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Preface

Electron microscopy is a useful tool for examining morphological features of different 
materials. It is a technique for investigating the extremely fine detail or micro-and 
nanostructure of samples in various areas, such as biochemistry, materials science, 
microbiology, immunology, pathology, toxicology, geology, and so on.

In recent years, electron microscopy has attracted the scientific and industrial attention 
of many-electron microscopists.

This book provides a comprehensive overview of electron microscopy and its principles, 
models, and applications. It also covers advanced topics and trends in the R&D of 
electron microscopy. It includes eight chapters over two sections addressing electron 
microscopy for materials science and electron microscopy for biomedical applications.

The book is a valuable guide for materials scientists, physicists, chemists, pharmacists, 
earth scientists, biologists, and others. It is a powerful tool for new and experienced 
electron microscopists.

It is my great pleasure to acknowledge the assistance of Ms. Ana Cink for all her help 
throughout the publication process. I hope that the readers will find this book interesting 
and helpful for their works and studies.

All suggestions for the improvement of this book will be gratefully acknowledged.

Mohsen Mhadhbi
National Institute of Research and Physicochemical Analysis,

Ariana, Tunisia
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Chapter 1

Scanning Electron Microscopy
Cengiz Temiz

Abstract

Scanning electron microscopy (SEM) is the most preferred method in microstruc-
tural analysis today. In this method, electrons accelerated by high voltage (0-30 kV) 
are focused on the sample. During the scanning of the surface of this focused electron 
beam, electrons and material atoms interact. Electrons and X-rays formed as a result 
of this interaction are collected by detectors. These signals coming to the detector are 
converted into digital signals and given to the computer screen. The image taken on 
the screen gives us information about the microstructure of our sample. In addition, 
SEM have the ability to perform microchemical analysis. Elemental analyzes of the 
surface can also be performed with the energy dispersive X-ray (EDX) feature. SEM 
has a much higher resolution and focusing depth compared to optical microscopes. 
For example, at 1000X magnification, the focal depth of the optical microscope 
is 0.1 μm, while the focal depth of the SEM is in the range of 30–40 μm. In today’s 
technology, very modern and superior scanning electron microscopes are produced 
and used.

Keywords: SEM, EDX, resolution, imaging, sample preparation

1. Introduction

Microscope is derived from the Greek words mikros (small) and Skopeo (look 
at) [1]. It arose from the need to see and interpret objects at the micro and later nano 
levels that humanity could not see with the naked eye. From past to present, human 
beings need to see what is far from them closely. Technological developments and  
the advancement of the scientific world should shed light on these demands [2, 3]. 
The scanning electron microscope (SEM), which has made a great contribution to the 
development of the micro world view, has become a masterpiece in this regard. Just as 
a kitchen cannot be thought of without a knife, it is unthinkable that we can under-
stand micro and nano structures without enlarging them, especially in metallurgy 
and micro biology [3, 4]. It makes a great contribution to the examination of wet and 
dry structures in their natural state, especially in biological samples [2, 5]. For this 
reason, SEM has become a basic need. Today, this instrument, which is the basis for 
scientific research, has two types as optical and electron. Optical microscopes use 
a radiation source, while electron microscopes use an electron source. While opti-
cal microscopes were sufficient up to a certain level, they were insufficient for high 
magnification needs [4, 6]. For this reason, electron microscopes were needed and 
developed to meet the need for higher magnification. In this part of our book, the 
historical development, general features and usage areas of SEM will be discussed.
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2. Historical development

The human eye’s ability to see very small and fine details is limited. For this 
reason, optical devices have been developed that help to see smaller images and 
details by changing the light paths that provide the transmission of the image with 
the help of various lenses. In 1923, De Broglie showed that electrons have wave 
behavior. In 1926, Busch discovered that electrons are deflected in a magnetic field. 
In 1935, Max Knoll became the name that produced the first SEM device. The first 
commercial scanning electron microscope was produced by Siemens in 1965. When 
Max Knoll manufactured the first Scanning Electron microscope in Berlin in 1935, 
he did not need a patent because he could not reach high magnifications [1]. In 
the same period, transmissive electron microscopes (TEM) are being developed, 
but images with the desired resolution cannot be obtained. With the simultane-
ous development and use of electronics with optical systems, imaging at high 
magnifications has become possible. The scanning electron microscope, designed 
within the framework of electrooptical principles, is one of the devices that serve 
this purpose. In addition to its use in research and development studies in many 
branches, SEM is widely used in chip production in microelectronics, error analy-
sis in different branches of industry, biological sciences, medicine and criminal 
applications [2]. As a result of technological developments, SEM devices with high 
resolution field emission gun (FEG) have been developed. For this reason, the 
potential of SEM has emerged.

3. General features

In scanning electron microscope image formation, electrons accelerated by 
high voltage are focused onto the sample. This focused beam of electrons scans the 
sample surface. During scanning, various interferences occur between electron and 
sample atoms. Signals resulting from this interference are collected by appropriate 
sensors. The signals passed through the signal amplifiers are then transferred to the 
screen of a cathode ray tube. Thus, a surface image is obtained [3]. In modern sys-
tems, the signals obtained from the sensors are easily converted into digital signals 
and transferred to the monitor. In newly developed devices, it expands the usage 
area by combining separation power, depth of focus and imaging. For example, 
while the optical microscope is 0.1 μm at 1000X magnification, this focal depth 
reaches 30 μm in the scanning electron microscope. This situation is compared in 
more detail in Table 1.

Light Microscope Electron Microscope

Lighting Source Visible rays (λ = 550 nm) Electron beam (λ = 0.005 nm)

Resolution 0.25 μm 0.05 nm

Max Magnification 1500X 1,000,000 X

Lens Type Glass Lenses Electromagnetic Lenses

Vacuum Without Vacuum Electrons travel all the way under vacuum

Table 1. 
Differences in optical and electron microscope.
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Today, the discrimination power of modern scanning electron microscopes can be 
as low as 0.05 nm.

The Quanta FEG 450 model, shown in Figure 1 [7], provides an advantage in 
imaging biological and metallic samples at high resolution and effectively, thanks to 
its high and low vacuum mode.

3.1 Working principle

The scanning electron microscope consists of three main parts: optical column, 
sample chamber, and imaging (Figure 2) [8]. In the optical part, it forms the electron 
gun, which is the source of the electron beam. In this part, there is an anode plate to 
which high voltage is applied to accelerate the electrons falling on the sample, con-
densing lenses to ensure uniform electron beam formation, objective lens to focus, and 
apertures of different diameters to adjust the density of this lens. Magnetic lenses and 
deflectors located here thin the electron beam coming from the electron gun and focus 
it on the sample surface. This system, namely the optical column, is kept in a vacuum 
of 10−4–10−7 Pa. In the image system, there are detectors that collect the electrons and 
radiations formed as a result of the sample interference with the incoming electron 
beam. These detectors amplify electrons or signals that are reflected or interfering 
from the surface. At the same time, these detectors multiply these signals and convert 
them into digital signals and send them to the screen through video multipliers [9].

3.2 Electron gun

One of the most important parts of electron microscopes is electron guns, which 
we call electron sources. It is very important for imaging that the source can produce 
electrons continuously and uniformly. This is just like a river that constantly flows 
into a dam built for a hydroelectric power plant. While tungsten filaments were gener-
ally used for the first commercial SEM, FEG guns are now used more commonly and 
effectively. An important point here is that the tungsten filament does not require a 
vacuum, while the FEG source is in a vacuum environment [3, 9]. One reason for this 
is the excellent blasting of the electron flow in a vacuum-free environment. Below we 
can see the various electron sources (see Figure 3).

Figure 1. 
FEG (field emission gun) scanning electron microscope.
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3.3 Electron sources

Electron sources are widely used tungsten, LaB6, Cold FEG, Shotky FEG [8]. The 
most used old model tungsten and FEG electron sources from these sources are indi-
cated in Figure 4 [8]. Here, tungsten filament electron source is used in older technol-
ogy devices, while FEG welding is used as a more technological electron source. The 
advantages and disadvantages of these sources relative to each other are presented in 
Table 1. When Table 2 is examined, it is clearly seen that FEG electron sources are 
more useful sources.

As can be seen from the Table 2, FEG pistols appear to be advantageous in many 
respects. In scanning electron microscopes, the most important values for the sample 
are magnification and resolution.

Figure 2. 
Schematic view of the scanning electron microscope.

Figure 3. 
Schematic view of electron gun.
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Resolution: It expresses the power of distinguishing two different parts on the 
viewed surface.

Magnification: Shows the ratio of the imaged area to the scanned area.
These two values are actually a comparative situation, namely qualitative. In 

fact, the magnification may vary depending on the screen and print size on which 
it is viewed. Therefore, the main thing in microscopic images is the length bar. The 
resolution event, on the other hand, depends on the analysis configuration. That is, it 
depends on the acceleration potential, the working distance (h), the current value and 
the structure of the sample.

3.4 Interactions of electrons with sample

Electrons emanating from the gun strike the sample surface with an acceleration 
potential. Three physical events will occur for these incoming electrons. These are 

Figure 4. 
Electron sources (a) tungsten (b) FEG (c) FEG module.

Tungsten LaB6 Schottky FEG

Brightness (A/cm2 sr) 100 1000 5000

Energy Distribution 3.0 eV 1.5 eV 0.3 eV

Welding Temperature (K) ˜2800 ˜1850 ˜1350

Lifetime (s) 100 2000+ 10,000+

Vacuum (mbar) ˜10−5 ˜10−7 ˜10−8˜10−9

Resolution (30 kV) 3 nm <2.7 nm <1.2 nm

Resolution (1 kV) 15 nm <12 nm <3 nm

Table 2. 
Comparison of electron sources.
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back scattering, passing through scattering and elastic scattering, respectively. This 
situation is illustrated in Figure 5 below.

As can be understood from here, different rays and electrons are formed as a result of 
the collision of electrons with the surface. Before talking about these electrons, let us look 
at the depth at which the incoming electrons affect the sample surface (Figure 6) [3].

When we look at the electron-sample interaction, shown schematically in Figure 6, 
we see that the interference is in the form of a water drop. Here, high energy electrons 
form low energy auger electrons as a result of inelastic interference of sample atoms 
with outer orbital electrons. These auger electrons contain information about the 
sample surface and form the working principle of auger Spectroscopy [8]. Again, as 
a result of the interference between the incoming electrons and the orbital electrons, 
the beam electrons that are thrown out of the orbit or whose energy decreases, move 
towards the sample surface. These electrons are called secondary electrons. These sec-
ondary electrons are collected in the scintillator in the sample chamber and converted 
into a secondary electron image signal. Secondary electrons come from approximately 
10 nm depth of the sample surface. This provides a high resolution topographic image. 
In addition, inelastic interference occurs between the sample atoms and the electron 
beam. As a result of these inelastic interactions, characteristic X-rays and continu-
ous radiations occur in the sample. The characteristic radiations generated here are 
evaluated as wavelength or energy dispersed radiation. This evaluation gives us the 
chemical composition of the sample, that is, the elemental analysis information. This 
analysis is called EDX analysis.

The electron beam on the sample also makes elastic interferences with the sample 
atoms. During this elastic interference, the incident electron beam is deflected by the 
attractive force of the nuclei of the sample atoms and backscattering occurs. These 

Figure 5. 
Rays and electrons formed as a result of the interaction of the incoming electron beam.
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scattered electrons are defined as back-scattered electrons. The image formed by 
these backscattered electrons is called the backscattered image. Here, the amount 
of backscattered electrons is proportional to the atomic number of the sample. This 
provides atomic number dependent contrast for polyphase systems in image forma-
tion. When the signals are collected (A + B) in the backscattered electron detector, 
a compositional image depending on the atomic number contrast is obtained [7]. If 
the image is obtained by taking the difference of the signals here (A-B), a topographic 
composition image is formed (Figure 7) [7].

In summary,
Secondary Electrons:

• Caused by inelastic collision between incoming electrons and electrons in the con-
duction or valence band (Figure 8a).

• The energy of the incoming electrons is high and it removes electrons from the 
sample (Figure 8b).

• Secondary electrons are low energy electrons and can be collected with a potential 
between 100 and 300 V applied to the detector.

Figure 6. 
Interaction between electron beam and sample.

Figure 7. 
Elemental backscatter images (a) backscattered a + B “composition” signal (b) backscattered A-B “topographic” 
signal.
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• Independent of the atomic number of the scattering atoms

• Originate from surface area < 10 nm (most from 2 to 5 nm depth)

• Contrast by topology

• Low energy electrons <50 eV (90% <10 eV)

When Figure 8 [8] is examined, the interaction of the secondary electron with the 
sample surface and sample electrons is seen in a and b. Also, in c and d, we see how it 
interacts with the electrons that make up the sample and then leaves the sample surface.

Backscattered Electrons:

• They are formed as a result of elastic collision between incoming electrons and 
nuclei of sample atoms (Figure 9b). (Rutherford Scattering).

• The higher the atomic number of the sample atoms, the more backscattered 
electrons are obtained. In this way, materials with a large atomic number appear 
brighter (Figure 9d).

Figure 8. 
Schematic representation of interference patterns of secondary electrons (a) electron interaction (b) production of 
secondary electrons (c) formation of secondary electrons (d) effect of sloping surface on SE emission [8].
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• Varies strongly with the atomic number Z of the scattering atoms

• Originate from deeper in the sample (<1–2 μm)

• Contrast by atomic number and topology

• High energy electrons (50 eV – 30 keV)

When Figure 9 [8] is examined, the interaction of backscattered electrons with the 
sample surface and sample electrons can be seen in Figure 9a-b. Also, in Figure 9c-d, 
we can see how it interacts with the electrons that make up the sample, and the scatter-
ing increases as the atomic number increases.

When the backscattered electron (Figure 10a) and the secondary electron image 
(Figure 10b) are examined in Figure 10 [8], different properties of the same sample 
surface are clearly seen. From here, it is easy to understand the detection of differ-
ent phases with the BSE detector. The detection of different phases is mostly used in 
metallurgical materials science to easily distinguish the structures of the phases in the 
sample. This shows us that SEM is more than imaging.

Figure 9. 
Schematic representation of the interference patterns of backscattered electrons. (a) Production of backscattered 
electrons (b) production of backscattered electrons (c) effect of inclined surface to BSE emission (d) effect of 
atomic number to BSE emission [8].
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4. Usage areas of scanning

Scanning Electron Microscope, besides its use in research and development studies 
in many branches, is widely used in microelectronics chip production, error analysis 
in different branches of industry, biological sciences, medicine and criminal applica-
tions. Among them,

In Forensic Medicine: It is used to compare materials such as metal parts, wood 
chips, paint and ink, and also to examine evidence in police laboratories by examin-
ing materials such as hair, skin pieces, thread. It is also used effectively in the fields 
of medicine such as Anatomy, Biochemistry, Physiology, Microbiology, Pathology, 
Toxicology. It is also used in fields such as dentistry, Biological Botany and Cell 
Biology in the field of health [5].

In metallurgy: Metals are used to determine the durability of metals in different 
conditions such as hot and cold [6]. Also in this field; SEM analyzes are also used 
in many fields such as Material Sciences (Content Analysis of Materials), Materials 
Research, Investigation of Rough Surfaces, Surface Topography, Investigation of 
Material Damages, Magnetic and Superconducting Materials, Geological Sections, 
Soft Materials and Crystallization/Phase Transformation.

It is used to determine the durability of metals used in aircraft, automotive, 
defense industry, vehicles such as aircraft, automobiles, trains, ships, which require 
the use of strong metal for security reasons.

Figure 10. 
Topographic images taken with different detectors (a) BSE image (b) SE image [8].
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In Scientific Research: Biologists study plant and animal tissues, chemists use micro-
scopic crystals, metal, plastic, ceramics, etc. They make use of SEM in the analysis.

In addition, it is of great importance to make use of the EDX features of SEM 
devices for additional analysis such as sample content determination and a color map-
ping of this content.

5. Sample preparation

Surface images of any object imaginable can be obtained in scanning electron 
microscopes. To express these under two main headings, we can define them as 
conductor and insulator. In general, it is sufficient to have suitable dimensions in 
the chamber for conductive samples, while preliminary preparations are required 
for insulating and biological samples [5]. In general, the following factors should be 
considered during sample preparation.

• Sample sizes should be tailored to the SEM instrument chamber.

• The sample must be resistant to high vacuum and no outgassing.

• Care should be taken to ensure that it is clean, dust-free, spotless and oil-free.

• If possible, coating should not be done or should be done in sufficient quantities.

• Care should be taken not to deform it while placing it in the chamber with the 
holders.

• If there is a possibility of doubt, a control sample should also be included.

• There must be good electrical contact between the sample stub (holder) and 
ground potential.

• There should be good conductive contact between the sample surface and the stub.

• The sampled stub should not be prone to excessive interference with electrons. 
Generally, aluminum is preferred.

• Small and thin materials should be mounted on the mass foil very well to give a 
minimum background signal.

• The sample should be mounted in the sample holder so that it does not move.

• The rotation and inclination of the samples to be used should be of appropriate 
size and should be attached in a non-slip manner.

5.1 Conductive and non-conductive samples

5.1.1 Conductors

If we consider it in two groups, metals and semi-metals are included in this group. 
Since metals have good conductivity, not much preparation is needed.
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5.1.2 Non-conductive ones

This group includes those that have no electrical conductivity at all. For example, 
plastics, polymers and materials with fiber properties should be considered in this 
category.

5.1.3 Volatile and Non-Conductive

If the sample does not contain moisture but is also a non-conductive material, that 
is, if it is not possible to take an image without coating, the following should be applied. 
Even if many materials are dry and insulating, they can cause gas to come out in high 
vacuum. For this reason, it is sufficient to cover the samples containing non-volatile 
elements and non-conductive properties with a thin layer such as Au, C, Au/Pd and Al. 
This layer is generally 20–30 nm thick [4, 6]. There are some reasons why we do this.

• The conductivity of the sample is increased, which minimizes the accumulation of 
electrons on the sample surface and minimizes the emergence of poor quality image.

• Reduces prolonged exposure to the sample surface for imaging and reduces 
distortion.

• Increases primary and secondary electron emission.

• It will reduce the penetration depth of electrons and cause high resulation.

• Usually gold plating is used. Among the main reasons for this are the following.

• High secondary spread co-efficient.

• High conductivity of electron and temperature.

• Non-oxidation.

• Coarse grain of sputtered particles in the surface coating.

Coatings are usually made by evaporation. If the coating is made with carbon, gold 
plating will be preferred since it cannot accurately analyze the amount of carbon in 
the sample in X-ray microanalysis. In addition, it should not be preferred too much as 
it will oxidize in aluminum [6].

Coated and uncoated sample images are given in Figure 11 [8]. Since the coated 
sample increases the surface conductivity here, electrons from the electron gun do 
not cause accumulation on the surface. This provides a much more detailed and clear 
image of a coated sample.

5.1.4 Biological Samples

Biological samples are among the most important groups to be examined in scan-
ning electron microscopy. These samples show some differences from the samples 
from other areas. This difference is due to the fact that it is a living tissue and requires 
different pre-processing before imaging. Chief among these,
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A. Fixation: The fixation time and temperature are different from tissue to tissue.

• Primary fixation is done with Glutaraldehyde.

• Washing: It is done with tampons. At this stage, Sorrenson Buffer Phosphate 
solution is used.

• Secondary fixation: The sample is kept in a solution up to 10 times its volume 
with osmium tetroside.

• For example, if it is soft and has a high oil content, it causes it to darken.

• The hardness of the tissue allows it to take less amount of osmium tetroxide.

B. Dehydration: Ethyl alcohol, acetone, amyl acetate series are used. It is gradually 
passed from low concentration to high concentration. The percent concentration 
is determined according to the sensitivity of the sample. The concentration range 
is narrow in soft samples and wide in hard samples. In addition, it is kept in each 
series for at least 15–20 minutes.

C. Drying: The drying time varies according to the ambient temperature and sam-
ple size. Critical desiccant should be used on sensitive tissues. With this method, 
acetone, ethanol or amyl acetate in the tissue and liquid CO2 are replaced at the 
critical point (35 Co and 1100 Bar). Here, while the liquid CO2 evaporates from 
the liquid state, the tissue is dried without spoiling. Drying should be done with 
whatever substance our sample was dehydrated with [5]. In hard tissues such as 
bone and teeth, air drying is preferred.

In Figure 12 [10], we see a photo of a wet sample with moisture taken in SEM. 
Here we see a much clearer view of the sample dried with the critical dryer. This 
shows how important the sample preparation process is.

