variations

in the structure of all three fibers were vividly visible in themicroscopic anal-

ysis (Canetta et al., 2009a, 2009b). In a recent study, AFM coupled with

infrared spectroscopy (IR) was used to study the photodegradation of the

polyester fiber. The microscopy was performed in contact mode using a

gold-plated Si3N4 cantilever. AFM coupled with IR assisted in studying

the structural and chemical changes in the polyester fiber due to changes

in humidity, temperature, and solar radiation (Nguyen-Tri and Prud’-

homme, 2019). These analyses show the ability of AFM to be used for struc-

tural studies related to textile fibers collected from a crime scene.
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3.5 SIM card analysis
SIM cards are often recovered in damaged condition from crime scenes,

especially where any cybercrime has been committed. These cards are

important evidence for cybercrime and mobile forensics. The data recov-

ered from these cards often give insight about the identity of the victim, sus-

pect, or both (Pandey et al., 2017b).

A group of scientists worked in the past to advance and characterize a

technique that can be validated forensically for the recovery and processing

of data from damaged SIM cards. De Nardi et al. combined the studies pub-

lished in past years to develop a technique based on AFM to view under-

neath the data embedded in the EEPROM/flash memory arrays, which

normally exist in the microcontrollers of the smart card (De Nardi et al.,

2005; DeNardi et al., 2006).

3.6 Explosives and gunshot residue analysis
Terrorism has spread in today’s world, and explosives are very commonly

used for this purpose. The identification of the type of explosive used at a

bombing site becomes important in forensic investigations. Terrorist activ-

ities, mainly bomb explosions, are dynamic and therefore need accurate and

precise techniques to characterize and detect the explosives used during

explosions (Zhang et al., 2018). The surface analysis of explosives such as

ammonium perchlorate, PBX, and triamino-trinitro-benzene have been

studied using AFM. The analysis of explosives through AFM provides

fresher perceptions for understanding various properties of existing explo-

sives (Kumari et al., 2013; Xu et al., 2018). The phenomenon of local heat-

ing leading to the induction of chemical detonation in explosives was also

investigated in a study in which the hotspot formation occurred on the crys-

tal of picric acid (2,4,6-trinitrophenol) when it came in contact with the tip

of AFM (Kovalev and Sturm, 2011).

In addition to explosives, GSR analysis is also an important examination

during crime investigations, especially those that involve the use of firearms.

GSR analysis tells the shooting distance and angle from which bullet was

shot and the type of firearm used. This information helps in reconstructing

crimes related to firearms (López-López and Garcı́a-Ruiz, 2014). GSR is

usually collected from the clothing of the suspect and victim, the hands

of the suspect, and the entry point of the bullet into the victim’s body. In

a study done by Mou et al., AFM was used to determine the shooting dis-

tance, the manufacturer of the cartridge, and the powder present in it. AFM
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imaging revealed various GSR shapes such as irregular, spherical, rectangu-

lar, heart rod, and boomerang. An inverse relation was concluded between

the shooting distance and the size distribution of the GSR through this study

(Mou et al., 2008). This study later received a commentary stating the draw-

back of AFM for analyzing fine GSR powder because these fine particles

attach to the tip of the AFM’s probe, resulting in drastic variations in the

shape and size of GSR powders ( Jones, 2009). Fig. 4 shows the variations

in patterns formed by the GSR spread from the ammunition fired from the

same gun.

3.7 Fingermark examination
Fingerprints are highly crucial evidence as they are responsible for incrim-

inating any suspects who may have been present at the crime scene. The

techniques involved for detecting latent fingerprints target the moisture

content or grease of the ridges and the chemical composition of the finger-

prints. Because latent fingerprints are barely visible and consist of minute

details, AFM can be used to magnify the ridges to a higher scale and thus

Pattern Distances

Contact

6 cm

30 cm

60 cm

120 cm

Fig. 4 Difference in GSR pattern obtained due to variable shooting distance by firing
ammunition from same firearm (López-López and García-Ruiz, 2014).
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allow the visualization of the fingerprints in much detail (Frick et al., 2013;

Rawtani et al., 2019; Thomas, 1978). Over the years, various studies, albeit

limited, have employed AFM for the detection of fingerprints. This usage

comes after certain challenges in detecting aged and contaminated finger-

prints. In one study, AFM was used in tapping mode to analyze fingerprints

on individual features on a polished brass surface. With AFM, it was possible

to visualize ridges and other minutiae of the fingerprints with much more

detail. This technique was also able to visualize even the microscopic sweat

droplets present between the ridges (Goddard et al., 2010). In another study,

a new mode of AFM was developed that was known as PeakForce Quan-

titative Nanomechanical Mapping (PF QNM). Through this mode, it was

possible to develop images of high-resolution topography and other factors

such as adhesion, stiffness, deformation, and elastic modulus. The researchers

took into consideration the adhesion forces, electrostatic attractions, capil-

lary forces, chemical interactions, and van der Waals forces between the

probe and the fingerprint surface. Different fingers had different fluid (sweat

andmoisture) compositions that influenced these forces and thereby allowed

the imaging of the latent fingerprint (Dorakumbura et al., 2016). AFM was

also used to detect changes in the composition of the latent fingerprints with

time with much accuracy. These changes were observed through measuring

changes in the height of the fingerprint ridge and by observing the horizontal

movement of the fingerprint components across the substrate (Popov

et al., 2017).

3.8 Analysis of questionable documents
Questionable documents are those that contain information that may be

considered potentially disputed in a court of law. They can include fraud-

ulent, stolen, or counterfeit papers, boards, or even glass. Documents such

as checks and other bank documents, currency, wills, land deeds and titles,

and stamps are often widely encountered in questionable document cases.

Conventionally, questionable documents are often analyzed for crossed

out lines, overwriting, or forged signatures through microscopes, digital

imaging instrumentation, electrostatic detection apparatus (ESDA), and

techniques involving analytical chemistry. It is highly crucial to employ

nondestructive techniques for the analysis of the questionable documents

(Calcerrada and Garcı́a-Ruiz, 2015; Dirwono et al., 2010; Hilton, 1992).

The AFM analysis of questionable documents enhances the repertoire of

the preexisting nondestructive techniques for the examination of
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questionable documents. It offers high resolution even with such low orders

of force. In a study, AFM in tapping mode was employed to analyze the ink

deposition, line crossing, and papers used in a questionable document. The

nondestructive and soft nature of the tapping mode allowed the detection of

the topography, amplitude, and the height profile of the samples and thereby

analyzed the samples; it was able to differentiate between the different types

of papers, line crossings, and inks (Chen et al., 2012). Similarly, AFM was

also used to determine the sequence of crossed lines. AFM was set in the

tapping mode and was used to image heterogenous lines that were randomly

produced on plain paper with different writing media such as ballpoint pens,

typewriter carbon film ribbon, fibertip pens, floating ball pens, toner, and

dot-matrix fabric ribbons. It was concluded that it is possible to image

ink deposits of different origins and the sequence of line crossing. Because

AFMdoes not require any prior sample preparation as observed in the case of

scanning electron microscopy (SEM) and transmission electron microscopy

(TEM), it is highly useful for the preservation of questionable documents

while analyzing them (Khanmy-Vital et al., 2001).

4 Conclusion

AFM is a type of SPM technique that uses a conducting or nonconducting

probe to visualize the 3D form of the sample surface. This probe is attached

to a microcantilever that deflects or bends a little whenever the probe comes

across a bump or groove on the sample surface. This deflection is analyzed

through the deviations in the transmitted laser and the data are processed

through a feedback loop system. Through such processing, it is possible

to obtain the height profile of the sample surface and thus procure a 3D

image. AFM commonly works in three different modes: contact mode, tap-

ping or intermittent mode, and noncontact mode. The modes are a repre-

sentation of the probe to the sample separation. In contact mode, the probe

is in constant contact with the sample surface while in noncontact mode, the

opposite occurs. In the intermittent or tapping mode, the probe alternatively

touches the samples at regular intervals of time. This mode offers the highest

topographic resolution with the least risk of damaging the probe or the sam-

ple surface.

All three modes have been used for the analysis of different forensic sam-

ples such as aged bloodstains, hair, plastic wrapping materials, explosives,

GSR, damaged SIM cards, textile fibers, fingerprints, and questionable doc-

uments. AFM is a versatile tool that can also be combined with other
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characterization techniques such as Raman spectroscopy and electron

microscopes. Despite the high resolution and nondestructive analysis of

the sample by this technique, there are certain drawbacks that limit its fre-

quent use in analyzing different forensic evidence. These limitations include

the requirement of expertise, time, and cost. However, recently several

advancements and several modes of operation have been made in the mod-

ification of this technique. Therefore, in the future, AFM may become a

common technique for the analysis of different forensic samples.
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CHAPTER 15

Energy dispersive X-ray (EDX)
coupled microscopy in forensic
science

1 Introduction

Energy dispersive X-ray spectroscopy (EDX) is an X-ray based technique

often used in conjunctionwith electronmicroscopy techniques such as scan-

ning electron microscopy (SEM), and transmission electron microscopy

(TEM) to obtain the elemental information of the sample. Over the years,

EDX has been used to analyze elements in semiconductors, medicine,

cement, pollution, and nanomaterials. Such myriad applications have been

possible because of their rapid data collection, ease of use, and easy coupling

with electron microscopy techniques. It is also a nondestructive technique,

and because it can be coupled with electronmicroscopy techniques, it is pos-

sible to get elemental information along with the structure and morphology

of the sample.

In forensic science, the elemental composition and X-ray mapping of

samples such as paints, drugs, and heavy metals are highly necessary in order

to perform their confirmatory analysis (Pandey et al., 2017; Rawtani et al.,

2019). Due to such reasons, there is a widespread use of this technique in the

analysis of various forensic evidence. In this chapter, a brief overview of the

principle and theory of EDX, its instrumentation, and its coupling with

SEM and TEM will be discussed. Also, the application of these techniques

for the analysis of forensic evidence is also discussed.

2 Principle and theory of EDX

Because EDX is an X-ray technique, it is important to first know the fun-

damentals of X-ray generation. X-rays are generated when an inner-shell

electron is excited to a higher level upon being hit by a high energy incident

electron that creates a hole in the ground level. When an electron’s energy
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level corresponds to the difference between the quantum number of the

quantum angular momentum, it falls back to fill that hole and generates

X-rays. Apart from the X-rays generated, another set of X-rays is also gen-

erated due to the interaction of the primary incident electrons with the elec-

tric field generated by the electrons around the nucleus of an element; these

are known as Bremsstrahlung X-rays. Depending on the transition of the

electron from the K, L, M, or N shells, the typical characteristic X-ray is

released. For instance, when the electron transitions from the L to the

K shell, it is known as Kα. If it transitions from the M shell to the

K shell, then it is known as a Kβ X-ray. The generated X-rays are charac-

teristic to every element because each element possesses a different elec-

tronic configuration and thus has different energy levels. Apart from this,

a very important parameter known as the ionization energy plays a key role

in the generation of X-rays. Ionization energy signifies the amount of energy

required to remove the electron from its shell. Therefore, based on the ion-

ization energy of the electron, the energy of the source can be manipulated

as well. The ionization energy is measured in terms of the ionization cross-

section whose unit is in Barn (1 Barn ¼ 10�28 m2). This cross-section

increases with an increase in the energy of the primary electron and after

a certain increase in the level, it falls down. Therefore, it is important to

choose an electron beam of optimal energy. The Bremsstrahlung is detected

as a continuum of X-rays that possesses energies ranging from the lowest to

the energy of the incident primary electron. Factors such as the accelerating

of the primary electron beam, and the atomic number of the element play a

crucial role in the generation of such radiation. This radiation is also different

for conductive and nonconductive samples. In conductive samples, the con-

tinuum occurs in all frequencies up to the excitation energies of the primary

electrons. Therefore, any nonconductive samples are typically coated with a

conducting material prior to use in SEM (Hodoroaba, 2020). Also, some-

times auger electrons are also generated when an electron from the outer

shell with a defined kinetic energy is released at the same time the excited

electron hit by the primary electrons fills the hole at the lower level. This is

more common in elements of lower atomic numbers, which makes this

technique highly suitable for the analysis of heavy elements. Apart from

auger electrons, fluorescence is also emitted during the relaxation process

of the electron from the higher level to the ground level.

During the detection of the characteristic X-rays, several processes tend

to happen that may interfere with the detection of the characteristic X-rays.

Once such process is X-ray scattering and absorption, which happens during

282 Handbook of analytical techniques for forensic samples



its travel to the detector. The X-ray absorption here follows the Beer Lam-

bert law and is represented in terms of the mass adsorption coefficient. Tech-

niques such as X-ray photoelectron spectroscopy take into account such

processes for detection. The detector takes into account the energy loss

due to such processes as well.

SEM-EDX is the most commonly used tool in the analysis of elements.

SEM is typically used to identify the surface morphology by detecting the

secondary X-rays and backscattered electrons. Secondary electrons are gen-

erated when the primary incident beam hits the sample and ejects electrons

from their shells. Backscattered electrons are those in which the scattering

angle is more than 90 degrees. The image formed depends on the type of

electrons detected and secondary electrons are the most commonly detected

electrons for SEM image formation. In the case of SEM-EDX, the EDX

detector is placed along with the SEM detector so that the electron signals

can be easily captured, and the elements can be mapped. SEM-EDX is a rel-

atively simple technique, both in terms of the placement of the detector and

the sample preparation. Because SEMonly analyzes the surface morphology,

a sample of any size can be used for analysis as long as it can be made con-

ductive. However, in TEM, the samples prepared are ultrathin and need a

complex sample preparation technique. However, what this technique loses

in sample preparation, it makes up for in providing a highly spatially resolved

analysis of the sample. Through this technique, it is possible to analyze var-

iable areas of the sample.

In SEM, the quantitative analysis of the samples is done through ZAF

correction in which the intensities of the characteristic peaks of the sample

(Is) to that of the standard or pure sample (Ir) are compared while multiply-

ing it with the mean atomic number (Z), absorption correction (A), and

fluorescence correction (F). It is commonly denoted as:

Ci¼ ZAF½ � Is=Irð Þ
where Ci is the concentration of the sample. Modifications in this method

include the use of stored standard signals, thus eliminating the need for stan-

dards every time the analysis is done. Also, semiquantitative analysis can be

done through a method called fingerprinting in which the analysis is not

done by considering every single parameter, but rather by focusing on cer-

tain key features that are characteristic of an element.

Meanwhile, in TEM, the samples that are often treated as thin films are

quantitatively analyzed by using the Cliff-Lorimer method, which basically

takes into account the intensities of the characteristic X-ray peaks (IA, IB)
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obtained from the sample and the concentrations of the elements (CA, CB).

It is denoted as the following:

IA=IB¼ CA=CBð ÞKAB

where KAB is the Cliff-Lorimer k-factor. Apart from the Cliff-Lorimer

method, the Hall method is also used that was developed to overcome the

uncertainties that result from the lack of useful X-rays. In this method, the

intensities of the characteristic peaks of the samples are compared with the

Bremsstrahlung rays of each sample (Geiss, 1992; Hodoroaba, 2020; Mishra

et al., 2017; Ngo, 1999; Russ, 1984; Shindo and Oikawa, 2002).

3 Instrumentation of EDX

3.1 Detectors in EDX
The primary electron beam required for the excitation of the electrons for

the generation of X-rays from the sample is typically supplied by SEM and

TEM. Therefore, in EDX, the detector plays the most crucial role in detect-

ing the generated X-rays. The detectors are composed of a collimator that is

responsible for the collection of X-rays in a single channel. From the colli-

mator, it is sent to the heart of the EDX, the solid-state detector in which a

silicon crystal dopedwith lithium is used.When the emitted X-rays from the

sample hit the crystal, this generates a photoelectron of high energy. This

electron later hits other atoms in the crystal until it loses energy. Due to this

process, the photoelectron ends up releasing more electrons from the atoms,

due to which an electric current is generated. This current or charge gen-

erated is directly proportional to the amount of X-rays received from the

sample as long as factors such as lattice imperfections and carrier mobility

do not hamper the movement. Once the electric charge is generated, it is

converted to pulse voltage whose height is proportional to the charges or

current produced. In order to ensure smooth functioning of the detector,

it is usually covered with detector windows that are responsible for main-

taining optimal conditions within the detector. The detector windows com-

monly used are the beryllium window type and the ultrathin window type.

Beryllium-type windows are used for the transmission of the X-ray spectra

in a vacuum tight environment. Beryllium has a low atomic mass and den-

sity, due to which it can remain transparent to the incoming X-rays and

therefore serve as a suitable window. Meanwhile, ultrathin window types

are typically used to analyze light elements up to atomic number 6 through
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an aluminum-doped organic film with a thickness less than 1 μm; it is more

commonly used in TEM. Also, any elements that provide weak signals can

also be detected using this type of detector window. A modification to this

type of detector in which there is no window film is also used to analyze

lighter elements in SEM.

Sample preparation is a highly crucial step before performing the SEM-

EDX and TEM-EDX analysis. SEM and TEM both have different modes of

sample preparation and supports. In SEM, the support must be able to pro-

vide stability and should secure it from the environment. Apart from this, it

should also be capable of holding a sample of any size and shape. Typically, in

both electron microscopes, primary and secondary supports are used. Pri-

mary supports are those that are capable of holding the sample, and its fea-

tures are designed to enhance the microscope and EDX performance. In

SEM, metallic stubs made of beryllium or pyrolytic carbon are used in case

of analysis with EDX. They are highly conductive and can be used for any

number of samples. Liquid samples are typically coated and dried on the stub

while a small amount of the solid sample is loaded on adhesive tape, and the

samples are sprinkled on it. Secondary supports in SEM are designed specif-

ically according to the type of sample to be studied and are made of both

conducting and nonconducting elements. Thin metal foil can be easily

cut with scissors and fitted on the metallic stub. In TEM, thin metal disks

of variable shapes with a diameter less than 4 mm are used. Here too, the

grids can be conducting or nonconducting and are made of copper, stainless

steel, beryllium, carbon, or any polymer. These disks are composed of finely

divided mesh on which the particles can be easily supported. However, if

EDX analysis is to be performed, beryllium is preferred (Abd Mutalib

et al., 2017; Brodsky, 1988; Echlin, 2009; Frank, 1992; Goldstein, 2003).

Fig. 1 shows the instrumental setup of EDX.

4 EDX-coupled microscopic analysis of forensic samples

Coupling of EDX along with a microscope helps in telling the elemental

composition of the sample that is undergoing microscopic analysis. It is gen-

erally coupled with microscopes such SEM, TEM, and AFM. However, as

far as forensic science is concerned, SEM coupled with EDX is the most

commonly employed technique for the investigation of evidence such as

biological samples, explosives, glass, gunshot residue (GSR), paint, soil,

and toxins (Zadora and Broz
�
ek-Mucha, 2003). The research works related
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to forensic sample analysis via EDX are elaborated in this section. The sec-

tion has more emphasis on the EDX part than the microscopic analysis.

4.1 Biological samples
Biological samples are among the most common evidence present at a crime

scene. These samples include body fluids, tissues, cremains, etc. The EDX-

assisted microscopic analysis of such types of evidence is elaborated in this

section.

In a research work from the late 1990s, EDX coupled with SEM was

used for the analysis of elements present in semen stains. The cloth sample

with semen stains was coated with a thin layer of carbon for the SEM EDX

analysis. For EDX analysis, a Si-Li detector with a distance of 24 mm at an

angle of 35 degrees from the sample was used. The X-rays were generated

at 20 keV. The elemental analysis showed the presence of zinc, which is

known to be a characteristic element in sperm (Lászik et al., 1999).

Another study focused on the study of injured wounds that have received

any kind of implement. Such injury implements are among the most cru-

cial types of evidence that can be submitted in courts. Kitchen implements

made of carbon steel and with a Zn-Cu or Ni-Cr coating were used to

make wounds. For the EDX analysis, the angle between the detector

(Si/Li) and the specimen was 25 degrees. Elements such as Cr, Ni, Zn,

Cu, Si, Mn, Fe, Al, and Ca were detected in the wounds (Bai et al.,

Be window

Electron beam

Si (Li) detector

Collimator
Take off  angle: a

Scattered beam

Transmitted beam

Lower objective pole piece

Specimen

Upper objective pole piece
Dosired X-ray
Collection angle: W

Fig. 1 Instrumental setup of energy dispersive X-ray spectroscopy (Ii, 2012).
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2007). Brewer et al. used EDX attached to SEM as well as STEM (scanning

transmission electron microscope) for the elemental analysis of bioagents.

The model organism taken in the study was Bacillus thuringiensis israelensis,

whose deactivated spores (via gamma irradiation) were used. The spectrum

for SEM-EDX was recorded from an image with 192*256 pixels while for
STEM-EDX, it was 128*128 pixels. Biologically relevant elements such as

P, Ca, K, and Si were identified in the samples. The study can be helpful for

other bioagents as well (Brewer et al., 2008). The analysis of cremains and

burned bones was also done by Ellingham et al. using SEM-EDX. The

samples were initially burned at a very high temperature, and then analyzed

to check their elemental composition. Ca and P, the major components in

bone, were identified. It was concluded that the Ca/P ratio in bones

remains almost stable even after burning. The presence or absence of

any tissue on the bone had no effect on its elemental composition

(Ellingham et al., 2018).

4.2 Explosives
Explosives are commonly found in crime scenes related to bomb blasts or

firearm incidents. The analysis of elements present in the explosive or its res-

idue as well as the type of explosive used during the blast can be traced.

Forensic scientists have used EDX analysis coupled with microscopes to

trace the elemental composition of different explosives.

The team of Garner and Fultz published an article regarding the postblast

investigation of explosives, in which EDX coupled with SEMwas discussed

regarding the instrumental analysis of the debris collected from the blast. The

elements present in the debris as well as its microscopic appearance could be

analyzed by this technique (Garner et al., 1986). In a study byOtieno-Alego,

the examination of elements in explosives was carried out using EDX

coupled with SEM. The microscopic analysis was done in low vacuum con-

ditions, therefore it did not require any kind of coating on the sample. Dif-

ferent particles observed in the microscopic image were marked and their

EDX data were collected. The EDX spectra of two of those particles are

shown in Fig. 2. Particle 3 was identified as an explosive having potassium

chlorate and sulfur because of their higher percentage while particle 3 was

identified as an aluminum flake. Based on the EDX analysis along with

Raman microscopy, it was concluded that the explosive mixture was

based on chlorate and consisted of trinitrotoluene and tetryl (Otieno-

Alego, 2009).
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4.3 Glass
Glass fragments are commonly encountered in cases of vehicular accidents,

street fights, and robberies. The analysis of these fragments directly relates

them to their original source, especially in the case of vehicles. The micro-

scopic examination assisted by elemental analysis has contributed in such

investigations over the years. This section discusses the research works

regarding the forensic analysis of glass via EDX-assisted microscopy.

The article by Buscaglia in the early 1990s showed the advantages of

EDX over other elemental analysis techniques such as atomic absorption

spectroscopy (AAS) or atomic emission spectroscopy (AES) for the analysis

of glass fragments. The merits include nondestructive sample analysis, no

sample preparation, high analysis speed, and the requirement of very small

amount of the sample (Buscaglia, 1994). In a research work by Falcone et al.

that focused on the chemical analysis (quantitatively) of glass samples, EDX

coupled with SEM was used. The accelerating voltage for the generation of

electrons was 20 keV while the source of X-rays was the Kα shell. For the

analysis of low energy line elements such as Na and Mg, the energy window

was kept at 0.2 keV while for higher energy line elements such as Fe and Cr,

it was kept at 0.34 keV. It was observed that for the detection of elements in

minor quantities such as Fe and Cr, a higher acquisition time was required

(up to 400 s) (Falcone et al., 2006). Zadora also performed the chemical pro-

filing of glass fragments in order to categorize them according to their source

such as the headlight of a car, a window, or any container. EDX coupled

with SEM assisted in this purpose. The accelerating voltage for the gener-

ation of X-rays was 20 keV with a lifetime of 50 s. Elements such as O, Na,

Mg, Al, Si, K, Ca, and Fe were identified in the glass fragments. The study

proved to helpful in properly classifying these fragments based on their com-

position to different source groups (Zadora, 2007). A similar kind of work

regarding the classification of traces of glass was done by Ramos and Zadora

using SEM-EDX analysis. The elemental composition of glass detected via

EDX along with the analysis of the refractive index using glass refractive

index measurements helped in the classification of the collected glass traces

(Ramos and Zadora, 2011). Another research work by El-Defter et al. per-

formed the elemental analysis of Australian window glass collected from

schools as well as residential and commercial buildings using EDX coupled

with SEM. The accelerating voltage was 15 keV, and the EDX assembly in

SEM had an Si-Li detector. Elements such as Na, Mg, Si, and Ca were

detected in EDX analysis, and their ratios in six different combinations were

used for discriminating the glass fragments collected from different locations.
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However, the study proved that LIBS (laser-induced breakdown spectros-

copy) has more advantages for elemental analysis over conventional tech-

niques such as EDX (El-Deftar et al., 2014).

4.4 Gunshot residue
GSR is commonly encountered in crime scenes that involved firearm inci-

dents. Spectroscopic and chromatographic techniques are used for its detec-

tion and quantification. However, for elemental analysis, EDX is commonly

practiced. These are among the most common types of forensic samples ana-

lyzed via EDX-assisted microscopy. The research works related to such ana-

lyses are discussed in this section.

In a research work, EDX coupled with SEM was used to examine GSR

in order to differentiate between the various kinds of ammunition. The res-

idues of primers were collected from the hands of the shooters. Chemicals

with element combinations such as PbSbBa, SbBa, SbSn, PbSbSn, Ba, Hg,

etc., were observed through the elemental analysis. It was concluded that

different kinds of ammunition had different compositions and ratios of ele-

ments in the primer residues collected (Brozek-Mucha and Jankowicz,

2001). Brozek-Mucha again performed SEM-EDX analysis of GSR in order

to compare the cartridge cases. Similar kinds of elements were detected in

these GSR as well. However, in order to compare their composition with

the primer present in the inner cartridge, it was concluded that the compo-

sition varies a lot from the primer ignition to the last step of the projectile

leaving the muzzle. It was recommended to carefully study these composi-

tion changes for proper comparison of cartridges (Broz
�
ek-Mucha, 2007). In

a proficiency test conducted by ENFSI regarding the sensing and identifica-

tion of GSR, EDX coupled with SEM was used. Laboratories from

28 nations participated in this test. The EDX analysis focused on the detec-

tion of Pb, Sb, and Ba in the GSR samples. The test results upon comparison

with the previous tests revealed an improved capability of the new test for

GSR detection (Niewoehner et al., 2008). In a case where a policeman fired

at a person, the GSR from the discharged bullet as well as the intermediate

target (concrete pole) were compared using EDX-coupled SEM. The anal-

ysis revealed that the elemental composition of GSR from the bullet and

pole were almost similar, which helped in concluding that the death of

the person was accidental. Fig. 3 shows the EDX spectra along with the

SEM image of the particles collected from the concrete pole (Hu et al.,

2009). EDX coupled with SEMhas also been used by Amadasi et al. to prove
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Fig. 3 EDX spectra and SEM images of GSR with Cu and Zn (A); and (B) Pb (Hu
et al., 2009).
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the existence of GSR present in gunshot wounds of even cremated bone

specimens. The bone samples were shot and then charred in an oven at very

high temperatures. The GSR was analyzed via SEM-EDX before and after

charring. Elements such as Ba, Pb, and Sb were present in bones before and

after charring (Amadasi et al., 2012). French et al. focused on the secondary

transfer of GSR, which is the transfer of GSR from the shooter to any other

person or object not involved in the shooting. Two scenarios were consid-

ered: a handshake after shooting and an exchange of a gun. Through the

EDX and SEM analysis, GSRs of similar size and composition were

observed in the person who did the handshake and exchanged the gun with

the shooter. The study therefore recommended to carefully investigate such

cases because the presence of GSR does not mean that the person has fired

the bullet (French et al., 2014). French and Morgan also did a similar study

for the tertiary transfer of GSR, in which samples were collected from peo-

ple standing near the firearm discharge. GSR was found on them as well

through the SEM-EDX analysis. The results again emphasized a proper

investigation of firearm cases, considering in mind the transfer patterns

for GSR.

4.5 Paints
Paint chips are often exchanged when two object collide with each other.

This is crucial evidence in cases of hit and run as well as robberies. Forensic

analysts examine the paint fragments using spectroscopic, chromatographic,

and microscopic techniques. EDX coupled with microscopes has assisted in

knowing the elemental composition of different paint samples.

Barium sulfate, a common extender used in paints, was examined by

Haswell et al. using EDX coupled with SEM as well as TEM. The team

examined three paintings in order to check whether the barium sulfate used

was the same. EDX coupled with SEM assisted in characterizing the inter-

particle composition while EDX with TEM helped in characterizing the

intraparticle composition. The particles were initially imaged via SEM-

EDX, and the particles with average strontium content were further visual-

ized via TEM-EDX. The presence of strontium indicated that the barium

sulfate used was of natural origin. It was concluded on the basis of EDX anal-

ysis that all three paintings had different barium sulfates (Haswell et al.,

2008). EDX coupled with SEM with a TES (transition edge sensor) micro-

calorimeter was used for the analysis of automotive paints. The use of TES

helped in removing the problem of overlapping peaks observed in

292 Handbook of analytical techniques for forensic samples



conventional SEM-EDX analysis with a solid-state detector (SSD). The

analysis was done using TES as well as SSD at an accelerating voltage of

15 keV. The lifetime for TES was 300 s while for SSD, it was 100 s. The

elements identified in the paint sample had peaks of Ba and S, indicating

the presence of barium sulfate in paints (Fig. 4) (Nakai et al., 2010). Gum

binders that are utilized in watercolor paints were also examined by Sano

and Cumpson using SEM-EDX. An accelerating voltage of 15 keVwas used

during the analysis. The EDX analysis helped in knowing the surface com-

position of the samples at a sampling depth of around 1 μm. The analysis

showed the presence of Cl and O elements in the binder samples. Fig. 5

shows the microscopic images along with EDX mapping for O and Cl of

different samples (Sano and Cumpson, 2016). Malek et al. combined

EDX and SEM along with other techniques such as Fourier transform infra-

red spectroscopy and Raman spectroscopy for the complete analysis of the
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(solid state detector) (Nakai et al., 2010).
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composition of paint chips collected from automobiles. The accelerating

voltage for the analysis was 15 keVwhile the resolution of the EDX detector

was 133 eV for the X-rays from the Kα shell of Mn. It was concluded that

while EDX analysis was not sufficient for the speciation of the molecules, it

could still provide data that could be corroborated with the FTIR and

Raman results (Malek et al., 2019).

4.6 Soil
Soil analysis becomes important in forensic science because it directly con-

nects the evidence from which it has been collected to the location where

the crime was possibly committed. It may also indicate a particular location

or area where the victim or the suspect might have visited. The elemental

analysis of soil gives an idea about the mineral composition of soil, and thus

relates it to a particular location (Pirrie et al., 2009).

Fig. 5 SEM analysis of different gum binders (A, B, C, F, G) and EDX mapping for Cl and
O (D and E) on binders shown in B and C (Sano and Cumpson, 2016).
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In a study byMcVicar and Graves, EDX coupled with SEMwas used for

the forensic assessment of soil samples. The accelerating voltage was 20 keV,

and a minimum count of 1500was maintained for the X-rays. The elemental

analysis helped in identifying and classifying the soil samples into different

types based on their mineral composition (Mcvicar and Graves, 1997).

Pye published an article showing the potential of EDX coupled with

SEM for the forensic examination of different kinds of soils, rocks, dusts,

and sediments. For the analysis, an EDX instrument with an Si-Li detector

was used. Elements such as O, Al, Fe, Si, S, Zr, Ti, Ca, and Ni were detected

in different samples with variable weight percentages. The study could be

helpful for forensic experts that need to examine soils from different sources

(Pye, 2004). In another research work, EDX coupled with SEM was used

for the mineralogical analysis of soils, and further the speciation of arsenic in

such soil samples. The accelerating voltage for the microscopic analysis was

20 keV, and the EDX analysis was performed from the area that had a clearer

view of the particles. Many elements such as O, Al, Si, P, K, Ca, Ti, Mn, Fe,

Cu, and As were present in most of the soil samples taken. However, ele-

ments such as Pb and Ba were present in only a few samples, and Mg, S, and

Zn were present in only one soil sample (Gómez-Parrales et al., 2011).

Woods et al. examined soil samples from Australia to study their elemental

composition. Fig. 6 shows the EDX analysis of Australian soil from different

locations. The study could be helpful in solving cases from Australia where

soil is collected as evidence (Woods et al., 2014).

