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Preface

Materials analysis plays a pivotal role in understanding the properties, behavior, and
performance of various substances, from the smallest nanoparticles to the largest
engineering structures. The advent of electronic microscopes and spectroscopic
techniques has revolutionized the field of materials science, enabling researchers to
delve deeper into the atomic and molecular structure of materials with unprecedented
precision and detail.

The first part of the book introduces the topic and discusses electron microscopy,
spectroscopy, and some applications. It presents a guide on designing laboratory
procedures for material characterization using electron microscopy, focusing on

the benefits of utilizing backscattered electrons (BSE), secondary electrons (SE),

and energy-dispersive spectroscopy (EDS). The approach includes discussions on
incorporating additional microscopy techniques like atomic force microscopy (AFM),
ellipsometry, and optical profilometry as supplementary methods to validate elec-
tron microscopy findings. Moreover, the section presents a thorough examination

of different instrument management system (IMS) platforms, including traveling
wave (TWIMS), drift tube (DTIMS), trapped (TIMS), differential mobility analyzer
(DMA), and Field asymmetric waveform (FAIMS). The identification of biomarkers
through mass spectrometry (MS) is crucial in clinical medical research. Yet, analyzing
proteins in formalin-fixed paraffin-embedded (FFPE) samples using MS has been
difficult due to decreased solubility from fixation, resulting in crosslinking reactions
among amino acid side chains in proteins.

The second section highlights the importance of using scanning electron microscopy
coupled with X-ray energy dispersive (SEM-EDX) to analyze the surface of kidney
stones for evaluating the antilithiatic properties of extracts from medicinal plants like
Saussurea costus (Falc) Lipsch. This highlights the significant role of electron micros-
copy in medical research, with a focus on urinary lithiasis. Also, in a similar way and
as complementary analysis, spectroscopy techniques provide valuable information
about the composition, structure, and properties of materials by analyzing the way
they absorb, emit, or scatter light. These techniques allow researchers to identify sub-
stances, determine their concentration, and understand their molecular and atomic
structure. By examining the unique spectral fingerprints of materials, spectroscopy
plays a crucial role in various scientific fields, including chemistry, physics, biology,
and materials science. Additionally, various methods used for omics analysis of FFPE
samples to discover disease-specific biomarkers are discussed.

The third section explains trace evidence analysis as crucial in criminal investigations
because it offers critical information for linking suspects to crime scenes. In forensic
investigations, scanning electron microscopy (SEM) is a vital tool, particularly in
gunshot residue (GSR) analysis, where SEM helps match bullets to firearms more
effectively than visual methods. Moreover, SEM is significant in examining gem-
stones and jewelry by distinguishing between natural and synthetic gems, studying



surface flaws, and identifying elemental compositions. Finally, the use of spectros-
copy techniques in predictive genomics can assist in treatment decisions by allowing
individuals to take proactive measures to prevent serious illnesses. Finally, the sec-
tion examines the use of matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry technology to identify genetic variations based on
their unique mass.

This book is structured to provide a comprehensive understanding of electronic
microscopes and spectroscopy as powerful tools for materials analysis. It is divided
into three sections, each addressing specific aspects of the topic. The chapters cover
the principles underlying electron microscopy and spectroscopy, the various imaging
and analytical modes available, sample preparation techniques, data interpretation
and analysis, as well as a diverse range of applications spanning different material
classes. Furthermore, the book explores recent advancements and emerging trends
in the field, shedding light on the prospects of materials analysis using electronic
microscopes and spectroscopy. In summary, this book sets the stage for an in-depth
exploration of electronic microscopes and spectroscopy as indispensable tools for
materials analysis. By elucidating their historical evolution, significance, and scope,
the book provides a solid foundation for readers to embark on a comprehensive
journey through the world of advanced materials characterization.

Guillermo Huerta Cuellar

Department of Exact Sciences and Technology,
University Center of Lagos,

University of Guadalajara,

Lagos de Moreno, Jalisco, México
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and Spectroscopy in Research







Chapter1

Introductory Chapter: Materials
Analysis by Using Electronic
Microscopes and Spectroscopy

Guillermo Huerta Cuellar

1. Introduction

Materials analysis plays a pivotal role in understanding the properties, behavior,
and performance of various substances, from the smallest nanoparticles to the largest
engineering structures. The advent of electronic microscopes and spectroscopic
techniques has revolutionized the field of materials science, enabling researchers to
delve deeper into the atomic and molecular structure of materials with unprecedented
precision and detail [1].

1.1 Applications of some analysis techniques using electronic microscopes

Material analysis using electron microscopy techniques involves the study of
materials at a microscopic level with high resolution and magnification. Electron
microscopes use a beam of accelerated electrons to illuminate the sample, providing
detailed images of the material’s surface and internal structure. These techniques,
such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM), allow researchers to visualize the morphology, composition, and crystallo-
graphic information of materials at nanoscale dimensions. Electron microscopy plays
a crucial role in various scientific disciplines, including materials science, nanotech-
nology, biology, and geology, enabling a deeper understanding of the properties and
behavior of diverse materials [2]. In the case of materials processing analysis, atomic
force microscopy (AFM) has been used to review the profile of the treated surface, as
shown in (Figure1) [3].

In Ref. [4], a guide on designing electron microscopes for material characteriza-
tion is presented, focusing on the benefits of utilizing backscattered electrons (BSE),
secondary electrons (SE), and energy-dispersive spectroscopy (EDS). The approach
includes discussions on incorporating additional microscopy techniques like atomic
force microscopy (AFM), ellipsometry, and optical profilometry as supplementary
methods to validate electron microscopy findings. Applications showcased encompass
eutectic alloys, thermal oxides, and nanoparticles across various industries [5]. Trace
evidence analysis is crucial in criminal investigations as it offers critical informa-
tion for linking suspects to crime scenes. In forensic investigations, SEM is a vital
tool, particularly in gunshot residue (GSR) analysis, where SEM helps match bullets
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Figure 1.

AFM images of a cavity generated by photochemical etching in a GaSh sample with (a) a 1 M HCI solution
having root mean square (RMS) roughness of 57 nm; and (b) in a 0.2 M H28O04 solution, having an RMS
roughness of 11 nm [3].

to firearms more effectively than visual methods. Moreover, SEM is significant in
examining gemstones and jewelry by distinguishing between natural and synthetic
gems, studying surface flaws, and identifying elemental compositions [6]. In Ref.

[7], the importance of using SEM coupled with X-ray energy dispersive (SEM-EDX)
to analyze the surface of kidney stones for evaluating the antilithiatic properties of
extracts from medicinal plants like Saussurea costus (Falc) Lipsch is emphasized. This
highlights the significant role of electron microscopy in medical research, with a focus
on urinary lithiasis.

1.2 Applications of some analysis techniques using spectroscopy

In a similar way and as complementary analysis, spectroscopy techniques provide
valuable information about the composition, structure, and properties of materials by
analyzing the way they absorb, emit, or scatter light. These techniques allow research-
ers to identify substances, determine their concentration, and understand their
molecular and atomic structure [8]. By examining the unique spectral fingerprints
of materials, spectroscopy plays a crucial role in various scientific fields, including
chemistry, physics, biology, and materials science.

The fusion of ion mobility spectrometry with mass spectrometry (MS), referred
to as an IM-MS hybrid instrument, provides improved analytical separation and
identification abilities that have greatly progressed fields such as biomedical, phar-
maceutical, and forensic sciences. In Ref. [9], a thorough examination of different
IMS instrument platforms is presented, which includes traveling wave (TWIMS),
drift tube (DTIMS), trapped (TIMS), differential mobility analyzer (DMA), and
field asymmetric waveform (FAIMS). The identification of biomarkers through
MS is crucial in clinical medical research. Yet, analyzing proteins in formalin-fixed
paraffin-embedded (FFPE) samples using MS has been difficult due to decreased
solubility from fixation, resulting in crosslinking reactions among amino acid
side chains in proteins. In Ref. [10], various methods used for omics analysis of
FFPE samples to discover disease-specific biomarkers are discussed. Spectroscopy
in predictive genomics has the ability to assist in treatment decisions by allowing
individuals to take proactive measures to prevent serious illnesses. For matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) MS technology identifies
genetic variations based on their unique mass [11]. Apart from pharmacogenetics,
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SNP variations are important in various medical fields. The importance of different
SNPs in nutrigenetics is addressed in Ref. [12].

This introductory chapter provides a short but comprehensive understand-
ing about electronic microscopes and spectroscopy as powerful tools for materials
analysis, its sections address specific aspects of the topic. The content covers the
principles underlying electron microscopy and spectroscopy, the various imaging
and analytical modes available, sample preparation techniques, data interpretation
and analysis, as well as a diverse range of applications spanning different material
classes. Furthermore, the book will delve into recent advancements and emerging
trends in the field, shedding light on the future prospects of materials analysis using
electronic microscopes and spectroscopy. In summary, this introductory chapter sets
the stage for an in-depth exploration of electronic microscopes and spectroscopy as
indispensable tools for materials analysis. By elucidating their historical evolution,
significance, and the scope of this book, it aims to provide a solid foundation for read-
ers to embark on a comprehensive journey through the world of advanced materials
characterization.

Author details

Guillermo Huerta Cuellar

Department of Exact Sciences and Technology, University Center of Lagos, University
of Guadalajara, Lagos de Moreno, Jalisco, México
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Chapter 2

Elements of Electron Microscopy
Designing Laboratory Course:
Examples and Applications

Nataliya Stavostina

Abstract

This chapter provides guidance on designing laboratory practices for material
characterization using electron microscopy, with a focus on the advantages of using
backscattered electrons (BSE), secondary electrons (SE), and energy-dispersive spec-
troscopy (EDS). The approach includes insights into using other microscopy tech-
niques such as atomic force microscopy (AFM), ellipsometry, and optical
profilometry as complementary methods to validate results from electron microscopy.
Examples of applications include eutectic alloys, thermal oxides, and nanoparticles in
various industries. Successful syllabuses for undergraduate and graduate courses are
illustrated, and the laboratory teachings’ results were presented at a conference and
published in peer-reviewed journals.

Keywords: secondary electrons, backscatter electrons (BSE), atomic contrast,
energy-dispersive spectroscopy (EDS), energy-dispersive X-ray (EDX), scanning
probe microscopy (SPM), atomic force microscopy (AFM), ellipsometry, optical
profilometry, eutectic alloys, thermal oxides (TOX), nanoparticles, carbon nanotubes
(CNT), laboratory practicum, teaching lab, lab syllabus, materials science, material
characterization

1. Introduction

The design and teaching implementation of material characterization laboratory
practicums present a challenge to many teaching professionals. There are many vari-
ables in that task:

1.scientific instrumentation availability

2.technical difficulty of the lab (graduate or undergraduate level)

3.number of students per class

4.goals or what we want students to accomplish by the end of the quarter or semester

5.desired assistance or how many student assistants one can get.

7 IntechOpen
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The design thinking approach shared in this chapter is based on my experience
developing and teaching both graduate and undergraduate level courses with labs at
Santa Clara University, CA, USA. The inspiration for syllabus development came from
a couple of sources: “Elements of X-ray diffraction” by Cullity and Stock [1] and “The
design of everyday things” by Norman [2]. Design thinking should not be an after-
thought, but rather a guiding principle for syllabus development. Conceptual under-
standing is just as important as attention to technical details. Our experience and
knowledge of product management have been applied to the development of new
laboratory practicums. Examples of syllabuses taught along with students reported
results are shared below. The goal of this chapter is to be a useful practical guide for
teaching technical labs with electron microscopes.

The structure of the chapter follows the flow of my materials characterization
lecture. We start with the assumption we have a scanning electron microscope (SEM)
and atomic force microscope (AFM) at our disposal, Section 2 and Section 3 respec-
tively. The SEM and the AFM are two fundamental pillars for teaching materials,
science and nanotechnology [3, 4]. The core idea for the lab teaching is complemen-
tary characterization, verification, of the results obtained by one technique with an
independent measurement by a second method. SEM and AFM pair very nicely in the
micro-nano range. SEM is well-established 2D or XY imaging technique [5, 6], while
only AFM is truly 3D [7-9]. One of the main advantages of SEM besides million times
magnification is the benefit of large depth of field, see Getty images [10] of insects.
The perception of the three dimensions is most remarkable. AFM, however, provides
direct height measurement and 3D visualization from atomic scale as it can be seen in
IBM images [11] of atoms and molecules as well as pioneering work toward
nanomanipulation. Both AFM and scanning tunneling microscopy (STM) are the
members of a larger family named scanning probe microscopy (SPM) [3-5, 8, 9]. SPM
generally stands for a technique where a probe, a stylus, is being used to measure
variations of topography while raster scanning.

The core of a student’s project is in dual measurements. For example, first practice
XY dimensions measurements with SEM, confirm with AFM and then determine Z
height with AFM. The choice of samples can range from mechanically polished alloy
to thermally grown oxides to nanoparticles, see Sections 7 and 8 of this chapter. XYZ
measurements project facilitates the learning of SEM and AFM in the topography
modes. The ultimate goal of the lab is to learn how to run the microscopes or how to
acquire and analyze the data, is entirely up to the teaching instructor, the idea of dual
measurements is central for my syllabuses. In addition, we use an approach of “station
rotation” that has proven to be beneficial by allowing students to gain more hand-on
experience during the lab and reduce number of students per group.

The idea of dual measurements can be expanded into various operating modes of
both SEM and AFM. For example, elemental composition mapping or EDX imaging
is a standard mode in SEM [7, 8] that can be complemented by AFM phase imaging
or frictional mode. Lateral force mode (LFM or friction) and phase mode are
usually acquired simultaneously with topography AFM. The standard materials sens-
ing properties modes, although, are electrical, magnetic, thermal, and mechanical
(force-distance based) modes [9, 10]. Depending on whether you are teaching future
electrical, mechanical, or bioengineers, one can adjust according to the needs of the
major.

Teaching the “Introduction to Nanotechnology” lab, an undergraduate course, to a
broad spectrum of engineering students was designed with one more idea in mind,
utilizing all equipment SCU has at the Center for Nanostructures (CNS). Sections 4
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and 5 give a general introduction to optical profilometry and ellipsometry. Section 6 is
dedicated to transmission electron microscopy (TEM). TEM concludes the list of
measurement techniques in this chapter. Section 7 provides examples of syllabus and
students’ reports on the topic of “Electron Microscopy”. A graduate-level guided
research course for students with a concentration in materials science was developed
with a focus mainly on SEM and AFM, see Section 8.

2. Imaging with electron microscope
2.1 Basic topography

Secondary electron (SE) or reflected electron beam, is a default operating mode for
commercial SEMs. The physical origin of the term belongs to the fact that when the
primary electron beam hits the surface of the material, primary electrons interact with
the outer shell electrons and reflect back as secondary electrons [7, 8]. The nature of
image formation is frequently described in analogy to sunlight shining on the moun-
tains producing good image contrast depending on the tilt angle of the specimen and
or topography variation (see Figure 1).

Cross-sectional SEM imaging can reveal a wealth of information about the quality
of fabrication and the root cause of failure [12]. Sample preparation for cross-sectional
examination is the key to successful imaging; therefore it is essential to introduce
students to this topic. For teaching purposes in undergraduate labs, the process of
cross-sectional sample preparation can be simplified. It can be as simple as braking, or
cutting, a wafer with a diamond knife and mounting a piece in a vertical position
rather than laying it flat, see Figure 2. Students can learn how to demonstrate differ-
ent types of information that can be extracted from semiconductor samples
depending on how it is prepared, see Section 7 for a project example.

Nanoparticle analysis is a valid option for a characterization project as well. An
electron beam can be focused down to 1-2 nm, providing ultimate lateral resolution
imaging of nano-scale objects with SEM (see Figure 3(a)). Unlike AFM [13, 14], SEM
does not have tip artifacts associated with the size of the scanning tip, which can be an
idea for a project to compare SEM resolution vs. AFM lateral resolution, see Figure 3.

Figure 1.
2.5 mm x 2 mm SEM scan of fractured CuZn alloy specimen after tensile testing.
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Figure 2.
Top view (a) and cross-sectional SE SEM images (b). (a) 2—5 nm cobalt nanoparticle (TedPella sample) and (b)
cross-section of a silicon wafer showing 200 nm layer of TOX. Our measuvements indicate 191.56 + 2.12 nm.

102.92 nm

H

0.00 nm

0 um 0.71 um 1.42 um

a b

Figure 3.
(a) 5 pm x 2 pm topography, SE SEM, scan of gold particles (TedPella Inc. sample) and (b) 1.4 pm x 1.4 uym
AFM topography scan of 100 nm diameter polystyrene spheres on mica.

The topic of resolution can be expanded toward transmission electron microscopy

(TEM), where the theoretical resolution of the electron beam can be achieved [1, 7].
The standard operating voltage for SEM is between 10 keV and 30 keV, with

20 keV as a typical accelerating voltage, allowing students to stay focused on learning

basic modes of operations without going too deep into imaging modes of electron

microscopy [8], see Figures 1-3(a).

2.2 Atomic number contrast

Atomic number contrast or backscattered electron imaging (BSE), arises from the
interaction of the primary electron beam with the atomic nucleus rather than with
electron shells [7, 8]. This provides an opportunity to observe contrast based on the
difference in atomic number. The higher the difference in atomic number, A, the
greater the contrast. Gold nanoparticles (A = 79) deposited on graphite (A = 6) are a
good reference sample for successful demonstration of BSE imaging (see Figure 4).
An eutectic alloy where the difference in atomic numbers between lamellas is large
enough to provide visible contrast, is another good candidate for demonstration
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Figure 4.

(a) BSE SEM image of gold nanoparticles deposited on carbon substrate (TedPella sample) and (b) SnBi eutectic
alloy showing lamellar microstructure. Brighter vegions ave Bi-rich (A = 83) because heavier elements dominate
the composition of lamella. Darker vegions are Sn-rich (A = 50) because lighter elements dominate the composition
of lamella.

atomic contrast, see Section 8. A CuZn substitutional alloy, in comparison, provides
essentially no BSE contrast because atomic numbers for Zn and Cu are 30 and 29,
respectively.

Most of the commercial SEMs are equipped with a BSE detector which is easy to
operate. BSE contrast could provide compositional insights that are otherwise not
visible with SE SEM. BSE imaging can be paired with EDS as a nice project for
students to learn the pros and cons of both techniques.

2.3 Elemental mapping

Elemental mapping with EDS is a powerful tool for composition analysis. Image
formation is based on X-rays emitted due to the interaction of the incident e-beam
with the surface electrons [1, 7, 8]. This method allows visualization of inhomogene-
ities and X-ray spectrum analysis (see Figure 5). The information obtained from EDS
usually compliments BSE contrast, which in its own right can be an additional project
for students to do—i.e., homogeneity verification, impurities segregation and lamella
microstructure study (see Sections 7 and 8).

The smaller elements of microstructure become the more one needs to be aware of
the size of the volume interaction in comparison to the size of inhomogeneities or
nanoparticles to avoid false interpretation of elemental composition. The size of the
volume of interaction is generally thought of as 1 pm?, meaning the radius of the
particle should be less than 0.62 pm to provide meaningful measurements with EDX.
The reported critical size is actually around 5 pm according to NIST studies referenced
by Goldstein et al. [8]. If the size of the nanoparticle is smaller than the critical value,
there is a good chance, the EDX image analysis software may miscalculate the com-
position (see Figure 6). According to the sample specification, the deposited islands
are 100% gold. The substrate is 100% carbon (graphite). However, the software
calculations for selected particles are 5% Au, 27% C, and oxygen is the rest (see onset
Figure 6b). Nanoparticle particle size distribution, in conjunction with composition
verification, is a good project for undergraduate students. You choose to use SE SEM
vs. EDX or SEM vs. AFM (see Chapters 8 and 9).

11



Electron Microscopes, Spectroscopy and Their Applications

Figure 5.

(a) EDX map of CuZn alloy, showing homogeneity of elemental distribution in solid solution and some presence of
surface contaminations (C and O). (b) EDS map of SnBi alloy showing inhomogeneous distribution of Bi in Sn
solid solution. (c) SnBi alloy X-ray spectrum and calculated composition of the alloy (small onset on c).

a b

Figure 6.

(a) EDX map of gold particles on graphite showing false vesult from selected area analysis due to size of the particle
not being taken into account (b) Spectrum 1, selected area composition, particle (in ved) is 1.8% Au, 26.8% C,
71.5% O. Spectrum 2, selected area composition, substrate (in yellow) is 0.5% Au, 27.1% C, 72.4% O. A nominal
composition is 100% gold for particles and pure graphite as substrate.

3. Imaging with AFM

AFM is a subset of SPM that does not require a vacuum nor the probe and or
sample to be conductive [5, 6, 9-11, 15]. The physics, fundamentals of operation, and
modes are extensively covered in the literature [7-9]. Imaging with AFM implies a
smaller scan size compared to SEM, usually less than 150 pm scans compared to a few
mm, respectively (see Figure 1 for SEM and Figure 7 for AFM). The height variation
is also limited to less than 8 pm due to the maximum piezo extension of the AFM
scanner head. Overall sample size should be small enough to fit under the AFM
scanner head, ~2 x 0.25 inches maximum.

Novice users of AFM should be aware of AFM tip artifacts [13, 14]. The phenom-
enon manifests itself when the size of the features of the interest becomes comparable
to the diameter of the AFM probe. The typical value for the tip radius for the most
commercially available probes is ~20 nm (compared to the size of the electron beam
of 1-2 nm). This means the measured XY distances will be dilated by approximately
the size of the probe. It is possible to correct for tip dilation and reconstruct the shape
of the tip of the probe by running your data through the tip dilation algorithm [14]
(see Figure 8).
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Figure 7.
14.5 ym X 14.5 ym 3D AFM images of the Vickers hardness indent on CuZn surface.

Original Surtace Image

Reconstructed Image

a b

Figure 8.
(a) 1.6 pm x 1.6 um original AFM scan of 102 nm diameter spheres (b) reconstructed image of the spheves
without tip dilation effect. Reproduced with permission of springer nature. Images are courtesy to Wong et al.

[14].

3.1 Basic topography
There are three main AFM topography modes:
1. contact mode or non-vibrating mode
2.non-contact vibrating mode

3.in-and-out of contact vibrating mode, commonly referred as Tapping mode (the
term coined and trademarked by Veeco in about 2000-2010).
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The AFM probe, or stylus, moves over the surface of the sample tracking the
topography similar to a mechanical profiler that metallurgists used to measure surface
roughness on the macro and micro scale. The benefits of the light lever amplification
being used to decern up-down motion on a position-sensitive photodetector to acquire
topography data. The probe is kept in feedback with the electronics maintaining either
force of interaction between the sample and the probe constant or distance from the
tip to the sample constant [9, 10, 15, 16]. It usually takes an experienced user to prefer
one type of feedback loop versus another. The software makes it easy to switch from
one feedback setting to another.

The choice of the most appropriate mode of operation, as well as the AFM
probe, depends mainly on your sample. If the sample is hard and dry (metals,
alloys, ceramics, and hard plastics), then contact mode and contact probe will do a
good job. If your sample is a delicate soft polymer or integrated circuit or some
biological tissues, then oscillating modes and probes will be your choice. It is
easier for students to start with contact mode first and then switch to vibrating
mode while practicing on the same reference samples, see Figures 9-11. Once
students master routine imaging, they can switch to actual samples and do
projects (see Figures 3b, 8, 12 and 13).
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Figure 9.

(a) 100 pum x 100 pm AFM scan of Veeco reference sample. Pitch size is 10 pm, depth is 100 nm. (b) 13 pm X 13
pum AFM image of a reference sample (TedPella, 3 um pitch size, nominal step height = 100 nm). Step height
measurements, 94 nm, are shown with histogram method.
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Figure 10.

A typical selection of channels recommended for contact mode scanning. From left to right: topography, LFM or
friction, deflection, or ervor channel and scan parameters tab. Both LEM and error data should be monitored in
both scan directions for good image quality.
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Figure 11.
A typical selection of channels recommended for vibrating mode scanning. From left to right: topography, phase,
deflection, or ervor channel, and scan parameters tab. Both Phase and ervor data should be monitored in both scan

directions for good image quality.
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Figure 12.
50 pm X 50 um sanning capacitance mode (SCM) images of the cross-sectioned MOSFET (a) relative dopant

levels contrast, bright-low dopant level (b) dopant type contrast, brown—n-type, white—p-type, (c) combined
SCM image. Images are courtesy to Eurofins EAG Labovatories.

Figure 13.
(a) 10 pm x 10 pm topography image of an indent done with Berkovitch tip by a Nanoindenter. Scanning is

performed with a Nanoindenter right after indentation and (b) ervor channel image acquired simultaneously with
topography channel.
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3.2 Lateral force mode (LFM)

There are two built-in additions to topography imaging: lateral force, or friction,
mode (LFM) and phase mode, which can be acquired simultaneously with topogra-
phy. LFM and phase images are related to the physical properties of the materials
under investigation.

The signal that feeds the LFM channel is associated with the lateral twist of the probe:
Left-right motion as opposed to the up-down motion associated with the topography
channel. The amount of twist or the difference in intensities between left and right
quadrants in position-sensitive photodetector can be correlated to drag force or the
friction coefficient of the material [9, 10]. LFM contrast can represent the difference in
friction coefficients of the materials or the amount of twist due to large height variation
(see Figure 10). The error (deflection) channel should not be forgotten during the
acquisition as it represents the quality of feedback loop parameters adjustment. It is good
practice for students to acquire data having topography, LFM, and error channels open.

3.3 Phase contrast in vibrating modes

In vibrating mode, the simultaneous data acquisition channel is called the phase
channel. The feedback loop in oscillating mode can work either on amplitude or on phase
signal, therefore the phase channel (usually the default setting) records the phase delay of
the signal made with the material of interest [9, 10]. The topography channel represents
recording of height variation on constant amplitude with respect to the driving signal. It is
easy to switch the setting from phase to amplitude feedback and record amplitude
attenuation while having topography imaging done in constant phase. Triblock polymer
sample is usually the best candidate for phase image verification. However, even a mildly
contaminated reference sample can do a good job (see Figure 11). Phase image represents
the phase signal delay associated with differences in hardness, elastic modules and adhe-
sion of the material and results in corresponding image contrast.

3.4 Material sensing modes

The material sensing modes are thenext generation of AFM capabilities. AFM can
visualize the mechanical, magnetic, electrical (see Figure 12), and thermal properties
of materials [9, 10]. An in-depth discussion of material sensing mode is beyond the
scope of this chapter; however, we would like to illustrate a couple of important
applications: electrical mode and indentation.

AFM can measure long-range interaction forces, such as electrostatic force and
force gradient. One of the variations of electrical AFM (EFM) is scanning capacitance
microscopy (SCM). SCM maps charge distribution with a lateral resolution sufficient
for the needs of the semiconductor industry (see Figure 12).

Indentation studies are a promising domain of AFM-based techniques. The best
way to measure nanohardness and elastic modulus is to use a Nanoindenter.
Nanoindenter is an instrument, especifically designed to perform hardness
measurements on the nanoscale. If a Nanoindenter is at your disposal, then it is
very useful for teaching students about the difference between AFM and
Nanoindenter. Figure 13 shows images of an indent performed with a Nanoindenter.
Nanoindents have a distinct triangular pyramid shape reflecting the geometry of a
diamond indenter, Berkovich tip. Vickers hardness indents have the characteristic
shape of a square pyramid while Berkovich indenter is 3-sided pyramid (compare
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Figure 7 and Figure 13). Hardness mapping of bonding areas of micro and nano
interconnects is of interest in the semiconductor industry [17, 18].

4. Imaging with optical profilometer (complimentary method)

A profilometer is a device similar to a phonograph that measures a surface as the
surface is moved relative to the contact profilometer’s stylus. A profilometer is an
instrument used to measure a surface profile, to quantify its topography. Critical
dimensions as step height, curvature, flatness, and surface roughness are computed
from the surface topography. Profilometry branches out to SPM where the stylus is a
scanning probe or cantilever of very small size. SEM utilizes an electron beam as a
scanning probe [5-8]. Optical profiler is based on light and light interferometry [19, 20].

Optical interferometry is a physical phenomenon when the wavefront of light
reflected from the surface of the material interferes with a reference wavefront. By
introducing a slight tilt to one wavefront, a pattern of interference fringes is created.
The departure from the straightness of these fringes is a deviation from a reference.
Sophisticated software can reconstruct the 3D topography of the surface based on the
difference in interferometry patterns.

4.1 Step height and surface roughness measurements

Metrology parameters, such as step height and surface roughness, can be quanti-
fied with the optical profiler (see Figure 14). The scan range overlaps nicely with SEM
and AFM. Pairing the optical profiler technique, either with SEM or AFM, represents a
valuable teaching opportunity where students can explore the limits of resolution for
different techniques and merge substantial characterization data sets together (see
Sections 8 and 9).

4.2 Advantages and disadvantage of optical interferometry

An optical profiler is a non-contact and fast method to visualize surface topogra-
phy from micro- to upper nano-range. The techniques were most suitable for delicate
and, or, organic samples that cannot be touched by a mechanical stylus. 3D image is
reconstructed from interference patterns. The imaging may be problematic for trans-
parent, highly reflective materials and true nanoscale features.

o

Figure 14.

Screenshot of optical profilometry images (2D, top right, and 3D, down right) with line profile and surface
roughmess measurements (top left). The height measurements result in 615 + 2 um tall silicon trench. The average
surface roughness S, = 5.3 um. RMS surface roughness S; = 6.9 pm.
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5. Ellipsometry (complimentary method)

Ellipsometry is a standard industry technique to measure the thickness and other
properties of thin layers of dielectrics and semiconductor materials [21]. The funda-
mental principle of ellipsometry is the phase difference between two mutually per-
pendicular polarized light beams. The information about the sample is contained in
total reflection coefficients. The quantities such as thickness and optical constants are
calculated based on assumed theoretical models.

5.1 Optical properties evaluation and film thickness measurements

Both thickness of a film, or layer, in layered structure and refractive index can be
evaluated with ellipsometer, if the films are optically transparent (see Figure 15).

5.2 Advantages and disadvantages of ellipsometry

An ellipsometer is simple to use. The measurements are highly reproducible and very
sensitive to the presence of ultrathin films (down to a monolayer or native thermal
oxide on silicon). An ellipsometer can be used to analyze multiple layers and determine
the optical constants of unknown materials. Ellipsometry is not an imaging technique.

6. Transmission electron microscopy

TEM is considered to be a more difficult technique than SEM requiring preparation
of a very small and delicate sample. Visualization and image interpretation requires an
understanding of geometrical optics and diffraction fundamentals [1, 7]. There are
three basic mechanisms of TEM contrast formation: mass-thickness contrast, diffrac-
tion contrast, and phase contrast [7]. All three contributing factors may form an
image. The resolution of TEM is near the theoretical limit (0.2A) for an electron beam
at 100 kV [7]. TEM compliments high-resolution SEM (1-2 nm) and is much better
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Figure 15.
Ellipsometry user interface for TOX wafer reporting thickness 549 nm + 26 nm and refraction index
n=1.4=o0.2.
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than AFM, which has limited lateral resolution (~20 nm) due to tip artifacts [14].
Mass-thickness contrast is most frequently used as images are relatively easy to inter-
pret (see Figure 16). Diffraction and phase contrast has been extensively used by
physical metallurgists to study dislocations, staking faults and other crystallographic
phenomena [7, 23]. A combined TEM/SEM/AFM project can be a suitable candidate
for graduate lab or guided research [24]. We plan to outline briefly only the impor-
tance of diffraction patterns for practical applications and discuss a special case of
using superlattice reflections from a diffraction pattern to form dark field image [7].

6.1 Bright field imaging: mass-thickness contrast

Mass-thickness contrast results from electrons that pass through the specimen. The
electrons having no obstacle, or a very thin layer of material, on their way after passing
the objective aperture result in a bright (white) color appearance of the recording film.
A thicker specimen will allow the transmission only a portion of electrons and will result
in a darker color of the film due to less exposure to electrons. The layer, or specimen that
are too thick will block electron beam and film will appear dark, because all electrons are
blocked by the specimen (see Figure 16). Biologists usually prefer mass-thickness
contrast by taking advantage of staining cells with heavy elements. CNTs, graphene,
precipitates and nanoparticles can be successfully studied with TEM [25-29].

6.2 Use of diffraction patterns

Diffraction patterns by themselves can be very useful to indicate if partial crystal-
linity is present in the compound. A single crystal will form dots on a diffraction
pattern (see Figure 17), polycrystalline material will produce rings and amorphous
materials will result in a fuzzy halo [7]. Indexing the diffraction patterns is a routine
job of a crystallographer requiring knowledge of both crystallography and the physics

-_—

Figure 16.
Bright field TEM images showing lead dioxide particles with hexagonal shape, deposited on silicon. Reproduced
with permission of the International Union of Crystallography. Image is courtesy to Kabbara et al. [22].
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Figure 17.

(a) Indexed TEM diffraction pattern in [100] orientation and (b) indexed TEM diffraction pattern showing
superlattice reflections, see arrows pointing at weaker veflections. Reproduced with permission of the International
Union of Crystallography. Images are courtesy to Woodward and Reaney [23].

Figure 18.

500 nm X 500 nm dark field TEM images of Ni;Ga precipitates in NiGa single-crystal alloy as a function of aging
time. Left image is the shortest aging time, right image is the longest aging time for the same alloy composition. See
data analysis in [27]. TEM images are courtesy to Dr. Starostina.

of electron diffraction [1, 7]. The project involving indexing or use of the diffraction
patterns would be a good candidate for a graduate research assignment.

6.3 Dark field imaging

Dark field imaging in general means that in the absence of the specimen, the back-
ground appears dark because all electrons are blocked by the shifting objective aperture
of the TEM microscope [7]. This is a special case of kinematic diffraction contrast when
only electron “light” resulting from super reflections is used for image formation (see
Figure 18). Dark filed imaging is an essential technique to study morphology and
kinetics of coarsening of ordered precipitates in a disordered alloy matrix [25-27].

7. “Introduction to Nanotechnology” course example

Course description: “Introduction to the field of nanoscience and nanotechnology.
Properties of nanomaterials and devices. Nanoelectronics: from silicon and beyond.
Measurements of nanosystems. Applications and implications. Laboratory experience
is an integral part of the course.”
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7.1 Lab syllabus example for undergraduate course

“MECH/ECEN 156 “Introduction to nanotechnology” lab.

Course type: elective, undergraduate level engineers, contribute to engineering
topics.