5.2 Dimensions to be examined

Scanning electron microscopes are manufactured in a certain size in that they are 
high-tech and have electron guns and magnetic deflectors on them. Therefore the 

Figure 11. 
Images of coated and uncoated samples.
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sample chamber has a certain volume. Rotation and angulation in the sample chamber 
also limits the width, length, and height of the sample. Therefore, the maximum 
width and maximum height are limited to 7.5 cm. In addition, the maximum height 
of the sample can be at most 2 cm. However, in some SEM devices, the sample holders 
can be removed and the height can be increased up to 5 cm. Since this situation is 
not valid for all samples, the sample height should be accepted as 2 cm as a standard. 
Representative dimensions are shown in Figure 13.

6. Conclusion

Knowing better the mysterious world we live in will be in the light of science. 
Humanity first wonders about this light and develops the necessary equipment 
to satisfy this curiosity. SEM devices have been one of these lights in the better 

Figure 13. 
Schematic representation of sample size suitable for SEM device.

Figure 12. 
SEM image of a wet sample (a) natural dried (b) critical dryer dried.
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understanding of human beings in this micro and nano world. In this part of our 
book, the origin story of the scanning electron microscope device, its necessity and 
usage areas are examined. In these examinations, from which areas and for what 
purposes SEM is used to how it performs imaging has been examined. As a result of 
this examination, SEM devices not only shed light on scientific studies, but also show 
in detail the quantities in our daily life that we cannot see with the naked eye. Its wide 
range of use and its ease of use necessitate use in all fields of science. In other words, 
human beings have eyes in every field, from a cell tissue to a hair strand or from a clay 
powder to a computer circuit. SEM can show us all the details that we can see today.

© 2022 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. 
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Chapter 2

Minerals Observed by Scanning 
Electron Microscopy (SEM), 
Transmission Electron Microscopy 
(TEM) and High Resolution 
Transmission Electron Microscopy 
(HRTEM)
Taitel-Goldman Nurit

Abstract

Pictures from a scanning electron microscopy, transmission electron microscopy and 
high resolution microscopy are presented. Samples were collected from the marl layer in 
Judean Mountains in Israel, and the minerals observed were dolomite, calcite, goethite, 
and K-feldspar. In sands along the Mediterranean Seashore and the coastal plain in Israel, 
dark grains were rich in Ti, and quartz grains were covered by clays and hematite. Dust 
samples included clay minerals, Ti and Fe oxides. Iron oxides (goethite, akaganéite and 
lepidocrocite) were preserved within halite crystals at the Dead Sea area. In the Atlantis 
II and Thetis Deeps, in the central Red Sea, hot brines feel the deeps and minerals found 
in cores were magnetite, goethite, ferroxyhyte, manganite, todorokite, groutite and 
short range ordered ferrihydrite and singerite. Observation by electron microscopy 
enables us to see the size of euhedral or unhedral phases. Relations between the minerals 
are observed. Point analyses yield the chemical composition of the mineral with impuri-
ties, and Electron diffraction identifies the crystallography of the minerals.

Keywords: natural Fe, Ti, Mn oxides, quartz grains, euhedral, dolomite and K-feldspar

1. Introduction

The use of electron microscopy enables us to observe the size of minerals and 
understand their formation and the relations between various minerals in sediments. 
By using scanning electron microscopy (SEM), the size of minerals can be measured, 
morphology and relations between phases like coating or erosion of crystals can be 
observed. Using energy dispersive systems (EDS), the chemical composition of min-
erals can be obtained. The use of transmission electron microscopy (TEM) or high 
resolution transmission electron microscopy (HRTEM) enables us to measure the size 
of nanocrystals, obtain their chemical composition and identify the minerals formed. 
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With HRTEM, short range ordered phases can be identified and recrystallization of 
the minerals preserving initial morphology can be observed [1].

In this chapter, samples from various sites from Israel and the central Red Sea 
Deeps are presented and described. Rounded quartz grains arrive from the Nile River 
in Egypt to the Nile Delta, then are moved from the Delta with longshore current 
along the southeastern Mediterranean Sea to the Israeli coast. Moving of the grains 
to the coastal plain results from transgression and regressions of the sea causing the 
formation of sandstone ridges and soils [2]. The sand was also blown inland, forming 
sand dunes and eolianite calcareous sandstones (‘kurkar’).

Carbonate layers and marl or clay layers were formed during the Cretaceous 
period transgression of the Thetis Ocean. At the end of the Cretaceous, the layers 
were folded as part of the Syrian arc and the Judean Mountains were formed [3]. The 
maximum elevation of 1000 m separates between the western side of the mountains 
and the Judean desert on the eastern side.

The hypersaline terminate lake of the Dead Sea is located along the Dead Sea 
Transform fault at the eastern side of the Judean Mountains. The desert in the area 
causes evaporation of the Dead Sea water leading to elevated salinity of 340 g/l and 
precipitation of halite crystals [4].

Dust storms are common in Israel, mainly during autumn and spring. During the 
winter, dust storms appear at the early stage of rainstorms. The dust arrives either 
from North Africa from the Sahara desert or Saudi Arabia, depending on the weather 
cyclones [5]. The dust contains coarse silty quartz grains sourced from Sinai and the 
Negev in southern Israel [6].

The Atlantis II and Thetis Deeps are located in the central part of the Red Sea 
along the axial rift separating the Arabian and African plates. Hydrothermal brine 
discharges into the Deeps and the salinity results from dissolution of Miocene evapo-
rates [7]. Elevated temperature results from interaction with hot magmatic and peri-
dotite rocks, located underneath. Dissolved iron that is discharged from ultrabasic 
magmatic rocks, reacts with oxygen to form various phases of iron oxides. A narrow 
channel connects the southern Atlantis II Deep with small chain and discovery basins 
[8]. Drillings were performed during ‘Mesada 3’ expedition by Peussag company from 
Germany in the late 1970s and at the beginning of the 1980s as a part of the ‘Saudi 
Sudanese Red Sea joint commission for exploring of red Sea Resources’. Samples were 
kept under 4°C in institut für meeresforschung (IFM) Geomar in Kiel, Germany [9].

2. Analysis of minerals

2.1 Mediterranean seashore sample

A sample from the southern part of the Mediterranean seashore was observed 
using scanning electron microscopy (SEM). The grains consist of transparent quartz 
grains (SiO2) and black grains (Figure 1). The black grains were separated and 
checked using SEM and energy dispersive systems (EDS). It appears from the chemi-
cal analyses that these black grains are composed mainly of Ti-oxides.

2.2 Judean Mountains samples

Samples from the Judean Mountains in Israel were collected from layers of marl 
or clay. The samples were chipped or broken. The fresh surface was gold-carbonate 
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coated for back-scattered mode on SEM and the chemical composition was estab-
lished with EDS. By observing the samples, newly-formed minerals were identified 
by their euhedral morphology. Crystals of dolomite (CaMg(CO3)2) were identified 

Figure 1. 
(a) Observation under the magnifying glass of sand from the southern part of the Israeli coast had transparent 
quartz grains and black grains, (b) SEM image of the black grains, and (c) chemical analyses of the black grains 
obtained by EDS, showing clays and Ti-oxide with iron impurity.

Figure 2. 
(a) Map of Israel with Judean mountains and the Dead Sea, and (b) SEM image of dolomite and goethite 
crystals from the Judean Hills in Israel.

Figure 3. 
SEM image of idiomorphic shape of K-feldspar on euhedral dolomite crystals in marl layers of the Judean Hills in 
Israel.
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Figure 5. 
SEM image of tube morphology of calcite and clays indicates biogenic origin and formation by cyanobacteria.

in the argillaceous strata of the Judea group in the Judean Hills (Figure 2). The 
euhedral morphology indicates that they were formed in the marl layer. Goethite 
(FeOOH) crystals were formed later, filling the open spaces between the dolomite 
crystals.

In the marl layer K-feldspar, probably orthoclase or adularia (KAlSi3O8), was 
formed on euhedral dolomite crystals (Figure 3). Euhedral morphology of the 
K-feldspar indicates that it was formed in situ after dolomite crystallization [3]. 
Finding autogenic K-feldspar in the marl layers enabled measurement of the age of 
the layers [10].

Some of the dolomites in the Judean Hills were dissolved due to exposure to rains 
(Figure 4). The inner part was dissolved probably due to initial crystallization of 
dolomite with Ca/Mg > 1. As the dolomite crystallization continued, the outer part 
had a ratio of Ca/Mg = 1 so the dolomite was more stable. The dissolved inner part 
was later filled with calcite and clay minerals.

Crystallization of calcite (CaCO3) along with clay minerals formed by agglutina-
tion of cyanobacteria caused formation of a tube (Figure 5).

Figure 4. 
SEM image of dolomite with inner part dissolved and outer part remained stable.
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2.3 Samples from Red Sea deeps

Samples were collected from cores in the Atlantis II and Thetis Deeps from the 
central Red Sea [9]. The sediments there were formed in a highly saline hydrothermal 
environment. Magnetite (Fe3O4) crystals were studied using SEM. They crystallized 
in the Thetis Deep located in the central Red Sea (Figure 6). Needles of goethite 
precipitate close to the magnetite. Point analyses measured on the magnetite yielded 
Si/Fe = 0.01 and impurities of V with V/Fe = 0.002 and Mn with Mn/Fe = 0.002.

Foraminifera’s shells that originate from the upper part of the Red Sea sink and 
attach to the magnetite crystals.

Nano-sized particles (5–200 nm) were checked under transmission electron 
microscopy (TEM) using JEOL JEM-2100f analytical TEM operated at 200 kV, 
equipped with a JED-2300 T energy dispersive spectrometer (EDS) for microprobe 
elemental analyses. All chemical analyses were obtained by point analysis with a beam 
width of 1 nm JEOL. Crystalline phases were identified, using selected area electron 
diffraction (SAED) in the TEM.

Figure 6. 
(a) Location of the Thetis deep and Atlantis II deep in the Red Sea, (b) SEM image of euhedral magnetite 
crystals surrounded by goethite crystals, and (c) SEM image of magnetite crystallized in the Thetis deep in the Red 
Sea with foraminifer’s shells.

Figure 7. 
TEM image of mono-domain goethite with twinning from the Red Sea deeps due to elevated temperature. Goethite 
had an impurity of Si/Fe 0.02 atomic ratio.
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Figure 9. 
HRTEM image of goethite crystallized on groutite.

Samples that were crystallized in the Red Sea Deeps had various morphologies 
due to salinity of the hydrothermal brines and their high temperature. Goethite 
(α-FeOOH) appears as mono-domain with twinning (Figure 7) or as multi-domain 
(Figure 8) and by high resolution, it is possible to observe well-crystallized phases. 
Impurity of Si in the goethite crystals was observed within the crystals: Si/Fe = 0.1 in 
multi-domain phase and Si/Fe = 0.02 in mono-domain structure. Star shape had Si/
Fe = 0.04. Crystallization of goethite occurred at the upper part of the hydrothermal 
brine due to iron that discharges from the Deep and oxygen from Red Sea deep water.

Tiny goethite crystals grow on groutite (αMnOOH) in a sample from the southern 
part of the Atlantis II Deep in the Red Sea [11]. Groutite and goethite are iso-struc-
tural; hence crystallization of goethite was favored (Figure 9).

Figure 8. 
(a) HRTEM image of multi-domain goethite, (b) HRTEM image of the goethite, (c) fast Fourier transformation 
that shows the well-crystallized goethite, and (d) TEM image of goethite with twinning forming a star shape 
impurity of Si/Fe 0.04 atomic ratio.
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2.4 Samples from Dead Sea area and the Red Sea

In the Dead Sea area, colored halite can be observed with iron oxides preserved 
within halite crystals. Samples were studied using HRTEM [12]. Multi-domain 
akaganéite (β-FeOOH) (Figure 10) and multi-domain lepidocrocite (γ-FeOOH) 
(Figure 11) were crystallized in the area of the Dead Sea and then covered by halite 
crystals that preserved the initial phases.

Formation of akaganéite requires the presence of Cl− ions, which had Si and Mn 
impurities (Si/Fe = 0.06, Mn/Fe = 0.06).

Lepidocrocite is crystallized at slow oxidation at pH > 5 and in the presence of 
chloride [12]. Plate morphologies of lepidocrocite were observed in Atlantis II and 
Discovery Deeps sediments in the Red Sea. Rod morphology was observed in sedi-
ments of the Thetis Deep in the Red Sea [9].

Formation of ferroxyhyte (δ-FeOOH) requires high oxidation conditions [13]. 
Ferroxyhyte was crystallized at the transition zone between the Red Sea deep water 
and the hydrothermal saline brine. Sample was collected from the upper part of 
sediments in the south-west basin of the Atlantis II Deep in the Red Sea. Ferroxyhyte 

Figure 10. 
(a) Halite crystals from the Dead Sea area that include iron oxides, and (b) HRTEM image of multi-domain 
akaganéite (β-FeOOH) it contributes to the color of halite.

Figure 11. 
(a) Dead Sea area close to the seashore with halite that precipitates from the lake, (b) TEM image of lepidocrocite 
crystals that cause the color of the halite. Lepidocrocite crystals had impurities of Si/Fe 0.06 and Mn/Fe 0.06, and 
(c) HRTEM image of lepidocrocite preserved in the halite crystals.
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Figure 13. 
TEM images of Mn oxides from the southern part of the Atlantis II deep with Fe and Si impurities. (a) Todorokite 
(Ca,Mg)1−xMn4+O12*3−4H2O, and (b) manganite γ-MnOOH, with electron diffraction.

appears as folded layers and a high resolution image shows that there are no disloca-
tions in the crystals (Figure 12).

In the southern part of Atlantis II Deep in shallow water, Mn oxides were formed 
from the upper part of the brine. Minerals identified were todorokite (Ca,Mg)1−x 
Mn4+O12*3−4H2O, with impurities of Si/Mn = 0.15, Fe/Mn = 0.28. Manganite 
γ-MnOOH had also an impurity of Si/Mn = 0.10 and Fe/Mn = 0.20 (Figure 13). 

Figure 12. 
(a) HRTEM image of folded layers of ferroxyhyte from the sediments of the Atlantis II deep, (b) Electron 
diffraction of ferroxyhyte, and (c) HRTEM image shows a well-crystallized phase without dislocations.
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Similar phases were also identified in the Chain and Discovery Deeps close to the 
Atlantis II Deep in the Red Sea [11].

2.5 Samples from the coastal plain of Israel

Quartz grains are dominant in soils on the coastal plain of Israel. Clay minerals, 
kaolinite (Al2Si2O5(OH)4), montmorillonite ((Al2Mg3)Si4)10(OH)2nH2O), which 
arrive in the area as dust storms, cover the well rounded quartz grains. Iron oxides, 
mainly hematite (Fe2O3) crystals, are attached to the clay minerals and contribute to 
the red color of the red sandy soils (Figure 14).

2.6 Dust samples of Israel

Dust storms are common in Israel, (Figure 15). Dust samples were collected and 
studied with TEM. Most of the samples contain clay minerals, mainly montmoril-
lonite, kaolinite and small amounts of illite. Nano-sized iron and titanium oxides are 

Figure 14. 
(a and b) TEM images of rounded quartz grains covered by kaolinite and hematite in red sandy soil.

Figure 15. 
(a) Dust storm in the Middle East, (b) TEM image of well-crystallized rutile that was identified in the 
dust along with clays and hematite, and (c) HRTEM image of dust samples made of clay minerals mainly 
montmorillonite and kaolinite. Hematite, ilmenite and Ti oxides are attached to the clays.
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Figure 17. 
HRTEM images of samples from the Dead Sea area formed by recrystallization of ferrihydrite: (a) well-
crystallized hematite, (b) well-crystallized akaganéite, and (c) well-crystallized goethite.

attached to the clay minerals forming clusters. The dust also covers quartz grains in 
sand dunes along the Mediterranean seashore and colors them into darker colors.

2.7 Short range ordered phases

HRTEM enables observation of short range ordered phases. Ferrihydrite 
(Fe5

3+HO8
.4H2O) and singerite (SiFe4O6(OH)4

.H2O) were observed using HRTEM. 
The size of the ferrihydrite is around 5 nm in samples from the Atlantis II Deep and 
it has a hexagonal outline. Ferrihydrite from the Dead Sea forms clusters. In both 
samples, the use of high resolution enables us to see that the phase is short range 
ordered (Figure 16).

Formation of Ferrihydrite is at fast oxidation and pH > 2. Si serves as an impurity 
in the phase. With time, ferrihydrite can recrystallize into more stable iron oxides like 
hematite, akaganéite or goethite (Figure 17).

In the upper layer of sediments of the Atlantis II Deep in the Red Sea, a new short 
range ordered phase was observed using HRTEM. The new phase has disc morphol-
ogy with well-crystallized margins and short range ordered inner part and it was 
named singerite (SiFe4O6(OH4*H2O) (Figure 18) [14]. Singerite was formed by mix-
ing of the highly saline hydrothermal brine that discharges into the Deep and Red Sea 

Figure 16. 
(a) HRTEM image of short range ordered ferryhydrite from the area of the Dead Sea, and (b) HRTEM image of 
ferrihydrite from Atlantis II deep with electron diffraction and fast Fourier transformation obtained by digital 
micrograph (Gatan) software.



29

Minerals Observed by Scanning Electron Microscopy (SEM), Transmission Electron Microscopy…
DOI: http://dx.doi.org/10.5772/intechopen.102477

Figure 18. 
(a) HRTEM image of a cluster of rounded plates from the Atlantis II deep, Red Sea, (b) high resolution image 
of singerite with well crystallized outer part and short range ordered inner part, and (c) HRTEM image of 
recrystallization of singerite into clay mineral, probably nontronite.

Figure 19. 
HRTEM image of a cluster of singerite. A small tilt of the sample enables us to see that singerite is made of 
rounded plates.

Figure 20. 
(a) HRTEM image of a cluster of mineraloid of Si,Fe Mn oxihydroxide, (b) HRTEM image showing short range 
ordered phase, and (c) Electron diffraction shows values of 0.255, 0.22 and 0.149.
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deep water. With time, singerite recrystallizes into clay minerals, usually nontronite 
(iron-rich smectite). Hence singerite was found only in the upper layer of sediments 
in the Deeps. A similar rounded phase was synthesized under saline hydrothermal 
conditions [9].

A small tilt of the singerite sample enables us to see that singerite is a round plate 
(Figure 19).

A new short range ordered phase from Red Sea deeps: Mn-singerite? 
Si(Fe,Mn)4O6(OH)4

.H2O electron diffraction yielded 0.255, 0.22 and 0.149 (Figure 20).

3. Discussion

Observation of minerals under electron microscopy enables observation of well-
crystallized phases, study of their chemical composition and finding of impurities in 
the crystals by using point analyses. Under HRTEM nano-sized short range ordered 
phase like ferrihydrite and singerite can be observed. A new phase Mn-singerite was also 
observed under HRTEM. Observation of twinning that results from the conditions in 
which the crystals were formed, such as salinity, pH, temperature, contributes to under-
standing the conditions in which formation of crystals occurred. Goethite for example 
appears as mono-domain, multi-domain crystals or twinning creating star shape 
morphology. Identification of the crystallography of the minerals observed was used 
by electron diffraction in transmission electron microscopy. Well-crystallized minerals 
with euhedral morphology indicate that they were formed in situ like samples covered 
by halite in the Dead Sea area. It is also possible to see the initially formed dolomite min-
erals and later another phase, goethite, filling the open space or attached to the initially 
formed phases. Goethite is also crystallized on groutite since both are isostructural.

Rounded morphology is formed due to pounding as the minerals moved from 
their initial location where they had crystallized to the new site. Quartz grains were 
observed along with Ti-rich minerals with rounded morphology as well. Other 
rounded quartz grains were observed in red sandy soils. Using electron microscopy 
enables us to see Nano-size phases that form a cluster of different minerals like 
clusters of dust. Clays are the main phases and iron or titanium oxides are captured 
between the clay layers or are adsorbed on their surfaces.

4. Conclusion

In this chapter Fe-oxides, Mn-oxides, Ti-oxides, quartz, dolomite, clays and K 
feldspar were studied using various electron microscopies (SEM, TEM and HRTEM). 
Using these methods helped to identify the crystallography, morphology and chemi-
cal composition of the minerals. Nano-sized short range ordered phases like ferrihy-
drite and singerite were also observed and identified.
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Chapter 3

Investigation on Building Materials 
with the SEM in the ESEM Mode 
to Demonstrate Their Capillarity 
Using the Contact Angle Method
Peter Körber

Abstract

The chapter describes the use of the Scanning Electron Microscope (SEM) in the 
Environmental Scanning Electron Microscope (ESEM) mode on building materi-
als, whose capillarity is to be examined. The abbreviation SEM means Scanning 
Electron Microscope. The abbreviation ESEM means Environmental Scanning 
Electron Microscope. On the basis of condensation in the ESEM, the hydrophobicity 
of capillary building materials is demonstrated with the help of the contact angle 
method. In the chapter, the investigation in the ESEM is shown using capillary 
building materials that have been given subsequent injections. Due to the problem 
of rising masonry moisture on capillary masonry in the absence of a cross-section 
sealing, injection agents, which have a hydrophobic and pore-filling effect, subse-
quently are used in the borehole method. Such a subsequent masonry sealing must 
be checked for effectiveness. In addition to already existing macroscopic methods, a 
new microscopic detection method is presented. This detection method uses ESEM 
technology in the SEM to generate and detect in situ dew processes at samples taken 
from the injection level of the examined masonry. The output of the results is done 
by image or film. By means of the condensation with the medium of water, the 
contact angle measurement method on the dew drops can be used to make accurate 
statements about the water-repellent capabilities of the examined sample and thus 
about the sealing success. There are detectable correlations to the macroscopic 
detection methods. The contact angles measured in the ESEM during condensation 
are connected to the conventional macroscopic measurement methods. The method 
presented in this chapter offers the advantage to have very small samples and to be 
investigated in a short time with very precise results. The new detection method is 
suitable for practical use.