4.7 Toxins
The ingestion of toxins such as pesticides can be fatal at higher doses and

have adverse health effects at milder doses. Many cases related to poisoning

use the elemental analysis of stomach contents to understand the possible

reason for poisoning. EDX analysis has played an important role in this area.

A research work by Kinoshita et al. used EDX analysis for the examina-

tion of the stomach contents in poisoning through the ingestion of metho-

myl, belonging to the carbamate class of pesticides. An Si/Li detector was

used for the instrument that was generating X-rays via anRh anode at a volt-

age of 50 keV. Through the analysis, high peaks of Si and S were identified,

which confirmed the presence of methomyl in the stomach (Fig. 7)

(Kinoshita et al., 2013). The research team also performed a similar kind

of work by analyzing the stomach contents in fenitrothion poisoning.

EDX analysis showed the presence of P and S in the stomach. This result
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along with other analyses helped in concluding that the ingestion of feni-

trithion was the reason behind the poisoning (Tanaka et al., 2015).

5 Conclusion

In this chapter, we presented a brief overview of the principle and theory

behind EDX and how it can be coupled with electron microscopy tech-

niques such as SEM and TEM, along with their applications in the detection

of various forensic science evidence such as biological samples, explosives,

glass, gunshot residue, paint, soil, and toxins. EDX is a technique commonly

used for the elemental mapping of a substance by detecting the characteristic

X-ray peaks and Bremsstrahlung radiation. It is also possible to perform a

quantitative analysis of the elements present. When this technique is com-

bined with electron microscopy techniques, it provides information about

structure and morphology. SEM is commonly used to analyze the surface

morphology of samples while TEM is used to provide an internal view of

the sample. In forensic science, it is important to obtain structural as well

as the compositional proof in order to establish the positive identity of

the substance. The images obtained from these techniques can also be easily
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provided in court as testimony. There are, however, certain drawbacks to

these techniques, especially in terms of the cost, maintenance, and sample

preparation. However, despite the drawbacks, these techniques are an indis-

pensable tool for the confirmatory analysis of evidence.

Fig. 7 EDX analysis of stomach contents from (A) victim; and (B) control (Kinoshita
et al., 2013).
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CHAPTER 16

Mass spectrometry in forensic
chemistry

1 Introduction

Forensic science, especially forensic toxicology, requires appropriate charac-

terization techniques to properly detect compounds with high reliability,

accuracy, and validity. In order to achieve this, chromatography techniques

are widely used to separate the analytes; they are usually paired with a pow-

erful technique known as mass spectrometry. This technique allows the

highly sensitive and accurate determination of a myriad of compounds

and provides rich elemental information, even in a mixture of compounds.

It also has unparalleled detection limits and speed and thus is highly suitable

for the detection of forensic samples such as pesticides, drugs, toxins, and

poisons (Maurer, 1998; Rawtani et al., 2019).

Mass spectrometers target the mass-to-charge ratio of any molecule and

detects it on this basis. The theory and principle of mass spectrometers will

be discussed further in this chapter. It can not only detect the molecules, but

can also perform its quantitative detection. This is done through a series of

steps that mainly involves the ionization of the molecules, due to which frag-

mentation occurs that is further detected. In this chapter, the principle, the-

ory, and instrumentation of mass spectrometry are discussed. Also, the

applications of the technique in the analysis of various forensic evidence

is discussed.

2 Principle and theory of mass spectrometry

As mentioned in the introduction, mass spectrometry is based on the gen-

eration of the positive ion of a molecule. During ionization, a molecule

breaks into ions containing either an odd or even number of electrons.

These ions have different chemical properties. The positively charged ion

is known as the parent ion or the molecular ion (M+). These molecular ions,

due to their high instability, further break into a single or multiple daughter

ion. These ions are separated on the basis of their mass-to-charge ratio (m/z)

301
Handbook of Analytical Techniques for Forensic Samples © 2021 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-822300-0.00016-1 All rights reserved.



and detected by a detector to form a spectrum that consists of varying inten-

sities of the ions. The intensity of the ions in the spectra is directly propor-

tional to their abundance in the molecule or the mixture. A typical mass

spectrum consists of the m/z ratio in the x-axis and the intensity in the

y-axis. The ions also provide information on the nature and structure of

the molecule. If the M+ ion formed has a high molecular weight and is sin-

gle, it means that the compound is pure. However, if its contaminated, then

multiple M+ ions are found on the spectrum. The M+ ion peak with the

highest intensity is known as the base peak and corresponds directly to the

molecular weight of the compound.

Conventionally, mass spectrometers work under high vacuum in order

to allow the facile movement of ions to the detector without undergoing any

elastic or inelastic collision, as they not only influence the trajectory of the

ions but also make them lose their energy. In order to produce this, various

ion sources are used that will be discussed further in this chapter.

3 Overview of mass spectrometry

A typical mass spectrometer consists of an ionization source, a mass analyzer,

and a detector (Fig. 1). There are numerous ionization sources that are

responsible for the ionization of the samples and these sources are dependent

Ion source

Mass analyzer(s)

Computer

TIC
EIP

Chromatograph Spectra
Lib Match

SIM

Vacuum system

Detector

Fig. 1 Instrumentation of mass spectrometry (Rockwood et al., 2018).
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on the type of sample used. In this section, a brief overview of the ionization

sources, the mass analyzers, and the detectors used is discussed.

3.1 Sources of ionization
The ionization sources are highly crucial, and the sources developed take

into consideration the transfer of internal energy during the process and

the physicochemical properties of the sample. The ionization sources are

mainly divided into two parts based on the nature of the sample, that is,

whether they are solid or liquid samples. In the analysis of liquid samples,

the solution is converted into droplets through nebulization and later ion-

ized at atmospheric pressure. In the case of solid samples, they are usually

subjected to a series of sample preparation techniques that allow them to

be embedded in a matrix, followed by the bombardment of photons that

ionize the sample particles.

Electron ionization is a source in which a heated electron source such as a

filament radiates electrons and accelerates them toward the ions. Through

their path, they collide with the gas-phase samples. When the electrons

reach the sample molecules, a transfer of energy between the electron and

the sample takes place when the energy of the electron matches the transi-

tional energy of the electrons in the molecule. In order to ensure proper ion-

ization of the samples, the entire setup is kept in a vacuum chamber under a

high accelerating voltage. However, the high energy of the electron can

also cause overfragmentation of the molecule, due to which there may be

multiple peaks but with low intensities in the spectra.

Another technique that is also useful for the analysis of liquid samples is

the chemical ionization technique, also known as the soft ionization tech-

nique. Here, a lower amount of energy as compared to the electron ioniza-

tion is required and is highly dependent on the sample. A great advantage

with this technique is that the fragmentation is less extensive, due to which

a simpler and clearer spectrum is formed. Chemical ionization takes places

via multiple processes including proton transfer, charged species transfer, or

the formation of an adduct from the condensed phase to the gas phase. In

adduct formation, due to the ionization, there is a formation of a reaction

product due to the direct addition of some distinct molecules. In the charge

transfer, gases that have high ionization potential react with the samples.

Chemical desorption ionization is also a variation of the chemical ionization

technique in which the temperature of the chamber is reduced to prevent

the pyrolysis of the samples (Hoffmann and Stroobant, 2007). These samples
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are then placed on a heated filament and for a few seconds, they get desorbed

and ionized. Field ionization is also another technique in which very strong

electric fields produce ions. This is also a soft ionization technique. Under

the presence of an intense electric field, the samples that are usually in a gas

phase undergo ionization to produce positive ions through quantum tunnel-

ing. These ions are later passed onto the mass analyzer through a hole in the

ionization chamber, which is similar to the setup used in electron ionization

and chemical ionization.

An interesting technique that is preferably used for the analysis of solid

samples is secondary ion mass spectrometry or SIMS. In this technique, sec-

ondary ions that are emitted when high-intensity electrons hit a surface are

detected. These secondary ions are capable of providing a detailed chemical

analysis of the sample. Static SIMS is a technique in which a very low dose of

primary ions is impinged on the sample such that only one primary elec-

tron hits a particular sample surface at a time. Due to this, it is possible to

analyze only one area of the sample while the remaining areas of the sample

remain unaffected. Another technique is the use of field desorption, which

is highly useful for thermally sensitive compounds and polymers. The

mechanism of this technique is similar to that of chemical desorption in

that the sample is deposited on a heated filament and is passed through

an electric field. Plasma and laser desorption techniques are also used.

However, these techniques require a high level of expertise and are cur-

rently used with modifications. Matrix-assisted laser desorption ionization

(MALDI) is one such technique in which the sample is dissolved in a suit-

able solvent known as the matrix and the sample is dried while the solvent

is removed. Due to this, the matrix molecules get embedded with the sam-

ple molecules. They are, however, still isolated and can be easily analyzed

further through the ablation of large parts of the dried sample-analyte solu-

tion with the help of a laser. Due to the excessive heat of the laser, portions

of the matrix get ablated while simultaneously ionizing the samples. Due to

the isolation of the sample molecules by the matrix, there is a very minimal

change of formation of sample clusters, due to which the sensitivity of the

analysis is very high (Hoffmann and Stroobant, 2007; Rockwood

et al., 2018).

3.2 Mass analyzers
Mass analyzers are used to separate the ions produced during the ionization

stage via the m/z ratio. These work by using a combination of an electric
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field that is either kept constant or variable and a magnetic field. There are

mainly two types of mass analyzers that are classified on the basis of their

functioning. Mass analyzers that allow the transmission of ions of different

masses along a time scale are known as scanning analyzers. There are also

mass analyzers that allow the simultaneous transmission of the ions at a time

such as quadrupole, ion trap, time-of-flight, Fourier transform ion cyclotron

resonance (FTICR), and Fourier transform orbitrap.

Quadrupole analyzers separate ions based on their m/z ratios according

to the stability of the trajectories of the ions. Typically, a quadrupole consists

of four circular or hyperbolic rods that are parallel to each other. When a

positive ion enters between the quadrupoles, it faces a surge of either positive

or negative potential. Based on the manipulation of the potentials, the

movement and the path of the ions can be controlled according to the

m/z ratio. Ion trap analyzers are another set of mass analyzers in which a

radio frequency quadrupole serves as a trap to capture ions in two or three

dimensions. In three-dimensional (3D) ion traps, there is a circular electrode

in which two electrodes, usually ellipsoidal, are fixed on the top and bottom

of the ion. In two-dimensional (2D) ion traps, instead of ellipsoidal elec-

trodes, rod-shaped quadrupoles are used that are responsible for the forward

and backward reflection of the ions. Another type of mass analyzer is the

FTICR, which traps the ions with the help of electric trapping plates and

excitations in between a magnetic field, and separates the trapped ions as

per their cyclotron frequency. The ions pass close to the electrodes and emit

a signal known as the free induction decay. This signal is used to develop a

mass spectrum through Fourier transformation. The electrostatic trap mass

analyzer uses two sets of electrodes: one outer barrel-shaped electrode and an

inner spindle-shaped electrode. The signals emitted from the trapped ions

are converted into a mass spectrum through Fourier transformation

(Gratz et al., 2006). Another commonly used mass analyzer is the time-

of-flight analyzer, which is based on the principle that heavier ions take a

longer time to travel from the ionization source to the detector. Therefore,

when the ions are released from the ionization source, they enter a high-

vacuum environment so that the velocities of the ions are solely determined

by their masses (Lockyer and Vickerman, 2001).

3.3 Detectors
The detectors are responsible for the generation of an electric current

obtained from the incident ions; this is further used to generate the mass
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spectra. The detector used for an instrument is dependent on the applica-

tion and the type of sample. The detectors work either by counting the

mass of individual ions at a time or by counting the masses of

multiple ions.

Detectors commonly used inmass spectrometers are photographic plates,

Faraday cups, electron multipliers, and electrooptical ion detectors.

A photographic plate is responsible for detecting ions with the same m/z

ratio at the same time.When the ions hit the photographic plate, they create

a dark spot on the plate at different positions. The darker the spot, the greater

the abundance of the ion in the compound. However, this technique has

been replaced by other alternative detectors.

A Faraday cup is a detector in which a small cup with a minute hole is

connected to a resistor. When the ions hit the inside of the cup, they

undergo multiple reflections, due to which they lose their energy and

become neutralized due to the gain or loss of electrons that further generates

an electric current. The resistor serves to control the flow of this current,

which is further amplified for detection. The greater the current, the greater

the abundance of ions in the sample. However, this detector is not sensitive

and has a slow response time. These detectors are used to identify the precise

ratio of specific ions in a compound.

Electron multipliers work by subjecting the ions to a high accelerating

voltage that strikes a dynode to set up a cascade of such strikes. Due to this,

secondary ions are generated of multiple cages that are further converted to

electrons and amplified to produce a current that is further detected. Con-

ventionally, this detector usually comprises 10–20 dynodes in order to

achieve a significant emission of the secondary particles. There have been

several modifications to this detector in which the individual dynodes that

are placed separately have been replaced by a single continuous dynode to

achieve high efficiency. Lastly, the electrooptical ion detectors are respon-

sible for converting the ions into photons for detection. The Daly detector is

the most common detector and consists of dynodes, a scintillation screen,

and a photomultiplier. These dynodes can be used either in the positive

or negative potential. In positive potential, the ions are attracted toward

the negative dynode and the vice versa happens in case of negative potential

mode. The secondary electrons generated hit the photomultiplier screen,

due to which photons are emitted that are further converted to an electric

current and amplified. The detectors discussed are supported by computers

that serve as an interface to control various factors that enable the user to

achieve a high efficiency of separation (Baghel et al., 2017; Hoffmann

and Stroobant, 2007; Kaklamanos et al., 2012).
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4 Applications of mass spectrometry for forensic
investigations

MS has been widely used in different industries such as pharmaceuticals,

textiles, food, and many more. Forensic scientists have also been using this

technology, either alone or in conjugation with other analytical techniques,

for various types of evidence (Correa et al., 2016; Orellana et al., 2013). This

section discusses the applications of MS for forensic investigations such as the

analysis of biological samples, the examination of drugs and foods, explosives

and gunshot residue analysis, fiber analysis, the detection of inks in question-

able documents, and the investigation of oil spills and petroleum products.

4.1 Analysis of biological samples
Different types of biological samples of forensic importance such as hair,

body fluids, and toxins of biological origin have been analyzed through

MS either alone or in combination with other techniques that are mostly

related to chromatography. This section discusses some research works that

utilized MS for analyzing such biological samples.

In a study carried out by Kharbouche et al., MS was used in combination

with gas chromatography (GC) for the analysis of hair with traces of ethyl glu-

curonide, which is a metabolite formed during ethanol metabolism. Negative

chemical ionizationwas used in the tandemMS (NCI-MS) for the analysis. The

hair sampleswere collected fromcorpseswith a history of alcohol consumption;

hair spiked with analytes was also analyzed. The SRM (selected reaction mon-

itoring) mode was adopted for the analysis using m/z transitions for quantifica-

tion (352-163), identification (347-119), and the internal standard (352-163).

The NCI-MS spectra of ethyl glucuronide is shown in Fig. 2 (Kharbouche

et al., 2009). MS has also been used for the detection of different compounds

and drugs in body fluids. In a study,MS has been used in combinationwith liq-

uid chromatography (LC) to determine illicit drugs and theirmetabolites such as

opiates, cocaine, and lysergic acid in body fluids such as urine, blood, and serum.

Spiked body fluid samples with drugs were used for the study. Atmospheric

pressure chemical ionization MS was used in the positive ionization mode to

analyze the drugs. The study concluded that this variant ofMS can analyze illicit

drugs in body fluid without any requirement of derivatization (Bogusz et al.,

1998). In another study, time-of-flight MS was used for the identification of

drugs inurine samples.The ionization source forMSwaselectrospray ionization

while themode of operation was positive ion. This variant ofMSwith LC effi-

ciently analyzed drugs in urine with an automatic target database (Ojanper€a
et al., 2006). A similar kind of study was also carried out by Gergov et al. that
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Fig. 2 NCI-MS spectra of ethyl glucuronide (Kharbouche et al., 2009). (A) Full scan mode
mass spectra of negative chemical ion of EtG postderivatizationwith perfluoropentanoic
anhydride. (B) PFP derivative of EtG formed after collision induced fragmentation (5 eV)
(precursor ion: m/z 347). (C) PFP derivative of EtG formed after collision induced
fragmentation (25 eV) (precursor ion: m/z 347).
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employed an automatic target database search for the identification of drugs in

urine (Gergov et al., 2001). In another study, ethyl glucuronidewas analyzed in

urine throughMSwith electrospray ionization (Weinmann et al., 2004). Drugs

have also been analyzed in blood serum. In a study by Bogusz et al., amphet-

amines (underivatized) and associated phenethylamines were detected in serum

using atmospheric pressure chemical ionization MS preceded by high-

performance LC (HPLC). The molecular ions and remains (in the protonated

state) of drugswere observed in theMS spectra (Bogusz et al., 2000). In another

study byDresnan et al., tandemMSwas used for the examination ofmethanan-

damide and cannabinoids (synthetic) in serum. A total of 101 serum samples

were analyzed during the study, and 56.4% were found to be positive for the

aforementioned drugs (Dresen et al., 2011). Another study by Fredriksson

et al. showed the potential of MS for the analysis of ricin (protein toxin) from

the extracts of castor beans. The sample was prepared for MS analysis by enzy-

matic digestion using trypsin. Matrix-assisted laser desorption ionization MS

with a UV ionization lazer was used for this purpose. The analysis was able

to identify the intact ricin as well as its peptides (Fredriksson et al., 2005).

4.2 Examination of drugs and foods
Forensic chemistry mostly utilizes MS for the analysis of unlawful drugs, and

this practice has been going on for many years. In a study, MS was used in

combination with HPLC for the detection of scopolamine and atropine

(chemicals responsible for poisoning by Datura). The electrospray ionization

mode was used for MS analysis. The drugs were analyzed from the seed

extracts and from the contents of the stomach. The chemical profile of

the drugs as analyzed byMSwas similar in the stomach contents and the seed

extracts (Steenkamp et al., 2004). Ecstasy tablets have also been detected

using desorption electrospray ionization MS. Linear ion trap triple quadru-

pole MS was used for the analysis. The spectra obtained revealed the pro-

tonated and deprotonated ions of ecstasy (Leuthold et al., 2006). The

designer drug analogs (counterfeited drugs) of vardenafil, tadalafil, and sil-

denafil have also been analyzed through MS. The analysis was carried out

using electrospray ionization. Fourier transform ion cyclotron resonance

MS used in this study had high resolution and accuracy in predicting the

structures of the analogs through the spectra obtained (Gratz et al., 2006).

Another study has also utilized MS for the analysis of various kinds of drugs

such as Vicodin, methamphetamine, prednisone, Xanax, and cannabis

extract (Rodriguez-Cruz, 2006).
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Food samples have also been investigated for the presence of any con-

taminants or foreign materials through MS. Nielen et al. showed the ability

of desorption electrospray ionization MS for the examination of food con-

taminants of chemical origin such as pesticides, natural toxins, veterinary

drugs, and food additives (Nielen et al., 2011). In a study, high-resolution

MS was used for the analysis of pesticides that were collected from the sur-

faces of apples, grapes, and oranges using swabbing. The collected swabs

were investigated for pesticide residues using MS coupled with direct anal-

ysis in real-time ionization. Almost 86% of the residual pesticides were

detected, even at a very low concentration of 10 ng/g in the grapes or

2 ng/g in the apples and oranges (Edison et al., 2011). In another study,

paper spray MS was used to forensically discriminate among beers. A total

of 141 samples of 8 different brands of lager beers were taken for the analysis.

The mass range for the analysis was 100–1800 m/z while the voltage for the

paper spray was 40 kV. The peaks denote those maltooligosaccharide ions

which had resulted from the hydrolytic action of the polysaccharides in bar-

ley. Fig. 3 shows the MS spectra of lager beer (Pereira et al., 2016).

Fig. 3 (A) Paper spray (+) and (B) paper spray (�) of lager beer (Pereira et al., 2016).
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4.3 Explosives and gunshot residue analysis
Explosives that are commonly found at terrorist attack scenes need to be pre-

cisely analyzed. MS has been widely used by researchers for the detection of

explosives. In a study by Zhao and Yinon, inorganic oxidizers that are used

in explosives were detected using electrospray ionization MS. The mass

spectra were obtained in positive and negative ion modes. The voltage in

the ion modes was 5 kV and 4 kV, respectively. A cluster ion series was

observed in the MS spectra in both ion modes, which helped in the iden-

tification of oxidizers (Zhao and Yinon, 2002). In another study, adduct ions

of trinitrotriazacyclohexane (RDX) were also detected using MS in combi-

nation with GC. Electrospray ionization and atmospheric pressure chemical

ionization conditions were used for the analysis, in which characteristic ions

were produced by the attachment of the negative ion to the molecule of the

analyte. It was observed that in electrospray ionization, adduct ion formation

was not governed by the RDX’s self-decomposition while in atmospheric

pressure chemical ionization, self-decomposing RDX was responsible for

the adduct ion formation (Gapeev et al., 2003). Triacetone triperoxide

(TATP) has also been detected using MS with different kinds of ionization

such as methane negative ion chemical ionization, electron ionization, and

ammonia positive chemical ionization (Sigman et al., 2006). TATP along

with PETN (pentaerythritoltetranitrate) was also analyzed in a study carried

out by Benson et al. using isotope ratio MS. The values of isotopes of carbon

and hydrogen were measured for TATPwhile for PETN, isotopes of carbon

and nitrogen were measured (Benson et al., 2009).

Gunshot residue (GSR) investigations have also been carried out using

MS. In a study, GSR from rimfire ammunition of 0.22 caliber was analyzed

by secondary ion MS. The elemental sensitivity of MS was higher as com-

pared to the scanning electron microscope analysis coupled with an energy

dispersive X-ray spectrometer. The study showed the applicability of this

variant of MS for analyzing GSR collected in this micrometer size range

(Coumbaros et al., 2001). GSR fired from a 0.4 caliber pistol was analyzed

for the identification of metals such as barium, antimony, and lead using

inductively coupled plasma MS. The analysis was able to detect metal con-

centrations even lower than 1 ppm. The study helped in discriminating

between GSR collected from the hands of nonshooters and shooters

(Sarkis et al., 2007). MS coupled with inductively coupled plasma has also

been used to differentiate different types of bullets through the analysis of

GSR (Udey et al., 2011).Morelato et al. also utilized desorption electrospray
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ionization MS for the screening of GSR. The quadrupole time-of-flight MS

was used during the study to check for the presence of organic and inorganic

GSR (Morelato et al., 2012).

4.4 Fiber analysis
The forensic analysis of fibers is an important step during crime investiga-

tions. Various types of physical and chemical characterization of fibers are

carried out. The analysis of dyes in the fibers is one such analysis, and this

examination extensively utilizes MS analysis. Dyed fibers have been exten-

sively studied using different variants of MS such as LC-MS, capillary elec-

trophoresis MS (CE-MS), and desorption techniques (Goodpaster and

Liszewski, 2009). This section discusses the research works that utilized

MS and its various variants for the analysis of dyes extracted from various

kinds of fibers.

In a study by Petrick et al., electrospray ionization MS was used for the

analysis of dyes in fibers made up of polyester and acrylic. The dyes were

extracted from fibers which were 0.5 cm long. In addition to the extracted

dyes, 13 dispense and 15 basic dye standards were also taken. Dye analysis

using MS was able to differentiate fibers that had similar chromatograms

and UV spectra (Petrick et al., 2006). In another study, basic dyes coming

from acrylic fibers such as azo and methane were detected using electrospray

ionization MS; the voltage for electrospray ionization was 3.72 kV. The

length of the acrylic fiber used was 2 mm. Three basic dyes were extracted

from this length of fiber. The study helped in quantifying the dyes present in

fibers as well as characterized them at the molecular level (Stefan et al.,

2009). In another study, real time-time-of-flight MS was used for the direct

detection of dyes in textile fibers. The study focused on the detection of

indigotin, quercetin, and alizarin in reference samples in solution form as

well as in textile fibers that were dyed with them. Direct analysis in real-time

ionization MS with high resolution was used for this purpose, in which no

sample preparation was required. This variant of MS detected these organic

dyes in animal fibers such as wool and silk as well as in plant fibers such as

cotton and linen (Selvius DeRoo and Armitage, 2011). In another study

related to the direct detection of dyes in textile fibers, matrix-assisted laser

desorption electrospray ionization MS was used. The direct analysis of

dye removed the step of dye extraction from the fabric material, thereby

omitting the tedious sample preparation steps. In this variant of MS, dye

was desorbed from the fabric using the IR laser with a wavelength of
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2.94 μm. The MS measurements were taken in both positive and negative

ion modes. In addition to the merit of no sample preparation, another

advantage of direct analysis was the minimal damage caused to the fiber dur-

ing analysis, proving this technique to be almost nondestructive. Fig. 4

depicts the MS spectra and structure of the dye analyzed in fiber

(Cochran et al., 2013).

4.5 Detection of inks in questionable documents
The analysis of questionable documents includes the examination of inks and

their constituents present in that paper. This examination is necessary to esti-

mate the correct age and source of written documents as well as their

authentication. MS has been widely utilized by forensic analysts for this pur-

pose. Here are some of the research works that have employed MS and its

combinations for the analysis of inks present in questionable documents.

Jones et al. used real-time MS for direct discrimination among writing

inks. As discussed in the previous section, there was no requirement of sam-

ple preparation in this case as well because of direct detection. For the

Fig. 4 MS spectra of nylon fiber dyed with acid blue 40 using (A) electrospray ionization,
and (B)matrix-assisted laser desorption electrospray ionization; (C) structure of acid blue
with nylon fiber area that was analyzed (Cochran et al., 2013).
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analysis, black and blue inks from ballpoint, gel, and ink pens were collected.

Atmospheric pressure ionization was used in time-of-flight MS, which was

operated in the positive ion mode; the spectra were obtained in the m/z

range of 60–1000. The protonated molecules obtained in the MS spectra

were because of the thermally unstable constituents of inks ( Jones et al.,

2006). Another research work used matrix-assisted laser desorption ioniza-

tion MS for the analysis of dyes in pen inks straight from the paper. The laser

used was a nitrogen pulsed laser with a wavelength of 337 nm. The study was

helpful in detecting dye mixtures with multiple charges, which are com-

monly used in pen inks (Dunn and Allison, 2007). DesorptionMSwith elec-

trospray ionization has also been utilized for the examination of inks on

questionable documents. Writing samples were prepared using blue ball-

point pens that possessed dyes such as basic violet 3, basic blue 7, solvent blue

2, and solvent blue 26, as identified by the MS spectra (Ifa et al., 2007). In a

similar kind of study, laser desorption ionization MS in combination with

HPLC was used to differentiate blue inks from ballpoint pens. The detected

inks were classified into 26 classes because the MS spectra provided data

about the molecular weight and quantity of dyes in inks (Weyermann

et al., 2007). Electrospray ionization MS has been used by Williams et al.

for the analysis of documents written with black ink. The sources of black

inks were gel, ballpoint, and rollerball pens. The ions that were observed in

the MS spectra were responsible for the differentiation of inks from different

pens (Williams et al., 2009). Matthews et al. presented a case report of dye

detection in inks from ballpoint pens by utilizing time-of-flight MS with

laser desorption ionization. The study focused on causing minimal damage

to the document, and collected single fiber bearing ink from its surface. The

MS spectra were obtained in reflectionmode. Fig. 5 shows theMS spectra of

inks collected from blue, black, and red pens (Matthews et al., 2011). Paper

spray MS has also been used for ink analysis from ballpoint pens (da Silva

Ferreira et al., 2015).

4.6 Investigation of oil spills and petroleum products
Oil spills and cases related to arson usually contain evidence of crude oil or

petroleum products. MS in combination mostly with chromatographic

techniques has been utilized by forensic analysts for the investigation of

oil spills and petroleum products. A compilation by Wang et al. focused

on the characterization and identification of biomarkers from oil spills

through GC-MS. Biomarkers in petroleum do not degrade easily in the
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environment and exhibit unique properties under different geological con-

ditions (Wang et al., 2006a).

In a study by Keto and Wineman, accelerants based on petroleum col-

lected from very contaminated extracts of fire debris were analyzed byMS in

combination with GC. TheMS spectra was obtained in the range of 50–200
a.m.u. using electron impact ionization, with an electron energy of 70 eV.

The analysis was helpful in getting signals of gasoline as well as medium and

heavy petroleum distillates in highly contaminated samples of fire debris

(Keto andWineman, 1991). In another study, an oil spill was identified using

MS combined with GC. The spiked samples consisted of petroleum bio-

markers and PAH (polycyclic aromatic hydrocarbon). The real samples

for the oil spill were comprised of crude oil, spill samples, refined products,

and oil mixtures that were collected from the forensic oil spill laboratory.

The sources of the oil spills were identified using this analysis

(Christensen et al., 2004). Oil spills and petroleum products have also been
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Fig. 5 MS spectra of (A) blue; (B) black; (C) red pen inks collected from single fiber from
paper (right) and solid line (left) (Matthews et al., 2011).

315Mass spectrometry in forensic chemistry



detected by the fingerprinting of five different diamondoids (sesquiterpane,

steranes, terpane, diamantane, adamantane) using GC-MS (Wang et al.,

2006b). Alberta oil sands, which are known to contain huge bitumen

reserves, were studied along with petroleum products using GC-MS. Com-

pounds such as PAHs and diamondoids (terpane, sesquiterpane, sterane)

were identified in the samples on the MS spectra that were taken in the

selected ion monitoring mode (Yang et al., 2011). Triple quadrupole MS

has also been used for the analysis of petroleum products in samples collected

from oil spills at Deepwater Horizon (Adhikari et al., 2017).

5 Conclusion

Forensic science requires the rapid and accurate analysis of samples. This is

easily possible due to mass spectrometry in which compounds can be ana-

lyzed through this technique by the determination of their molecular weight

and elemental composition. This technique mainly consists of four crucial

parts: the ionization source, the mass analyzer, the detector, and the com-

puter. The ionization source is responsible for the ionization of the mole-

cules and is different for solid and liquid samples. The mass analyzers are

responsible for separating the ions according to their mass-by-charge ratio.

Once separated, these ions are sent further to the detector where every signal

received from the ions is converted to an electric signal and then amplified.

The amplified electric signals are later displayed on the computer as the mass

spectra plotted against the intensity and the mass-to-charge ratio. In forensic

science, this technique has been used for the analysis of biological samples as

well as the examination of drugs and foods, explosives, gunshot residue,

fibers, the detection of inks in questionable documents, and oil spills and

petroleum products. Such applications were discussed in this chapter.
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CHAPTER 17

X-ray diffraction for forensic
samples

1 Introduction

X-rays for a long time have served as a suitable tool to analyze the chemical

and structural morphology of any element because of their high energies,

which enable them to penetrate any material. Over the years, this high

energy part of the electromagnetic spectrum has been employed in the anal-

ysis of crystal structure, particle size, chemical composition, nanoscale imag-

ing, and even in the visualization of internal structures through techniques

such as X-ray diffraction (XRD), X-ray microscopy, scanning X-ray fluo-

rescence (XRF), and X-ray computed tomography (XCT).

X-ray beams, upon interacting with a sample, undergo a series of scat-

tering and absorption processes that shall be discussed in this chapter.

Based on these phenomena, different characterization tools have been

developed. X-ray diffraction is a technique that is useful for the analysis

of solid crystalline substances. This technique produces a distinct pattern

based on the diffraction of the X-rays on the sample. The pattern is char-

acteristic to every sample and indicates the lattice parameters, space group,

crystallite size, etc. This technique is useful for analyzing amorphous sub-

stances such as DNA, vitamins, and medicines. This technique is also

nondestructive in nature and easy to use (Chatterjee, 2001; Waseda

et al., 2011).

In forensic science, XRD does not find applications in the analysis of

common evidence such as fingerprints and body fluids (Pandey et al.,

2017; Rawtani et al., 2019). However, it is highly useful in the analysis

of evidence such as fibers, fabrics, explosives, and archaeological evidence

such as cremains. Because it is nondestructive in nature, it is highly useful

in the analysis of archaeological evidence. In this chapter, X-ray diffraction,

its principle and theory, instrumentation, and applications in the examina-

tion of numerous forensic evidence are elaborated.
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2 Principle and theory of X-ray diffraction

2.1 Theory of X-ray
X-rays are a part of the electromagnetic spectrum with a wavelength of

0.1–100 Å; they were first discovered by William Roentgen. They can

be classified into two types: hard X-rays and soft X-rays. Hard X-rays have

significantly higher energies than the soft X-rays. X-rays are usually gener-

ated through X-ray tubes or through a synchrotron. In an X-ray tube, a

cathodic element such as tungsten is heated, which causes it to emit electrons

that are accelerated with a high voltage. When these high-energy electrons

hit the sample, the electrons in different shells in the atom get excited and are

emitted as X-rays. X-rays are high-energy electrons that can penetrate any

sample. Therefore, it is necessary that the energy of the electrons sent to the

target is very high. Also, factors such as the material used and the initial and

final shell positions of the electron also influence the energy of the X-rays

(Kasai et al., 2005; Misture and Snyder, 2001).