Learning outcomes:

* hands-on experience operating scientific instrumentation
* hands-on experience acquiring data on nanoscale

* being able to choose a proper material characterization technique(s) to meet the
requirements of the project

* technical presentation design: ability to create technical presentation
* presentation skills: ability to communicate technical results of your project

Instrumentation: The course is based on the instrumentation available at CNS and
other laboratories. It includes optical profiler, AFM, electron microscope, probe sta-
tion, and other equipment.

Group size: 2-3 people per group, no more than 5 groups (15 people max).

Projects (examples):

1.Electrical and ellipsometry characterization of the thermal oxides and MOS-
structures.

2.Ellipsometry and SEM/EDX of the thermal oxides in cross-section.
3.Nanoparticles morphology and particle size distribution characterization.
4.Metrology and surface roughness characterization from micro to nano.
5.Electrical and SEM characterization of MOS-structures.

Preliminary schedule

Week 1 Introduction and safety training at CNS.

Week 2-week 6 Group training on instruments, hands-on practice on test samples
(rotating stations every week; one week per instrument, if done earlier can start doing a
project).

Week 7-9 projects measurements—done on at least two different instruments/
different types of complementary measurements.

Week 10 field trip if arrangements with nanotechnology company are possible.

7.2 Lab reports, SEM example

The video recordings of “Introduction to Nanotechnology” final exam,
mini-conference, can be seen online [30-34]. The video recording of Ph.D. student
poster presentation, “Influence of Crystallographic Orientation on the Growth of
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Thermal Oxide of Silicon”, inspired by teaching this lab is available on the official
AAAFM YouTube channel [35].

“Scanning electron microscope laboratory report”

Instrumentation description

Hitachi S4800 Scanning Electron Microscope. The SEM works, primarily, by
sending a beam of high-energy electrons from an electron gun, through electromag-
netic lenses and apertures which manipulate the electron beam (alignment, stigma,
and focus) onto the target sample. The electrons interact with the sample in various
ways to produce secondary electrons, backscattered electrons, and X-rays. The signals
from these interactions are collected by one or more sensors and processed into an
image for viewing. In the case of the X-rays, information about the elemental makeup
of the sample can be determined and superimposed on a secondary electron image.
This is a non-destructive process that can produce great information about the surface
of a sample in a relatively short amount of time. (Description of my own based on
information from Wikipedia and Nanoscience Instruments.)

Results

The initial image at 15K magnification, see Figure 19a, was clear and as expected
with great care taken during the alignment phase. However, an issue arose a short
while later that caused the image from the SEM to shift erratically. This nuisance
shifting made further alignment very difficult. The 100K magnification image, see
Figure 19D, likely suffered some resolution quality due to this and the image capture
used for the EDX was mostly unrecognizable. But the EDX was able to provide some
good information on the sample surface, see Figure 19c. Carbon was present due to
the carbon nanotubes, silicon and nickel were present as they are the substrate ele-
ments upon which the nanotubes are grown, and oxygen was present perhaps due to
some oxide layer on the substrate or oxygen contamination from sample exposure to
the atmosphere. The nanotubes appear to range from 50 to 200 nm and have an
approximate density of 1.24E10/cm’.

Figure 19.

(a) Low magnification, 15K, SE SEM image of MWCNTSs grown by PVD method. (b) High magnification, 100K,
SE SEM image of MWCNTSs grown by PVD method. (c) Screenshot of EDS window analysis showing elements
detected.

8. “Experiments in materials science” guided research lab example

Course description: “This course consists of research-oriented assignments
involving heavy use of scientific instrumentation mainly at the center of
nanostructures (CNS) and is equivalent to culminating experience. The projects are
sample/materials-based. The assignments may involve hands-on sample preparation,

22



Elements of Electron Microscopy Designing Laboratory Course: Examples and Applications
DOI: http://dx.doi.org/10.5772 /intechopen.1002788

instrumentation calibration verification on the reference samples, imaging and
measurements followed by data analysis. The research may include hands-on exami-
nation of surface morphology/roughness and elemental composition and mechanical
properties. Students are expected to correlate obtained data of structural and compo-
sitional changes on micro/nano scale to changes in materials properties. The results of
the assignments are expected to be written up in a scientific paper format and
presented thereafter. An off-campus tour may be organized if arrangements

are possible.”

8.1 Syllabus example for graduate course

“333B “Experimental Analysis in Materials Science”

Course type: elective, graduate-level engineers, contribute to engineering topics.
Course learning outcomes:

Students who successfully complete MECH 333AB will be able to:

* choose a proper material characterization technique(s) (optical-light microscopy,
AFM, electron microscopy) to meet the requirements of your research project

* hands-on experience operating scientific instrumentation

* technical writing: ability to write in a technical paper format

* technical presentation: ability to create technical content for a public presentation
* presentation skills: ability to communicate technical results of your project

Group sige: 2-3 people per group, no more than 5 groups (15 people max).
Examples of research assignments:

* SnBi alloy micro/nanostructure morphology, chemical composition, and
mechanical properties evaluation

* Grain size, morphology, chemical composition examination, and dihedral angle
of twin boundary measurements in CuZn alloy

* Gold nanoparticles size distribution, morphology and chemical composition
characterization

8.2 Example of students reports abstracts and results

The video recordings of “Experiments in materials science” final exam, mini-
conference, can be seen on-line [36-38]. Dihedral angle measurement with AFM
project and morphology measurements of eutectic in SnBi alloy resulted in publica-
tions in peer-reviewed journals [24, 39].

“Characterization of Gold and Cobalt Nanoparticles using AFM and SEM”

Authored by Brian Chen, Raymond Chen, Mohamed Sabry

Abstract

Understanding nanoparticle morphology and chemical composition is critical to
predict the behavior of these particles in various applications. In this chapter, SEM,
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EDX, and AFM were used for characterization. Gold and cobalt particles were pur-
chased from Ted Pella and are known to be deposited using thermal evaporation
method. Cobalt spec is 5-7 nm for height distribution. As for gold, there were two
samples used, 2-30 nm and 30-500 nm. SEM was used to determine the morphology
parameters of gold particles such as size, aspect ratio, and sphericity. Average size was
14 and 18 pm for smaller and larger particles respectively. The aspect ratio was 1.37-
1.48 for smaller to larger particles. Sphericity is 0.827 and 0.69 for smaller and larger
particles. The values are an average value based at least 50 measured particles. EDX
was used for elemental composition analysis of different areas as well. AFM was
implemented for cobalt topography measurements using two different scan areas 1 x
1 pm and 375 x 375 pm. A total of 30 particles are measured to calculate the average
height and PSD. The average height measured is 13.9 nm. Particle size distribution
(PSD) is between 10.8 and 16.89 nm. The measured data for cobalt were found to be
outside of the vendors specifications, while gold seems to deviate from the normal
distribution. In this chapter, some of the suspected reasoning for this discrepancy will
also be discussed. After all the data was analyzed, recommendations for best tech-
niques to characterize the properties of nanoparticles is given.

9. Conclusions

The product management approach proved to be a very useful tool for designing
and developing a laboratory practicum. Our ultimate goal was to utilize SEM in all
modes available at CNS to verify the measurements done with AFM. Our second
priority was to use all scientific instrumentation at CNS to compliment both SEM and
AFM, enhancing the dual, or complementary, measurement idea. Our third priority
was to make the undergraduate lab as well-rounded as possible in order to be able to
include students from Physics, Mechanical, Electrical, and BioEngineering depart-
ments. The priority for the graduate course was to be able to generate a sufficient
amount of data for further analysis and ultimately publication in a peer-reviewed
journal. We also are very mindful of students having hands-on experience with
microscopes by implementing “stations rotation” mechanism to move a cluster of
students from one microscope (characterization technique) to another characteriza-
tion technique. By doing that we were able to train students on five instruments,
enabling them to conduct research projects with minimum assistance.

The outcomes of our product-oriented approach resulted in two successful courses
based primarily on SEM and AFM with publications in peer-reviewed journals with
students as co-authors. The dual design idea can be expanded to AFM materials sensing
modes with complements of Scanning TEM and or to the fields of chemistry and biology.
Both SEM and AFM can be integrated into projects involving nanomanipulation.
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Abstract

The integration of ion mobility spectrometry with mass spectrometry (as an
IM-MS hybrid instrument) provides additional analytical separation and identifica-
tion capabilities that have greatly advanced various fields, including biomedical,
pharmaceutical, and forensic sciences. In this chapter, a comprehensive exploration of
various IMS instrumentation platforms is discussed, including Drift tube (DTIMS),
Traveling wave (TWIMS), Trapped (TIMS), Field asymmetric waveform (FAIMS),
and Differential mobility analyzer (DMA). Their respective advantages and limita-
tions are evaluated in the context of distinct applications, including isomer separa-
tion, signal filtering to increase signal-to-noise ratio, and collision cross section (CCS)
measurements in targeted and untargeted omics-based workflows. The scanning rate
compatibility between various IMS devices and different mass analyzers resulted in
various IM-MS hyphenation platforms. Higher sensitivity and selectivity are further
achieved with the introduction of tandem IMS such as TIMS-TIMS-MS. IMS separa-
tions occur in the millisecond range and can therefore be easily incorporated into
the liquid chromatography-mass spectrometry workflows and coupled with ambient
ionization MS for metabolomics, lipidomic, proteomics, etc. The emergence of high-
resolution IMS instruments such as Cyclic Ion Mobility Spectrometry (cIMS) and
Structures for lossless ion manipulations (SLIM) is also discussed for the improve-
ment of separation of isomers and increased predictive accuracy of CCS by machine
learning models.

Keywords: ion mobility mass spectrometry, CCS experimental measurements,
CCS prediction models, ambient ionization, omics

1. Introduction

Compounds with the same mass-to-charge ratio (m/z) but differ in configurations
and conformations exhibit significant variations in potency, pharmacodynamics, and
toxicology [1, 2]. In metabolomics, lipidomics, and proteomics studies, the existence
of isomers poses significant challenges to effective separation. Analytical methods
for isomer separation and characterization include chromatographic separation and
differences in tandem mass spectrometry (MS/MS) fragmentation patterns. However,
similar retention behavior during chromatography and fragmentation patterns in
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mass spectrometry techniques reduce the accuracy of both qualitative and quantita-
tive structural analysis of compounds [3, 4]. Ion mobility spectrometry (IMS) is

an effective solution for addressing the intricate structural challenges presented by
isomers in omics studies. In addition to isomer separation and signal filtering, IMS
facilitates the annotation of features via CCS values thereby enhancing the identifica-
tion of compounds in non-targeted omics analysis that share common properties
(e.g., tandem mass spectrometry (MS/MS), retention time (RT), m/z) [5]. This
chapter focuses on the commercially available IMS instrumentation platforms and
their integration with other separation methods, sample introduction, and detection
techniques for all-omics studies. Furthermore, the applications of computational and
machine learning models for the calculation and prediction of CCS are also discussed.
Moreover, a detailed examination of novel high-resolution IMS systems, including
cyclic IMS (cIMS) and Structures for lossless ion manipulations (SLIM), and their
technological advancements is provided.

2. IM-MS: Instrumentation and experimental CCS measurement

IMS separate ions based on their mobility rates (K or Ko; K is usually reported
as Ko under standard pressure and temperature) through the combined action
of an electric field and neutral buffer gas. The mobility of the ions depends on
characteristics of the ions such as mass, size, shape, and charge number, leading to
the separation of compounds with the same m/z but different structures (isomers)
due to the combined influence of the collisions of the ions with neutral buffer gas
and applied electric field [5]. Although IMS can detect the size of an ion, it cannot
determine its exact molecular weight. Therefore, IM-MS is more valuable, combin-
ing complementary size selection and quality mass separation into a single analysis
platform [3]. IMS separations typically occur on a timescale of 102107, hence,
are well-suited for incorporation between LC (10°-10° s timescale) and mass spec-
trometry techniques (10 °~10"* s timescale), thereby providing three-dimensional
orthogonal separation based on polarity, size, and mass of the analytes. This results
in a four-dimensional dataset including RT, drift time (DT), m/z, and fragmenta-
tion patterns, all captured in a single sampling event [3, 5, 6]. The supplementary
advantages of IMS separation when coupled with MS, such as separation of isomers,
signal filtering, and CCS fingerprinting, depend on the resolution of the IMS
technique and its accuracy of collision cross section (CCS) measurements. These
parameters must be considered when selecting IMS instruments. According to
separation mechanisms, IMS platforms can be classified into temporal dispersive,
spatial dispersive, and confinement and selective release; and based on electric
field applications, they can be classified into static and dynamic fields [7, 8]. In
temporal dispersive IMS, all ions drift along similar paths colliding with the neutral
buffer gas under the influence of electric fields, resulting in different arrival times
(mainly DTIMS and TWIMS), while in spatial dispersive IMS, ions are separated
along different drift paths (mainly DMS, FAIMS, Aspiration IMS (AIMS), and
DMAEs). In confinement and selective release IMS (mainly TIMS), ions are trapped
within a pressurized region by a precisely adjustable electrodynamic field and are
then selectively released based on differences in their mobility [3]. Static field IMS
instruments employ linear and constant electric fields (mainly DTIMS and DMA),
whereas dynamic field IMS instruments utilize non-uniform electric fields (mainly
FAIMS, TWIMS, and TIMS) [8].
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2.1 Drift tube ion mobility spectrometry (DTIMS)

A distinctive feature of DTIMS is the uniform application of a weak electric field
(10-20 V/cm) that propagates through the drift tube, which is filled with a neutral
buffer gas such as nitrogen or helium that has no directional flow, as shown in
Figure 1A. The two working states of DTIMS are the reduced pressure (~4 Torr e.g.,
Agilent 6560 IM-QTOF) and atmospheric pressure (760 Torr e.g., TOFWERK-IMS-
TOF) [9]. The choice between low-pressure and high-pressure systems involves
trade-offs; while low-pressure systems offer higher sensitivity and improved ion
focusing due to reduced collisions frequency with the buffer gas, high-pressure IMS
systems yield enhanced separation capacity due to more frequent collisions, but often
experience significant ion losses [10]. Radiofrequency (RF) confinement in low-
pressure DTIMS (3.5 Torr) has been reported for excellent ion transmission resulting
in increased sensitivity [11]. The ability to calculate CCS from first principles using
the Mason-Schamp equation is perhaps the most significant advantage of DTIMS.
The utilization of a low and uniform electric field enables DTIMS to measure K as
a primary method, enabling it to calculate the corresponding CCS values. In fact,
DTIMS is the only ion mobility paradigm that can provide precise CCS measurement
without the need for external calibrants. This is achieved through a method known
as step-field, which is the “gold standard” for CCS measurements with a remarkable
0.29% relative standard deviation (RSD) [12]. However, using the step-field method
for experimental CCS measurements can be time-consuming and is not practi-
cally compatible with the analytical timescale of the chromatographic separation
[5]. In contrast, the single-field method (calibrant dependent) is compatible with
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Figure 1.
Schematic diagram of various IMS technology and separvation mechanisms: (A) DTIMS, (B) TWIMS, (C)
TIMS, (D) FAIMS, and (E) DMA.
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DTIMS TWIMS TIMS DMA FAIMS
Separation Temporal Temporal Trap & Release Spatial Spatial
mechanism
Gas flow to No net flow No net flow Parallel Perpendicular Parallel
ion motion
Electric field Static Oscillating Static Static Oscillating
Ion injection Pulsed ion Pulsed ion Variable Continuous Continuous
packet packet filter filter
Ion analysis Allion Allion Allion & Scannable Scannable
analysis analysis scannable
CCs Direct Calibrated Calibrated Direct No CCS
Common Agilent tune Polyalanine, Agilent tune
calibrants mix Waters CCS mix
Major Mix
Resolving 60-80° ~40° ~200 <100 ~40°
power
Vendors Agilent, Waters Bruker SEADM, TSI Owlstone,
TofWerk, Thermo,
Excellims Heartland,
Sciex
Mass TOF, TOF TOF, FTICRs, TOF, FTICRs, TOF, FTICRs,
analyzers Quadrupole Orbitraps Orbitraps Orbitraps

“180-250 with HRdm.
YcIMS and SLIM: >400.
“Up to 500 with the doping of the N, carrier gas with light gases such as He or H,.

Table 1.
General information on each IMS technology.

chromatographic separation. It utilizes calibrant ions to produce highly reproducible
CCS values with 0.54% RSD compared to the step-field method [12]. Other IMS
platforms (e.g., TWIMS) use this single-field method using calibrants that have well-
characterized CCS values previously determined with DTIMS instruments to create
a calibration curve for CCS measurements of unknown analytes [5, 13, 14]. Calibrant
compounds used in DTIMS include the Agilent Tune mix (Table1).

While DTIMS systems enable comprehensive ion collection, i.e., the arrival time
of all ions is recorded during each measurement cycle, particularly valuable for the
analysis of complex biological samples, ions are not continuously injected. Instead,
ion packets are introduced as ion pulses into the drift tube using an ion gate [15] or
an ion funnel [16]. The time scale of the ion release time and IMS separation time
is 25-400 ps and 25-100 ms respectively, resulting in an experimental duty cycle of
~0.04-1%. Consequently, only a fraction (0.1-1%) of the generated ions are transmit-
ted to the drift tube for separation, resulting in a low sensitivity [17]. To improve the
DTIMS sensitivity, an ion multiplexing approach is utilized, involving the pulsing of
multiple packets of ions into the drift region at defined times. The multiplexing strat-
egy results in an overlapping ion mobility spectrum, which is subsequently deconvo-
luted to the correct arrival times using schemes such as the Hadamard Transformation
algorithm, achieving improvements as high as 50% duty cycle [5, 18]. An additional
challenge of DTIMS systems is the low resolving power which can be improved using
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a post-acquisition data reconstruction technique or modifying the DTIMS instru-
mentation [5, 19]. An example of a reconstruction technique is the High-resolution
demultiplexing tool (HRdm, Agilent Technologies), which effectively increases the
resolving power from ~60 to a range between 180 and 250 [20]. This involves passing
multiple ion packets through the drift tube, giving each ion packet a shorter accu-
mulation time to improve the duty cycle while reducing the negative effects of space
charge. The spectrum obtained is then deconvoluted and demultiplexed using the
Hadamard transform algorithm, resulting in an improved signal-to-noise ratio and
lower detection limits. The increase in the resolving power through instrumentation
is accomplished by increasing the voltage drop across the drift cell and decreasing
temperature [5]. For precise DTIMS measurements, it is essential to keep the ions

in the low field limit. Therefore, to increase the voltage drop either the length of the
drift cell or pressure needs to be increased [5, 21]. Examples include DTIMS systems
of 2 m by Bowers et al. [22] and ~2.9 m by Clemmer et al. [23], as well as atmospheric
pressure DTIMS systems yielding resolving power between 100 and 250 [9].

2.2 Traveling wave ion mobility spectrometry (TWIMS)

The drift region of TWIMS is very similar schematically to the DTIMS platform;
it contains a stacked set of ring electrodes. However, in TWIMS, an RF voltage is
applied across consecutive electrodes to confine the ions radially, and pulse dif-
ferential current (DC) voltage is applied to push ions axially as shown in Figure 1B.
Similarly to the RF-confining drift cell, the RF confinement in TWIMS focuses the
ions, leading to increased analyte signals attributed to reduced ion diffusion. Under
the combined actions of the applied voltages, traveling electric field waves are formed
to propel the ions through the IMS tube under reduced pressure of ~2—4 Torr. The
amplitude and speed of the electric waves determine the ion separation in TWIMS
[14]. Due to the existence of RF voltage, ions are not in a constant field in TWIMS
mode, requiring prior calibration of TWIMS instruments with ions of known
mobility before determining CCS values of unknowns (analogous to the single-field
CCS measurements in DTIMS) [5, 14]. Various compounds are used as calibrants
in TWIMS, including polyalanine and Waters CCS Major Mix (Table 1). Since the
accuracy of CCS measurement in TWIMS depends on the type of calibrants being
used, class-specific calibrants are needed for more accurate CCS measurements.

For example, calibrating instruments to obtain CCS values using peptides in lipid
analyses has demonstrated a significant error [5, 24]. TWIMS shares both advantages
and disadvantages with DTIMS, such as the full ion mobility spectrum acquisition
and pulsed ion packet delivery by ion gating. Two primary advantages distinguish
TWIMS: the low voltage requirements due to constant wave heights, and the ability
to manipulate ion motion to long path lengths without significant ion losses. These
attributes were the key to the development of two platforms with extremely long path
lengths leading to very high resolving power: cIMS from Waters Corporation with a
resolving power of ~750 for 100 passes [25] and SLIM, developed at PNNL and com-
mercialized by MOBILion Systems (Chadds Ford, PA) with a path length of 13 mina
device measuring 45.9 cm x 32.5 cm, with a separating power of ~1860 [26].

Commercial TWIMS instruments are produced by Waters Corporation, which
includes the Synapt G2 and Vion series (Table 1). The Synapt G2 model is designed
with an IM tube positioned behind the quadrupole. The collision cell is situated both
before and after the drift tube (in DTIMS the collision cell can be connected only after
the IMS), enabling TWIMS-MS to perform time-aligned parallel fragmentation [3].
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The Vion series moved the IM tube and its frontally connected collision cell to the front
of the quadrupole. For comprehensive compound structure elucidation, in addition

to the collision-induced dissociation (CID), TWIMS can combine surface-induced
dissociation (SID) or electron capture dissociation (ECD), essential tools for structural
details of both ligand-bound and unbound [3]. Compared to DTIMS, the resolving
power of TWIMS is not significantly improved as it is less than 100.

2.3 Trapped ion mobility spectrometry (TIMS)

The separation principle of TIMS is effectively inverted from traditional ion
mobility modalities. While DTIMS and TWIMS methods maintain, the essentially
stationary gas flow, with an electric field parallel to the ion movement, TIMS utilizes
a unidirectional buffer gas parallel to the ion motion, accompanied by an opposing
electric field (ca. 70 V/cm) [3]. The TIMS analyzer is comprised of a set of electrodes
that form three regions: the entrance funnel, the TIMS mobility region (ion mobil-
ity analyzer), and the exit funnel. The entrance and exit regions serve to control ion
deflection and focusing, while the TIMS mobility region is utilized to accumulate, trap,
and elute ions of interest which effectively increases the measurements’ duty cycles.

In the TIMS mobility region, different plates along its length modulate the potential of
ions as a function of distance. Consequently, ions with larger CCS values will be pushed
further along the TIMS analyzer due to the energy they receive from the carrier gas as
shown in Figure 1C. The accumulated ions can then be eluted from the TIMS analyzer
by sequentially lowering the position-dependent plate potential as a function of time.
This sequence of accumulation and elution processes can be adjusted to optimize for
fast scans (tens of ms) or high-resolution separations (hundreds of ms) [5]. Optimized
stepping scan functions can provide IMS resolving power of >300 while reducing
overall experiment time and increasing the duty cycle [10]. An additional main dif-
ference between TIMS and the previously described DTIMS and TWIMS techniques
lies in its operational scanning mode. In DTIMS and TWIMS, all ions are observed
under the same experimental conditions, while TIMS requires changes to experimental
parameters to elute all ions. Though TIMS instruments can indeed measure K as a pri-
mary method (thus obtaining CCS values), calibrating TIMS with analytes of known
mobility prior to analysis (similar to TWIMS) is needed [5]. An example of calibrant
ions used in TIMS CCS measurement is the Agilent tune mix (Table 1).

2.4 Field asymmetric waveform ion mobility spectrometry (FAIMS)

Both DTIMS and TWIMS separate ions by the gas-phase mobility inherent in an
ion for a given gas under low electric field conditions. At high electric fields (i.e., >
10* V/cm), ion mobility begins to change due to non-elastic ion-gas collisions (e.g.,
reactive, or interactive ion-gas collisions). An IM technique that exploits this dif-
ferential mobility behavior at high fields is FAIMS operating at atmospheric pressure
and near-ambient conditions [14]. Two ions with different chemical compositions
can have the same ion mobility at a low electric field, but completely different mobili-
ties at a high field, allowing them to be differentiated in the FAIMS measurement.
FAIMS’s current commercial instruments include Thermo Fisher Scientific, Owlstone
Medical, Heartland MS, and Sciex (Table 1). FAIMS utilizes an asymmetric waveform
voltage known as Dispersion Voltage (DV) which comprises high-field components
of short duration and low-field components of a longer time. As a result, ions oscil-
late between two electrodes in an up-and-down motion, as illustrated in Figure 1D.
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The dispersion voltage alone would ultimately cause all ions to contact the electrodes
and be neutralized. To account for this, a second voltage — a variable compensation
voltage (CV) is applied during the experiment. For ions at a specific K value, a given
CV value enables ions, under the influence of parallel gas flow, to keep a straight-
lined trajectory and exit the chamber to the mass analyzer [3]. In fact, FAIMS acts
like a quadrupole mass analyzer and in this way contrasts temporal dispersive IMS
instruments in which all ions are transmitted simultaneously. FAIMS can be used in
two ways: [1] by scanning a range of CVs to create a fingerprinting in global analyses,
or (ii) by selecting CVs values related to the analytes of interest for targeted analysis
[14]. Due to the challenging nature of characterizing ion mobility behavior under
high fields, FAIMS instruments are unable to provide CCS values. Moreover, the ion
structure itself can change from low to high field strengths during oscillation. The
different mobility behavior in FAIMS may result from the dipole orientation and the
clustering and declustering of the ions. FAIMS devices can be fabricated in different
geometries, such as cylindrical, planar, and chips [5]. Differential mobility spec-
trometry (DMS), differential ion mobility spectrometry (DIMS), along with FAIMS
operate under the same electronic mechanism, differing primarily in the geometry
of their respective electrodes. Furthermore, these devices do not pulse ions into the
mobility region as seen in DTIMS, TWIMS, and TIMS [3]. The continuous ion injec-
tion enables FAIMS/DMS/DIMS devices to increase the signal-to-noise ratio for the
ions of interest by greatly removing unwanted chemical noise in MS spectra.

2.5 Differential mobility analyzer (DMA)

DMA operates similarly to DTIMS; both systems use a constant electric field and
can measure CCS directly. However, DMA instruments introduce distinct features,
including unidirectional gas flow (as opposed to the no-directional gas flow in
DTIMS), operation at ambient pressure, and scanning for target analytes [10]. This
scanning capability makes DMA a narrow bandpass IM technique, analogous in con-
cept to FAIMS, where ions travel between two parallel electrodes in the presence of a
gas flow. In DMA a constant electric field is applied between two cylindrical and con-
centric metal electrodes and ions are introduced at the entrance electrode where they
are pushed towards the exit electrode through orthogonal sheath gas flow, as shown
in Figure 1E. Only ions with the appropriate mobility will reach the cell exit, while
others collide with the electrode, thus preventing their detection [8]. By scanning the
electric field, an ion spectrum based on the different ion mobilities can be recorded.
The well-defined nature of the electric allows for high-precision measurements of
ion CCS using DMA. Notably, DMA can be utilized for analyses that are not possible
with DTIMS; DMA detects very large analytes, such as antibodies, aerosol particles,
viruses, and other macromolecules (~ 10’s to 100’s of nm?); and is not commonly used
in screening applications for small molecules (e.g., lipids and metabolites) [5]. DMA
instruments are currently marketed by SEADM and TSI (Table 1).

3. Ion mobility mass spectrometry hyphenation

3.1 Mass analyzers interfaced with IM

The difficulty of coupling an IM device to a mass analyzer is caused by the need
for scanning rate compatibility of both instruments. Time of flight (TOF) mass
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analyzers due to their microsecond acquisition timescale are readily hyphenated
with all types of IM devices, facilitating the recording of several mass spectra per
mobility scan [27]. For higher MS performances in terms of dynamic range, mass
resolving power, and mass accuracy, Fourier transform mass spectrometry (FTMS)
analyzers (e.g., Orbitrap-based or FTICR instruments) are required. FTMS analyz-
ers can be readily coupled with spatial dispersive IM instruments, for instance, the
coupling of FAIMS with LTQ-orbitrap and FTICR instruments is routinely used [14].
Hyphenation of FTICR or orbitrap-based instruments with temporal dispersive IM
systems is less straightforward due to the time scale difference between the rapid IM
separation and the slow FTMS acquisition rate (up to 1 s for FTICR). To circumvent
this limitation, the IM separation is “slowed down” to make it suitable for the FTMS
scan rate [14]. Examples include the coupling of DTIMS with an Orbitrap-based
instrument using a dual gate approach [28]. The scan rate in TIMS in theory can be
conducted at any speed and synchronized with any analyzer. For instance, TIMS cou-
pling with TOF analyzer, FTICR coupling with gated TIMS, selective accumulation-
TIMS (SA-TIMS), and oversampling selective accumulation TIMS (OSA-TIMS) [14,
27]. However, TOF mass analyzers are used in all the commercial IM-MS platforms
(e.g., DTIMS, TWIMS, and TIMS) due to the complexity nature of coupling with
FTMS analyzers.

3.2 Front-end separations coupling with IM-MS

The incorporation of front-end separation techniques such as LC with IM-MS
results in an enhanced peak capacity, detection of more features, separation of
co-eluting compounds and isobaric components, and increasing S/N ratios due
to the orthogonality of the separation techniques [5]. Notably, the addition of IM
to LC-MS workflow has been shown to yield a 15% increase in peak capacity, as
reported by Pacini et al. [29]. In the context of lipid mapping of human plasma, the
implementation of 2D-LC coupled with MS (LC x LC-MS) enabled the detection of
1100 features, with 100 lipids identified. Comparatively, the LC-IM-MS approach
provided 800 features, identifying 55 as lipids. Despite the fewer features detected
by LC-IM-MS, it offers better structural identification and higher throughput
(190- and 20-min analysis time for LC x LC-MS and LC-IM-MS, respectively) [30].
Olajide et al. utilized a multidimensional LC-IM-MS/MS method to detect features
that served as strain-indicating biomarkers for efficiently discriminating E. coli
strains [4]. Paglia et al. used LC-IM-MS" for metabolomic and lipidomic analyses
of frontal cortex samples from Alzheimer’s Disease (AD) patients [31]. Other
front-end separation techniques coupled with IMS include gas chromatography
(GC) as GC-IMS for fingerprinting volatile organic compounds (VOCs) from the
feces and urine of AD-model mice [32]. Furthermore, 2D GC (GC x GC) coupled
to IM-MS was used to analyze Calendula officinalis plant extracts, with the IM
dimension effectively separating isobaric compounds not resolved by the 2D-GC
[33]. Capillary zone electrophoresis (CZE) was coupled with TWIMS-MS to resolve
glycan isomers [34]. Supercritical fluid chromatography (SFC) and TWIMS devices
were coupled to detect and quantify four nonsteroidal androgen receptor modula-
tors from bovine urine samples [14]. The absence of front-end separations leads
to severe matrix interferences and ionization suppression which is a challenge to
conventional IM-MS [4]. Solid-phase extraction (SPE) coupled with IM-MS is a
promising alternative, such as the SPE-IM-MS method proposed by Zhang et al. for
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the simultaneous targeted and untargeted measurements of metabolites in complex
human fluids [35].

3.3 Ambient Ionization Coupling with IM-MS

Ambient ionization MS is a technique for direct analysis by ionizing analytes
at ambient pressure and temperature conditions without sample preparation. The
advantages of ambient ionization techniques include minimal sample preparation,
low sample and solvent volume utilization, and direct rapid analysis [36]. Ambient
ionization can be largely categorized into three main classes primarily based on their
desorption methods: liquid extraction, plasma desorption, and laser ablation [37].
An extensive description of each ambient ionization technique under each classifica-
tion and their applications in forensics, biomedical, environmental, bioanalysis, in
vivo analysis, food and agriculture, and reaction monitoring and catalysis have been
detailed in previous reviews [37, 38]. The direct sample analysis using ambient ioniza-
tion MS suffers severe matrix interference and chemical noise due to no chromato-
graphic separation and reduced selectivity as isomers cannot be separated [4].

The coupling of IM-MS to ambient ionization has proven to increase the technique
selectivity due to isomer separation [39]. In addition, ambient ionization IM — MS
is very rapid compared to classic LC — IM — MS workflows. Desorption electrospray
ionization (DESI) was coupled to DTIMS to investigate charge state distributions and
cross sections for protein ions in a single experiment [40]. DESI was also coupled with
FAIMS to effectively increase the image quality of targeted compounds in sea algae
and mouse brain tissue sections [41]. The capability of DESI to produce ions directly
from tablets and creams was explored in combination with hyphenated IMS for the
analysis of pharmaceutical drugs [42]. The signal filtration capability of TWIMS was
demonstrated in a selective surface analysis when coupled with Desorption atmo-
spheric pressure photoionization (DAPPI) and Direct analysis in real-time (DART)
resulting in a low limit of detection (LOD) [43]. Liquid extraction surface analysis
(LESA) and FAIMS were integrated to image proteins in mouse brain and liver tissue
samples [44]. FAIMS has also been coupled with paper spray (PS) to obtain metabo-
lomic and liposome characteristics in breast tissues [45]. Olajide et al. coupled PS and
leaf spray (LS) to DTIMS for the separation of geometric and constitutional isomers
[39]. Furthermore, the PS-IM-MS/MS developed by Olajide et al. was utilized to
distinguish five Bacillus species and seven E. coli strains [4, 20].

3.4 Tandem ion mobility (IMS/IMS)

The coupling of multiple ion mobility cells allows low-intensity features to be
detected. Tandem ion mobility separations have been achieved either by hyphenation
of the FAIMS device with conventional ion mobility geometry or by combining ion
mobility cells of the same geometry [14]. Examples include FAIMS-DTIMS-MS with
the FAIMS increasing the S/N ratio and the DTIMS providing accurate CCS measure-
ment [46], DTIMS-DTIMS-MS [47], and TIMS-TIMS-MS [48]. In a study on the
tryptic peptide, IMS provided a peak capacity of 60-80 while tandem IMS provided
a peak capacity of 480-1360 indicating the advantage of using tandem IMS in the
analysis of complex mixtures, especially in metabolomics, lipidomics, and proteomics
[49]. The history of tandem IM instruments, recent developments, and detailed appli-
cations to biological systems can be found in a recent review [50].
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4. High-resolution ion mobility and new technologies

The development of high-resolution IMS (HRIMS) has emerged as a solution to
the low resolving power of conventional IM techniques (~60), which limits the sepa-
ration of difficult isomers such as cis/trans. Achieving a resolving power of at least
300 is considered essential for effectively resolving such challenging isomers [51].
HRIMS involves advancements in technology and techniques to improve the separa-
tion and characterization of ions in complex samples. This is particularly important
as samples become more complex and require more precise separation methods [52].
IMS platforms that offer high resolving power include Waters’ cyclic ion mobility
spectrometry (cIMS), MOBILion Systems’ SLIM device, and the previously-described
Bruker’s TIMS [10].