Keywords: SEM in the ESEM mode, capillary building materials, contact angle method, 
masonry moisture, capillary masonry, cross-section sealing, masonry injection, 
subsequent masonry sealing
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1. Introduction

In the refurbishment of old buildings, especially in the area of monuments [1, 2], 
capillary building materials, for example, consisting of brick masonry are found very 
often. Since the building materials of old buildings are often capillary-active materi-
als [3–5], there is distinctive water absorption and release as well as water transport 
behaviour on this material. This process is called capillarity. Investigating the capillar-
ity of old building materials can be of considerable relevance. The water absorption 
and release behaviour is, for example, crucially important for moisture transport and 
the moisture penetration of components.

The possibilities that result from examining the capillarity of a material in the 
Environmental Scanning Electron Microscope (ESEM) are explained in this abstract, 
using a subsequent sealing with injection agents on capillary masonry.

In many cases when renovating old buildings [6], sealing has to be carried out later 
because no sealing was installed when the object was built or the sealing is no longer 
adequately functional now. The proof of capillarity and the description of the mois-
ture behaviour of the building materials play a major role here.

A good example is the construction of a subsequent cross-section sealing with 
injection agents. Although already known from antiquity, the regular use of func-
tioning building waterproofing at capillary building materials began around 1890. 
Nevertheless, there were no uniform rules for the execution of structural water-
proofing at that time. Only in the 1930s, structural waterproofing was normatively 
regulated. Although the cross-section sealing in massive walls had already a higher 
priority than other seals on buildings at the end of the nineteenth century, cross-
section seals were regularly installed in masonry walls since 1930 onwards. In the old 
building area, there are very often buildings to find that have a cellar, even if the space 
requirements made this cellar unnecessary. This is related to the previous construc-
tion use, in which the basement was due to lack of sealing technology while perma-
nently moist, but served as a ‘buffer’ to the upper floors, which thereby could be kept 
sufficiently dry. In this way, the buildings were built without a cross-sectional sealing. 
For these reasons, solid brick walls in cellars are often encountered in old building 
renovation and monument preservation, in which there is rising masonry moisture 
due to non-existent cross-sectional sealing. However, due to usage or conversion 
requirements of a value retention, there is a great need to permanently seal capillary 
masonry walls against increasing moisture in the wall cross section in the refurbish-
ment in the renovation of historical monuments. A main group in the retrofitting of 
masonry cross-section seals is the masonry injection methods, which do not require 
static interventions [7, 8].

There are currently about 150 different injection agents [7] available for the 
subsequent cross-sectional sealing of capillary masonry. All injection agents have in 
common that they are applied by the production of borehole chains in the masonry. 
The injection agents react chemically. The sealant layer in the masonry is physically 
formed. There are pressurized and non-pressurized processes to apply the injection 
medium into the masonry.

However, all injection agents work in the same way: they change the capillarity of 
the building material and thus also the water transport properties of the material [9]. 
Therefore, the capillarity of a capillary-active substance that is changed by the injec-
tion agent can be used as a reference for the investigations in the Scanning Electron 
Microscope (SEM) in the ESEM mode. The investigations with the SEM in the ESEM 
mode can provide information about the efficiency of such a subsequent sealing by 
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means of injection. In order to be able to monitor the injection procedure and to be 
able to demonstrate the effectiveness of the injection medium, it is therefore neces-
sary to monitor the quality and quantity of the actually changed capillarity on the 
object [10].

The detection method presented here is based on the contact angle method in 
the Environmental Scanning Electron Microscope, ESEM. The ESEM is a modified 
version of a Scanning Electron Microscope, SEM [11, 12]. In contrast to the SEM, the 
ESEM can be used in low-vacuum mode. This circumstance allows the supply of a 
medium (here water steam) during the investigation. A cooling table in the chamber 
allows the sample to be refrigerated while the air in the chamber is at 100% relative 
humidity. Changing the chamber pressure causes condensation in the ESEM chamber 
[13]. During the investigation in the ESEM, condensation water droplets are formed 
on the sample. The contact angles can be determined on the formed drops of water 
[14]. When measuring the contact angle, one makes use of the interfacial tension of 
the water. Both static contact angles and dynamic contact angles can be measured 
in the ESEM. The contact angles provide information about the changed capillarity 
of the sample material on which the drops were formed. The contact angle can be 
measured directly in the ESEM or afterwards. The data obtained from this show a 
geometrically differentiated picture of the changed capillarity of the examined mate-
rial. The method can provide information about the quality of the injection as well as 
about the geometric penetration with the injection agent.

2. The SEM in the ESEM mode

The Environmental Scanning Electron Microscope (ESEM) is a special variant 
of the Scanning Electron Microscope (SEM). The main difference to a conventional 
Scanning Electron Microscope lies in the lower vacuum in the measuring chamber 
[15]. Moreover, a special detector is installed for the operation of the ESEM. Due 
to the lower vacuum (low vac mode), a medium can be supplied to the chamber in 
ESEM mode. For the examination of building materials, the supplied medium is 
usually water/water vapour. The gas pressure in the chamber of the ESEM is usually 
130–1.300 pascals. In the same way as when using the SEM, the sample is scanned by a 
focused electron beam in the ESEM. The signal resulting from an interaction with the 
sample is picked up by the detector and used to generate the image. The ESEM uses 
the generation of low-energy secondary electrons (0–50 eV), which are emitted from 
the sample surface as slow electrons. For signal amplification, the ESEM uses the gas 
in the sample chamber, which generates an amplification cascade through ionization. 
This system also neutralizes charges on the samples. The most important difference 
between the ESEM and operation in high vacuum (= SEM) is that in low vacuum the 
water is not ‘expelled’ from the sample and condensation processes (droplet forma-
tion) and can thus be made visible. For this purpose, the detector of the ESEM is not 
sensitive to light or temperature. In order to be able to visualize the water wetting and 
drying processes in the ESEM, different aggregate states of the medium, here water, 
which are pressure- and temperature-dependent, are used.

For this purpose, a cooling table connected to a recirculating cooler is arranged 
in the chamber of the ESEM. The sample is glued to this cooling table with carbon or 
conductive silver to ensure optimal temperature conductivity. As part of the investiga-
tions in the ESEM, the temperature conditions of the cooling table are fixed while the 
chamber pressure is changed. This causes a change in the state of aggregation of  
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the medium in the chamber (from gaseous to liquid). If the dew point is reached on the 
sample, the water condenses out on the sample surface. This process is recorded with 
the help of pictures. In the ESEM, the forming contact angle of a drop can be measured 
in situ using the contact angle measurement method. Progressive, receding or static 
contact angles can be measured on ripe droplets. If a drying process is to be shown, the 
condensation water that has formed can be evaporated by reducing the chamber pres-
sure, and the drying process is made visible. Technically, the ESEM is very well suited to 
show dynamic condensation in situ [16–20] (Figure 1).

The figure above shows the limit curves of the three phases: gaseous (water 
vapour), liquid (water) and solid (water-ice). These phase areas meet at the triple 
point. At this point, the three phases are in thermodynamic equilibrium. The forma-
tion of condensation is related to the dependence of the state of aggregation of the 
phases on temperature and pressure.

Figure 2. 
Cooling table with circulation cooler, P. Körber.

Figure 1. 
Phase diagram of water, P. Körber.
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Due to the change in the pressure conditions in the ESEM, the dew point inevitably 
occurs during the investigation in the ESEM, and the water that is gaseous in the medium 
becomes liquid in the form of droplets on the sample surface (Figures 2 and 3).

3. Contact angle method

The contact angle θ is the angle between the liquid surface and the outline of the 
contact surface at an interface between a liquid and a solid. The external stress of a liquid 
is defined by the imbalance of molecules within the liquid and at the liquid boundary 
(interface between liquid and gas). This intermolecular force that contacts the surface is 
called surface tension. A drop is formed due to the surface tension of a liquid. In addi-
tion, external influences such as gravity play a role shaping the drop. The contact angle of 
a drop occurs at the contact surface of the drop on a solid and also depends on the shape 
of the drop. The contact angle can provide information about the wettability of a solid 
with a liquid. The contact angle of a drop of water placed on a component surface can be 

Figure 3. 
ESEM chamber: Cooling table with circulation cooler, P. Körber.

Figure 4. 
Contact angle measurement with the tangent method, P. Körber.
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measured macroscopically or microscopically. Water is well suited for carrying out a con-
tact angle measurement, as it is characterized by a relatively high surface tension (=0.072 
n/m). The principle of the contact angle measurement is illustrated in the Figure 4. 
The static contact angle is measured by applying a tangent to the point where the water 
droplet touches the solid surface and the ambient phase (here it is air). The contact 
angle decreases with increasing wettability of the solid (building material surface). The 
contact angle θ is defined as an angle at the phase boundary of the gaseous, liquid and 
solid phases of liquids on a solid surface surrounded by gas [21, 22]. This relationship was 
already defined in 1805 by Thomas Young.

Eq. (1): Interfacial tension between solid and gaseous:

 γ γ γ θ= + cosSG SL LG  (1)

In Young’s equation, the solid-gas interfacial tension is calculated by adding the 
solid-liquid interfacial tension to the liquid-gas interfacial tension and multiplying it 
by the contact angle. The equation below is used to calculate the Young’s contact angle.

Eq. (2): Young’s equation for calculating the contact angle:

 
σ σ

θ
σ
−
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L
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Surface and interfacial tension defines the ‘work’ required to increase the interface 
area. Within the liquid, the molecules interact in all directions (cohesion), while at 
the interface there is no interaction of the liquid molecules with the outside (adhe-
sion). Young’s equation describes the balance of these forces. This is viewed at the 
three-phase contact line and exists when the contact line is balanced and at rest. 
Then the horizontal forces acting on the contact line exactly cancel each other out. 
The interfacial tension is temperature-dependent, so the contact angles also depend 
on the temperature and, for most substances, decrease with increasing temperature. 
However, because there are other forces acting on the contact line in addition to 
surface tension, the Young’s contact angle cannot be measured per se. If there are 
movements of the contact line, one speaks of ‘dynamic contact angles’. When the 
drop volume increases, one speaks of ‘advancing contact angles’, while when liquids 
evaporate, one speaks of ‘receding contact angles’. In this context, it can be assumed 
that the advancing contact angle is always greater than the receding contact angle. The 
difference between these two contact angles is called ‘contact angle hysteresis’.

The hydrophilic or hydrophobic properties of substances can be precisely determined 
using the ‘Drop Shape Analysis System’. In this method, a droplet illuminated from 
behind is observed with a camera and displayed on a monitor. With this method a static 
contact angle is measured by assuming, for the sake of simplicity, that static conditions 
are present for the contact angle measurement. In fact, this is not the case, because con-
tact angles determined in this way are also subject to certain, very small, changes during 
the measurement. However, this inaccuracy is included in the tolerance to be estimated 
and can therefore remain irrelevant for the purposes considered here.

The static contact angle can be measured using the tangent method, as shown 
above. The results of the contact angle measurements on building materials are 
differentiated using the 90° limit in A) hydrophobic > 90° and B) hydrophilic < 90°. 
In addition to this 90° angle definition, the angle measurements also provide informa-
tion about the gradual water absorption capacity of the substance being examined. If 
a dynamic condensation/evaporation process is present, static contact angles can only 
be measured when the dynamic equilibrium between condensation and evaporation 
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is reached. The contact angle method described here for determining the capillarity of 
a building material can also be applied macroscopically. In the present case, however, 
this method is applied microscopically in the ESEM. A reliable optical method for 
drop shape measurement can be carried out on the drops measured in the ESEM: The 
Drop Shape Analysis (DSA).

In the Drop Shape Analysis (DSA), images are taken of the droplets that are 
formed and then examined by using computer software. The contact angle is deter-
mined by the use of an image. The software can sharpen the captured image and 
recognize the contour of the drop. The measurement is computer-aided utilizing a 
geometric model. In the next step, the surface tension can be calculated applying 
the ‘Young-Laplace-Fit’ if the density difference and thus the imaging scale between 
the droplet phase and the surrounding phase are known. Accuracies of ±0.2° can be 
achieved here.

The optically measured drop contour can be calculated using a conic section equa-
tion =>Conic Section Method. The conic section method is based on the assumption 
that the contour of the drop to be measured describes an arc of an ellipse.

4. Hydrophilic or hydrophobic

The term ‘hydrophobe’ (hydrophobic) is borrowed from ancient Greek (hẏdor = water 
and phob = repellent). Hydrophobic describes a water-repellent property of a sub-
stance. This means that the substance does not dissolve in water and cannot be wetted 
by water. The term ‘hydrophil’ (hydrophilic) is also borrowed from the ancient Greek  

Figure 5. 
Contact angle measurement: superhydrophobic, P. Körber.
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Figure 6. 
Contact angle measurement: hydrophobic, P. Körber.

Figure 7. 
Contact angle measurement: hydrophilic, P. Körber.
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(hẏdor = water and phílos = loving). Hydrophilic means that a substance is water-friendly, 
water-loving. Hydrophilic describes a water-accepting property of a substance. This 
means that the substance can be dissolved in water and wetted with water (Figures 5–7).

5. Investigations in the ESEM on building materials

The examination method described here for building materials in the ESEM can be 
used in particular for the question in the hydrophobicity of the substance to be exam-
ined. During the investigation in the ESEM, condensation processes are carried out, 
which provide information on how water-absorbent the examined substance is [23].

The procedure for examining building materials in the ESEM is explained below 
on the basis of a subsequent waterproofing of capillary building materials using injec-
tion agents. Such an injection method is used in particular in historic buildings made 
of solid building materials and in renovations [9].

Investigations in the ESEM are particularly useful when the question arises to what 
extent a building material is capillary-active or to what extent the capillarity of the 
building material has changed. Such changes are conceivable, for example, through 
the use of injection agents in building waterproofing. In the case of injection agent 
seals, for example, on brick masonry, the penetration of the injection agent changes 
the capillarity of the building material in such a way that the transfer of water in the 
building material is impeded or prevented. In this way, it is possible to subsequently 
create a cross-section seal in masonry walls. For such a procedure, it is necessary to 
prove the changed capillarity of the building material. This proof documents the seal-
ing success. In this respect, the condensation in the ESEM is predestined to provide 
evidence for the use of injection agents for the subsequent sealing. The advantage 
of the examination method in the ESEM is that very small sample quantities can be 
evaluated in a very short time. The ESEM investigations on building materials are 
therefore qualitative, microscopic (imaging) detection methods. In addition to these 
microscopic methods, there are also macroscopic detection methods to investigate the 
changed capillarity in building materials [24–29].

The qualitative microscopic (imaging) detection method in the ESEM as described 
here can also be used by verifying the macroscopic, also qualitative, detection meth-
ods. It can provide comprehensive information about the changes in the capillary 
building material under the influence of the injection agent used.

Furthermore, the extent to which an injection material was used at all and to 
which the building material now exhibits hydrophobic properties after use can be 
verified. With the exact measurements, the hydrophobicity of the building material 
can be gradually verified. A comparative examination of the building material before 
and after injection is possible. With the qualitative microscopic (imaging) detection 
method, as with the macroscopic investigations, local samples are taken from the 
injection level using mini core drillings and are analysed in the laboratory in the ESEM.

Essentially, significantly less material has to be removed from the structure for the 
verification method described here.

To examine the building material in the ESEM, samples are to be taken from the 
injection level. In addition, reference samples of the masonry without adding the 
injection agent are required.

The reference samples and the samples from the injection level are subjected to 
condensation in the ESEM. In the ESEM mode, condensation on a microscopic scale 
can be brought about within the pores of the building material (bricks and mortar). 
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The condensation process is recorded using pictures and, if necessary, using film. 
During the condensation process, there is a time window in which the contact angle of 
the forming water droplets can be measured. The measurement of the contact angle 
can be carried out directly in the ESEM.

In addition, the measurement can also be carried out retrospectively on the images 
generated in the ESEM. The measured contact angles can be used to determine 
whether the substance is hydrophobic or hydrophilic. The examination results consist 
of an imaging procedure that can be evaluated afterwards. In particular, comparisons 
with the reference samples are possible.

Figure 8. 
Condensation process on a brick sample in the ESEM, P. Körber.
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Figure 9. 
Condensation process on a brick sample in the ESEM, P. Körber.

Figure 10. 
Condensation process on a mortar sample in the ESEM, P. Körber.
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Figure 11. 
Condensation process on a brick sample in the ESEM, P. Körber.

Figure 12. 
Measurement of the contact angle in the ESEM, P. Körber.
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The qualitative microscopic, imaging detection method described here can be 
flanked and verified by macroscopic examinations. The macroscopic investigations 
can serve as a calibration function for the ESEM measurements. In this way, serial 
tests can be carried out, in which differentiated proof of the sealing success of the 
subsequent building sealing with injection agents can be provided [29].

In Figure 8a–f, shown below, it becomes clear how the condensation water 
droplets form in the ESEM. After the time window for the formation of the drops 
has expired, these attract each other and then merge into one another, so that the 
time window for the measurement is over. The maximum achievable contact angle is 
relevant for the measurement.

The following figures show examples of the formation of condensation water 
droplets in the ESEM on brick and mortar samples (Figures 9–11). Figure 12 shows 
the contact angle measurement, which takes place directly in the ESEM.

© 2022 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. 
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Chapter 4

Atomic Force Microscope in 
Forensic Examination
Niha Ansari

Abstract

Criminal activities have their footprints from time immemorial and nature of crime 
has drastically changed over a period of time. There is neither a geographical boundary, 
nor technical limitations. Moreover terrorist’s activities, drug trafficking eco-crimes, 
high-profile crimes, robbery hit and run cases, building collapse, petro leum prod-
ucts adulteration are some of latest forms of crimes. In last 20 years, scanning probe 
microscopes have emerged as an essential technique in various fields, and atomic force 
microscope (AFM) is most commonly used scanning probe technique which has shown 
its wide range of application in examination of various evidences encountered on crime 
scene. Major advantages of AFM involve its high resolution in three dimensions, and 
sample is not necessary to be conductive and it does not need to be operated within a 
vacuum. It helps in studying a large range of topographies and many types of materials 
can be imaged under it. Evidences such as blood, fibers, hair, soil, finger prints, gun-
shot residue, pollen, etc. found on crime scene at nano- or micro-level can be examined 
under AFM. The chapter describes applications of AFM with respect to its application 
in examination of evidences that can help in bringing justice.

Keywords: Atomic force microscope, forensic science, trace evidence, physical 
evidence, forensic examination

1. Introduction

Forensic science is an umbrella term incorporating an innumerable professions 
where they uses their skills to help law enforcement agencies in reaching to the truth 
during any investigations. Forensic scientist succors in investigating and adjudicating 
both criminal and civil cases. Criminal activities have their footprints from ancient 
time and the nature of crime has considerably changed over a time period. Criminal 
activities are neither limited to geographical boundary, nor technical limitations. 
Moreover terrorist’s activities, drug trafficking eco-crimes, high profile crimes, rob-
bery hit and run cases, building collapse, petroleum products adulteration are some of 
the latest forms of crimes. In many cases, forensic evidence plays key role in obtaining 
conviction and often only trace evidences are existent on a suspect.

In past 20 years, scanning probe microscopes have emerged as an essential tech-
nique in various fields. The atomic force microscope (AFM) uses the most common 
scanning probe technique for materials characterization [1, 2]. Major advantages of 
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AFM involves its high resolution in three dimensions, the sample is not necessary to 
be conductive and it does not need to be operated within a vacuum. It help in study-
ing a large range of topographies and many types of materials can be imaged under 
it. AFM is capable of imaging 3D topography information from the angstrom level 
to the micron scale with extraordinary resolution. In AFM, the Z-axis resolution 
(perpendicular to the surface) is better than the X–Y scan plane resolution of the 
sample surface. The Z-resolution in AFM is on the sub-angstrom level under ambient 
atmospheric condition while the resolution in X–Y scan is limited due to the diameter 
of the probe and is on the order of a few nanometers. In the X and Y axis, AFM images 
shows complication of the probe geometry and sample texture, however, if the probe 
is much smaller than the surface features, the image distortions lead by the probe 
are nominal. The AFM sensitivity is derived from a force sensor which measures 
the forces between the probe and target surface which is usually less than 1 nN/nm. 
Figure 1 shows a representation of the AFM [3].