In the case of a synchrotron, the electrons are made to move in a circular

orbit under a constant voltage. Due to the circular motion of the electrons

under the influence of accelerating voltage, they acquire extremely high

momentum, and start emitting X-rays. The synchrotrons are a great alter-

native over the traditionally used X-ray tubes as they haveminimum thermal

loss. Also, this technique is time saving as there is no need for the cathodic

filament to cool before the next usage.

X-rays are generally emitted in the form of white radiation or Brems-

strahlung, which is basically a continuous spectrum of X-rays. This contin-

uous spectrum consists of different wavelengths of X-rays that are emitted

when the photon-electron collision takes place. The white radiation is

dependent on the kinetic energy of the incident electron. It is continuous

until all the kinetic energy of the electrons is used in the generation of short

and long wavelengths.

Typically, in an atom’s emission spectra, there are four main character-

istic lines—K, L, M, N—that correspond to n ¼ 1,2,3,4 quantum levels of

the electron’s energy state, respectively. When an incident electron hits the

target metal with an energy higher than the excitation potential of the elec-

tron, it makes a transition from a higher level to lower level. Depending on

the shell from which the electron was emitted, the characteristic lines appear

on the spectra that are stronger than the white radiation. The characteristic

lines that always appear are Kα and Kβ because the K line is the lowest quan-

tum energy level, and therefore it is the only state that all electrons go to

322 Handbook of analytical techniques for forensic samples



once they lose energy during the transition. Based on this, the X-ray sources

in XRD are chosen, which will be discussed in the next session.

2.2 Theory of X-ray diffraction
When the X-ray beam hits a sample, it undergoes a series of scattering and

absorption events. X-ray absorption takes place because of their ability to

easily penetrate solids. The amount of X-rays absorbed can be easily esti-

mated by using the Beer-Lambert law, in which the intensity of the trans-

mitted X-ray photons is compared with the initial intensity. Clearly, the

denser the sample, the lesser the intensity of the transmitted photons and thus

there is more absorption. In X-ray scattering, the presence of the atoms in an

order in the sample causes the X-rays to be scattered. Here, there are two

types of scattering events: elastic and inelastic scattering. In elastic scattering,

the energy of the X-ray photons is conserved when they hit the sample.

However, in inelastic scattering, the energy is lost and converted into some

other form. Elastic scattering also preserves the information of the source

from which the X-rays were emitted while inelastic scattering doesn’t.

The elastic scattering that X-rays commonly undergo is known as Thomson

scattering. In inelastic scattering, the X-rays undergo Compton scattering in

which there is a decrease in the energy of the X-ray upon collision with

electrons.

Commonly, apart from scattering in which there is a transfer of energy

from the X-ray photon to the electron or vice versa, X-rays also undergo

diffraction in which their direction changes with respect to the positioning

of the atom in crystalline structures. XRD preferably uses Thomson scatter-

ing to characterize the crystallinity of any material. Also, the diffracted

X-rays interact with each to form either constructive or destructive interfer-

ence, and the pattern generated is characteristic of the material’s structure.

This is known as Bragg’s diffraction and this phenomenon is described in

Bragg’s law. The equation of Bragg’s Law is as follows (Kasai et al., 2005):

nλ¼ 2d sinθ

Here, n can be any integer, λ is the incident X-rays’ wavelength, d cor-
responds to the interplanar space responsible for generating the diffraction,

and θ is the diffraction angle (Fig. 1) (Bunaciu et al., 2015). In XRD, the

sample is scanned through two methods: the Laue method and the

powder-diffraction method. These methods will be discussed further in this

chapter.
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3 Instrumentation of X-ray diffraction

XRD consists of three main components: the X-ray source, the sample

holder, and the X-ray detector. The Bragg angle in the instrumentation is

between the plane of the sample holder and the source. Apart from this,

the angle between the projection source and the detector is 2θ. As men-

tioned above, a sample in XRD can be analyzed either through the Laue

method or the powder diffraction method. In the Laue method, the diffrac-

tion angle is kept constant while the diffraction is varied. In the powder

method, the diffraction angle is varied while the wavelength is kept constant.

The instrumentation of XRD varies according to the type of sample

analysis. For instance, in the Laue method, the X-ray source, the sample

holder, and the detector such as photographic film are kept in a straight line.

Prior to the sample holder, there are slits that help in switching to different

wavelengths of the X-ray. When the X-rays hit the sample, diffraction spots

appear on the photographic film. These spots are characteristic of the crystal

orientation of the sample. The placement of the crystal in this technique

must be perfect, as any distortion may lead to the formation of incorrect dif-

fraction spots, thereby contributing to false information. There are several

variations of the Laue method such as the back-reflection method and the

transmission method. In the back-reflection method, the photographic film

is positioned between the source and the sample and the diffraction occurs in

a backward direction. In the transmission method, the film is positioned

behind the sample and detects diffraction beams transmitted through

Fig. 1 X-ray diffraction.
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the sample. This method is typically used for orienting single crystals

(Bishnoi et al., 2017).

In the powder diffraction method, the instrumentation is set up in a geo-

metric arrangement known as a Bragg-Brentano parafocusing system. This is

a circular arrangement where the sample is kept between the source and the

detector. Between the source and the detector, there is a divergence slit that

controls the intensity of the X-ray beams and the angle at which it falls on the

sample. Therefore, smaller diffraction angles can be easily achieved using this

technique, although at the cost of intensity. The sample is also movable and

based on various tilt angles, the diffraction angle is decided. The various crys-

tal planes in the sample show up as peaks with variable intensities in the

XRD spectra. A typical XRD spectra consists of a list of angles (2θ) on
the x-axis with the intensities on the y-axis. This data can also be combined

with SEM-EDX to obtain confirmation on the elemental composition

(Bunaciu et al., 2015) Fig. 2 shows the instrumentation for the Laue and

powder diffraction methods.

The detectors in XRD are classified as three types: photon counting

detectors, integrating detectors, and spatial sensitive detectors. The integrat-

ing detectors, also known as analog detector, work by integrating the charge

produced by the conversion of the photons to electrons. Photon counting

detectors, also known as digital detectors, are sensitive to the energy of each

individual converted photon. Spatial sensitive detectors are those that detect

photons on the basis of the area covered by them. They can be one-

dimensional (1D) or line detectors, two-dimensional (2D) or area detectors,

and point detectors. These detectors require a goniometer that is capable of

measuring the angular position of the sample. Modern instruments use a

solid-state detector such as germanium or Si (Li) detectors. Factors such
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photograph
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photograph
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(white radiation)
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Fig. 2 Instrumentation of XRD (A) Lauemethod (Smallman and Ngan, 2014); (B) powder
diffraction method (de Villiers and Lu, 2015).
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as analysis time and better image quality are considered while deciding the

detector.

A very crucial aspect of XRD analysis, just like any other analytical tech-

nique, is sample preparation. Solids as well as finely divided colloidal samples

can be analyzed using XRD as long as they are properly prepared. Factors

such as sample treatment to remove the impurities or unwanted substances,

particle size, thickness, and orientation play crucial roles in the analysis of the

sample. In the powder diffraction method, finely ground powders are

required to achieve a high signal-to-noise ratio and a clean spectrum. Ran-

dom and oriented mounts for samples are employed for the analysis

(de Villiers and Lu, 2015; Smallman and Ngan, 2014).

3.1 Types of X-ray diffraction
There are many types of XRD that are classified on the basis of the diffrac-

tion angle, resolution, and type of samples. In this chapter, however, only

small angle X-ray scattering (SAX) and wide-angle X-ray diffraction

(WXRD) will be discussed, as these two techniques are the most widely

used for the analysis of forensic evidence.

SAX is a technique that is used to analyze objects less than 100 nm. In this

case, the samples are made ultrathin so that the X-rays can transmit through

them. A typical SAX instrumentation consists of an X-ray source, a sample

holder, a beam stopper, and an area detector. Sometimes, the dimensions of

the objects themselves are more than the wavelength of the X-ray; therefore,

the diffraction angles are kept extremely small. Also, because in this case the

samples are made ultrathin, a majority of the X-rays with primary photons

get transmitted through the sample onto the detector, due to which the

detector may get damaged or saturated. To prevent this, a beam stopper

is used that blocks such primarily transmitted X-ray beams. The X-rays

are collected multiple times in order to overcome any loss due to weak scat-

tering of the X-rays. The crystallinity of samples such as biological com-

pounds, nanomaterials, and polymers is often characterized using this

technique (Br€ugemann and Gerndt, 2004).

WXRD is another technique that is similar to SAX; however, in this the

diffraction angles are kept wide. This is achieved by shortening the distance

between the detector and the sample. This technique is widely used to ana-

lyze crystallinity and the chemical or phase composition of the sample. This

technique, however, cannot be used for analyzing amorphous samples

(Bishnoi et al., 2017).
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4 X-ray diffraction for forensic evidence analysis

This technique has assisted in knowing the amorphous and crystalline

behavior of any material, which can be a unique signature for that material

(Bunaciu et al., 2015). Forensic scientists have employed XRD for decades

to study these unique features of forensic evidence. The different kinds of

forensic samples studied through XRD can be classified into anthropogenic,

geological, and biological evidence, as discussed in this section.

4.1 Anthropogenic evidence
Anthropogenic evidence that can be encountered at a crime scene includes

drugs, explosives, paints, chemicals, papers, fibers, counterfeit products,

gunshot residue (GSRs), etc. In this section, research works that employed

XRD for the analysis of this anthropogenic evidence are discussed.

Drugs, mainly illicit and recreational drugs (cocaine, heroin, nicotine,

morphine, marijuana), are widely used at rave parties. They are transported

in different types of storage boxes, bags, containers, etc. In this regard,

Causin et al. carried out a study on plastic bags for investigating the traces

of unlawful drugs usingwide angle XRD (WAXRD). A total of 33 shopping

bags that were collected from Venice, Italy, that had been used as packaging

material for drugs was examined for the XRD analysis. The study differen-

tiated among these bags without any requirement for sample preparation.

The 2θ range for the WAXRD was from 15 to 50 degrees. The source

of X-ray radiation was CuKα1. The analysis was helpful in discriminating

among visually indistinguishable bags from different sources on the basis

of their degree of crystallinity, signals from additive used, and the intensity

ratios of peaks of polyethylene (Causin et al., 2007). In another study, single

crystal XRD was used to investigate hydrochlorides of pentedrone and

metaphedrone. These are “legal high” designer drugs, that is, drugs whose

structures are modified to bypass the provisions of laws. The study was per-

formed through collaboration between the forensic laboratory of police and

an academic institution from Poland. The radiation source for the XRD

analysis was MoKα. The dimensions and volume of unit cells were used

to differentiate between the crystals of both drugs. The study was the first

of its kind that employed single crystal XRD for the identification of deriv-

atives of cathinone (Trzybi�nski et al., 2013). Psychoactive drugs have also

been examined through XRD, which served as a nondestructive analytical

technique. Powder XRD was used for the analysis of eight synthetic cath-

inones that had a similar molecular assembly. Four drugs were also identified
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in the street samples. The 2θ range for the analysis was 5–60 degrees, and the
radiation source was CuKα. The 2θ range between 10 and 30 degrees,

which is the region for organic compounds, became the fingerprint region

for the cathinones taken for the study because each drug had its own unique

peak in this range. Fig. 3 shows the XRD pattern of drugs analyzed in this

study ( Jurásek et al., 2019). GSR and explosives can also be detected using

XRD. In a recent study by Miranda et al., XRD along with multivariate

analysis was used to estimate the distance of shooting through GSR. Card-

board boxes covered with cotton fabric were the target from which GSR

was collected. The voltage for XRD analysis was 40 kV, with a current

of 40 mA and a final angle of 90 degrees. The study helped in creating a cal-

ibration curve by examining GSR from targets hit at different shooting dis-

tances. Fig. 4 shows the combined XRD pattern of GSR on fabric due to

variable shooting distance (Miranda et al., 2019). In another recent study

that focused toward developing a forensic database for explosives, XRD

along with other characterization techniques was used for detecting and dis-

criminating between military and commercial explosives. Powder XRD

with CuKα1 as the radiation source was used in the 2θ range of 7–80 degrees.
SO2 reflexes were detected for hexahydrotrinitrotriazine (RDX), trinitro-

toluene (TNT), and pentaerythritol tetranitrate (PETN) in the XRD anal-

ysis. The analysis provided information about the molecular constituents in

the explosive samples (Schachel et al., 2020).

XRD analysis has also been employed by forensic experts for the analysis

of papers. In a study, the technique helped in determining the mineral com-

position and crystallinity of cellulose present in the paper. CuKαwas used as

the radiation source, and the analysis was carried out at a voltage of 40 kV

with 20 mA current. The scanning 2θ range was 17–25 degrees. Minerals

such as kaolinite, talc, anatase, montmorillonite, and illite were found in

the papers through XRD analysis (Foner and Adan, 1983). In another study,

the effects of ninhydrin and printing on paper were studied using XRD anal-

ysis in combination with other characterization techniques. The aim of the

study was to link the paper evidence from its source, which is a hectic process

when comparing printed or treated paper with blank paper. CuKαwas used

as radiation source, with a voltage of 45 kV and current of 200 mA. The

scanning range was 5–40 degrees. The fillers used in the paper, such as chlo-
rite, talc, kaolin and calcium carbonate, were detected through the XRD

pattern of the papers. The pattern also remained the same after ninhydrin

treatment and the printing of papers, as shown in Fig. 5 (Itamiya and Sugita,

2015). Causin et al. also carried out the distinction of paper of forensic
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importance using XRD in combination with infrared spectroscopy. Analo-

gous types of 19 office papers were taken for the WAXRD analysis done

using CuKα1 as the source of radiation. The focus of the XRD analysis

was on the inorganic and cellulose content of papers. The diffraction

pattern was very broad as well as diffused, and the main peaks were located

Fig. 4 XRD pattern of GSR with variable shooting distance (Miranda et al., 2019).

Fig. 5 XRD pattern of blank, printed, and ninhydrin treated paper (Itamiya and
Sugita, 2015).
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at 22.7 and 22 degrees with secondary peaks at 20.3, 16.3, and 14.8 degrees

(Causin et al., 2010).

Wooden safety matches have also been analyzed through XRD. The

study was related to a murder case in which evidence was attempted to

be burned, but due to damp conditions, some unburned materials and

matches were collected that were later also recovered from the suspect’s

house. Both matches were analyzed through XRD for comparison.

Through the analysis, it was found that the matches recovered from the site

and the suspect’s house were similar, thus showing the importance of XRD

in the investigation of such cases as well (Farmer et al., 2007). Fibers have

also been analyzed through XRD. This potential of XRD was proved in

the early 1980s by Lynch and Kerrigan. The radiation source used for the

analysis was CoKα. Fibers of jute, nylon 6, wool, acrylic, linen, viscose

rayon, polypropylene, and polyester were analyzed. It was observed that

the photographs taken through XRD could assist in distinguishing between

these fibers (Lynch and Kerrigan, 1981). Counterfeiting in coins was also

analyzed through XRD by Hida et al. For the analysis, the coins were used

without any pretreatment and the analysis was done using Cu filament with a

voltage of 40 kV and a current of 100 mA. The scanning range for the study

was from 20 to 160 degrees. Principal component analysis and component

analysis were used for the XRD patterns, which helped in the classification

of counterfeit coins into two groups: one made by nickel plating and the

other made by a pressed method. Eight peaks were observed for real and

pressed method coins while two additional peaks for nickel-plated coins

were observed in the diffraction pattern (Hida et al., 2001). In another study

from the early 1980s, a forensic examination of paints for the analysis of

pigments was carried out by Curry et al. using powder XRD. A total of

71 pigments was collected for the analysis. A CoKα radiation source was

used for the analysis with a voltage of 35 kV and a current of 34 mA.

The study suggested that the XRD pattern of pigments in paint samples

could be compared with that of pure pigments for their identification. How-

ever, the limitation of the analysis was the requirement of a high concentra-

tion of pigment in the paint sample (Curry et al., 1982). Chemicals such as

perchlorate have also been detected using XRD in combination with other

analytical techniques. The study was relevant to the field of environmental

forensics for finding the sources of perchlorate. The results from XRD anal-

ysis revealed the presence of smectite, calcite, orthoclase feldspar, quartz,

plagioclase, and muscovite in the analyzed samples (sediment containing

perchlorate collected from the road cut) (Duncan et al., 2005).
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4.2 Geological evidence
Geological evidence is often collected from the crime scene because it gives

an idea about the location relevant to the crime as well as the status of the

building in the case of concrete-related materials. This section discusses

research works that employed XRD for the analysis of geological evidence

such as soil, concrete, and minerals.

The qualitative and quantitative forensic analysis of soil and rock samples

was carried out by Ruffell and Wiltshire in 2004 using XRD. The mineral

abundance in the samples was determined by quantitative XRD (QXRD).

The samples were taken from the tire tracks of cars present at the crime

scene. The radiation source for the QXRD analysis was CuKα. The analysis
revealed that a mineral proportion of soil from the tire matched with the

location. However, the soil samples from two different locations were dis-

criminated only by conventional XRD, and not by QXRD. The study

therefore recommended the combined use of both techniques for effective

quantitative and qualitative analysis (Ruffell andWiltshire, 2004). In another

study that focused on the discrimination of different soil samples as well as

the same soil from different locations, XRD was used for the mineralogical

analysis of clay. Samples were extracted with CBD (citrate/bicarbonate/

dithionite) and NaOH. CuKα was used as the radiation source with

30 mA/40 kV/10–70 degrees 2θ as instrument operating parameters.

CBD-extracted samples were analyzed for gibbsite and kaolinite while

NaOH-extracted samples were analyzed for hematite and goethite. Among

all the techniques used in the study, XRD emerged as the only technique

that accurately discriminated between soil samples that were collected even

within a kilometer range (Corrêa et al., 2018). In another research focusing

on the next-generation sequencing of soils for a forensic comparison, XRD

was used for their geological analysis. The analysis was carried out using

CuKα as the radiation source, which generated X-rays at a voltage of

40 kV and a current of 40 mA. The scanning range for the samples was

5–80 degrees. The XRD analysis showed that the crystallinity of the unfer-

tilized and naturally fertilized soil was similar while for soil with natural fer-

tilizer, the crystallinity was different. Soil from a country road and that close

to houses were also not distinguishable by XRD (Giampaoli et al., 2014).

A compilation related to the application of XRD in mineralogy and pedol-

ogy for solving a double murder was also published a few years back

(Fitzpatrick and Raven, 2012). In a technical note presented by Prandel

et al., XRDwas used for the forensic analysis of clays. The Rietveld method

was used with XRD (RM-XRD) for this purpose. RM refines the data
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generated by XRD such as the proportion of minerals and their crystal struc-

ture. CuKα as the radiation source at 40 kV and 30 mA was used for the

analysis in a step scan manner for the range from 5 to 20 to 70 degrees.

The analysis revealed the dominance of kaolinite in most of the clay samples

collected while quartz dominated in the sample from the first site (Prandel

et al., 2018). Rawlins et al. also employed XRD for the analysis of samples

related to the earth. The XRD instrument had an X-ray tube equipped with

cobalt as the target that generated X-rays at 45 kV and 40 mA while the

scanning range was fixed at 3–65 degrees. The analysis revealed the presence
of ferruginous, feldspar, and quartz in the collected samples (Rawlins

et al., 2006).

Apart from soil and clay, XRD has also been used for the analysis of con-

crete. In a study by Alqassim et al., powder XRD was used for the forensic

analysis of concrete that was affected by fire in the United Arab Emirates.

The scanning range was 5–50 degrees while the radiation source was CuKα.
A change in the intensity of peaks for the materials used in concrete such as

calcite, gypsum, portlandite, and quartz was observed in the diffraction pat-

tern upon changing the temperature (ambient to 900°C) of the concrete as
per the fire’s temperature (Alqassim et al., 2016). Uranium dioxide (UO2),

naturally found in uraninite mineral, has also been studied for its surface

oxidation using grazing incidence XRD (GIXRD). The study was relevant

to nuclear forensics, which investigates the production and trafficking of

such materials. The oxidation of the surface of UO2 is a unique indication

toward its exposure to atmosphere during transport and handling, which was

investigated through GIXRD that is sensitive toward the surface. The

analysis revealed a contraction of the unit cells of UO2 near the surface

(Tracy et al., 2018).

4.3 Biological evidence
Biological evidence is one of the most common types found at a crime scene.

However, not all types of biological evidence need XRD analysis. This sec-

tion discusses the applications of XRD for the analysis of biological evidence

such as burnt remains and cremains of humans as well as for the analysis of the

postmortem interval through bone analysis (PMI).

Piga and coresearchers have shown the potential of XRD for the analysis

of burnt remains with context to forensic science in many of their publica-

tions. In one of their works, human teeth and bone were analyzed by pow-

der XRD to study the behavior of their microstructure in the temperature
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range of 200–1000°C. The analysis was done using CuKα as the radiation

source while 40 kV and 30 mA were the operational parameters. The angu-

lar range for the study was 15–120 degrees. The diffraction pattern indicated
toward escalation in the hydroxylapatite crystal content with increasing tem-

perature (Piga et al., 2009). A similar kind of analysis was published before by

Piga et al. that focused on calibrating the changes in bones as a function of

time and temperature. Fig. 6 shows the XRD pattern of bone at different

temperatures. In the figure, the increasing content of calcium oxide is evi-

dent with increasing temperature (Piga et al., 2008). However, another

study published by the same research group showed the inability of XRD
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Fig. 6 XRD pattern of bone at variable temperature (Piga et al., 2008).
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to distinguish between animal and human bones. The operation parameters

were 40 kV, 40 mA, and 9–140 degrees of angular range. The XRD analysis

of animal and human bones showed that as far as lattice parameters are

concerned, there was complete overlapping of the results for both types

of bones (Piga et al., 2013). This research group also carried out a study

to understand the pattern of the crystallinity index of burnt bones and teeth

by mixing bioapatite with carbonates and phosphates using XRD. The

analysis displayed the formation of whitlockite (β-tricalcium phosphate)

in teeth, thereby showing the higher frequency of the crystallinity index

(Piga et al., 2016).

Bergslien et al. used XRD to differentiate between the filler materials and

human cremains. The analysis was done for an angular range of 5–120
degrees using Cu as the target, generating X-rays at 45 kV and 40 mA.

The apatite present in the biological sample (bone/teeth) had a dissimilar

XRD pattern with that of the apatite present in the geological filler materials

(Bergslien et al., 2008). In a study, PMI was estimated from the analysis of

the remains of bones using XRD. The analysis was done to assess the crys-

tallinity of the minerals present in the cortical and medullar region of the

bone. The 2θ range for the analysis was 10–65 degrees with CuKα as the

source of radiation. It was concluded that with increasing PMI, the crystal-

linity in the bone increases due to the growth of hydroxyapatite, which was

evident because of the sharp peaks obtained in the diffraction pattern

(Prieto-Castelló et al., 2007).

5 Conclusion

XRD is a nondestructive technique that is used to analyze crystallinity, min-

eral and textural identification, chemical and phase composition, lattice mis-

match, and dislocation density. This technique is widely used as it is easy to

use; requires minimal sample preparation, especially in the case of powder-

diffraction method; and the spectra obtained are easy to read and interpret.

The data obtained fromXRD can also be comparedwith SEM-EDX to gain

information on the elemental analysis. This technique works on the basis of

Bragg’s law in which the crystallinity of any material is observed through

constructive and destructive interference of the X-rays diffracting upon hit-

ting the sample. Samples that are in the nanometer range and samples that are

larger such as a single crystal can be easily analyzed with this technique. This

is possible due to the two modes of analysis, the Laue method and the pow-

der diffraction method. In forensic science, the powder diffraction method
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has been widely used in which the diffraction angle is varied while the wave-

length of the X-ray beam is kept constant. The use of SAX and WXRD

modes allows a comprehensive analysis of the material.

While there are several advantages to this technique, there are certain

limitations as well. For instance, the sample that is to be analyzed should

preferably be in a single phase. While XRD can analyze multiphasic com-

pounds, the chances of misinterpreting the data are high. Sometimes, there

may be multiple peak overlays due to the presence of similar compounds in

the sample.

In forensic science, XRD has been used in the analysis of biological, geo-

logical, and anthropogenic samples. Different modes of XRD are employed

to analyze these substances. However, XRD is still lacking in the analysis of

trace evidence that is found in extremely small quantities. With proper sam-

ple preparation techniques, modifications to the sample holder that will be

capable of holding microvolumes of the sample, and a detector that is highly

sensitive to even weak X-ray scattering, it is possible to overcome even this

hindrance. Nonetheless, XRD is still a highly valued technique for the

analysis of various forensic evidence.
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Corrêa, R.S., Melo, V.F., Abreu, G.G.F., Sousa, M.H., Chaker, J.A., Gomes, J.A., 2018.
Soil forensics: how far can soil clay analysis distinguish between soil vestiges? Sci. Justice
58, 138–144. https://doi.org/10.1016/j.scijus.2017.09.003.

Curry, C.J., Rendle, D.F., Rogers, A., 1982. Pigment analysis in the forensic examination of
paints. I. Pigment analysis by X-ray powder diffraction. J. Forensic Sci. Soc. 22, 173–177.
https://doi.org/10.1016/S0015-7368(82)71467-7.

de Villiers, J.P.R., Lu, L., 2015. XRD analysis and evaluation of iron ores and sinters. In: Iron
Ore. Elsevier, pp. 85–100, https://doi.org/10.1016/B978-1-78242-156-6.00003-4.

Duncan, P.B., Morrison, R.D., Vavricka, E., 2005. Forensic identification of anthropogenic
and naturally occurring sources of perchlorate. Environ. Forensic 6, 205–215. https://
doi.org/10.1080/15275920590952883.

Farmer, N.L., Ruffell, A., Meier-Augenstein, W., Meneely, J., Kalin, R.M., 2007. Forensic
analysis of wooden safety matches—a case study. Sci. Justice 47, 88–98. https://doi.org/
10.1016/j.scijus.2007.04.001.

Fitzpatrick, R.W., Raven, M.D., 2012. How pedology and mineralogy helped solve a dou-
ble murder case: using forensics to inspire future generations of soil scientists. Soil Horiz.
53, 14. https://doi.org/10.2136/sh12-05-0016.

Foner, H.A., Adan, N., 1983. The characterization of papers by X-ray diffraction (XRD):
measurement of cellulose crystallinity and determination of mineral composition. J.
Forensic Sci. Soc. 23, 313–321. https://doi.org/10.1016/S0015-7368(83)72269-3.

Giampaoli, S., Berti, A., Di Maggio, R.M., Pilli, E., Valentini, A., Valeriani, F.,
Gianfranceschi, G., Barni, F., Ripani, L., Romano Spica, V., 2014. The environmental
biological signature: NGS profiling for forensic comparison of soils. Forensic Sci. Int.
240, 41–47. https://doi.org/10.1016/j.forsciint.2014.02.028.

Hida, M., Sato, H., Sugawara, H., Mitsui, T., 2001. Classifcation of counterfeit coins using
multivariate analysis with X-ray diffraction and X-ray fluorescence methods. Forensic
Sci. Int. 115, 129–134.

Itamiya, H., Sugita, R., 2015. Effects of printing and ninhydrin treatment on forensic analysis
of paper. Forensic Sci. Int. 255, 38–42. https://doi.org/10.1016/j.forsciint.2015.05.026.
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CHAPTER 18

Lab-on-chip devices

1 Introduction

Lab-on-chip devices are miniaturized analytical devices that are indepen-

dently capable of carrying out the synthesis or analysis of various compo-

nents and analytes. They consist of integrated electromechanical systems

that are capable of carrying out repetitive and complex laboratory tasks.

They can also be portable and handheld and therefore can be used for onspot

detection with increased speed, efficiency, accuracy, and sensitivity

(Giannitsis, 2011). These devices also require much less of a sample while

also increasing the overall throughput and enhancing analysis automation.

Due to such features, they are also known as microfluidic devices. The inte-

grated circuit of the lab-on-chip device is developed as a result of merging

electronics, optics, biosensors, and fluidics. The analysis in a lab-on-chip

device is done through a series of processes that is assisted by various

application-oriented components in the integrated circuit. The process

includes the extraction of the sample followed by the conversion of the ana-

lyte signal to a readable form with the help of a transducer. This is followed

by amplification of the signal and the detection and processing of the data

received. While there are several advantages of lab-on-chip technology,

there are certain challenges to this technology, including designing

constraints and the requirement of ultrapristine conditions for its fabrication.

However, with constant improvements over the years, the time and cost for

the fabrication of such devices have been drastically reduced. Over the years,

lab-on-chip devices have been used in molecular biology, environmental,

and diagnostic applications (Didar and Tabrizian, 2010; Li and Lin, 2009;

Srinivasan et al., 2004).

In forensic science, the most crucial aspect of carrying out a crime scene

investigation is the analysis of evidence present at the crime scene. Quite

often, forensic science analysis is also carried out outside a crime scene such

as in airports where incriminating substances such as narcotics and counter-

feit substances need to be detected. The application of lab-on-chip devices

in such cases is therefore necessary to perform the onspot, efficient, and facile

analysis of the analyte in order to obtain prompt results. Such immediate
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analysis drastically reduces the risk of contamination of the sample (Rawtani

et al., 2019). The requirement of micro- or nanoamounts of a sample for

analysis also allows them to be used even in tampered crime scenes where

the evidence is either removed or contaminated significantly. The use of

lab-on-chip devices in forensic science is still in its infancy. However, this

technology holds immense potential for applications in this field. In this

chapter, the overall architecture of the lab-on-chip devices and their fabri-

cation processes will be discussed, followed by their applications in forensic

science.

2 Architecture of a lab-on-chip device

2.1 Components of a lab-on-chip device
The components in a lab-on-chip device are often application-oriented and

are solely based on the process of analysis and the analyte present. For

instance, the development of nucleic acid-based lab-on-chip devices for

diagnostic applications requires components that are capable of performing

cell lysis for the extraction of DNA and DNA purification. In biomedical

lab-on-chip devices, emphasis is given on cell and peptide analysis and on

enzymatic assays (Lee et al., 2005; Lim et al., 2010).

Most of the lab-on-chip devices consist of an injector or a sample cham-

ber that is responsible for the collection of micro- or nanoamounts of the

sample fluid. They can be either amalgamated with the internal circuitry

or can be present as an interface or a bridge between the device and the sam-

ple environment. Commonly used injectors are syringe pumps, robotic

pumps, or electronic pipettes (Haeberle and Zengerle, 2007). Modifications

to these injectors are often made to ensure the disbursement of minute

amounts of the sample to the device. Modifications are often made on

the shape and dimension of the injector (Foote et al., 2005; Haeberle and

Zengerle, 2007). Once the sample has entered the circuit, it is crucial that

its flow is carefully controlled so that it enters in minute quantities to the

remaining parts of the circuit. The duration, sequence, and amount of

the flow are carefully controlled through pumps that operate on different

principles. Some of the transport controllers are pneumatic, thermopneu-

matic, piezoelectric, hydrodynamic, and hydrostatic pumps. These pumps

can be either active, in which an external force is required to operate, or

passive, in which the fluid automatically flows through it. Once the sample

is properly transported, it has to be prepared before any further processing.

For example, as mentioned before, cell lysis and purification are some of the
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steps that are responsible for the preparation of DNA extraction from the

cell. Conventionally, ultrafiltration, preconcentration, and derivatization

are some of the methods used to make them ready for further analysis

(Foote et al., 2005; Underberg and Waterval, 2002). This step is highly cru-

cial as improper sample preparation can increase the risk of contamination or

decrease the efficiency of sample analysis.

The next process involves mixing the reagents with the samples. The

reagents and the samples are transported through multiple microfluidic

channels and are later mixed at one spot throughmagnetic, ultrasonic, pneu-

matic, electrical, or chaotic mixing. The mixing depends on the type of

reagents and samples used and can be either passive or active (Lee et al.,

2009; Lim et al., 2010).

Once the mixing is done, the mixture is sent to a reactor chamber where

the final reaction assay takes place in a controlled environment. This cham-

ber is supplemented by sensors and actuators that constantly monitor the

changes in the reaction. During fabrication, it is important that this chamber

be made with utmost care, as any failure in this chamber may result in the

contamination of the sample or leaking of the mix. These chambers are

designed for the gas or liquid phase, but they may also have a packed bed

reactor. In the gas phase reactor chambers, the reaction is supplemented

by inert gases such as argon or with water vapor. In liquid phase reactors,

the reagents and the samples are liquids and react together in this chamber.