4.1 Cyclic ion mobility spectrometry (cIMS)

cIMS is an innovative platform that uses the TWIMS concept but has a closed-loop
design with a 98 cm path length. It is comprised of an IMS separator, ion entry, and
ion exit regions. This model utilizes opposite phases of RF voltage to adjacent plates
in the y-axis for a pseudopotential barrier and ion confinement in the z-direction.
The applied DC voltage on the “repeller” band electrodes gives ion confinement in
the x-axis and TWs in a repeated pattern are supplied to the RF electrodes to propel
ions forward which gets them separated as a function of their respective mobilities
(Figure 2). During the injection of ions, the DC bias of the array electrodes is lower
than that of the cIM electrodes, the prearray store (prior to the entrance), and the
exit array regions. During IM separation, the DC offset applied to the array electrodes
is increased to be similar to the cIM electrodes while being lower than that of the
entrance and exit regions. Then the ions are guided through the circular path using
the TW voltages applied to the cIM and array electrodes and are subsequently sepa-
rated based on their ion mobility. After the separation period, the mobility-separated
ions are ejected (towards the mass spectrometry) by lowering the DC offset of the
array electrodes with respect to that of the cIM. However, this DC offset is still higher
than the exit and postarray (after the exit). In addition, separated ions can also move

cIM electrodes

Array electrodes

cIM electrodes

Entrance

Figure 2.
cIMS instrument design. (Adapted with permission from Ref. [25], Copyright (2019) American Chemical Society,
Note: further permissions related to the material excerpted should be directed to the ACS).
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to the prearray store if needed by adjusting the voltages accordingly. In short, this
model provides a “multifunction” option for mobility selection, activation, storage,
IMS", as well as custom combinations of these functions.

Interestingly, cIMS provides a resolving power of around 80 for a single pass
while 750 for 100 passes, but also loses its transmission ion efficiency with each pass
(~2.4% per pass) [25]. Additionally, much work on cIMS has been conducted show-
ing promising separation results [53-55]. For example, Williamson et al. utilized
mass distribution-based isotopic shift separation for the characterization of isomeric
species and conformers with very good reproducibility [56]. Harrison et al. reported
the use of cIMS coupled with a temperature-controlled electrospray ionization source
to analyze large biomolecular systems, temperature-induced protein aggregation, and
oligonucleotide complexes [55]. Another study incorporated liquid extraction surface
analysis with cIMS for the analysis of intact proteins in mouse brains and rat kidneys,
increasing the number of proteins being detected with each pass using multipass
experiments [54].

4.2 Structures for lossless ion manipulations (SLIM)

Nearly a decade ago, SLIM platforms were developed to demonstrate their
application in high-resolution IM separation. A SLIM device consists of two parallel
boards which are fabricated using printed circuit board (PCB) technology, which is
fast and inexpensive. SLIM boards can also be fabricated using 3D printing or other
processes. Ion motion within SLIM is driven by the action of net forces caused by
the electric field (DC and/or TW) and collision with a buffer gas while efficient ion
confinement is achieved by applying a combination of high frequency (RF) and DC
“guard” voltages. The applied fields in SLIM create “an ion-pipe” in which the ions
are transmitted “losslessly” through the device (Figure 3). Therefore, the ions can
travel different paths in the SLIM by changing or removing the electric field [57]. In
addition, simulations of ion motion and the applied electric fields within the SLIM
with the choice of fields RF and DC are investigated using computational methods
such as SIMION [58, 59].

Different SLIM concepts are used for ion mobility separation based on the con-
stant field SLIM and the traveling wave SLIM (TW-SLIM). In the constant field SLIM,
the first generation of SLIM, constant DC fields (e.g. DTIMS) are used for ion motion
and ion mobility separation with a resistor divider network to establish a voltage
gradient across the electrodes and a capacitor chain for the superimposed Ref. [57].
However, the disadvantage of the constant field SLIM is the limitation of ion path

Iso-potential surface
forming an “ion pipe”

Figure 3.

The RF potentials are presented by the contour lines on the left. The central plane shows the ion confinement
region (iso-potential surface forming an “ion pipe”). The right plane represents the TW potential distribution
between two SLIM boards and the ion confinement region. (Adapted with permission from Ref. [57], Copyright
(2017) Royal Society of Chemistry).
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length and field strength because longer ion path lengths (e.g., 13 m) would require
extremely high voltages. In contrast, since TW-SLIM repeatedly uses the same TW
sequence across the device utilizing a low voltage (e.g., 30 V) enabling the extension
of the IM path length significantly without the need for high voltages. In addition, the
advantages of TW-SLIM include that it does not require many electronic components
(resistors and capacitors). It uses phase-shifted RF waveforms for adjacent electrodes
that are in the direction of the ion path, and segmented TW electrodes that are
interleaved [60, 61]. Recently, the TW-SLIM model has been modified to a multi-
level TW-SLIM where multiple dual-surface SLIM boards are stacked vertically, and
each level contains “ion escalators” and “ion elevators” between the SLIM levels [62].
Moreover, a resolving power of ~400 was obtained with a multilevel ion path of only
43.2m [63]. In addition, other parameters, such as plate spacing, thickness, velocity,
and amplitudes can affect the ion transfer efficiency [2, 63]. Many SLIM studies are
still being studied on improvement (i.e., the charge capacity), modification of SLIM
designs, and coupling with different MS platforms [64-67].

5. Theoretical approaches for CCS

Even though ion mobility experiments are rapid, they still have some limitations,
such as the CCS accuracy, which is affected by the calibrant mixtures available for
CCS calibration and the calibration method. Another limitation is the ability to
identify compounds in untargeted analysis when no reference CCS values are avail-
able for the specific chemical class of interest. To solve this problem, theoretical
approaches such as computational and machine-learning prediction models have been
used as alternatives. More details on different CCS prediction theoretical models were
recently summarized by Kartowikromo et al. [51].

5.1 Computational models

Computational models have been used for decades to calculate CCS values. CCS
Predictions using these models require conversion to 3-dimensional (3D) structures
to obtain all possible conformers with consideration of variables such as bond length,
and protonation/deprotonation sites [68, 69]. These conformers are then optimized
to the minimum energy, which is used to calculate the CCS values on a computa-
tional software platform, such as IMoS [70-72], MOBCAL [73, 74], and Sigma [75].
Some of the recent computational platforms are Rosetta online server that includes
everyone (ROSIE) [76], IMPACT [77], and colloidoscope [78]. The optimization of
the conformers is performed using various theoretical approaches, including density
functional theory (DFT), molecular dynamics, and molecular mechanics, while the
calculation of CCS is performed using algorithms, such as projection approximation
(PA), exact hard-sphere scattering (EHSS), and trajectory method (TM) [68]. One
of the earliest CCS prediction methods in helium gas was based on the PA algorithm
using the average projected area of a large number of orientations of the analyte [79].
Furthermore, other computational CCS calculation methods have been developed,
showing some improvement compared to the previous methods, such as superposi-
tion approximation (PSA) [80], diffuse hard-sphere scattering (DHSS) [70], and
colloidoscope TM [78]. Olajide et al. applied the IMoS TM method to structurally
characterized two conformers of verapamil based on their calculated CCS [39].
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Recently, a web application (https://rosie.graylab.jhu.edu) for CCS calculations using
the projection approximation rough circular shapes (PARCS) algorithm on ROSIE
was reported where the projection area of each atom with a nine points rough circle
was studied. However, computational approaches usually require high CPU power
(computationally intensive) to generate a whole set of compounds which can even
take days even though it can accurately calculate CCS values. In addition, it is also
prone to larger CCS errors, especially for flexible molecular structures [81].

5.2 Machine learning (ML) models

Machine learning-based models have the advantage of less time and CPU power
for predicting multiple connections with fewer errors compared to computational
methods. In fact, errors of less than 10% are obtained compared to the computational
methods. These models require a training set with data obtained from experimental
measurements and a validation dataset divided into an internal and an external data-
set [69]. In addition, molecular descriptors (MDs) are determined for the compounds
in the dataset, which are numerical values obtained from molecular structures using
mathematical algorithms, such as measured values (polarity, logP, dipole moment,
etc.) and theoretical values (constitution, geometry, physical chemistry, etc.).

These MDs are calculated or determined using computer software or programs such
as Dragon, or online databases such as Lipid Maps and the Human Metabolome
Database (HMDB) [82]. The combination of different MDs can provide a “finger-
print” for the chemical property of a compound. However, these MDs do not always
correctly reflect the features of a compound’s structure [83]. Moreover, the MDs are
preprocessed, selected, and optimized using the preferred ML algorithm. ML algo-
rithms can be divided into nonlinear and linear methods, such as regression models,
neural networks (NN), random forest (RF), or Gradient Boosting Machine (GBM)
[82]. Several ML CCS prediction models that can be used for lipidomics and metabo-
lomics studies are publicly available and are based on support vector regression

such as MetCCS [84], LipidCCS [85], AIICCS [69], CCSbase [83], etc. Bijlma et al.
were the first to present an ML-based model for predicting the CCS values for small
molecules based on the ANN algorithm (a type of NN algorithm) [86]. Subsequently,
many neural network algorithm methods and comparisons between different neural
network algorithms have been reported to be used for different omics (lipidomics,
metabolomics, and proteomics), in which some methods are publicly available such
as DeepCCS [87], DarkChem [88], AlphaPeptDeep [89], etc. Although ML models
provide fast CCS predictions with lower errors, they still have some limitations due to
the availability of databases for a variety of chemical classes, the low resolving power
of IMS instruments, and the calibration methods for more accurate experimental
CCS values.

6. Applications of IM-MS to lipidomics, metabolomics, and proteomics
6.1 Lipidomics
Lipids are structurally diverse with various isomers performing different

biological functions which has necessitated the use of IMS for their structural eluci-
dation and isomeric separation. IM-MS separates various lipid categories, with each
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category occupying a distinct m/z-drift time or (m/z-CCS) trendlines, mainly due

to their unique backbones. For instance, Sphingolipids (e.g., Cer, SM, and HexCer)
have more extended structures and longer drift times than glycerophospholipids (e.g.,
PC, PA, PE, PG, etc.) [90]. Within each category, IM-MS further separate the lipids
into classes according to their headgroups. A longer fatty acids chain in a lipid class
induces a more extended structure, and the high number of double bonds generates
abend and compact structure. In fact, there is a 1-5% reduction in drift time with
the addition of one double bond in the acyl chain of PC, PS, PE, etc. [90]. Lipid
species exist as different isomers, such as positional isomers (e.g., sn- and double-
bond positional isomers), stereoisomers (e.g., cis/trans isomers and enantiomers),
and acyl chain isomers. These different isomeric systems differ by less than 1% in
their CCS values, requiring high-resolution IM instruments for their baseline resolu-
tion [90]. Groessl et al. utilized AP-DTIMS with an IM resolving power of ~250 to
separate sn-positional isomers (PC (16:0/18:1) vs. PC (18:1/16:0)) and double-bond
positional isomers (PC(18:1(9Z2)/18:1(9Z)) vs. PC(18:1(6Z)/18:1(6Z)) through specific
adduct formations (e.g., Ag*) [9]. The Agilent DTIM-MS 6560 instrument was used
to partially distinguish cis/trans isomeric pairs (FA(18:1(9Z)) vs. FA(18:1(9E)))
while the Waters TWIM-MS enabled the separation of carotenoid cis/trans isomers,
such as cis-B-carotene and all trans-f-carotene [91, 92]. Serpentine ultralong path
with extended routing (SUPER) enabled baseline separation of cis/trans isomers of
glycerophospholipids (e.g., PC (16:1(92)/16:1(92)) vs. PC (16:1(9E)/16:1(9E))) and
partially separated the stereoisomers of sphingolipids (e.g., GlcSphingosine (d18:1)
vs. Gal-Sphingosine(d18:1)) [93]. High-resolution TIMS-MS was used to successfully
identify lipid isomers that differ in the double bond locations/geometries as well as in
the position of the acyl chain with resolving power up to ~410 [94]. A FAIMS study
showed that about 75% of triacylglycerol (TG), and PC isomers could be separated
at high electric fields, including regio-, sn-, positional, and geometric pairs [95].

In theory, if an IM resolving power of 500 and above is utilized, most lipid isomers
would be resolved [90]. Moreover, IM improves lipid identification accuracy through
the measurement of its CCS values. Several research groups have experimentally
measured lipid CCS to confidently support lipid identification. Groessl et al. [9] and
May et al. [96] acquired the CCS values of 112 and 294 lipids with DTIMS, respec-
tively covering glycerophospholipids and sphingolipids. Picache et al. developed a
curated CCS database with more than 3800 CCS values using DTIMS with 810 of
those CCS values being lipids [97]. CCS values of 244 lipids from 13 lipid classes were
acquired with TWIMS by Paglia et al. [98]. Hines et al. developed a lipid CCS database
with 148 lipids and 258 CCS values using biological samples with further expansion
in their subsequent work [99]. Hernandez-Mesa et al. measured 1080 CCS values
from 300 steroids using TWIMS [100]. The full details of these experimental CCS
measurements can be found in previous reviews [14, 90] and a summary is provided
in a review by Kartowikromo et al. [51]. The limited experimental lipid CCS values
compared to a large number of possible lipid structures have necessitated the devel-
opment of Machine Learning models for the prediction of lipid CCS values such as
LipidCCS [85].

6.2 Metabolomics and proteomics

Metabolomics is a large-scale study of metabolites, that is, small molecules
(<1500 Da) involved in cell function and various regulatory pathways.
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Biological processes often produce metabolite isomers during metabolism which com-
mon analytical methods often fail to distinguish. Hines et al. successfully determined
the nitrogen CCS values of 1425 drug or drug-like metabolites using TWIMS, resolv-
ing drug metabolites protomers such as fluoroquinolone protomers in her study [101].
DTIMS was utilized in the isomeric separation of steroid metabolites [102], isomeric
bile acid [103], and isobaric/isomeric biomarkers in newborn screening [104]. The
Zheng-Jiang Zhu group collected more than 5000 empirical metabolites CCS values
from literature to predict the CCS for more than 1.6 million small molecules thereby
improving unknown metabolites annotation in untargeted metabolomics [105].
Multiplexing strategy in DTIMS has significantly improved sensitivity in metabo-
lomics with applications such as the analysis of contaminants of emerging concerns
(CECs) in human urine samples. This study introduces the first comprehensive
database of PTCCSy, values of 148 CECs, and their metabolites collected utilizing the
Agilent 6560 platform [106]. PNNL Preprocessor, developed by the Smith group is
used for the simplification of the multiplexed data through data interpolation, demul-
tiplexing, multidimensional smoothing, and saturation repair functions [107]. Twenty
seven diverse metabolites covering a mass range of #/z 90-788 demonstrate the
suitability of DTIMS in the multiplexed mode for non-targeted metabolomics in dif-
ficult matrices [108]. TIMS has also been used successfully to analyze isomeric opioid
metabolites in human urine and does so with better precision and reproducibility than
standard multiple reaction monitoring (MRM) techniques [109]. TIMS has been used
to study human colorectal cancer utilizing metabolomics and multi-omics approaches
[110]. Traditional untargeted metabolomics studies have detailed the utility of FAIMS
in the separation and distinction of metabolites [10]. Metabolites isomer separation by
cIMS includes separation of diastereomeric pairs of enantiomeric dimers [111], char-
acterization of protomers of fluoroquinolone antibiotic residues [112], and separation
of positional isomers of Diclofenac Acyl Glucuronide [113]. Three glycol-BA isomers
(glycodeoxycholic acid (GDCA), glycochenodeoxycholic acid (GCDCA), and glycour-
sodeoxycholic acid (GUDCA) were separated by SLIM SUPER IM-MS as both their
cyclodextrin complexes and as their potassiated adducts as shown in Figure 4 [114].
The CCS values collected on IM-MS platforms including 400 metabolites (DTIMS) by
Zhou et al., more than 500 metabolites and xenobiotics (DTIMS) by Zheng et al., 417
metabolites (DTIMS) by Nichols et al., 125 metabolites (TWIMS) by Paglia et al., and
510 metabolites (TWIMS) by Nye et al., have been detailed in a recent review [14].
Protein conformers have been studied using TIMS which was used for conforma-
tional analysis of several model peptides [115]. DTIMS was utilized to measure the
gas-phase conformational populations of three proteins: ubiquitin, cytochrome c, and
myoglobin reporting over 260 helium and nitrogen cross section values for the three
proteins [116]. cIMS has been utilized to study the gas-phase stability of protein ions
and found that the native protein conformation is stable on the order of hundreds of
milliseconds [117]. The applications of DTIMS, TWIMS, FAIMS, cIMS, and TIMS for
various proteomic applications have been extensively detailed in a recent review [10].

7. Conclusion
IM-MS combines structural differentiation and mass analysis, improving peak

capacity, resolution, sensitivity, selectivity, and isomer separation. When coupled
with chromatographic separation techniques, for instance, LC-IM-MS/MS, compound
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Figure 4.

SLIM SUPER IM separation of three glycol-BA isomers. 72 m SLIM SUPER IM separation as [M + a + H + K]**
ions (left) and 85.5 m SLIM SUPER IM separation as [M + K]" ions (right), wheve M is the BA and a is the
cyclodextrin. (Adapted with permission from Ref. [114], Copyright (2018) American Chemical Society).

identification in targeted and untargeted omics analysis is improved using the
four-dimensional data (i.e., RT, CCS, m/z, MS/MS). The IM separation mechanisms,
resolution, duty cycle, and applications are thoroughly discussed for the comprehen-
sion of researchers in the selection of IM instruments suitable for their experiments in
this chapter.

Low resolution in IM-MS instruments is the major restriction for isomer separa-
tion. For instance, the CCS difference between stereoisomers and enantiomers is
less than 1% and 0.1% respectively. IM-MS instruments like DTIMS and TWIMS
have resolutions of 40-60 and can only distinguish isomers with CCS differences
in the range of 1.5-3%. The development of high-resolution IM-MS instruments
including SLIM and cIMS with resolving power above 400 has made it possible to
separate isomers with CCS difference less than 1% and can improve the develop-
ment of portable ion mobility devices, especially for on-site analysis. Experimental
CCS values are needed by machine learning models to accurately predict CCS;
hence the use of high-resolution IM instruments would improve the accuracy of
CCS prediction since challenging isomers would be separated and their CCS would
be measured accordingly. This would greatly promote the application of IM-MS
in the identification of unknown compounds. Improvements in IMS resolution,
standardization of instrument calibration (preferred calibrant ions, etc.), enhance-
ment of CCS database, development of CCS processing software, and coupling
with other separation and MS analysis strategies are all important factors that
continuously need improvement for the advancement of IM-MS and applications in
all-omics studies.
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Chapter 4

Characterization and Enumeration
of Platelet Microvesicles in Human
Platelet Concentrates by Using
Transmission Electron Microscopy
Including Electron Tomography

Josef Neumiiller, Christof Jungbauer and Thomas Wagner

Abstract

Platelet microvesicles (PMV) carry receptors and contain genetic information.
They are delivered from platelets by budding or by exocytosis of a-granules and are
able to activate leukocytes and endothelial cells, resulting in inflammatory reactions.
Therefore, the ultrastructural investigation and counting of PMV in platelet concen-
trates (PC) produced by apheresis or pooled buffy coats were investigated. High num-
bers of PMV in PC can occasionally provoke severe transfusion reactions in recipients
suffering from thrombocytopenia caused by different diseases or therapeutic
interventions. The ultrastructural investigation of PMV in PC, produced by different
manufacturing methods, can significantly contribute to their quality evaluation. PMV
was investigated and enumerated using transmission electron microscopy (TEM) on
filmed grids by the negative contrasting method and a special photomontage option
integrated with TEM. Image aspects of four areas of about 8,500 x 8,500 nm could
be sifted through. Using reference gold particles with a known concentration, added
to the sample of the PC preparation, and applied to the grid, the number of PMV/
pl of the sample could be calculated. Using morphometry, their distribution in terms
of area was determined. Visualization of single PMV in ultracentrifuged or alginate-
embedded PC samples was enabled by using electron tomography (ET).

Keywords: number of platelet microvesicles, platelet concentrates, apheresis versus
pooled PC electron tomography, negative contrast, embedding in alginate

1. Introduction

Platelet microvesicles (PMV) or platelet microparticles are able to address signals to
leukocytes and endothelial cells. For this purpose, they are equipped with receptors for
docking to these target cells but also contain genetic information in the form of small
chain RNA, able to change the function of the respective target cells [1]. PMV can
provide changes in coagulation and clot formation in platelet concentrates (PC) [2-4].
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High numbers of PMV can induce adverse transfusion reaction by binding to the sur-
face receptor PSGL, present on leucocytes, via the platelet activation molecule CD62P,
leading to PLT activation and to a liberation of inflammatory enzymes [5, 6]. A high
expression of CD40L by PMV can also be involved in the occurrence of transfusion-
related acute lung injury (TRALI) [7]. PMV are also involved in several diseases such as
rheumatoid arthritis, systemic lupus erythematosus, cancers, cardiovascular diseases,
and infections [4].

Most PMVs exhibit a wide variety of sizes. Depending on the size and subcellular
origin, they were characterized by different terms such as platelet microparticles,
microvesicles, exosomes, or ectosomes. In general, two kinds of PMV can be distin-
guished: exosomes, originating from a-granules with a size range of 50-150 nm, and
ectosomes, delivered by budding with a size of 100-1000 nm [8]. Routinely, PMV
can be enumerated by using flow cytometry [9-11], but there is a detection limit
concerning PMV > 1 um and those < 0.5 pm [12]. Nevertheless, the use of advanced
flow cytometers allows measuring smaller particles under a threshold of 0.2 pm,
but a clear discrimination between exosomes and ectosomes is not possible. Stoner
etal. [13] recently developed a highly sensitive flow cytometer for the enumeration
of PMV, to estimate size, and to demonstrate molecular characteristics of individual
extracellular vesicles [14].

Therefore, the aim of our study was to count and discriminate PMV in PC derived
from healthy human donors on the ultrastructural level by transmission electron
microscopy (TEM) including morphometric methods. The focus of this study was not
only the enumeration but also above all, the visualization of PMV at the ultrastruc-
tural level. For this purpose, we used the negative staining method on formvar/car-
bon-coated EM-grids. In addition, we characterized PMYV, encapsulated in alginate,
by ET. Furthermore, different PC manufacturing methods such as apheresis-derived
versus buffy coat-pooled PC were compared.

2. Platelet concentrates

Our investigations are focused on PLT in PC. PC belongs to biogenic drugs, which
are administered in order to treat severe bleeding disorders (thrombocytopenia).
The presence of thrombocytopenia is, according to the definition, if the PLT number
in the blood falls below 150.000/pl. Health problems for a patient occur if the PLT
count is lower than 50.000/pl, such as in hemorrhagic diathesis, thrombocytopenic
purpura, or petechiae. Dramatic bleeding episodes appear about PLT counts under
10.000/pl. In this situation, a transfusion of a PC is indicated [15, 16].

There are several reasons causing thrombocytopenia:

* Failure in the development of PLT in the bone marrow

* PLT dysfunction is associated with chronic liver failure [17]

* Inherited disorders of PLT production or function such as Glanzmann-
Thrombasthenia, Bernard—Soulier Syndrome, Gray Platelet Syndrome, Storage

Pool Disease, and Scott Syndrome [18]

* Disseminated Intravascular Coagulation [19]
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* Impaired thrombopoiesis due to tumor genesis but also after antibacterial or
antitumor chemotherapy or irradiation [20]

* Increased degradation of PLT as a consequence of bacterial and viral infections [21]

For reviews, refer to [22, 23].

Platelet concentrates are produced either by apheresis or by collecting buffy coats
from four donors. In this study, only pathogen-inactivated PCs were investigated.
This implies that the receptors at the surface of the PMV remain generally intact while
the nucleic acids inside of the particles are inactivated. Therefore, the communication
of PMV with target cells such as leucocytes and endothelial cells is certainly reduced.

Apheresis requires apheresis machines that work on the principle of zonal centrif-
ugation. In our studies, a Fenwal Baxter Amicus™ (Baxter Healthcare Corporation,
Fenwal Division, Round Lake, USA) or a Haemonetics MCS®+ 9000 Mobile Platelet
Collection System, Haemonetics Austria GmbH were used. In the Fenwal Baxter
Amicus system, plasma containing PLT is continuously separated during centrifu-
gation in a collection chamber while the other blood components are reinfused to
the donor. The advantage of this technique is a high yield of PLT and a relatively
short apheresis duration, which is less stressful for the donor. The disadvantage of
this method is the fact that the PLT remains in the collection chamber during the
whole centrifugation time, which implies a higher shear stress. With respect to the
Haemonetics MCS device, whole blood is continuously processed, but the system
changes in definite time intervals between blood collection and reinfusion of the
PLT-extracted blood components. PLT is collected in a storage chamber, which is
not subjected to centrifugation. Therefore, this processing method is milder since
the PLT are less subjected to centrifugation forces, but the apheresis duration with
the Haemonetics MCS system is significantly longer compared with the apheresis
time using the Fenwal Baxter machine, which is more stressful for the donor. Buffy
coat-derived PC is prepared in a two-step centrifugation process. In the first step,
whole blood is collected into triple bags containing a citrate buffer solution (CPD)
and centrifuged at 4000 x g for 10 min. Red blood cells and plasma are separated
from the buffy coat fraction and transferred into satellite containers. Subsequently,
buffy coats from four different donors and one bag containing either 300 ml plasma
from one of the four donors or PLT additive solution are connected by using a sterile
connection device and are pooled in one container. Subsequently, a 11 polyolefin bag
and a leukocyte reduction filter are connected. This pool is then centrifuged at 500 x
g for 8 min at 22°C. The supernatant is squeezed out immediately into the storage bag
by means of a plasma extractor.

PC are stored in gas-permeable plastic bags for five to seven days. In our experi-
ence, all manufacturing processes induced a slight PLT activation, which was partially
reversible. With lasting storage time, dead PLT caused by necrosis and apoptosis
occurs. In our experiments, the effect of storage time on the number of PMVs was
investigated. Not only PLT but also PMV were damaged, leading to single or aggre-
gated membrane fragments. There is no technique available other than transmission
electron microscopy using high magnification in combination with negative contrast
staining in order to visualize the real condition of a PC preparation.

All these manufacturing methods also lead to a deliberation of PMV, which is
increased at higher shear stress, e.g., due to centrifugation forces. As mentioned
above, high numbers of PMV may be harmful for the recipient, who is usually in a
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bad health condition. Using electron microscopical methods, the goal of our study
was to count and visualize PMV in PC, comparing different manufacturing methods.

3. Experimental design
3.1PLT donors

PC, separated from whole blood, was obtained from healthy volunteer donors.

In order to investigate the release of PMV at the Austrian Red Cross Blood Donation
Center for Vienna, Lower Austria, and Burgenland according to the Austrian regula-
tions for blood donation and after informed consent, the donors were carefully
selected and held under health surveillance. The study comprises 14 apheresis PC and
16 pooled buffy coat PC.

As mentioned above, apheresis samples were obtained using a Fenwal Baxter
Amicus cell separator (Baxter Healthcare Corporation, Fenwal Division, Round Lake,
USA), as previously described [24] or from a Haemonetics MCS®+ 9000 Mobile
Platelet Collection System, Haemonetics Austria GmbH. For a detailed description, see
the user manual “Working with the Haemonetics MCS®+ Operation Manual” [25].

Preparation of buffy coat-derived PC was carried out as previously described [26].

Pathogen inactivation was carried out using the Intercept’ " blood system (Cerus
Europe BV, Amersfoort, The Netherlands). This inactivation system uses the pso-
ralen-compound Amotosalen-HCI (Cy; Hyg CINO,) that penetrates cell and nucleus
membranes and exhibits a high affinity to nucleic acids. Subsequently, Amotosalen-
HCI binds covalently to the pyrimidine bases of nucleic acids, which were crosslinked
using UV irradiation. The inactivation capacity concerns viruses, bacteria fungi and
protozoa [27].

Samples stored in PAS2 additive solution were prepared for TEM analysis on
different days over a period of ten days. The PAS2-PLT storage solution represents a
modified Thyrode buffer providing the full functionality of PLT in PC [28].

3.2 Sample preparation

10 ml of a PC were centrifuged at 800 x g for 15 min at 20°C using a centrifuge
with a swing bucket support ring rotor (Haereus Varifuge CL, Haereus Christ, Hanau,
Germany). The PLT pellet was fixed in 0.2 M cacodylate buffer, pH 7.2, containing
2.5% glutaraldehyde (Fluka, Vienna, Austria) for 90 min at 20° C. After fixation, PLT
were washed twice by centrifugation at 800 x g for 10 min at 4°C and transferred to
2 ml Eppendorf vials (Eppendorf AG, Hamburg, Germany) 5 ml of the supernatant,
containing the PMV, was discarded and fixed for 5 min by adding of 20 ul glutaralde-
hyde (2.5%). This solution was transferred to dialysis tubes (Spectrum™ Spectra/Por 6
MW(CO 1000KkD, Fisher Scientific, Vienna, Austria) and dialyzed for 1 h against distilled
water. In this study, 5 pl of the following negative contrast solution mix was applied
to hexagonal formvar/carbon filmed grids (Electron Microscopy Sciences, Hatfield,
Pennsylvania, USA) according to Hacker et al. [29] using an appropriate modification

* 100 pl of 15 nm reference gold particles (concentration: 1,5 x 107/pl), (AURION
Immuno Gold Reagents & Accessories, Wageningen, The Netherlands)

* 200 pl 1% thulium acetate in ImM HEPES buffer, Sigma-Aldrich (Vienna,
Austria)
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* 100 pl methyl cellulose (25 centipoises, 2% in distilled water), Sigma-Aldrich
* 1400 pl ultrapure distilled water
* 200 pl of the fixed and dialyzed PC

The drop of the applied solution was allowed to dry and provided for the ultra-
structural investigation.

3.2.1 Preparation of free-floating or ultvacentrifuged PMV, encapsulated in
alginate beads

10 ml of free-floating PMV, present in the supernatant after centrifugation at 800
x g for 5 min as described above, were centrifuged again by using an Optima XL-80K
ultracentrifuge, Beckman Coulter, Inc. 250 S., Kraemer Blvd Brea, CA, USA, at
120.000 x g for 2 h. Pellets were resuspended in 0.5 ml of 2% alginate (Kelco, Rahway,
NJ, USA) in a Ca®* and Mg**-free PBS (pH 7.4). Encapsulation was initiated by drop-
ping the PLT-containing alginate suspension in a 0.2 M aqueous CaCl, solution. After
5 min of gelation, the alginate beads were transferred to 10 mL of 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.2) and incubated for 90 min at 4°C. Alternatively,
100 pl of the PLT containing pellet were directly mixed with 900 pl alginate solution
and jellified as described above. Encapsulation in alginate was performed to minimize
PLT damage during preparation after fixation and to handle them like a piece of tissue.
After washing with cacodylate buffer for 30 min, the beads were fixed again with an
aqueous solution of 1% OsO, (Fluka) for 90 min. Samples were washed again, dehy-
drated in ethanol, and embedded in Spurr epoxy resin (Fluka). Semithin sections of
300 nm as well as ultrathin sections of 60 nm thickness were performed on an ultra-
microtome (Ultracut E, Reichert-Jung, Vienna, Austria) and transferred to Hexagonal
Center-Marked Grids, 90 mesh, copper grids with PELCO, Redding, CA, USA, and
contrasted for 20 min with 0.2% OTE (Oolong Tea Extract, Nisshin EM Co. Ltd.
Tokyo, Japan) in PBS (pH 7.4) and for 5 min with 8% alkaline lead citrate (Merck).

3.3 Electron microscopy

For this study, a Tecnai-20 transmission electron microscope (FEI Company,
Eindhoven, The Netherlands) working at a maximum acceleration voltage of 200 KV
and equipped with a Lanthanhexaborid (LaBg) cathode, a eucentric goniometer
(Compostage), a panorama software (Photomontage™™) and an electron tomogra-
phy acquisition software (Xplore3D™, all from FEI company). Digital images were
acquired by using a bottom-mounted Eagle 4k CCD camera; chip size: 4,096 x 4,096
pixels (FEI Company).

Counting of PMV on filmed grids after negative contrast preparations: using the
photomontage software, four different areas on the respective grid were selected for
enumeration. Digital photos were taken and computerized at 5,000x magnification.
At this low magnification, a raster with nine subareas was preselected, each of which
was photographed successively by using an internal beam positioning device at a
magnification of 14.500x. After complete acquisition, all images were joined together
appropriately by stitching. The composed images comprised an area of approximately
18,000 x 18,000 pixels, corresponding to 8,500 x 8,500 nm. Images were analyzed
using the extended version of Adobe Photoshop 56 (Adobe Systems Software, Dublin,
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Ireland) using the manual point counting facility. In the first step, the 15 nm refer-
ence beads were counted, and in the second step, the negatively contrasted PMV
(Figure 1). The linearity of gold particle numbers in a twofold dilution series was
proofed by a calibration curve (Figure 2). The absolute number of PMV per pl was
calculated according to the formula (1):

Figure 1.

View of a composed image composed of nine single and stitched images generated by using the photomontage
software (1178011805 Pixel corresponding 8489"8507 nm,). Counted PMV are marked in magenta, whereas
counted gold reference particles are in blue.
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Figure 2.

Graphic of the linear regression analysis of 4 measurement points from a twofold dilution series, performed
according to the protocol shown in Figure 1 but without the PC sample. The graph shows a good fitting of the
measurement points to the regression line (R value = 0.97).
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counted PMV *number of counted RGP
1,5*10E +11%200.l 1)

Referring to RGP as the reference gold particles, 200 pl as the volume of the added
PC sample, and 1,5 x 10" as the gold particles per pl of the whole sample.

In addition, morphometric analysis was performed using the free available Image]
software package in randomly selected apheresis versus pooled BC samples by mea-
suring the area of PMV in the images composed by photomontage as described above,
by ringing them manually using a sensitive curser.

All data were represented and calculated by Excel worksheets. Statistical com-
parison was performed using the parameter-free Wilcoxon test with the help of the
WinSTAT for Excel software package (R. Fitch Software, Bad Krotzingen, Germany).
The comparison of the measurement data on different storage days was carried out by
the Pearson correlation using the same statistic package.