Evidences such as blood, fibers, hair, soil, finger prints, gunshot residue, pollen etc. 
are found on the crime scene at nano or even at molecular level. At present, differ-
ent nanotechnologies such as the application of nanoscale powders, high resolution 
scanning and transmission electron microscopy and atomic force microscopy are 
applied for the examination of various evidences for forensic investigations [4, 5]. 
Nevertheless, forensic trace depiction of forensic evidences at the nanoscale does not 
yield applicable forensic information as explained by Inman and Rudin [6, 7] with the 
principle of divisible matter. Examination of such type of evidences require combina-
tion of sophisticated instrumentation which can help in proving the facts and can pro-
vide a conclusive results which can provide justice to the society. As mentioned earlier 
AFM technique has showed application for the examination of such type of evidences 
which is centered with an extremely high resolution scanning probe microscope to 
sense intermolecular and interatomic forces between a sharp probe and the specimen. 
AFM is highly applied in forensic field as it has the biggest advantage of examination 
of evidences in minimal non-destructive manner as well as possess imaging capabili-
ties to examine the sample in various environmental conditions. As it possess highly 
accurate piezoelectric scanners its lateral resolution is hundreds of times better than 
the diffraction limit of traditional optical microscope. The sample is scanned by the tip 
of the cantilever which results into the deflection because of the attractive or repulsive 
forces between sample and tip molecules. The cantilever’s deflection is measured by 

Figure 1. 
A representation of the AFM.
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the laser beam which is later converted into an electrical signal by photodiodes, thus 
helping in imaging of the topography surfaces of the sample at the nano-level.

2. Sample preparation

Sample preparation art is in fact a simple procedure of critical-path steps, where 
every single step makes a large difference. The sample preparation in AFM is easier 
as compared to the other electron microscope techniques [8]. Further, AFM provides 
advantage of operating in almost any environment conditions, such as aqueous 
solutions, in air, vacuum, or other gases. Typically, AFM is operated at three different 
modes namely contact mode, noncontact mode, and tapping mode. Contact is a static 
mode, and tapping and noncontact are dynamic modes, as the cantilever oscillates 
in tapping and noncontact modes. This is achieved by adding an extra piezoelectric 
element that oscillates up and down between 5 and 400 kHz to the cantilever holder. 
The contact mode is the mode where the tip of the cantilever scans the sample in close 
contact with the surface. This mode is used usually for surface force measurements. 
In noncontact mode, the tip flies about 5–15 nm above the sample surface. Whereas 
in tapping mode the tip of probe touches the sample, and moves completely away 
from the sample in each oscillation cycle. The tip usually taps the sample during 
each oscillation in tapping mode, hence it is often the most stable mode used in air. 
In noncontact mode the cantilever stays close to the sample all the times and possess 
much smaller oscillation amplitude. The contact mode imaging is heavily influenced 
by frictional and adhesive forces which may damage samples and distort image data. 
The non-contact imaging mostly provides low resolution and can get hindered by the 
contaminant thus producing interfere with oscillation. On the other side the tapping 
mode imaging overcome the disadvantages of the other two modes. It eradicates the 
frictional forces by spasmodically contacting the surface and oscillating with appro-
priate amplitude to avoid the tip from being trapped by adhesive meniscus forces 
from the contaminant layer.

In general, for particle analysis in AFM the smaller the size of the particles the 
flatter/smoother the substrate should be that is the size of the particles should be 
greater than the topographical features of the substrate. Commonly used substrates 
are glass cover slips, highly ordered pyrolytic graphite, silicon oxide wafers, mica and 
atomically flat gold. For biological samples like imaging DNA12 and proteins, atomi-
cally flat substrates are used while for fine-size features examination like bio-cells, 
colloids, quantum dots and carbon nanotubes, glass, mica and silicon substrate are 
used. If a sample comes in the form of a bulk material such as wood or epoxy-resin, 
metal discs are used as a substrate. The adhesive used in this case is typically carbon 
tape or thermal wax [3].

In case of biological samples, in order to observe biological structures in their 
native state, they are supposed to be attached to a smooth solid substrate to resist the 
lateral forces exerted by the scanning tip, in that reverence, mica, glass and silicon 
oxide have proved to be excellent substrates for the examination. Muscovite mica, is 
a non-conducting layered mineral composed of multiple 1 nm thick layers [9]. It can 
be cleaved simply with the help of adhesive tape to yield clean, atomically flat surfaces 
which are negatively charged. Mica is most normally used substrate for imaging dou-
ble-stranded DNA, DNA-protein complexes, protein arrays, densely packed proteins, 
supported lipid films and animal cells. Also, the mica surface can be modified with 
silanes which helps in both to promote adsorption or to allow covalent binding of the 
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biomolecules [10]. Glass represents another suitable substrate for imaging biological 
samples. For imaging cells and other large structures glass cover slips are flat enough 
for imaging adsorbed molecules while in some cases, silicon oxide wafer scan also be 
used instead of glass. Though they are more expensive and difficult to handle, they 
offer much smoother surface than glass. Hydrophobic substrates, highly orientated 
pyrolytic graphite, which is atomically flat over large areas [11] are also preferred for 
biological sample preparation. Hydrophobic surface can be obtained by coating the 
mica surface with carbon for immobilizing DNA [12, 13].

For imaging document, adhesives and fibers sample under AFM, the frequently 
used substrate is microscope slide. Usually the samples are cut as per the required 
area to be imagined under the AFM and then double-sided adhesives are applied to 
affixed the sample at its fixed position as when the AFM tip is scanning it does not 
get deviated from the position. For soil sample analysis usually the grains are pressed 
into pressure-sensitive adhesive putty to provide suitable support during the scanning 
process thus this allows for retrieval of the grains afterwards or realignment if neces-
sary during analysis [14–16].

The hair samples are priory washed before been examined under microscope 
using solvent namely sodium dodecyl sulfate solution or doubled distilled water. 
The substrate like metal discs or glass slide can be used as they are stable and shown 
eligible drift or creep. Adhesives such as conductive sticky carbon pads or double-
sided tape are used to fix the sample at its position. If conductive sticky carbon pads 
are used as an adhesive then the hair sample are lowered onto the pads and pressed 
into place using tweezers, so that the fibers did not roll on the pad and hence pick up 
any contamination from the adhesive [14, 17, 18]. Researchers have also used epoxy 
as an adhesives at the sample ends to ensure that no interference with the top surface 
occurs and the adhesion between the hair sample and AFM disc keeps the middle of 
the sample fixed to the disc during AFM measurements [19].

3. Application of AFM in forensic science

This section recapitulates a number of AFM studies that illustrates applicability of 
AFM in relation forensic traces evidence analysis and its potential for crime investiga-
tions or reconstruction.

3.1 Determination of the age bloodstains

Blood stains are the most common type of forensic evidence found on the crime 
scene. The blood stains play very important role in the time determination of the 
actual criminal activity, hence determination of the age of bloodstains can prove to 
be highly effective in solving the crimes in shorter time duration. This information 
can provide a good perceptions regarding the victim time of death or to create a link 
between the suspects to the crime scene at the time when crime was committed. These 
area has attracted much attention worldwide over the years of various researchers 
since very few techniques such as electron paramagnetic resonance, high-perfor-
mance liquid chromatography, quantification of RNA degradation and hyperspectral 
imaging [20–22]. In the review published by Bremmer et al. [23] they mention about 
the invasive techniques such as HPLC method, RNA analysis and EPR. Hyperspectral 
imaging are applied for the same problem. Even though HSI is a promising technology 
it has high error rate of about 2.7 days as per Edelman et al. [22].
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Research has been done where the application of AFM is explored to study mor-
phological changes of red blood cells (RBCs) to determine the relation with the time 
of death of individual. Wu et al. [24] has studied, the time-dependent, morphological 
changes of RBC in three different conditions such as room-temperature condition 
(controlled), outdoor environmental condition (uncontrolled) and low-temperature 
condition (controlled) using AFM on clean glass or newly peeled mica. They found 
that the substrate types have different effects on cellular morphology of RBC. 
Further, the RBC showed typical biconcave shape on mica and biconcave shape or 
flattened shape on glass, also the mean volume of RBCs on mica was significantly 
larger than that of cells on glass. In relation to the time, the changes in cell volume and 
adhesive force of RBC under the controlled room-temperature condition were similar 
to those under the uncontrolled outdoor-environmental condition as the time lapse. 
However, under the controlled low-temperature condition, the changes in cell volume 
happened mainly due to the RBCs collapse and the adhesive force curves exhibited 
the high alternations in RBC viscoelasticity. They concluded that AFM has significant 
application in forensic medicine or investigations, in relation to the estimation of age 
of bloodstain. Figure 2 shows the morphological comparison of RBCs on mica (a) and 
glass.

Chen and Cai did study on the morphological changes in a whole erythrocyte 
and of the erythrocyte membrane surface ultrastructure using tapping mode atomic 
force microscopy (TM-AFM) on mica substrate exposed in air over a 5-day period. 
They observed that the erythrocyte showed deformation of whole cell and membrane 
surface of unfixed erythrocytes as the time lapse. After 0.5 days of exposure, the 
fissures and cell shrinkage was observed and at 2.5 days of exposure, the development 

Figure 2. 
Morphological comparison of RBCs on mica (a) and glass (c) and (d). (a) and (d) RBCs in typical biconcave 
shape. (c) A flattened RBC. (a1) presents a height profile extracted from the cross section indicated by the dashed 
line in (a). The AFM-measured concave depth (CD) and width (CW) (FWHM) of RBC are 368.2 nm and 3.125 
mm, respectively. (c1) and (d1) present the height profiles from the dashed lines in (c) and (d), respectively. The 
CD and CWin (d) are 219.6 nm and 2.561 mm, respectively. (b) and (e) present histograms of CD (b) and CW 
(e) of RBCs on various substrates. (f) and (g) indicate the differences of cell volume (f) and adhesive force  
(g) between RBCs on mica and on glass.
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of nanometer-scale protuberances was observed, also the protuberances number 
increases with increasing time. Hence the present study presented the application that 
the changes of cell shape and cell membrane surface ultrastructure can prove to be 
helpful to estimate the time of death [25].

Lamzin and Khayrullin in their work studied the changes of RBC membranes 
stiffness in sRBC and the form and size of RBC probed using AFM by storing samples 
for 35 days at standard temperature conditions as shown in Figure 3. Their research 
revealed that statistically significant increase of YM values of RBC were observed as 
well as alteration of their form to echinocytes and spheroechinocytes of sRBC within 
35 days at +4°C was noticed. They mentioned that this work can prove to be useful 
as an immediate criteria for applicability of sRBC for blood transfusion [26]. Marco 
Girasole et al. has exploited the full potential of atomic force microscopy (AFM) to 
investigate various characteristic of the erythrocytes’ life, death and interaction with 
the environment. As per Marco Girasole et al. [27] AFM is still a continuously grow-
ing technique which can be applied for studying more variant information in relation 
to the RBCs biochemical or biophysical status at different environmental conditions.

Threes Smijs et al. applied atomic force microscopy to investigate the elasticity 
of RBCs from the peripheral zone of 4–8 day old bloodstains. They observed that 
the elasticity of six RBCs from a 5 day old bloodstain seemed homogenous with a 
mean Young’s modulus of 1.6 ± 0.4 GPa. As the time lapse, a significant age effect 
was observed in RBC elasticity that is on 4 days: 0.8 ± 0.1 GPa; 5 days: 1.7 ± 0.9 GPa; 
6 days: 2.3 ± 0.6 Gpa; 7 days: 4.5 ± 0.6 GPa; 8 days: 6.0 ± 1.8 GPa; probe spring 
constants 25.16–67.48 N/m. They found that a bloodstain age determination with a 
24 h precision only for 6–7 day old stains can be done. The silicon tip condition was 
regularly checked using scanning electron microscopy as an increase in bluntness was 
noticed after four to six cell indentations [28].

Cavalcanti and Silva studied biophysical properties that is morphology and 
elasticity of RBCs using atomic force microscopy. They aimed to investigate the time 
since death (TSD) from blood smears by analyzing changes occurring in the RBCs of 
a group of voluntary. Further, they also investigated that whether any difference in 
TSD analysis occurs on three different surfaces such as glass, metal, or ceramic after 

Figure 3. 
The AFM image of the dry specimen prepared from sRBC after 1 day (a) and 35 days (b) of storage.
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blood smears deposition occurs on these surfaces. They calculated force × distance 
curves obtained from RBCs membrane surface deformation as a function of time. 
They observed that there is no appreciable difference in the structure of RBCs over 
28 days but significant differences were noticed on glass, metal, or ceramic surfaces. 
They concluded that the use of AFM in crime scenes still requires the development 
for accurate estimation of the TSD for blood spots [29]. Strasser et al. also explored 
erythrocytes in a blood sample to study elasticity changes in a fresh blood spot on a 
glass slide. At first they found presence of several RBCs in “doughnut-like” structure, 
which could easily be detected due to their typical “doughnut-like” appearance fur-
ther the elasticity pattern showed a decrease over time which may be due to alteration 
of the blood spot during the drying and coagulation process. They concluded that 
these preliminary data can demonstrates the capacity for development of calibration 
curves, which have potential in estimation of bloodstain ages during forensic inves-
tigations [30]. Different body fluids are also been utilized for the extraction of DNA 
because of its use as a forensic tool during investigation. AFM can add in the charac-
terization of the “trace DNA” deposited on various surface during any mutual contact. 
The stiffness of DNA’s double strand can be discriminated from its single strand and 
counting of the copied DNA can be done by using AFM [31].

3.2 Document forgery

Document examination involves techniques which causes less or no damage to the 
documents and allows maximum retrieval of data from it. The determination of the 
sequence of strokes is still a big problem in the field of forensic document examina-
tion. Till today the optical microscope are used with different illumination methods 
and magnifications in determination of sequence of strokes. But the use of same does 
not provide a reliable results in every cases because of the interaction of the light with 
crossing ink lines, the depth of focus, low resolving power as well as low magnifica-
tion range of the optical microscopes. Kasas et al. [32] studied line crossing problem 
on paper printed form dot matrix printers and different ball-point pens on plain 
paper. They found that AFM produces qualitatively similar results and overcomes 
some of the scanning electron microscope limitations, i.e., vacuum and specimen’s 
conductive coating. Figure 4 shows the cut-outs of crossings of ball-point pen strokes 
on dot matrix printed letters in newer printer ribbon and worn printer ribbon. They 
concluded that AFM is a powerful alternative to the SEM for line crossing problem. 
Brandao et al. in their work has focused on the problem of counterfeiting which 
involves making an imitation or copy manufactured without the legal sanction of the 
government. They explored AFM and Raman techniques for the examination of both 
authentic and counterfeit Brazilian driver licenses, and national and international 
banknotes. The AFM results showed that the parameters, such as roughness and 
topographic profiles of the chalcographic region of banknotes and Brazilian driver 
licenses, can be successfully visually discriminate between authentic and counterfeit 
documents. They also showed the application of statistical analysis using the Student's 
t-test which showed that the asymmetry values obtained from series numbers and 
micro-letter regions can help in identifying the counterfeiting. They also indicated 
that the paper used to counterfeit the Brazilian driver license and the real banknote 
was an “office” type with inkjet printing by the use of the AFM technique [33]. 
Further the combination can also help to recognize the crossing lines between ball-
point pens, and ballpoint pens and printers, to discriminate between genuine and 
counterfeit medicines, to identify counterfeit documents produced from washing 
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methods, to determine the microstructural information on textile fibers (discriminate 
between carpets, clothes, cars, etc.) in a crime scene investigation. The combination 
provides fast, very reliable, and reproducible analysis.

Chen et al. in their work highlighted the quality of AFM compared to SEM for 
forensic forgery investigations in relation to crossing lines. They examined topo-
graphic features of four papers namely duplicator, copper printing, glassine and kraft 
paper on which crossing lines were done with three different types of oil-based pens 
as shown in Figure 5. For all pens they establish similar differences in height profiles 
analogous to the inks accumulations at the places where the first pen stroke overlay 
with the edge of second pen stroke. The work do showed the usefulness of AFM 
imaging to detect crossing lines under the selected test conditions [15]. As per Ellen, 
AFM imaging technique can provide high potential in forensic document examination 
especially in cases to study crossing lines and document forgery cases which can fur-
ther be explored [34]. Although the many research is been done to prove the useful-
ness of AFM imaging to detect crossing lines but the overall paper surface roughness 
hampers the detection of erased, partially erased lines or slightly printed ink patterns 
on the pages. The height profiles of ink streaks on documents differs on the different 
types of the paper as the absorption differs. These hinder the correct interpretation of 
the height images. Though if AFM imaging is applied in these types of investigations 
the confirmation can only be achieved by usage of other instruments such as Raman 
spectroscopy to convey the final crucial decisive information.

3.3 Hair analysis

Hair can prove to be a useful evidence in crimes in relation to determine the 
history of drug intake and abuse as well as exposure to toxins as the chemical 
composition of hair does not change by the external environment. Hair is the most 
encountered evidence in a forensic investigation and can act as a good source of DNA. 
The mitochondrial DNA present in the hair shaft and nuclear DNA is mostly within 

Figure 4. 
Cut-outs of crossings of ball-point pen strokes on dot matrix printed letters. (a) Newer printer ribbon; (b) worn 
printer ribbon.
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the root sheath paly important role in DNA examination [35]. AFM offers unique 
advantages for analysis of hair surface, primarily due to the high image resolution 
as well as an ease of sample preparation. Durkan and Wang employed atomic force 
microscopy in a forensic approach to distinguish between different hair care products 
on the basis of the deposits left behind. They studied AFM techniques on hair samples 
that which were washed/treated with a number of different shampoos/conditioners 
and 2-in-1 products as shown in Figure 6. They found that the exocuticle carries a 
negative charge and gets deposits on unwashed hair with a mean roughness of up to 
50 nm. Further they found that washing hair with shampoos reduces the roughness 
of hair + deposits to typically below 10 nm also the 2-in-1 products, conditioners or 
shampoos shows deposits that cover the entire surface, with roughness up to 30 nm. 
They concluded that the measurement of surface roughness combined with images of 
the resulting surface deposits can prove effective to distinguish between the effects of 
different hair care products [17].

The surface topography of human hair is defined by the cuticles which helps in 
cosmetic properties determination of the hair. The cuticles condition has the potential 
to aid in the medical diagnosis and forensic sciences. AFM offer unique advantages in 
hair surface analysis as it provides high resolution image and the simplicity of sample 
preparation. Gurden used an algorithm for the automatic examination of AFM images 
of human hair. By using a series of descriptors such as tilt angle, step height and 
cuticle density, the cuticular structure of hair was characterized and quantitatively 
investigated. They studied 38 AFM images consisting of hair samples untreated and 
bleached hair samples along with examination of the root and distal ends of the hair 
fiber. The multivariate classification technique partial least squares discriminant 
analysis was used to test the capability of the algorithm for further characterization 
of the images according to the hair properties. They were able to classify 86% hair 
images correctly. They study the classification of hair properties based on several 
cuticular descriptors by calculating it form the height images of various hair parts. 
The cuticular descriptors provided information on hair surface properties which can 
be correlate between the hair structure characteristics and environmental conditions 

Figure 5. 
Duplicator paper (1), copper printing paper (2), glassine paper (3) and kraft paper (4); (a) topographic image, 
(b) amplitude image.
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the hairs are exposed to. Though the direct forensic relevance of this work was 
not established but the study do created extensive database of hair image along its 
mechanical properties [36].

Jeong et al. [18] have given an interesting contribution by studying the effects 
of aging on normal Korean hair diameter and surface features using AFM. They 

Figure 6. 
(a) AFM image of unwashed human hair. Scale bar is 5 lm. (b) The same image after flattening, where the 
debris on the hair is now more prominent. (c) Side-lit 3D representation of an area of hair revealing that 
particulates and deposits are relatively uniformly distributed across the hair surface. Scale bar is 3 lm.  
(d) Smaller scale image showing deposits on hair, away from particulates and cuticle edges. Scale bar is 200 nm.  
(e) Cross-section through topography of a 35 lm long section of hair with four cuticle edges in the range 200–
500 nm thick with a lateral spacing approximately 7 lm, and where the deposits can be seen as ripples/bumps.  
(f) AFM topography image revealing woodgrain striations, characteristic of the exocuticle. (g) Cross-section 
through a clean hair devoid of deposits, for comparison to Figure 3e.
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examine 60 Korean volunteers of various ages who had no hair diseases and stud-
ied hair diameter, hair surface, cuticular descriptors and micro-scale mechanical 
properties to determine their associations with aging. They found that hair diameter 
increases for the first 20–30 years of life and later showed decrease. AFM images of 
most of the younger subjects showed clear scale edges of hair while of older subjects 
revealed dilapidated structures, poorly defined scale edges and undulated surfaces. 
The cuticular descriptors, surface roughness showed increase significantly with age. 
Also the force to distance analysis confirmed its dependence on age. They concluded 
that aging causes changes in hair diameter and surface structure. These work done 
by Jeong et al. do contribute in estimating the age from forensic trace evidences like 
hair. The hair surface area studies were done by Tomes et al. using both SEM and AFM 
which showed little difference in quality of surface profiles obtained. For forensic hair 
imaging, the minimally invasive AFM technique can be preferred over SEM [37].