In packed-bed reactors, the reaction takes place on the surface of the catalyst

instead of the empty space in the reactor (Lim et al., 2010).

The reaction products formed are later collected in a separate chamber.

This process is done with the help of separators that are capable of separating

the samples and reagents once the reaction has occurred. The separator used

varies for each sample. For instance, magnetic microbeads can be magnet-

ically separated while protein cells can be separated though dielectrophor-

esis, isotachophoresis, or a simple laminar flow. Homogenous mixtures or

colloidal solutions can be separated with the help of optical tweezers in

which minute amounts of force are exerted on the molecules with the help

of a laser.

After the separation of the reaction products, the formed products are

detected using a series of transducers that converts the physical signals from

the product to readable electrical signals. Over the years, several detection

methods have been developed. They include optical, electrochemical,

capacitive, electrochemiluminescence, piezoresistive, and mass spectromet-

ric techniques. Apart from the separator, a controller and data processor
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receive the signal and display the data to the user for further analysis. Fig. 1

depicts the different components present in a lab-on-chip device (Auroux

et al., 2002; Lee et al., 2005; Lee and Lee, 2004; Lim et al., 2010; Pamme

and Wilhelm, 2006; Popovtzer et al., 2006; Renzi et al., 2005; Sabounchi

et al., 2008; Schulte et al., 2000; Underberg and Waterval, 2002).

2.2 Fabrication techniques of lab-on-chip devices
The components discussed in the previous section are brought together in a

small integrated chip comprising thousands of microfluidic channels capable

of conducting a miniaturized laboratory-scale experiment with high

throughput and efficiency. The fabrication of all these components on a sub-

strate usually takes place through two approaches: front end and back end. In

front-endmethods, a single substrate, usually silica or silicon, is taken and the

circuitry of different components is fabricated on it. Techniques such as

photolithography come under front-end technology. In back-end technol-

ogy, individual circuits of the components are fabricated separately and then

packed together to be put in a more complex system. The fabrication of such

microelectronic lab-on-chip devices takes place in specialized rooms called

clean rooms. The clean rooms are designed and maintained such that there

are very low levels of particulates, organisms, or cells and the cleanliness is

usually determined on the basis of the number of particles per cubic meter

(Iniewski, 2015).
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Fig. 1 Components in a lab-on-chip device (Lim et al., 2010).
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In front-end methods, planar technology is widely used for the fabri-

cation of the chips. This process is called planar because of the requirement

of planar masks or sheets that are two-dimensional and repeatedly depos-

ited on the substrate to fabricate the circuit (Iniewski, 2015). Photolithog-

raphy is a commonly used technique that involves creating a desired shape

on the substrate, followed by deposition of the material film on the devel-

oped shape. After this, a photoresistor is applied on the film and the sub-

strate is exposed to ultraviolet (UV) light. Once UV light is exposed on the

film, the parts that are not covered by the photoresistor undergo chemical

changes and are removed, leaving behind only the desirable shape with the

film present (Bharadwaj, 2015). After this, the materials are etched. If

required, the steps are repeated until the circuitry is fabricated. Another

lithography technique is electron beam lithography in which electron

beams instead of light are used to fabricate desirable small shapes by cov-

ering the desirable parts with an electrosensitive film. Apart from lithog-

raphy techniques, etching is also used for the fabrication of these devices.

There are mainly two types of etching: dry and wet etching. In wet etch-

ing, through a chemical reaction, a part of the film or substrate is removed

while in dry etching, the parts are removed through mechanical processes.

In wet etching, the substrate is kept in a chemical bath and the reaction is

supplemented by plasma. Meanwhile, dry etching has three types of pro-

cesses: sputtering, reactive ion etching, and chemical dry etching

(Nguyen, 2012). Apart from etching, various deposition techniques such

as chemical vapor deposition and physical vapor deposition are also used.

In these techniques, the precursors are themselves volatilized or are mixed

with volatile substances, after which their vapors are carefully deposited on

the surface of the substrate. Molecular beam epitaxy is another process in

which the ionic form of the precursors is deposited on the substrate in

an ultrahigh vacuum (Emrich et al., 2002; Giannitsis, 2011).

The fabrication processes as discussed above are suitable for small-scale

fabrication. However, at a large scale, these techniques become very cost-

intensive. Also, it is very difficult to develop the complex infrastructure

required for the large-scale fabrication of the chips using these techniques.

Over the years, polymers have been used as base materials for fabrication as

they are cost-effective and easy to handle. Using polymers for the fabrication

process allows the easy detection of biological macromolecules such as pro-

teins, DNA, and RNA that require complex architecture. Fabrication using

polymers includes techniques such as soft lithography in which the polymers

serve as the base structural material and are micropatterned or molded using

specific dies or molds. Unlike photolithography, this requires significantly
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less energy and can be easily molded. Spin coating, Langmuir Blodgett depo-

sition, Lithographie, Galvanomung, Abformung or in short LIGA are also

widely used in fabrication using polymers. Apart from these techniques,

electroplating and laser ablation are also used for fabrication.

Once the components are fabricated through the front-end process, the

circuits are broken into individual components in a process called dicing.

They are then are attached on a die that will serve as the base of the final

product through a process called die attach. However, before the compo-

nents are diced, they are subjected to preliminary testing known as

on-wafer testing to ensure that no major or minor defects are present that

may hamper the overall integration of the components in a circuit. The

attachment of the die also enhances the robustness of the component and

protects it from any mishandling or chipping. Once the die is attached,

the wires are bonded and joined. Visual, optical, and electrical tests are usu-

ally done during on-wafer testing. After these processes, the components are

sent to back-end technologies that deal with the integration of all the indi-

vidual components and set them up in an enclosed package. The final testing

of the chips is held once the back-end process is completed (Iniewski, 2015).

Fig. 2 highlights the fabrication process of a lab-on-chip device.

3 Forensic applications of lab-on-chip devices

Lab-on-chip devices, otherwise known as microfluidic devices, have proved

their utility in different fields of science. They are preferred by scientists due

to the requirement of trace quantities of samples and reagents for analysis.

Forensic samples are usually recovered in minute quantities from the crime

scene, and from that, a number of analyses need to be carried out for effective

investigation (Pandey et al., 2017a,b; Rawtani et al., 2019). Therefore, the

importance of microfluidic devices in forensic investigations increases sev-

eral fold. A number of forensic applications have utilized lab-on-chip

devices for the analysis of different forensic samples such as DNA, explosives,

biological fluids, drugs, etc. This section focuses on the use of lab-on-chip

devices by forensic scientists and experts for investigation and analyses

purposes.

3.1 Analysis of DNA
The process of DNA analysis usually involves five major steps: sampling, cell

lysis, extraction and purification, amplification, and detection and storage.

These steps require a lot of time to complete when performed at forensic
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laboratories. The analysis may take days to produce results, due to which its

relevancy and contribution may get diminished with time in a crime inves-

tigation (Mapes et al., 2015). An effective crime scene scenario can be devel-

oped through the use of techniques that are fast, accurate, and specific such as

lab-on-chip devices. Regarding DNA examination, a number of develop-

ments have beenmade in past years to integrate almost all the aforementioned

steps of DNA analysis on a single lab-on-chip device (Bruijns et al., 2016).

As far as sampling of DNA evidence is concerned, lab-on-chip devices

usually prefer samples as either pure DNA in a buffer or a cell lysate as the

input material. DNA samples collected through swabbing should not be

used in these microfluidic devices because there are very narrow flow chan-

nels in these devices that may get clogged because of the fibers coming from

the swab. The loading of DNA samples from a swab to the device has

remained a matter of concern for experts working in this field (Bruijns

et al., 2016).

Front-end approach

Back-end approach

Final test

Fabrication process 1Fabrication process 1

Fabrication process 2Fabrication process 2

Fabrication process 1Fabrication process 1

Fabrication process 2Fabrication process 2

Preliminary test

Fig. 2 Fabrication process of a lab-on-chip device.
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The next step involves, DNA extraction, and its purification. On the

chip, the latter two steps are combined. Cell lysis can be carried out on a

chip in three ways: thermal, mechanical, and electrochemical (Kim et al.,

2009). After cell lysis, the DNA needs to be separated from the remaining

cell debris because it may hinder the amplification process (Reedy et al.,

2011). The extraction and purification of DNA are carried out using micro-

solid phase extraction, differential extraction, and magnetic beads (Bruijns

et al., 2016).

A further step is themultiplication or amplification of the extracted DNA

sample from the evidence. The amplification is carried out through PCR

chips, which are of two types: well-based and continuous flow (Zhang

and Ozdemir, 2009). In a well-based PCR chip, the sample is heated and

cooled to PCR temperatures while in a continuous-flow PCR chip, the

sample is allowed to flow from different zones with a fixed temperature.

Continuous-flow chips can be further divided into fixed-loop, closed-loop,

and oscillatory chips (Zhang and Ozdemir, 2009). Apart from conventional

PCR, digital droplet PCR has also emerged as an alternative for amplifica-

tion purposes. Here, the sample is initially mixed with a PCR mixture and

divided into various reaction compartments, in which position-based statis-

tics are applied (Basova and Foret, 2014).

In the later stage, DNA detection is carried out. In a laboratory exper-

iment, DNA can be detected usually through its absorbance value. How-

ever, as far as on-chip analysis is concerned, fluorescence-based detection,

occasionally in combination with capillary electrophoresis (CE), is used to

detect DNA. Fluorescence detection can be done via the use of fluorescent

intercalating dyes, fluorescently labeled deoxynucleotides, or fluorescently

labeled primers. CE is combined with fluorescent detection when an

STR (short tandem repeat) profile is needed. However, the incorporation

of the detection step on a chip is not an easy task. So, many devices usually

go for off-chip DNA detection (Bruijns et al., 2016). Regarding the storage

of the DNA sample, on-chip storage conditions are yet to be integrated. The

sample remains on the chip in a closed environment. However, the cross-

contamination of the sample needs to be prevented during transportation

and handling.

In a study, polymethyl methacrylate (PMMA) and polydimethylsiloxane

(PDMS) in combination with silicon and glass were used as chip material to

develop a microfluidic device for DNA analysis. The lysis was carried out in

a guanidine lysis buffer, and the extraction was solid-phase extraction.

SYBR green dye was used in the detection of DNA (Chen et al., 2007).
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In another study, a microfluidic device was used to analyze ancient DNA

samples for the determination of the sex of the individual (Fig. 3). The

device was made up of glass, and was fabricated using techniques such as

wet etching and photolithography. The selective extraction of damaged

DNA was carried out by labeling certain sites in DNA with biotin, and

extracting the labeled DNA through superparamagnetic particles coated

with streptavidin. The sex determination was done by the analysis of the

Y chromosome and amelogenin (Parton et al., 2013). The technique can

Fig. 3 (a) Microfluidic device for DNA extraction and amplification. Here, A, C, and E are
the in/out holes for electrodes and reagents, and B and D are the extraction chamber
and amplification chamber for DNA, respectively; (b) structure of a two-layered
microfluidic device; (c) site for introduction of particles/beads and binding of sample
DNA; (d) wash solution flow path; (e) drive of eluted DNA or particles toward the
amplification chamber (Parton et al., 2013).
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be helpful in cases where a cadaver has been recovered after many years, and

gender identification is difficult through conventional techniques.

3.2 Identification of biological fluids
Forensic serology deals with the analysis of biological fluids such as blood,

semen, saliva, and urine. The analysis of these fluids in forensic laboratories

is carried out in two steps. The first step involves a preliminary test to con-

firm the presence of biological fluids, and the second step involves a confir-

matory test to specifically identify the type of biological fluid recovered as

evidence from the crime scene (Mozayani and Noziglia, 2011). However,

the conventional strategies and methods employed at forensic laboratories

for the identification and confirmation of biological fluids are time-

consuming, complex, and destructive in nature, which means the sample

cannot be recovered after the completion of the analysis. There is a need

to develop techniques that reduce the amount of sample requirement and

time while being simple to operate. In recent years, spectroscopic techniques

and immunoassays that are commonly used in forensic serological analysis

have emerged (Harbison and Fleming, 2016). However, the drawbacks such

as the requirement of skilled labor and the immobility of the instruments

restrict the use of these techniques for the onsite detection of biological

fluids. The current need is to develop a portable lab-on-chip device for

the quick and specific detection of biological fluids at a crime scene using

a minimal amount of the sample without employing any expensive instru-

mentation or chemicals. A number of scientists across the globe have been

working in this regard, which will help in bringing justice at a faster pace.

In a recent study, a group of researchers developed a microfluidic ana-

lytical device based on paper for the detection of biological fluids such as

blood, saliva, semen, and urine. The study provides a very convenient

and presumptive way of detecting, identifying, and differentiating between

the aforementioned biological fluids at the crime scene. A chromatographic

paper was used to print a pattern with four lanes using a wax printer. Each

lane was designated for only one type of biological fluid. The mechanism of

detection was colorimetric sensing. The traditional colorimetric methods for

these fluids, such as an iodine test for saliva, a Nessler reagent test for urine, a

Kastle-Mayer test for blood, and an acid phosphatase enzyme test for detect-

ing semen, were modified for compatibility with the chromatographic paper

and used as the detection method in the developed microfluidic device. The

device had a shelf life of 2 weeks when stored in dark and dry conditions
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(Cromartie et al., 2019). In another recent study, a portable device was

developed for the biochemical examination of blood (finger pricked).

The device has been developed to detect glucose, cholesterol, and triglyc-

erides present in the blood. For the analysis, the blood can be directly

transferred onto the chip, where all the processes are done. The results were

produced within 15 min of sample injection. The study provides a user

friendly, self-service device to monitor the biochemical aspects of blood,

especially during chronic diseases (Zhu et al., 2020).

3.3 Detection of explosives
The detection of explosives is of utmost importance in today’s world, which

is facing a huge number of terrorist activities that usually involve the appli-

cation of different explosives. Innumerable techniques have been developed

for the detection of explosives and their residues, such as high-performance

liquid chromatography, ion mobility spectrometry, thin-layer chromatogra-

phy, etc. (Douse, 1982; Ewing et al., 2001; Rawtani et al., 2019). However,

the long time for analysis, high cost, requirement of expert manpower, and

bulky instrumentation have limited the use of these techniques only to lab-

oratories. In cases where a large number of people or surfaces need to be

scanned for explosives, a portable lab-on-chip device is needed that can spe-

cifically detect even trace quantities of explosives and their residues (Erçağ

et al., 2011).

In a study, an immunosensing-based microfluidic device was developed

for the detection of explosives under water. An immunosensor had anti-

bodies for the nitro-aromatic compounds that were responsible for detecting

the explosives. In addition to immune-sensing, fluorescence detection was

also employed to sense the explosives. The lab-on-chip microfluidic device

was fabricated using micromilling and hot embossing. The sample proces-

sing was 60 times more than the conventional immunoassay, and was able

to detect up to 0.01 ng/mL of trinitrotoluene (TNT). The device also

decreased the total analysis time for such compounds by 60-fold (Adams

et al., 2011). The same concept of high-throughput microfluidic immuno-

sensors (HTMI) was used in another study to integrate this device onto a

REMUS100 autonomous underwater vehicle (AUV). The study was done

with an aim to provide onsite monitoring of explosives in marine water and

to protect waterways, people, and the military from any terrorist activities.

Concentrations of TNT as low as 20 ppb were detected through this system

(Adams et al., 2013). In another study, the explosive dinitrotoluene (DNT)
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was monitored in real time using surface-enhanced Raman spectroscopy

(SERS) and free-surface microfluidics. The concept of the device took

inspiration from canine olfaction. The system was able to detect trace

quantities of DNT up to 1 ppb in the vapor phase. The SERS integrated

in the device helped in enhancing the signal, thereby becoming responsible

for the high sensitivity of the device toward trace quantities of the explosive.

The minimal sample requirement, continuous monitoring, and reproduc-

ibility were the highlights of the lab-on-chip device developed in this study

(Piorek et al., 2012). A paper-based microfluidic analytical device has also

been developed for the detection of improvised explosives using colorimet-

ric principles. For this, hydrophobic channels were created on the chroma-

tography paper using wax ink that had five lanes. Each lane was comprised of

a colorimetric reagent that, upon reaction with a specific explosive, pro-

duced a specific color. The study developed two such devices. The first

one was to detect inorganic explosives such as ammonium nitrate, flash

powder, and black powder. The second was used for sensing high and mil-

itary explosives such as TNT and RDX (research department explosive),

urea nitrate, and TATP (triacetone triperoxide). The detection time was

approximately 5 min with the limit of detection up to 0.39 μg of the explo-
sive (Peters et al., 2015). TNT, TNB (trinitrobenzene), and tetryl have also

been detected using a paper-based microfluidic device. The paper had a

deposition of potassium hydroxide that changed color upon reacting with

different nitro-aromatic explosives. The detection limit was 12.5 ng for

TNT, 15 ng for tetryl, and 7.5 ng for TNB. The device was used with a

bioanalyzer lab-on-chip device that was able to detect 7 ng of TNT,

3.8 ng of TNB, and 4.7 ng of tetryl. The coupling of a paper-based micro-

fluidic device with a lab-on-chip device could be able to detect even 1 μg of
explosive that is distributed over an area of about 100 cm2 (Pesenti

et al., 2014).

3.4 Anticounterfeiting
Counterfeiting has spread its tentacles in almost all areas. Counterfeit cur-

rency notes directly impact the economy of any country while counterfeit

edible products and drugs adversely affect the public health. A number of

techniques and strategies have been developed in the past to prevent the

counterfeiting of currency notes and drugs. In a study, anticounterfeit labels

were developed using photonic structures. These structures were printed

through the tuning of orientation. The labels had many axially symmetrical
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orientations of photonic structures that switched color upon tilting the sam-

ple or changing the incident angle for light. The technology could be used to

fabricate invisible or colorimetric labels that can be decoded either spectro-

photometrically or visually (Xuan and Ge, 2011).

In another study, a microtaggant was developed by lithographically

encoding a polymer using an error-correctable QR code with high capacity.

The technology was utilized to prevent the counterfeiting of drugs. The

microtaggant was fabricated with PDMS by using a soft lithographic tech-

nique. The QR code pattern was generated using software called OR code

generator. These QR-coded microtaggants were detected using a charge-

coupled camera attached to an optical microscope. The image captured

can be decoded using any smartphone application to scan the QR codes.

This enabled the drugs to be uniquely tagged, thereby avoiding their

counterfeiting (Han et al., 2012). The authentication procedure for the

anticounterfeiting of drugs is shown in Fig. 4.

Barcode particles can also be used as microtaggants for anticounterfeit-

ing. These particles contain the data related to the composition and identi-

fication of that material (Zhao et al., 2015). In another study, nanocrystals of

rare earth metals that are distinct in their spectra were used to generate spe-

cific particle barcodes through the use of micropatterning. A defined pop-

ulation of these particles or a barcode with these particles was attached on the

surface of different materials. The particles remained invisible in normal

light. But with near-infrared light, the microtaggant was illuminated. Such

technology can be used to tag almost all the manufactured products of this

world (Lee et al., 2014).

3.5 Detection of illicit drugs
Narcotics and other drugs of abuse are a growing menace due to their ability

to weaken an individual’s mental and physical health as well as the overall

functioning of society. In order to curb this menace, it is important to

develop techniques that their allow rapid and onspot detection. Through

this, it is possible to constantly monitor criminal activities and ensure quick

deliverance of justice. Over the years, drugs have been usually detected

through chromatographic, spectroscopic, and spectrometric techniques after

extraction from biological fluids such as blood, saliva, or urine. Apart from

this, immunoassay techniques have also been developed that are capable of

rapidly eliminating negative samples. In recent years, lab-on-chip devices

have been developed for the detection of drugs. These devices are capable
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of screening, extraction, separation, and detection. These devices are highly

suitable for such applications because of their ability to accurately perform

quantitative as well as qualitative analysis with increased accuracy, selectiv-

ity, and sensitivity. They also require micro- or nanoamounts of the sample

and can be easily carried or even disposed. Screening of the drugs has been

Fig. 4 (A) Capsule with the microtaggant; (B) microtaggant under fluorescence
microscope, image was blurred because of the drug powder; (C) drug dissolved in
water and microtaggant under fluorescence microscope; (D) reading of QR code
through a smartphone application (Han et al., 2012).
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done through microfluidic devices that employ an enzyme linked immuno-

sorbent assay (ELISA). Extraction has been done through filtration and var-

ious solid-phase or liquid-phase extraction techniques. Separation was

usually conducted using capillary electrophoresis or high-pressure liquid

chromatography while detection was done using electrochemical, optical,

colorimetric, or FRETmethods. In a study, a microfluidic device was devel-

oped in which methamphetamine was detected from saliva through surface

enhanced Raman spectroscopy. The device had microfluidic channels that

connected different spots where the saliva, silver ions, and salts were stored.

A channel led the drug-containing saliva to the silver ions where it was

adsorbed.When the salt was added, the silver ions were aggregated, resulting

in the development of surface enhanced Raman spectroscopy. This signal

was detected to sense the presence of the drug (Andreou et al., 2013). In

another study, a microfluidic electronic nose was developed for the detec-

tion of the opiates heroin and cocaine. This device employed quartz crystal

microbalance (QCM) on which antibodies specific to the opiates were

immobilized. The antibodies interacted with the drugs, which caused an

increase in the weight of the quartz microbalance. Through this change,

the presence of the drug was detected. Apart from this, the resonance fre-

quency of the sensor was also observed. In the presence of the drugs, this

frequency showed changes (Frisk et al., 2005). Another detection method

was through using micellar electrokinetic capillary chromatography

(MECC) in which the narcotics are detected through the presence of sur-

factants in an electrophoresis buffer. This technique is cost-effective, con-

sumes fewer reagents, and is less time-consuming. The device consisted

of a circuit board with PMMA as the substrate and silica capillaries as the

microchannel. Once high voltage was applied, the separation of the drugs

started to occur. Through this, they were able to detect from 1 to

1500 μg/mL.

4 Conclusion

Lab-on-chip devices are small integrated microfluidic devices that are capa-

ble of carrying out a miniaturized version of large-scale laboratory analysis.

These devices are capable of independently carrying out the quantitative and

qualitative analysis of micro- or nanovolumes of analytes through different

detection methods. A lab-on-chip device comprises different components

that are responsible for extracting the sample, transporting them in the

device through microfluidic channels, and detection. Certain lab-on-chip

devices also consist of sample preparation and purification components
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and a reaction chamber as well. These devices are fabricated through front-

end and back-end processes. In the front end, various fabrication processes

such as lithography, etching, molecular beam epitaxy, chemical and physical

vapor deposition, laser ablation, and LIGA are used. However, these tech-

niques can become quite cumbersome and cost-intensive if these compo-

nents need to be fabricated in a large scale. Therefore, polymer-based

technologies are widely used to overcome this drawback. Polymers such

as polydimethylsiloxane are widely used as a base material on which the

microfluidic channels are microprinted. In back-end processes, the compo-

nents are diced into individual parts through a process known as dicing, then

attached to dies. These are later subjected to different integration processes

for the whole-scale fabrication of the chip.

As far as the applications of lab-on-chip devices in forensic science is con-

cerned, this chapter showed their potential to beused for the analysis ofDNA,

biological fluids, explosives, counterfeiting, anddrugs.The fivemajor steps of

DNAanalysis havebeen researched andmost of the steps havebeen integrated

on the device for the onsite analysis ofDNA.Devices that can detect, identify,

and differentiate between the commonly found biological fluids at a crime

scene such as blood, urine, semen, and saliva have also been developed.

Lab-on-chip devices that can detect glucose, cholesterol, and triglycerides

in blood have also been researched. Explosives such as TNT, TNB, RDX,

tetryl, etc., have been specifically detected using such devices. Barcode par-

ticles have also been incorporated todevelopmicrotaggants that canbeused as

anticounterfeiting labels. These taggants have a specific QR code that can be

decoded using any smartphone application for scanning the QR code. Fur-

ther, the detection of illicit drugs such as heroin, cocaine,methamphetamine,

etc., has also been done using such lab-on-chip devices.

Currently, the fabrication of lab-on-chip devices for forensic applica-

tions is still in the research stages. In the future, it will be necessary to

improve the existing semiconductor and polymer technologies so that the

chips can be fabricated in a large scale in a facile manner. Through such

innovations, it is possible to promote the ubiquitous use of lab-on-chip

devices in various forensic science laboratories.
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CHAPTER 19

Nanotechnology in forensic
science

1 Introduction

Dr. Richard Feynman’s talk in 1959 gave birth to the revolutionary field of

nanotechnology, and his quote, “There is plenty of room at the bottom,”

quite aptly summarized the essence and potential of nanotechnology. This

field deals with the design, synthesis, manipulation, and applications of

nanoscale (10�9 m) materials in different fields. Prior to 1959, Romans

had used nanoscale materials for the decoration of different items. After that,

nanomaterials found applications in photography as well. Over the years,

nanotechnology has seen unsurmountable leaps in the development of

nanomaterials, their characterization techniques, and their applications.

The small size of the nanomaterials imparts a high surface area to the mate-

rials, due to which they have high reactivity and a tunable surface chemistry.

The same nanoscale dimension allows the nanomaterials to be different from

their bulk counterparts. Due to such properties, they have found applica-

tions in nanomedicine, nanoelectronics, agriculture, pollutant remediation,

clean energy synthesis, energy storage, and even in defense and cosmetics.

There are numerous nanomaterials that are either directly synthesized or

are naturally procured from the nature. Every nanomaterial has its own

property, toxicity, and fate in the environment.

In forensic science, evidence such as fingerprints, DNA, hair, semen,

drugs, and even explosives are often found in trace amounts at a crime scene.

Nanomaterials, due to their small size and high surface area, are capable of

attaching to such trace evidence with higher selectivity (Rawtani et al.,

2019). This ensures that such compounds can be detected with high sensi-

tivity and contrast. In this chapter, a brief overview of the different synthetic

approaches, the types of nanomaterials, and their characterization techniques

will be discussed. Also, the different functionalization strategies for nanoma-

terials will be discussed in brief. Further, light will be shed on the applica-

tions of nanomaterials in forensic science.
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2 An insight into the world of nanotechnology

2.1 Types of nanomaterials and their characterization
techniques
Nanomaterials are any material whose size ranges from 1 to 100 nm. Con-

ventionally, nanomaterials are divided on the basis of their dimensions, that

is, on the basis of their x, y, and z axis. Based on these parameters, nanoma-

terials are classified into zero, one, two, and three dimensions. Nanomater-

ials in the zero dimension have all their axes in the nanoscale range of

1–100 nm. Nanomaterials such as nanoparticles, quantum dots, fullerenes,

and hollow spheres come under this class (Tiwari et al., 2012; Yu et al.,

2015). One-dimensional (1D) nanomaterials are those whose any two axes

occur in the nanoscale range while the third axis is larger than the nanoscale.

This class includes nanomaterials such as nanowires, nanorods, and nano-

tubes. Meanwhile, two-dimensional (2D) nanomaterials comprise nanoma-

terials with only one axis is in the nanoscale dimension. The remaining axes

are larger than the nanoscale. Examples of two-dimensional nanomaterials

include nanosheets, nanofilms, or thin films. The last class, three-

dimensional (3D) nanomaterials, consists of materials in which all the axes

are beyond the nanoscale dimensions. However, their structure is similar

to a nanocrystalline structure, that is, they consist of individual nanosized

crystals that are arranged in an orderly manner, albeit in different orienta-

tions. Examples of three-dimensional nanomaterials include fullerites, mem-

branes with nanoparticles embedded in them, or powder fibers. Apart from

the dimensional classification of nanomaterials, there are several more classes

that divide nanomaterials based on their origin, chemical composition,

shape, size, and properties (Saleh and Gupta, 2016).

Nanomaterials can be either synthesized through different approaches or

can be naturally procured from nature (Pandey et al., 2017a,b; Rawtani

et al., 2017; Rawtani and Agrawal, 2012a; Tharmavaram et al., 2018); they

will be discussed in brief in the next section. Once synthesized, the nano-

materials are characterized using various microscopy and spectroscopy tech-

niques. Microscopy approaches such as electron microscopy and scanning

probe microscopy (SPM) are used. Electron microscopy includes techniques

such as transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) while SPM consists of atomic force microscopy

(AFM), near-field scanning microscopy (NSOM), and scanning tunnelling

microscopy (STM). TEM and SEM use an electron beam to visualize the

interior morphology and the outer area of the nanomaterials, respectively.
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AFM offers 3D imaging of the nanomaterial surface (Pandey et al., 2017c)

while STM is widely used for characterizing the surface of the conducting

materials. NSOM allows visualization through light. A commonality

between the three techniques is that they use a probe or tip that can be con-

ducting, nonconducting, or optically transparent for the visualization of the

surface of the nanomaterials. Apart from the microscopy and spectroscopy

techniques, X-ray diffraction (XRD) is also used to characterize the crystal-

line or amorphous structure of a nanomaterial by measuring the d-space

between the atoms. Spectroscopy techniques such as UV-visible, infrared,

Raman, and fluorescence spectroscopy are widely used. Mass spectrometry

is also used to identify the molecular weight of the nanomaterial.

The characterization techniques are selected based on the purpose. For

instance, in order to perform structural characterization, SEM, TEM, SPM,

and the spectroscopy techniques are used. However, if the composition of

the nanomaterial must be found out, then mass spectroscopy, infrared spec-

troscopy, and even nuclear magnetic resonance (NMR), X-ray photoelec-

tron spectroscopy (XPS) and X-ray fluorescence are used. Electron

microscopy and SPM techniques are often combined with dynamic light

scattering (DLS) to determine the size of the nanomaterial and its dispersion.

DLS measures the hydrodynamic radius of the nanomaterial while electron

microscopy and SPM offer the exact size of the nanomaterial. Every nano-

material is always subjected to a series of characterization studies to get an

overall idea of its structure and composition (Salame et al., 2018).

2.2 Types of synthetic approaches of nanomaterials
Nanomaterials can be synthesized through solid, liquid, or even gaseous state

precursors. Conventionally, the approaches can be summarized as two basic

approaches: top down and bottom up. In the top-down approach, the nano-

material processing starts with a bulk material that is broken down into smal-

ler nanoscale pieces through mechanical or chemical methods. The second

approach is the bottom-up approach in which synthesis occurs through the

self-assembly of the atomic or molecular form of the precursor. In theory,

these approaches may seem very simple. Practically, though, significant

investment in maintaining the environmental conditions such as pressure,

temperature, and cleanliness is required. Proper maintenance of such con-

ditions ensures that nanomaterials of optimal shape, size, composition, and

degree of agglomeration are fabricated. These approaches are often modified
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through the use of green synthetic routes, self-assembly, and biomimetic

approaches (Sasidharan et al., 2019).

Top-down approaches involves processes such as ball milling, etching,

lithography, and laser ablation. Ball milling is a process in which the precur-

sor powder is subjected to high-energy compressive forces. Grinding of the

precursor under such high forces causes it to break down into smaller pieces

until it reaches a constant size that is usually in the nanometer range. This

minimum range of size differs for different precursors. A major advantage

with this technique is that conditions such as temperature are kept at a con-

stant minimum. Due to this, the process of nanomaterial formation is slow

and uniform. Metal alloys and composites can also be synthesized through

ball-milling approaches (Baláž, 2018; Casati and Vedani, 2014; Koch,

1998). Etching is another top-down technique in which a certain portion

of the precursor is removed in a controlled manner to synthesize nanoma-

terials. It can be performed through chemicals, electric arc discharge, or

plasma. Etching, when done on uniform substrates, produces nanomaterials

of optimal size and shape (Chen et al., 2015; Puliyalil and Cvelbar, 2016).

Another technique for nanomaterial synthesis is laser-ablation, which is sim-

ilar to etching because it involves the removal of a certain part of a material.

However, this is done through a laser. The extremely high energy of the

laser heats the surface of the precursor, due to which it ablates and subli-

mates. The ablation can be made uniform by controlling the laser parameters

such as its energy and pulse (Phipps, 2007). Apart from the mentioned tech-

niques, lithography is a technique that is widely used in the semiconductor

industry to fabricate IC circuits. This technique involves a series of processes

that removes materials from a substrate in a selective manner. Photolithog-

raphy, scanning lithography, and soft lithography are some of lithography

types (Kretz, 2004; Tran and Nguyen, 2017).