3.4 Electron tomography (ET)

The 300 nm thick semithin was coated with 10 nm colloidal gold particles on both
surfaces, functioning as fiducial markers during subsequent image alignment. Single-
axis tomography was carried out by acquisition of a tilt series at a tilt range of —65° to
+65° with an increment of 1° using a single tilt holder (FEI Company). The acquisition
of the tilt series was performed using an Eagle 4k CCD camera (FEI Company). Tilt
series data were digitally recorded automatically with the Xplore3D software (FEI
Company), which allows compensating dislocations of the region of interest during
tilting. The digital images were stored in stack files (_.mrc). Tilt series were aligned
using the 10 nm gold fiducial markers and reconstructed by means of the weighted
back projection (WBP) algorithm with the IMOD software (Boulder Laboratory for
3D Electron Microscopy of Cells, University of Colorado, USA). For 3D modeling,
the structures of interest in each slice were traced with colored contours that were
subsequently merged in the Z-axis with the help of the Amira 5.3 software (Mercury
Computer Systems, Merignac, Cedex, France).

4, Results and discussion

The most abundant extracellular vesicles in human blood are derived from PLT or
megakaryocytes, accounting for more than half of all EVs in the peripheral blood. As
mentioned above, they are able to exert positive and negative effects on human beings
[4]. In respect to PC, one can therefore assume that the majority of extracellular vesicles
are PMV. As summarized in [30], using cryo-immune electron microscopy, exosomes
with a size of 30-100 nm bear the receptor CD63, while ectosomes, sized between 100
and 1000 nm are characterized by the expression of annexin-V at the outer leaflet of
the plasma membrane, factor X and prothrombin. The intracellular origin of PMV was
shown ultrastructurally by Ponomareva et al. [31]. These authors demonstrated thata
fraction of PMV having an intracellular origin contains organelles, such as mitochon-
dria, glycogen granules, and vacuoles. These two types of PMV were also shown by
Hermida-Nogueira et al. [32] in Mirasol® pathogen-inactivated PC using TEM.

In randomly selected pellets of PC, different activation stages of PLT as well as
apoptotic PLT, can be demonstrated (Figure 3). PMV can also be observed between
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Figure 3.

PLT; collected in a centrifuged PC pellet (800%g for 10 min at 20°C). The image shows that most of the PLTs ave
slightly activated. One PLT is apoptotic (A). Numerous PMVs are visible (arvows), and one of them (I) sticks
already inside of the Open Canalicular System.

the PLT, but these are occasionally hard to distinguish from small cross-sectioned
filopodia of activated PLT. It is important to note that strongly activated PLTs lose
their discoid shape, become amoeboid, and release the contents of their a-granules.
Slightly activated PLT remains in a resting stage and can return to its original shape.

Using negative contrast, our study revealed that several types of exosomes could
be found in PC. Some of them consist of cohesive aggregates composed of up to 10
single vesicles, as shown in Figure 4. In this respect, we were interested in whether
there is a differentiation in the distribution of ectosomes and exosomes in apheresis
and BC pooled PC with the help of the morphometric measurement of the area of
negatively contrasted PMV. Histograms of the two investigation groups demonstrated
a prevalence of larger PMV in apheresis samples.

4.1PMV counting

In contrast to studies using advanced flow cytometers [9-14], TEM remains the
gold standard for detection, characterization, and enumeration of extracellular
vesicles [33, 34]. The PMV counting in the negative contrast preparations revealed
a conspicuous high concentration between 8.75* 10” and 1.02* 10° per pl. This high
concentration certainly implicates significant stress for the recipient of a PC transfu-
sion. As stated by Xie et al. [7], C40L-bearing apheresis-derived PMV, stored for five
days, is able to initiate fMLP-activated PMN respiration burst, which might be relative
to TRALI. These investigations were carried out with non-pathogen-inactivated
PC. Therefore, we do not know what happens with pathogen-inactivated PC after
transfusion. Comparing the PMV counts of apheresis and pool PC, no significant dif-
ference could be found using the U-test of Mann-Whitney (p = 0.36) as well as with
the Wilcoxon test (p = 0.22). These data are of particular interest since a long-lasting
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Figure 4.
The image shows different PMV5, regarded as ectosomes (a—c), and one single PMV being an exosome. Images are
taken at high magnification (50,000-).

discussion of possible quality differences exists between the two production methods.
Apheresis PC is always produced from one donor, while pooled PC is derived from
different donors, implicating a heterogeneric expression of PLT surface molecules

of the human platelet antigens (HPA) and the human leucocyte antigens (HLA).
Therefore, only HLA- and HPA-matched apheresis PC can be used for transfusion if
histocompatibility is required. Apheresis PCs are thought to be more safe and exhibit
fewer adverse reactions than pooled PC [35-37].

In this study, also the effect of PC storage on PMV counts between 10 days has
been investigated. In contrast to pathogen-inactivated PC that can only be stored for a
maximum of 5 days, pathogen-inactivated PC allow a prolonged storage time of seven
days. Storage must be performed at room temperature in order to avoid cold-induced
storage lesions [38]. Regarding the influence of both kinds of PC preparations, there
was a significant continuous decrease in PMV with longer storage time (Pearson cor-
relation p= 0.013; Figure 5). This storage effect was more pronounced with respect to
the PMV count in apheresis PC (Pearson correlation p<0.01) (Figure 6). We assume
that higher stress for the PLT would occur under apheresis conditions, a finding sup-
ported by the observation of a higher number of ultrastructurally visible breakdown
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Figure 5.
Graphic of the linear regression analysis showing the drop-down of PMV numbers measured on different days
during storage.
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Figure 6.
Graphic of a linear regression analysis showing a more pronounced drop-down of PMV numbers measured on
different storage days, respecting only apheresis PC data.
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products in the preparations of prolonged stored PC preparations. This is a new result
since not all of the investigations cited above found clear evidence for differences
between apheresis and pooled buffy coat PC. In this respect, it is also difficult to
interpret this effect concerning the recipient of a PC transfusion.

4.2 Transmission electron microscopy of PMYV at high magnification and
morphometric analysis

At high magnification (50.000x), a majority of PMV was composed of no single
particles but was composed of up to eight subunits (Figure 4). Spot-checked morpho-
metric measurements of the area projections of PMV in the negative contrast images
showed distribution differences between apheresis and pooled buffy coat PC. Larger
PMV were found in apheresis PC (Figure 7). One interpretation for this might be that
the composed particles were more disintegrated during the processing of BC pooled
PC. In earlier studies, using electron tomography, we could show the liberation of
PMYV by PLT in the form of sack-like protrusions filled with uniform particles [39].

It is important to note that composed PMV can only be demonstrated by electron
microscopy but not flow cytometry, even if highly sensitive apparatuses are applied.

Electron tomography (ET) of alginate-encapsulated PMV pellets after ultracen-
trifugation as well as encapsulated free PMYV, allowed the visualization of PMV in
300 nm semithin sections, which we reported already in earlier publications [40, 41].
ET volumes of both methods were compared (Figure 8). In ultracentrifuged pellets,
not only PMV but also single granules and numerous breakdown products are less vis-
ible in the preparations of the PMV-containing supernatants where they are present

n=244 n=240
PMV area in nm2 Frequency Percent  Percent cumulative PMV area in nm2 Frequency Percent Percent cumulative

Oto 25000 205 86.50 86.50 Oto 25000 232 96.67 96.67
25000to 50000 17 717 93.67 25000t 50000 4 1.67 98.33
50000tc 75000 6 253 96.20 50000 to 75000 2 0.83 99.17
75000 to 100000 .84 7.05 75000 to 100000 0.00 99.17
100000 to 125000 .42 7.47 100000 to 125000 0.00 99.17
125000 to 150000 .84 98.31 125000 to 150000 0 0.00 99.17
150000 to 175000 .42 98.73 150000 to 175000 0 0.00 99.17
175000 to 200000 27 00.00 175000 to 200000 0 0.00 99.17
200000 to 225000 0 .00 00.00 200000 to 225000 1 0.42 99.58
225000 to 250000 0 .00 00.00 225000 to 250000 1 0.42 100.00

Frequency Distribution curve  —— Frequency Distribution curve —
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PMV distribution in apherese PC PMV distribution in pool PC

Figure 7.

Morphometric analysis of the projected areas in negatively contrasted samples of apheresis (n = 244) and pooled
buffy coat PC (n = 240). The measurement data are histograms showing that larger PMV predominate in
apheresis PC.
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Preparation of PMV in the supernatant of PC after removal of PLT using centrifugation at 800"g showing
exosomes in slices of ET volumes (8a and 8b). The content of the vesicles is uniformly and fine-granulated,
corresponding to their origin from PLT a-granules. 8b shows a small particle connected to a larger one. In 8¢
and d, slices of ET volumes of ultracentrifuged samples with composed ectosomes appear partially empty. In 8a,
particles and breakdown products are visible.

Figure 9.
Displays an ET model from an ectosome that can also watched as a movie. Video velated to this figure.
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in a diluted form can be found. For illustration, a single ectosome is shown as an ET
model in Figure 9 and in a related movie.

5. Conclusion

Our investigations show that transmission electron microscopy represents a pow-
erful tool for the visualization and enumeration of PMV. Above all, technical electron
microscopical devices such as photomontage and ET are very helpful in this respect.
The use of negative contrast of PMV preparations on filmed grids is a relatively
simple way to have an overlook of the quality of PC processing.

Nevertheless, the analysis of PMV after preparation including enumeration as well
as morphometry is very time-consuming, but in contrast to flow cytometric methods,
showing dot plots which are to interpret, electron microscopy allows to check “what
one sees.”

The visualization of PMV by using ET allows to understand the 3D structure of
PMV. In this respect, the encapsulation in alginate beads is an easy nursing prepara-
tion method.

As already mentioned in an earlier book chapter [39], TEM and ET are appropriate
supplementary methods to evaluate the quality of PLT in PC obtained by different
manufacturing processes.
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ET electron tomography

PC platelet concentrates
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PMV platelet microvesicles (platelet microparticles)
TEM transmission electron microscopy

TRALI Transfusion-associated Lung Injury

WBP Weighted Back Projection
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Abstract

The purpose of this work is to highlight the significance of applying scanning
electron microscopy coupled with X-ray energy dispersive (SEM-EDX) as a method of
analyzing the surface of kidney stones, to assess the antilithiatic activity of extracts from
medicinal plants, such as Saussurea costus (Falc) Lipsch. This chapter aims to showcase
the substantial application and use of electron microscopy in the field of medical
research, with particular emphasis on urinary lithiasis. Initially, we will present the
pathology of urinary lithiasis and kidney stones. We will then examine the evaluation of
kidney stones and the importance of characterizing them using various methods, includ-
ing electron microscopy. Subsequently, we will provide an overview of scanning electron
microscopy coupled to X-ray energy dispersive (SEM-EDX) and its implementation in
antilithiatic activity using the stone dissolution test built upon our previous study.

Keywords: antilithiatic activity, kidney stones, dissolution test, scanning electron
microscopy, SEM-EDX

1. Introduction

The electron microscope, a revolutionary type of microscope [1], was developed
by German physicists Ernst Ruska and Max Knoll at the University of Berlin in 1931
[2]. In 1986, Ernst Ruska was awarded the Nobel Prize in Physics for his invention
and development of the transmission electron microscope [3]. Electron microscope
use electron beams [4] to produce images with significantly higher precision and
resolution than those obtained with ordinary optical microscopes [4]. Electron
microscope are limited by the wavelength of the light, while the resolution of an
optical microscope is limited by the phenomenon of diffraction, with the size of the
details observed becoming comparable to the wavelength of the light used, resulting
in the mixing of information and blurring of fine details [5]. Electron microscopes,
on the other hand, have been specially designed to overcome this resolution con-
straint. Instead of using visible light, they use electron beams, that is, fast electrons,
as a source of radiation. One of the main benefits of electron radiation is its short
wavelength, allowing for high resolution. This means that finer details can be dis-
tinguished [5], such as transmission electron microscopy, which uses fast electrons,
usually around 100 to 200 keV, approximately equivalent to half the speed of light [5].
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Electron microscopy offers an innovative approach thanks to various components
such as an electron gun, responsible for producing the electron beam, a set of mag-
netic lenses, a scanning coil and an electron detection system [6].

The main types of electron microscopy include scanning electron microscopy
(SEM), which has made great strides in terms of resolution and flexibility, enabling us
to observe the surface of samples with nanometric resolution [7]; transmission elec-
tron microscopy (TEM), to examine the internal structure and composition of samples
at atomic resolution [8]; scanning transmission electron microscopy (STEM), which
combines the advantages of both techniques to provide high-resolution images of the
internal structure and surface of samples [9] and finally, scanning tunnel electron
microscopy (STEM), which enables the topography and surface properties of materials
to be studied at the atomic scale, allowing detailed exploration of surface structure and
characteristics [10]. All these different types of electron microscopy can be coupled
with energy dispersive X-ray (EDX) microanalysis, which provides information on the
structure and chemical composition at the atomic level of the sample being analyzed.
This makes it possible to explore the composition of samples in greater detail. Electron
microscopes can be used in many fields, including biology and biotechnology [11],
nanotechnology in the ability to manipulate and observe the nanoscale world [12],
materials chemistry, particularly for energy devices such as rechargeable batteries and
fuel cells [13], the geology of mineral deposits [14] and medical research, in particular
for accurate diagnostic assessment of kidney lesions in native medical kidney biopsies
[15]; they are also highly accurate in the field of urinary lithiasis, making it possible
to accurately determine the composition of kidney stones [16]. As medical scientific
research is our field of interest, we will focus on the scientific study of urinary lithiasis
pathology and its relationships using electron microscopy.

This chapter focuses on presenting the application and use of electron microscopy
in the context of medical research related to urinary lithiasis, and highlights the
importance of accurately determining the composition of kidney stones, as it is cru-
cial to correctly determine the type of stone to prescribe the appropriate preventive
treatment. First, we will identify and examine the pathology associated with urinary
lithiasis and kidney stones. Next, we will explore the assessment of kidney stones,
highlighting the importance of characterizing them using a variety of methods,
including electron microscopy. We will then give an overview of the scanning electron
microscope coupled to X-ray energy dispersive (SEM-EDX) and its application in the
field of urinary lithiasis, focusing on the stone dissolution test. Finally, we will look at
future developments in this field.

2. Pathology of urinary lithiasis and kidney stones
2.1 Pathophysiology of urinary lithiasis

The global prevalence of kidney disease is increasing, primarily due to factors that
contribute to its occurrence, such as urinary stones, which have become more com-
mon in the general population in recent decades [17]. It is crucial to first understand
the pathology of urinary lithiasis in this chapter, which corresponds to the formation
of kidney stones in the kidneys or urinary tract, often accompanied by severe pain
in most cases of lithiasis. Urolithiasis is a complex disease involving multiple factors
[18]. Factors that increase the likelihood of stone formation and development include
urinary pH abnormalities, such as pH >6.5, which favors alkaline precipitation and
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the presence of struvite [19]; nutritional factors, such as increased dietary intake

of oxalate [20]; environmental factors, such as climate, which are involved in the
epidemiology of urinary lithiasis [21]; age and sex in general, with a higher incidence
of urolithiasis in men over 50 and women over 40 [22] and genetic factors, with
urolithiasis induced by hereditary diseases being relatively rare [23].

This pathology occurs when crystals saturate the urine due to their high concen-
tration and begin to accumulate, crystallize and agglomerate in the renal parenchyma,
moving to other parts of the urinary tract where they can become trapped in the ure-
thra or bladder, forming kidney stones [24]. These stones follow a formation process
called lithogenesis, which takes place in several stages [25].

2.2 Urinary stones formation steps
2.2.1 Lithogenesis

The pathology of urinary lithiasis is the result of a urinary biochemical imbalance
between inhibitors and promoters of the stone-forming process known as lithogenesis
[26]. Lithogenesis is the set of processes that lead to the development and formation
of a calculus in the urinary tract [27]. It comprises various stages that are represented
in succession, and are eventually divided into seven distinct stages: urine supersatura-
tion, crystal growth, crystal aggregation, crystal agglomeration, retention of crystal-
lized particles and growth of calculus [28].

Urine supersaturation: Supersaturation occurs when the concentration of one
or more molecules or atoms dissolved in urine exceeds the maximum limit, beyond
which any new fraction of the added substance remains insoluble due to physiological
changes and physicochemical conditions.

Crystal growth: Happens when the level of urinary supersaturation level is high
enough for undissociated dissolved molecules to accumulate to form crystalline nuclei.

Crystal aggregation: This stage ensures that crystals are enlarged by the mixing of
new ions or new molecules, thus converting primitive crystals of a few tens of nano-
meters into micrometer-sized crystals.

Crystalline agglomeration: This process result in the rapid formation of large
particles, driven by electrostatic attraction forces and interactions between crystalline
nuclei and urinary macromolecules. Urinary macromolecules have the ability to bind
new crystals and form agglomerates.

Retention of crystallized particles: The crystalline particles formed during the
various phases of crystallogenesis are likely to be retained in the kidneys or urinary
tract, where they may grow to form a calculus.

Calculus growth: In the urinary tract, calculus development depends on several
factors, such as the increase in promoter concentration, which allows new crystals to
be attached, with highly variable calculus growth rates.

2.2.2 Promoters and inhibitors of lithogenesis

There is generally a balance between promoters and inhibitors of crystallization
in urine [29]. This equilibrium can be disturbed either by an excess of promoters or
by a deficit of inhibitors. The ions involved in the constitution of insoluble species
are called crystallization promoters, such as calcium, urate and cystine. Numbering
approximately ten, they very often combine in twos or threes to form a crystallizable
substance, which can occur in several crystalline species. Lithogenesis inhibitors are
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molecules that slow crystal growth. These inhibitors fall into two categories: urinary
ionic molecules, such as Zn**, Fe** and Mg*", act by forming a soluble complex with
crystallizable substances, thus reducing supersaturation. High molecular weight
inhibitors such as uropontine and bikunine act directly on the crystals by blocking the
growth sites on their surface [30].

2.3 Types of urinary calculi

The classification of urinary stones is important for medical diagnosis, as it helps
identify the primary causes of their formation to be determined, thus facilitating
the treatment of the disease [31]. For this, a morpho-constitutional analysis must be
carried out to determine the chemical composition and crystalline form of the stones,
thus revealing the specific cause of the pathology [32]. There are several types of
urinary calculi, the most common of which are oxalocalcic calculi, which account for
up to 80% of cases and can be divided into two forms: calcium oxalate dihydrate (wed-
dellite) and calcium oxalate monohydrate (whewellite) [33]. In addition, phosphate
calculi can be divided into two forms: calcium phosphates, which have a macroscopic
chalky appearance, as in the case of brushite, and ammonium-magnesium phos-
phates, of which struvite represents 20%, which are included in the category of infec-
tious lithiasis, because the presence of struvite necessarily attests to the intervention
of a ureolytic germ (Proteus or Klebsiella), which can cause urinary alkalinity to be
sufficiently high to provoke the simultaneous precipitation of ammonium and magne-
sium phosphates [19]. In addition, there are rare types of stones such as cystine stones,
which account for 1% and are present as smooth, light-yellow and waxy-looking
stones. They are caused by a genetic abnormality of the renal tubules, which leads to
reduced reabsorption of cystine by the proximal tubules, resulting in increased cystine
concentrations in the urine [34]. Another rare type is drug-induced calculi, which can
occur in patients on long-term, high-dosage treatments, such as atazanavir [35].

All these types of stones need to be identified and defined to control patient treat-
ment using urinary stone analysis methods. So, what are these methods?

3. Urinary stone analysis method

Characterizing urinary calculi requires a thorough understanding of their
chemical composition and origin, facilitating the optimal selection of treatment and
prevention strategies tailored to each individual patient. To achieve this goal, it is
crucial to analyze the structure in order to comprehend the pathological conditions
that lead to their formation. This assessment of urinary calculi involves evaluating
both their qualitative and quantitative composition [36]. As far as qualitative charac-
terization is concerned, several techniques are used to determine the physicochemical
characteristics of urinary calculi. These include chemical laboratory approaches such
as binocular loupe and scanning electron microscopy. The latter allows us to describe
the topology and surface of stones, examining both superficial and internal charac-
teristics. Various methods are used to quantitatively characterize the composition of
urinary calculi, each based on a specific principle. Infrared spectrophotometry, for
example, identifies the chemical composition of stones by analyzing the chemical
bonds between atoms, allowing for the determination of stones types. X-ray diffrac-
tion, on the other hand, provides a chemical composition analysis that focuses on
atomic proportions [37].
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3.1 Quantitative composition
3.1.1 Binocular stereomicroscope

Binocular stereomicroscope utilizes fiber optics and offers 40x magnification. It
is employed for morphological analysis of urinary calculi and to identify their mor-
phological type of calculus according to Daudon’s classification [34]. Its purpose is to
inspect the stone optically, noting its surface characteristics. He examines the surface,
including aspects such as color, texture, Randall’s spots and the possible presence
of umbilical cords. Then, after making a cross-section of the calculi using a scalpel,
he highlights the presence of the nucleus, deep layers, middle layers and peripheral
layers of the calculus. The use of this stereomicroscope is often linked to the use of the
Fourier transform infrared microscope, a quantitative technique [38]. This shows that
combining quantitative and qualitative techniques in the characterization of stones
improves the reliability and accuracy of the results obtained.

3.1.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful technique for high-resolution
imaging and for characterizing texture and local chemical composition, in other
words determining the predominant elements on the surface of massive materials,
as is the case when examining the surface structure of calculi at nanometric resolu-
tion. In this context, the imaging of pathological calcifications plays a crucial role,
in whether they manifest themselves as mesoscopic-sized calculi [38]. The capabili-
ties of scanning electron microscopy go far beyond the precise visualization of the
topology of these calcifications on a submicron scale. Indeed, scanning electron
microscopy accurately visualizes not only the topology of these submicron calcifica-
tions but also maps them chemically, thanks to coupling with energy-dispersive X-ray
spectroscopy (EDS) [39].

3.2 Qualitative composition
3.2.1 Fourier-transform infrared spectroscopy

The spectrophotometer is a physical technique for molecular analysis. It has
undergone a major evolution with the advent of Fourier transform spectrophotome-
ters (FTIR). This method is frequently utilized in nephrology departments to identify
the composition of stones by analyzing the distinct bands that indicate the bonding
types between the atoms forming the molecules of the calculus. This information
can be used to guide the patient’s diet or treatment. The operating principle is based
on the use of an infrared beam that induces a specific vibration for each molecule
exposed. These vibrations produce a spectrum whose absorption bands correspond to
the specific presence of one or more molecular bonds [40].

3.2.2 X-ray diffraction

X-ray diffraction (XRD) is a technique for characterizing crystallized materials
and is used to determine the phase composition of all urinary calculi. This technique
makes it possible to identify the crystals, in other words, just the minerals present in
the stones which is essential for classifying the type of stone [16]. X-ray diffraction
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measurements are a simple means of phase recognition. Once the diagram has been
obtained, the positions and intensities of the observed peaks are compared with those
in the database. This enables rapid verification of a synthesis result (correct crystal
phase, presence of impurities, etc.) or confirmation that a new compound has been
obtained. This technique then provides a product identity card by comparison with a
database. X-ray diffraction can also be utilized to determine the chemical composition,
as long as the phase is crystallized, and it also indicates the size of the crystal [41].

4. Overview of MEB-EDX
4.1 Principle of scanning electron microscopy

Scanning electron microscopy (SEM) has marked a significant advance in
scientific research, proving to be a powerful tool for both textural and local chemical
characterization of massive materials. Based on the interaction between electrons and
matter, the term “electron” reflects the use of electrons as probe particles. Similarly,
the use of the term “scanning” recalls that the image of the sample surface is formed
as the electron beam moves along its surface, and this image is then displayed on a
viewing screen [42]. SEM merges high-resolution imaging with an extended depth of
field, taking advantage of electrons’ short wavelengths and their ability to be focused
by electrostatic and electromagnetic lenses [2].

Scanning electron microscopy is based on the principles of electron-sample inter-
action. Samples are observed by bombarding their surface with an electron beam
generated in an electron gun. In this gun, electrons are emitted from a Joule-heated
lanthanum hexaboride filament. They are then accelerated by a potential difference
created between a cathode and an anode positioned at the center of the gun, allowing
the beam to pass through. The beam thus formed passes through several elements of the
optical column. Multiple holes are present throughout this column, and electromagnetic
lenses (condensers) enable the beam size to be adjusted and modified. By controlling
the current (in a range from 1011 to 1017 electrons per second), it becomes possible to
regulate the beam size. The lower the current is, the finer the beam size. The interaction
between the electrons in the beam and the sample occurs at a precise point, usually less
than 100 nm away. This means that certain areas of the sample can only be analyzed by
scanning with the beam. To this end, two scanning lenses (one for each plane direction)
are positioned close to a condensing lens. These scanning lenses guide the beam in both
directions, allowing for the sample’s surface to be scanned line by line. When this scan is
combined with a CRT screen, it produces an image of the sample surface [3, 43].

4.2 Energy-dispersive X-ray spectroscopy

X-rays are photons with energies ranging from 10 ev to 100 Kev, and the control of
these X-rays depends on the precision of a target with a medium-energy electron. The
energy-dispersive X-ray detector was developed in the 1960s, primarily for nuclear
purposes, but its adaptation to SEM analysis around 1970 was extremely effective and
has since become an essential tool in various applications, from production environ-
ments to cutting-edge research laboratories. Energy- and wavelength-dispersive X-ray
spectroscopy involves the emission of X-rays and their interaction with the sample, to
analyze the chemical elemental properties of the sample, whether organic or inor-
ganic, as a function of the energy and wavelength of the dispersed X-rays [44, 45].
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Scanning electron microscopy (SEM) was used to examine the surface of the stone
and energy dispersive X-ray (EDX) spectroscopy was used to identify all the sample
atomic elements. However, one approach is to merge these two methods to character-
ize urinary calculi, particularly in the context of lithiasis research. This approach
focuses on studying the anti-lithiasis properties of medicinal plants. Scanning
electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS)
was used to study compositional mapping. This means they examined the distribu-
tion of chemical elements in kidney stone samples. This technique makes it possible
to visualize the distribution of different elements in stones, which can help to identify
the type of stone based on its chemical composition. The combination of scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) appears
to be a relevant method for exploring the field of urinary lithiasis [16].

So, how is the SEM-EDS technique used in the context of anti-lithiasis activity?

5. Anti-lithiasis activity by dissolution test and use of SEM-EDS
5.1 General description

As mentioned earlier in this chapter, urinary lithiasis is a disease resulting from
the formation of stones in the kidneys or urinary tract, caused by a variety of fac-
tors, including anatomical, genetic and metabolic factors. Conventional treatment
of urinary lithiasis, involving a range of techniques and medications, can be complex
and have significant side effects. It is in this context that the use of medicinal plants,
or phytotherapy, has emerged as a promising alternative [33].

The world’s plant diversity offers a vast heritage, including medicinal plants
that have long been used in the traditional treatment of various pathologies,
including urinary lithiasis. These include Saussurea costus (Falc) Lipsch [46],
Herniaria hirsuta L [47] and many others. Nevertheless, the importance of scien-
tific research in the renal field lies in its ability to corroborate the beneficial effects
of these plants in the treatment of lithiasis. This involves identifying and charac-
terizing the active ingredients responsible for the therapeutic effect, determining
nontoxic doses and so on.

In this context, other work involves assessing the anti-lithiasis activity of
medicinal plant extracts, such as the urinary stone dissolution test, which consists
of monitoring the variation in stone mass (of all types) and structural modifications
before and after treatment with plants, by observing the stones using an energy-
disappearing X-ray scanning electron microscope (SEM-EDS).

5.2 Dissolution test
5.2.1 Anti-Lithiasis explovation

Once the medicinal plant has been selected according to a logical scientific
approach based on ethnobotanical surveys, and extracted using extraction techniques
such as maceration, sohxhlet and decoction, depending on the solvent involved
(water, ethanol, hexane, apolar affinity, etc.), the active ingredients are chemically
characterized using techniques such as gas chromatography coupled with mass
spectrometry (GC-MS) and high-performance liquid chromatography coupled with
mass spectrometry (HPLC-MS). Once the active ingredients have been chemically
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characterized, the transition to in vitro testing is valid and favorable for studying
antilithiasis activity, which involves the dissolution of urinary calculi.

5.2.2 Evaluation of the effect of plants on urinary calculi

The aim of the stone dissolution test is to evaluate the effect of herbal extracts
on the loss of urinary stone mass over a given period, under optimized physiological
conditions. To start the test, the initial step involves gathering urinary stones. Then,
the chemical composition of these stones was determined using Fourier transform
infrared spectroscopy (FTIR) as a qualitative method. These findings were subse-
quently validated by scanning electron microscopy coupled with energy dispersive
spectrometry (SEM-EDS) [33].

5.2.3 Protocols for dissolving urinary calculi

Setting up a dissolution protocol depends on the choice of plants and urinary
stones. For example, in our recent study, we chose aqueous and ethanolic extracts of
the plant Saussurea costus (Falc) Lipsch to target cystine-type calculi. In this study,
plant extracts at a concentration of 0.5% each were prepared in 50 ml of physiological
solution (9 g/l NaCl).

NaCl solution was used as a negative control to monitor variations in stone mass
and structure, while potassium citrate was used as a positive control. The stones were
then immersed in Erlenmeyer flasks, each containing one extract, and maintained at
a temperature of 37°C. Each sample was subjected to constant magnetic agitation at
130 rpm for 6 weeks. Throughout the experiment, the pH of the solution was mea-
sured every 7 days using a pH meter. In addition, the loss of mass of the kidney stones
was assessed by measuring their weight after drying in an oven at 40°C for 18 hours.
For further analysis, the surface of the stones was examined before and after the
experiment using scanning electron microscopy (SEM) in conjunction with energy
dispersive spectrometry (EDX). This made it possible to characterize the chemical
elements present in the stones and corroborate the results previously obtained by
infrared spectroscopy, thus confirming the composition of these cystine stones [33].

5.2.4 Dissolution test results

The results obtained from this protocol involve the use of scanning electron
microscopy coupled to energy dispersive spectrometry (SEM-EDS), and are of great
importance in the context of this chapter. The results of our recent study significantly
highlight the effect of the plant extracts studied on the dissolution of cystine kidney
stones. To confirm the interactions between plant extracts and cystine stones, changes
in crystallite morphology were monitored (Figure1).

Data from this study revealed that, prior to treatment, the composition of
cystine stones consisted mainly of carbon (C), nitrogen (N), oxygen (O) and sulfur
(S), an analysis corroborated by infrared spectra. However, after treatment with
plant extracts (aqueous and ethanolic), a new composition emerged, including
elements such as oxygen (O), nitrogen (N), sulfur (S) and chlorine (Cl), in addition
to those initially present. Similar changes were observed in Saussurea costus extracts,
where constituents shifted from carbon (C) to oxygen (O), sodium (Na), sulfur
(S) and chlorine (Cl). In the case of citrate, only carbon (C) and sulfur (S) were
detectable [33].
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Figure 1.

A )gCVystal surface visualized by SEM coupled to EDX before any treatment, B) crystal surface visualized by
SEM coupled to EDX after treatment with citrate, C) crystal surface visualized by SEM coupled to EDX after
treatment with aqueous NaCl solution, D) the surface of crystals visualized by SEM that is coupled to EDX after
treatment with the solution containing the ethanolic extract of Saussurea costus (Falc) Lipsch and E) the surface
of crystals visualized by SEM that is coupled to EDX after treatment with the solution containing the aqueous
extract of Saussurea costus (Falc) Lipsch [33].

The application of scanning electron microscopy in conjunction with energy
dispersive spectrometry analysis fully confirmed the changes in the ultrastructural
characteristics and elemental composition of the cystine stones before and after treat-
ment. These results suggest the possibility of a curative effect induced by the plant
in question, probably thanks to the presence of various compounds acting as active
principles in the plant extracts studied, although we did not observe any significant
change in mass levels in comparison with the other plant extracts used in Hannache’s
experiment [42], which showed a high dissolution percentage for the cystine stones,
indicating that our plant does indeed have a slight effect for this type of stone, but is
probably effective for another type.

6. Conclusion

In conclusion, this chapter demonstrates the significance of electron microscopy
in scientific research within the medical field. It allows for the exploration of the
effects of Saussurea costus plant extracts on urinary lithiasis and the dissolution of
cystine-type urinary calculi. This is achieved through the use of scanning electron
microscopy coupled with X-ray energy dispersive spectrometry (SEM-EDS). The
observations of variations in the surface of the stones and their composition lead to
the conclusion that there is an interaction between the extracts containing the active
ingredients and the stones.

Furthermore, scanning electron microscopy coupled with X-ray energy dispersive
spectrometry (SEM-EDS), as a qualitative and quantitative technique, has a high
potential for studying and detecting surface changes, as well as for determining the
chemical elements present in the structure of stone crystals. This technique confirms
the results of Fourier transform infrared spectroscopy as a quantitative approach.

83



Electron Microscopes, Spectroscopy and Their Applications

In brief, this technology has the potential to equal or even exceed infrared technology
in the chemical analysis of patient stones.
Conflict of interest

The authors declare no conflicts of interest.

Author details

Naima Mammate™, Salim Belchkar!, Salma Ssouni®?, Ghita el Mouhri*?
and Tarik Sqalli Houssaini"*

1 Faculty of Medicine, Laboratory of Epidemiology and Research in Health Sciences,
Pharmacy, and Dental Medicine, Sidi Mohammed Ben Abdellah University of Fez,

Morocco

2 Faculty of Medicine, Laboratory of Biochemistry, Pharmacy and Dental Medicine,
University Sidi Mohamed Ben Abdellah, Fez, Morocco

3 Higher Institute of Nursing Professions and Health Techniques of Fez/Taza,
Ministry of Health and Social Protection, Taza, Morocco

4 Department of Nephrology, Dialysis, and Transplantation, Hassan II University
Hospital, Fez, Morocco

*Address all correspondence to: naima.mammate@usmba.ac.ma

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

84



The Use of Electron Microscopy for Lithiasis Research

DOI: http://dx.doi.org/10.5772/intechopen.1003738

References

[1] Sandberg PA, Hay WW. Study of
Microfossils by Means of the Scanning
Electron Microscope. Tulsa, Oklahoma:
SEPM Society for Sedimentary Geology;
2023

[2] Freundlich MM. Origin of the electron
microscope. Science. 1963;142(3589):185-
188. DOI: 10.1126/science.142.3589.185

[3] Mestres Ventura PJ. The electron
microscope on the eve of its first
centenary. EJA. 2023;27:111-127.