AFM is also used to investigate the effects of ethnicity, fatigue and water absorp-
tion on the tensile strength of hair and found in different ethnic hair types namely 
Caucasian, Asian and African and the results indicated that they have different 
mechanical properties [38]. Seshadri did the similar study on the tensile strength 
of hair by imaging the cuticular structure of hair. They found that hair shows 
stress-strain curve for keratinous fiber. Also the chemical, mechanical damage and 
conditioner treatment does not have any effect on the stress-strain curve or its tensile 
properties [39]. DelRio and Cook [19] provided interesting data of hair samples 
untreated virgin hairs and conditioned and bleached hairs. They stated an indentation 
modulus of 2.4 ± 1.1 GPa and 1.8 ± 0.9 GPa respectively for virgin and the bleached 
hairs samples while for the conditioned hairs, the indentation modulus varied 
between 0.05 and 0.5 GPa. They performed all the measurements on a 5 by 5 μm area.

3.4 Diatom test

Diatoms are a group of algae found in oceans and fresh waters possessing tough 
silica wall (SiO2) which is resistant to decay. Diatoms plays very crucial role in cases 
of drowning to determine whether it is antimortem or postmortem drowning, hence 
proving useful in forensic investigation. The recovery of diatoms from different 
organs, their quantitative and qualitative composition examination prove to be very 
trustworthy proof to determine the place and time of drowning in many cases [40]. 
They are studied in forensic geoscience in relation to transfer from different environ-
ments to clothing to obtain information of the crime scene and the perpetrator [41]. 
Newer techniques namely nuclear magnetic resonance, AFM, inductively coupled 
plasma (ICP) hyphenated technologies, fluorimetry and automatic diatom identifica-
tion and classification are also been used for diatom study. AFM is used to study the 
diatoms morphological characteristics which can act as an indicator of its location, 
its growth cycle henceforward demonstrating its usefulness in forensic application. 
AFM has the potential to differentiate diatoms on the basis of its feature and can 
individualized atoms by scanning the objects that are 8″ long and having a diameter 
of 0.5″. Even the largest diatoms can be scanned in this range also the technique has 
the additional advantage of scanning the object in vertical and horizontal axis [42].

Almqvist et al. explored the possibilities of AFM to study diatoms in relation to its 
biomineralization and micromechanical properties. They studied the silica shell of 
the diatom Naviculapelliculosa (Bréb.) Hilse. The structure was imaged and the shell’s 
micromechanical properties were studied in semi-quantitatively manner. The results 
indicated that the diatom’s overall hardness and elasticity are same as that of silicas. 
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Figure 7 shows the separated epitheca and hypotheca of one cell. They also showed 
that certain areas of the shell were significantly harder or more elastic which can be 
detect in different crystalline phases [43].

3.5 Finger print

In most the crime, fingerprints are the most common type of evidence found on to 
the crime scene. A fingerprints are impression of friction ridges on human finger. The 
discovery, visualization of latent fingerprints constitutes an important part of any 
crime investigation. Finger prints consist of exogenous and endogenous compounds. 
The endogenous part mainly includes the skin remnants, sweat gland and sebaceous 
secretions along with many different inorganic and organic substances. The finger 
prints remains unchanged throughout the life of an individual hence they play very 
important role in person identification. Usually visible and latent fingerprints are 
found at the crime scene. The visible prints do not require any aid to be visualized 
while the latent prints are invisible thus require physical, chemical and instrumental 
techniques to be visualized [44]. Very few researchers have tried to explore the use of 
AFM in fingerprint investigation.

Atomic force microscopy technique highlight its use to study the deposition 
characteristics and detection efficiency of fingerprint details. Direct application of 
the AFM is not soon in the examination of comparison of the fingerprint but the use 
of AFM is shown in the fingerprint cases by some researchers. Jones et al. used AFM 
to characterize the various substrates erstwhile of fingermark deposition in relation 
to the surface roughness, maximum height variation, skew and kurtosis. The finger 
prints were developed using iron oxide powder on formica, polyethylene and unplas-
ticised polyvinylchloride surfaces [45]. As per Goddard et al. the limitation of the 
AFM height imaging to study the fingerprint ridge is the surface roughness when it is 
in the same order of magnitude as the height of the ridges as shown in Figure 8 [46]. 
The same problem avail with lifted finger prints as well as the prints present on the 
metal surfaces. The roughness of the surface on which the finger prints are present is 
main obstacle for routine applications of AFM in fingerprint analyses. In case were the 
surface roughness can be reduced atomic force microscopy can be useful in recovering 

Figure 7. 
The separated epitheca and hypotheca of one cell [43].
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the missing details that are essential to reconstruct a fingerprint. This problem was 
overcome by using scanning Kelvin probe force microscopy performed by Williams 
and McMurray. They studied the fingerprints deposited on metallic surfaces. They 
were able to retrieve sufficient ridge detail of fingerprint which were physically 
removed. Furthermore they demonstrated the use of Volta potential mapping to 
examine the fingerprint present on planar brass substrates [47].

3.6 Gunshot residues

Gunshot residues (GSR) mainly contains unburned or partially burnt propellant 
powder, particles from the ammunition primer, grease, smoke, metal residues and 
lubricants from the fired cartridge while the organic compounds in GSR originate 
from propellant and firearm lubricants [48, 49]. The analysis of the inorganic GSR can 
evidence to be useful in forensic reconstruction of shooting incidents. Techniques such 
as neutron activation analysis, ICP, atomic absorption spectrometry (AAS), and SEM 
combined to energy dispersion analysis are used for inorganic GSR analysis [50–53]. 
Neutron activation analysis are used for analysis of barium and antimony and for lead 
analysis conventional AAS and ICP are useful. High-resolution ICP-MS are reported to 
identify lead, barium and bismuth concentrations upto 1 ng/mL [54]. SEM-EDX is con-
sidered as golden standard of forensic GSR analysis as it has the ability to characterize 
GSR both chemically and morphologically. The SEM analysis is a time-consuming pro-
cess. The organic GSR analysis are done by using gas chromatography, HPLC or GS-MS 
[55]. For both inorganic and organic GSR characterization time of-flight secondary ion 
mass spectrometry, Raman micro-spectroscopy and ablation-ICP/MS are reported [56, 
57]. Apart from these, AFM technique have shown a great applicability in forensic GSR 
analysis on the basis of its morphological structure in relation to solving the crime [58].

The estimation of shooting distance plays a vital role in firearm cases also when 
combined with other evidence it helps in reconstructing shooting events. The bullet 
entrance hole appearance and the GSR patterns around the wound are usually used 

Figure 8. 
AFM images from the polished and printed brass surface showing 3D image of part of ridge detail.
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to estimate the firing distance [59–61]. Most commonly used color test Griess test 
along with series of modified and improved Griess tests are used to determine the 
presence of nitrites and hence for estimation of muzzle to target distance. Mou et al. 
reported the application of atomic force microscopy and Fourier transform infrared 
attenuated total reflectance spectroscopy. They use the techniques for firing distance 
estimation or muzzle-to-target shooting distance as well as the manufacturers of the 
cartridge and its powder. In their work, standard procedures contain test firing at 
various distances along with the evidence pattern comparison. They observed that for 
the samples the Winchester SuperX and CCI cartridges GSR particle sizes increased 
as the shooting distance decreased. From the AFM images of GSR they found that 
particles size distribution is inversely proportional to the shooting distance. AFM can 
be applied for the investigation of various materials unrelatedly to their conductivity. 
AFM is a non-destructive technique which helps in measurements in either air, liquid, 
or controlled atmospheres thus allowing the intact sample to be characterized without 
any pretreatments of the samples. The AFM images of GSR particles showed with 
different shapes like spherical, twins-like, irregular, boomerang-like, non-spherical, 
heart-like, rod-like and cube/rectangular-like as shown in Figure 9. The results 
indicated that the particles size distribution was inversely proportional to the shoot-
ing distance [62]. As per Jones when AFM is used for the GSR particles analysis the 
powder get stuck on the probe tip, thus drastically changing the shape and size of the 
powder particles resulting into the newer shape formation hence significantly alters 
the subsequent analysis [63]. This could be considered as a drawback of AFM for the 
analysis of fine GSR particles. But these same was overcome by Mou et al. which prove 
to be useful in firing distances determination.

D’Uffizi et al. in their work examine the GSR particles deposited on the bullet and 
on the shooter hands using combination of scanning electron microscopy + energy-
dispersive spectroscopy, atomic force microscopy and selected-area X-ray photoelectron 
spectroscopy. The GSR samples were collected using double-sided tape. They studied 
the micromechanical and micromorphological features of gunshot residue particles. 
Of importance in this investigation the use of AFM itself (Nanoscope IIIa Digital 
Instruments microscope, tapping mode, frequency: 250–390 kHz) was done to examine 
the height and phase imaging [64]. Some research has shown the applicability of AFM in 
context to forensic gunshot and explosive investigation with regards to physicochemical 
characterization that can be detected on hairs and in between the ridges of fingermarks.

The mechanical properties of the organic and inorganic particles present in 
GSR and explosives, were studied by Xu et al. They showed the application of AFM 
techniques, including force volume mode, phase imaging as well as Kelvin probe force 
microscopy with resonance enhancement for dielectric property mapping was used to 
map the local physical properties of mock explosive materials. These work will allow 
the identification of sub-micrometer heterogeneities in relation to their electrical and 
mechanical properties [65].

3.7 Explosion

One of the recent advancements showed the use of AFM as a characterization 
technique for explosives detection. The surface morphology of explosives such 
as triamino-trinitro-benzene, plastic-bonded explosives, ammonium perchlorate 
was analyzed through AFM [66–68]. The surface morphology of such explosives 
helps in understanding the different characteristics of explosives which can help in 
identification [69].
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Accumulation of explosives namely 2,4,6-trinitrotoluene (TNT) and triacetone 
triperoxide (TATP) in chemically treated hair sample was studied by Oxley et al. [70] 
using AFM and SEM. The interaction of TNT and TATP as a function of chemical 
pretreatment with acetonitrile, neutral and alkaline hydrogen peroxide, methanolic 
potassium hydroxide and potassium permanganate was studied and further the 
morphological changes which resulted from these treatments were studied. Hair 
examination surface showed different degrees of smoothening. Density functional 
theory calculations were employed to known the possible nucleation sites of TATP 
microcrystals on the hair samples. From their calculations study they concluded 
that the dark hair adsorbs explosives better than light hair. The authors have showed 
the use of AFM on their previously described applications of AFM in hair structure 
investigations [17, 36, 71]. Studied reported shows that AFM play a vital role in 
trace evidence analysis in post-explosion cases. These studies indicate that recently 
the potential of the AFM technology has been explored in relation to the forensic 
evidences analysis and the full potential of technology is yet to be discovered. The 
possibility of mapping a number of physical and chemical material properties prove 
to be a worthy contribution in distinguishing the different components in complex 
heterogeneous structure of explosive residues samples. The AFM technology is only a 
complementary technique its use can be enhanced if combined with other analytical 
technique which can prove to be of great importance in forensic context for not only 
examination of GSR or post explosives residues but also for other trace evidences 
found on to the crime scene.

Figure 9. 
AFM images of GSR particles showing various particle shapes, twins-like (a), heart-like (b), boomerang-like  
(c), and rod and cube like (d). The bullet type is CCI and the shooting distance is 10 ft.
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Valle et al. [72] used AFM to investigate and identify several characteristics of 
firearms. Replica molding of the head of these cases was done using the fired car-
tridge cases and the surface morphology of replicated areas at the breech faces were 
studied. In this framework, the method showed reproducibility of different copies 
of the similar sample indicating that they are indistinguishable over all the accessible 
length scales.

Researchers have also shown the utility of AFM in fire investigation cases. In fire 
cases the determination of source of fires plays very important role in order to validate 
[73, 74]. In fire cases, molten electric marks are found on the electric arc bead. 
Examination of these marks can help to determine the source of the fire. Gao et al. 
used OM and AFM to examine a molten mark on copper wire by artificially creating 
the molten mark inflicted on the wire under laboratory conditions. The AFM results 
showed that the technique is an brilliant add-on to examine the copper molten mark 
and thus provide excellent data to confirm the actual causes of fire [75].

3.8 Soil sample analysis

Soils vary among different areas and possess characteristics due to their natu-
ral effects and transfers made by human being and other living beings with time. 
Examination of soil in forensic context can help in determination of crime location. 
Investigative and interpreting the soil or sediment can help in their origin determina-
tion [76]. Konopinski et al. studied the grain surface texture of quartz sand using AFM. 
AFM analysis provide topographical data from the grain surface that permits statistical 
analysis, 3D reconstruction and quantitative valuations of the microscopic surface tex-
tures. AFM offers numerous statistical methods which can discriminate between grain 
surface textures and also helps in creating automated database to compile and generate 
reports. AFM has great potential to be used for forensic analysis where sample preser-
vation is extremely valuable. As per Konopinski et al. using AFM helps in quantifiable 
measurement of quartz grain surface textures which opens up a number of possibilities 
for forensic quartz grain surface texture analysis as it provides a corroborative indepen-
dent verification of quartz type classifications as shown in Figure 10 [14].

Sullivan et al. in their work investigated the surface characteristics of plastic wrap-
ping materials of forensic interest in soil environments in order to determine the envi-
ronmental factors that influence the degradation process of such polymers. They buried 
polyethylene bags and poly (vinyl chloride) sheeting in model environments surround-
ing different soil types, moisture content, pH and temperature. Atomic force micros-
copy was used to study the changes which results on the polymer surface at a nanometre 
level. They found that over a 2-year burial period, the degradation of polyethylene was 
greater by an increased moisture content and a raised soil pH. The plasticizer content of 
poly (vinyl chloride) was got affected by burial, thus leaching of the same was observed 
in all environments continually over the burial period. The surface roughness measure-
ment of plastics using atomic force microscopy was sensitive to the burial environment 
and demonstrates the potential of technique to measure relatively subtle changes to 
burial items when exposed to different environments conditions [77].

3.9 Pressure sensitive adhesives analysis

Pressure sensitive adhesive tapes are utilized for various purposes in criminal 
activities such as packaging of controlled drugs, the restraint of an individual dur-
ing robbery and offences against a victim, the enclosure of explosive devices and for 
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concealment. To identify chemical constituents techniques such as Fourier transform 
infrared spectroscopy and pyrolisis–gas chromatography–mass-spectrometry are 
applied in forensic science laboratories for the discrimination of PSAs. However, AFM 
can offer supplementary and useful analytical data on PSAs as it has the capability 
to map the adhesives surface morphological and mechanical properties also AFM 
can give nanoscopic information. With respect to forensic application it holds the 
ability to interpret the physical data obtained from evidence found at a crime scene 
and linking it to a particular suspect [16]. Figure 11 shows the AFM phase images for 
transparent cello, brown packaging tape and electrical insulation tape.

3.10 Forensic analysis of fibres

Fibers are an important trace evidence that can provide valued evidence to sup-
port an association of individual to a crime scene. Standard forensic examinations of 
man-made fibers usually involves microscopic techniques such as visible, polarized 
light and fluorescence microscopy as well as micro-spectrophotometry. Infrared 
spectroscopy is also used to identify the fiber polymer type present if two fibers are 
indistinguishable by microscopic techniques. Man-made fibers namely polyamides, 
polyacrylics and polyesters are analyzed using techniques such as FTIR, circular 
dicroism, Raman spectroscopy, differential scanning calorimetry, transmission 
electron microscopy and wide angle X-ray diffraction [78]. Forensic comparison of 
fibers is mainly focused on morphological analysis and spectral analysis. Shady Farah 
et al. in their study, analyzed polyethylene terephthalate (PET) fiber on three differ-
ent materials such as plain fibers of pet, a common textile fiber and plastic material. 
They studied the morphological feature of the fiber using AFM [79].

The ability of the AFM to reconnoiter the nanoscopic morphological changes in 
the surfaces of fabrics was studied by Canetta et al. This study was focused on two 
natural namely cotton and wool and a regenerated cellulose (viscose) textile fibres. 
All the fiber samples were exposed to different environmental stresses for different 
lengths of times. The surface texture parameters of the environmentally stressed 
fabrics was measure quantitatively as a function of the exposure time from the 
obtained AFM images. In the AFM images the nanoscale the finest details of the sur-
faces of three weathered fabrics was clearly distinguishable between the detrimental 

Figure 10. 
Topography (a) and amplitude (b) maps offset from clearly visible is the interface between two different surface 
textures.
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effects of the executed environmental conditions. The heights and roughness’s of 
the unexposed and exposed fiber surfaces was measured by analyzing the obtained 
AFM images. Figure 12 shows the AFM height images of cotton fibre exposed to loam 
and riverside soils, and pond and sea waters for 2 and 6 weeks. This study confirmed 
that the AFM can prove to be a very powerful tool in forensic examination of textile 
fibers to provide significant fiber examination as an evidence due to its proficiency 
of distinguishing between different environmental exposures or forced damages to 
fibers [80].

3.11 Data recovery from damaged SIM cards

In crimes involving digital evidences the data recovery plays very crucial role. 
Damaged SIM cards are highly useful evidence in such cases. The data obtained 
from such SIM cards give insights about the link between criminal and aids in 
future investigation. Nardi et al. used AFM for the enhancement and character-
ization of a forensically authenticated technique for sample processing and data 
extraction from a damaged SIM card. They develop a process to view the underside 
of the embedded EPROM/flash memory arrays present in smart card microcon-
trollers [81–83].

Figure 11. 
AFM phase images for (a) transparent cello, (b) brown packaging tape and (c) electrical insulation tape.
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4. Advantages and limitations

Atomic force microscopy works by running a sharp tip attached to a cantilever and 
sensor over the sample surface and measures the surface forces between the probe and 
the sample. As the cantilever runs laterally the sample surface, it moves up and down 
due to the surface features and the cantilever deflects accordingly. This deflection is 
computed using an optical sensor, with the laser beam being reflected on the back of 
the cantilever onto the light detector. AFM provides various advantages over other 

Figure 12. 
AFM height images of cotton fibre exposed to loam and riverside soils, and pond and sea waters for 2 
and 6 weeks.
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techniques. AFM can operate in ambient air or under liquid, it does not need to be 
operated in a vacuum hence it is increasingly being used to image biological samples 
as well as nanoparticles. AFM has resolution in the order of fractions of a nanometer 
and provide a 3D imaging technique. The AFM allows the topographic character-
ization of surfaces at resolutions not attainable by optical microscopy. The lateral 
resolution of the AFM is limited by the tip size and shape and is typically on the order 
of a few nanometers. The height (z) resolution in AFM is nearly 1 Å, limited only 
by electronic and thermal noise in the system. FM can only scan a single nanosized 
image at a time of about 150 × 150 nm and possess chances of damaging the tip and 
the sample during detection. Further it has a limited magnification and vertical range. 
Furthermore the speed of scanning of AFM is very slow compared to SEM and sample 
analysis cannot be done for areas greater than 100 μm. The images also gets affected 
by non-linearity, hysteresis, and creep of the piezoelectric material. Another draw-
back is that the images are generated because of the interaction of probe with sample 
which might not be the true topography of the sample. Also the probe tip can results 
in shape changes in samples like fine powder. The surface roughness over which a 
forensic traces are deposited may obstruct a proper examination of an image height. 
This problem could partly be overcome by use of phase imaging. Nevertheless, the 
addition of optical microscopy and Raman spectroscopy or surface enhanced Raman 
spectroscopy along with the AF can prove to be useful for forensic examinations.