Bottom-up approaches involve vapor-phase deposition, molecular beam

epitaxy (MBE), chemical reduction and precipitation reactions, sol-gel,

sonochemical synthesis, and self-assembly techniques. Physical vapor depo-

sition (PVD) (Ali et al., 2005) and chemical vapor deposition (CVD)

(Carlsson and Martin, 2010) are two types of vapor phase deposition tech-

niques in which a uniform coating of films is performed. These techniques

are highly used in the semiconductor industry to produce thin films. PVD

involves the gasification of the precursor material, after which the material’s

vapor goes through a reacting chamber and gets deposited on the surface of

the substrate to be coated. CVD is similar to PVD in the way it coats the

substrate. However, in this technique, the precursor is usually mixed with
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volatile compounds such as halides or hydrides so that they can easily trans-

form into the vapor phase and get deposited on the surface of the substrate

present in the reaction chamber. Meanwhile, MBE is a complex evaporation

technique that is carried out in ultrahigh vacuum to produce uniform single-

crystal thin films (Alavi, 2001). One of the most common synthetic routes of

nanoparticles is through chemical reduction and precipitation techniques.

Precipitation is a type of exchange reaction method in which the solids

are precipitated out from a solution of the precursor. Careful control of

the experimental parameters and the environmental conditions allows the

formation of nanoscale particles. In the chemical reduction technique, pow-

erful reducing agents such as sodium borohydride and ascorbic acid are

added to a solution of the precursor in order to reduce the precursor to

its ionic state and allow the formation of nanoparticles. Very often, the pre-

cursor solution also consists of capping agents that are responsible for increas-

ing the stability of the nanoparticles while maintaining uniform size

distribution. The sonochemical technique is a method in which the high-

intensity ultrasound waves are passed through a precursor solution to form

nanoparticles. Such high-intensity soundwaves are known to create cavita-

tion in the solvent, which causes bubble formation. Each bubble then serves

as a minireactor with extreme high pressure and temperature, due to which

the formation of the nanoparticles is promoted. Lastly, nanomaterials can be

functionalized in such a way that they induce self-assembly in the presence of

other nanomaterials. This technique is known as the self-assembly method

of forming nanomaterials. However, this synthetic route is not devoid of

major challenges. Finding the precise location for a particular moiety and

interconnecting the nanomaterials and their applications in different fields

are some of the commonly encountered challenges (Sasidharan et al.,

2019). Fig. 1 depicts the overall representation of the different synthetic

approaches.

2.3 Functionalization strategies of nanomaterials
The functionalization of nanomaterials involves the incorporation of func-

tional groups on the surface of a nanomaterial. Proper functionalization not

only imparts desired properties such as enhanced conductivity as well as opti-

cal, magnetic, antimicrobial, or antioxidant properties to the nanomaterial,

but it also helps in controlling their growth in synthesis (Tharmavaram

et al., 2018). Appropriate functionalization techniques allow a nanomaterial

of optimal shape, size dispersion, and stability to be developed. Over the years,
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several functionalization strategies for nanomaterials have been developed.

Some functionalization strategies focus on modifying the characteristic of

the surface of the nanomaterial while some strategies directly attach a partic-

ular molecule on it (Sperling and Parak, 2010). For example, strategies such as

ligand exchange and modification, polymeric coatings, and silanization

involve phase transfer reactions in which hydrophobic nanomaterials are con-

verted to hydrophilic molecules in order to promote their applications in

water-based solvent systems. In ligand exchange reactions, a particular moiety

on the surface of the nanomaterial is exchanged by a ligand with the required

properties. For example, a negatively charged nanomaterial may be subjected

to ligand exchangewherein a positively charged nanomaterial gets attached on

it, thereby maintaining the nanomaterial stability and size (Caragheorgheopol

andChechik, 2008; Twigg, 1994). Polymers that are amphiphilic in nature are

highly useful in the functionalization of a nanomaterial as they are capable of

surviving in two phases at once. Therefore, coating with polymers allows the

applicability of the nanomaterial in two different phases and there is no dep-

endence on the actual nature of the nanoparticle (Kirschling et al., 2011;

Petruska et al., 2004). Silanization is another technique in which after a series

of hydrolysis, condensation, hydrogen, and other bond formations, a func-

tional group is imparted on the surface of the nanomaterial (Brzoska et al.,

1994; Krasnoslobodtsev and Smirnov, 2002). Strategies where direct func-

tional groups are attached on the surface include attaching chemical functional

groups such polyethylene glycol and mercaptocarboxylic acids and biomole-

cules such as peptides and nucleic acids (Mo et al., 2017; Zhu et al., 2018).

Top-down approach

Ball-milling

Bottom-up approach

Vapor-phase deposition

Molecular beam epitaxy

Chemical reduction and precipitation

Sol-gel

Solvothermal synthesis

Sono-chemical synthesis

Self-assembly techniques

Etching

Lithography

Bulk
material

Nanomaterial

AtomsLaser-ablation

Fig. 1 Synthetic approaches of nanomaterials.
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3 Nanotechnology-mediated forensic investigations

Recent years have seen tremendous growth in the field of nanotechnology,

which has now started spreading into forensic science as well. Different types

of nanomaterials, either in their pristine state or postsurface functionaliza-

tion, as well as nanotechnology-based devices and sensors have found appli-

cations in the investigation of crimes. This section discusses the utilization of

nanomaterials and nanotechnology-based devices in the world of forensics.

Some of the research works involving various kinds of nanomaterials for dif-

ferent forensic applications are discussed in Table 1.

3.1 Detection of explosives and gunshot residues
Terrorist activities often involve the use of explosives such as improvised

explosive devices (IEDs), bombs, grenades, etc., that cause destruction on

a very large scale. The detection of even trace quantities of these explosives

becomes very crucial as far as forensic investigations are concerned. The

conventional techniques used for sensing explosives are based on spectrom-

etry or chromatography (Rawtani et al., 2019). However, concerns such as

high cost, the requirement of skilled manpower, and high time consumption

have forced forensic scientists to look for alternatives to these conventional

strategies. Nanomaterials have started contributing to the detection of

explosive residues. Various types of nanomaterial-based sensors have also

been developed for this purpose (Liu et al., 2019). Nanomaterials such as

AuNP (Riskin et al., 2008), SiO2NP (Fu et al., 2010), carbon NP hybrids

(Guo et al., 2010), curcumin NPs (Pandya and Shukla, 2018), and carbon

nanotubes (CNT) (Lu et al., 2011) have been used by various research

groups for the detection of different explosives. Themechanism of detection

is usually based on the redox properties of the explosives or the luminescent

taggants to provide luminescence to even traces of explosives (Rawtani

et al., 2019). Explosives such as dinitrobenzene (DNB) and trinitrotoluene

(TNT) are common explosives detected using nanomaterials. In a research

study, TNT was detected using carbon dots that were capped with molec-

ularly imprinted polymers. Mesoporous silicon dioxide served as the

imprinting matrix. The lowest concentration of TNT detected was

17 nM, and the mechanism of detection was based on fluorescence

(Xu and Lu, 2016). The schematic representation of TNT sensing through

the aforementioned system is shown in Fig. 2. Devices with these types of

detection technologies can help security personnel to stop many terrorist

activities.
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Apart from explosives, gunshot residue (GSR) has also been identified

using nanotechnology. Techniques such as SEM and TEM have been uti-

lized by a group of researchers from Brazil to characterize GSR from ammu-

nition of various calibers (Melo et al., 2014). Another study though electron

microscopy revealed the presence of metallic NPs in GSR (Yang et al.,

2006). These nanotechnology-based advancements have eased the investi-

gation process in crimes involving firearms and ammunition to a great

extent.

3.2 Biosensors
Biosensors are among the recent and excellent innovations of nanotechnol-

ogy that have started gaining the interest of forensic experts and

Fig. 2 Schematic representation of TNT sensing via molecularly imprinted carbon dots
(Xu and Lu, 2016).
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investigators, mainly because of their ability for the onsite detection of

forensic analytes with great accuracy and specificity. The utilization of bio-

sensors can significantly increase the selectivity, specificity, and sensitivity of

sensing even trace levels of evidence such as blood, sweat, poison, illicit

drugs, alcohol, warfare agents, etc. Various kinds of nanomaterials, prefer-

ably those with good conductivity and optical properties, are used in the

construction of biosensors. The nanomaterials lacking optical properties

but having good conductivity, such as carbon nanotubes, are conjugated

with different biomolecules such as nucleic acids or enzymes. The nanoma-

terial itself or the enzyme linked to the nanomaterial that is present in the

biosensor are majorly responsible for the sensing of various analytes. Regard-

ing the use of biosensors in forensic science, they have found applications in

the detection of marine toxins, microbes, alcohol, forensic markers, and

warfare agents. The different biosensors used for these analytes are discussed

below:

• Biosensors for marine toxins, microbes, and alcohol: Marine

toxins are used to kill or damage the health of people, especially in

the coastal areas that have widespread consumption of seafood. Con-

sumers of seafood usually eat shellfish that sometimes are contaminated

with shellfish poisons. These toxins are known to cause paralysis in the

muscles of the respiratory system. Shellfish poisons have been detected

using surface plasmon resonance (SPR) biosensors employing polyclonal

antibodies for saxitoxin (Haughey et al., 2011). Gold nanoparticles con-

jugated with antibodies for tetrodotoxin were used to develop immuno-

sensors to sense tetrodotoxin that comes from the puffer fish (Zhou et al.,

2010). Another immunosensor to detect okadeic acid has also been

developed using the antibody against the toxin (Stewart et al., 2009).

Microbes such as Chlamydia trachomatis (Parab et al., 2010) and Listeria

monocytogenes (Banerjee and Bhunia, 2010) have also been detected using

gene- and cell-based biosensors. These microbes are responsible for the

spread of pandemics. Nanomaterials such as carbon nanotubes and gold

nanoparticles have been used to immobilize alcohol oxidase (Das and

Goswami, 2013) and alcohol dehydrogenase (Zhen et al., 2011), respec-

tively, for the detection of alcohol, which is majorly abused and the cause

of many criminal activities.

• Biosensors for forensic markers: Studies have been performed in the

past regarding the detection of sweat and semen, which can be consid-

ered forensic markers. For the detection of sweat, a cascade system

involving enzymes such as horseradish peroxidase (HRP) and lactate
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dehydrogenase (LDH) was used to develop the biosensor. The study

helped in differentiating between sweat and saliva by sensing the lactate

present in sweat (Huynh et al., 2017). The identification of spermatozoa

in a semen sample can give false results in case of sexual assaults if done by

any aspermic or oligospermic individual. Therefore, a biosensor was

developed for the prostate specific antigen (PSA) that can serve as a

forensic marker in cases of sexual assaults (Koukouvinos et al., 2017).

• Biosensors for warfare agents: Warfare agents can be broadly catego-

rized as chemical and biological. Chemical warfare agents majorly

include organophosphates (OPs) and explosives while biological warfare

agents have toxins originating from biological sources such as botulin,

ricin, etc. The inhibitory action of OPs against acetylcholinesterase

(AChE) has been utilized to develop AchE-based biosensors to detect

such agrochemicals (Viveros et al., 2006). TNT (Singh, 2007) and TATP

(triacetone triperoxide) (Girotti et al., 2011) have also been detected by

using different biosensors. SPR-based biosensors have been developed to

sense ricin, which comes from Ricinus communis (Uzawa et al., 2008).

Other bioterrorism agents such as cholera toxin, staphylococcal entero-

toxin B, and ricin have also been sensed through a multianalyte biosen-

sing device (Lian et al., 2010).

3.3 Visualization of latent fingermarks
Fingerprints are among the most common evidence that an investigator can

collect from a crime scene. Broadly, there exist three types of fingermarks:

latent (invisible), patent (visible), and plastic (indentations). Among the

three, latent fingerprints are difficult to find and are usually developed by

experts using fingerprinting kits. A physical developer, ninhydrin,

diazofluoren-9-one (DFO), iodine fuming, and superglue fuming are some

of the widely used techniques for fingerprint development (Sodhi and Kaur,

2016). However, concerns related to these techniques such as toxicity, low

preservation time, and less selectivity and sensitivity have led to the devel-

opment of other novel techniques for the development of fingerprints

(Wang et al., 2017).

Research related to nanomaterial-assisted fingerprint development has

seen tremendous growth in past years. The major reason behind this is

the nanoscale size of these materials that get accumulated between the ridges

of the fingerprint and make visible even the fine details of the fingermarks

(Rawtani et al., 2019). In order to enhance the contrast, these nanomaterials
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are tagged with colored and fluorescent dyes before developing the finger-

prints. The availability of different colored dyes provides the benefit of

developing different dye-nanomaterial complexes that have contrasting

colors with the background. Fluorescent nanomaterials such as quantum

dots, LaPO4:Ce, and YVO4:Eu have gained the interest of forensic

researchers due to their optical properties (Wang et al., 2015b). The poten-

tial of clay-based nanomaterials such as bentonite (Fig. 3) (Chen et al., 2009)

and halloysite (Pandey et al., 2017b) has also been discussed by researchers

through the incorporation of fluorescent and colored dyes.

3.4 Detection of DNA and illicit drugs
The importance of DNA sensing and analysis is very crucial in forensic

investigations because it directly relates the evidence with the victim and

the suspect. Traditional techniques of DNA detection involve sensing sys-

tems labeled with fluorophores and real-time polymerase chain reaction

(RT-PCR) assays. However, the drawbacks associated with these tech-

niques such as high cost, the requirement of expertise, and time have started

shifting the interest of researchers from these techniques toward more

Fig. 3 Development of fingermarks on a glass slide using bentonite loaded with
rhodamine 6G (1, 3) and methylene blue (2). (4) Shows optical microscopic image of
the deposition of bentonite-rhodamine complex between the fingerprint ridges
(Chen et al., 2009).

371Nanotechnology in forensic science



advanced nanotechnology-assisted detection methods. Nanomaterials such

as halloysite nanotubes have been used to detect DNA via the colorimetric

approach after functionalization with silver and gold nanoparticles (Rawtani

et al., 2013; Rawtani and Agrawal, 2012b). Carbon-based materials such as

CNT and graphene have also been utilized for this purpose (Li et al., 2013).

Illicit and illegal drugs such as heroin, cocaine, morphine, codeine, etc.,

are widely used, especially by youngsters, and these drugs become a major

cause of criminal activities. The onsite detection of these drugs is needed for

forensic experts and investigators. In this regard, various nanomaterial-based

systems have been researched by scientists. The surface functionalization of

nanomaterials with various agents in order to provide any reactive functional

group on the nanomaterial’s surface becomes important for sensing drugs.

The interaction between the functional groups on the surface of nanoma-

terials with those present on the drug is the key behind sensing these drugs.

In a study, CdSe/ZnS quantum dots were conjugated with antimorphine to

sense morphine (Zhang et al., 2017). The high sensitivity and conductivity

of carbon-based nanomaterials such as graphene oxide help them in differ-

entiating between different unlawful drugs through voltammetry (Navaee

et al., 2012). Other studies in this field include the use of nanocrystals for

the detection of morphine (Arabali and Sadeghi, 2013) and nanodiamonds

for sensing codeine (Simioni et al., 2017).

3.5 Counterfeiting prevention and homeland security
Copyright encroachment and damage to society are the major concerns

related to the act of counterfeiting. Currency notes and drugs produced

by counterfeiting become responsible for decreasing the country’s economy

and increasing the risks to public health, respectively (Rawtani et al., 2019).

Water marks, holograms, radio frequency identification (RFID), metal

threads, etc., are commonly used security techniques to identify counterfeit-

ing in currency notes. However, the security levels can be increased several-

fold by using fluorescent nanomaterials, quantum dots, metastable nanoinks,

and colloidal nanocrystals. The safety of materials increases to a great extent

upon using these nanostructures (Ge and Yin, 2008; Klajn et al., 2009).

Homeland security is majorly concerned with the detection of weapons

of mass destruction (WMDs) because of their ability to cause heavy destruc-

tion to life and property (Rawtani et al., 2019). Nanomaterials have been

used to develop nanomotors that help in the identification of warfare agents.

These nanomotors are propelled due to the photoactivation property of
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nanoparticles and through bubble formation (Reynolds and Hart, 2004;

Singh and Wang, 2015). Dichlorvas, a potent insecticide and warfare agent,

has been detected using the colorimetric methodwith the help of gold nano-

particles (D’souza et al., 2014). This nanomaterial-based identification of

WMDs truly has a bright future in forensic investigations due to the spec-

ificity of the method.

3.6 Nanotechnology-based tracker
Nanotechnology-based tracking devices, commonly known as nanotrack-

ers, are a nanoscale dimensioned system that can be inserted or attached

on any human or product in order to track it during movement. These

trackers along with barcodes can be secretively riveted onto the products

in a unique pattern, thereby preventing the shoplifting of the product

(Paunescu et al., 2016). These nanodevices can also be inserted into the bod-

ies of prisoners or criminals in order to keep a check on their movement if

they are trying to escape the prison (Wang et al., 2015a). This technology is

already gaining attention among common people, who are using this as a

small GPS device for themselves, their belongings such as keyrings, or on

the collars of their pets. These tracking nanodevices need more research

in order to enhance their utilization in routine forensic work. With impro-

vised technological aid, these devices can efficiently track the movement of

criminals and products throughout the world. The devices can also assist in

differentiating between counterfeit and real products.

4 Conclusion

Nanomaterials are nanosized materials that have a high surface area and

increased reactivity. The small size of the nanomaterials causes them to have

enhanced optical, electrical, and magnetic properties. Due to such proper-

ties, they find applications in many fields such as nanomedicine, pollutant

remediation, nanoelectronics, and in the production and storage of clean

energy. There are two basic modes of synthesizing nanomaterials: the

top-down approach and the bottom-up approach. In the top-down

approach, a bulk material is broken down to smaller parts through mechan-

ical or chemical methods while in the bottom-up approach, the atomic form

of the precursors is taken and then combined to form the nanomaterials. It is

also important that nanomaterials be functionalized before being used in any

application. Functionalization has several roles and some of them include

imparting additional properties such as enhanced conductivity, optical
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transparency, and antimicrobial or antioxidant properties to the nanomater-

ial as well as controlling its growth and stability and reducing its overall

toxicity.

In the field of forensic science, many types of nanomaterials have been

utilized for a wide variety of applications. Explosives and gunshot residue

that are collected by investigators from a crime scene have been detected

using nanomaterials. The redox properties of explosives along with the

luminescent taggants have been utilized for the detection of explosive res-

idues. Nanotechnology-based electron microscopes have helped in studying

GSR patterns to find the shooting distance and angle at which the bullet was

fired. Nanomaterials with fluorescent properties or those conjugated with

enzymes have been used to develop biosensors for the detection of marine

toxins, microbes, alcohol, forensic markers such as sweat and semen, and

warfare agents of chemical or biological origin. The nanoscale size and con-

jugation with colored and fluorescent dyes has also enabled nanomaterials to

be used for visualizing latent fingerprints. These nanomaterials accumulate

between the fingerprint ridges and display very minute details of finger-

marks. The detection of DNA and unlawful drugs has also been carried

out using different nanomaterials. These nanomaterials can also assist in pre-

venting the counterfeiting of currency notes as well as the forgery of differ-

ent products. The detection of WMDs has also been researched using these

nanomaterials. Nanodevices known as nanotrackers have also shown poten-

tial to be used for tracking the movements of goods and criminals. The

potential of nanomaterials can be explored to a much greater extent upon

carrying out more research in the field. Collaborations between scientists

and experts from the worlds of forensics and nanotechnology can produce

excellent results for the investigation team, thereby assisting in bringing

proper justice to the victims.
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CHAPTER 20

Ethics and legal issues of forensic
analysis techniques

1 Introduction

One of the key distinguishing features of humanity is its morality and its abil-

ity to judge the good, bad, and in-between. Due to the existence of this con-

sciousness and morality, rules, laws, and regulations have been developed

across the world that keep humans from crossing their morality boundaries.

These laws are derived from a branch of philosophy known as ethics that is

basically designed to oversee the morality of a human being. Ethical laws

take into consideration the human rights of a person and their goal is to pro-

tect the rights and requirements of a person when they are surrounded by

different shades of morality. Ethics are responsible for dictating the terms

and conditions for good behavior but are not in actual control of the

behavior of a person. There is also a fine line between morality and ethical

issues. A personwho is honest and uncorrupted is said to bemorally inclined;

however, that does not prevent them from encountering ethical issues in

their life.

Because human nature is highly versatile with everyone having different

moral conduct, it is important that appropriate universal ethical standards be

developed that ensure that the overall ethical behavior of humans is the same

irrespective of each person’s ethical standards. Apart from ethical standards

governing human society, there are legal standards as well that every citizen

in a country must follow. While not following ethical standards does not

necessarily permit punishment, not following a legal standard does warrant

punishment.

In forensic science too, there are ethical and legal issues surrounding sev-

eral areas of this field, mostly because it largely deals with criminals whose

moral ambiguity is often questioned and brought to trial. While this field is

majorly scientific, it is important that every step in a criminal investigation

right from visiting the crime scene to processing the case in courts is gov-

erned by legal standards. Every country has its own set of legal standards that

must be abided by stringently. Apart from this, ethical issues such as making
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decisions between competing obligations or maintaining discretion also

demand a set of ethical standards. In this chapter, a brief overview of different

ethical and legal issues in forensic science will be discussed.

2 Legal issues in forensic science

Forensic investigations need to follow a well-defined set of rules during the

investigation, collection, and submission of evidence in a court. These rules

can act as standard procedures while investigating a crime (Pandey et al.,

2017; Rawtani et al., 2019). This section discusses the different legal steps

in forensics from crime to court as well as elaborates the legal issues related

to computer and digital forensics as well as DNA forensics.

2.1 Legal aspects: From crime scene to court
There are a number of legal steps involved from a crime scene to court. This

section elaborates the legal steps involved in crime investigation and the sub-

mission of evidence in court. The rules related to evidence such as its

authenticity and admissibility are also discussed. Further, the legal aspects

of reports coming from forensic laboratories as well as the testimony of

experts are elaborated as well.

2.1.1 Crime investigation procedure: Legal aspects
In a crime investigation process, forensic scientists are involved in different

steps such as responding to a crime scene as well as analyzing evidence, depo-

sitions, and court testimony.

As far as the response to a is concerned, legally one or more forensic sci-

entists should attend the crime scene, especially in high-profile cases as well

as homicides. The reason behind this is the expertise possessed by such sci-

entists in recognizing, collecting, and preserving the different evidence pre-

sent at the scene of a crime. In the analysis of evidence, forensic scientists

should be employed to perform this task, keeping in mind the expertise they

have. Legally, the analysis reports issued by forensic scientists should go

through the evaluation process by the crime investigators and prosecutors

(Houck and Siegel, 2015).

A deposition, which is testimony given by taking an oath but not in front

of a judge or in court, should also be taken through legal procedures. It

should be taken by an authorized reporter or recorder only. The questions

asked to the witness during a deposition should be the same as those asked

during a trial. On a legal basis for court testimony, forensic scientists should
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testify to important and scientific findings to the courts and judges. These

testimonies can be given in preliminary court hearings as well. The scientists

giving testimonies in their area of expertise should be regarded as expert wit-

nesses (Houck and Siegel, 2015).

As far as discovery is concerned, that is a process in which both sides seek

to collect data about the evidence the opposite side has. An earlier rule was

that the defendant was not entitled to inspect different evidence belonging to

the prosecution. However, now the rule has changed and in today’s time,

both parties can legally inspect each other’s evidence. This is called recipro-

cal discovery. In searches and seizures, a legal search warrant should be

obtained from the authorizing body before searching and seizing evidence

form any person’s property. All these searches should preferably be done in

the presence of forensic scientists because their expertise can effectively help

in searching the physical evidence present. Self-incrimination, which is a

confession made by the suspect committing the crime, is legally not prohib-

ited. However, compelled self-incrimination is not allowed in the legal sys-

tem, as per the Fifth Amendment in the US Constitution (Edmond and

Cole, 2013; Houck and Siegel, 2015).

2.1.2 Subpoena: Legal aspects of submission of evidence
Whenever any evidence has to be submitted by any witness or the witness

has to be called to court to give the testimony, a legal notice has to be issued

by the court to the witness stating the location and time for giving the tes-

timony or providing the evidence. The subpoena is given to the witness in

person. If the witness is found to ignore the court summons, then he or she

may face charges of contempt of court (Saks, 2013).

A subpoena for forensic scientists is a bit different, and is termed a

“subpoena duces tecum.” In this, the witness as well as any kind of evidence

or document that is relevant to the case and is possessed by the witness

(forensic scientist) should also be submitted to the court. This kind of sub-

poena can be sent by mail or delivered to the scientist’s laboratory as well as

being delivered in person. The penalties for disobeying this subpoena are

similar to those faced by any normal witness (Houck and Siegel, 2015)

2.1.3 Evidence: Rules and legal aspects
Evidence can be defined as something that can assist the legal system in prov-

ing or disproving any kind of material fact. Evidence can be real (recovered

from the crime scene), demonstrative (assisting the real evidence but not

recovered from the crime scene, such as sketches and crime scene photos),
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and testimonial (given by a lay or expert witness under oath). Legally, the lay

or nonexpert witness is not allowed to give any kind of opinion. However,

expert witnesses can give opinions and conclusions on the basis of their

expertise (Franji�c, 2018).
The evidence submitted in court should be authentic, and its authentic-

ity can be maintained using a proper and legal channel of labels and sponsors

from the time of seizing until submission in court. This channel of labels and

sponsors is called the chain of custody, which has all the information of peo-

ple and places where evidence went before reaching court. Even if the evi-

dence is opened by forensic scientists before submitting it to court, it should

be kept in mind that previous seals remain intact and new seals are given to

the evidence regarding the evidence handler (Houck and Siegel, 2015).

Regarding the admissibility of evidence, it should be relevant as well as

competent. If the evidence to be submitted fulfills only one of these condi-

tions, then it is not admissible in court. Any evidence can be relevant if it is a

combination of materiality and probativeness. The competence of evidence

in the legal system is governed by certain rules and restrictions such as the

evidence should not be prejudiced, time wasting, unreliable, or presented

through improper procedure such as by a surprise witness. The admissibility

of evidence examined by novel scientific techniques or scientific evidence

has changed after the Frye case and the Daurbert V. Merrell Dow case. Such

evidence is admissible in court if the scientific technique used has general

acceptance for usage in the scientific fraternity. If any novel technique is pre-

sented, then the underlying principles behind that scientific technique must

be demonstrated in the court (Edmond and Cole, 2013; Houck and Siegel,

2015; Saks, 2013).

2.1.4 Legal aspects of reports issued by forensic laboratories
The report produced by a public forensic laboratory goes directly to the

investigating officer related to that case in a legal system. Legally, an addi-

tional copy of the generated report should be sent to the prosecution and

defense as well. The laboratory report can be used as evidence if the case

goes to trial. These reports can be submitted in the court without the tes-

timony of the forensic scientist.

Most of the reports are just the certification of the analysis. This is, there-

fore, a major concern regarding what data and how much data should be in

the report. Legally, these scientific reports should have complete data,

results, interpretations, and conclusions that can assist the jury in the court-

room trial. Another issue relevant to the reports of forensic laboratories is the
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recording of the analysis carried out by the forensic scientist. If the trial is

conducted shortly after the analysis, then the scientist can testify to every-

thing by memory. However, if the trial is done after months or years, the

report of the analysis becomes crucial evidence because it helps the scientist

to recollect if the analysis was carried out by him/her or testify if the pro-

cedures done during the analysis were correct or not (Houck and Siegel,

2010, 2015).

2.1.5 Testimony by expert witnesses: Legal aspects
Expert witnesses are generally the forensic scientists who performed the

analysis of evidence collected from the crime scene. Not every case

requires a forensic scientist to be summoned by the court. However,

whenever it does, a legal procedure has to be followed, as discussed earlier,

by sending a subpoena duces tecum, which is a court summons to produce

the evidence and give testimony in court. This subpoena has to be given to

the scientist from the prosecutor’s office. In the court, unlike ordinary wit-

nesses, expert witnesses are allowed to give their opinions and conclusions

based on their expertise and findings during the evidence analysis, which

can assist the jury to better understand, especially for scientific evidence.

However, in doing so, the scientist also has to show his/her credentials,

degrees, experience, and publications in a legal manner in order to prove

his/her credentials expertise in that area because his/her opinions can

directly influence the verdict in the case (Edmond and Cole, 2013; Houck

and Siegel, 2015).

2.2 Legal aspects in computer and digital forensics
The main purpose of computer forensics is to give digital or electronic evi-

dence that can be accepted by a jury in a courtroom. The legal system greatly

influences the methods that can be used in computer forensics. As discussed

earlier, any evidence to be submitted in court should be relevant and com-

petent. Digital evidence is relevant because it is material and probative.

However because it can be easily manipulated, modified, and duplicated,

the competency of such evidence becomes a concern. No test is available

that can determine if the presented digital evidence is scientifically valid.

Therefore, any digital evidence can be submitted in court if it fulfills two

situations: (a) it is derived and validated using a scientific method; and

(b) it must be relevant (Houck and Siegel, 2015).
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2.2.1 Digital evidence: Admissibility in court
Digital evidence generally needs a good base of introduction upon being

admitted in court. However, courts do not discriminate between digital

andother evidence as far as the introductionof evidence is concerned.When-

ever any digital evidence is submitted, then the opposite party is give the

opportunity to question the accuracy of the computer. However, arguments

that such evidence cannot be trusted because it can be easily modified are not

generally acknowledged in the court (Stahl et al., 2010). In order to preserve

the admissibility of digital evidence, the guidelines issued at the International

Conference on High-Tech Crime in 1999 are as follows (Strydom, 2001):

• Any actions taken while seizing digital evidence should not alter or

change the evidence.

• Any person wanting to access the original copy of the digital evidence

needs to be forensically competent.

• There should be proper documentation and preservation of all the activ-

ities carried out related to seizing, accessing, storing, and transferring the

digital evidence, and all the information should be present for review.

• During the time that the digital evidence is under possession, a person

should be responsible for any kind of actions taken related to the digital

evidence.

• Any public or private agency that is doing the investigation and is

responsible for the confiscation, access, packing, and transfer of the dig-

ital evidence has to carry out all the activities in compliance with the

aforementioned principles.

2.2.2 Computer forensics and legal issues
There are some important legal issues that restrict the development of the

computer forensics field, and they are as follows (Brungs and Jamieson, 2005):

• The differences between state and the federal legislative bodies on juris-

diction related to computer forensics and laws related to cybercrimes are

a matter of concern.

• The differences in the jurisdiction laws related to the admissibility of

digital evidence in the court are also a concern because one form of dig-

ital evidence is acceptable in one state and not in another.

• The absence of a proper guide related to the methodology for the

collection, preservation, examination, and interpretation of digital evi-

dence in computer forensics.

• A lack of knowledge and understanding about the significance of digital

and electronic evidence in the legal system, especially with lawyers and

judges.
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• Evidence collection from digital records sometimes infringes the confi-

dential records of an individual or company, for which law enforcement

should be there.

• Uncertainty over the interception of telecommunication data while in

transit, which is an offense and considered privacy infringement in some

countries.

• No guidelines, especially for private forensic companies, as to what data

can be legally collected and what breaches an individual’s privacy related

to digital evidence collection.

• Issues related to communications, such as emails, if they are read or

unread, the beginning and completion of the communication, etc.

• Uncertainty with telecommunication companies as to how much data

should be given to police so that the privacy of the client is also safe

while the police get enough information.

• Requirement of cooperation between legal systems at the international

level to increase the impact of computer forensics.

• Lack of access to digital evidence in real time for investigators, mainly

due to the absence of mutual assistance among countries.

• Communications and broadcasts are digital evidence. However, they

are listed in different acts in countries such as Australia, which creates

a contrast.

• Offenses related to cybercrime are limited, and these need to be updated

with the increasing cases of cybercrime in today’s world.

• It is impossible to launch an action against an unknown person by pri-

vate companies and nongovernment organizations, which is a major

constraint for them in obtaining digital evidence.

• The reliability of tools and techniques that are used to analyze digital

evidence is always a question, and should be therefore validated by a

third party for its acceptance in court.

• The requirement of guidelines for the qualifications of expert witnesses

related to digital evidence should be there so that their testimony can be

relied upon.

2.3 Legal aspects in DNA forensics
DNA evidence came into picture for investigation purposes in 1985 after

Alec Jeffreys confirmed the polymorphic nature of DNA due to the presence

of variable number tandem repeats (VNTRs). However, there have always

been concerns and questions about the techniques used for matching two

DNA samples. DNA databanking laws have also been enacted in countries
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such as Australia, the United Kingdom, the United States, Austria, China,

Canada, Germany, and France. However, there are issues related to DNA

forensics that involve the DNA typing procedures for matching two

DNA samples (Reilly, 2001; Walsh, 2005).

2.3.1 DNA forensics: Legal issues
The issues related to DNA forensics are (Reilly, 2001):

• The first issue relates to the kind of DNA sample that should be typed. In

earlier days, DNA typing was a mandate only in some cases where the

possibility of DNA evidence was high, such as sexual assault cases. How-

ever, nowadays, trends have changed and DNA analysis has become an

important part of the investigation in all types of felonies.