DOI: 10.1126/science.142.3589.185.
Available from: https://eurjanat.com/
articles/the-electron-microscope-on-the-
eve-of-its-first-centenary

[4] Masters BR. History of the
Electron Microscope in Cell Biology.
1st ed. John Wiley & Sons, Ltd; 2009
[cited 2023 Sep 4]. Available from:
https://onlinelibrarywiley.com/
doi/10.1002/9780470015902.20021539

[5] Kociak M. Introduction a la
microscopie électronique. JDN.
2007;12:61-74. Available from: http://
www.neutron-sciences.org/10.1051/
sfn:2007006

[6] Lopez De La Rosa F,

Sanchez-Reolid R, Gémez-Sirvent JL,
Morales R, Fernandez-Caballero A. A
review on machine and deep learning
for semiconductor defect classification
in scanning electron microscope images.
Applied Sciences. 2021;11(20):9508.
Available from: https://www.mdpi.
com/2076-3417/11/20/9508

[7] Roussel LY, Stokes DJ, Gestmann I,
Darus M, Young RJ. In: Postek MT,
Newbury DE, Platek SF, Joy DC, editors.
Extreme High Resolution Scanning
electron Microscopy (XHR SEM) and
beyond. Monterey, CA; 2009. p. 73780W.

85

Available from: http://proceedings.
spiedigitallibrary.org/proceeding.
aspx?doi=10.1117/12.821826

[8] Ross FM. Opportunities

and challenges in liquid cell

electron microscopy. Sciences.
2015;350(6267):22a9886. Available from:
https://www.science.org/doi/10.1126/
science.aaa9886

[9] Ge B. Scanning transmission

electron microscopy (STEM). In:

Wang R, Wang C, Zhang H, Tao ],

Bai X, editors. Progress in Nanoscale
Characterization and Manipulation.
Singapore: Springer; 2018. pp. 205-254.
(Springer Tracts in Modern Physics; vol.
272). Available from: http://link.springer.
com/10.1007/978-981-13-0454-5_4

[10] Binnig G, Rohrer H. Scanning
tunneling microscopy. Surface Science
(North-Holland Publishing Company).
1983;126:236-244

[11] Smith D, Starborg T. Serial block
face scanning electron microscopy

in cell biology: Applications and
technology. Tissue and Cell.
2019;57:111-122. Available from: https://
linkinghub.elsevier.com/retrieve/pii/
S004081661830212X

[12] Schaming D, Remita H.
Nanotechnology: From the ancient time
to nowadays. Foundational Chemistry.
2015;17(3):187-205. Available from:
http://link.springer.com/10.1007/
s10698-015-9235-y

[13] Fan Z, Zhang L, Baumann D, Mei L,
YaoY, Duan X, et al. In situ transmission
electron microscopy for energy materials
and devices. Advanced Materials.
2019;31(33):1900608. Available

from: https://onlinelibrarywiley.com/
d0i/10.1002/adma.201900608



Electron Microscopes, Spectroscopy and Their Applications

[14] Frelinger SN, Ledvina MD, Kyle JR,
Zhao D. Scanning electron microscopy
cathodoluminescence of quartz:
Principles, techniques and applications
in ore geology. Ore Geology Reviews.
2015;65:840-852. Available from: https://
linkinghub.elsevier.com/retrieve/pii/
S0169136814002595

[15] Yamashita M, Lin MY, Hou J,

Ren KYM, Haas M. The continuing need
for electron microscopy in examination
of medical renal biopsies: Examples

in practice. Glomerular Diseases.
2021;1(3):145-159. Available from:
https://www.karger.com/Article/
FullText/516831

(16] (Porikli) Durdagi S, AHH A-J,
Yal¢in P, Bozkurt AS, Salcan S.
Morphological characterization and
phase determination of kidney stones
using X-ray diffractometer and scanning
electron microscopy. Chinese Journal of

Physics. 2023;83:379-388. Available from:

https://linkinghub.elsevier.com/retrieve/
pii/S0577907322002258

[17] Siener R. Nutrition and kidney stone
disease. Nutrients. 2021;13(6):1917.
Available from: https://www.mdpi.
com/2072-6643/13/6/1917

[18] Grases F, Costa-Bauza A, Prieto RM.
Renal lithiasis and nutrition. Nutrition
Journal. 2006;5(1):23. Available from:
http://nutritionj. biomedcentral.com/
articles/10.1186/1475-2891-5-23

[19] Mammate N, El Oumari FE,

Imtara H, Belchkar S, Benjelloun

Touimi G, Al-Zharani M, et al. Anti-
struvite, antimicrobial, and anti-
inflammatory activities of aqueous and
ethanolic extracts of Saussurea costus
(Falc) Lipsch Asteraceae. Molecules.
2023;28(2):6673. Available from: https://
www.mdpi.com/1420-3049/28/2/667

[20] Dako E, Retta N, Desse G.
Comparison of Three Sweet Potato

86

(Ipomoea batatas (L.) Lam) Varieties on
Nutritional and Anti-Nutritional Factors.
USA; 2016

[21] Wrébel G, Kuder T. The role

of selected environmental factors
and the type of work performed

on the development of urolithiasis

— A review paper. International
Journal of Occupational Medical

and Environmental Health 2019
32(6):761-775. Available from: http://
wwwjournalssystem.com/ijomeh/
The-role-of-selected-environmental-
factors-and-the-type-of-work-
performed-on-the,111685,0,2.html

[22] Temporal trends in the incidence
of kidney stone disease. Kidney
International. 2013;83(1):146-

152. Available from: https://www.
sciencedirect.com/science/article/pii/
S008525385556949

[23] Dalibon P. La lithiase urinaire, une
affection sous surveillance. Actualités
Pharmaceutiques. 2015;54(542):23-
29. Available from: https://
linkinghub.elsevier.com/retrieve/pii/
S0515370014004303

[24] Thakore P, Liang TH. Urolithiasis.
StatPearls. Treasure Island, FL; 2023.
Available from: https://www.ncbi.nlm.
nih.govbooksNBK559101.pdf.

[25] Srivastava A, Swain KK, ChaharV,
Bhardwaj S, Ajith N, Mete U, et al. Role of
diet and trace elements in lithogenesis of
renal calculi. Journal of Radioanalytical
Nuclear Chemistry. 2019;319(1):271-278.
Available from: http://link.springer.
com/10.1007/s10967-018-6335-x

[26] Singh P, Harris PC, Sas DJ, Lieske JC.
The genetics of kidney stone disease

and nephrocalcinosis. Nature Reviews
Nephrology. 2022;18(4):224-240.

DOI: 10.1038/s41581-021-00513-4



The Use of Electron Microscopy for Lithiasis Research

DOI: http://dx.doi.org/10.5772/intechopen.1003738

[27] Wang M, Chiu Y, Flahaut D, Jones IP,
Zhang Z. Secondary phase area

fraction determination using SEM-

EDS quantitative mapping. Materials
Characterization. 2020;167:110506.
Available from: https://linkinghub.
elsevier.com/retrieve/pii/
5104458032031977X

[28] Miller NL, Evan AP, Lingeman JE.
Pathogenesis of renal calculi.

Urologic Clinics of North America.
2007;34(3):295-313. Available from:
https://linkinghub.elsevier.com/retrieve/
pii/S0094014307000468

[29] Cochat P, Bacchetta J, Sabot JF,
Bertholet-Thomas A, Deméde D. Lithiase
urinaire de l'enfant. Journal de Pédiatrie
et de Puériculture. 2012;25(5):255-

268. Available from: https://
linkinghub.elsevier.com/retrieve/pii/
S0987798312001065

[30] Daudon M, Traxer O, Lechevallier E,
Saussine C. La lithogenése. Progrés en
Urologie. 2008;18(12):815-827. Available
from: https://linkinghub.elsevier.com/
retrieve/pii/S1166708708003904

[31] Bazin D, Daudon M, Chevallier P,
Rouziere S, Elkaim E, Thiaudiere D,
etal. Les techniques de rayonnement
synchrotron au service de la
caractérisation dobjets biologiques :
un exemple d’application, les calculs

rénaux. Annales de Biologie Clinique.
2006;2006:64

[32] El Habbani R, Chagroune A, Sqalli
Houssaini T, Arrayhani M, El Ammari J,
Dami F, et al. Etude épidémiologique sur
les calculs urinaires dans la région de Fés
et sur le risque de récidive. Progres en
Urologie. 2016;26(5):287-294. Available
from: https://linkinghub.elsevier.com/
retrieve/pii/S1166708716000294

[33] Mammate N, El Oumari FE,
Imtara H, Belchkar S, Lahrichi A,

87

Alqgahtani AS, et al. Antioxidant and
anti-urolithiatic activity of aqueous and
ethanolic extracts from Saussurea costus
(Falc) Lispich using scanning electron
microscopy. Life. 2022;12(7):1026.
Available from: https://www.mdpi.
com/2075-1729/12/7/1026

[34] Daudon M, Jungers P, Traxer O.
Lithiase Urinaire. Paris: Lavoisier; 2012

[35] Plawecki M, Bistoquet M, Grillet PE,
Abdo N, Souweine JS, Cristol JP. Drug-
induced urinary stone of atazanavir
incidentally found in an asymptomatic
patient: A case report. Case Reports in
Urology. 2023;2023:4. Article ID 4890711.
Available from: https://www.hindawi.
com/journals/criu/2023/4890711/

[36] Singh VK, Rai PK. Kidney stone
analysis techniques and the role of major
and trace elements on their pathogenesis:
A review. Biophysical Reviews.
2014;6(3-4):291-310. DOI: 10.1007/
s12551-014-0144-4

[37] Tcheka C, Moubarik A,

Outzourhit A, Mbarki M, Benguellah BL,
Mbadcam JK, et al. Epidemiological
exploration of urinary stones. Physical
and Chemical News. 2011;61:120-127

[38] Hannache B. La lithiase urinaire :
épidémiologie, réle des éléments traces
et des plantes médicinales [Internet]
[thesis]. Paris 11; 2014. Available from:
http://www.theses.fr/2014PA114804

[39] Bougouma M, Keraghel F,
Sawadogo J, Adama K, Buess-Herman C,
Doneux T. Caractérisation physico-
chimique et électrochimique de
monocristaux de Mo0,75W0,25Se2
obtenus par croissance cristalline. 2020

[40] Paramita C, Arup C, Mukherjee AK.
Phase composition and morphological
characterization of human kidney stones
using IR spectroscopy, scanning electron
microscopy and X-ray Rietveld analysis.



Electron Microscopes, Spectroscopy and Their Applications

Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy.
2018;200:33-42. Available from: https://
www.sciencedirect.com/science/article/
pii/S1386142518303044

[41] Guinebretiére R. La diffraction
des rayons X sur des échantillons
polycristallins- 'actualité chimique -
juil.-aotit-sept.-oct. 2014 - n°
387-388-389

[42] Hannache B. La lithiase urinaire :
épidémiologie, role des éléments traces
et des plantes médicinales [These de
doctorat]. Paris 11; 2014 [cited 2023].
Available from: https://www:theses.
fr/2014PA114804

[43] Doumalin P. Microextensométrie
locale par corrélation d’images
numériques. Application aux études
micromécaniques par microscopie
électronique a balayage. Thése de
doctorat en Sciences de I'ingénieur
[physique]. Ecole Polytechnique X,
2000. En frangais. Numéro de thése:
2000EPXX0027. Identifiant pastel:
pastel-00001162

[44] Bell DC, Garratt-Reed AJ. Energy
dispersive X-ray analysis in the
electron microscope. Garland Science.
2003;2003:163

[45] Technique (ANRT) AN delaR.
Electron-probe microanalysis: x-ray
spectroscopy. Association Nationale
de la Recherche Technique (ANRT);
1987 [cited 2023 Sep 10]. Report
No.: FRNC-R--274. Available from:
http://inis.iaea.org/Search/search.
aspx?orig_q=RN:21052160

[46] Taibi K, Ait AbderrahimL,

Boussaid M, Taibi F, Achir M,

Souana K, et al. Unraveling the
ethnopharmacological potential of
medicinal plants used in Algerian
traditional medicine for urinary diseases.

88

European Journal of Integrative Medicine
[Internet]. 2021;44:101339. Available
from: https://linkinghub.elsevier.com/
retrieve/pii/S1876382021000573

[47] Idmhand E, Msanda F, Cherifi K.
Etude ethnobotanique des plantes
médicinales utilisées dans le traitement
de la lithiase urinaire dans la province de
Tarfaya (Maroc). International Journal
of Innovation and Applied Studies. Jun
2019;26(3):711-719. ISSN: 2028-9324



Chapter 6

Mass Spectrometry Analysis Using
Formalin-Fixed Paraffin-Embedded
Pathological Samples

Takuya Hiratsuka and Tatsuaki Tsuruyama

Abstract

Biomarker discovery using mass spectrometry (MS) plays a significant role in
clinical medical research. However, proteomic analysis of formalin-fixed paraffin-
embedded (FFPE) specimens using MS has been challenging because of the reduced
solubility caused by fixation, leading to crosslinking reactions among amino acid side
chains in proteins. This review presents the techniques employed for omics analysis of
FFPE specimens to identify disease-specific biomarkers.

Keywords: biomarker, pathology, formalin-fixed paraffin-embedded (FFPE), liquid
chromatography (LC), mass spectrometry imaging (MSI)

1. Introduction
1.1 Mass spectrometry (MS)

MS is a technique used to ionize molecules for measurement and determine their
mass-to-charge ratios (m/z). Metabolites, such as nucleic acids, lipids, and small mole-
cules, have been identified as biomarkers. However, there are challenges in treating them
as biomarkers, including difficulties in interpreting the amount of change. By contrast,
proteins directly reflect biomedical phenomena. For instance, increased levels of pro-
inflammatory cytokines indicate local inflammation, whereas elevated levels of specific
proteins, such as tumor markers, provide essential information about cancer progres-
sion. Changes in the protein levels of these pathologies are diagnostically significant and
offer valuable insights into disease monitoring, follow-up, and relapse prevention.

Furthermore, the ongoing development of antibody drugs targeting specific
proteins has significant implications for diagnosis and treatment selection. In recent
years, advancements in analyzer accuracy and data analysis technology have enabled
the comprehensive analysis of proteins (proteome analysis). Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) is widely used for protein identification
based on spectra. In addition, mass spectrometry imaging (MSI) has recently been
developed to identify in situ proteins in pathological lesions. In the field of clinical
MS, it is necessary to understand the methods of protein extraction, ion generation,
mass analysis algorithms, interpretation of mass spectra, pathological analysis, and
clinical data evaluation (Figure1).
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Clinical Mass specirometry

Figure 1.
Multifaceted mass spectrometry (MS) and the interconnected steps contributing to clinical MS.

1.2 Formalin-fixed paraffin-embedded (FFPE) proteomics

Protein datasets contain large amounts of information. Therefore, it is necessary to
efficiently use analytical tools to discriminate protein functions by ontology analysis
and determine whether they are metabolic enzymes, structural proteins, chaperones
or stress response, and apoptotic or proliferative proteins for data interpretation.
Network analysis of proteins and cell biological functional data will provide insights
into pathogenesis and disease development. In addition, a collection with patho-
logical tissue findings is beginning. Pathological conditions, such as hemorrhagic
necrosis, changes in cell distribution during inflammation and immune responses,
cell invasion, tumor growth, and infection, lead to changes in the concentration and
distribution of proteins in tissues. Protein distribution and location information in
pathological samples are expected to be useful biomarkers by correlating them with
histopathological findings associated with clinical findings. We have previously
reported its use in colon cancer [1], acute myocardial infarction [2-5], glioblastoma
and metastatic lung cancer [6], systemic lupus erythematosus (SLE) and its associ-
ated diseases [7-9], and malignant mesothelioma [10]. FFPE-based proteomics is a
promising method for identifying disease biomarkers.

2. Liquid chromatography-Tandem mass spectrometry (LC-MS/MS) of
formalin-fixed paraffin-embedded (FFPE) specimens

2.1Liquid chromatography-Tandem mass spectrometry (LC-MS/MS)

LC-MS/MS combines the physical separation capabilities of liquid chromatography
(LC) with the two-stage mass analysis capabilities of MS. It is a powerful tool for
analyzing proteins, allowing for the precise and sensitive detection of proteins and
peptides in FFPE samples.
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2.2 Sample preparation: Laser microdissection and proteomics

Laser microdissection (LMD) is used to precisely separate and extract specific cells
from tissue sections, allowing for the accurate isolation of lesions. LMD is currently
employed as a clinical test for cancer mutation analysis. However, this method has
limitations in obtaining sufficient amounts and quality of proteins because proteins
cannot be amplified unlike DNA. When working with specimens other than cancer
cell tissues, extracting the minimum required amount while avoiding contamination
from surrounding tissue components and the working environment becomes chal-
lenging. For instance, if a specific stain is used to identify lesions, it may interfere
with subsequent analyses, requiring careful selection.

The quality of the samples and preprocessing significantly affected the reliability
of MS omics data. Preprocessing involves extraction, purification, and digestion. In
using the serum samples, identifying low-abundance proteins (especially potential
disease biomarkers) is challenging in the presence of nonspecific, high-abundance
proteins, such as albumin [2-5]. Therefore, adequate purification using affinity
columns is necessary in some cases.

2.3 Chemistry of fixation

Formaldehyde-fixed cells and tissues become resistant to degradation, maintain-
ing their morphology during subsequent procedures, such as staining. Formaldehyde
is a simple aldehyde that can potentially interact with biological molecules, especially
proteins, through its highly reactive carbonyl group. This reactivity primarily results
from the partial positive charge on the carbonyl carbon, which attracts electron-rich
nucleophiles.

A detailed reaction mechanism between formaldehyde and amino acids is as
follows:

Step 1: Nucleophilic addition. The primary amine group in lysine (-NH,) actsasa
nucleophile. It approaches the electrophilic carbon in the carbonyl group of formalde-
hyde. The nucleophilic attack forms a tetrahedral intermediate.

Step 2: Elimination of water. This intermediate then undergoes a rearrangement,
leading to the elimination of a water molecule and forming an imine linkage as fol-
lows: Lys-NH-CH(OH)-H — Lys = NCH, + H,0.

Step 3: A further reaction with another amino group. This imine is reactive
and can undergo further reactions. A nucleophilic attack occurs when this imine
comes into proximity with an amino group from another lysine. The nucleophilic
NH, group of the second lysine attacks the imine carbon, leading to the forma-
tion of a methylene bridge (—CH,—) between the two lysine residues as follows:

Lys = NCH, + H,N-Lys — Lys-N-CH,-NH-Lys.

Recent MS studies have shown that although most of the FA crosslinks occur between
lysine or arginine residues, a significant portion of the crosslinks also includes aspara-
gine, histidine, aspartic acid, tyrosine, and glutamine residues [11, 12]. This methy-
lene bridging reaction results in an increase in molecular weight of 12 Da. However,
in MS analyses, there are instances wherein an increase of 24 Da is observed. This
suggests that a complex state may be formed wherein dimerization occurs among
imine groups; however, the details remain unclear [11].

This methylene bridging results in covalent crosslinks among protein molecules or
within the same protein molecule, stabilizing the tertiary and quaternary structures
of the protein. These crosslinks are the primary reason formaldehyde is an effective
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fixative, preserving the structural integrity of biological specimens. The methylene
bridge reaction aggregates proteins within the sample into a large cohesive mass,
creating a hydrophobic environment. Therefore, it inhibits proteolytic reactions that
require water, thereby stabilizing the bulk protein mass. Crosslinking helps preserve
cellular structures by “fixing” them, making it easier for pathologists to observe
tissues under microscopes. However, this aggregation poses challenges in identify-
ing individual protein components within the bulk, and fixed proteins can become
protease-digestion resistant, such as trypsin-digestion resistant. The specific cleavage
sites of trypsin, particularly those near lysine and arginine residues, may be ren-
dered spatially inaccessible because of methylene crosslinking using formaldehyde.
Therefore, preprocessing to enhance the digestion reaction is necessary.

2.4 Protein extraction and digestion

Trypsinization and fragmentation of this fixed protein mass necessitate a suitable
hydrophilizing and swelling process. Repeated heating and cooling cycles help break
the methylene or nonspecific bonds, diminishing the forces among structural pro-
teins, such as collagen, and facilitating digestive reactions.

The most crucial process in FFPE protein extraction is the fragmentation of
the bulk protein through sufficient physical crushing before digestion [1, 3, 11].
Figure 2 shows an example of the extraction protocol. Each microdissected sample
was suspended and crashed using an ultrasonic homogenizer in 0.1 mol/L NH,HCO;
containing 30% (v/v) CH;CN (Buffer A). The sample tubes were heated at 95°C for
90 min with shaking every 30 min. The samples were centrifuged at 10, 000 g for
1 min and cooled on ice. Trypsin and lysyl-endopeptidase were added for digestion,
and samples were incubated at 37°C overnight for tissue swelling. Then, samples were
heated at 95°C for a few minutes to deactivate trypsin. After drying, the samples were
resuspended in trifluoroacetic acid containing 2% CH;CN [1, 3]. Optionally, follow-
ing trypsin digestion, peptides are often purified to remove nonpeptide components
that could interfere with downstream analysis. This purification process involves
various techniques, including desalting, solid-phase extraction, and spin column
chromatography. However, the purification process may be omitted when the proteins
extracted from the FFPE sample are present in trace amounts [13].

2.5 Liquid chromatography (LC) and ionization

The peptide mixture was loaded onto an LC column. The peptides interacted
differently with the column material and were eluted at different times. The solvent
(mobile phase) was pumped through a column containing a stationary phase. The
components in the sample interact differently with the stationary phase, causing them
to flow through the column at different rates to separate the mixture into individual
components based on their chemical properties.

As the separated components exit the LC column, they are introduced into the mass
spectrometer and ionized through electrospray ionization (ESI) to charge the mol-
ecules so that they can be manipulated by electric fields within the mass spectrometer.

2.6 First mass filter (MS1)

The ions were then passed through the MS1, which separated them based on
their m/z values. The most common mass analyzers in LC-MS/MS are quadrupoles,
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Figure 2.
Sample preparation scheme for liquid chromatography—mass spectrometry (LC-MS).

ion traps, and time-of-flight (TOF) analyzers. In the quadrupole MS, four cylindri-
cal metal rods were arranged in a vacuum chamber at equal intervals. By applying

a DC voltage (Vy) and a high-frequency AC voltage (V; coswt; where w is the high
frequency), a rapidly changing electric field was generated in the quadrupole. The
parameters U, V, and  were adjusted so that ions within a specific range of m/z
entered a stable oscillation state, passed through the quadrupole, and reached the
detector. The ions of interest passed through the quadrupole field, whereas the others
were expelled. An ion trap system based on the quadrupole principle was recently
adopted.

The ions generated in the ionization section are accelerated by a high acceleration
voltage (10-30 kV) and fly at a constant speed through a drift region without an elec-
tric field. As the ions reached a constant flight distance, ions with lower m/z values
arrived at the detector earlier, whereas ions with higher m/z values arrived later. This
time difference can be converted into a mass difference, allowing the generation of a
mass spectrum.

2.7 Collision-induced dissociation (CID)

The ions selected by the first mass analyzer were fragmented into smaller ions
through CID in the collision cell. This process involves accelerating the ions and
colliding them with an inert gas. The resulting fragment ions varied depending on
the cleavage of the peptide bonds among the amino acids constituting the protein.
Fragment ions were named based on the position of the cleavage bond, with those
containing the N-terminus referred to as a, b, and c ions. Those containing the
C-terminus were referred to as x, y, and z ions (see the below chemical structure
formula in Figure 3; R, R,, and R; indicate alkyl groups). Because the spectrum
contains a variety of fragment ions, it is crucial to accurately distinguish these ions
and determine the amino acid sequence based on the mass differences among adjacent
homoserine ions.
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2.8 Second mass filter (MS2)

The resulting fragment ions were passed into a second mass analyzer to separate
the ions based on their m/z values. The second stage of MS was used to analyze the
fragments. The resulting spectra provided information on the amino acid sequence
of the peptide. Each step of the mass filtering, coupled with an identification method
involving two stages of mass filtering after LC, is referred to as LC-MS/MS.

2.9 Detection

Finally, the ions are detected, usually using an electron multiplier, and their
abundance is measured. This information was used to create a mass spectrum for
analysis. Peptide sequences were identified from the MS/MS spectral information and
matched against an amino acid sequence database. Proteins were deduced based on
the protein sequences to which the peptide sequences were assigned.

3. Data preprocessing

The false discovery rate (FDR) is often calculated and evaluated to assess the
reliability of an analysis. In this method, reverse sequences (decoy sequences) with
reversed amino acid sequences were intentionally included in the protein database for
identification, allowing for the determination of the number of incorrectly identified
decoy sequences. FDR is calculated as [(the number of identified decoy sequences x 2)
+ (the total number of identified sequences)]. The desired FDR discovery rate was <1%.

In MS, “shared peptide” refers to peptides shared among different proteins.
Different proteins may possess similar peptide sequences. Shared peptides are typi-
cally excluded from omics data to prevent false positive results. Furthermore, poten-
tial contaminants, such as tryptic autolysates, and worker-derived proteins, such as
keratin, may be excluded.

Additionally, a correlation analysis between samples using protein profiles
obtained from simultaneous extractions is necessary to confirm whether protein
extraction was conducted correctly according to the protocol. This analysis is crucial
because protein extraction involves multiple steps that can influence experimental
conditions. If the correlation coefficient is 0.6 or lower, it indicates a questionable
result, which might make proper comparisons among challenging samples.
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Our previous studies [3, 11] suggest that the number of identifiable proteins in
tissues is approximately 2.0 x 10°. Typically, seven to eight peptide fragments estimate
the entire protein. However, to ensure statistical reliability, some proteins may only
be identified from a single fragment and were excluded from the identified proteins.
Moreover, because these proteins are initially present in low quantities when they
emerge as biomarker candidates, they should not be ignored but rather reanalyzed or
confirmed using other methods.

Many proteins identified using FFPE samples are metabolic enzymes, chaperones,
heat shock proteins, ribosomal components, and immunoglobulins. Tissue-specific
collagen and other proteins are also included. Because of the high abundance of these
proteins, they should be excluded when considering biomarkers. Various measures
are required to prevent contamination. The inclusion of known biomarkers is essen-
tial for validating proteomic analyses. In previous reports of myocardial infarction,
biomarkers, such as troponin, were required. Confirmation of existing biomarkers is
beneficial for validating proteomic analysis. The amount of the analyzed proteins that
can be stably and simultaneously extracted include glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), commonly used as a control in western blotting. Alternatively,
tissue-specific signature proteins could be used as baselines.

3.1 Data visualization

Statistical techniques are generally used to explore biomarkers when the fold
change in abundance exceeds a reference value (e.g., 1.5 times) compared with the
control group. In the case of clinical samples, wherein abundance does not follow a
normal distribution, a volcano plot can be used with a p-value <0.05 from the non-
parametric test on the vertical axis. If a plot corresponding to one protein is far from
the others, it may be a candidate biomarker.

When separating the research subject group and the control group, it is possible to
reduce dimensionality through principal component analysis (PCA). If the number of
cases is small, this analysis can visually confirm how much the two groups are dif-
ferentiated [11]. After using PCA for dimensionality reduction of the data, a common
approach is to apply another method, such as logistic regression or support vector
machines, for classification using the principal components. In doing so, the increas-
ing or decreasing trend of each protein must be clear among groups. If a protein
consistently shows a decrease in the subject group and an increase in the control
group, and there is a significant difference between the two groups, then that protein
could be considered a potential biomarker. This can be confirmed using methods,
such as immunostaining, for the identified candidates using many cases, such as tis-
sue microarray, which increases the probability that the observation is accurate.

Additionally, by performing network analysis on large-scale protein data, it is
possible to conceive the formation of pathological conditions because of the interac-
tions between these proteins. One method for analyzing protein networks is using a
STRING program (https://string-db.org/), which has been recently utilized. When a
robust network is formed, it can provide insights into disease pathology. For example,
apoptotic inhibitor proteins may form interconnected networks in the context of
the proteins involved in cancer growth. Similarly, networks can also arise among
proteins involved in stress responses. Further analysis of these diverse networks will
facilitate a deeper understanding of disease pathogenesis. Unlike in genomic analysis,
the interactions among expressed proteins are straightforward, allowing for such
interpretations.
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4, Biomarker search

Biomarker proteins are expected to be released into the blood for testing, have suf-
ficient sensitivity and specificity, and their dynamics must be understood. For example,
creatine kinase and troponin are well-known markers of myocardial infarction; these
biomarkers are degraded within 24-48 hours and rarely retained for long periods.
Information on the localization of the candidate proteins is essential to identify a new bio-
marker. Examples of localization information include whether it is on the plasma mem-
brane or exists in intracellular organelles, the cytoplasm, the nucleus, or the extracellular
matrix. In addition, protein solubility should be determined by the amino acid composi-
tion. This includes whether the protein is hydrophilic or hydrophobic and the pH at which
the overall charge of a solute or particle is zero (isoelectric point). Finally, the analysis and
interpretation of the whole protein obtained, that is, proteomic data, are essential.

Additionally, the discovery of biomarkers related to the physical functions of
proteins in pathological tissues, such as the heart, is expected to play a significant
role in histopathological diagnosis. Combining proteomics data with immunostain-
ing and phosphotungstic acid-haemotoxylin staining has made it possible to obtain
diagnostic information with the expertise of pathologists in understanding pathology
and capturing morphological changes. The use of FFPE is a powerful approach to
the identification of protein biomarkers. However, the protocol for such an analysis
has yet to be completely standardized, and although it is feasible, further research is
needed. Nonetheless, techniques such as MSI have become possible and hold promise
for future advancements in this field.

5. Application of mass spectrometry imaging (MSI) based on time-of-
flight mass spectrometry (TOF-MS)

MSI involves sectioning, mounting on a slide glass, dehydrating, and direct matrix
deposition on tissue surfaces to promote the ionizing of peptides in tissues, that is,
matrix-assisted laser desorption/ionization (MALDI). When a laser irradiates the
surface and measures the mass spectrum at each point of the tissue, ions are generated
from the sample. Based on the obtained mass spectrum data, the spatial distribution
of various molecules can be visualized as a two-dimensional (2D) image (Figure 3).

5.1 Matrix chemistry

A matrix is a small molecule with aromatic rings (Figure 4). The reasons why
structures with aromatic rings are favored as matrices include the following:

1. Crystallization: Matrices with aromatic rings tend to form homogeneous crystals
with high reproducibility, enhancing the reproducibility and resolution in MS.

2. Strong ultraviolet (UV) absorption: Aromatic rings demonstrate strong UV
absorption because of n-n* transitions. DHB (2,5-dihydroxybenzoic acid) primarily
absorbs in the 337 nm UV range, corresponding to the emission of nitrogen lasers.

3.Rapid energy transfer: The matrix efficiently absorbs the laser energy and rapidly
transfers this energy to the analyte molecules. During this process, the energy
levels of the peptides increase, and the activation energy for ionization reactions
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Figure 4.

Scilme of matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry imaging
(MSI). Following the deposition of the matrix (DHB: 2,5-dihydroxybenzoic acid), a laser was used to ionize the
peptides, and an electric field was applied until they reached the detector. The ionized peptides were separated based
on mass-to-charge ratio (m/z) values, and the spectrum revealed a two-dimensional (2D) distribution of the peptides
within the tissues. For each laser shot, a full mass spectrum is recorded. Thus, there is a corvesponding mass spectrum for
each pixel position on the tissue. The laser in the instrument systematically vaster scans the entive tissue section. At each
vaster position (pixel), the laser desorbs and ionizes the molecules, which are then detected by the time-of-flight (TOF)
mass analyzer. The photos in Figure 4 depict the MSI of the neuron-velated nestin protein in glioblastoma tissue [6].
The number above each image vepresents the m/z values corresponding to the protein. The outline demarcates the
margin of the tissue, and the color heatmap indicates the signal intensity of the MSI. In these images, the upper portion
of the tissue shows a higher intensity, corresponding to a greater abundance in aveas with a higher tumor cell density.

decreases. The role of the matrix is to function as an energy bridge, aiding in the
ionization of the peptides. Therefore, the matrix facilitates the protonation (in
positive ion mode) or the deprotonation (in negative ion mode) of the peptide.

4.Sample protection: Matrices with aromatic rings protect the analyte molecules
from direct laser irradiation. This helps prevent the thermal decomposition of
biological molecules, such as proteins and peptides.

5.Ionization assistance: Some matrices are known to have their conjugated aromat-
ic systems involved in the ionization mechanism. For instance, they can assist in
ionization via proton transfer (Figures 5 and 6).

5.2 Preprocessing of tissue sample

A method was developed for preprocessing tissue samples. This method
involves heating the sample in acetone in an acetonitrile aqueous solution (Buffer
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Representative matrices. The matrix effectively absorbs laser light of a specific wavelength. Most matrices have
a chromophore, such as in aromatic rings, which allows the matrix to be electronically excited because of this
chemical property.
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Figure 6.

Matrix-assisted laser desorption/ionization (MALDI). This ionization method utilizes a matrix that absorbs
laser energy to generate peptide ions. In MALDI, the matrix and proteins present in the tissue ave cocrystallized.
Subsequently, during the ionization process, when the matrix is ionized and sublimated, energy is transferred
from the matrix to the coexisting peptides, vesulting in their ionization.

A, containing acetonitrile and NH,HCO;; Figure 7) and immersing it at 37°C for an

extended period to induce swelling and allow the molecules within the solid tissue to
move to the surface. This process facilitates efficient interactions between the matrix
and laser desorption/ionization, resulting in enhanced sensitivity for MSI. Acquiring
such data requires knowledge and techniques of solid-phase surface chemistry rather

Cover glass Buffer A
. o B heating N %; .
Aluminum plate Deparaffinized tissue Slide glass

Heating and swelling
In the buffer

Figure?7.

A PAP pen was used to encircle the tissue on the slide glass. After applying resin around the tissue, the slide was
immersed in buffer a. a cover glass was placed on top and secured with a bond. The slide glass was placed on an
aluminum plate and heated briefly with enough intensity to produce bubbles, ensuring buffer a to not evaporate
from the bottom. The steric structure of proteins becomes loose and fluctuates with heat fluctuations [1].
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than those of liquid-phase solutes. Evaporators of the matrix help generate homoge-
neous “mixed crystals” containing the matrix and peptides on tissue surfaces.