5. Conclusion

Undeniably, the AFM power to measure topography, morphology, adhesion forces, 
elastic modulus, dielectric properties and energy dissipation characteristics via mini-
mal invasion. Furthermore, the 3-Dimentional multi-parameter function provide 
information add-on in cases of trace fusion imaging. Considering the practicality, 
sampling and sample logistics are still remains desirable in AFM, though with respect 
to SEM the tedious work of sample preparation as well as high vacuum settings are 
not required. AFM has its advantages while studying, optimizing, understanding and 
validating techniques for examination of trace evidences found at the scene of crime. 
Also, microtraces evidences physiochemical features imaging can be done which can 
assist in classification and comparison. Though it has such advantages, roughness of 
substrate do hamper one or other way while studying the sample height measure-
ments. Certain researchers have answer to this solution by accompanying surface 
roughness along with larger scan areas in supplementary phase imaging. In practice, 
AFMs can image rough surfaces as long as the roughness does not surpass the limit 
of scanner in vertical, Z-direction. But the probe will crash if the surface roughness 
surpasses the scanning limit. To grip the forensic applicability of AFM in real case 
work superfluous research as well as laboratory and crime scene authentication stud-
ies are prerequisite. AFM could yield surplus possibilities for forensic association and 
reconstruction, assisting in forensic analysis at activity level.
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Chapter 5

The Cytological Mechanism of 
Apospory in Paspalum notatum 
Analyzed by Differential 
Interference-Contrast Microscopy
Lanzhuang Chen and Liming Guan

Abstract

Bahia grass (Paspalum notatum Flugge) is an important tropical forage grass and 
sets seed by apospory. I) To clarify the mechanisms of aposporous embryo sac initial 
cell (AIC) appearance and apomictic embryo sac formation, and II) to make it clear 
the mechanism of multiple embryo seed set a development in polyembryonic ovules, 
several apomictic and sexual varieties of bahia grass were studied cytologically and 
quantitatively by Nomarski differential interference-contrast microscopy. The results 
were I) there was no difference between sexual and apomicts to megasporogenesis; 
and then, the megaspore degenerated in apomicts; at the same time, AIC originated 
from nucellar tissue appeared and its numbers increased as the ovary grew before 
anthesis; II) at anthesis, the sac derived from AIC located in the micropylar end 
(first sac) were 92.5 to 100%, and those in the chalazal ends (other sacs) were 40.4 
to 86.0% among the apomicts; the first sac divided dominantly and were 56 to 87% 
comparable to 0 to 1% of the other sacs at 4 days after anthesis; however, 4 to 17% 
of the other sacs also showed embryo formations but endosperm. In final, the first 
sac occupied the whole space of the ovule, in which the embryos in the other sacs 
coexisted.

Keywords: apospory, aposporous embryo sac initial cell appearance (AIC), differential 
interference-contrast microscopy, Paspalum notatum Flugge, polyembryonic seed set

1. Introduction

Apomixis provides a method for cloning plants through seeds, so that it is of value 
for agriculture used to fix hybrid vigor and other hopeful breeding materials that are 
positioned in the middle breeding process [1, 2]. Apomixis is usually classified into 
three major mechanisms, apospory, diplospory and adventitious embryogeny [1]. 
Among the three mechanisms, apospory is considered as the most important one in 
agriculture because it does not undergo meiosis to propagate through the seed. Bahia 
grass (Paspalum notatum Flugge) is an apoamphimictic perennial that sets seed by 
apospory, a form of gametophytic apomixis [3–6]. Studies on chromosome, cytology, 
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cross-compatibility, and colchicine treatment have been done in bahia grass [7–9]. 
However, studies in the field of molecular level have not been developed yet and still 
need more research.

Recently, some challenges using differential interference-contrast microscopy 
(DIC) technology have been conducted in all organs of plants. For example, in the 
meiotic chromosome [10], in petal development and ethylene biosynthesis [11], in 
nucleolus morphological changes [12], in pharmacology and cell biology [13], in 
xylem differentiation [14], in single microtubules [15]. In particular, near field DIC 
provides the ability to illuminate two neighboring points on the sample simultane-
ously, which shows that by modulating the two wavelengths employed in exciting 
such a probe, phase difference information can be retrieved through measuring the 
near field photoinduced force at the difference of the two modulation frequencies 
[16]. And more, two phases (cell structure and fluorescence) that appeared concur-
rently in the same sample and could be observed in ASG-1 transgenic rice [17], and 
Arabidopsis (Chen et al. in contribution) while using the general DIC system. From 
the above description, it is understood that DIC shows a bright future for the clarifi-
cation of not only the structures but also the mechanisms, and not only in plants but 
also in animals, as well as the microbes.

We choose bahia grass as a monocotyledons species as that would be particularly 
amenable to a molecular study of apomixis. It is shorter a plant and easily to culti-
vate among the important forage grasses. Recently, the somatic embryogenesis and 
plant regeneration system of bahia grass has been established in developing gene 
introduction techniques [18]. To clarify the molecular process controlling apomixis 
in P. notatum, it is important to determine the developmental timing and location of 
apomictic events in suitable laboratory strains that are currently available. It is a fact 
that the timing of apomictic gene expression, the key to cloning the apomixis genes 
has not been identified in bahia grass. Recently, it is reported in guinea grass (Panicum 
maximum) analyzed ultrastructurally and cytologically by DIC and Transmission 
electron microscopy (TEM) that, aposporous embryo sac initial cell (AIC) appear-
ance is related with the increasing of ovary length [19–21]. And based on the ovary 
length as an index, AIC-specific clones have been obtained named as Apomixis-
specific gene-1 (ASG-1) [22–24]. In the other species, molecular approaches to 
apomixis research have also been reported, i.e., Citrus aurantium [25], Arabidopsis 
thaliana [26], Brachiaria brizantha [27], Tripsacum [28], Pennisetum [29]. That bahia 
grass has or has not the same mechanisms should be understood for the molecular 
studies. In P. notatum, Quarin [8] reported the method to observe the effect of pollen 
source and pollen ploidy on endosperm formation and seed set in pseudogamous 
apomict. However, an efficient embryo sac analysis method cannot be found in bahia 
grass. Therefore, it is essential for the analysis of genetic and breeding in apomixis 
that the mechanism of embryo sac formation in apomict gets clear using an efficient 
analysis method [30].

In this study, the major objectives were, using the microscopy method of DIC I) to 
make it clear the cytological and quantitative observations of AIC appearance and its 
development in bahia grass, and to estimate the period of AIC appearance using ovary 
length as an index; and II) to clarify the process of polyembryonic seed set in facul-
tatively apomictic ovules, and to provide information for estimation of the degree of 
apomixis or sexual of P. notatum. And the multiple embryo formation and the balance 
of maternal and parental to endosperm formation were also discussed.



81

The Cytological Mechanism of Apospory in Paspalum notatum Analyzed by Differential…
DOI: http://dx.doi.org/10.5772/intechopen.104575

2. The mechanism of AIC appearance and its development

2.1 The process of AIC appearance

Four apomictic bahia grass varieties and two obligate sexual varieties were chosen 
for this study. These materials were kindly provided from Osumi breeding branch, 
Kagoshima Prefecture Agricultural Experiment station, Japan. For the 2 obligate sexual 
materials, Nangoku and C 1, the former is a diploid (2n = 20) variety [31], and the lat-
ter is a diploid (2n = 20) trace. About four apomictic varieties, they are tetraploid [32].

One hundred to over 300 buds or flowers before and at anthesis were collected 
for each variety for embryo sac analysis. The buds and flowers were fixed in FPA50 
(formalin propionic acid: 50% ethanol = 5: 5: 90) for 5–7 days at 4°C [20, 21, 33, 34]. 
Ovaries were picked out carefully from fixed buds or flowers under microscope by 
using needle and tweezers, placed in 70% ethanol followed dehydration series (70, 
80, 90, 100% ethanol), and cleared in Herr's benzyl-benzoate-four-and-a-half fluid 
[35] for over 2 h at 0–4°C. The observations were conducted using DIC.

The frequencies of apospory and sexual were calculated at anthesis according to 
the schematic of Figure 1 [36]. Here, apospory was classified into two types, Panicum 
type (PN) and Paspalum type (PS). PN type represents 4-nucleate embryo sac with 
one polar nucleus, one egg cell and two synergids [20, 37–39]. PS type represents 
4-(or 5-) nucleate embryo sac with two polar nuclei, one egg cell and one (or two) 
synergid(s). Sexual means Polygonum type (S) 8-nucleate embryo sac with one egg 
cell, two polar nuclei, two synergids and three antipodals [40]. Therefore, the fre-
quency of apospory in this study was estimated according to the total percentage of 
PN and PS types.

Until megasporogenesis there showed similar behaviors in both sexual and 
apospory varieties. After megasporogenesis, however, different events from sexual 
varieties were observed in apospory varieties. While the formed megaspore became 
almost unfunctional and degenerated with the membrane disappeared, AIC-derived 
from enlarged unreduced nucellar cells appeared from a different direction and usually 
entered the space around the degenerated or surviving megaspore (Figure 2(1), [36]). 
In Figure 2(2) and (3), there showed coexistence of AIC and degenerated or surviving 
megaspore.

2.2 The process of AIC-derived aposporous embryo sac formation

In general, the AIC forms the embryo sac through a special process. The AIC 
undergoes mitosis two times and forms 2-, 4-nucleate. And no antipodal was found 
(Figure 2(4)). The cell division only occurred in the half-space of the embryo sac in 
the micropylar end. It is different from the sexual one which usually occupied the 
whole space of the sac. And then, the 4 nucleates developed to complete their parts 
in order (Figure 2(5)). In common, a mature embryo sac formed with one egg cell, 
one synergid and two polar nuclei (Figure 2(6)). In some rare cases, Panicum type 
4-nucleate embryo sac with one polar nucleus was observed. In most ovules multiple 
apomictic embryo sacs were observed from one to six (Figure 2(7)). The distinctive 
features of mature embryo sacs were observed. 1) There is one egg cell, the nucleolus, 
ca 8 μm in diameter, being visible and surrounded with bright starch grains. With 
which sometimes the nucleus and its membrane could be distinguished, and the 
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cytoplasm was denser than the other cells. 2) In most of the embryo sacs, there is one 
synergid cell with the nucleolus, ca 4 μm in diameter, usually observed. And the cyto-
plasm was very few and the cell was occupied with bigger vacuoles. Moreover, near 
the synergid filiform apparatus usually were observable. 3) Two polar nuclei were 
almost observed with the nucleolus, ca 12 μm in diameter, surrounded by a nuclear 
membrane, and the cytoplasm was few; 4) No antipodal. The appearance of filiform 
apparatus is also evidence of embryo sac maturity in both of sexual and apomictic 
plants. The nucleoli are stained deeply with the clearing fluid, so that we can easily 

Figure 1. 
Schematic representation of embryo sac development during sexual gametogenesis and the apospory forms in  
P. maximum and P. notatum.
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distinguish the stage of embryo sac formation by counting the numbers of nucleoli. 
Apomictic embryo sac in the micropylar end, matured about one day before anthesis, 
but in sexual varieties embryo sac did at the day of anthesis.

Figure 2. 
Aposporous embryo sac initial cell (AIC) appearance and AIC-derived embryo sac maturity in apomictic bahia 
grass (P. notatum). (1) AIC appearance (big arrow) and degenerating megaspore remained (small arrow). 
Big arrow indicates AIC derived from nucellar cells, with a pointed (sharp) cell wall inserting into the space 
where only one megaspore without nuclear membrane remaining. 2 and 3 are 2 focal planes of same specimen. 
(2) Megaspore degenerated (small arrow). (3) Functional AIC formation (big arrow) with a circular cell wall 
in chalazal end in one ovule. (4) Four-nucleate aposporous embryo sac formation after AIC underwent two 
times of division. The nucleates were gathered up from each other in the micropylar end. (5) Differentiation of 
four-nucleate nuclei, an egg cell firstly formed (e, one synergid cell (s) and two polar nuclei (p). (6) Aposporous 
embryo sac maturity with one egg cell (e, two nuclei (p) and one synergid cell (usually invisible) in micropylar 
end. (7) Polyembryonic ovule containing three aposporous embryo sacs marked with single, double and third 
arrows, respectively. e: egg cell; p: polar nucleus; s: synergid cell; mi: micropylar end. Bar = 30 μm in Fig. 2(1)–(3), 
Bar = 45 μm in Fig. 2(4) and (5), Bar = 25 μm in Fig. 2(6) and (7).
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In most ovules of apomictic plants, AICs appeared continuously as the ovary 
length increased. The numbers of AICs were increased between the formations of 
functional megaspore and mature 4- or 8-nucleates according to the ovary length. 
For example, the ovary length in "competitor " was ca 520 μm when the first AIC 
appeared, and ca 496 μm when the third one did. However, 5 AICs appeared between 
520 μm to 624 μm (688 μm) in ovary length. So were the other varieties. These values 
of ovary length indicated that AICs in the same ovule did not seem to differentiate 
synchronously.

From the length of ovaries, the stages of the ovary containing degenerated embryo 
sac were from 4-nucleate to their embryo sac maturity in apomictic plants, and from 
4- and 8-nucleate to embryo sac maturity in sexual plants, respectively. On the other 
hand, the stage of functional megaspore showed a range of ovary length so wide it 
became very close to the value of degenerated ovaries.

2.3 The types of embryo sacs appeared in apomictic plants

Ten types of embryo sacs were observed and most of the embryo sacs belonged 
to PS type (Table 1, [36]). In apomicts, most ovules showed the number of embryo 
sacs more than one. And the ovules with different embryo sacs (5PS to 2PS, PS +PNn 
to 4PS +PNn, S, PNn) were observed. The percentage of S type (Polygonum type) was 
13.6% (8/59), 9.1% (3/33), 12.9% (4/31) and 5.4% (2/37) in competitor, Nanou, Tifton 
and Common, respectively. PNn type (Panicum type) was only observed in one ovule 
among the tested varieties.

Among the 4 varieties, the frequencies of PN type were from 5.0% to 30.3%, and 
that of PS type were from 60.7% to 90.0%. Total frequencies of apospory were 86.4%, 
91.1%, 87.1% and 95.0% in competitor, Nanou, Tifton and Common, respectively.

2.4  The general discussions concerning the appearance of AIC and AIC-derived 
embryo sac formation

There are no differences observed between obligate sexual and apomictic plants 
until megasporogenesis in bahia grass. After megasporogenesis, however, different 
events are followed in embryo sac formation. Sexual ovules proceeded in a manner 
typical of the Gramineae family, i.e., functional megaspores divided and formed 
a mature 8- nucleate embryo sac as reported in P. notatum [6] and in P. maximum 
[20, 40]. In contrast, megaspore does not divide in apomictic ovules and becomes 
degenerated (Figure 2(2) and (3)). Consequently, AIC (2n) derived from nucellus 
tissue, different from megaspore (n) appeared, divided, and directly formed mature 
4-nucleate embryo sac. Most of the embryo sacs contain one egg cell, one synergid 
cell and two polar nuclei. It is different from that reported in P. maximum, i.e., one 
egg cell, two synergids and one polar nucleus [20, 38]. Here, it was called as Paspalum 
type of 4-nucleate embryo sac. Koltunow [2] indicated that in Hieracium MMC 
(mother megaspore cell) and AIC appeared together. It is different from Paspalum 
reported here and Panicum [20]. That means apospory has different reproductive 
process in different species, genus, or families. In this study, however, when mega-
spore developed normally, AIC appearance was not observed. By the way, after AIC 
appeared megaspore coexisted with AIC for a movement, and finally, degenerated. 
In any case, once AIC appeared, megaspore did not develop. This also differs from 
Panicum type reported by Chen and Kozono [20]. AICs appearance stage is distinctly 
different from sexual ones, and AIC occurs only in apomictic varieties. So, the stage 
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could be considered as a stage related to apomixis gene expression. Here, we can set 
up a hypothesis that, AIC gene exited and usually waited for a chance to express, 
only when the megaspore gave out a signal not fulfilling its mission to form embryo 
sac. AIC appearance and the embryo sac formation also have an important evolution 
meaning to protect from any unforeseen happenings.

The earliest AIC that appeared in ovule always located in micropylar end, as the 
ovary grows, the later appeared are located along with the first AIC and being apart 
from it. To understand the mechanism of AIC appearance, we selected ovary length as 
an index and measured the ovaries when they were observed in different AIC appear-
ance. From the range of ovary length, AICs do not appear together in same time. 
Instead, they seemed following a continuous course and appeared one by one during 
the period from megasporogenesis even to the first embryo sac maturity. According 
to the ovary length compared with the morphology of spikes, AICs appeared in 
the period of spike emerging to open at anthesis. With regard to the ovary length 
measured we could collect every stage of embryo sac to apply apomixis gene cloning. 
Sterile ovules with degenerated embryo sac appeared in both sexual and apomictic 
varieties based on the observation and quantitative analysis of ovary length. The 
ovary length of the ovary in which the first AIC appeared was longer than that of 
ovary the functional megaspore appeared in all varieties, indicating that the apospo-
rous phenomenon of AIC appearance is initiated after megasporogenesis. Further, the 
ovary length of the ovary staged in functional megaspore was wide and close to the 
ovary lengths of the ovaries showing degeneration of megaspores in different devel-
oped stages. These results indicated indirectly that the development of sexual embryo 
sac derived from megaspore is often terminated accompanied by AIC appearance in 
many aposporous apomicts around the stage of megasporogenesis [41, 42]. Which 
one of megaspore or AIC firstly showed the signal to terminate or to appear will be 
interesting to further researches of apomixis. In the present study, 10 types of embryo 
sac formation were observed in Paspalum notatum (Table 1). Here we must issue that 
"S" types (sexual embryo sacs) observed were almost 4- or 5- nucleate embryo sacs. 
Except S type, the ovules with over 2S types contain only the same, 8-nucleate ones 
were not observed. For the case of ovules containing one, two or more 4-, 5- (8)- 
nucleate embryo sacs in one ovule, two pathways could be considered as follows. 1) 
The sexual embryo sac formation results from the direct division of one, two or over 
two megaspore(s) though the AIC(s) appeared (or not) in the same ovules. 2) They 
are derived from AIC(s). In particular, as the ovules with two megaspores in chalazal 
end were not observed in this study while AIC(s) appeared in the micropylar end, the 
former pathway could be hardly considered as a putative one. So, the later pathway 
seems reasonable based on that AICs develop into not only 4-nucleate [39] but also, 
at a low frequency, 5- nucleate embryo sacs in Panicum [38], or 8-nucleate ones in 
Hieracium [42]. In Panicum, the 4- nucleate embryo sac formation with an egg cell, 
one synergid and two nuclei, was reported by Bashaw and Hanna [37]. And 5- nucle-
ate one with an egg cell, two synergies and two nuclei reported by Nakajima and 
Mochizuki [38]. For the mechanism of 5-nucleate embryo sac formation in Panicum, 
Chen and Kozono [20] set up a hypothesis. That is, after megaspore or AIC, whether 
which is located in micropylar end or not, divided firstly into two nuclei, only the 
micropylar nucleus continued to divide twice secondly and to form 4-nuclei, and in 
final, 5 nuclei formed totally in an embryo sac. For the distribution of the 5 nuclei, the 
chalazal nucleus derived from the first division of megaspore or AIC, and one of four 
micropylar nuclei derived from the second division of megaspore or AIC, pair with 
each other to form two polar nuclei, and for the remaining three nuclei, one becomes 
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one egg cell and two being synergies. From the above reports, we could conclude that 
facultatively apomictic bahia grass prefers to produce Paspalum type 4-(or 5-) nucle-
ate (one egg cell, one (or two) synergid(s), and two polar nuclei) rather than to pro-
duce Panicum type 4-(or 5-) nucleate (one egg cell, two synergids, and one (or two) 
polar nucleus). Especially, there may be no Polygonum type (8-nucleate) embryo sac in 
polyembryonic ovules. Why did the two different apospory reproductive processes in 
the same 4-nucleate types of Paspalum and Panicum occur? This question means what 
should be clarified in the next future experiments.

3.  The mechanism of polyembryonic seed set in facultatively apomictic 
ovules

3.1  The dominantly developmental process of the embryo sac formed in 
micropylar end by parthenogenesis

At 0 DAA, most of the embryo sac located in micropylar end became typical ones. 
In the accessions tested, the percentage of the typical embryo sacs in micropylar end 
was 90.9–100% higher than that in the other end (40.4–86.0%) (Table 2, [43]). If the 
typical one is S type, it consists of 8-nucleates of egg cell, 2 synergids and 3 antipodal. 
If the typical one is PN or PS type, it consists of 4-nucleates of egg cell, synergid and 
2 polar nuclei.