• There is an issue of social inequality in the collection of DNA samples for

DNAdatabanking in that samples arenot taken fromtheprivilegedpartof

society.There is an issueof social inequality inDNAdatabankingof those

DNA samples that are not collected from the society’s privileged. There-

fore, the DNA collection and databanking should be made equal for all

the citizens of any country as long as the genetic privacy is promised.

• Whether the DNA sample taken from criminals should be stored or

destroyed after DNA typing is performed has also remained a matter

of concern for legal systems.

• With the advent of DNA analysis in investigations, the issue that the

criminal justice system is facing is the increasing demand by convicts

(especially rape convicts) to reopen their cases and performDNA typing

to prove their innocence. The legal system is in a dilemma as to whether

postconviction testing should be allowed.

• DNA evidence can identify any individual, even after several years have

passed since the crime was committed and the statue of limitations has

expired; an example of this is rape. So, the legal systemmust increase the

validity of such complaints in which DNA evidence is involved.

• The capacity of crime labs is low to analyze all DNA samples recovered

from the crime scene. This should be increased and the people collecting

evidence from the crime scene should be given proper training to collect

all the DNA evidence available during the crime scene investigation.

3 Ethics and theories of ethics

Ethics, as mentioned before, are responsible for the analysis of right, wrong,

and in-between. There are several ethical theories responsible for the guid-

ance of people during anymoral crisis by providing a check sheet of guidelines
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responsible for the appropriate moral conduct of a person. There are three

basic theories of ethics: normative ethics,metaethics, and applied ethics.Nor-

mative ethics are responsible for providing guidelines for normal human

behavior wherein concepts of principles and moral standards are defined.

Metaethics is responsible for analyzing the meaning behind morality and its

conceptswhile applied ethics revolves around thedilemmas facedduringcon-

flictingmoral situations and the application of ethical concepts in professional

situations. In forensic science, theories of applied ethics are applied.

While studying ethics, there are certain steps to be taken to ensure their

proper implementation in forensic science. Typically, the first step is to cre-

ate awareness regarding the different moral and ethical issues. Quite often,

criminalists fail to understand that there are certain questions and situations

for which there is no correct answer. In such cases, it is important that the

ethical standards are properly defined. The majority of forensic science

experts come from a varied background and from different universities.

Therefore, it is also important that appropriate standards for professional

ethics be used. Once the awareness of ethical situations is created, the dif-

ferent morality concepts in this field are defined. For instance, certain situ-

ations can be created with good intentions; however, the way the situation

was handled could be unethical. Once the concepts are properly defined, the

next step is to ensure that the ethical responsibility is maintained, even when

the professionals are personally attached to the situation. In the final step, an

overall observance of the professional culture and how ethical standards can

be implemented in it is done.

In forensic science, ethics are especially important, as this field is a mix of

science and law. Lawyers, scientists, police, themedia, and the public are inte-

grally involved with this field. A criminalist typically faces two major sur-

roundings, namely, the court and the environment outside the court. In

the court, the suspect or witness is usually made to make a statement that

ensures that they speak the truth lest they perjure themselves. However, once

outside the court, the criminalist has to face a number of ethical situations such

as in the laboratory or in front of themedia. Therefore, in order to simplify all

these situations, a code of ethics is followed that is similar to the legal standards

but is based on principles and morality and allows the criminalist to differen-

tiate between the right and wrong (Barnett, 2001; Bowen, 2010).

3.1 Models of codes of ethics
In forensic science, there are generally two main types of ethical models: the

general and the specific type. The Code of Ethics and Conduct from the
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American Academy of Forensic Science (AAFS), and the Code of Ethics of

the California Association of Criminalists (CAC) are the two models that

respectively denote the general and the specific type. TheAAFSmodels were

created to ensure that the ethics of different forensic professions were unified

in a single group.While CACwas involved in bridging the distance between

the code of ethics of different scientific professions with the law, AAFS took

into account only those ethics that are suitable to all professions. However,

CAC develops ethics that can connect forensic science with legal standards.

The general or the broad model, as the name suggests, covers a variety of

situations. However, this very feature serves as a limitation to this model.

Due to the lack of details covered by this model, proper guidance that allows

a member of an organization to abide by the code is not properly developed.

This model by AAFS provides very little guidance to the professional on

how to deal with a situation where their fellow member has violated an eth-

ical code. However, this limitation too has been overcome with the devel-

opment of the Good Forensic Science Practices Committee. Through this

committee, it is possible to develop a proper guideline that includes the pro-

fessionals in forensic science. It is now possible to ensure that the action or

judgment taken by a member is the most appropriate ethical response. The

situation is carefully reviewed, and a consensus is reached according to the

guidelines prescribed by the AAFS. Through the Good Forensic Science

Practices Committee, it is now truly possible to develop a common ground

for the implementation, review, and analysis of appropriate ethical protocols

in different forensic situations.

The detailed or specific model developed by CAC covers the roles and

ethical conduct of every professional involved in an investigation. The code

of ethics developed here also prescribes appropriate behavioral conduct as

well. In this organization, the code of ethics was developed according to

the trained criminalists and their collection experience. The guidelines men-

tioned here are very intricate and are connected to several sections at the same

time.However, this comprehensivedevelopmentof guidelines prevents their

revision because a single guideline is often linkedwith several sections.While

the revision is not itself an impossible task, it is definitely a very daunting task.

Also, another drawbackwith such comprehensive guidelines is that they can-

not be applied to unusual circumstances. In such cases, the general model is

more suitable. However, with the use of more general language during the

development of guidelines, it is possible to overcome this limitation.

These models also ensure that the ethical requirements meet the job

activity of the professional. Factors such as the competence, thoroughness,
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relevance, and reviewability of a professional are considered important cri-

teria for meeting the ethical requirements. Competence ensures that the

professional is capable enough to fulfill a particular responsibility while thor-

oughness ensures that the task is completed with special attention to detail.

Relevance is a factor responsible for ensuring that only the tests that are

bsolutely required for the investigation are performed and reviewability also

serves as a legal requirement that allows the professional’s work to be exam-

ined and reviewed (Barnett, 2001; Bowen, 2010).

4 Code of ethics in different fields of forensic science

In this section, the codes of ethics applied in different fields of forensic sci-

ence, especially, in forensic examination, DNA analysis, and psychiatry, will

be discussed.

4.1 Ethics in forensic examination
Forensic examiners are any professionals who are involved in the examina-

tion and interpretation of physical evidence in order to produce testimony in

court. They include all professionals who work in a forensic laboratory as

well as pathologists, toxicologists, criminalists, and mental health practi-

tioners. A code of ethics is highly required for forensic examiners as they

directly deal with the intricate details of any investigation and therefore

may become emotionally invested in them. This may cause the development

of biased or erroneous results. Forensic examiners are supposed to present

the results of evidence as simple objects without the attachment of any per-

sonal belief. The use of an appropriate code of ethics serves as a filter in this

case. An ethical forensic examiner thus has scientific integrity, impartiality,

the ability to acquire new knowledge, and trustworthiness. These traits are

highly required when presenting expert testimony in court.

Forensic science is a field that is highly integral to the law. However, the

very nature of forensic science and the law is highly varied. Examiners are

supposed to handle evidence with utmost impartiality and should not waver

the result to one direction. However, the law requires that two sides of a case

be presented, out of which only one is selected. Due to such conflicting

natures, it is quite easy for the forensic examiner to sway toward one side.

Also, most of the time, the evidence given to the examiner for analysis has

already been picked up by the person who visited the crime scene. The

examiner also takes this factor into account while preparing for testimony

in court.
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The analysis of evidence largely results in formulating the results in a

report. The examiner is authorized to update the side that employs them

about any possible good or bad outcomes. This is a very difficult situation

and thus needs to be bound tightly by appropriate ethical codes (Chisum

and Turvey, 2013).

4.2 Ethics in DNA analysis
In the previous section, the overall ethical responsibility of the forensic

examiner was discussed. However, the ethical conduct becomes very precise

when dealing with particular evidence. For instance, DNA is highly crucial

evidence capable of incriminating or proving a person innocent. It may ben-

efit various individuals because it foolproof evidence for establishing a per-

son’s identity. However, DNA analysis for forensic applications is often

subjected to two highly opposing views. One such opinion is that because

DNA is capable of providing confirmation of a person’s identity, the infor-

mation should be kept away from the public as it is highly private. The

opposing opinion states that such information should be kept public in order

to facilitate the investigation. The first opinion rises when a proactive

approach to prevent a crime is employed. In the proactive approach, with

the help of DNA information, possible offenders can be controlled. How-

ever, this is a very idealistic approach in which there is no corruption within

the justice system. The second opinion rises when it is assumed that a person

is innocent until proven guilty.

DNA analysis and its information come under human rights. Therefore,

ethical conduct revolving around this also comes under human rights. Apart

from this, forensic DNA databases also come under human rights. For this,

the Forensic Genetics Policy Initiatives were developed that are responsible

for setting human rights standards for DNA databases (Beyleveld, 1997;

Prainsack and Aronson, 2015; Wallace et al., 2014).

4.3 Ethics in forensic psychiatry
Forensic psychiatry is a bidisciplinary field that involves a psychiatrist posses-

sing both a thorough knowledge of psychiatry and the law. Forensic psychi-

atry as such operates within a very specific area of legal and social context.

The psychiatrists also serve as expert witnesses and provide their testimony

on issues that require their expertise. However, just like any other forensic

examiner, here too the psychiatrist is responsible for giving an opinion with-

out any bias and should leave it to the judge to decide. Normally, when
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asked their opinion on the perpetrator, the psychiatrist must first get the con-

sent of the perpetrator and then ensure that he or she has the ability or capac-

ity to understand why he or she is being subjected to analysis by a

psychiatrist. The psychiatrist is also responsible for performing risk assess-

ment and predicting a possible future regarding the criminal activity of

the offender. However, this is not always accurate and there are strict ethical

guidelines regarding this (Konrad, 2016; Shapiro, 2016).

5 Conclusion

In this chapter, various legal and ethical issues in forensic science have been

discussed. The legal aspects related to the different steps involved from crime

scenes to the court were discussed. Further, the legal aspects and issues

related to computer and digital forensics were elaborated. It can be said that

with increased mutual assistance between countries, a wide network can be

formed to decrease the increasing rate of cybercrime. Digital and DNA

forensics can play an important role to curb such crimes. Also, the issues

related to DNA typing in DNA forensics need to be resolved, keeping in

mind the importance of DNA evidence in almost all kinds of felonies. It

is also highly necessary to develop ethical standards that consider the human

rights aspects of every forensic responsibility. Forensic science mainly caters

to the law and therefore the evidence presented by experts must be free of

partiality and should be delivered with absolute unattachment. Also, forensic

science is largely a scientific field, due to which there are professional ethics

to be followed by the different professionals in a forensic laboratory.
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CHAPTER 21

Accreditations for forensic
science laboratories

1 Introduction

Forensic science is a highly crucial field in law enforcement and in the deliv-

erance of proper justice. It is an amalgamation of science and law and is

therefore an intricate mixture of police, courts, and the scientific commu-

nity. Such an intricate organization requires proper coordination and com-

munications in order to ensure smooth processes from the crime scene

investigation to the deliverance of testimony and proofs at court trials. Also,

because it is largely a science, every protocol and procedure must be stan-

dardized so that it does not vary from every individual or organization. This

smooth functioning is ensured through a series of accreditation organizations

that lay out defined rules and certifications that ensure that there is unifor-

mity, validity, reliability, and transparency in the entire process. In the

accreditation process, a third party is involved that lays out rules for the var-

ious management and technical systems in forensic science. Any accredita-

tion program is a holistic risk management strategy and therefore requires

cooperation from all levels. Appropriate accreditation of the organization

allows an optimal quality management system and therefore ensures that

the results are valid.

While accreditation in forensic science varies from country to country,

most of the countries base their accreditation laws on three main ISO stan-

dards; we discuss that further in this chapter. In this chapter, a brief overview

of the history of accreditation and the different organizations responsible for

accreditation in forensic science is discussed. Also, we give special emphasis

on accreditation in different fields of forensic science, especially in digital,

DNA, and toxicological forensics.

2 History and need of accreditation in forensic science

Accreditation is basically a formal process responsible for the accreditation of

organizations in order to ensure that the procedures, policies, certifications,
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and programs are in accordance with general standards. Because in forensic

science, the majority of the analysis takes place in the laboratory, the stan-

dards are usually defined according to the accreditation of the laboratory.

The accreditation of a forensic laboratory is responsible for maintaining

appropriate documentation, policies, and protocols for records. It also

ensures that the organization is accountable to a third-party accreditation

party in order to ensure that the above conditions are being satisfied while

providing optimal customer satisfaction.

The accreditation of forensic laboratories was first started by the American

Society of Crime Laboratory Directors/Laboratory Accreditation Board

(ASCLD/LAB) in 1973 in order to discuss and open various channels of com-

munication between the directors and managers of various crime laboratories.

In 1988, the ASCLD/LAB was designated as a nonprofit independent orga-

nization, and served as a premier accreditation body for a long time.However,

the integrity of these organizations was also questioned, and several articles

were published that questioned the course of accreditation by these organiza-

tions. Therefore, in order to overcome this, the InternationalOrganization for

Standardization (ISO), which is also an independent nongovernmental orga-

nization, was developed to offer and approve strict international standards for

local, national, and international commerce. The ISO is responsible for ensur-

ing the most basic and advanced requirements of accreditation so that the

results produced at forensic laboratories are completely valid and reliable while

the techniques used to produce the results are also standardized. It also

develops standards with the International Electrotechnical Commission

(IEC). The ISO itself has a technical committee that is responsible for the

development of standards and a project committee that, unlike the technical

committee, is temporary and is removed as soon as the standard is created. The

standards are developed such that they are a suitable response to the needs in

the market. They are developed according to experts across the globe and are

consensual. The ISO standards are developed through a series of steps involv-

ing proposals, preparation, committees, inquiries, approvals, and publications.

The different standards in ISO relevant to accreditation in forensic sciencewill

be discussed further in the next section. The ISO also clearly defines the

accreditation process as a “procedure by which an authoritative body gives

formal recognition that a body or person is component to carry out specific

tests.” It also takes into account the competence of any organization as well as

that of every individual within the organization because the individuals them-

selves directly handle the development of results. Also, it is important, that the

processes used by individuals are also competent so that the competence of the
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employees doesn’t get shadowed out. In short, there is a strict need for the

accreditation of forensic organizations by third-party organizations in order

to develop trustworthy results that can be used in a court of justice respective

to their countries (Collins, 2018; Malkoc and Neuteboom, 2007; Palmbach,

2013; Rankin and Welsh, 2013).

3 Accreditation in forensic science

Accreditation in forensic science is provided by an independent accredita-

tion body (AB) that is further accredited by the ISO/IEC 17011 interna-

tional standard. Every country has its own accreditation body according

to their laws. However, the overall authority governing these processes that

take place during testing and analysis is itself defined by the ISO. In forensic

science, the following standards are commonly used:

• ISO 17025, which defines the general responsibilities and requirements

to check the competence of the testing and calibration laboratories (ISO/

IEC 17025:2017, 2017).

• ISO 17020 states the different requirements and responsibilities of the

organization that undertakes the inspection of the laboratories (ISO/

IEC 17020:2012, 2012).

• ISO 15189 is responsible for the quality assurance and management of

medical laboratories (ISO/IEC 15189:2012, 2012).

Also, yet another organization exists that is responsible for assessing the com-

petency of any organization; it is known as the ISO Committee on Confor-

mity Assessment (CASCO) CASCO assesses an organization and declares

whether it is suitable or competent enough to carry out its responsibilities.

These standards have been developed to work in fulfilling conditions such

as ensuring appropriate management systems and technical activities and also

their documentation. They can also be applied through self-regulation, cer-

tification, or accreditation. In forensic science, evidence such as DNA and

body fluids as well as trace evidence such as hair, toxins, and other inorganic

components are commonly encountered, and their testing primarily takes

place in a laboratory (Pandey et al., 2017; Rawtani et al., 2019). A critical

organization in the accreditation and certification process is the International

Laboratory Accreditation Cooperation (ILAC) that runs according to the

ISO/IEC 17011 guidelines. Apart from this, ISO/IEC 9001:2015 and

ISO/IEC 14001 are also implemented in laboratories to certify the quality

and environmental management systems, respectively. However, these stan-

dards do not certify the organization but rather a small part of it. In terms
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of forensic science, ILAC G19:08/2014 is responsible for providing guidance

for crime investigation laboratories and other counterparts that assist in evi-

dence analysis.

Another major criterion for any accreditation body in forensic science is

that the conditions it specifies must be suitable to the requirements of the

justice system. In short, the “fitness of purpose” must be considered. There-

fore, the requirements specified by the guidelines must be such that they

allow a delivery of results that is suitable for the crime investigation. All

the protocols used by the designated scientists are also therefore decided

and certified accordingly. Factors such as documentation and its control

are highly crucial and therefore stringent rules are specified for the control

and handling of documents. The documents produced right from the crime

scene to the testimony to be produced in court are carefully regulated to

ensure their integrity. Apart from documents, the samples or evidence col-

lected at the crime scene are also carefully regulated. Evidence is placed in a

chain of custody that highlights the path of the evidence right from the col-

lection to its transportation and analysis; it also includes details about the per-

sonnel handling them. The chain of custody itself is carefully scrutinized and

the evidence is kept in a high-security building to prevent any loss or con-

tamination. The personnel collecting, handling, and analyzing the samples

are also required to be certified; those rules are also mentioned in the

ISO guidelines. Not only forensic scientists, but medical personnel who

are responsible for the autopsy and forensic medicine also need to be certi-

fied; those guidelines are mentioned in the ISO. The protocols for the anal-

ysis of evidence that occurs in laboratories are also carefully controlled and

the protocols are also validated. Here again, careful documentation is main-

tained in order to record everything that occurs during the analysis. Apart

from this, strict regulations are also mentioned that prevent the occurrence

of any errors. If any errors do occur, corrective actions are also clearly men-

tioned and appropriate measures to prevent the reoccurrence of the errors

are also in place (Ross and Davey, 2016).

In the United States, the ANSI-ASQ National Accreditation Board or

ANAB is currently responsible for forensic laboratories. It merged the

ASCLD/LAB into its program. It also oversees accreditation in countries

such as Mexico, Bangladesh, the Cayman Islands, Canada, and Brazil. In

India, the National Accreditation Board for Testing and Calibration Labo-

ratories (NABL, 2008) is the main governing board for the accreditation and

certification of laboratory personnel. For forensic science, a specific docu-

ment known as the “Specific Criteria for Accreditation of Forensic Science
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Laboratories” has been developed by the technical committee. It works in

conjunction with the ISO/IEC 17025:2005 and is in compliance with the

ISO/IEC 17025:2005. In Europe, the 2009 European Union Act is respon-

sible for accrediting forensic personnel while the United Kingdom Accred-

itation Service holds this responsibility in the United Kingdom (Collins,

2018; Palmbach, 2013; Rankin and Welsh, 2013; Watson and Jones, 2013).

Biological samples such as DNA, blood, hair, semen, and saliva are often

encountered. ISO has a special section to deal with the handling of such bio-

logical evidence in forensic science. The ISOCommittee TC272was started

as a project committee in 2013. It is responsible for minimizing the risk con-

tamination of biological evidence with human DNA. Later, this was gener-

alized to include all the techniques pertaining to physical evidence and has

five working groups responsible for defining evidence, its collection, prod-

ucts, analysis, interpretation, and reporting. Apart from these, there are sev-

eral subcommittees pertaining to digital forensics, biometrics, and forensic

dentistry (Wilson-Wilde, 2018).

3.1 Process of accreditation
The accreditation process occurs through a series of processes that will be

discussed in detail in this section. The steps mentioned here are according

to ISO/IEC 17020 and ISO/IEC 17025 (ILAC G19). ISO 17025 has

two primary requirements: management and technical requirements. In

management requirements, tasks such as proper organizational structuring,

effective communication, policies, and protocols are included. Also, the

authority chain in the organization is clearly defined. The purchase of equip-

ment and other laboratory supplies is also clearly defined. Customer satisfac-

tion and other areas of documentation control are also given utmost

importance.With technical requirements, there are 10 subsections that con-

trol the qualifications of personnel, the selection and validation of methods,

equipment selection and calibration, sampling, the measurement of uncer-

tainty and traceability, and the reporting and documentation of results. The

technical requirement is, however, not unique to forensic laboratories but is

applicable to every testing laboratory.

The accreditation process takes place through a series of steps:

• Preliminary application or proof of conformance by the forensic

laboratory.

• Application of the laboratory to the accreditation body for accreditation.

• Review of the laboratory documents and records.
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• Onsite assessment of the forensic laboratory by the accreditation team.

• Report and review delivery of the assessment and remediation of

findings.

• Awarding the forensic laboratory with accreditation.

The first step occurs when the laboratory wants to get accredited for the first

time or to renew its existing accreditation. In both cases, the accreditation

body must be informed prior to the applications. In case the organization is

renewing its accreditation, the laboratorymust apply for the renewal 6 months

or 1 year before its accreditation expires. The information of the requirement

of accreditation by the laboratory is required in order to ensure a smooth pro-

cess and prevent any hassles during the entire accreditation process. Factors

such as the policies and protocols as well as the management and technical

requirements will be looked over during this step. Once this preliminary step

is finished, and all the requirements by the laboratory seem to be appropriate, it

can give a formal application to the accreditation body. Once the application

has been made, the accreditation body will ensure that the application is com-

plete and will later work in conjunction with the laboratory personnel. The

application itself is a form of assessment because once it is submitted, a team of

assessors from the accreditation bodywill start its assessment. This assessment is

taken into further detail when the team of assessors starts to assess the docu-

ments and records of the laboratory. This assessment is usually done offsite as it

saves time and energy. The records and documents are uploaded electronically

to thewebsite of the accreditation body and are examined in detail by the team

of assessors. In order to facilitate this, the laboratories themselves maintain the

electronic or paperless records. Once the offsite assessment is done, a team of

assessors makes a laboratory visit and reviews the organizational structure and

whether the laboratory is in compliance with the standard guidelines. The

employees and other laboratory personnel will also be interviewed. This typ-

ically lasts for approximately 5 days. The laboratory administration is also

responsible for clearing any queries raised by the team of assessors. Once

the assessment of the organization is done, the report is made by the assessors

in which any errors or nonconformances from the side of the laboratory per-

sonnel are mentioned. Also, a definite deadline is also mentioned before

which the nonconformances must be fulfilled. These are mentioned in order

to optimize the functioning of the laboratory and make sure that the protocols

and policies are properly accredited. The report is usually submitted to the

head of the laboratory, who ensures that any discrepancies are immediately

removed. Once the nonconformances are removed and if every management

and technical requirement is in accordance with the standards prescribed
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by the accreditation body, the laboratory is awarded accreditation. The cer-

tificate provided contains information regarding the scope of accreditation and

the expiration date. This marks a momentous occasion for the laboratory

because it proves that the results obtained from that particular laboratory are

reliable and thus can be easily produced in a court of justice. However, in

order to maintain this reliability, it is important that the laboratory undergoes

renewal of the accreditation process at regular intervals of time.

The entire accreditation process is a large process that requires extremely

efficient communication, first between the laboratory personnel followed by

communication between the laboratory personnel and the accreditation

body. Once this task has been accomplished; it is imperative that the same

standards are maintained, even after accreditation, to ensure that the stan-

dards are maintained and reliable results are produced (Collins, 2018).

3.2 Digital forensics division
Digital forensics can be regarded as the route for the extraction of data in a

usable form from data storage devices as well as systems. The extracted data

can be utilized to gain knowledge during crime investigations or as evidence

during courtroom proceedings (Tully et al., 2020). Currently, the keystone in

legal systems is the fact that evidence admissibility in court is determined

by trier of fact or finder of fact. The trier of fact is any person or group of people

who are responsible for determining facts during any court proceedings. Dig-

ital forensics assists the trier of fact by providing undeviating evidence of any

event that might have or has not occurred (Beckett and Slay, 2011).

A researcher namedCasey warned about the increasing number of cybercrime

cases in today’s world, and the decreasing quality of results produced by digital

forensic experts (Casey, 2019). This calls for the accreditation of laboratories

and experts working in digital forensics. ISO therefore provides necessary

accreditations and guidelines for all laboratories and personnel, including those

in digital forensics, to improve the quality of the results produced because

they are very crucial in crime investigations and courtroom proceedings.

As per ISO/IEC 17025, there are a number of necessities that must be incor-

porated while giving accreditation. These necessities include specification of

technical proficiency, implementation of a well-authenticated and documen-

ted methodology, and involvement in an analysis of proficiency (UNIDO,

2009). A comparatively recent standard, ISO/IEC 27037, was introduced

especially for digital forensics. This international standard focuses on identify-

ing, collecting, and preserving digital evidence collected from a crime scene.
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This standard could help private companies effectively preserve digital evi-

dence, which could help criminal investigators in solving cases related to

cybercrime in that company (Beckett and Slay, 2011).

In order to get accreditation as per ISO 17025, the following things need

to be done by any digital forensic laboratory (Beckett and Slay, 2011):

• Methods and processes for evidence analysis should be validated.

• Equipment used should be properly and regularly calibrated and

maintained.

• Procedures should be in written format.

• Traceability.

• Irrelevant testing should be controlled.

• Well-qualified staff should be present.

However, the laboratories that want to apply for this accreditation often face

several challenges. Among them, the level of education of personnel work-

ing in the laboratories as well as the authentication of tools and procedures

are the major challenges encountered by laboratories. Taking account of the

challenge of education, a bachelors degree or higher is considered good.

However, some certificate training courses are also available, but these can’t

be considered efficient qualification. Philips and Bowen very effectively dis-

tinguish this issue between a technically accomplished policeman and a

forensic scientist (Philips and Bowen, 1985).

As far as authentication of tools and procedures is concerned, it is said that

complete understanding of the methodology should be there, and well-

known samples that can be closely related to the evidence should be

included while verifying any tool or procedure (Barbara, 2005). The gen-

eration of false data by the equipment used is also a challenge, for example,

a higher alcohol level than that in the sample due to an error in gas chroma-

tography. However, as per the Scientific Working Group on Digital Evi-

dence, false positives are not present in the field of digital forensics

(SWDGE, 2008). This argument overlooks the challenge of generating false

results in cases of analysis of digital evidence.

3.3 Crime scene investigators
The quality of crime scene investigations is solely dependent on the inves-

tigators involved in the process. In cases of lack of knowledge or experience

with the investigator, any innocent person can be punished, or the suspect

cannot be identified. In Australia, Justice Trevor Morling conducted an

inquiry in which the entire group involved in the legal system and the
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forensic practitioners were charged for not following proper procedures and

making changes in the function, structure, and practice of forensic methods

during investigations (Morling, 1987). Instances like these increased the

need for properly accredited individuals who can work as crime scene inves-

tigators. In this regard, SMANZFL (Senior Managers of Australian and New

Zealand Forensic Laboratories) formed a committee named F&ISAG (Field

and Identification Specialist Advisory Group) comprising specialists from

ballistics and fingerprints as well as senior crime scene investigators for the

accreditation of crime scene investigators. F&ISAG later formed a commit-

tee called CSAC (Crime Scene Accreditation Committee), whose job was

to develop concepts and issues of investigators in order to enhance their pro-

ficiency. This committee plays an important role in the accreditation of

investigators from Australia (Horsewell and Edwards, 1997).

Internationally, ISO 17025 gives accreditation to crime scene investiga-

tors on the basis of the person’s competency in applying crime scene prin-

ciples to photography, scene investigation, and in other forensic disciplines

such as evidence handling. For any organization seeking accreditation only

in crime scene investigation through ISO 17025, it is necessary for that orga-

nization to show the competency of their calibration and testing laboratories

(NATA, 2000).

In order to develop competency and proficiency in crime scene inves-

tigators, duties in seven following criteria were decided, which were

extracted from the CSAC committee (Horsewell, 2004):

• Preliminary assessment of the crime scene: It includes evaluation of

health and safety risks, determining the incident circumstances, and

deciding the boundary of the crime scene to preserve the evidence.

• Supervision of the scene: It involves the maintenance of an entry/exit

log of people for the scene, preserving the scene during investigation,

and advising people to follow an entry and exit path to minimize evi-

dence contamination.

• Scene examination: It includes following a suitable search pattern for

evidence, recording every detail of the scene, locating and properly col-

lecting evidence from the suspect and victim, and using guidance from

other experts wherever required.

• Evidence interpretation: This involves the development of an appro-

priate sequence of events that took place and the significance of the evi-

dence collected, then communicating those interpretations with the

officer in charge for that crime.
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• Scene recording: It includes maintenance of the location, date, and

time of the crime scene.

• Collection of exhibits: In this, exhibits need to be carefully collected in

order to avoid any kind of contamination, then properly labeling them

for identification. Also a record of the collected exhibits has to be

maintained.

• Management of case: It involves the security as well as continuity of

collected exhibits and evidence, maintaining a relationship with the offi-

cer in charge and other experts, and preparing reports and statements for

the purpose of documentation.

3.4 DNA division
DNA division is one of the most important divisions in forensic science

because DNA analysis gives confirmatory results about the identity of an

individual involved in the crime, be it the suspect or the victim. Cases related

to wrongful DNA analysis and reporting are present in the literature

(Murphy, 2015; Vincent, 2010). The section of results evaluation and their

reporting in forensic science does not have any standards to follow; it has

only recommendations and guidelines (Hicks et al., 2019). It is therefore

required for the laboratories involved in forensic DNA analysis and its

reporting to get proper accreditation and follow international standards.

For laboratories seeking accreditation in DNA analysis reporting, it has been

added in their scope to state how they will evaluate the unmixed as well as

mixed DNA profiles with the help of dedicated software. ISO 17025:2017

gives the standards that need to be followed by laboratories during DNA

reporting for getting accreditation.

The certification of individuals involved in DNA analysis and interpre-

tation is also required for an efficient investigation. In some countries such as

the Netherlands, individual certification is mandatory while in some coun-

tries such as the United States, the certification is voluntary (Decorte, 2013).

As per ISO//IEC 17025, proper documentation of all the events starting

from receiving the sample to report preparation should be done. As per

DAB (DNA Advisory Board) and ISFG (International Society of Forensic

Genetics), the personnel involved in signing the DNA reports should have

at least a masters’ degree in biology or human genetics, and the analysts or

examiners for DNA testing should at least possess a bachelors’ degree and a

minimum of 6 months experience in a forensic DNA laboratory. For tech-

nicians, a training program and qualification test (passed) are required to get
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accreditation. DAB and ISPG also recommend that laboratories and person-

nel involved in DNA analysis and reporting participate in proficiency testing

at least twice a year (Decorte, 2013). In order to efficiently evaluate any

laboratory’s performance, blind proficiency testing is always recommended

(Rand et al., 2004). These actions help in getting accreditation in forensic

DNA analysis for any laboratory. In Italy, ACCREDIA has been appointed

as the official accreditation authority for the forensic genetics laboratories

since 2009. These laboratories need to follow standards as per ISO

17025/2005 in order to get the accreditation (Ricci et al., 2013). However,

in case of DNA polymorphisms, there is no rule related to following an ISO

protocol in Italy. Therefore, all laboratories have to make their own proto-

cols using internal validation, keeping in mind that the method is reliable as

well as reproducible.

3.5 Forensic toxicology division
Improper evidence analysis and report preparation can lead to deviation from

proper investigation and thereby in apprehending the suspect. Toxicological

analysis in forensics is a crucial step during investigations. However, unde-

pendable testing in forensic toxicological laboratories in well-known cases

such as the drug chemist A. Dookhan from the United States (Cunha,

2014) and the Guy Paul Morin case from Canada (Kaufman, 1998) show that

even legal systems and forensic experts can use science in a bad way. There-

fore, such laboratories working in forensic toxicology need to be get proper

accreditation.

There are a number of subdivisions in forensic toxicology such as poi-

soning cases, sports doping cases, postmortem cases, etc. These subdivisions

have their own specific accreditation programs as well. The designing and

scope of the accreditation program for a forensic toxicology laboratory

therefore is dependent on the subdivision, and the standards may vary for

different subdivisions of forensic toxicology ( Jones, 2016). Generally,

accreditation programs access laboratory administration, the qualification

and training of personnel, and the competence and existence of procedures

for standard operations as well as analysis, reporting, and safety. Quality

assurance and competence of the chain of custody are also analyzed. How-

ever, the standards regarding these assessments vary for toxicology laborato-

ries in different parts of the world such as Europe, Canada, the United States,

and Australia.
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Usually, maximum accreditation programs in Australia, Canada, and

Europe for forensic toxicology laboratories are based on the standards pre-

scribed by the ISO, mainly those in ISO/IEC 17025. These standards are

sometimes supplemented by additional guidelines as well as peer-written stan-

dards. In the United Kingdom, the National Accreditation of Measurement

and Sampling (NAMAS) gives accreditation as per ISO/IEC 17025. Similarly,

other parts of the world have different accreditation bodies such as the

National Association of Testing Laboratories (NATA) from Australia; the

American National Standards Institute (ANSI), the American Society of

Crime Laboratory Directors Laboratory Accreditation Board (ASCLD/

LAB), and the American Association for Laboratory Accreditation (A2LA)

in the United States; and the Forensic Science Accreditation program of

the Standards Council of Canada ( Jones, 2016).