5.3 Matrix application

The matrix is applied to the tissue in order to assist in desorption/ionization. The
“co-crystal” of peptides and matrix is a physical state wherein the crystal lattice of the
matrix surrounds the proteins and peptides rather than a result of chemical interac-
tions. However, the specifics of this interaction are still not fully understood. The
shape and size of the crystal vary depending on factors such as the evaporation rate of
the matrix solvent, the type and concentration of the matrix used, the concentration
of the peptide, and the condition of the sample surface (which can be assessed by the
wetting angle of the matrix solution, i.e., a large angle indicates that the solvent is
repelled by the surface, suggesting low wettability or hydrophobicity of the surface).
If the sample contains connective fiber components, it may repel the matrix solution,
further influencing the outcome. This highlights the importance of the preprocessing
step for higher hydrophilicity.

Furthermore, the co-crystals must be more uniform. Techniques such as using
iMLayer (by Shimadzu Corporation, Kyoto, Japan) can achieve this. This is where the
matrix is heated in a vacuum to sublimate and deposited using an automatic deposi-
tion device.

5.4 Sample ionization

The peptide in the sample is then irradiated by a laser, leading to desorption and
ionization of molecules. An electric field accelerates the ionized molecules into a flight
tube. Larger ions take longer to travel through the tube than smaller ions. The time
difference between ions is measured and used to determine the 72/z values of the ions.
In a MALDI device, the sample stage can be designed to move relative to the terminal,
ensuring as uniform laser ionization as possible on the sample wherein mixed crystals
have formed on the surface. Electrons (e—), positive matrix ions (M+), hydrogen atoms
(H), and peptide radical species (P) are generated during the initial stages of MALDI
when using UV lasers (e.g., nitrogen lasers). The wavelength of the nitrogen laser
(337 nm) corresponds to an energy of 3.7 eV per photon. The ionization energy of a
single molecule of DHB is 8.0 eV, requiring the absorption of at least three photons.

However, when DHB forms crystals, stacking or clustering occurs, allowing the
absorption of just two photons to cover the activation energy. Following the energy
absorption, DHB is ionized on the crystal surface. Increasing the irradiation amount
of the laser causes more vaporization of the DHB ions with cluster forms. Proton
transfer reactions from the ionized DHB to non-ionized DHB occur within this
cluster. It is crucial to note that the proton is provided not from the carboxyl group of
the DHB side chain but from the hydroxyl group at the 5'-position (Figure 7) [14].

The sublimation of the DHB from the solid phase to the gas phase by photon
energy and the ionization of the peptide by proton transfer from the DHB in the gas
phase in DHB and peptide interactions are represented in Figure 8. There is a debate
as to whether the peptide is already ionized in the solid phase mixed crystal. As
aforementioned, it seems energetically favorable for ionization to occur in the solid
phase when DHB clusters accompany the peptide. However, for the ionized peptide to
begin flying to the detector, it must not react with surrounding anions and simultane-
ously be released from the sublimated DHB clusters, requiring a multistep process.
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Matrix ionization. The proton transfer is highlighted in red.
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Therefore, ionization is expected to occur at a very low probability; the ion yield
in MALDI is estimated to be approximately 10~ to 10~ in terms of the ion/neutral
ratio [15].

Another model does not assume pre-ionization of the peptide and accepts a proton
from the jionized DHB in the gas phase to ionize. Both mechanisms might occur
simultaneously. There is a debate on which mechanism is more dominant [16].

5.5 Image creation

The mass spectra from each discrete location are combined to create an image
showing the distribution of specific molecules. Functionally or in pathological condi-
tions, related proteins are expected to have spatial distributions that correlate.

5.6 Resolution

Current MSI techniques have inherent resolution limitations that restrict detailed
analysis, particularly at the microtissue or cellular level. Resolutions on the order of
10 microns have been achieved thus far, which is approximately the size of large cells,
enabling signal acquisition on a cell-by-cell basis. Ten microns corresponds to the
diameter of large epithelial cells and monocytes, and the resolution is sufficient for
histological evaluation at the tissue level, for example, cancer invasion range.

5.7 Region of interest (ROI) analysis in mass spectrometry imaging (MSI)

In pathology, immunohistochemistry is the only method to detect protein localiza-
tion within FFPE pathological specimens. This method confirms known proteins
but does not provide data on unknown proteins. In contrast, MSI possesses the
potential to comprehensively analyze proteins within tissues, paving its way as an
indispensable tool for future pathological research. Furthermore, advancements in
artificial intelligence (AI) have enabled the analysis of segmentation impressions on
histopathological specimens stained with hematoxylin and eosin, yielding findings
consistent with lesions. In pathology, by defining an ROI on images, areas, such as
the entire tumor, its background, regions with specific histological characteristics,
or around blood vessels, can be predetermined [6]. Direct comparative correlation
analysis of signal intensity between the ROI and other regions using MSI has become
feasible. This approach has realized the identification of peptide proteins specific to
lesions. Nowadays, acquiring images using virtual slides is commonplace, and various
image analysis software tools, such as HALO-AI (https://indicalab.com/halo-ai/),
come equipped with histological analysis functionalities for lesion segmentation and
correlation analysis of 2D data within image plots.
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6. Hierarchical cluster analysis in MSI

MSI provides detailed image data that reflect the abundance of each m/z at
specific coordinates on tissue samples. Essentially, this data can be represented as a
mathematical matrix, enabling the computation of signal distribution distances using
matrix operations.

One powerful analytical technique applied to this data is hierarchical cluster
analysis. This method groups observations within a dataset into a tree-like structure
called a dendrogram (Figure 9). Observations or proteins that showcase similar 2D
distribution patterns on this dendrogram are positioned close to each other. This
closeness suggests potential functional and pathological relationships between these
proteins.

Among the techniques for hierarchical cluster analysis, Ward’s method stands out.
It initially views the signal intensity value of each pixel in an image for a single m/z
as a distinct cluster. As the clustering progresses, it combines clusters to minimize
the increase in variance stemming from this integration. The primary objective is
to ensure strong cohesion within each cluster while maintaining clear distinctions
between different clusters.

When hierarchical cluster analysis is performed on the 2D plot distribution
pattern from MSI data, it is possible to identify proteins with similar spatial
distributions. A noteworthy application of this was showcased by Hiratsuka et al.,
who found a correlation between the signal distribution patterns of glial fibrillary
acidic protein (GFAP) and those of tubulin/histones in glioma [6]. GFAP, an inter-
mediate filament protein, is predominantly found in astrocytes, a specific type of
glial cell in the central nervous system. It is used in neuropathology as a diagnostic
marker to identify astrocytic cells and differentiate astrocytic tumors from other
brain tumor types. The identified correlation between GFAP and tubulin/histones
points to the possible roles these proteins play in brain tumor pathology and
development.
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Figure 9.
Peptide ionization by the transfer of a proton ion from ionized 2,5-dihydroxybenzoic acid (DHB).
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Figure 10.

Degndrogmm illustrating hierarchical clustering based on matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry imaging patterns, facilitating histopathological corvelation analysis
among proteins. The height at which two branches merge in the dendrogram represents the distance between two
data points or clusters. The similarity in the distribution pattern between A and B is greater than that between C
and D, indicating that A and B cooperate more closely in function than C and D.

Furthermore, glioblastomas exhibit frequent hemorrhaging. Research suggests
that the spatial distribution of hemoglobin subunits is closely associated with this
characteristic. This observation underscores the value of MSI data, providing invalu-
able insights into the pathological conditions and characteristics of various diseases,
such as glioblastomas (Figure 10) [6].

7. Conclusions and future perspective

MS studies of FFPE pathological specimens are expected to be powerful tools for
analyzing pathophysiology. Correlative analysis of proteins using general LC-MS
and protein abundance using MSI and histological findings can provide valuable
insights.

MSI of FFPE specimens can be combined with spatial biology methods, such
as analyzing the spatial distribution of mRNA in gene expression, enabling more
detailed pathological analysis. This approach integrates multiple data sources to build
a multimodal database that facilitates statistical analysis. Therefore, MS is expected to
become an increasingly powerful tool for identifying biomarkers.
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LC-MS/MS Liquid chromatography-tandem mass spectrometry
MALDI-TOF = Matrix-assisted laser desorption ionization time-of-flight

MS Mass spectrometry
MSI Mass spectrometry imaging
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Abstract

Trace evidence analysis is essential in criminal investigations as it provides vital
information for establishing connections between suspects and scenes. Minute
or complicated trace evidence is sometimes difficult for traditional microscopic
techniques to handle. At micro- and nanoscale, electron microscopy (EM) shows
great promise as a potent technique for characterization and visualization. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) offer
valuable insights into morphology, chemical composition, and crystalline structure
of trace evidence, enabling the identification and differentiation of similar materials.
TEM allows high-resolution examination of paint components, dirt particles, gunshot
residues (GSR), fibers, hair structures, glass shards, nano-particles, explosive materi-
als, etc. In forensic investigations, SEM is a crucial instrument, especially when it
comes to GSR analysis, which uses SEM to correlate bullets to firearms more success-
fully than visual approaches. Additionally, SEM plays a major role in the examination
of gemstones and jewelry by identifying manufactured and natural gems, analyzing
surface imperfections, and determining elemental compositions. SEM also improves
forensic inspection in non-conductive material analysis, paint and fiber analysis,
filament bulb investigations, handwriting analysis, and counterfeit detection. The
adoption of EM in forensic trace evidence analysis has potential to revolutionize the
field, offering valuable insights that were previously unattainable.

Keywords: forensic trace evidence, criminal investigations, electron microscopy (EM),
transmission electron microscopy (TEM), scanning electron microscopy (SEM)

1. Introduction

Throughout human history, crime has been a persistent aspect of society, harming
people, animals, and entire communities. It is interesting to note that great minds
focused on this mystery in the late nineteenth century, which is when the scientific
study of criminal phenomena started to gain traction. This led to the creation of the
field of forensic science, an applied discipline that is seamlessly incorporated into a
society’s legal framework and serves the dual purposes of providing justice to victims
of crime and understanding the motivations behind the actions of those who commit
it to discourage such evil deeds within the community. In the wake of the renowned
forensic scientist Sir Edmond Locard, who famously declared that “every contact
leaves a trace,” a crucial advancement in forensic science arose: the identification and
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application of trace evidence. This type of evidence plays a crucial role in forensic
analysis because it provides important information about the presence or absence of
people and things at crime scenes, illuminating the complex network of relationships
that connects the criminal act to its surroundings.

Every contact contains trace evidence, and the crucial question is how much our
scientific knowledge can identify and track these minute remnants. What is just as
important is the competence of the people using the technology; they need to be able
to predict the kinds of traces that could be found.

Scientific progress, combined with the use of a wide range of instrumental
methods, has greatly improved the ability to perform in-depth analyses of traces of
evidence. Notably, in this dynamic environment, electron microscopy technology
arises as a revolutionary instrument, providing hitherto unseen accuracy and under-
standing into the micro-scale realm of trace evidence.

The first electron microscope was invented in 1931 by Ernst Ruska and Max
Knoll, two University of Berlin physicists and electrical engineers, respectively. This
prototype was the first to demonstrate what could be done with electron microscopy,
producing a 400-power magnification [1].

Ten years later, Ruska developed a comparable but distinct method that delivered
information about the topography and composition of a sample by scanning its
surface in a rectangular pattern with a focused electron beam. In contrast to TEM, the
new scanning electron microscope’s (SEM) image was produced after the instrument
gathered and tallied the dispersed electrons.

Many believe that the introduction of the digital microscope by Japanese scientists
in 1986 transformed the field of microscopy. They devised a method for moving the
image from the microscope to a computer so that it could be examined right away.
These days, high-resolution monitors are integrated into microscopes, so viewing
images does not require an extra computer [2].

Fibers, hairs, glass shards, paint chips, soil particles, plants, insects, gunshot
residue, and more can be included in this category. By connecting these items to
certain sources or people, trace evidence analysis seeks to provide important details
for criminal investigations [3]. With its unmatched resolution and extraordinarily
high magnification powers, electron microscopy is a technological marvel when it
comes to trace evidence examination. This sophisticated technique, in contrast to
traditional optical microscopy, reduces material distortion commonly associated
with sample preparation, maintaining the integrity and fidelity of the materials
under examination. Furthermore, the use of electron microscopy makes it possible to
examine specimens at different strata and to investigate a wider depth of field. This
function plays a crucial role in revealing minute details and nuanced aspects within
the trace evidence, offering priceless insights for forensic analyses and contributing to
a thorough comprehension of the evidentiary landscape [4].

The minute number and exquisite structure of these evidential elements present
a major difficulty for laboratory analysis and research employing trace evidence. It
is now essential to use electron microscopes to address this problem. Because of the
incredibly small size and complex structure of these materials, conventional methods
may not be able to reach the precise visualization and analysis that this sophisticated
equipment enables when examining trace evidence at the micro- and nanoscales.

The study of trace evidence presents difficulties because the evidence is complex
and does not lend itself to standard microscopic procedures. These difficulties
include low resolution, complicated evidence (e.g., nanoparticles or intricate fiber
structures), and the incapacity to identify minute characteristics that are essential
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for differentiating between materials and connecting evidence to crime scenes.
Nevertheless, electron microscopy (EM), particularly scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), skillfully handles these difficul-
ties. Excellent high-resolution imaging capabilities provided by EM methods allow
the viewing of minuscule details, even at the nanoscale. Furthermore, EM enables
thorough characterization of traces, supporting material analysis, identification, and
differentiation according to elemental composition, morphology, and structure. By
facilitating the identification of minute details and minute variations between materi-
als, the improved discriminating power of EM considerably advances forensic investi-
gation by offering crucial insights into the nature and provenance of trace evidence.

In this chapter, we examine a number of situations in which the application
of electron microscopes to the examination of trace evidence provides not only
improved structural analysis but also special chances to examine characteristics
that are not accessible through conventional microscopy techniques. The utiliza-
tion of electron microscopes facilitates a comprehensive analysis at the micro- and
nanoscales, offering unmatched clarity and permitting the discovery of minuscule
structural subtleties and more minute details that were previously unobservable by
traditional microscopic methods.

The first section of the chapter covers the definitions of electron microscopes (EM)
and the essential structural elements that are present in transmission electron micro-
scopes (TEM) and scanning electron microscopes (SEM). From the second section, a
methodical investigation into the various domains in which TEM finds application is
then undertaken. The second section carefully explains the use of TEM in paint analysis,
soil analysis, gunshot residue (GSR) characterization, fiber and hair structure clarifica-
tion, glass analysis, and nanoparticle scrutiny. After that, in the third section, the story
shifts to a detailed examination of SEM applications. In particular, thorough research is
conducted into the critical role that SEM plays in GSR analysis, firearm identification,
gemstone investigation, paint and fiber analysis, and filament bulb scrutiny. The final
and last section of the chapters deals with a through summery of the key learning.

This chapter delves into the complex and subtle uses of TEM and SEM in several
fields of trace evidence analysis using a thorough scientific methodology.

1.1 Electron microscope

Currently, one of the most important tools for evaluating the surface or internal
structure is electron microscopy (EM), which has a greater resolution than light
microscopy (LM) since it creates images using an accelerated electron beam rather
than photons. Electron beams can identify tiny structures because their wavelengths
are smaller than those of visible light. To reduce electron beam scatter, conventional
electron microscopy operates at high vacuum (10-107 Pa).

Two primary types of electron microscopy techniques are employed: scanning
electron microscopy (SEM) and transmitted electron microscopy (TEM). SEM and
TEM have different principles and resolutions, and the information obtained by both
methodologies complements each other [5].

1.2 Scanning electron microscope (SEM)

Using a thermal electron source, the scanning electron microscope (SEM)
(Figure 1) projects a high-energy electron beam (100-30,000 eV) onto an object.
Through the use of lenses, the spot size is reduced to less than 10 nm to accomplish fine
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Figure 1.
Parts of scanning electron microscope [6].

imaging. Electrons generate signals for picture creation by penetrating the specimen up
to 1 pm. Using scan coil movements that change depending on the necessary magni-
fication, the SEM creates an image point by point. Signals generated by electrons are
detected by electron detectors; backscattered electrons (BSE) and secondary electrons
(SE) are employed in imaging. The degree of surface or inner sample features is deter-
mined by the electron voltage mode; greater voltages penetrate deeper and reveal more
surface information. The SEM offers a three-dimensional picture that highlights the
topography of the sample, which is influenced by the surface’s degree of inclination [7].

1.3 Transmission electron microscope (TEM)

In materials research, transmission electron microscopy (TEM) (Figure2) isa
useful instrument. It employs thermionic or field emission to release electrons from
an electron source, such as a tungsten filament or lanthanum hexaboride (LaB6), that
is linked to a high-voltage source. Upper TEM lenses shape the released electrons into
an electron probe, and they can be manipulated by applying magnetic and electro-
static fields. Condenser lenses, objective lenses, and projector lenses make up TEM
optics, which allow for variations in magnification through the manipulation of cur-
rent flow. To display images, one uses an imaging device, such as a phosphor screen.
TEM works in a low-pressure setting to improve the clarity of the electron path.
Sample grids are supported by specimen stages, while electron beams are produced
and managed by electron cannons. Electromagnetic coils are used in electron lenses
for electron path correction and focus. Electron beams are selectively filtered by aper-
tures to enhance imaging quality. The methods used for sample preparation—which
include grid deposition and fixation for biological samples—depend on the materials
and data needed [9].
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Parts of transmission electron microscope [8].

2. Sample preparations
2.1 Transmission electron microscope (TEM)
2.1.1 General preparation

Preparing the specimen for TEM visualization: In order to facilitate visualization
and produce a crisp image, the specimen to be examined under the TEM needs to go
through a certain preparation process.

* On solid materials, electrons are readily absorbed and dispersed, resulting in
poor visibility for thick specimens. For accurate and clear vision that also forms a

113



Electron Microscopes, Spectroscopy and Their Applications

crisp image, very thin specimens are used. The specimen should have a diameter
of 0.025-0.1 nm and a thickness of roughly 20-100 nm, or as small as a bacterial
cell. Thin specimens are able to preserve their inherent structure while interact-
ing with electrons in a vacuum.

The specimen is initially fixed on a plastic surface using glutaraldehyde or
osmium tetraoxide in order to obtain thin-slice specimens. These chemical
substances preserve the cell’s uniqueness while stabilizing its structure. When an
organic solvent, such as alcohol, is added, since ethanol will totally dry out the
cell, it is necessary to embed the specimen in the plastics.

After that, the specimen is permeated with unpolymerized liquid epoxy plastic,
which solidifies it into a block. This is the area where thin sections are cut with a
glass knife and an ultramicrotome, a piece of specialized equipment.

Subsequently, the material is suitably dyed (using the suitable stain) to ensure
consistent electron dispersion. After that, the thin sections are immersed in
heavy metallic substances such as uranyl acetate and lead citrate, which enable
the lean and aluminum ions to bond to the arrangements of cells. To improve
contrast, this creates an opaque coating to block the electrons on the cell
structures.

After staining, the thin pieces are put on copper grids so they can be seen.
Negative staining combined with a strong metallic element coating is the main
staining approach used for TEM viewing. The study of bacterial and viral

cell morphologies and structures is facilitated by the metallic coating’s abil-
ity to scatter electrons, which show up on the photographic film in uncoated
portions.

2.1.2 Freeze-itching treatment
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* Unlike chemical fixation, dehydration, and embedding, freeze-itching is spe-

cifically employed for the treatment of microbial cells in order to minimize the
potential risks of artifacts.

Microbial cell organelles receive a unique treatment called freeze-itching, where
the specimens are prepped with liquid nitrogen and subsequently heated at
—100°C in a vacuum chamber. This is the process when the majority of specimens
become contaminated.

The parts are then cut in liquid nitrogen at —196°C using a knife that has been
precooled. The sectioned specimen can be covered with platinum and carbon
layer-forming replicas after being heated in a high vacuum for roughly 2
minutes.

These can then be examined under a TEM, which shows the cell’s inside architec-
ture in greater detail in three dimensions. This phase of liquid nitrogen therapy is
referred to as “freeze-itching.”
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2.2 Scanning electron microscope
2.2.1 Scrubbing the specimen’s surface

It is critical to thoroughly clean the sample’s surface because it may include a range
of undesirable deposits, such as silt, dust, detritus, media elements, or other pollut-
ants, contingent upon the origin of the biological material and any experiment that
might have been carried out before the fabrication of the SEM specimen.

2.2.2 Maintaining the specimen’s stability

Fixatives are usually used for stabilization. Fixation can be accomplished through
perfusion, for instance, by employing a variety of fixatives, such as aldehydes,
osmium tetroxide, tannic acid, or thiocarbohydrazide, via microinjection, immer-
sions, or vapors.

Rinsing the specimen: Following the fixation phase, samples need to be rinsed to
get rid of extra fixative.

2.2.3 Dehydyation the specimen

It is imperative that a biological sample be dehydrated with extreme caution.
Either a graded series of acetone or ethanol is usually used for it.

2.2.4 Mounting the specimen

The samples need to be mounted on a holder that can be placed inside the
scanning electron microscope once they have been cleaned, fixed, washed, dehy-
drated, and dried according to the proper technique. Usually, the double-stick
tape is used to mount samples on metallic (aluminum) stubs. Prior to attaching
the specimen, the investigator must determine the optimal orientation for it on
the mounting stub. Reorienting the sample proves to be challenging and may
cause serious harm.

2.2.5 Coating the specimen

By transporting the charge to the ground, the coating increases the specimen’s
conductivity under the scanning electron microscope and inhibits the accumulation
of high-voltage charges on it. Usually, specimens have a thin layer of conductive
metal (such as platinum, gold-palladium, or gold) covering them, ranging from 20 to
30 nm. Since they are all conductive, metals can be used without any prior treatment.
A small layer of conductive material must be applied to the sample in order to make
all non-metals conductive. The tool used to accomplish this is known as a “sputter
coater” Argon gas and an electric field are used by the sputter coater. The sample is
putin a tiny vacuum-shielded chamber.

The atoms become positively charged when argon gas and an electric field remove
one of the atoms’ electrons.

A negatively charged gold foil then attracts the argon ions. Gold atoms are
removed from the gold foil’s surface by the argon ions. A thin layer of gold is created
on the sample’s surface as a result of these gold atoms falling and settling there.
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3. Applications of electron microscopy for trace evidence analysis
3.1 Application of transmission electron microscope

The investigation of trace evidence is greatly aided by transmission electron
microscopy (TEM), which provides in-depth information at the nanoscale, leading
to recognize and describe minuscule particles such as paint bits, fibers, and gunshot
residue. The great resolution of TEM makes it possible to determine the chemical and
elemental makeup of materials, which facilitates source identification. When it comes
to examining fibers, this technique is quite helpful as it provides crucial information
that helps connect items to crime scenes. Furthermore, TEM offers tiny details that
conventional techniques would overlook, greatly assisting forensic investigations in
the evaluation of biological trace evidence, tool marks, and counterfeit materials.

3.1.1 Paint

Forensic investigations in particular heavily rely on transmission electron micros-
copy (TEM) for paint chip examination. With the ability to give high-resolution
images of tiny paint fragments and fine-grained compositional data, TEM can help
identify pigments, binders, and layer structures, as shown in Figure 3, as well as
facilitate material characterization. This analytical method is essential for investigat-
ing trace evidence discovered at crime scenes because it provides a way to identify the
paint materials’ inorganic components with remarkable precision and clarity.

The adhesive factor of paints is an important aspect for its application on any sur-
face, especially automobile surfaces, which are exposed to a lot of environmental fac-
tors. In such cases, thermoplastic polyolefins (TPO) are mostly used as an adhesive,
but they have poor adhesive properties; to compensate for this, we use chlorinated
polyolefins, an extra layer over the TPO layer, and through observation in injection-
molded TPO samples, a rich layer of polypropylene (PP layer) is present [10], which
can be seen in Figure 4.

Figure 3.
Three layers of paint [10].
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Figure 4.
Polypropylene homo-polymer seen in paint layer under TEM [10].

A study examining paintings from the fourteenth century serves as an example
of the usefulness of TEM in analyzing the authenticity of antique paintings. In this
instance, the original layer arrangement was preserved, while TEM was used to examine
the makeup and structure of paint and base layers. Meticulously manufactured thin
micro-samples showed a vivid red paint coat and underlying layers. Major and minor
components within these layers were identified by examining individual particles using
electron diffraction. The findings showed that gypsum made up the majority of the basal
layer, with small amounts of calcite and dolomite. Notably, it was discovered that the
paint layer was made entirely of vermilion [11]. But we encounter paint samples mostly
in case of car accidents. A lot of work has gone into identifying special characteristics,
especially for primers and fillers. TEM is crucial for the assessment of their micromor-
phology because of its remarkable capacity to reveal minute features. Furthermore, pearl
luster pigments such as Iriodin and Afflair, which are mostly found in cars manufactured
in the United States and Europe, can also be examined using TEM in paint analysis [12].

Additionally, when paint samples are generated with focused ion beam technol-
ogy, TEM provides useful capabilities for imaging and identifying nanometer-sized
particles scattered throughout the surface zone of the samples. This cutting-edge
method makes it possible to see and identify particular components, such as lead-rich
particles, on a 0.5-micrometer surface area. For tasks that conventional scanning
electron microscopy (SEM) and electron probe microanalysis (EPMA) cannot do,
TEM’ high resolution and specificity make it an invaluable tool [13].

3.1.2 Soil

Soil, being a complex and dynamic material, is an essential trace evidence in
criminal investigations. Most soil particles are of a variety of sizes, ranging from
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several nanometers to several centimeters. Soil mostly acts as associative evidence
in criminal investigation helping us in determining the place from where our
person of interest has arrived or where he went. Transmission electron micros-
copy (TEM) is an indispensable tool for the accurate characterization of tiny

soil particles, particularly those with a size between a few nanometers and a few
micrometers.

The investigation of crystallographic alterations in terrestrial particles under
physicochemical and environmental factors is made easier by TEM. It is essential
to comprehend how living things, such as fungi and bacteria, alter the makeup of
soil, including the transformation of its elemental chemical forms. Current studies
highlight the usefulness of TEM in examining micrometer-scale micro aggre-
gates, offering insights into the impact of microbes on soil function. Soil near the
mining area contains a characteristic amount of the mineral present in the soil
as nanoparticles, and even in other soil profiles, trace minerals can be found in
the soil, which can generate a unique profile for the soil and point us toward the
probable source.

TEM makes it possible to qualitatively evaluate the interactions that take place
between bacteria and fungus in oregano-mineral connections, which include
biogenic structures such as bulk soil, the soil-root interface, and casts. This infor-
mation takes into account the inherent diversity of soil and aids in assessing the
state of these microorganisms at the time of sample collection [14, 15], as shown in
Figure 5.

For a thorough analysis of soil particles magnified more than 100,000 times,
transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
are also used. TEM and SEM make it possible to use methods like energy-dispersive
X-ray spectroscopy to investigate the morphology and chemical composition of
particles. These high-resolution techniques are very helpful for analysis and discrimi-
nation, greatly advancing our knowledge of pollen spores, minerals found in soil, and
fossils—all of which are pertinent to forensic soil study [17].

Rhizospheric soil
Ay

Figure 5.
Soil-microorganism interactions at hotspots of biological activity. TEM views (1-8) (soil 4): Micro-aggregation
from maize root-soil interface (1, 2) to vhizospheric soil (3-6) and to bulk soil (7, 8) [16].

118



Harnessing Electron Microscope for Trace Evidence Analysis
DOT: http://dx.doi.org/10.5772/intechopen.1004112

3.1.3 Gun shot residue (GSR)

Particles created when a firearm is discharged are referred to as gunshot
residue, cartridge discharge residue (CDR), or firearms discharge residue. The
primer and propellant combustion products will be emitted simultaneously
when a cartridge round is shot in a weapon [18]. Gunshot residues are made up of
partially and unburned materials, smoke, propellant powder, bullet primer frag-
ments, metals, grease, and lubricants from the cartridge in addition to the actual
weapon [19].

According to a scientific study, depending on the type of ammunition, gunshots
release sub-micrometer nanoparticles into the environment. About 80 to 94% of the
samples were in the nanometer size range, as shown in Figure 6.

These tiny particles—particularly gunshot residue (GSR) nanoparticles—could
linger in suspension in the atmosphere for as long as 12 hours. GSR nanoparticles are
especially significant in forensic investigations because they are more common and
persistent than bigger particles. The elemental analysis and high-resolution imaging
capabilities of transmission electron microscopy with energy-dispersive X-ray spec-
troscopy (TEM-EDS) make it an invaluable tool for the analysis of GSR nanoparticles.
Future forensic analyses depend on the detection of GSR nanoparticles [21].

TEM can recognize distinctive components that are particular to producers or
geographical areas. Gunshot residue (GSR) examination using ammunition manu-
factured in Brazil revealed that TEM provided a better comprehension of nanoscale
particles than SEM [22].

Figure 6.
TEM image of particles collected on the filter during the discharge of one round of S¢¥B ammunition. Scale
bar = 1 um. [20].
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3.1.4 Fiber

Another type of trace evidence is fiber, which includes compounds derived from
synthetic materials such as rayon and nylon as well as natural sources such as cotton
and silk. These fibers often have a major impact on assault and burglary cases. They
are useful associative evidence, and it is frequently necessary to examine their distinc-
tive architecture to determine their origins. Although scanning electron microscopy
(SEM) is the most commonly used technique for fiber analysis, transmission electron
microscopy (TEM) has also shown value in some situations.

It has been found useful where it was found that analytical TEM can be of great
application for finding mineral fibers and residues in the lung tissue of the dead,
which can be found due to occupational hazards and death due to working in poor
health-sanctioned paces [23].

Asbestos fiber has caused some major health issues over the decades, namely
asbestosis, carcinoma of the lung (LC), pleural plaques, and malignant mesothelioma
(MM). TEM has been useful in identifying it in tissue samples from lungs, which can be
useful in case of death due to this reason [23]; it is useful in the study of the orientation
of microfibrils present in wooden fiber and other forms of fibers, as shown in Figure 7.

3.1.5 Hair

In forensic science, hair follicles are mostly used to get DNA samples, which allows
for individualization. Still, these follicles conceal a more profound mystery concern-
ing the coordinated actions of neighboring cells and their complex interaction with
our nervous system. The application of the transmission electron microscope’s (TEM)
potent imaging capabilities becomes essential to revealing this hidden knowledge.
Morioka used TEM images in a noteworthy work to interpret the complex cellular
structure around hair follicles. This study adds to our understanding of this intricate

Figure 7.
TEM image of a spruce Kraft pulp fiber surface veplica showing the microfibril orientation [24].
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biological system by illuminating the previously unknown relationships and dynam-
ics within this milieu [25].

With scanning electron microscopy, the hair shaft is easily visible (SEM). But
hair coloring and hair treatments have become common in modern society, which
means that these procedures could be sources of personal traits. Such chemical
treatments leave the hair structure with characteristic damage patterns and markings.
Transmission electron microscopy (TEM) can be a useful tool for studying and char-
acterizing these effects [26]. This bleaching and coloring of hairs are very particular
to a trend in certain communities, creating a mass effect and, hence, sometimes can
also be used for racial identification, as shown in Figure 8.

As bleaching became more severe, leached proteins showed progressive oxidation.
Bleached fibers exhibited significant damage to both cuticle layers and the cortex.
Even mild bleach treatments led to extensive melanin granule degradation. Protein
oxidation primarily affected cortical intermediate filaments, rich in sulfur-containing
amino acids, notably the conversion of cystine disulfide bonds to cysteic acid. This
data reveals the detrimental impact of bleach on hair structure and proteins, particu-
larly in the cortex [28].

3.1.6 Glass

Glass is an amorphous solid used in various places of our day-to-day life, which
includes including building materials from windows to table tops, used in scientific
laboratories to our car windshields, and lastly, in our smartphones, glass has become a
very common form of trace evidence found on a crime scene.

Glass examination by a forensic scientist may be requested to reconstruct events
(e.g., to ascertain whether an exterior or interior window break occurred) or to
link an individual or item to the crime scene or a victim. The type of glass involved,
whether it is uncommon or common, how accurately it is described, and the

Control UVA 12 hr UVA 48 hr UVB 12 hr UVB 48 hr

Asian

Caucasian

Figure 8.

Co%'lventional transmission electron microscopy findings for all hair samples. Ultraviolet B (UVB) irradiation
resulted in more damage than UVA irvadiation (red arrow). All three groups exhibited similar patterns of
damage. However, the African hair exhibited weaker resistance to UV irradiation than the other groups,

and the African hair also exhibited a decreased number of cuticle layers than the other groups (ved two-way
arrow) [27].
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background information and comparisons utilized all affect how strong the forensic
scientist’s view is [29].

Glass samples’ interior microstructure, including imperfections, inclusions, and
cracks, can be seen via TEM. This data is particularly useful in identifying the origin
of glass fragments from shootings or hit-and-run incidents. To ascertain the glass’s
elemental composition, TEM can be used with energy-dispersive X-ray spectroscopy
(EDS). Through glass composition analysis, forensic investigators can establish a con-
nection between glass shards discovered at a crime scene and a specific source, like a
certain kind of window or bottle. It can also be used to study the delamination of glass
bottles, which is a reaction to storing chemicals in them, as shown in Figure 9. Using
TEM in conjunction with focused ion beam (FIB) milling, forensic scientists can do
depth profiling to determine how glass layers were deposited or modified. This can
help us learn about the origins and history of a glass sample.

3.1.7 Nanoparticles

The use of nanoparticles as trace evidence in forensic sciences has grown in recent
years as a result of improvements in analytical methods and nanotechnology. In
forensic science, nanoparticles are used as trace evidence in the following ways:

Characterization of nanoparticles: Other nanoparticles discovered at crime scenes
can be identified and characterized using reference materials. Nanoparticles are
inspected and categorized according to size, shape, and composition using methods
such as transmission electron microscopy (TEM) [31], as shown with silver and gold
nanoparticles in Figure 10.

The manufacturing and utilization of nanoparticles are both steadily rising. Thus,
the characterization of these particles is crucial for investigating their influence on
trace evidence analysis, creating a particle database with TEM that offers a reference
atlas of the different kinds of particles that might be found during trace evidence
investigations in the future. The database, which is continuously updated, includes
an image, a selected area electron diffraction (SAED) pattern, and an EDS of several

Figure 9.
TEM images of delamination particles filteved from the same vial [30].
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Figure 10.
Transmission electron microscopy (TEM) image of silver nanoparticles [32].

particles from different origins. TEM is a useful tool in forensic science trace evi-
dence studies since it may provide morphological, elemental, and internal structural
information on very minute particles that may be missed or difficult to analyze with
other microscopical techniques. This information can be used to supplement other
analytical investigations [33].