At 6 h after anthesis, polar nuclei firstly started to divide to mean 9.0 cells in 55 of 
59 ovules of Competitor. At 1 DAA, first division of egg cell was observed while the 
endosperm had reached mean 38.8 cells. This phenomenon is same to P. maximum 
that after the fertilization between the sperm and polar to form endosperm, with 
stimulation of the fertilization, the egg cell automatically divides into an embryo 
by parthenogenesis [20, 21]. Here, the endosperm always appeared as free-nuclear 
endosperm during 0–2 DAA. From 1 to 4 DAA, the mean numbers of egg embryo 
and endosperm cells were increased ca. 4 times per day, respectively. The number 
of ovules containing developed egg embryo and endosperm were increased as the 
days after anthesis increased. However, the ovules unfertilized remained in a certain 
number showed in Table 2. At 2–4 DAA, formation of endosperm cell wall started 
from the position farthest and nearest to the embryo, respectively. At 4 DAA, egg cell 
has undergone 6 cycles of division and became an embryo containing mean >64 cells. 
The endosperm was well-developed and almost occupied the whole space of the sac 
where it is in. After 4 DAA, the endosperm and young embryo developed so fast that 
the numbers of both cells could not be counted under the microscope. On the other 

Varieties No. ovules observed 
(A)

No. embryo sacs 
(B)

Mean no. 
(B/A)

No. embryo sacs

Micropylar Others

Competidor 59 171 2.9 59 (100%) 112 (78.6%)

Nanou 33 85 2.6 30 (90.9%) 52 (40.4%)

Tifton 31 51 1.6 31 (96.8%) 20 (80.0%)

Common 40 90 2.3 40 (92.5%) 50 (86.0%)

Table 2. 
Distribution of matured embryo sacs at anthesis in facultatively apomictic varieties of P. notatum.
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hand, during 1–4 DAA, nucellar cells were changed to be vacuolated, as endosperm 
cells hanged from free-nuclear to cell-wall-formed with well-developed cytoplasm. 
No morphological differences were observed between the developed sacs either 
derived from sexual sac or apomictic sac.

In polyembryonic ovules, the embryo sac in micropylar end developed dominantly 
when compared with that in the other ends. Figure 3 showed the developments of 

Figure 3. 
Multiple embryo formation in the same embryo sac in P. notatum flowers at 7–10 d after anthesis (DAA). 
A1. Two embryos with well-developed endosperm appeared in the chalazal end. A2. A globular-stage embryo 
around by endosperm in micropylar end at 7 DAA. (A1 and A2 are the same specimen). B) One embryo around 
by endosperm in micropylar end and one embryo in the side of ovule tissue were observed at 8 DAA. C) Two 
embryos side by side are located in the micropylar end. e = egg cell, p = polar cells, s = synergid, em = embryo, 
en = endosperm, mi = micropylar end. Bar = 45 μm.



89

The Cytological Mechanism of Apospory in Paspalum notatum Analyzed by Differential…
DOI: http://dx.doi.org/10.5772/intechopen.104575

Va
ri

et
ie

s
N

o.
 o

vu
le

s 
ob

se
rv

ed
 A

N
o.

 em
br

yo
 

sa
cs

 B
ES

 in
 m

ic
io

py
la

r e
nd

ES
 in

 th
e o

th
er

 en
d

em
br

yo
 an

d 
en

do
sp

er
m

 
C

(C
/A

)
em

br
yo

 
on

ly
en

do
sp

er
m

 
on

ly
em

br
yo

 an
d 

en
do

sp
er

m
 

D
(D

/A
)

em
br

yo
 o

nl
y 

E(
E/

B)
en

do
sp

er
m

 o
nl

y

Co
m

pe
tit

or
30

41
26

 (8
7%

)
0

4
0 

(0
%

)
7 (

17
%

)
0

N
an

ou
27

28
15

 (5
6%

)
1

0
0 

(0
%

)
1 (

4%
)

0

Ti
ft

on
30

35
21

 (6
6%

)
0

2
0 

(0
%

)
3 

(9
%

)
0

Co
m

m
on

30
38

23
 (7

7%
)

0
0

1 (
3%

)
5 (

13
%

)
0

Ta
bl

e 
3.

 
D

ev
elo

pm
en

t o
f e

m
br

yo
 sa

c (
ES

) 
in

 th
e f

lo
w

er
s 4

 d
 a

fte
r a

nt
he

sis
 in

 fa
cu

lta
tiv

ely
 a

po
m

ic
tic

 v
ar

ie
tie

s o
f P

. n
ot

at
um

.



Electron Microscopy

90

both embryo and endosperm of the sac in micropylar end, and the other sacs were 
crowded out to chalazal end, with dividing egg embryo and polar nuclei [36].

The ovules containing dominantly developed embryo sacs were investigated 
at 4 DAA in 4 varieties. The results showed in Table 3 indicated that, 56–87% of 
the ovules contained developed sacs in micropylar end in all the accessions, and in 
contrast, on other ends, 0% in 3 varieties and 3% in one variety.

3.2  The developmental process of other types of embryo sacs formed  
in chalazal end

Some other cases appeared different from the above. 1) A single embryo sac in 
micropylar end contains a well-developed embryo and unfertilized 2 nuclei. 2) A 
single embryo sac contains 2 embryos and well-developed endosperm. 3) The embryo 
sac degenerated in micropylar end, and in chalazal end, the sac with developed 
embryo and unfertilized 2 nuclei. And the data of other types could be known from 
Table 3. Among the 4 varieties, the number of the embryo sac in micropylar end 
containing only embryo was 1 of 27 ovules in Nanou, and the numbers containing 
only endosperm were 4 of 30 ovules in Competitor, 2 of 30 ovules in Tifton, respec-
tively. In contrast, in the other end, the numbers of the sacs containing only embryo 
were 4–17% in all the varieties, and the number containing only endosperm was 0% 
in the varieties.

3.3  The mechanism of seed forming embryo development in polyembryonic 
embryo sacs

At 6 DAA, the developed embryo and endosperm of the sac in micropylar end 
occupied the embryo sac it located in, and at the same time, the space of the whole 
ovules was almost occupied by the developed sac (Figure 3a). The embryo usually 
exists with near globular shape, and it is surrounded by well-developed endosperm. 
For the embryo sacs in the other ends, they usually were squeezed out to outside of 
the developed sac. However, those sacs showed continuous development. Some egg 
cells divided well, and formed embryos usually located in opposite side to micro-
pylar end (Figure 3a), or the neighbor (Figure 3b and c). At 10 DAA, the formed 2 
embryos showed the same morphology (Figure 3c), and it is difficult to distinguish 
their origins between them. From Table 3 [36], we can find that about 4–17% of 
ovules observed contain two or more embryos in the same ovule.

In emasculated ovules observed at 4 DAA, no developed embryo sac distinguished 
in 60 ovules of 4 varieties. The parthenogenesis rate was 0% in all the 4 varieties. At 
15 DAA, the inflorescences that were emasculated and then isolated from any pollen 
source failed to produce seed. So, pseudogamous is essential for seed set in P. notatum.

3.4  The general discussion concerning the dominant development of the sac  
in micropylar end and seed formation by parthenogenesis

In facultative apomictic bahia grass, AICs appeared one by one, and then, they 
became multiple embryo sacs in same ovule, as the ovary length increased [36]. And 
as the first AIC usually appeared and located in the micropylar end, 92.5 to 100% of 
embryo sacs closest to micropylar end of ovule matured at anthesis observed in this 
study (Table 2). On the other hand, the embryo sacs located in other end showed 40.4 
to 86.0% mature rates at anthesis. The AIC appearance age (order) maybe influence 
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the mature of apomictic embryo sacs themselves. It could be considered that the 
first appeared AIC in micropylar end has the temporal dominant in formation and 
maturity of the embryo sac when compared with the other sacs. And for the fertiliza-
tion chance, the sac has also the positional dominant, as it was closest to synergid cell 
through which pollen tube penetrates and finishes fertilization. Therefore, the sac 
derived from first AIC located in micropylar end has the advantage of fertilization. On 
the observations of ovules at 4 DAA, the rates of developed embryo sacs with embryo 
and endosperm were from 56 to 87% in the sacs of micropylar end (Table 3). On the 
other hand, the other sacs were 0% in 3 varieties, and one variety was 3%. Therefore, 
the sac in micropylar end has the advantage of seed set. This result also supported the 
hypothesis that the embryo of developed sac in micropylar end, in final, became a 
seed-forming embryo [20]. Using this method, we can estimate the degree of apomixis 
or sexual of any facultative apomictic materials used, based on the analysis of embryo 
sacs in micropylar end at anthesis.

Different events were observed on the seed set between guinea grass and bahia 
grass. In guinea grass, the other embryo sacs were crowed out to the chalazal end 
by the developed micropylar sac, and in final, they were completely degenerated 
after 10 DAA [21]. In contrast, the rates of embryos formed in the other embryo sacs 
were 4–17% in 4 accessions of bahia grass used in this study. These are higher than 
that (0%) in 5 accessions and that (2%) in one accession of guinea grass [21]. This 
evident was also observed from embryo sac analysis (Figure 3). As the sac derived 
from AIC contains 2n level reproductive cells, egg cell does not need fertilization. 
However, for the endosperm formation, fertilization between central cell and sperm 
cell is needed. And egg cell usually starts division followed the endosperm cell 
formation. The other sacs also follow the same manner. As the embryo sac developed 
advantageously in micropylar end, it could be considered that the egg cells in the 
other sacs were developed vigorously in different places of ovules. In that case, 
only embryo formed but no endosperm. In the polyembryonic ovules, the embryos 
located in the other sacs usually presented close to the well-developed endosperm 
of the micropylar sac. The 2 kinds of embryos in the same ovule seemed sharing 
the endosperm of the micropylar sac. Maybe that is why the embryos in different 
embryo sacs could coexist in the same ovule. At the germination experiment, twines, 
or multiple seedlings (>5%) were observed (data not shown). This means the differ-
ent embryos have the same germination capacity. For the endosperm balance num-
ber, some reporters have discussed the requirement for balance between maternal 
and paternal contributions to the endosperm formation [44–48]. When they used 
different ploidies and sexual materials, endosperm balance in terms of maternal to 
paternal ratio, 2:1 was considered balanced and should produce normal endosperm. 
And they indicated that unreduced embryo sacs with one central-cell nucleus (4 fac-
tors), when fertilized by a sperm (2 factors), would result in the proper endosperm 
ratio of 2m:1p, and the closed percentages were obtained between embryo sacs with 
a single central-cell nucleus and ovaries with endosperm developing 6 and 8 d after 
pollination. The result of aposporous guinea grass reported by Chen and Kozono 
[21] also supported the above explanation. In grasses, the most common type of 
unreduced embryo sac is the 4-nucleates Panicum type (PN) developing into one egg, 
two synergids, and one polar nucleus or, more rarely, one egg, one synergid, and two 
polar nuclei [2, 42]. In Paspalum notatum, Chen et al. [36] reported that the percent-
ages of unreduced embryo sacs with 2 central-cell nuclei (PS) were 60.7–90.0%, 
and that with one central cell nucleus (PN) were 5.0–30.3% in 4 varieties observed, 
respectively. However, the percentages of ovaries with endosperm developing 4 DAA 
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were 56–87% in the same 4 varieties in this study. If we follow the report of Morgan 
et al. [47], only 5.0–30.3% of developed endosperm should be obtained. Recently, 
Quarin [8] reported the related information about the endosperm balance number 
that, apomictic 4x P. notatum is a pseudogamous species with effective fertilization 
of the 2 unreduced (2n = 4x) polar nuclei by a reduced (n = 1x) sperm. In that case, 
endosperm development and seed set occurred independently in the species. In that 
case, endosperm development and seed set occurred independently of the species or 
the ploidy level of the pollen donor. In his explanation, as sexual Paspalum plants fit 
the endosperm balance number (EBN), the EBN insensitivity is observed in apomic-
tic apomixis. The EBN insensitivity could have arisen as an imprinting consequence 
of a high maternal contribution.

Recently, the mechanisms of reproductive characterization [49], molecular and 
genetic regulation [50–52], and its utilization [53, 54] have been discovered conse-
quently in P. notatum. Together with the clarification of the mechanisms of apos-
porous embryo sac initial cell appearance and the cell-derived aposporous embryo 
sac formation descripted, here, in P. notatum and previous and similar report in  
P. maximum [19], this study will provide the essential and important information for 
successful cloning of apospory genes in P. notatum. And therefore, the P. notatum as 
one of the main players will be chosen in apomixis research and give another exten-
sion for the breeding program and productive utilization in agriculture and forage 
grasses.

4. Conclusion

In this study, using the plant materials of several apomictic and obligately sexual 
varieties of bahia grass (Paspalum notatum) and the method of differential interfer-
ence-contrast microscopy (DIC), we have clarified the mechanisms of aposporous 
embryo sac initial cell (AIC) appearance, the numbers of AICs increased as the ovary 
length grew before anthesis and AIC-derived apomictic embryo sac formation at anthe-
sis, and after the anthesis, the process of polyembryonic seed formation by partheno-
genesis. With the DIC technique giving the 3–D image recognition, AIC appearance, 
a different event from obligate sexual one, was firstly observed and recognized in  
P. notatum, so it could be expected as a related candidate with apomixis gene expres-
sion, as the ASG-1, an apomixis-specific gene-1 as reported in P. maximum based on the 
ovary length as an index to sample the AIC stage ovaries according to DIC observations 
[22, 24]. Therefore, the results of this study will be useful to provide the information on 
isolation of apomixis gene from apomictic varieties and the production of gene trans-
genic plants [17].

Acknowledgements

This study was partly supported by the Grant-in-Aid for Scientific Research (C) of 
the Ministry of Education, Culture, Science and Sports of Japan, No. 10660010.

Conflict of interest

Authors have declared that no competing interests exist.



The Cytological Mechanism of Apospory in Paspalum notatum Analyzed by Differential…
DOI: http://dx.doi.org/10.5772/intechopen.104575

93

Author details

Lanzhuang Chen1* and Liming Guan2

1 Faculty of Environmental and Horticultural Science, Minami Kyushu University, 
Miyakonojo, Miyazaki, Japan

2 Faculty of Education, Miyazaki University, Miyazaki, Japan

*Address all correspondence to: lzchen@nankyudai.ac.jp

© 2022 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. 



Electron Microscopy

94

References

[1] Hanna WW, Bashaw EC. Apomixis: Its 
identification and use in plant breeding. 
Crop Science. 1987;27:1136-1139

[2] Koltunow AM. Apomixis: Embryo 
sacs and embryos formed without 
meiosis or fertilization in ovules. Plant 
Cell. 1993;5:1425-1437

[3] Burson BL, Bennett HW. Cytology, 
method of reproduction and fertility 
of Brunswick grass, Paspalum nicorae 
Parodi. Crop Science. 1970;10:184-187

[4] Burton GW. The method of 
reproduction in common bahia grass, 
Paspalum notatum. Journal of American 
Society of Agronomy. 1948a;40:443-452

[5] Burton GW. Method for producing 
chance crosses and polycrosses of 
Pensacola bahia grass, Paspalum 
notatum. Journal of American Society of 
Agronomy. 1948b;40:469-472

[6] Burton GW, Forbes I. The genetics 
and manipulation of obligate apomixis in 
common bahia grass (Paspalum notatum 
Flugge). Proceeding of the Eighth 
International Grassland Congress. Great 
Britain. 1960. pp. 66-71

[7] Norrmann GA, Quarin CL, Burson BL. 
Cytogenetics and reproductive behavior 
of different chromosome races in 
six Paspalum species. The Journal of 
Heredity. 1989;80:24-28

[8] Quarin CL. Effect of pollen source 
and pollen ploidy on endosperm 
formation and seed set in pseudogamous 
apomictic Paspalum notatum. Sexual 
Plant Reproduction. 1999;11:331-335

[9] Quarin CL, Burson BL, Burton GW. 
Cytology of intra- and interspecific 
hybrids between two cytotypes of 

Paspalum notatum and P. cromyorrhizon. 
Botanical Gazette. 1984;145:420-426

[10] Yang F, Fernández-Jiménez N, 
Tučková M, Vrána J, Cápal P, Díaz M, 
et al. Defects in meiotic chromosome 
segregation lead to unreduced male 
gametes in Arabidopsis SMC5/6 
complex mutants. The Plant Cell. 
2021;33(9):3104-3119

[11] Sam WE, Silveira SR, Diego I,  
Roche DI, Andrea Bimbo A, 
Martinelli AP, et al. Novel functions 
of the Arabidopsis transcription 
factor TCP5 in petal development and 
ethylene biosynthesis. The Plant Journal. 
2018;94(5):867-879

[12] Hayashi K, Matsunaga S. Heat 
and chilling stress induce nucleolus 
morphological changes. A comparative 
study on the use of microscopy 
in pharmacology and cell biology 
research. Journal of Plant Research. 
2019;132:395-403

[13] Reigoto AM, Andrade SA,  
Seixas MCRR, Costa ML, Mermelstein C.  
A comparative study on the use of 
microscopy in pharmacology and 
cell biology research. PLoS One. 
2021;22:e0245795. DOI: 10.1371/journal.
pone.0245795

[14] Yoshimoto K, Takamura H, Kadota I, 
Motose H, Takahashi T. Chemical control 
of xylem differentiation by thermos 
ermine, xylemin and auxin. Scientific 
Reports. 2016;6:21487

[15] Mahamdeh M, Simmert S, 
Luchniak A, Schäffer E, Howard J. Label-
free high-speed wide-field imaging of 
single microtubules using interference 
reflection microscopy. Journal of 
Microscopy. 2018;272(1):60-66



The Cytological Mechanism of Apospory in Paspalum notatum Analyzed by Differential…
DOI: http://dx.doi.org/10.5772/intechopen.104575

95

[16] Heydarian H, Yazdanfar P, Zarif A, 
Rashidian B. Near field differential 
interference contrast microscopy. 
Scientific Reports. 2020;10:9644

[17] Chen LZ, Guan LM, Toyomoto D, 
Sugita T, Hamaguchi T, Okabe R. Plant 
regeneration and its functional analysis 
within transgenic rice of ASG-1, an 
apomixis-specific gene isolated from 
apomictic guinea grass. Biotechnology 
Journal of International. 2016;16(3):1-13

[18] Shatters RG, Wheeler RA, West SH. 
Somatic embryogenesis and plant 
regeneration from callus cultures of 
‘Tifton 9’ bahia grass. Crop Science. 
1994;34:1378-1384

[19] Chen LZ, Guan LM. Ultrastructural 
mechanisms of aposporous embryo 
sac initial cell appearance and its 
developmental process in gametophytic 
apomicts of Guinea grass (Panicum 
maximum). In: Maaz K, editor. The 
Transmission Electron Microscope. 
Rijeka: InTech; 2012. DOI: 10.5772/34912

[20] Chen LZ, Kozono T. Cytology and 
quantitative analysis of aposporous 
embryo sac development in guinea grass 
(Panicum maximum Jacq.). Cytologia. 
1994a;59:253-260

[21] Chen LZ, Kozono T. Cytological 
evidence of seed-forming embryo 
development in polyembryonic ovules 
of facultatively apomictic guinea grass 
(Panicum maximum Jacq.). Cytologia. 
1994b;59:351-359

[22] Chen LZ, Guan LM, Sio M, 
Hoffmann F, Adachi T. Developmental 
expression of ASG-1 during 
gametogenesis in apomictic guinea grass 
(Panicum maximum). Journal of Plant 
Physiology. 2005;162:1141-1148

[23] Chen LZ, Guan LM, Miyazaki C, 
Kojima A, Saito A, Adachi T. Cloning and 

characterization of a cDNA expressed 
at aposporous embryo sac initial cell 
appearance stage in guinea grass 
(Panicum maximum Jacq.). Apomixis 
Newsletter. 1999a;11:32-34

[24] Chen LZ, Miyazaki C, Kojima A,  
Saito A, Adachi T. Isolation and 
characterization of a gene expressed 
during early embryo sac development 
in apomictic guinea grass (Panicum 
maximum). Journal of Plant Physiology. 
1999b;154:55-62

[25] Carimi F, Pasquale FD, Puglia AM. In 
vitro rescue of zygotic embryos of sour 
orange, Citrus aurantium L., and their 
detection based on RFLP analysis. Plant 
Breeding. 1998;117:261-266

[26] Chaudhury AM, Ming L, Miller C,  
Craig S, Dennis E, Peacock J.  
Fertilization-independent seed 
development in Arabidopsis thaliana. 
Proceedings of the National Academy of 
Science USA. 1997;94:4223-4228

[27] Leblanc O, Armstead I, Pessino S, 
Ortiz JPA, Evens C, Valle CD, et al. Non-
radioactive mRNA fingerprinting to 
visualize gene expression in nature 
ovaries of Brachiaria hybrids derived 
from B. brizantha, an apomictic tropical 
forage. Plant Science. 1997;126:49-58

[28] Leblanc O, Grimanelli D, Gonzalez-
de-Leon D, Savidan Y. Detection of 
the apomictic mode of reproduction in 
maize Tripsacum hybrids using maize 
RFLP markers. Theoretical and Applied 
Genetics. 1995;90:1198-1203

[29] Lubbers EL, Arthur L, Hanna WW, 
Ozias-Akins P. Molecular markers shared 
by diverse apomictic Penniseturn species. 
Theoretical and Applied Genetics. 
1994;89:636-642

[30] Savidan Y. Apomixis: Genetics 
and Breeding. In: Janick J, editor. 