In the United States, regarding toxicological analysis, few accreditation

programs are specific for FUDT (forensic urine drug testing). The College

of American Pathologists (CAP) also gives accreditations to forensic toxicol-

ogy laboratories. However, the majority of forensic science laboratories in the

United States are accredited by ASCLD/LAB. In this program, some stan-

dards are very specific for forensic toxicology laboratories, which mostly

depend on the experience and judging capability of onsite inspection leaders.

Another specific accreditation program for forensic toxicology, the American

Board of Forensic Toxicology (ABFT), is also present. It is aimed at private

and government laboratories, coroners, medical examiners, and police

involved in the postmortem and human-related forensic toxicological analysis.

Accreditation by ABFT can be maintained by laboratories by providing all the

results of proficiency tests on an annual basis, and submitting an onsite inspec-

tion report every 2 years. After 2013, it has become mandatory for forensic

toxicology laboratories in the United States to meet all standards before apply-

ing for accreditation or reaccreditation. However, getting these accreditations

in not mandatory for laboratories in the United States, rather it is on a volun-

tary basis ( Jones, 2016). But, if made mandatory, the quality of results pro-

duced by such laboratories would be enhanced several fold because it will

become necessary for laboratories to upgrade the level of their methods

and the procedures for analysis and reporting to get the accreditation.

4 Conclusion

Accreditation is a highly crucial process for forensic laboratories across the

world in order to get valid and reliable analytical results of various evidence.

It provides recognition and takes into account the transparency of the
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technical and management systems. In forensic science, evidence such as

DNA, hair, semen, saliva, explosives, and gunshot residue is often encoun-

tered and analyzed. Apart from this, evidence such as computer hardware or

software and flash drives are also encountered. The analysis of evidence in

laboratories is therefore highly crucial and that analysis is also needed as tes-

timony in a court of law. The accreditation of forensic laboratories allows

that the analysis is done according to international standards and the person-

nel and employees involved in making this happen are also trained properly

and certified. In forensic science, ISO 17025, ISO 17020, and ISO 15189 are

the standards used to define the different technical and management require-

ments. The process of accreditation as such is a tedious one and the labora-

tory has to undergo several processes that allow them to be accredited. In this

chapter, a brief overview of accreditation, its need, and history have been

discussed. Apart from this, the standards and process of accreditation of a

forensic laboratory have also been discussed.
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CHAPTER 22

Quality control and quality
assurance in forensic science
laboratories

1 Introduction

Forensic science is basically the application of different scientific techniques

for the analysis of various evidence to aid an investigation. Just like any other

scientific field, here too the process performed by trained personnel needs to

carefully be monitored and optimized to ensure that only trustworthy and

reliable results are produced. Previously, the accreditation process in forensic

science was discussed. However, along with accreditation comes other

important measures such as quality control and assurance. These two topics

are brought up whenever good laboratory practices are discussed.

Quality assurance is basically a set of planned or systematic protocols

developed to ensure that a product or service is of utmost quality while qual-

ity control refers to the day-to-day operational protocols and activities to

ensure the fulfillment of the quality requirements of a product or service.

First, the protocols for the maintenance of the product or service quality

are developed, followed by their implementation. Quality assurance ensures

that the existence and effectiveness of a procedure, product, or service is of

the highest quality and quality control carries out those activities.

In forensic science, the results developed directly cater to the law where

the victim receives justice and the offenders are punished (Pandey et al.,

2017a,b; Rawtani et al., 2019). In this chapter, the various aspects of quality

assurance and control in forensic science will be discussed. Also, the use of

these measures in certain specific areas of forensic science will also be

discussed.

2 Quality assurance in forensic science

Forensic science laboratories are mainly accredited by three main standards:

ISO 17025, ISO 17020, and ISO 15189. ISO 17025 is responsible for
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defining the general responsibilities and requirements to check the compe-

tence of testing and calibration laboratories. The second standard is respon-

sible for stating the different requirements of the organizations that

undertake the inspection of forensic laboratories. ISO 15189 is responsible

for analyzing the quality assurance and management of medical laboratories.

Typically, each forensic laboratory consists of an established QA pro-

gram. These programs ensure that the results developed are valid and have

been developed through credible and valid means. A well-established QA

program consists of certain requirements that are mandatory for all staff

and professionals in a laboratory. Requirements include an appropriate orga-

nizational structure, a basic educational level, an appropriate laboratory, and

other technical, administrative, and security facilities that ensure proper

quality management of the services provided and the results produced.

Proper documentation procedures, regular audits, quality control, and pro-

ficiency tests are also included (Lennard, 2013; Levy et al., 1999).

In forensic science, there are two types of tests—analytical and

functional—that are routinely performed in a laboratory for the analysis

of evidence. These tests can be either qualitative, quantitative, or compar-

ative in nature and can be used for the identification, quantitation, or clas-

sification of the evidence. Quality assurance ensures that the protocols

governing the three aspects of forensic science, which can be basically sum-

marized as identification, individuality, and comparison of the evidence, are

appropriate and fulfill the fitness of purpose (Doyle, 2019a). There are sev-

eral organizations that are responsible for the quality management of an

organization.

2.1 Organizations for quality management in forensic science
A group of bodies that is responsible for quality management in various lab-

oratories and organizations is known as standard development organizations

(SDOs). These are usually categorized into three levels based on their objec-

tives. Level 1 organizations are usually comprised of organizations that apply

generic standards before performing any activities. Level 1 is also the highest

level and a common example is the ISO/IEC 17025:2017. ISO was estab-

lished in 1947 and is basically an independent nongovernmental organiza-

tion. The ISO standards are applied worldwide and serve as the primary

standard setting organization. Another crucial standard setting body is the

technical committee or TC that carries out the entire work of setting the

standards by ISO; it is governed by the technical management board. Level 2
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organizations are more specific than level 1 as they are responsible for select-

ing, adapting, and interpreting the standards according to the requirements

of the laboratory. In forensic science, the Internal Laboratory Accreditation

Guide (ILAC) serves as the level 2 organization. ILAC operates according to

the ISO/IEC 17011 standard. ILAC ensures the quality management of

forensic science providers by incorporating the standards ISO/IEC 17025

and ISO/IEC 17020. Finally, level 3 organizations are responsible for ensur-

ing the specifics of a forensic laboratory and are the lowest in the hierarchy

level. These standards are more specific and application-oriented. However,

this itself serves as a limitation in making standards for every specific role.

Despite these flaws, the standards in forensic science are developed accord-

ing to the international, national, regional, and field-specific requirements

by developing a systematic approach. The approach consists of the processes,

methods, fields, and professional bodies involved in forensic science

(Doyle, 2019b).

2.2 Aspects of quality assurance in forensic science
In this section, the various aspects of a forensic science organization that are

subjected to quality assurance are discussed. A forensic science facility is sim-

ilar to any other scientific facility in that it also involves personnel who carry

out a set of technical, administrative, and security tasks. Carrying out such

tasks, especially the technical aspects, requires following a set of standard

operating procedures (SOP) that specifies the validated protocol for analyz-

ing evidence through different analytical techniques. Throughout the anal-

ysis, documentation is recorded at every stage to ensure reviewability.

Quality assurance therefore looks through every single aspect of this entire

process to ensure that it is producing results of utmost quality.

The most crucial aspect of any facility is the personnel. The staff hired

must be educated, competent, and trained before they are allowed to pro-

ceed with their designated activities. Improperly training staff not only pro-

vide invalid results but also poses a risk to the other members of an

organization, especially when the activities are linked to each other.

Through quality assurance, guidelines for the regular monitoring of their

proficiency and performance are also developed.

The proficiency and performance of the staff are those factors that are

highly dependent on the mental and physical ability of the staff. Improper

workspaces, poor accommodation, bad lighting, and the lack of fresh air

or cleanliness severely hamper staff productivity. Therefore, quality

411Quality control and quality assurance



assurance in such cases is necessary to ensure that such environmental factors

do not affect the productivity of the staff and that they are able to deliver

quality results. Apart from this, clear divisions should also be present for each

field in order to separate any incompatible activities. Apart from this, the

equipment used to carry out the activities also needs to be regularly cali-

brated and serviced. Themaintenance, safety, and calibration checks are per-

formed by the in-house staff. Everything during this process is carefully

documented and checked by senior officials who are in charge of this task.

Improperly calibrated equipment will result in erroneous results, thus

hampering quality. Therefore, quality assurance also ensures that the mea-

surements or the standards used for calibrating purposes are taken from

certified bodies. Just like any other task, every step in the selection of stan-

dards for calibration and validation must be documented carefully.

Once the standards are selected and the equipment is calibrated, the

SOPs are made. The SOPs are extremely detailed protocols for carrying

out policies or protocols and even for operating equipment. Because the sole

purpose of SOPs is to produce detailed steps for carrying out an activity that

produces optimal results, it is important that the staff adhere to it stringently.

Any reason for deviation from the SOP must also be documented.

A crime investigation is largely based on the analysis of evidence found at

a crime scene. A myriad of evidence such as physical, chemical, or biological

evidence is found, often in varying quantities. It is highly imperative that

every sample obtained from a crime scene must be documented and kept

in a chain of custody. The amount of evidence collected as well as its type,

date, and origin of collection must also be collected and processed. Here too,

stringent protocols for the collection of evidence from a crime scene must be

followed by officials who visit the crime scene (Lennard, 2013).

3 Quality assurance in different fields of forensic science

By carefully following the guidelines of quality assurance standards, it is pos-

sible to produce high-quality results and services. In this section, emphasis is

given on quality assurance in different fields of forensic science such as digital

forensics, forensic biology, forensic toxicology, questionable documents,

and even forensic pathology and the postmortem of disaster victims.

3.1 Digital forensics
Digital forensics deals with the investigation and recovery of evidence in

digital devices. Lately, digital, cyber, and network crimes have seen a surge
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due to technological developments. This has now been established as a vital

tool for criminal investigation and justice systems. However, there is still a

lack of standardization, operating protocols, and quality management sys-

tems. There are also several areas that require stringent quality management

systems. However, the most demanding area is the processes a forensic sci-

entist chooses to reliably analyze digital evidence to produce results of

utmost quality. Newly encountered, undocumented digital evidence or data

is often the most difficult to identify and classify or compare. Therefore, in

order to overcome this, a verification of digital evidence (VODE) frame-

work was developed that was capable of analyzing such evidence. The

VODE framework allows a digital forensics scientist to interpret the mean-

ing and impact of any evidence found at a crime scene. Through this frame-

work, it is possible for the scientist to provide basic facts of the case, any

possible offense type, and a set of actions that may have led to the investi-

gation while also obtaining information for the same (Graeme, 2020;

Horsman, 2020). Apart from digital forensics, network forensics that

involves the identification, collection, analysis, and examination of digital

evidence from a network or security log is another crucial part of digital

forensics. Here too, proper evidence collection methods and solutions need

to be developed to ensure that there is minimal data loss during collection.

Non-QA andQAmodels have been developed to make sure that maximum

data are collected (Cheng and Chen, 2007).

3.2 Forensic biology and toxicology
Quality assurance in forensic biology and toxicology follows the same guide-

lines of quality assurance as mentioned before. Forensic biology mainly

involves the analysis of biological samples such as blood, saliva, semen, hair,

vomit, urine, feces, and DNA. Techniques such as rt-PCR and sequencing

are commonly used for DNA analysis while in vitro tests such as the

Takayama and Teichmann tests are used for blood analysis. The quality

assurance of forensic biology has been well developed as the samples ana-

lyzed in this field are ubiquitous, due to which the need for quality assurance

in these fields was developed long before. These fields also involve appro-

priate protocols for documentation, chain of custody to handle evidence,

equipment calibration, maintenance, and regular monitoring. Also, vali-

dated methods are used for the analysis of various evidence. The staff is also

carefully monitored for proficiency (Quarino et al., 1994). For a forensic

toxicologist, a quality product refers to the appropriate chemical analytical
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results that have been developed by trained and certified forensic scientists.

Both fields use good laboratory practices to ensure they produce results of

the highest quality (Aderjan, 2008).

3.3 Questionable document analysis
Quality assurance in forensic document examination, just like other forensic

science fields, involves the production of highly consistent and informative

results that are based on validated and up-to-date methods. Typically,

questionable-document examiners are highly qualified and therefore the

analytical results are usually reliable. However, it is important that a proper

control mechanism be developed that allows the control and monitoring of

an examiner’s performance. The guidelines of quality assurance are also

applied to this field. Here too, it is imperative that the examiners are trained

and have a minimal threshold of expertise with a sound reasoning mind.

Once competent and trained examiners are selected, it is important that

the organization employing them adopts policies that are relevant to the

questionable-document examination. Here too, a common protocol is

required in order to ensure that the examiners do not adopt a protocol of

their own. In quality assurance for questionable documents, there are four

main areas where the guidelines can be applied. These involve the handling

of exhibits, the examination processes used for their examination, report

writing and documentation, and preparing for court testimony. By ensuring

that these processes are controlled by appropriate quality assurance guide-

lines, quality results can be produced (Purdy, 1985).

3.4 Clinical and forensic pathology
Clinical and forensic pathologists are responsible for determining the cause of

death through the examination of the corpse. The pathologists are medical

doctors trained in forensic pathology and are responsible for analyzing the

injury or any underlying disease, the manner of death, and tissue specimens.

In the practical areas of medicine, standard statements and audits started to

become routine in 1990. It was first established that the quality in this field

will be determined through terms such as efficacy, equity, acceptability,

accessibility, and appropriateness. Just like the guidelines for quality assurance

in the different laboratory set ups, similar guidelines are applied to forensic

pathology. The processing and control of the specimens, the careful interpre-

tation of their histological analysis, accurate postmortem diagnosis with high

sensitivity and specificity are some of the activities which require appropriate

guidelines for quality assurance (Ferlan-Marolt and Balažic, 1999).
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4 Quality control for the analysis of forensic samples

QC in forensic science is very essential in order to make sure that the quality

of the investigation and evidence analysis remains the same and up to the

mark for all cases. Many of the research works have focused on the analysis

of standard reference materials (SRMs) of different forensic samples for QC

purposes. This section discusses the research works related to QC for foren-

sic samples such as alcohol, cartridge cases, DNA, drugs, entomological evi-

dence, hair, and inks.

4.1 Alcohol
Alcohol is one of the most common types of evidence found in the blood

and breath of people involved in drinking and driving as well as people at

rave parties. In order to maintain the quality of analysis, standards need to

be followed during sample collection and the analysis of samples should

be done with respect to the reference material.

In the analysis of blood alcohol, twomethods need to be followed: (a) the

enzymatic method using the alcohol dehydrogenase enzyme (ADH); and

(b) the instrumental method using gas chromatography. Each sample needs

to be analyzed twice with both techniques. To maintain internal QC, a cal-

ibration curve with correlation coefficients of more than 0.999must be used.

All sample measurement plots need to be present in the confidence interval,

with a probability of not less than 95%. The reproducibility as well as cor-

rectness of the results obtained for the test samples need to be checked with

the reference blood as well as serum samples in order to maintain the internal

QC. For external QC, interlaboratory tests need to be performed by all the

accredited test laboratories for blood alcohol analysis on an annual basis.

External experts should also regularly inspect such laboratories to make cer-

tain the correct regulations are applied during the analysis (Sutter, 2002). For

QC, measurement uncertainty and document traceability are essential and

are to for get laboratory accreditation in the future. For breath alcohol mea-

surement, when all QC parts are applied, then a combined uncertainty of

73% in sampling, 10% in analysis, 4% in water and the air partition coeffi-

cient, and 13% in traceability are the accepted estimates in forensic science,

and show the standards for measuring breath alcohol (Gullberg, 2006).

4.2 Cartridge case
Cartridge cases are readily recovered from crime scenes that had firearm

incidents. These cases are sent for laboratory analysis in order to check what

type of firearm fired them. Different kinds of analytical techniques,
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especially microscopic techniques, help in comparing the marking present

on the cartridge cases due to the events that take place during firing.

When a firearm is recovered from the crime scene, then comparing the

impression marks of the firing pin, ejector, and breech face on the cartridge

cases helps in identifying the firearm and the cartridge.However,when a fire-

arm is not present, then the images of fired cartridge cases present in the data-

base of the Integrated Ballistics Identification System (IBIS) can be used for

comparison. In the United States, in order to maintain QC for the IBIS,

the National Institute of Standards and Technology (NIST) started a project

related to theproductionof SRM2460/2461 cartridge cases andbullets (stan-

dards). These SRMs help in maintaining the QC during bullet and cartridge

case analysis using a comparison with IBIS images in the absence of a firearm

(Song et al., 2006). Morris et al. performed a comparison study of cartridge

cases using the IBIS systemwith the help of five different SRMs for cartridge

cases with serial numbers 2P6325, 2P4316, 2P2415, 2P2335, and 2P2333. It

was observed that the use of SRMs for comparison between cartridge cases

from the same and different guns helped in differentiating the fired cartridges

on the basis of breech face while there were some overlaps related to the

impressions due to the firing pin (Morris et al., 2017).

4.3 DNA
In the initial daysof forensic investigations,DNAanalysiswas carriedout in cases

where abundant DNA evidence could be found, such as cases of sexual assault.

However, in today’s time, DNA analysis has been made almost mandatory in

almost all kindsof cases because it directly relates to thepersonwhowas involved

in the crime, either as a victim, suspect, or witness (Gill et al., 1991).

QC in DNA profiling deals with the verification of fit for purpose as well

as quality levels on a day-to-day basis. In DNA profiling, QC not only deals

with the use of standard controls and reagents, but also is required for LIMS

(laboratory informationmanagement system) as well as the digital expert sys-

tems present in a DNA laboratory. Elimination DNA databases as well as

DNA environmental monitoring are also integral parts of QC for DNA pro-

filing, along with the handling and report preparation of the analysis. In

Europe, the European DNA Profiling Group (EDNAP) and the European

Network of Forensic Science Institutes (ENFSI) work on the preparation of

guidelines for DNA profiling for QC purposes. Quality assurance programs

by ENFSI DNA focus on the use of PCR blanks and extraction blanks to

maintain the quality and reduce the variability of interlaboratory results

(Ansell, 2013).
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DNA is also present in the mitochondria apart from the nucleus, where

the analysis becomes important in cases of maternity disputes. In order to

maintain the QC in mitochondrial DNA (mtDNA) analysis, SRMs have

been developed. In a study by Levin et al., SRM 2392 was used as the ref-

erence material for QC during the analysis of mtDNA. This SRM has more

than 50 sets of primers for a polymerase chain reaction (PCR), due to which

almost any region of the mtDNA can be amplified followed by sequencing.

The reproducible results of amplification from different laboratories ensure

the use of this SRM for QC purposes (Levin et al., 1999). Due to the impor-

tance of mtDNA in forensic analysis, several studies have been published in

past years related to QC in mtDNA profiling (Irwin et al., 2007; Parson

et al., 2014; Yao et al., 2004).

During DNA analysis, short tandem repeats (STRs) have assisted in the

identification of people due to their variability in different DNA. Butler

et al. published a research paper related to QC for PCR primers that are used

during multiple amplification reactions for STRs. The study focused on the

analysis of primer sets provided in different commercially available kits for

STR typing using high-performance liquid chromatography (HPLC) and

mass spectroscopy (MS). It was concluded that the use of these techniques

by forensic laboratories can help in ensuring that the quality of kits used for

STR typing remains consistent as well as reliable to produce reproducible

results (Butler et al., 2001). The evaluation of the genotype of these STRs

in a statistical manner is dependent on the allele frequencies, which are com-

piled in the form of STR databases. However, before the study by Bodner

et al., there was no QC available for the STR databases, and therefore the

data produced by individual research groups were not reliable. Therefore,

Bodner et al. presented STRidER, which is a novel database system related

to autosomal STRs and provides software tools related to QC in the case of

STR typing (Bodner et al., 2016). Szibor et al. also contributed in creating

the pool of QC reference DNA (both autosomal and mitochondrial) from

human lymphoid cell lines. The study could be helpful in forensic genetics,

which relies on a comparison of samples with reliable standards to reduce the

variability in results (Szibor et al., 2003).

4.4 Drugs
Drugs are very commonly abused by people, especially youngsters at parties.

The collected drug samples can be in the form of powder or tablets, or can be

present in the blood of the consumer. Different spectroscopic and chro-

matographic techniques are employed for such analysis in laboratories.
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In order to prevent interlaboratory variations, several sets of rules and

guidelines need to be followed by laboratories involved in forensic drug

analysis, mainly the forensic toxicology laboratories. In order to maintain

the QC in such laboratories, the Division of Narcotic Drugs from the

United Nations proposed a set of requirements for forensic drug analysis.

These requirements were related to the educational qualifications of the lab-

oratory staff as well as the basic instruments and reagents required for drug

analysis of for forensic purposes. TIAFT (the International Association of

Forensic Toxicologists) has given such guidelines for drug analysis, especially

in developing countries (Penders and Verstraete, 2006). The QC programs

control the variations in the results by controlling the procedures adopted,

and the instruments used using external and internal control drug samples.

However, for efficient QC, the best control samples are the blind drug sam-

ples, which are unknown to the person doing the analysis. It is also recom-

mended that the final results of the analysis should be in the control of

another technician or scientist (Christophersen and Mørland, 1994).

Malcolm et al. performed a study for the analysis of drugs through gas

chromatography (GC). The study focused on the development of internal

controls for QC purposes in forensic toxicology laboratories. During the

analysis, control drug samples were prepared in ethanol and then spiked into

the blood at variable concentrations, followed by analysis in GC. However,

the study did not succeed in its aim to analyze the mixture of drugs in a blood

sample, suggesting more work is needed in developing the QC control

(Malcolm et al., 1995). As far as drug analysis in hair samples is concerned,

guidelines have been issued by the Society of Hair Testing (SOHT). How-

ever, QC in drug analysis from hair remains an issue due to the lack of SRMs

that could be used as external controls by the laboratories (Cooper

et al., 2012).

4.5 Entomological evidence
Forensic entomology applies the science of insects to solve legal cases. Ento-

mological evidence such as insects and their different developmental stages

are generally recovered from the dead and decaying cadavers of humans as

well as animals. These forensic samples are generally analyzed via various

microscopic techniques.

However, in order to maintain the quality of results produced by such

analyses, certain standards and guidelines need to be followed. In this regard,

in Australia and New Zealand, a standard from ANZFSS (Australian and
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New Zealand Forensic Science Society) called the Code for Professional

Practice for Members of ANFSS has been established. This standard deals

with the basic expectations related to the use of the scientific technique,

report preparation, and conduct during forensic investigations with ento-

mological evidence. A recent development in forensic science related to

forensic entomology is the addition of the following Australian forensic sci-

ence standards: (a) identification, recording, retrieval, and storage of mate-

rials; (b) investigation and analysis of materials; (c) result interpretation; and

(d) report preparation (Archer and Wallman, 2017).

In order to provide QC for entomological evidence analysis, theMedical

Sciences Specialist Advisory Group (MS SAG) Forensic Entomology Scien-

tific Working Group (SWG) took the initiative to form a set of standard

questions related to testimony for entomological evidence, which can be

asked to the expert witness while giving the testimony. The accreditation

of laboratories with standard NF ISO/CEI 17025 can assist in ensuring

the QC in the entomological evidence analysis (Gaudry and Dourel,

2013). However, a relatively low number of cases with entomological evi-

dence is a major concern and is hampering the growth of this discipline with

standards for QC and QA. With increased international cooperation, the

guidelines and standards can be developed to maintain QC in this field

(Archer and Wallman, 2017).

4.6 Hair
Hair samples are one of the most common kinds of evidence encountered in

almost any kind of crime scene. These samples are analyzed for structural

details using microscopic techniques and for the presence of drugs using

chromatographic and spectroscopic techniques. This section sheds light

on drug analysis in hair samples and the QC-related studies done in this field.

Because the amount of hair sample recovered from a crime scene isn’t very

large, the detection limit for drugs is also low. Therefore, it has increased

relative deviation.

The results of hair analysis have a lot of variations among different lab-

oratories. The main reason behind this is the use of spiked hair samples as

controls for drug analysis. These hair samples spiked with different drugs

cannot be used for quality control purposes because in the case of real hair

samples, drugs are attached to the solid phase that is fenced with keratin.

With spiked hair samples, drugs reside on the surface of hair, and can easily

be washed off using any suitable solvent. Therefore, SOHT took the
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initiative to develop a hair pool that can be used for QC during drug analysis

in hair. For this purpose, several laboratories participated in developing the

hair pool via twomethods: soaking the hair in a drug solution and measuring

the contamination, and powdering the hair collected from drug addicts for a

quantitative comparison of the results. The obtained results proved helpful

for QC purposes for the analysis of drugs such as acetylmorphine, morphine,

codeine, and benzoylecgonine because the results matched the reference

laboratories’ results. However, for cocaine, it was concluded that more anal-

ysis needs to be done to match the results with the reference laboratories

(Sachs, 1997). A similar kind of work was developed in Italy called HAIR-

VEQ, which was an external QC scheme in which 23 clinical laboratories

participated in drug analysis in hair. Variations were observed in the inter-

laboratory analysis results that highlighted the need for guidelines for hair

analysis in laboratories. The study also emphasized the participation of foren-

sic laboratories in such programs to increase the quality of forensic hair anal-

ysis (Pichini et al., 2004).

4.7 Inks
Ink samples are often analyzed from questionable documents collected from

a crime scene. Such documents can be recovered in cases especially related to

forgery. Spectroscopic techniques as well as chromatographic techniques

play important roles in the analysis of inks present in the questionable doc-

uments. Apart from documents, inks are also used in tattoos, which can help

in the identification of an individual or cadaver found at a crime scene.

As far as the analysis of writing inks is concerned, guidelines have been

given in the standards prepared by ASTM such as ASTM 1789-04 (for the

identification of writing inks) and ASTM 1422-05 (for the comparison of

writing inks). The major aim of these standards is to maintain the quality

of laboratory results working on the forensic analysis of ink samples. The

QC of ink analysis has to be mostly maintained during the analytical process

in order to get reproducible results. However, the standard ASTM 1789-04

always mentions the standard ASTM 1422-05 whenever ink analysis is con-

cerned. There is no description about the calibration curve or ways to

reduce the variability in results. Therefore, the standards need to bemodified

with more guidelines in order to reduce the variability in interlaboratory

results (Neumann and Margot, 2010). Persechino et al. also developed a

QC method for the analysis of tattoo inks. The study emphasized the

hyphenation of high-performance thin layer chromatography (HPTLC)
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with Raman spectroscopy for the detailed analysis of all the components in

tattoo inks for QC purposes. HPTLC separates all the components, which

are later analyzed using Raman spectroscopy (Persechino et al., 2019).

5 Conclusion

Forensic science is an extremely crucial part of the justice system. Therefore,

it is important that the results and service produced or provided in this field

be of the highest quality. There are several steps to be followed when inves-

tigating a crime scene, from the collection of the evidence and examination

of the body to the preparation of testimony for court. In order to ensure that

high-quality results are produced, several ISO guidelines have been devel-

oped for quality management in forensic science. Quality management in

forensic science is done through quality assurance and control. Quality

assurance is a proactive method that provides confidence to the organization

to produce reliable, valid, and credible results while quality control covers

the operational protocols and activities to ensure the fulfillment of the qual-

ity requirements of a product or a service. Quality management in forensic

science has seen significant progress in the past decades and several accred-

itation bodies based on the ISO guidelines that are specific to each country

have been developed as well.

References
Aderjan, R.E., 2008. Aspects of quality assurance in forensic toxicology. In: Handbook of

Analytical Separations. Elsevier, pp. 763–819. (Chapter 23). https://doi.org/10.1016/
S1567-7192(06)06023-2.

Ansell, R., 2013. Internal quality control in forensic DNA analysis. Accred. Qual. Assur.
18, 279–289. https://doi.org/10.1007/s00769-013-0968-9.

Archer, M.S., Wallman, J.F., 2017. The development of forensic entomology in Australia
andNewZealand: an overview of casework practice, quality control and standards. Aust.
J. Forensic Sci. 49, 125–133. https://doi.org/10.1080/00450618.2015.1137972.

Bodner, M., Bastisch, I., Butler, J.M., Fimmers, R., Gill, P., Gusmão, L., Morling, N.,
Phillips, C., Prinz, M., Schneider, P.M., Parson, W., 2016. Recommendations of the
DNA Commission of the International Society for Forensic Genetics (ISFG) on quality
control of autosomal Short Tandem Repeat allele frequency databasing (STRidER).
Forensic Sci. Int. Genet. 24, 97–102. https://doi.org/10.1016/j.fsigen.2016.06.008.

Butler, J.M., Devaney, J.M., Marino, M.A., Vallone, P.M., 2001. Quality control of PCR
primers used in multiplex STR ampli®cation reactions. Forensic Sci. Int. 10.

Cheng, B.-C., Chen, H., 2007. Quality assurance for evidence collection in network foren-
sics. In: Lee, J.K., Yi, O., Yung, M. (Eds.), Information Security Applications.
In: Lecture Notes in Computer Science, Springer, Berlin, Heidelberg, pp. 121–132.
https://doi.org/10.1007/978-3-540-71093-6_10.

421Quality control and quality assurance



Christophersen, A.S., Mørland, J., 1994. Drug analysis for control purposes in forensic tox-
icology, workplace testing, sports medicine and related areas. Pharmacol. Toxicol.
74, 202–210. https://doi.org/10.1111/j.1600-0773.1994.tb01099.x.

Cooper, G.A.A., Kronstrand, R., Kintz, P., 2012. Society of hair testing guidelines for drug
testing in hair. Forensic Sci. Int. 218, 20–24. https://doi.org/10.1016/j.forsciint.
2011.10.024.

Doyle, S., 2019a. Brief introduction to some important concepts and key terms. In: Quality
Management in Forensic Science. Elsevier, pp. 1–24. https://doi.org/10.1016/B978-0-
12-805416-1.00001-3.

Doyle, S., 2019b. Organizations exercising responsibility for quality management in forensic
science. In: Quality Management in Forensic Science. Elsevier, pp. 25–61. https://doi.
org/10.1016/B978-0-12-805416-1.00002-5.
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CHAPTER 23

Concluding notes

1 Introduction

Forensic science is a branch of science that serves as a bridge between the

crimes and the justice system. This field involves analyzing various physical,

biological, and chemical evidence found at a crime scene in order to get

information about the nature of the crime, the victim, and the perpetrator.

Over the years, the evidence samples have been analyzed using various

analytical techniques, including spectroscopic, chromatographic, micro-

scopic, and emerging techniques such as nanotechnology. In this book, such

analytical techniques for the analysis of various types of forensic evidence

have been discussed. Also, the ethical and legal implications of forensic

science and the accreditation processes of forensic science laboratories have

been discussed.

2 Analytical techniques and forensic science

There are mainly three types of forensic evidence: physical, chemical, and

biological evidence. Physical evidence includes samples such as fingerprints,

tire marks, footprints, paint, glass, and building materials. Chemical evi-

dence includes samples such as explosives, poisons, and chemical weapons

while biological evidence includes samples such as blood, DNA, semen,

saliva, urine, vomit, hair, and feces. The nature of these samples is highly

different, due to which each sample needs to be analyzed through a specific

analytical technique. Spectroscopic and chromatographic techniques not

only analyze the nature of the sample, but they can be used in conjunction

with derivative techniques to obtain confirmatory analysis of the samples.

Microscopic techniques also provide a visual confirmation of the sample.

Apart from such conventional techniques, emerging techniques such as

nanotechnology, lab-on-chip technology, and X-ray diffraction have also

seen an increase in their use for the detection of the samples. In order to

ensure that the results produced from the analysis of the samples are trust-

worthy and reliable, it is important that the laboratories are properly accre-

dited and appropriate ethical and legal issues are followed.
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3 Rereads of the book

A crucial aspect of analyzing forensic samples is first identifying the nature of

the sample. As mentioned before, physical, chemical, and biological

evidence have separate sample collection and preparation techniques. The

collection of this evidence is done with utmost care in order to ensure that

there is absolutely no contamination. Also, documentation is also done at

every step and a chain of custody for the evidence is maintained. The sample

preparation of such techniques is necessary so that they can be optimally

analyzed through different analytical techniques.