3.1.8 Explosives

Explosives are a broad category that includes both high and low explosives. They
have become powerful weapons of mass devastation that are frequently used to cover
up illicit activity by feigning unintentional explosions. Pre- and post-blast analysis
is a two-pronged strategy used by the field of forensic investigation in handling
explosion-related situations. Because samples that are thought to be explosives are
readily available, pre-blast analysis can be done rather easily. This makes it possible to
apply different chemical and analytical tests to ascertain their properties and makeup.
On the other hand, post-blast analysis poses a unique set of difficulties. In this case,
forensic specialists have the difficult duty of looking through explosion leftovers and
wreckage.

Small amounts of the explosive material, frequently in the nanoscale range, are
usually present in these residues. Because these traces are so small and scattered
throughout the debris, it is a challenging task to analyze them. In a post-blast analysis,
the use of TEM-EDX has been found successful in which shot from the air after the
blast was studied, and the type of explosive used was identified [34].

Transmission electron microscopy (TEM) has become an important tool to
overcome these obstacles. TEM has the extraordinary capacity to examine a material’s
crystalline structure at the nanoscale. This characteristic is essential for analyzing the
post-blast residue because it allows for a thorough analysis of the structural character-
istics of the explosive, which makes it easier to identify and connect it to the explo-
sion. It also helps in the study of quantum dots, which are nowadays used to identify
some common nitro base explosives [35].
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3.2 Application of scanning electron microscope

The scanning electron microscope (SEM), which provides high-resolution, three-
dimensional surface imaging, is an essential instrument in the investigation of trace
evidence. SEM is utilized in forensic applications to examine the topography and mor-
phology of trace materials. By offering fine-grained surface pictures, it facilitates the
detection of various particles such as paint fragments, dirt, and gunshot residue. SEM
is very useful for fiber analysis since it may be used to differentiate between various
fiber types depending on surface features. Highlighting minute details on surfaces and
connecting tools to particular markings helps with toolmark analysis. SEM is also used
for surface imaging of different materials, paint study, hair morphology research, and
tire tread analysis, all of which provide crucial information for forensic investigations.

3.21GSR

Gunshot residue (GSR) or firearm discharge residue (FDR) comprises particulate
matter generated during the act of discharging a firearm. These residues are com-
monly linked to components such as the primer, primer cup, propellant, projectile
(slug/shot), projectile jacket and lubricant, cartridge case, and firearm barrel.

Anand et al. [36] showed gunshot residue (GSR) constitutes a heterogeneous
assemblage of vapors emanating from the explosive components housed within the
cartridge. When a firearm is involved in a criminal incident, the dissemination of
gunshot residue (GSR) particles occurs not only through the muzzle but also through
the cylindrical apertures, ejection ports, and other orifices within the firearm struc-
ture. These particles serve as crucial forensic evidence, prompting the need for their
meticulous examination. Utilizing scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM/EDX) is a conventional method for the comprehensive
imaging and elemental analysis of gunshot residue (GSR) particles extracted from the
specimens. Regrettably, a limited scholarly inquiry has explored the detection of GSR
particles at extended distances employing SEM. Therefore, this current research intro-
duces a novel methodology designed to identify GSR particles resulting from long-
range firing. The approach involves an assessment of lead (Pb), barium (Ba), antimony
(Sb), and other trace elements on the target material via SEM analysis. In the results,
it was established that the novel method employing SEM and EDX has facilitated the
examination of specific samples spanning a range from close contact to a considerable
distance from the shooter. The results reveal the persistence of gunshot residue (GSR)
particles at extended distances, a phenomenon that traditional chemical and elemental
techniques typically fail to detect. Conclusively, the application of this method repre-
sents a significant advancement in forensic investigations, enabling the estimation of
the firing range between the target and the shooter over substantial distances. Such an
approach holds promise for enhancing the capabilities of the forensic community and
investigative agencies in resolving crimes occurring at significant distances.

Brozek-Mucha et al. [37] state that gunshot residues stemming from six distinct
pistol ammunitions were the subject of investigation. Six individuals with no habitual
firearm exposure discharged three rounds, each using a different pistol. Samples of
the resulting gunshot residues were obtained from the shooters’ hands employing
aluminum stubs affixed with black carbon adhesive tabs. These samples were sub-
sequently subjected to morphological and elemental analyses through an automated
process utilizing a scanning electron microscope integrated with an energy-dispersive
X-ray spectrometer.
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In the comparative analysis, focus was solely placed on the examination of primer
residues. The percentage of particles representing specific chemical categories relative
to the total count of detected particles was computed to determine their occurrence
frequency. Varied relationships were observed between the frequencies of particular
chemical residue occurrences for most of the studied ammunition types, as dis-
cerned through both non-statistical and non-parametric statistical methodologies
(R-Spearman and t-Kendall correlation coefficients). These statistical techniques facil-
itated the differentiation of one ammunition type from each of the other examined
types. The analyses conducted unveiled discernible dissimilarities in the occurrence
frequency defines that how many times the same component appeared in a samples
under the study. Here it is define that which chemical component appeared to be pres-
ent in various primer under study hence their occurrence frequency was determined.

Reyes et al. [38] showed that upon discharge of a firearm, a rapid release of a gaseous
cloud containing distinct particles of gunshot residue (GSR) occurs, disseminating both
forward and backward. These particles are deposited on various surfaces, including
clothing, hands, face, and hair. Furthermore, they are also inhaled, leading to retention
within the nostrils of the individual who discharged the weapon. GSRs, characterized
by specific sizes and morphologies, comprise a composite of lead, antimony, barium,
and other elemental components. Although scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS) represents a widely accepted technique
for GSR analysis, limited research has addressed samples obtained from the suspect’s
nostrils. While the analysis of residues found on the hands has been more common-
place, this study introduces a non-invasive collection device (Nasal Stub) designed for
the retrieval of GSR particles from the nostrils. Additionally, a corresponding platform
compatible with SEM-EDS has been developed. The efficacy of the Nasal Stub in collect-
ing GSR particles from nasal hairs was evaluated using four different-caliber firearms.
Nasal samples were collected at specific intervals (0, 2, 4, 6, 8, and 20 hours) post-
firing. The findings indicate that the Nasal Stub successfully retrieved GSR particles
from nasal hairs associated with all utilized firearms, even after a duration exceeding
20 hours in some instances. Consequently, it was determined that the proposed Nasal
Stub Figure 11, in conjunction with the methodology for the analysis of nasal GSR
from nose hairs via SEM-EDS, proved effective. Moreover, it was emphasized that this
approach could complement conventional GSR particle analyses, thereby reinforcing
the forensic evidence presented in legal settings, such as tribunals or courts.
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Figure 11.
GSR in nasal swab [39].
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Kara et al. [39] mention that an investigation was focused on examining variations in
the quantities of gunshot residues (GSR) collected from the shooter’s right hand using
the “swab” method. Scanning electron microscope/energy-dispersive spectroscopy
(SEM-EDS) was utilized to explore the potential correlation between these amounts and
diverse conditions, including the shooter’ skin color, various physical attributes, hand
hair density, hand size, and the presence of sweat or oiliness on the hands.

Analysis of the data revealed no significant disparity in the GSR quantities based
on the shooter’ skin color. However, discernible fluctuations in the GSR levels were
observed in relation to the shooter’ physical characteristics. These findings are antici-
pated to offer practical insights for experts engaged in GSR analysis using the swab
technique, facilitating a more comprehensive assessment of the occurrence.

Toal et al. [40], Red X Defense has introduced an automated field presumptive
lead test, utilizing a sampling pad designed to function as a red-light/green-light
indicator. This pad can subsequently undergo processing within a scanning electron
microscope (SEM) for the purpose of confirming the presence of gunshot residue
(GSR). The XCAT'’s sampling card is specifically employed to collect samples from
a suspect’s hands at the crime scene, enabling investigators to swiftly ascertain the
potential presence of lead, likely originating from primer residue. Notably, positive
outcomes can be obtained after the discharge of as few as one shot.

Furthermore, the same sampling card can be forwarded to a crime laboratory
for SEM-based GSR analysis, aligning with the procedures outlined in the ASTM
E-1588-10 Standard Guide for gunshot residue analysis by scanning electron
microscopy/energy-dispersive X-ray spectrometry. This processing method is akin
to the current utilization of tape lifts within the field. Notably, the system can detect
GSR-characteristic particles, including fused lead, barium, and antimony, as small as
0.8 microns with a resolution of 0.5 microns. This detection is achieved through the
utilization of a JEOL JSM-6480LV SEM, equipped with an Oxford Instruments INCA
EDS system featuring a 50mm” SDD detector. The system operates at 350X magnifica-
tion, with analyses conducted in both low-vacuum and high-vacuum modes, follow-
ing carbon coating via a sputter coater.

The GSR particles demonstrate stability on the sampling pad for at least 2 months
subsequent to chemical exposure, with ongoing assessments exploring their long-
term stability. The immediate actionable intelligence provided by the XCAT's pre-
sumptive result empowers law enforcement in expediting their investigations without
compromising the necessity of a confirmatory test crucial for bolstering legal and
investigative proceedings.

3.2.2 Firvearms

Scanning electron microscopy (SEM) serves as a valuable instrument for assess-
ing and comparing impressed or striated toolmarks, especially in cases concerning
rimfire and centerfire cartridge cases, as well as striated marks on bullets. Notably,
SEM provides a significantly superior depth of field compared to a light microscope,
eliminating the need for side lighting to visualize the object’s surface topography [41].

With the advances in the EM, the field of study has increased which enables to
examine the bullets and that bullets shot from the same firearm leave unique marks
related to the gun’s barrel shape. Matching these distinct marks on bullets can help
determine if they were fired from the same gun. Additionally, the firing pin on the
bullet’s cartridge case can create similar markings, providing another way to link a
bullet to a specific firearm. While optical techniques can sometimes be used to match
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bullets, they may lack the ability to reveal fine details at higher magnifications and
lack the necessary depth of focus for clear visibility [42].

SEM series possesses three key features that offer significant advantages in
comparing bullet markings: With a backscattered electron detector, the contrast of
markings can be amplified while irrelevant information like dust contamination is
suppressed. Carl Zeiss semiconductor manufacturing technology (SMT) provides a
specially designed sub-stage for comparing bullets. This sub-stage can securely hold
bullets or cartridge cases, allowing each bullet to be rotated independently for precise
matching. The capability to cut and paste images, or segments of images, facilitates
the alignment of various images to assist in the matching process.

Korda et al. [43] stated that various distinguishing marks can be identified on
cartridge cases, including impressions left by the firing pin and imprints created by
the breechblock, extractor, and ejector of the firearm. Given that intricate details in
such markings are typically situated at the bottom of impressions, the notable depth of
focus offered by the SEM presents a clear advantage over other microscopic examina-
tion techniques. Hence, the scanning electron microscope (SEM) can be effectively
utilized to directly investigate the surface topography of forensic evidence. Its signifi-
cant depth of focus and high resolutions in the emissive mode enables the detection
of crucial microstructural details that are often inaccessible using other microscopic
methods. Although not employed in this specific study, the luminescent and conduc-
tive modes of the SEM might also hold value in the field of criminalistic investigations.

Similarly, Biré et al. [44] stated that in the field of forensic medicine, the use of
scanning electron microscopy with energy-dispersive X-ray microanalysis (EDX)
offers crucial insights into the morphology of injuries and the instruments causing
them. The research conducted aims to validate the efficacy of employing scanning
electron microscopy in conjunction with X-ray microanalyzer EDX to assess the
interaction of a bullet passing through human tissue. The study involved the SEM and
EDX analysis of skin tissue samples obtained from bullet wound sites and brain tissue
from the depths of bullet wounds in cases of firearm-related injuries to the head. The
research team successfully identified the presence of light particles on the surface of
the samples and within the bullet wound canal. Analysis of these particles revealed
the presence of various elements, including Mg, Al, Si, P, S, Cl, Ca, Cu, and Zn, in
both the skin and brain tissue samples. The abundance of micro-particles was nota-
bly higher at the bullet wound site, while their presence was minimal in the deeper
regions of the wound canal. The study concludes that the utilization of scanning
electron microscopy in combination with EDX analysis represents a suitable approach
for forensic investigations of firearm-related wounds. This integrated technique
facilitates the determination of projectile parameters and allows for an approximate
estimation of the distance between the firearm and the target.

Hopkins et al. [45] stated that with 45 recorded instances of confirmed shootings
of hen harriers in the UK since the commencement of records (data unpublished,
Royal Society for the Protection of Birds), this study presents the results of a patho-
logical examination conducted on a hen harrier, wherein suspected ballistic fragments
were identified via radiographic imaging. The researchers elaborate on the application
of scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-
EDX) to verify two critical aspects: (i) the composition of a particular ballistic frag-
ment and (ii) its trajectory causing bone damage. Additionally, the authors discuss
the utilization of post-analysis software to discern potential irregularities arising from
the proprietary SEM-EDX software package. The study also addresses the broader
applications of SEM-EDX in the investigation of wildlife-related criminal activities.
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3.2.3 Gemstones and jewelry

Scanning electron microscopes (SEMs) have become fundamental instruments
within the domain of gemstone and jewelry examination, enabling thorough analyses
of diverse materials and structures. In the context of gemstone identification, SEMs
facilitate the scrutiny of both internal and external features of gemstones at amplified
magnifications, aiding gemologists in their evaluation of genuineness and caliber. These
instruments facilitate the identification of surface irregularities, inclusions, and struc-
tural imperfections that may signify origins, whether natural or synthetic, thereby aug-
menting the capability to differentiate between natural gemstones and their synthetic
counterparts. Moreover, SEMs yield significant insights into the surface morphology,
elemental composition, and crystalline arrangement of gemstones, thereby supporting
the assessment of their geological provenance and potential treatment history. In the
field of jewelry forensics, SEMs assume a critical role in examining surface coatings,
plating thickness, and material constitution, thereby contributing to the validation of
precious metals and the discernment of counterfeit jewelry. Through their capacity to
generate images of exceptional resolution and conduct elemental analyses, scanning
electron microscopes persist in innovating the exploration and evaluation of gemstones
and jewelry, safeguarding the integrity and worth of these treasured artifacts.

Cartier et al. [46] showed that by utilizing scanning electron microscopy, the
cross-sectional view of pearl nacre exposes the distinct aragonite tablets, as shown
in Figure 12. It is believed that DNA is present within the organic substance situated
amid these individual tablets.

According to Tiwari et al. [47], a report was filed at the police station in Raipur
City, Chhattisgarh state, pertaining to a case of fraudulent activity. The victim had
been deceived into purchasing gold beads amounting to nearly 16 lakhs. Owing to the
nature of the case falling under the purview of forensic physics, involving the analysis
and comparison of physical properties, it was duly registered at the State Forensic
Science Laboratory in Raipur. This study aimed to apply fundamental principles of
physics in resolving unresolved cases and foster awareness regarding the purchase of

Figure 12.
Avragonite tablets [47].
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precious ornaments. In this specific instance, a strand of numerous spherical golden
beads was submitted for examination to assess the gold content under the assumption
that the gold possessed a lower purity level. To this end, scanning electron microscope
(SEM) examination and energy-dispersive X-ray analysis (EDAX) were performed in
the laboratory. The findings indicated a notable absence of gold (Au) in all the gold
beads within the strand. Instead, the analysis revealed the presence of copper (Cu)
and zinc (Zn) in a ratio of Cu:Zn::2:1.

Troalen et al. [48] stated that the National Museums Scotland (NMS) houses
approximately 6000 artifacts originating from Ancient Egypt and Sudan, which nota-
bly encompass gold and electrum jewelry that has previously received limited attention
in terms of scientific scrutiny. The assemblage represents various periods ranging from
the Predynastic era to the Roman Empire, with a substantial portion of these items
originating from reputable archeological excavations conducted during the nineteenth
and twentieth centuries. In an effort to conduct an initial exploration into the diverse
alloys and production methodologies employed in Ancient Egypt, the study focused on
the examination of the Qurneh jewelry alongside a small selection of other gold items
dating between the nineteenth and thirteenth centuries BC. As such, for the examina-
tion of gold PGE (platinum group element) inclusions, ranging from a few to a few
hundred microns in diameter, as shown in Figure 13, this is a characteristic analysis for
golden jewelry, and different concentrations may reveal that the source for the golden
metal was different. The examination of these objects took place at the NMS, utilizing a
stereo-microscope (Olympus SZX12 x 7-90) integrated with a digital camera (Olympus
DP70), as well as CamScan scanning electron microscopy in secondary electron mode
(SEI). Furthermore, their structural composition was investigated by employing a
300 kV Pantak X-radiography system. Evident signs of wear were observed across all
the jewelries, notably prominent in the Qurneh girdle and one of the Amarna finger-
rings (A.1883.49.2). Notably, observations revealed loose decorative elements in the
girdle, along with deformations on the edges of the beads and within the holes of the
wallet spacers, particularly where they make contact with the beads.

Burat et al. [49], the analysis of a representative sample was conducted using
scanning electron microscopy alongside energy-dispersive X-ray spectroscopy
(SEM-EDS). This study outlines the process of concentrating and extracting Auand
Ag from the waste generated during floor-sweeping activities at jewelry workshops.

Figure 13.
PGE inclusions in pendant (A.1914.1081) from el-Hardageh by OM [48].
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The concentration and recovery procedures involved both physical methods, such as
shaking table, multi-gravity separator (MGS), Knelson, and Falcon concentrators, as
well as physicochemical methods like froth flotation. Experimental findings high-
lighted the effectiveness of gravity-based beneficiation techniques in the removal of
a significant portion of the waste matrix. Notably, the employment of a shaking table
separator yielded a heavy fraction with a content of 701 and 6017 g/t Ag, obtained
from a feed assaying 183 Au and 1835 g/t Ag. To further enhance the beneficiation
process, the middlings from tabling were subjected to centrifugal separation, result-
ing in an increase in the Ag grade from 848 to 7812 g/t. Additionally, the tailings from
gravity and centrifugal separations, containing the discharged Au and Ag fractions,
were effectively concentrated using froth flotation, ultimately leading to an overall
recovery rate of approximately 92% for both Auand Ag.

3.2.4 Paints and fiber

The application of scanning electron microscopes (SEMs) has significantly
advanced forensic analysis, specifically in the scrutiny of paint and fiber specimens.
In the context of paint analysis, SEMs facilitate an intricate exploration of the layers
of paint and their constituent components, aiding in the discernment of diverse pig-
ments and supplementary substances. These instruments enable the visualization of
the layer arrangement and the identification of distinctive morphological attributes,
thereby contributing to the differentiation of paint samples obtained from varying
sources. Furthermore, SEMs play a pivotal role in the analysis of fibers, allowing for
the examination of fiber structure, surface properties, and elemental constitution.
They facilitate the identification of fiber categories, encompassing both natural and
synthetic varieties, while assisting in the detection of any modifications or contami-
nation. By offering capabilities in high-resolution imaging and elemental analysis,
scanning electron microscopes continue to serve as indispensable tools in the com-
prehensive scrutiny and verification of paint and fiber evidence within the domain of
forensic investigations.

Schreiner et al. [50], the utilization of scanning electron microscopy (SEM),
particularly in conjunction with energy-dispersive X-ray microanalysis (SEM/EDX),
has been significantly prevalent in the comprehensive examination of materials found
in artifacts of both artistic and archeological significances. A series of case studies
illustrate the benefits and limitations of SEM/EDX. These include the analysis of
pigments within cross-sectional views of paint layers, the quantitative assessment of
archeological glass from the Roman era excavated in Ephesos, Turkey, and investiga-
tions into glasses with compositions characteristic of the medieval period, focusing
on their susceptibility to weathering and degradation phenomena. The integration
of scanning electron microscopy, along with energy-dispersive X-ray microanalysis,
has played a pivotal role in the extensive exploration of items comprising our cultural
heritage. Moreover, it has served as an indispensable tool in unraveling the processes
of deterioration affecting ancient materials as well as contemporary materials utilized
in art and archaeology. Recent advancements in techniques, such as environmental
SEM (ESEM) or low-voltage SEM (LV-SEM), have broadened the scope of material
analysis, eliminating the prerequisites of electrical conductivity and resistance to
high-vacuum conditions in samples. However, the findings underscore the necessity
of conducting scientific investigations through the amalgamation of multiple analyti-
cal methods, wherein conventional microscopy and micro-chemical spot tests are
implemented alongside sophisticated techniques utilizing synchrotron radiation.
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Mabhltig and Grethe [51] provide a comprehensive examination of various
high-performance fibers like polyester filament fiber, as shown in Figure 14, and
functional fiber materials, offering insights into their properties and applications.
Microscopic imagery obtained through scanning electron microscopy (SEM) is
introduced for fiber materials and fabrics, complemented by electron-dispersive
spectroscopy (EDS) analyses performed on the fiber materials, with an overview of
the resulting EDS spectra. The distinctive attributes of SEM images and EDS spectra
are thoroughly discussed, primarily aimed at aiding professionals engaged in fiber
analytics. To furnish a comprehensive understanding of both analytical techniques,
SEM and EDS, the review also delineates the challenges and common errors encoun-
tered during SEM measurements on textiles. Collectively, the review presents a
valuable survey of advanced high-tech fiber materials and their examination using
the analytical methods of SEM and EDS, enabling the elucidation and discussion of
material properties and composition. It also delves into the analysis and discussion
of the composition of industrial fiber materials, as well as the treatments applied to
fibers to achieve specific functional properties. Ultimately, the review strives to serve
as a practical resource for professionals engaged in fiber and textile analytics and
identification.

Jaques et al. [52] stated that scanning electron microscopy (SEM) represents a
prevalent technique employed for the analysis of micro-samples derived from paint-
ings. Notably, this method’s heightened resolution allows for meticulous surface
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Figure 14.
SEM images of a polyester filament fiber. The SEM images are recovded with two different magnifications (x100
or x500) and with two different fiber arrangements on the sample holder [52].
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analysis and can be augmented with an energy-dispersive spectrometer to gather
elemental composition data. In the context of light microscopy and SEM analysis,
painting micro-samples are commonly prepared as cross sections, where the micro-
sample is embedded in resin and subsequently polished to reveal the sequential layers.
In instances pertinent to cultural heritage, the cross section’s polished surface is
typically coated with a conductive layer, although in this specific domain, measure-
ments are predominantly conducted using a low-vacuum SEM (LV-SEM). Despite the
reduced occurrence of the charging effect in LV-SEM, this issue may still arise and
remains challenging to mitigate, even with the application of carbon tape or paint.
This research introduces two distinct methods for preparing conductive cross sections
from non-conductive samples, thereby mitigating charging effects while preserving
the integrity of the samples.

News-Medical.net [53] states that the market for fibers and fiber materials, includ-
ing natural options like hemp fibers, remains extensive. Hemp fibers have served
various purposes over the years, finding application in the production of papers,
ropes, clothing, and canvas. More recently, these fibers have been integrated into
the automotive industry to enhance paint strength. However, hemp phloem contains
wax, pectin, lignin, hemicelluloses, and other impurities, typically removed dur-
ing the degumming process. To assess the impact of enzymatic degumming on the
quality of hemp fibers, a combination of scanning electron microscopy (SEM) and
fluorescent microscopy was employed to examine untreated and treated hemp fibers.
The primary aim of this investigation was to ascertain the protein content and quality
of hemp fibers, evaluating the efficacy of the enzymatic degumming procedure. The
findings suggest that the biochemical degumming process under scrutiny offers a
viable solution with favorable environmental and economic implications, thereby
presenting itself as a feasible candidate for industrial-scale implementation.

According to (Paint Analysis, n.d.) [54], methods such as scanning electron
microscopy (SEM) offer the capability to investigate both contemporary and histori-
cal paint and polychrome samples. Energy-dispersive X-ray analysis enables the
identification and examination of inorganic fillers, pigments, and organic compo-
nents within distinct paint layers. This information facilitates the comprehensive
characterization of each layer, including insights into its formulation and thickness.

Park et al. [55], in electron microscopy (EM), the issue of non-conductive biologi-
cal samples experiencing charging from focused electron beams has hindered the
achievement of high-resolution imaging. Commonly employed solutions, such as the
application of gold or platinum coatings, have proven effective in preventing sample
charging. However, these coatings pose limitations on the feasibility of conducting
further quantitative and qualitative chemical analyses, including energy-dispersive
spectroscopy (EDS). This study presents findings indicating that the implementation
of graphene-coating on biological samples allows for non-destructive high-resolution
imaging through EM, alongside facilitating chemical analysis through EDS. The
utilization of graphene is supported by its transparency to electron beams and high
conductivity, as shown in Figure 15 on biological samples as well as its remarkable
mechanical strength and flexibility. It is believed that the introduction of graphene-
coated imaging and analytical methods will provide a novel avenue for exploring vari-
ous biological phenomena previously unseen due to limitations in sample preparation
and image resolution, thereby enriching our comprehension of the life mechanisms
inherent in diverse living organisms.

In a study, a compact, untextured multifilament nylon fabric with a plain woven
structure was specifically chosen for the experimental evaluation. The generation of
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Figure 15.
SEM and EDS analyses of biological samples coated with graphene [55].

damaged samples involved the use of a precise carving knife, a finely honed pair of
dressmaker’ shears, and an Elmendorf tear tester. Written guidelines were distributed
to 14 panelists, instructing them on the examination of fiber end impairment through
comparisons with theoretical models and scanning electron microscopy (SEM) micro-
graphs featuring distinct fiber end appearances resulting from knife cuts, scissor cuts,
and impacts causing tears and ductile fractures. Findings indicated a limited probabil-
ity of accurately identifying the underlying cause of damage, as the fiber ends resulting
from various damage mechanisms exhibited overlapping characteristics. Given these
outcomes, the study advocates for further exploration into fiber damage, cautioning
researchers and practitioners in the forensic domain against relying solely on SEM
analyses to ascertain the root cause of fabric damage in forensic investigations [56].
Examining paint chips or flakes is a routine procedure aimed at gathering signifi-
cant insights. These paint samples are instrumental in deducing essential particulars
such as the hues, brands, and models of any vehicle implicated in a crime scene or
an incident. Automobile producers typically apply multiple coats of primer, color,
and clear finishes to achieve the intended appearance. Unveiling the composition of
these paint layers is made feasible through energy-dispersive spectroscopy (EDS),
which enables the elemental makeup of each layer to be revealed and cross-referenced
against a database of known layer compositions. This analysis can also be utilized for
direct comparison with a suspect’s vehicle.

3.2.5 Investigation of filament bulb in traffic accidents

Scanning electron microscopy (SEM) is a helpful way to look closely at filament
bulbs that were in car crashes. It can take detailed pictures of the inside of the bulbs,
helping investigators understand what happened during the crash. By studying
how the surface of the broken parts looks and what they are made of, SEM can find
important clues about why the bulb stopped working during the accident. This careful
study can find signs of pressure, how the materials changed shape, or if there were
any problems with the materials that might explain what happened. Also, SEM can
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find any other things that should not be there or things that might have affected how
the bulb worked. Using SEM to look at the filament bulbs helps investigators learn
important things about what caused the car accident.

Thorsen et al. [57] assessed the lighting conditions of a vehicle during an accident
as a crucial task in forensic investigations, achieved through the examination of
lamps and their remnants. Optical and scanning electron microscopy are two valu-
able techniques used for this purpose, with the latter gaining prominence due to its
high resolution, extensive depth of focus, and the option for EDS microanalysis. To
enhance the reliability of light bulb analysis as an investigative tool, it is essential to
fully comprehend bulb design, the materials involved, and the functionality of the
bulb, particularly its response to impact. This review aims to consolidate the existing
but dispersed literature pertaining to these aspects, aiming to facilitate a more sys-
tematic and comprehensive approach to light bulb analysis in forensic investigations.

Horvat et al. [58] introduced a novel technical and technological approach for
examining automotive light bulbs to detect trace particles of shattered glass in cases
involving minimal inertia forces resulting from a traffic accident. Given the limited
prior investigations into light bulbs in such accidents, the study focuses on analyz-
ing the filaments of light bulbs used in cars for illuminating the road and signaling,
incorporating a new technical procedure utilizing the SEM/EDX method. The
research significantly enhances the investigative process for analyzing automotive
light bulbs, aiding in the determination of whether the vehicle’s regulatory lights were
in operation at the time of the accident. Such findings can be critical in establishing
the liability of the parties involved in causing the traffic incident.

Grafiati [59] carried out research in order to introduce the benefits of using
surveying techniques in traffic accident investigations and show their impacts on
evidence documentation and scene clearance. This is done by focusing on the advan-
tages and the disadvantages of each method based on the relevant works of literature
and comparing them. Although comparison result shows that the traditional method
(coordinate method) is simpler and cheaper than other methods, surveying tech-
nique methods are safer and faster in clearing the accident scene, fewer investigators
are needed, the scale can be provided directly, high accuracy measurements can be
obtained, and three dimensions’ models can be produced. So, it is worth using the
surveying equipment in car accident investigations.

3.2.6 Handwriting and print examination

Scanning electron microscopy (SEM) has emerged as a versatile tool in the realm
of handwriting and print examination, with particular relevance in cases involv-
ing forgery. Through the utilization of SEM, forensic professionals can conduct a
meticulous analysis of the minute features of ink, paper, and other writing materials
utilized in various documents. This thorough examination enables the discernment
of distinctive handwriting attributes, encompassing aspects such as pen pressure, ink
dispersion, and the unique traits of individual pen strokes. SEM aids in the identifica-
tion of any modifications, insertions, or erasures present in documents, unveiling
subtle alterations in surface texture and ink properties. Moreover, SEM facilitates
the recognition of diverse printing methodologies, encompassing disparities in ink
absorption, patterns in paper fiber, and the presence of printing artifacts. The high-
resolution imaging capacity of SEM offers valuable insights into the genuineness and
credibility of documents, significantly contributing to the verification process and the
detection of potential falsifications.
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Wang et al. [60] performed handwriting authentication as a pivotal domain within
the field of forensic science. In this study, diverse types and brands of pen ink samples
originating from China can be scrutinized using non-invasive micro-identification
techniques. The utilization of scanning electron microscopy and energy spectrum
(SEM-ES) enabled the examination of micro-elements and the comprehensive analysis
of the written traces, with a particular emphasis on the function of spectral mapping
(surface scanning). The precise evaluation of elements within the handwriting traces
facilitated the differentiation of subtle disparities among various types and brands of
ink in handwritten text. This approach introduced a novel avenue for the analysis and
exploration of pen handwriting identification in the realm of forensic science.

Verma et al. [61] detected that computer-generated document forgeries have
always posed a significant challenge for forensic document examiners (FDE). To
assist in the examination process, researchers have explored the use of Schottky field
emission scanning electron microscopy with energy-dispersive X-ray spectroscopy
(FE-SEM-EDS) as a modern tool for analyzing black toners sourced from laser print-
ers and photocopier machines. A total of 40 samples from each of the laser printer
and photocopier machines were obtained and subjected to an analysis of morphologi-
cal characteristics, elemental profiles, and multivariate analysis. The acquired SEM
images and spectra were scrutinized to distinguish and categorize toners originating
from different sources. Multivariate analysis was employed to develop a classification
model that successfully categorized the printed documents based on the similarities
and differences in their composition. Hierarchical cluster analysis (HCA) differenti-
ated the printouts into distinct groups based on their chemical composition, result-
ing in 11 clusters for the laser printer printouts and 8 clusters for the photocopier
printouts. Cross-validation was additionally conducted to assess the capabilities of
the developed principal component analysis (PCA) and linear discriminant analysis
(LDA) models for examining printouts of unknown origin.

In the field of forensic document examination, a significant obstacle is the meticu-
lous scrutiny of minute details that remain imperceptible to the unaided eye. Electron
microscopy has emerged as a potent solution to tackle this challenge. The use of scan-
ning electron microscopy (SEM) or transmission electron microscopy (TEM) empowers
forensic document examiners to capture intricate elements such as ink pigments, paper
fibers, and surface topography with remarkable precision. This detailed view offers vital
evidence necessary for verifying the legitimacy of a document and uncovering potential
modifications or counterfeits. Furthermore, the high-resolution imaging capabilities
of electron microscopy enable examiners to distinguish unique attributes of different
writing tools. Each pen, for instance, leaves behind a distinct mark due to variations
in its nib, ink flow, and the pressure applied during writing. Moreover, the scrutiny of
paper fibers can unveil patterns and textures that correspond to specific manufacturing
techniques or historical periods, thereby further contributing to the authentication and
provenance determination of a document. (AZoOptics.com, 2023) [62].

The examination of ink holds significant importance in forensic document
analysis, with electron microscopy playing a crucial role in this domain. Through
this technique, analysts can investigate ink samples derived from various documents
and assess their chemical makeup, particle distribution, and microstructure, all of
which can serve as distinct identifiers. By incorporating energy-dispersive X-ray
spectroscopy alongside SEM, specialists can identify unique elements present in
the ink, thereby aiding in establishing connections between different documents or
highlighting potential disparities. The chemical composition of ink varies depending
on its formulation and manufacturing methods. By comparing the ink composition
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of different documents, experts can determine if the ink used aligns with a specific
brand, batch, or time period, offering pivotal evidence in cases involving falsified
documents or forged signatures.

One intriguing application of electron microscopy in forensic document exami-
nation lies in its capacity to reveal concealed or modified writing. Indented writing
often arises when an individual write on a piece of paper positioned atop another
document, a practice frequently exploited by counterfeiters seeking to manipulate or
fabricate documents. Electron microscopy enables analysts to visualize and interpret
the indented writing, deciphering its content and contrasting it with the visible writing
on the document’ surface. This method has proven immensely valuable in uncovering
obscured messages, erased text, or alterations made to crucial documents, thereby
providing examiners with crucial insights into the document’s history and authenticity.

Given the increase in advanced counterfeiting methods, electron microscopy has
become an essential instrument for examining counterfeit documents. Such fraudu-
lent documents frequently endeavor to replicate intricate security elements inherent
in authentic documents. Through the scrutiny of security features such as water-
marks, holograms, and micro-printing, forensic examiners can detect disparities and
ascertain the authenticity of a document. Additionally, electron microscopy facilitates
thorough analyses of printing methods, surface anomalies, and substrate attributes.
By comparing and contrasting these subtle intricacies with those present in verified
authentic documents, forensic specialists can furnish compelling evidence to uncover
counterfeit endeavors and contribute to legal procedures.