The analytical techniques that are commonly used for the analysis of

forensic evidence are spectroscopic, chromatographic, microscopic, and

other emerging analytical techniques such as mass spectrometry, X-ray

diffraction, lab-on-chip devices, and nanotechnology.

Spectroscopic techniques are mainly based on the analysis of evidence

using the spectral regions of electromagnetic radiation. Electromagnetic

radiation consists of two components: the electric and the magnetic vectors

that propagate at right angles to each other. It has a dual nature character-

istic and therefore possesses a particle- as well as a wave-like nature. Spec-

troscopic techniques such as UV-visible and fluorescence, Fourier

transform infrared (FTIR), near-infrared (NIR), atomic absorption and

emission, and Raman and nuclear magnetic resonance spectroscopy are

most commonly used for the analysis of various forensic evidence. When

electromagnetic radiation of a particular wavelength, frequency, and

energy hits a sample, it either get absorbed, scattered, or transmitted

through. Quite often, when the radiation energy is absorbed, the electrons

in the sample get excited and move to a higher energy level. However,

they do not stay in this state for a long time and emit a series of energies

when transitioning back to their ground state. This serves as the basis of all

the spectroscopic techniques with the exception of nuclear magnetic res-

onance, in which the intrinsic magnetic moment of a molecule in the pres-

ence of an external magnetic field is taken into account. Spectroscopic

techniques are highly useful when performing both the preliminary and

confirmatory analysis of the samples. Techniques such as FTIR and

NIR are nondestructive in nature and can be used for the onspot analysis

of any sample. Spectroscopic techniques have been used for the analysis of

biological evidence such as blood, urine, and saliva as well as physical evi-

dence such as paint and cement and chemical evidence such as explosives

(Hofmann, 2010).
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Apart from spectroscopic techniques, chromatographic techniques have

also been used for the analysis of forensic evidence. Commonly used chro-

matographic techniques are high-performance liquid (HPLC), gas (GC),

high-performance thin-layer (HP-TLC), and hyphenated chromatographic

techniques. In such techniques, a solid adsorbent serves as the stationary

phase and is exposed to a mobile phase that consists of the sample. Based

on the affinity of the sample toward either the stationary phase or the mobile

phase, the molecules are separated and can be easily detected. Chromato-

graphic techniques are excellent in identifying the constituents of any sample

if appropriate methods have been selected. The techniques are then coupled

with structure detection techniques such as mass spectroscopy. Such

hyphenation allows the separation of the constituents in the evidence along

with their simultaneous detection (Bogusz, 1999; Hashimoto et al., 1988).

Apart from the spectroscopic and chromatographic techniques, micros-

copy techniques have also been used for the analysis of forensic evidence.

A major advantage with microscopy techniques is that visual images of

the evidence can be obtained, which means they can be easily produced

as testimony in a court of law. There are mainly three types of microscopes

used for the analysis of forensic evidence: the optical, electron, and scanning

probe microscopes. Optical microscopes use light as their main source of

visualization while electron microscopes, especially scanning and transmis-

sion electron microscopes, use an electron beam as their source of visuali-

zation. Scanning probe microscopes such as atomic force microscopes use

a tip or probe to obtain a three-dimensional surface morphology of the

sample. Microscopy techniques offer a confirmatory analysis of the sample

and therefore are useful (Amelinckx et al., 1997; Basu, 2006; Haynes,

1984; Pandey et al., 2017b).

While spectroscopic, chromatographic, and microscopy techniques are

conventionally and routinely used for the analysis of forensic evidence,

emerging techniques such as X-ray diffraction, lab-on-chip devices, and

nanotechnology have also been used. XRD itself is not a new technique,

but its application in the analysis of forensic evidence is recent and is mainly

used to obtain the crystalline information of a sample. Lab-on-chip devices

are basically miniaturized full-fledged laboratory devices that are capable of

carrying out independent reactions when provided with a sample. Lab-on-

chip devices employ microfluidic technology and therefore even with

micro-or nanovolumes of samples, valid results can be obtained. These

devices are also often paired with nanotechnology in which nanosized mate-

rials are used to increase the efficiency of detection. Due to the nanosize of
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the materials, they have increased surface area and chemical reactivity as well

as a tunable surface chemistry. Therefore, they can be used for the detection

of numerous forensic samples (Pandey et al., 2017a,b; Rawtani et al., 2019).

As mentioned before, forensic laboratories conducting this analytical

testing must be accredited by proper accreditation bodies to ensure that

the results obtained are valid, credible, and trustworthy. Also, appropriate

quality control and quality management also allow a laboratory to function

smoothly. Various ethical and legal issues associated with the professionals in

this field must also be dealt with the utmost care as this is the only scientific

field that directly deals with the justice system.

4 Conclusion

Forensic science is a scientific field that deals with the analysis of forensic

evidence to ensure smooth deliverance of justice to victims. Crime scene

investigation is a highly crucial aspect of this field where evidence is col-

lected and sent to laboratories for analysis. Spectroscopic, chromatographic,

microscopy, and other emerging techniques have been employed for this

analysis. While forensic scientists are responsible for the analysis of such

evidence, it is also important that they maintain an impartial attitude toward

this process in order to remove any bias from the entire process. Laboratories

have been routinely employing such techniques and in the future, it is hoped

that newer developments are made that enhance the efficiency of these

techniques.
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Exercise 1: UV-visible spectroscopic analysis
of forensic samples (chemical and biological)

1 Aim

To analyze the chemical (drug) and biological (DNA in blood and saliva)

forensic samples using UV-visible spectrophotometry.

2 Principle

UV-visible spectrophotometry is a spectroscopic technique that works on

the basis of the amount of light absorbed or transmitted by the sample.

The main principle behind this technique is the Beer Lambert law, which

is an amalgamation of the Beer and Lambert laws. Lambert’s law states that

the loss in the intensity of light when it passes through a sample is directly

proportional to its intensity and path length. Beer’s law states that as long as

the concentration of the sample and the path length remain constant, the

transmittance of the light also remains constant. The mathematical expres-

sion of the Beer Lambert law is as follows:

A¼ abc

where A is the absorbance, a is the molar absorptivity coefficient of the sam-
ple molecule, b is the path length, and c is the concentration of the sample.
Therefore, by determining the absorbance of a sample, it is possible to
directly determine the concentration of the sample present.

3 Sample preparation and working procedure

3.1 Chemical forensic sample
Drugs are among the most common types of chemical forensic samples

encountered at a crime scene. This section describes the sample preparation

and working procedure for the UV-visible spectrophotometric analysis of

drugs seized from a crime scene.

• Weigh the seized drug sample and dissolve it in a suitable solvent (polar

or nonpolar), depending upon the solubility of the drug.

• The concentration of the drug solution should not be very high or very

low as these concentrations do not obey the Beer-Lambert law.
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• A 1–1000 ppm concentration of the drug is generally considered to be

optimum for UV-visible spectrophotometric analysis.

• Take the solvent used to prepare the drug solution as blank in the

cuvette and measure the absorbance in the UV-visible range of

200–800 nm.

• Now take the drug solution and measure its absorbance in the

same range.

• Subtract the absorbance of the blank from the drug solution to know the

actual absorbance of the drug solution.

• In the case of a drug solution of unknown concentration, the linear

equation obtained from the calibration curve of the known concentra-

tions of the drug should be used to find the unknown concentration of

the drug.

3.2 Biological forensic sample
Body fluids are generally obtained as biological evidence from a crime scene,

and they are analyzed for the presence of DNA using UV-visible spectros-

copy. This section describes the collection, preparation, and analysis of body

fluids (blood and saliva) for estimating the amount of DNA present using

UV-visible spectroscopy.

• Collect the saliva samples via sterile buccal swabs, and blood from a fin-

ger by pricking using a sterile lancet. Drop the blood on the

cotton swab.

• Dry the swabs, and remove the heads of the swabs.

• Centrifuge the swab heads in a buffer solution with a neutral pH.

• Take the supernatant and perform DNA extraction using a commer-

cially available kit or organic solvent, followed by alcoholic

precipitation.

• Take the extracted DNA solution in the cuvette and measure the absor-

bance of the DNA sample at 260 and 280 nm.

• The buffer solution should be taken as the blank.

• Subtract the blank’s absorbance from the DNA’s absorbance to calculate

the actual absorbance of DNA, and quantify its concentration using the

calibration curve of DNA with known concentrations.
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Exercise 2: Fluorescence spectroscopic analysis
of forensic samples (biological)

1 Aim

To analyze biological forensic samples (saliva and blood) using fluorescence

spectroscopy.

2 Principle

The fluorescence spectroscopic technique is based on the analysis of the

fluorescence energy emitted by a sample.When the sample is irradiated with

electromagnetic radiation of a particular wavelength, frequency, and energy,

it either absorbs, scatters, or transmits the energy. When the electrons in the

sample absorb the energy of the electromagnetic radiation, they get excited

andmove to a higher energy level. However, they do not stay in this state for

a long time and tend to go back to their ground state. During this transition,

a series of energies is emitted in which fluorescence is also included. Also,

during this transition, the photons emitted are of a higher wavelength than

the incident photons. The parameters that are looked into when performing

an experiment are the intensity of the fluorescence, the emission wave-

length, and the time spent by the molecule in the excited state.

3 Sample preparation and working procedure

3.1 Saliva
Saliva is a body fluid that can be recovered from the scene of crime, and can

be analyzed using fluorescence spectroscopy for the presence of fluorescent

compounds such as amino acids. This section describes the sample prepara-

tion and procedure for the analysis of saliva samples (liquid and dried) using

fluorescence spectroscopy.

• Collect the liquid saliva in a vial and store it at low temperature before

analysis.

• In the case of a dry saliva sample, such as saliva dried on glass, use a cotton

swab dipped in a buffer solution of neutral pH to collect the saliva.

• Dip the cotton swab with the saliva sample in the buffer solution and

store that solution with the saliva sample at low temperature.
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• Take the dried and liquid saliva solutions in separate cuvettes and place

them in the fluorescence spectrometer.

• Analyze the fluorescence of the saliva samples with excitation wave-

lengths in the range of 280–290 nm.

• Saliva samples with more amino acids such as tryptophan and tyrosine

will have a higher intensity of fluorescence.

3.2 Blood
Blood is very commonly encountered biological evidence at a crime scene.

It can be analyzed using fluorescence spectroscopy for confirming its pres-

ence or checking the presence of hemoglobin or DNA. This section

describes the sample preparation and procedure for the analysis of blood

using fluorescence spectroscopy.

• Blood collected at the crime scene can be directly analyzed for

fluorescence.

• In order to enhance the fluorescence spectra of blood, it can be treated

with a fluorescent dye.

• Take the blood collected from the crime scene and mix it with a solution

of fluorescent dye such as leucocrystal violet.

• Take the resulting solution in a cuvette and keep it in the fluorescence

spectrometer.

• Analyze the fluorescence of the bloodwith excitation wavelengths in the

range of 630–640 nm.

• For comparison purposes, measure the fluorescence of untreated blood

also and equate the fluorescence of both the samples (treated and

untreated).

• An enhanced fluorescence intensity will be observed for the blood sam-

ple treated with the fluorescent dye.
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Exercise 3: FTIR analysis of forensic samples
(chemical, physical, and biological)

1 Aim

To analyze chemical (drugs and explosives), physical (paint and questionable

documents), and biological (body fluids) forensic samples using FTIR

spectroscopy.

2 Principle

FTIR is a type of vibrational spectroscopy that takes into account the vibra-

tional frequencies of the molecule when it absorbs the energy of the incident

photons in order to determine the structure of the molecule. Similar to other

spectroscopic techniques, an incident IR radiation is imparted on the sample

and when the energy of the incident photon corresponds to that of the elec-

trons in the sample, it absorbs the energy and starts to vibrate. There are dif-

ferent types of vibrations such as rocking, scissoring, and wagging, and these

vibrations are similar to the action of a spring tethered from one side. The

vibrational frequencies are characteristic of the structure of a molecule and

therefore serve as a highly functional technique to identify the structure of

the sample.

3 Sample preparation and working procedure

3.1 Chemical forensic sample
Drugs and explosives are generally found at a crime scene in powdered form.

These can be analyzed using FTIR spectroscopy for their chemical profiling.

This section describes the sample preparation and procedure for the FTIR

analysis of explosives and drugs.

• Take the sample (drug or explosive) and finely grind it using a mortar and

pestle.

• Mix the powdered sample with potassium bromide (KBr) in approxi-

mately 1:100 ratio, and again grind the mixture to a fine powder.

• Make the pellet of the mixture using a hydraulic pellet press. A KBr

pellet without a sample should be used as the background.
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• Put the pellet in the sample holder and place the holder in the FTIR

spectrometer.

• Analyze the background pellet followed by the sample pellet in the suit-

able wavenumber range (400–4000 cm�1).

3.2 Physical forensic sample
Paint chips are recovered in burglaries and hit-and-run cases while question-

able documents are found in cases of forgery and counterfeiting. These sam-

ples need no sample preparation when analyzed with ATR-FTIR

spectroscopy. The steps involved in ATR-FTIR analysis are described in

this section.

• Collect the sample (paint chip or questionable document) and clear any

kind of dust or impurity attached on the surface of the sample.

• A small area of the sample can be cut and then placed on the crystal of the

ATR assembly.

• Press the sample against the crystal and record the spectra in the desirable

range (400–4000 cm�1).

• The spectra of air (blank crystal without any sample) should be taken as

the background.

3.3 Biological forensic sample
Body fluids such as blood, semen, saliva, sweat, etc., are readily recovered

from crime scenes, and are analyzed using ATR-FTIR spectroscopy for

their chemical profiling. ATR assembly with FTIR requires no sample

preparation. The steps involved in the ATR-FTIR analysis are described

in this section.

• Collect the body fluids (blood, saliva, semen, sweat) in suitable vials and

store at low temperature before analysis to prevent their degradation.

• Take a small amount of the fluid using a micropipette and place a drop of

it on the crystal of the ATR assembly.

• Analyze the body fluid in the spectral range as desired (400–4000 cm�1).

• The spectra of air (blank crystal without any sample) should be taken as

the background.
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Exercise 4: NIR spectroscopic analysis of
forensic samples (chemical and biological)

1 Aim

To analyze chemical (drugs and dyes) and biological (body fluids) forensic

samples using NIR spectroscopy.

2 Principle

NIR spectroscopy is a type of vibrational spectroscopy that uses the near-

infrared region of the electromagnetic spectrum to obtain a structural anal-

ysis of the sample. It fulfills this purpose by analyzing the molecular overtone

and combination vibrations of the molecule. Typically, there are two types

of models for a diatomic model: the classical mechanical model and the

anharmonic model, in which it is assumed that the molecule is made of

two spheres attached to each other via a string. The classical mechanical

model also used in FTIR follows Hooke’s law. However, this model does

not serve well in NIR spectroscopy as it does not allow certain types of tran-

sitions. The anharmonic model takes into account some nonharmonic oscil-

lations as well. This model considers the electrical properties of a molecule as

well and provides a very plausible explanation for the overtones or combi-

nations of two or more vibrations. This data is depicted in a spectra intensity

of absorption versus wavelength.

3 Sample preparation and working procedure

3.1 Chemical forensic sample
Drugs as well as dyes present in fibers and questionable documents are often

analyzed via NIR spectroscopy for their chemical profiling and identifica-

tion based on their absorbance in the NIR region. This section describes

the sample preparation and procedure involved in the analysis of drugs

and dyes using NIR spectroscopy.

• For drugs, weigh the powder and dissolve it in a suitable solvent depend-

ing on the drug’s solubility.

• In the case of dyes, extract them from fibers or documents using chro-

matographic techniques.
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• The extracted dye should be solubilized in a suitable solvent.

• Take the drug or dye solution in a cuvette and put it in the NIR

spectrometer.

• Measure the absorbance of drug and dye samples in the NIR region with

a spectral range roughly between 750 and 1200 nm.

• The solvent used for dissolving the drug or dye sample should be taken as

blank before taking the absorbance of the samples.

• The actual absorbance of the sample can be calculated by subtracting the

blank’s absorbance from the sample’s absorbance.

3.2 Biological forensic sample
Body fluids such as semen, urine, saliva, and blood are often encountered at a

crime scene, and their chemical profiling can be carried out using NIR spec-

troscopy. These samples can be directly used for NIR analysis; that proce-

dure is described in this section.

• Body fluids should be preserved at low temperature before performing

the analysis in order to prevent their degradation.

• Take the body fluid sample from the vial and put it into a cuvette.

• Place the cuvette in the NIR spectrometer.

• Measure the absorbance of the body fluid sample in the NIR region with

a spectral range roughly between 750 and 1200 nm.

• Because water is a major part and solvent in body fluids, it should be

taken as blank before taking the absorbance of the samples.

• The actual absorbance of the sample can be calculated by subtracting the

blank’s absorbance from the sample’s absorbance.
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Exercise 5: Atomic absorption spectrometric
analysis of forensic samples (chemical and
biological)

1 Aim

To analyze chemical (seized drug tablets) as well as biological (tissues) foren-

sic samples with the help of atomic absorption spectroscopy (AAS).

2 Principle

Atomic absorption spectroscopy is a technique that takes into account the

absorption of incident radiation by free gaseous atoms to perform elemental

mapping of the sample. In this technique, the samples are volatilized from

the liquid or solid state to gaseous states. Once the sample has been nebu-

lized, it is subjected to incident radiation. Based on the difference in energy

levels between the sample atoms and the incident radiation, they get

absorbed. The amount of energy absorbed is directly proportional to the

concentration of the atoms and therefore acts according to the principle

of the Beer-Lambert law. Atomizers are used to nebulize the samples to free

atoms. Just like in UV visible analysis, a standard curve needs to be plotted

prior to sample analysis of unknown concentration. The radiation source is

of higher energy with a higher spectral resolution.

3 Sample preparation and working procedure

3.1 Chemical forensic sample
Rave parties and smuggling cases often have illicit drugs that are recovered in

different forms, especially tablets, during investigations. AAS analysis helps

in understanding the elemental composition of such drugs. The sample

preparation and procedure involved during the analysis of seized drug tablets

is discussed in this section.

• Take the seized drug tablet and crush it using a mortar and pestle to a

fine powder.

• Add nitric acid and hydrogen peroxide in approximately 5:1 ratio to let

the drug sample get digested and ionized.
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• Incubate the mixture for a night in an oven at high temperature, fol-

lowed by centrifugation.

• Remove the supernatant and reconstitute the pellet formed using deio-

nized water followed by centrifugation in order to remove any

impurities.

• The final pellet formed needs to be reconstituted in deionized water.

• Insert the prepared sample in the AAS instrument and analyze the pres-

ence and concentration of different elements at different wavelengths,

depending on the type of element to be analyzed.

3.2 Biological forensic sample
Whenever any cadaver is recovered in cases of drowning, poisoning, electric

shock, etc., elemental composition analysis of the tissues become important.

AAS analysis can solve this purpose for different types of biological samples,

including tissue. This section discusses the sample preparation and procedure

involved in the analysis of tissues using AAS.

• Take the tissue sample and wash it with deionized water in order to

remove any impurity present on the surface.

• Cut the tissue into small pieces and store in a refrigerator at low temper-

ature until analysis.

• Add nitric acid and hydrogen peroxide in approximately 5:1 ratio to the

tissue pieces to let them get digested.

• Put the mixture in a microwave for some time, followed by

centrifugation.

• Take the supernatant, which is the extract of tissue, for the AAS analysis.

• Put the sample in the AAS instrument and analyze the presence and con-

centration of different elements at different wavelengths, depending on

the type of element to be analyzed.

440 Exercise 5: Atomic absorption spectrometric analysis of forensic samples (chemical and biological)



Exercise 6: Optical microscopic analysis of
physical and biological forensic samples

1 Aim

To study the morphology of physical (paint chips) and biological (develop-

mental stages of flies) forensic samples using optical microscopy.

2 Principle

Optical microscopes use light as the visualization source and are used to

obtain the visualization of any sample. There are mainly two types of optical

microscopes namely, the simple and the compound microscope. The simple

microscope consists of a single lens such as a magnifying glass. The com-

pound microscope is composed of two or more lenses, namely the objective

and condenser lenses. The objective lens is responsible for gathering the light

scattered from the specimen while the condenser lens is responsible for col-

lecting the light from the light source and then focusing it on the specimen.

Commonly used optical microscopes for forensic sample analysis are confo-

cal, phase contrast, bright-field, stereomicroscope, and polarizing.

3 Sample preparation and working procedure

3.1 Physical forensic sample
Paint chips are collected as physical evidence by investigators in cases of hit

and run and burglaries. The optical microscopic analysis of such samples

helps in understanding the structure of paint layers, their color, and their tex-

ture. The sample preparation and procedure involved in the analysis of paint

chips through optical microscopy is discussed in this section.

• Collect the paint chips carefully by avoiding any kind of contamination

such as soil or any other foreign particles.

• In the case of a liquid paint sample, dip a clean glass slide into the paint

container and allow it to dry. After drying, collect the paint chip from

the slide.

• Take the paint chip and produce thin sections of it with the help of a

microtome.
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• Place the section on the glass slide and apply any suitable mounting

medium.

• Place the cover slip above the sample and make sure that the sample is

completely sealed with no air bubbles inside the cover slip.

• Visualize the glass slide under the microscope using different lenses. Use

an oil immersion technique for viewing under the 100� lens.

3.2 Biological forensic sample
There are many flies belonging to the Diptera order that have forensic

importance because they feed and lay eggs in the cadaver. The microscopic

analysis of the developmental stages (instars) of such flies can give an idea

about the time of death. The sample preparation and procedure involved

in the analysis of instars of flies through optical microscopy is discussed in

this section.

• Collect all instars from the F1 progeny if possible.

• Relocate the collected instars in rearing trays, followed by sacrificing

them in boiling water for some minutes.

• In the first and second instars, sections are directly made on their body at

different positions depending on the requirements.

• In the third instar, it needs to be placed in a high alkaline solution, pref-

erably potassium hydroxide, for a fewminutes in order to digest the body

tissue before proceeding with the sectioning.

• Place the sectioned instar on the glass slide and apply a few drops of

mounting medium.

• Cover the specimen with the coverslip, keeping in mind that there is no

air bubble inside the cover slip.

• Visualize the glass slide under the microscope using different lenses. For

100� lens, use an oil immersion technique for viewing.
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Exercise 7: SEM analysis of physical and
biological forensic samples

1 Aim

To study the morphological details of physical (soil) and biological (hair)

forensic samples using scanning electron microscopic (SEM) analysis.

2 Principle

A scanning electron microscope is a type of electron microscope that uses an

electron beam to visualize the surface morphology of any sample. In this

technique, an electron beam is made to fall on the sample through a series

of objective and condenser lenses. Once the electron beam hits the sample,

several electrons are scattered, depending on the surface morphology of the

sample. These scattered electrons are detected in order to obtain a two-

dimensional (2D) visualization of the sample’s surface. Because this tech-

nique highly depends on the interaction of the electron beam with the

surface of the sample, it is important that the sample surface is conducting

in nature. Therefore, prior to usage, they are often coated with a conducting

element. This technique can also be paired with electron diffraction analysis

to obtain elemental information of the sample.

3 Sample preparation and working procedure

3.1 Physical forensic sample
Soil samples are present on almost all the objects present at a crime scene,

especially if it is an open crime scene. Themorphological analysis of soil sam-

ples becomes important because their texture and morphology can give an

idea about the location to which the soil belongs. This section describes the

sample preparation and procedure involved in the SEM analysis of soil

particles.

• Collect the soil sample and grind it using a mortar and pestle, followed by

drying the sample.

• Pass the ground soil sample through a sieve to remove large particles and

other debris.
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• Take the sample and put it on double-sided adhesive tape attached on

the aluminum stub.

• If required, sputter the sample attached on the stub with gold in order to

form a conductive layer on the surface of soil particles.

• Transfer the stub with the sample to the sample stage in the SEM instru-

ment carefully in a dust-free environment.

• Analyze the soil sample at a desirable magnification to view different

morphological details of the soil particles.

3.2 Biological forensic sample
Hair samples are commonly encountered at a crime scene. Because their

shape and color vary with different races and ethnic groups, their morpho-

logical analysis becomes an important task in forensic investigations. This

section describes the sample preparation and procedure involved in the

SEM analysis of hair samples recovered from a crime scene.

• Collect the hair sample and cut it into smaller fragments of around 1 cm

from the middle portion of the hair.

• Deposit the hair fragments on the aluminum stub with double-sided

adhesive tape attached on its surface.

• Perform the sputtering of gold particles on the hair samples in order to

enhance the conductive nature of their surface.

• Transfer the stub with the sample to the sample stage in the SEM instru-

ment carefully in a dust-free environment.

• Analyze the structure of the hair sample at a desirable magnification to

view the different morphological details.
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Exercise 8: TEM analysis of physical and
biological forensic samples

1 Aim

To analyze physical (gunshot residue) and biological (tissues) forensic sam-

ples using transmission electron microscopic (TEM) analysis.

2 Principle

A transmission electron microscope is a type of electron microscope that is

used to analyze the internal morphology of any sample. This technique uses

high-energy electron beams in order to ensure that it passes through the

sample. Based on the type of internal structure, some of the electrons are

reflected or scattered while the remainder pass through the sample to the

detector. Because the electron beam has to pass through the sample, the sam-

ples are sectioned ultrathin and placed on specific sample holders. Similar to

SEM, there are several magnetic lenses that serve as condensers in order to

achieve high-resolution electron beams.

3 Sample preparation and working procedure

3.1 Physical forensic sample
Gunshot residue is recovered in cases where firearm incidents have taken

place. It can be recovered from the hands of the shooter, the clothes, and

the nearby vicinity of the exit of the bullet from the firearm and the entry

of the bullet into some object. The sample preparation and procedure

involved in the TEM analysis of gunshot residue to understand its morpho-

logical details are discussed in this section.

• Take the sample using a cotton swab, carefully avoiding the nearby dust

and impurities.

• Put the cotton head of the swab in an organic solvent (such as n-propa-

nol) and sonicate for a few minutes.

• Remove the cotton head and allow the solution to sonicate for a few

more minutes.

• While sonication is in progress, take a small volume of solution using a

micropipette and drop it on the carbon-coated copper TEM grid.
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• Allow the solvent to get evaporated by mild heating on a hot plate.

Avoid overheating.

• Place the grid on the sample holder and transfer it on the sample stage in

the TEM instrument.

• Analyze the sample of gunshot residue at a desirable magnification in

order to understand the morphological details.

3.2 Biological forensic sample
Tissue analysis is often required in cases of poisoning with toxic plants,

animal-based products, or heavymetals because they alter the morphological

details of tissues in different parts of the body. This section therefore discusses

the sample preparation and procedure involved in the TEM analysis of tis-

sues in order to understand the morphological changes they go through due

to poisoning.

• Collect the tissue sample and cut it into small pieces using a sterile and

sharp object.

• Take each piece and perform its fixation using glutaraldehyde and para-

formaldehyde for a day.

• Fixation should be followed by dehydration using ethanol by constantly

increasing its concentration.

• The dehydrated sample should be transferred to a mold with resin for the

process of embedding.

• Perform the sectioning of the embedded tissue in resin using

ultramicrotome.

• Transfer the ultrathin section on the carbon-coated copper grid, fol-

lowed by staining with a suitable dye.

• After drying, transfer the grid to the sample holder and place it on the

sample stage of the TEM instrument.

• Analyze the tissue samples at a desirable magnification in order to under-

stand the morphological details.
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Exercise 9: AFM analysis of physical and
biological forensic samples

1 Aim

To analyze the morphological details of physical (fired cartridge cases) and

biological (diatoms) forensic samples using atomic force microscopic (AFM)

analysis.

2 Principle

AFM is a type of scanning probe microscopy that uses a specific tip or probe

to obtain a three-dimensional (3D) surface morphology of the sample. The

working of AFM is similar to that of a blind man walking in which he uses a

white stick to analyze the path before him. There are mainly three types of

modes in AFM: noncontact, contact, and tapping. A certain threshold limit

is set and based on this, the changes in the forces are measured. In the contact

mode, the tip is constantly in touch with the sample surface and based on the

deflections of the tip, which is constantly monitored by a laser, the 3D sur-

face morphology is obtained. In noncontact mode, the forces between the

tip and the sample surface are taken into consideration. Tapping mode is

another mode in which the tip scans the surface by tapping it intermittently.

3 Sample preparation and working procedure

3.1 Physical forensic sample
Fired cartridge cases are recovered from crime scenes that have had firearm

incidents. The microscopic analysis of such cartridge cases gives an idea

about the type of firearm used and its manufacturer. This section thus dis-

cusses the sample preparation and procedure involved in the AFM analysis of

fired cartridge cases to understand their surface morphology.

• A replica molding of the case head of the fired cartridge case needs to be

done for AFM analysis.

• Prepare a mixture of a polyorganosiloxane and its curing agent and degas

it to remove any air bubbles.

• Pour the degassed mixture on the case head and cure it at room temper-

ature for several hours.
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• Peel the replica off the case head and rinse it with deionized water, fol-

lowed by drying.

• Put the replica on the sample holder disc of AFM and mount it on the

sample stage in AFM.

• Analyze the surface morphology of the replica at a desirable magnifica-

tion, which will give an idea about the surface details of the fired

cartridge case.

3.2 Biological forensic sample
The presence of diatoms inside a cadaver indicates a case of drowning. It is a

basic test performed in drowning cases. These microscopic organisms are

analyzed using AFM to understand the morphology of their surface. The

sample preparation and procedure involved for such analysis is discussed

in this section.

• Collect the sample and concentrate the cells in the form of a pellet

through centrifugation.

• Resuspend the pellet of diatom cells in a small amount of sterile water.

• Place the suspension of cells of a coverslip attached on a petri dish.

• Fix the coverslip on the petri dish using petroleum jelly.

• Mount the petri dish on the metal disc with double-sided adhesive tape

and transfer the disc onto the sample stage present in the AFM

instrument.

• Analyze the surface morphology of the diatoms at a desirable

magnification.
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Exercise 10: Mass spectrometric analysis of
forensic samples (chemical and biological)

1 Aim

To analyze chemical (drug) and biological (urine) forensic samples using

mass spectrometry (MS).

2 Principle

A mass spectrometer is a highly versatile technique used for the structural

determination of any sample. The structural determination is done by sep-

arating the fragmented ions of a molecule according to their mass-to-charge

ratio. An ionization source fragments the molecules into daughter ions and

other metabolites. Once ionized, they are passed through a mass analyzer

where they are separated according to their mass-to-charge ratio. Once ana-

lyzed, the detector detects the molecule present. A mass spectrum therefore

displays the intensity of the daughter ion along with different ions of the

sample separated according to their mass-to-charge ratio. Mass spectrometry

is often used in conjunction with chromatographic techniques such as liquid

and gas chromatography. It has also been used with high-performance thin-

layer chromatography. This technique can also be used for the direct analysis

of samples as long as they have been prepared in a suitable manner.

3 Sample preparation and working procedure

3.1 Chemical forensic sample
Illicit and counterfeit drugs are often analyzed during forensic investigations

for their identification. MS helps in their identification on the basis of their

mass-to-charge ratio. MS is often attached with liquid chromatography (LC)

for drug analysis. The sample preparation and procedure involved in the

LC-MS analysis of drugs is discussed in this section.

• Prepare stock solutions of illicit drugs by dissolving the drugs in alcohol.

• If the suspected samples are present in free powder form, directly suspend

them in alcohol, and if present in any heterogenous blend such as cig-

arettes or coffee, the drug can be extracted using alcohol.

449



• Homogenize the drug samples and dissolve them in alcohol for some

time. Centrifuge the mixture and remove the supernatant.

• Dry the pellet and reconstitute it in an organic solvent. Inject the sample

in the instrument for further analysis.

• Initially, inject the solution in LC and confirm the retention time of the

molecule with the existing literature.

• Identify the molecular structure of the drug sample in the MS spectra by

comparing it with existing libraries.

3.2 Biological forensic sample
Urine analysis is an important investigation in forensic science because urine

contains the metabolites of many drugs and alcohol, and therefore, such

analysis becomes important in drug and alcohol abuse cases. The sample

preparation and procedure involved in the LC-MS analysis of drugs is dis-

cussed in this section.

• Take the urine sample and add some volume of an internal standard solu-

tion to a small portion of this to make it optimal for analysis with LC.

The standard solution typically consists of a buffer to maintain the pH

and mobile phase.

• Homogenize the solution and centrifuge it.

• Take the supernatant for further analysis.

• Inject the solution in LC and confirm the retention time of the molecule

with the existing literature.

• Identify the molecular structure of the metabolites present in the urine

sample in the MS spectra by comparing it with existing libraries.
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