According to Pingitore et al. [63], diagnostic studies were conducted on an ancient
coin to determine its authenticity or potential for being a counterfeit. The investiga-
tion employed scanning electron microscopy/energy-dispersive X-ray (SEM-EDX)
and cathodoluminescence (CL). The coin in question, a Drachma, depicted Poseidon’s
portrait on the obverse and Amphitrite riding a seahorse with Eros shooting an arrow
on the reverse. The coin is widely recognized in numismatic circles, with originals
housed in various museums such as those in Catanzaro, Naples, and Milan. The EDX
analysis, performed on specific points of the coin’s surface, identified Pb and Cu as the
primary components on both sides, with 51% Pb and 35% Cu by weight, along with
unexpected traces of gold. Gold was detected in small spots measuring around 20 pm,
constituting 95% of the total weight. Simultaneously, cathodoluminescence (CL)
analysis was conducted to induce luminescent emissions by electron bombardment in
these areas. The CL analysis corroborated the SEM findings, highlighting the presence
of gold more distinctly than the SEM analysis. In fact, the CL analysis revealed the
presence of gold throughout the surface of the sample, albeit in small amounts.

3.2.7 Soil

The implementation of scanning electron microscopy (SEM) has markedly
propelled the realm of trace evidence analysis, empowering forensic experts to
meticulously examine and discern minute materials of potential significance in
criminal inquiries. Through SEM, researchers can investigate the surface morphology
and elemental structure of trace evidence, encompassing various substances such
as fibers, hair, paint chips, and gunshot residue. The superior imaging capabilities
of SEM allow for the meticulous visualization of intricate characteristics and subtle
features, facilitating the differentiation of diverse materials and the determination of
their origins. Furthermore, the integration of energy-dispersive X-ray spectroscopy
(EDS) with SEM permits the identification and spatial mapping of elements present
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within trace samples, imparting critical insights into their chemical compositions.
These thorough analyses significantly contribute to establishing pivotal associations
between physical evidence and crime scenes, thereby streamlining the process of
suspect identification and providing robust evidence in legal proceedings.

Soil, an unconsolidated mineral substance found on the Earth’s surface, results from
the combined effects of organisms, parent material, climate variations, and topography
over an extended period. It comprises minerals, organic matter, liquids, and gases, with
diverse properties influenced by factors such as vegetation, weather, and solar expo-
sure. The current study delves into the morphology and elemental constituents of soil
samples collected from Canterbury (UK), Dubai (UAE), and Kerala (India). Analyzing
the samples under a scanning electron microscope involved careful moisture removal
via controlled heating, considering the distinct water retention capacities of each soil
type to prevent any sample combustion. In a comparative assessment, showcasing dis-
tinctions in texture, color, and composition across the soils was possible. Backscattered
images highlight the unique features of each sample, with elemental composition
analysis emphasizing major components as well as trace elements. Notably, variations
in elemental composition, particle size, and color emerged, reflecting the geographical
diversity of the soil samples. This investigation contributes valuable insights into the
distinct characteristics and forensic implications of soil analysis across different regions.

3.2.8 Non-conducting material

Scanning electron microscopy (SEM) has emerged as a critical tool for examining
non-conductive materials, revealing important insights into their surface structure,
elemental makeup, and overall composition. By employing specialized methods for
sample preparation, such as applying a conductive coating or utilizing low-voltage
SEM, SEM allows for the effective analysis of materials such as polymers, ceramics, and
biological samples that do not conduct electricity. This technique enables the observa-
tion of intricate surface features and the detection of subtle structural differences, pro-
viding valuable data for evaluating material properties, ensuring quality control, and
driving various research endeavors. Additionally, the integration of energy-dispersive
X-ray spectroscopy (EDS) with SEM permits the precise identification and mapping of
elemental constituents within non-conductive materials, facilitating a comprehensive
analysis of their chemical composition and contributing to a deeper understanding of
their characteristics and behaviors. With its advanced imaging capabilities and accurate
elemental analysis, SEM continues to advance the exploration and comprehension of
diverse non-conductive materials across various scientific fields.

Griffin [64] showed that understanding the precise mechanism behind the
contrast observed in “environmental” or “gaseous” secondary electron images in the
environmental scanning electron microscope remains somewhat unclear. Initially,

a straightforward gas amplification model was proposed, suggesting that emitted
secondary electrons ionize the chamber gas, leading to signal amplification and
subsequent measurement at a biased detector. While this theory is evolving, little
attention has been directed toward the factors influencing the actual secondary
emission despite the identification of unusual contrast effects in one instance. The
conventional perspective implies that the positive ion product resulting from the
gas-electron interaction induces charge neutralization at the sample surface. Recent
research has indicated the occurrence of charge implantation and trapping in non-
conductive materials, particularly in Ref. to electron range measurements. This study
showcased the influence of trapped charge on the secondary electron yield, revealing

137



Electron Microscopes, Spectroscopy and Their Applications

heightened secondary electron emission above the region where charge is trapped.
As aresult, the distribution of the trapped charge manifests as a bright circle on the
specimen’s surface, centered at the point of beam exposure.

Cao etal. [65] showed that with the advancements in science and technology, the
field emission scanning electron microscope (FESEM) has become a pivotal tool in
nano-material measurements, owing to its notable benefits such as high magnification,
high resolution, and user-friendly operation. A high-quality secondary electron image
is vital for precise and accurate length measurements. Traditionally, non-conductive
materials are treated by coating them with conductive films such as gold, carbon, or
platinum to minimize charging effects and achieve high-quality secondary electron
images. However, this approach often conceals the authentic microstructures of
materials, alters sample composition properties, and introduces significant errors in
nanoscale microstructure measurements. This chapter delves into the exploration of
methods for minimizing or eliminating the impact of charging effects on image quality
to the greatest extent possible without resorting to coating treatments. Adjustments in
working conditions, such as voltage, stage bias, and scanning mode, are discussed to
uncover genuine and high-quality microstructure information of materials.

Wang et al. [66] performed the examination of surface morphology for non-
conducting granular materials was conducted utilizing scanning electron microscopy
(SEM) within low-vacuum conditions. An exhaustive investigation was performed
to assess the impact of various factors, including incident electron voltage, electronic
beam spot size, and atmospheric pressure, on the quality of SEM images and the
accuracy of energy-dispersive X-ray (EDX) analysis. The findings from this system-
atic exploration reveal that the resolution and quality of SEM images demonstrate a
decrease in correlation with the escalation of incident electron voltage, electronic beam
spot size, and atmospheric pressure. Furthermore, the errors associated with the EDS
analysis exhibit a decline when conducted under the specific conditions of low vacuum.

4, Conclusion

Modern scientific investigation is led by electron microscopy, which provides a
never-before-seen glimpse into the complex world of microscopic structures that are
still out of reach for conventional microscopy. This sophisticated type of microscopy
has become an essential tool for forensic investigations analyzing trace evidence
because of its remarkable resolution and capacity to examine materials at the nanoscale.

Electron microscopy, such as transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), overcomes the constraints of traditional
microscopes by utilizing high-resolution imaging and analytical capabilities. It offers
unmatched insights into the morphology, structural features, and composition of
trace materials—all of which are frequently very important in criminal investigations.

Some of the key findings with respect to both TEM and SEM are as follows.

4.1 Transmission electron microscope
4.1.1 Analysis of paint

* For the purpose of examining paint chips, TEM provides high-resolution imag-
ing that helps detect pigments, binders, layer structures, and elemental makeup.

138



Harnessing Electron Microscope for Trace Evidence Analysis
DOT: http://dx.doi.org/10.5772/intechopen.1004112

* Analyses paint and base layers to aid in the authenticity of old artworks. It is vital
for recognizing unique properties of car paint, like fillers and primers, which
makes possible to image and identify nanoscale particles on paint samples made
with focused ion beam technology.

4.1.2 Analysis of soil

* TEM helps to characterize the minuscule soil particles, which makes it easier to
comprehend the effects of microbes and elemental changes in soil. Permits the
analysis of micrometer-sized micro aggregates, offering information about the
functioning of soil and microbial interactions.

4.1.3 An analysis of gunshot residue (GSR)

* TEM, which provides high-resolution imaging and elemental analysis capabili-
ties, is essential for the investigation of nanoscale GSR particles.

* It uses particle analysis to discern between different types of ammunition and
their respective geographic origins.

4.1.4 Analysis of fibers

* TEM helps discover asbestos in tissue samples linked to health problems and
mineral fibers in lung tissue resulting from industrial dangers.

* Reveals patterns of structural damage in chemically treated fiber, offering
information about micro-fibril structure.

4.1.5 Analysis of hair

* Through a deeper understanding of the cellular architecture surrounding hair
follicles, TEM helps to uncover biological interactions that may otherwise go
undetected.

* Itisuseful for researching the harm that chemical treatments, such as bleaching,
have to the proteins and structure of hair.

4.1.6 Glass evaluation

* To help determine the source of glass pieces (such as shootings or hit-and-run
occurrences), TEM looks at the internal microstructure of the broken glass.

* It helps identify glass composition in order to connect broken glass to certain
sources, such as bottles or windows.

4.1.7 Nanoparticles

* Nanoparticles discovered as trace evidence are characterized by TEM, which
helps to build a reference database for upcoming forensic investigations.
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4.1.8 Explosives

* By analyzing explosive residues at the nanoscale, TEM helps with pre- and post-
blast analysis and helps determine the type of explosive employed in blast scenarios.

* Essential for researching quantum dots, which are utilized to recognize typical
nitro-base explosives.

4.2 Scanning electron microscope
4.2.1 GSR analysis

* GSR particles that have been removed from specimens are thoroughly imaged,
and their elemental composition is examined using a combination of SEM and
energy dispersion spectroscopy (EDS).

* Predicting firing range and assisting in crime resolution revolutionizes forensic
investigations by making it easier to identify GSR particles at far distances.

4.2.2 Gemstone and jewelry analysis

* SEM is a vital tool for the identification and distinction of gemstones, offering
information on their internal and exterior characteristics, origin in geology, and
possible treatment history.

* SEM supports the analysis of material composition, plating thickness, and
surface coatings in jewelry forensics, helping to validate authenticity and identify
counterfeits.

4.2.3 Paint and fiber analysis

* SEM developments have a substantial impact on paint analysis. They allow for the
detailed examination of paint layers, pigments, and structural characteristics, which
makes it easier to distinguish between samples that come from different sources.

* SEM is essential to fiber analysis because it helps identify and detect changes or
contamination by analyzing structure, surface characteristics, and elemental
constitution.

4.2.4 Filament bulb investigation in traffic accident

* By examining surface characteristics and materials, SEM’s thorough imaging aids
in the understanding of filament bulb fracture during auto accidents and offers
vital hints regarding the cause or impact aspects of the accident.

4.2.5 Handwriting and print inspection

* SEM’ use in handwriting analysis helps identify specific writing characteristics,
document modifications, and printing techniques, which makes a major contri-
bution to verification and the discovery of forgeries.
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4.2.6 Non—Conductive material analysis
* Non conductive materials such as polymer and ceramics can be examined by
SEM by integrating energy-dispersive X-ray spectroscopy (EDS) with specialized

sample preparation. SEM provides insights into the surface structure, elemental
composition, and material properties of these materials.
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Abstract

Predictive genomics can support treatment decisions by giving people the chance
to act in time to prevent serious illness. Tests based on single nucleotide polymor-
phism (SNP) can be analyzed by various methods. Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry technology detects
genetic variants based on their individual mass. Standardized workflow, automation,
sensitivity, quick turnaround time, and reliability are the main advantages of the
MALDI-TOF use in molecular analysis. Beside pharmacogenetics, SNP variation plays
arole in various fields of medicine. In the present article importance of various SNPs
for nutrigenetics is presented. Especially, various aspects of fat metabolism, vitamin
metabolism, and intolerances were discussed.

Keywords: MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight),
SNP (single nucleotide polymorphism), nutrigenetics, predictive genomics, vitamins,
intolerances

1. Introduction

Predictive genetics includes various areas of genetics, including nutrigenetics, fit-
ness genetics, and pharmacogenetics. Some authors use the word “lifestyle genetics”
because it is different from medical genetics.

Genetic and nongenetic information has to be combined to understand diseases
and include this information into personalized preventive medicine.

For the investigation of genetic polymorphisms, mass spectrometry seems to be
avery reliable and cost-efficient method compared to next generation sequencing
(NGS) technology when investigating not more than 250 SNPs.

We have developed several genetic test panels for various areas of genetic diag-
nostics and discuss some aspects of nutrigenetics as fat metabolism, vitamins, and
intolerances in this report.
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2. Mass spectrometry in medicine

Mass spectrometry represents a technology, which is increasingly applied in medi-
cal diagnostics. Recently, review articles were analyzed concerning mass spectrom-
etry consisting of microbiological pathogens, diagnosis of diseases, DNA analysis,
and small molecules [1].

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry is used in everyday routine in clinical diagnostic of microorganism
infections. MALDI-TOF technology has many advantages versus traditional tech-
niques, especially fast turnaround time, low amount of hands-on time, and low cost
[2]. Direct identification of viruses and bacteria is possible within minutes, allowing
the administration of a targeted antimicrobial therapy [3]. Microorganisms were
detected by mass spectrometry based on a mass spectrum identifying a characteristic
spectrum, which is compared to a large database provided by the manufacturers of
the mass spectrometers [4]. Furthermore, the technology may clarify microbial resis-
tance mechanisms [5, 6]. Numerous reports have been published identifying bacteria,
fungi [6], and various viruses [7, 8].

Mass spectrometry is able to identify drugs and other metabolites in various
body fluids, tissues, and cells [9, 10]. This technique is not only able to identify
molecular targets but also their spatial distribution providing a three-dimensional
image of the targets. Spatial analysis of drug absorption, distribution, metabolism,
and toxicology has been performed using mass spectrometry imaging (MSI) tech-
nique [11, 12]. One of the recent developments of MSI is the highly multiplexed
immunohistochemistry (IHC) based on MALDI MSI (MALDI-IHC), where up to
30 different antibodies simultaneously can be detected and quantified within a
tissue section [13].

Imaging technology was also used in tumor classification providing a tool to
identify morphological features of a tissue combined with detection of proteins,
glycans, or lipids directly without the limitations and expense of antibod-
ies [14, 15].

The technique of mass spectrometry has been used for the detection of vari-
ous molecules. The molecular targets for mass spectrometry include proteins [16],
peptides [17], lipids [18], glycans [19-22], and metabolites [23]. Application of mass
spectrometry in nucleic acid analysis has been shown in various fields [24-26].

A new and growing class of medical tests, differing from conventional medical
diagnostic tests, are tests in genetics [27, 28], including pharmacogenetics [29, 30].

3. Mass spectrometry in genetics

Predictive genetic tests represent a new and growing field in medicine that differs
from conventional medical diagnostic tests. Unlike testing patients with a disease
condition, predictive genetics is applied in asymptomatic people to predict the future
risk of disease. Early identification of individuals at risk for a specific condition will
lead to reduced morbidity and mortality. Unfortunately, predictive genetic tests carry
a degree of uncertainty about whether a condition will develop, when it will develop,
and its severity [31].

Various genetic tests were developed and integrated into medical diagnostics,
especially in predictive medicine [32].
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To date, the medical genetic tests offered are mainly for BRCA1/2 (59, 40%),
Lynch syndrome (23, 16%), and newborn screening (18, 12%).

3.1 SNP and GWAS

It is well-known that the DNA sequence at each locus may contain nucleotide
bases: A, C, G, and T, which can be similar (homozygous) or different (heterozygous)
at each DNA strength.

Single-nucleotide polymorphisms (SNPs) are DNA polymorphisms caused by a
single-nucleotide substitution mutation. SNPs are caused by mutation and are present
one SNP per thousand bases [33].

SNPs may influence various disease conditions and may alter metabolism of vari-
ous drugs. The difference between SNP and SNV (single nucleotide variation) is that
for the first more than 1% of a population has carry a variant nucleotide at a specific
position of the DNA. SNPs can be present in coding (exons) or noncoding regions of
DNA (introns). SNPs may cause change in the encoded amino acid or not and may be,
therefore, of utmost importance or does not have any effect [34]. Although a particu-
lar SNP may not cause a disorder, some SNPs are associated with a disease. Improving
knowledge may provide useful SNP markers for medical testing and a safer individu-
alized medication to treat the most common disorders [34].

SNPs may help to provide information to prevent diseases or to give the opportu-
nity of personalized medicine to patients.

In pharmacogenetics specific, SNPs can be used for treatment decisions or to
choose the appropriate dosage of a drug. This could save time and could prevent
adverse drug effects in patients.

Improved knowledge of the meaning of SNPs comes from genome-wide associa-
tion studies (GWASs). The principle of GWAS is to compare genetics of two or more
different groups of individuals [35, 36]. In the last years, the number of GWAS meta-
analysis increased to study various traits in different populations [35].

Genetic analysis of SNPs can be done using various body materials as a source of
human DNA such as saliva/buccal smears [37], blood samples [27, 38, 39], bone mar-
row cell lines [40], cytological liquid samples [41], formalin-fixed paraffin-embedded
(FFPE) tissue [24, 26, 42-44].

3.1.1 Mass spectrometry for the detection of SNP (technical considevations)

MALDI-TOF mass spectrometry allows high efficiency in gentying. An efficient
analysis of SNPs is offered by the Agena Bioscience iPLEX® procedure. Automatic
extraction of DNA can be performed using Chemagic 360 Instrument (Perkin Elmer).
DNA from a variety of biospecimen types (blood, saliva, cells collected by cheek
brush, and even from FFPE) can be used for genotyping. Extracted DNA is then pro-
cessed following manufacturer’ instruction for SNP genotyping by Agena Bioscience,
described in the multiplex (iPLEX®) assay procedure.

The multiplex (iPLEX®) assay procedure and MassARRAY based on MALDI-TOF
mass spectrometry includes several steps [45, 46]. The various steps of this analysis
include amplification of targeted DNA sequence by PCR. Then, PCR products are
neutralized with shrimp alkaline phosphatase (SAP) for unbound nucleotides. PCR
products are then extended by one base. The mass is then measured using a mass
spectrometer to produce/calculate a specific mass spectrum of targeted SNPs.
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The MassARRAY Analyzer System is built to detect DNA fragments within a mass
range of approximately 4500-9000 Da and can easily distinguish between analytes
separated by 16 Da. The assay design process is assisted by an online suite of programs
that allow for design using “default” settings, as well as “user-defined” settings (more
advanced manipulation). Up to two plates of 96 or 384 samples can be genotyped
for about 40-plex assay in around 8-12 h, resulting in the generation of more than
30,000 genotypes. Data analysis is performed using MassARRAY Typer Analyzer
software from Agena Bioscience. MassARRAY, iPLEX® and SpectroCHIP are regis-
tered trademarks of Agena Bioscience, Inc.

3.2 Nutrigenetics

Nutrigenetics attempts to characterize and integrate the relationship between food
constituents and gene expression. These approaches for precision nutrition and their
relation to disease risk help to identify genetic variants that could modify the effects
of dietary intake, affect food metabolism, and influence food preferences [47].

The aim combining genomics and nutrigenomics with clinical data is to get
information about genetic variants, which are the basis for personalized nutritional
supplementation. The substances of interest for nutritional genetics include lipids,
proteins, vitamins, glycose, and iron or calcium [48].

Additionally, in the future, nutrigenetics and nutrigenomics will be combined
with data of other omics technologies, such as proteomics and metabolomics, as well
as microbiome and data technology [49].

The basic knowledge of emerging nutrigenomics and nutrigenetics can be applied
to optimize health, prevention, and treatment of diseases [50]. The increasing
number of patients with diabetes and obesity has led focus to these diseases, including
genetic risk factors in the last years [51].

Since, these diseases have at least in part a genetic background to explore gene-diet
interactions on obesity and diabetes is of utmost interest [52].

Personalized nutrition seems to be necessary because of the substantial variation
in the genetic pattern of various human subjects [53].

3.2.1 Fat mass and obesity (FTO) associated gene

FTO gene variants (fat mass and obesity-associated) gene were detected in a
GWAS search for genes predisposing for diabetes [36].

This gene is involved in the expression of fat deposition and metabolism-related
hormones and genes [54]. For these reasons, investigation of the polymorphism of
this gene is included in nearly all specific nutrigenetics and nutrigenomics tests.

Various studies have shown that polymorphisms in this gene lead to a higher body
mass index [55, 56].

It has been reported that polymorphisms in the FTO gene are associated with
other genes involved in adipogenesis. Furthermore, their impact is not solely depen-
dent on the expression of the polymorphisms themselves [57, 58].

The FTO rs9939609 has been found to relate to the hormone ghrelin, which is
associated with digestive behavior [59].

Childhood metabolic syndrome is prevalent around the world and is associated
with increased disease risk, especially of cardiovascular diseases, including hyperten-
sion and acute coronary syndrome. Some variants of the human FTO gene contribute
to the early onset of childhood metabolic syndrome [60].
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It must be emphasized that epigenetic influence on the FTO gene is possible as a
new approach in the treatment and management of obesity depending on the genetic
variant [61].

Figure 1 shows a representative genotyping result of the SNP FTO_ rs9939609
using the MassARRAY System.

FTO polymorphisms were reviewed in a minireview, which provides thorough
inside into these genetic variants [61].

3.2.2 Lipids

Dyslipidemias are known risk factors, which could require precision nutrition
designed according to characteristics, such as diet, phenotype, and genotype [62].
Increased intake of triglycerides and cholesterol is associated with an increased risk of
metabolic diseases.

One of the best-studied genetic polymorphisms is that of the Apolipoprotein E
(ApoE)-gene.

ApoE plays a key role in the transport of cholesterol. ApoE variants are associated
with early-onset Alzheimer’s disease. Specifically, ApoE4 isoform may be responsible
for alterations in insulin- and lipid metabolism, altered gray matter volume, and
impaired cerebrovascular functions [63].

The ApoE2 isoform is generally the most favorable and ApoE4 the least favorable
for cardiovascular and neurological health. Under metabolic stress, homozygosity for
ApoE2 may result in dysbetalipoproteinemia [64].

It is of special interest that omega-3 fatty acid intake and physical activity may
modify the impact of ApoE4 on Alzheimer’s disease and cardiovascular disease risk [65].
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Figure 1.

Representative genotyping result of the SNP FTO_ 159939609 with the MassARRAY system. (A) Spectrum
showing a representative multiplex assay of a patient with heterozygous genotype for the SNP FTO_ 159939609
(AT). A zoomed view in the mass range 6700—6860 shows two peaks indicated with blue dotted lines representing
the heterozygous alleles (AT). (B) Representative spectrum of multiplex assay of a patient with homozygous

genotype for the SNP FTO_ 159939609 (AA). A zoomed view in the mass range 6700—6860 shows the detection of
one single peak of interest (blue dotted line).
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Genotyping for ApoE may help develop a targeted approach to disease prevention.
Adherence to Mediterranean diet may lower Alzheimer’s disease-related anatomical
or clinical symptoms in individuals without ApoE4 genotype [66].

The association of diet rich in saturated fatty acids may increase Alzheimer’ risks
in ApoE4 carriers [67].

3.2.3 Nonalcoholic fatty liver disease NFLD

Nonalcoholic fatty liver disease (NAFLD) is a chronic condition associated with
genetic and environmental factors, obesity, type 2 diabetes, and dyslipidemia in
which fat abnormally accumulates in the liver. Different genetic polymorphisms seem
to be involved in this context [68].

3.2.4 Vitamins
3.2.4.1 Vitamin A

Retinol (Vitamin A) plays a crucial role in the anti-aging industry, primarily due to
its ability to neutralize free radicals in tissues, which subsequently leads to a reduced
appearance of wrinkles.

p-carotene 15,15'-monooxygenase 1 (BCMO1) is the most critical enzyme involved
in retinoid metabolism [69].

Especially, A379V TT variant was inversely related to vitamin A status [69].
Assessment of the responsiveness to beta-carotene confirmed that carriers of variant
alleles had a reduced ability to convert beta-carotene [70].

Individual responsiveness was associated with genetic variants in SNP rs7501331
of the carotenoid metabolizing enzyme BCMOJ, resulting of single nucleotide varia-
tion (SNV) from C to T [71]. Carriers of T nucleotide have lower ability to convert
beta-carotene. Studies shown that only 5% of the population have TT genotypes,
while 56% have CC. Having this on mined and knowing that lacking of normal retinol
metabolism is responsible for several diseases, supplementation/treatment of vitamin
A should be completely personalized in the future in regards to genetic variations in
the BCO1 gene [72, 73].

3.2.4.2 Vitamin B9 (folic acid)

Vitamin B9 is molecule responsible for normal cell growth and development. It
is crucial supplement in the prevention of pregnancy complication. Enzyme, which
plays a key role in vitamin D metabolisms, is 5,10-methylenetetrahydrofolate reduc-
tase (MTHFR), and it regulates around 60% of folic acid metabolism [48].

Mutations in the MTHFR gene can result in abnormal folate metabolism, which
is associated with and may contribute to various pathological conditions, including
stroke, depression, and reduced cognitive function etc.

Two mutations in SNPs, rs1801131 (SNV, T > G) and rs1801133 (SNV, G > A) have
been reported that affect enzymatic activity of MTHFR [74].

Depending in which SNP is the mutation and the state of mutation (is it homozy-
gous or not) several possible phenotypes can be detected. Each phenotype is associ-
ated with specific enzyme the activity and function.

Individuals with MTHFR (rs1801133) genotype CC has normal homocysteine
levels, on the other hand, patients with TT genotype have high level of homocysteine
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and low folate levels. So, autosomal recessive MTHFR polymorphism led to wide
range of vascular and neurological unfunctionally [75, 76].

The risk genotype of rs1801133 has been related with various pathological condi-
tions such as deep vein thrombosis, various cardiovascular diseases (CVDs), then
cancer, diabetes, etc. [76-78].

TT genotype is also known as C677T MTHFR polymorphism. Supposition of C with
T will lead to amino acid change from alanine to valine. If a patient has two defective
alleles of the MTHFR gene, enzyme activity can be reduced by 80 to 90%. Recent clinical
studies have demonstrated that carriers of these alleles are at a significantly higher risk of
ischemic stroke [79].

Studies on MTHFR have been successfully used to develop disease prevention
strategies [80]. And therefore, future health education has to be based on personal-
ized nutritional recommendations and prevention strategies in the field of vitamins
supplementation.

3.2.4.3 Vitamin D

Vitamin D has been highlighted as a prime example of nutrigenomics. Itis a
molecule with multiple roles in the human body, including important functions in
metabolism and various clinical applications [81, 82].

This vitamin plays a role in numerous system, such as in the immune system [83],
skeletal system [84], reproductive system [85], insulin secretion [86], and intestinal
system [87].

Vitamin D deficiency is very frequent, with almost 40% of the Europeans present-
ing levels below 50 nmol/L [88].

Vitamin D receptor (VDR) regulates several target gene transcription processes
necessary for various biological functions of vitamin D. VDR will make hormone-
receptor complex with active form of vitamin D (1,25(0OH)2D3) in target cells. This
complex interfere with specific DNA sequences of target genes to control the expres-
sion of numerous genes [89, 90].

Some genetic variants of the gene encoding VDR modify either its expression or
function, with the consequent disruption of the vitamin D signaling pathway. Recent
publications on the relationship between VDR genetic variants and the risk of type 2
diabetes, metabolic syndrome, overweight, and obesity were reviewed and give only
partial answers to this question [91].

Vitamin D analogs bind to vitamin D receptors in tumor cells and activate down-
stream pathways to inhibit tumor growth. VDR expression is a prognostic indicator
for digestive system tumors. That the intake of vitamin D analogs should be deter-
mined according to vitamin D receptor expression was stated in a comprehensive
review on tumors of the digestive tract [92].

Findings considering gene polymorphisms in the VDR gene, which are based on
the role of VDR SNPs in gene regulation and protein expression, will help to under-
stand the detected role of VDR in various diseases [93].

For personalized medicine and pharmacogenomics new studies of VDR polymor-
phisms and vitamin D-VDR signaling are necessary for better understanding of role
of this complex in various diseases [94].

Individuals who are genetically predisposed to low vitamin D benefit from foods
rich in this vitamin [95, 96].

Individuals with genetic changes in the VDR gene may benefit from foods rich in
vitamin D and from calcium and/or vitamin D supplementation [97, 98].
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3.3 Intolerances
3.3.1 Gluten

Celiac disease (CD) is an autoimmune disorder, affecting about 1% of the popula-
tion, where individuals are genetically predisposed to gluten intolerance [99, 100].
Gluten is a protein complex present in some cereals such as wheat, barley, and rye, in
which gliadins and glutenin proteins are considered to be responsible for the inap-
propriate immune response of the genetically predisposed individuals. This condition
can cause a localized complication in the mucosa of the intestine with toxic effects,
leading to villous atrophy and lymphocyte infiltration in the small intestinal mucosa
[101]. Typical symptoms include diarrhea, digestive tract pain and discomfort, weight
loss, and malabsorption of nutrients [102].

There is a genetic basis at the origin of CD that determines susceptibility to the
disease, which is correlated with genes in the human leukocyte antigen (HLA)
system. More specifically, genetic testing for CD consists of determining the presence
of the HLA DQ2 and DQS8 alleles [103].

Most CD cases (90%) are associated with the presence of the HLA-DQ2 haplotype
encoded by (HLA-DQA1*05-DQB1*02). Some patients (5%) carry a second HLA DQ8
heterodimer encoded by (DQA1*03-DQB1*0302), and the remaining 5% of patients
hold at least one of the two genes [104]. Six SNPs in HLA-DQ genes are responsible
for CD, and in 75% patients CD has hereditary pattern. Sporadic, non -HLA related
CD will occur in 68% patients [105].

Screening of single nucleotide polymorphisms by mass spectrometry within HLA
region is an efficient method to accurately analyze multiple SNPs at the same time
[106]. For example, individuals with CC (around 1% in Caucasian population) geno-
type in HLA-DQ8 gene (rs7454108) have high risk of gluten intolerance, while CT
genotype indicates moderate risk of gluten intolerance However, the most frequent
genotype for this polymorphism in Caucasian population is TT (no risk), around 80%
(Figure 2), indicating that other genes. SNPs from HLA-DQ system plays key role in
gluten intolerance.

3.3.2 Lactose

The most common carbohydrate, which is the main component of milk and milk
products, is disaccharide lactose. Necessary enzymes in lactose metabolism (located at
LCT/MCMB6 gene) have role to cut lactose in glucose and galactose [107]. The ability to
digest and have a normal metabolism of lactose in adults is called lactase persistence/
persistent (LP). LP is regulated by five genetic polymorphisms, which have dominant
distribution in humans [108].

Lactase non-persistence/intolerance is a worldwide phenomenon, but it affects
people with varying degrees of severity. Completely inactive lactose gene is very rare
and present in patients with alactasia [109].

Lactose intolerance can manifest as secondary lactase deficiency, which can be either
temporary or chronic, depending on the duration and nature of the harmful mediator
affecting the small intestinal mucosa cells. Alternatively, it can appear as primary lactase
deficiency, typically emerging in adolescence or early adulthood [110].

In the natural condition lactase non-persistence (LPN) in primary lactase defi-
ciency, the activity of the enzyme LCT decreases with age. Various studies have been
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(A% Representative cluster plot displaying the SNP HLADQ8_rs7454108 genotypes of 70 samples assayed.
Heterozygous vegion is close to the 45°-line (green squares represent heterozygous (TC) samples. Homozygous
region for the low mass allele is close to the X coordinate (blue triangles represent homozygous (TT) samples for
the same SNP. (B) Representative spectrum of homozgygous genotype (TT) for the SNP HLADQ8_rs7454108
where one single peak of interest (blue dotted line) is indicated for the allele T. (C) Example of a spectrum of
heterozygous genotype (TC) for the same SNP HLADQ8_rs7454108 where two peaks of interest ave indicated with
blue dotted lines vepresenting the hetevozygous alleles (AT).

done and shown that genetic alterations are responsible for type of reduced lactase
enzyme activity [111].

In the European population polymorphism in gene MCM6 (rs4988235, C > T),
which is placed in the promoter region of MCMB6 gene is mainly responsible for toler-
ance or intolerance for lactose.

Lactase intolerance in adults is triggered by a recessively congenital polymor-
phism of the MCMS6 gene, and this phenotype is inherited as an autosomal domi-
nant characteristic. Individuals who carry C alle are likely that will develop lactose
intolerance during lifetime, meaning that CT individuals have more chance that
they can digest milk in older ages, while TT individuals can digest lactose during all
lifetime [112].

The decreased ability of the body to hydrolyze lactose is due to a programmed
regulatory phenomenon involving the MCMB6 gene intron, 13,14 kb upstream of the
MCMS6 gene. This gene has several single nucleotide base polymorphisms including
the (rs4988235) for which the Thymine (T) allele forms an haplotype that is com-
monly evaluated in LP studies [113].

The —13,910«T allele is commonly distributed in the European population with an
average frequency of 50.8%. However, genetic distribution of T allele is most preva-
lent in northern Europe, especially England and Scotland (72.0% of the population),
while it progressively decreases in the southern Europe with a frequency of 8.9% in
Tuscany, Italy [114].

Mutations in the SNP rs4988235 cause intolerance problems [115]. Specifically, a
genotype that has two (TT) at position —13,910 results in a lactase persistence (LP),
while a homozygous CC genotype in the same position results in a lactase non-persis-
tent (LNP) phenotype [116, 117].

The undigested lactose that remains in the intestine is metabolized by intestinal
bacteria with the generation of an osmotic effect causing a recall of water, resulting in
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symptoms such as diarrhea, cramping, meteorism, intestinal discomfort, and some-
times nausea and vomiting [118, 119].

Twenty-nine percentage of individuals reported symptoms attributed to the
ingestion of fresh milk, with abdominal pain, bloating, and flatulence being the most
frequent [120].

Previous studies have shown that gut microbiota may be capable of adapting to
lactose consumption in LNP individuals [121].

Mass spectrometry seems to be an ideal method to detect SNPs in the MCM-Gene.
By excluding the genetic predisposition to lactose intolerance, people can avoid
unnecessary dietary restrictions on dairy products [122].

4, Conclusions

This book chapter aimed to present the application of mass spectrometry for DNA
analysis. After a small introduction of application of mass spectrometry in modern
medicine methods for the detection of SNPs were discussed. Furthermore, an over-
view about studies using SNPs as genetic markers related to nutrigenetics, including
fat metabolism, vitamins, and intolerances, were provided.

In the last years, MALDI-TOF mass spectrometry technique has been proven to
be a versatile tool for the characterization of point mutations. This method allows
the detection of SNPs in a rapid, precise, cost-effective, and high-throughput way.
MALDI-TOF is a technique, which allows assessment of up to 250 SNPs. For the analy-
sis of a larger amount of SNPs or genome-wide association studies, next-generation
sequencing is the method of choice.
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