Electron Microscopy

96

Plant Breeding Reviews. London: 
John Wiley & Sons, Inc; 2000.  
pp. 13-86

[31] Houman M, Tsurumi Y,  
Mochidome N, Tsuyushige M, 
Hayasaki T, Tsushima Y, et al. Breeding 
a new bahia grass variety “Nangoku” 
(In Japanese). In: Kagoshima Prefect. 
Agri. Exper. Stan. Report. 1984.  
pp. 13-24

[32] Komatsu T, Yamakata M, Hakuzan R, 
Doi O, Ueno K, Nagatani T, et al. A new 
variety ‘an-ou’ Bahiagrass (Paspalum 
notatum Flugge). Kyushu Agricultural 
Research. 1991. p. 159

[33] Kojima A, Nagato Y. Diplosporous 
embryo-sac formation and the degree of 
diplospory in Allium tuberosum. Sexual 
Plant Reproduction. 1992;5:72-78

[34] Kojima A, Nagato Y. Discovery of 
highly apomictic and highly amphimictic 
dihaploids in Allium tuberosum. Sexual 
Plant Reproduction. 1997;10:8-12

[35] Herr JM Jr. An analysis of methods 
for permanently mounting ovules cleared 
in four-and-a-half type clearing fluids. 
Stain Technology. 1982;57:161-169

[36] Chen LZ, Guan LM, Kojima A, 
Adachi T. The mechanisms of appearance 
of aposporous initial cell and apomictic 
embryo sac formation in Paspalum 
notatum. Cytologia. 2000;65:333-341

[37] Bashaw EC, Hanna WW. Apomixis 
reproduction. In: Chapman GP, editor. 
Reproductive Versatility in the Grasses. 
Cambridge: Cambridge University Press; 
1990. pp. 100-130

[38] Nakajima K, Mochizuki N. Degrees 
of sexuality in sexual plants of guinea 
grass by the simplified embryo sac 
analysis. Japanese Journal of Breeding. 
1983;33:45-54

[39] Warmke HE. Apomixis in Panicum 
maximum. American Journal of Botany. 
1954;41:5-11

[40] Hanna WW, Powell JB, Millot JC, 
Burton GW. Cytology of obligate sexual 
plants in Panicum maximum Jacq and 
their use in controlled hybrids. Crop 
Science. 1973;13:695-697

[41] Asker SE, Jerling L. Apomixis in 
Plants. Boca Raton: CRC Press; 1992

[42] Nogler GA. Gametophytic Apomixis. 
In: Johri BM, editor. Embryology of 
Angiosperm. New York: Springer-Verlag; 
1984. pp. 475-518

[43] Chen LZ, Guan LM, Kojima A,  
Adachi T. The mechanisms of 
polyembryonic seed set in Paspalum 
notatum. Cytologia. 2001;66:157-165

[44] Brink RA, Cooper DC. The 
endosperm in seed development. The 
Botanical Review. 1947;13:423-477

[45] Haig D, Westoby M. Genomic 
imprinting in endosperm: Its effect on 
seed development in crosses between 
species, and between different ploidies of 
the same species, and its implications for 
the evolution of apomixis. Philosophical 
Transactions of the Royal Society of 
London B. 1991;333:1-13

[46] Johnston SA, Den Nijs TPM, 
Peloquin SJ, Hanneman RE. The 
significance of genic balance to 
endosperm development in interspecific 
crosses. Theoretical and Applied 
Genetics. 1980;57:5-9

[47] Morgan RN, Ozias-Akins P, 
Hanna WW. Seed set in an apomictic 
BC3 pearl millet. International Journal of 
Plant Sciences. 1998;159:89-97

[48] Nishiyama T, Yabuno T. Triple fusion 
of the primary endosperm nucleus as a 



The Cytological Mechanism of Apospory in Paspalum notatum Analyzed by Differential…
DOI: http://dx.doi.org/10.5772/intechopen.104575

97

cause of interspecific incompatibility in 
Avena. Euphytica. 1979;28:57-65

[49] Ortiz JPA, Quarin CL, Pessino SC, 
Acuña CA, Martínez EJ, Espinoza F, 
et al. Harnessing apomictic reproduction 
in grasses: What we have learned 
from Paspalum. Annals of Botany. 
2013;112(5):767-768

[50] Acuña CA, Blount AR, Quesenberry KH, 
Hanna WW, Kenworthy KE. Reproductive 
characterization of Bahiagrass 
Germplasm. Crop Science. 2007;47: 
1711-1717

[51] Felitti SA, Acuña CA, Ortiz JPA, 
Quarin CL. Transcriptome analysis of 
seed development in apomictic Paspalum 
notatum. The Annals of Applied Biology. 
2015;167:36-54. DOI: 10.1111/aab.12206

[52] Pozzi FI, Pratta GR, Acuña CA, 
Felitti SA. Xenia in bahiagrass: Gene 
expression at initial seed formation. Seed 
Science Research. 2018;29:29-37

[53] Kaushal P, Dwivedi KK, 
Radhakrishna A, Srivastava MK, Kumar V, 
Roy AK, et al. Partitioning apomixis 
components to understand and utilize 
gametophytic apomixis. Frontiers in 
Plant Science. 2019;10:256. DOI: 10.3389/
fpls.2019.00256

[54] Pupilli F, Barcaccia G. Cloning 
plants by seeds: Inheritance models and 
candidate genes to increase fundamental 
knowledge for engineering apomixis in 
sexual crops. Journal of Biotechnology. 
2012;159:291-311





99

Chapter 6

Analysis of Osteoporosis by 
Electron Microscopy
Neng Nenden Mulyaningsih and Rum Sapundani

Abstract

Osteoporosis is a skeletal disorder characterized by decreased bone strength which 
affects the increased risk of fracture. Emerging evidence discovered that osteoporosis 
is associated with reduced bone density and bone quality. Therefore, analysis of bone 
morphology can afford insight into the characteristics and processes of osteoporosis. 
Electron microscopy, one of the best methods, can directly provide ultrastructure 
evidence for bone morphology. Here, we describe an experimental procedure for 
electron microscopy preparation and analysis of the resulting images, especially 
scanning and transmission electron microscopes, to analyze bone morphology in 
animal models of rats. Compared to other bone analyzers such as atomic absorption 
spectrophotometer, ultraviolet–visible spectroscopy, Fourier transform infrared 
spectroscopy, Raman spectroscopy, and X-ray diffraction, scanning and transmission 
electron microscopes are still important to strengthen visual analysis, and a better 
understanding of this method could be significant to examine bone morphology.

Keywords: osteoporosis, bone strength, fractures, electron microscopy,  
bone morphology

1. Introduction

Osteoporosis is a metabolic disorder causing bone mineral density to decrease and 
changing the bone structure [1]. It is a degenerative disease whose initial symptoms 
are not known with certainty. Someone who suffers from osteoporosis will usually 
experience complaints if the stage is severe [2, 3]. Bones with osteoporosis will experi-
ence a decrease in mechanical strength so they are prone to fracture, and will easily 
crack or become brittle if exposed to a hard object. It is characterized by low bone 
mass and structural breakdown of bone tissue. Some parts of the body that are at risk 
for osteoporosis include the spine, pelvis, femur, tibia, pelvic bones, wrist bones, and 
other bone parts dominated by the trabecular bone [4–6].

Osteoporosis can be diagnosed clinically using bone mineral density measure-
ments. At present, bone densitometry is the standard method for diagnosis and 
treatment monitoring. However, it still possesses significant drawbacks because it 
cannot give information about the structural manifestations of the disease. Frequently, 
bone mineral density is analyzed using x-ray or ultrasound imaging methods. In x-ray 
imaging such as dual-energy x-ray absorptiometry (DEXA) and quantitative computer 
tomography (QCT), the intensity of the image is correlated to the mineral density of 
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the tissue. In ultrasound, the intensity of the image reflects changes in the frequency 
and amplitude of sound waves traveling through tissue. X-ray procedures employ 
ionizing radiation, which can have a damaging impact in sufficient doses. Ultrasound, 
although harmless, offers only a small field of view, which can restrict measurement 
accuracy. In addition to bone density, bone quality which includes bone microarchitec-
ture is also a concern. Recent developments in imaging, especially electron microscopy, 

Figure 1. 
(a) Image of SEM scans, and (b) image of TEM scans on femoral bones of rats from the osteoporosis group.
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can now give detailed information about the effects of architecture on disease progres-
sion and regression in response to treatment. However, before the diagnosis is made, 
of course, it is necessary to study and research in a sample or biological material to 
determine the process of bone remodeling and osteoporosis. The samples analyzed 
generally use rats as animal models. It takes a long time to make rats osteoporosis natu-
rally. Therefore, rats were given treatment to condition the occurrence of osteoporosis. 
Some of the common actions taken to condition osteoporosis rats are by giving them a 
calcium-deficient diet or by performing ovariectomy on these rats [7–10].

Several characterization tools that can be used to analyze mouse bones include 
X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet 
(UV)-visible Spectroscopy, or Atomic Absorption Spectroscopy (AAS). However, these 
tools provide information in the form of numbers or graphs. A promising imaging 
modality for morphological analysis of both cortical and trabecular bone is electron 
microscopy. The types of electron microscopes commonly used to analyze bone 
morphology are Scanning Electron Microscope (SEM) and Transmission Electron 
Microscope (TEM). Figure 1 illustrates the different imaging modalities, between SEM 
and TEM, which were used to analyze the morphology of the rat femur bone.

This review focuses on the emerging methodology of quantitative electron micros-
copy to assess the bone structure and morphology of osteoporotic rats. For more than 
10 years, numerous approaches have been investigated to obtain quantitative image-
based information on bone architecture, both trabecular bone, and cortical bone. An 
indirect method that does not require resolution at individual trabecular scales and 
can therefore be performed at any skeletal location, a recoverable component of the 
degree of total transverse relaxation. Therefore, electron microscopy-based structure 
analysis is technically demanding in terms of the required image acquisition. Other 
requirements that must be fulfilled involve motion correction and image registra-
tion, both of which are important to achieve the reproducibility required in repeated 
studies. The main targeted clinical application involves the prediction of fracture risk 
in femoral rats conditioned by osteoporosis due to ovariectomy.

2. Electron microscopy basics

An electron microscope is a type of microscope in which the illumination source 
is an electron beam. Illumination itself is a process of light coming to an object. There 
are electron microscopes that have high image resolution, even magnifying objects 
on the nanometer scale, which are produced by the controlled use of electrons in a 
vacuum captured on a fluorescent screen. The first electron microscope was intro-
duced by an engineer and professor from German, Ernst Ruska (1906-1988), in 1931, 
and the same principles behind his prototype still dominate modern Ems [11, 12].

2.1 Principle

Electron microscopy uses signals generated by the interaction of the electron beam 
with the sample to gain information about its structure, morphology, and composi-
tion. The process and major parts of an electron microscope are:

1. Electrons are produced by the electron gun

2. The electron beam is concentrated on the sample by condenser lenses.
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3. About 100 kV – 1000 kV accelerating voltage is employed between the tungsten 
filament and anode to move electrons down the column.

4. The sample to be observed should be fabricated very thin, or minimal 200 times 
thinner than that observed in optical microscopes. A very thin sample with a size 
of 20-100 nm was sliced and put in the sample holder.

5. The electronic beam traverses the sample and electrons are scattered relying on 
the thickness or refractive index of different areas of the sample.

6. The denser sample areas will scatter more electrons so that the image displayed 
in these areas will be darker because fewer electrons hit this area of the screen. 
Contrarily, the transparent areas will look brighter.

7. The electron beam leaving the sample is transferred to the objective lens which 
will make a magnified image.

8. The eyepiece then renders the final image for further magnification.

2.2 Types of electron microscope

Electron microscopes are categorized into three types based on operating styles:

2.2.1 Scanning electron microscope (SEM)

Nowadays, scanning electron microscopy (SEM) is a robust and effective imaging 
instrument. It is employed for scanning surfaces with a magnification from 1 m to 
1 nm which depends on the hardware used to create the electron beam with vari-
ous lenses and vacuum systems. Further, it is integrated with an energy dispersion 
spectrometer to combine the elemental analysis potential on the sample surface. SEM 
imaging has new characteristics those are backscattering electrons and secondary 
electrons which increase the scanning potential. The electron gun includes the main 
parts of the SEM components. With the existence of different magnetic lenses and 
vacuum systems, SEM has become a unique imaging tool [13].

The characterization method with SEM can deliver visual information on the mor-
phology of the bone surface. SEM images can also be analyzed with an image processing 
program such as ImageJ, with the output in the form of a histogram of pixels that can 
provide information about the cavities in the bone and their distribution. From the histo-
gram, bone quality can be known quantitatively by looking at the average pixel value and 
the percentage of cavity intensity. Schematically, the scan with SEM is shown in Figure 2.

From Figure 2, Electron Microscopes utilize electrons beam to illuminate a sample 
and construct an image with high magnification. The electrons from the electron 
source passing through the condenser lenses, aperture, scanning coil, objective lens, 
detectors and hit the gold-coated sample positioned on its holder. The condenser 
lenses center the electron beam in a specific area corresponding to the sample and 
thus generate the image. Electrons hit the sample surface thereby producing the 
secondary electrons which are detected by the secondary electron detector and 
transformed into a signal delivered to a monitor scanner.

Conventional SEM relies on the emanation of auxiliary electrons from the 
sample surface. As its large focus depth, the SEM is the EM analog of the stereo light 
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microscope. It gives nitty-gritty pictures of the cell surface and the whole life form. It 
can moreover be worked for molecule checking and measuring, and for handle control. 
A SEM, it is so called, because it forms the image by scanning a focused electron beam 
onto the sample surface in a raster design. The primary electron beam interacting with 
atoms nearby the surface induces particle emission at any location in the raster. The 
emissions, for instance, include low energy secondary electrons, high energy scat-
tering electrons, X-rays, and photons that then can be gathered by distinct detectors, 
and their relative quantities are converted to brightness at every equivalence point on 
the cathode ray tube (CRT). Due to the considerably smaller raster size than the CRT 
screen display, the resulting image is the image magnification of the sample. SEMs are 
equipped with proper equipment such as secondary detectors, backscattering, and 
X-rays, which can be functioned to analyze the topography and atomic composition of 
the sample and the surface distribution of immune labels [15, 16].

2.2.2 Transmission electron microscope (TEM)

Transmission electron microscopes are exploited to examine thin samples 
(parts of tissue, molecules, etc.) that electrons can traverse to produce a projected 
image. TEM is analogous to a conventional light microscope. Schematically, the 
scan with TEM is presented in Figure 3.

In Figure 3, the TEM applies high-energy electrons for imaging. It has been devel-
oped since the 1938’s. Its operation requires a very high voltage of about 500 − 1000 kV 

Figure 2. 
Schematic flow diagram of a scanning electron microscope [14].
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with a resolution reaching 0.1 nm. During TEM operation, the electrons beam is gener-
ated and transmitted through an ultra-thin sample. Then, the unscattered electrons 
are transmitted through the sample and hit the fluorescent screen at the bottom of 
the microscope, thus producing an image. By changing the gun voltage, the electron 
velocity can be modified which in turn changes the image. Commonly, TEM generates 
a grayscale image that exhibits lighter and darker regions. The lighter regions dem-
onstrate regions with a large number of transmitted electrons while the darker ones 
represent a lower number and denser regions in the sample. The sample used in TEM 
should be prepared thin enough for electrons to be transmitted [17].

Figure 3. 
Schematic flow diagram of a transmission electron microscope [14].
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2.2.3 Reflection electron microscope (REM)

Another type of development of the electron microscope is the reflection 
electron microscope (REM). The REM is an electron microscope that has almost 
the same way of working as TEM, the difference is that REM uses the detection 
of electron reflections on the object’s surface. The sample is semi-infinite and the 
surface to be observed is almost parallel to the electron beam. The transmitted spot 
may or may not be observable, depending on the sample size as shown in Figure 4. 
This technique is specifically used in combination with the Reflection High Energy 
Electron Diffraction (RHEED) technique and the reflection high-energy loss 
spectrum (RHELS) technique.

REM could be a combination of imaging, diffraction, and spectroscopy proce-
dures for the characterization of topography, crystal structure, and composition of 
surfaces of single crystals. High-energy electrons are occurring at looking points to 
the surface and reflected electrons are utilized to create a REM picture. Utilization 
of REM in analyzing osteoporosis in bone is still rarely done, because REM has 
several drawbacks including REM images are shortened in the direction of electron 
events and high resolution is only achieved in the normal direction, so that in 
analyzing surface topographic details more than one azimuth is needed. Meanwhile, 
bones that are not homogeneous can produce different images in each image. These 

Figure 4. 
These ray diagrams illustrate (a) TEM and (b) REM [18].
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techniques are applicable to metal [19], semiconductor [20], crystal surfaces [21], 
surface reconstructions and phase transformations [22], correlation between 
topographical features and reconstructions, directions, distribution, and motion of 
surface steps, dislocations on surfaces, nucleation and growth of films, and surface 
reactions [23].

Sample preparation for REM is the same as for other types of electron microscopy, 
i.e., it must be ensured that the surface is sufficiently flat and clean. The size of the 
sample should fit the microscope sample holder by about 3 mm. Then inserted into 
the electron microscope with a surface normal perpendicular to the optical axis. The 
nominal size of a REM sample is no more than 1 mm3 for a sample holder which gets 
3 mm grids. Hence, the perceptible surface is about 1 mm or less. The lower restrain of 
the surface area is approximately 10 μm in diameter.

3. Illustrative examples of information acquired

Electron microscopy (EM) is a method to obtain biological and non-biological 
samples’ images with a high-resolution. This method is frequently employed in 
biomedical research to examine the detailed structure of tissues, cells, organelles, 
and macromolecular complexes. High-resolution EM images are produced from 
the use of electrons having very short wavelengths as the illumination source. 
EM is used in conjunction with numerous additional methods (e.g., thin cutting, 
immune labeling, and negative staining) to answer specific questions. EM images 
can deliver crucial information about the structural and morphological basis of 
bone. Several results of prior studies that investigated bone with EM are  
presented in Table 1.

Scanning electron microscopy (SEM) Transmission electron microscopy (TEM)

The SEM image exhibited that the longer the time 
after ovariectomy, the greater the degree of damage 
seen in the tibial cavity [24]

Acicular crystals of apatite with approximate dimensions 
of ~20–30 nm by 5 nm. Gap zones and overlap zones in 
collagen fibrils [25]

The group of ovariectomized rats had histograms 
that increasingly shifted more black areas. Areas 
that were black or dark relate to cavities in the bone 
[26]

Apatite crystals that resemble tablet form, in the control 
group have a longer size, and for groups of ovariectomized 
rats there was a decrease in size both length and width [26]

Network organization in trabecular bone showing 
topographical details [27]

Different calcium phosphate minerals morphologies in 
the bone extracellular matrix: dense granules, globular 
aggregates of needle-like apatite, and mature fibrous 
minerals [28, 29]

Canalicular network with residing osteocytes [30] Woven arrangement of aligned collagen fibrils in the 
ordered phase of trabecular bone [31]

Osteons and cement line delineating osteonal and 
interstitial bones [32]

Characteristic collagen banding pattern with a periodicity 
of ~67 nm [33]

Cross-sectional photomontage of an entire human 
rib bone [34]

Disorganized, entangled collagen fibrils without 
characteristic banding pattern in the disordered phase of 
trabecular bone [35]

Table 1. 
Characterization of bone structure by SEM and TEM.
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4. Image processing techniques

After obtaining the image from the electron microscope, the next step that needs 
to be done is to analyze the resulting image. Several applications that can be used 
to process the output image of an electron microscope, including ImageJ, Matlab, 
Python, OpenCV, Dragonfly, HyperSpy, and others. Each has its own advantages and 
disadvantages. However, on this occasion, we will review the analysis of images from 

Figure 5. 
SEM image of the rat femur bone, (a) sham, (b) osteoporosis due to ovariectomy.



Electron Microscopy

108

electron microscopy using the ImageJ application. Figure 5 shows the results of SEM 
imaging of sham rat femur (a) and osteoporosis due to ovariectomy (b).

Figure 5 shows an SEM image of a rat bone taken from the femur at 1000x mag-
nification. Figure 5(a) SEM image of the femur bone of a 13-week-old sham rat, 
visually it can be seen that the surface is denser, there are no large cavities found. This 
is different from the SEM image shown in Figure 5(b), the image was taken from the 
femur bones of rats with osteoporosis due to ovariectomy treatment. The surface is 
clearly visible in the presence of wider cavities. The picture was taken when the rats 
were 21 weeks old or 9 weeks after being given ovariectomy. In accordance with the 
results of previous studies, the rats began to show the characteristics of osteoporosis 
at the ninth week since ovariectomy [36].

Figure 6. 
SEM image of rat femur after analysis with ImageJ, (a) sham, (b) osteoporosis due to ovariectomy.
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The characteristics of osteoporosis are clearer from the SEM image that has been 
analyzed with the help of the ImageJ application as shown in Figure 6. Figure 6(a) 
results of the analysis of the sham femur, the black color is thicker and fused together, 
indicating that the bone is still solid. This is supported by the results of the [37] 
study which showed that the bones of sham rats contained minerals such as calcium, 
magnesium, and phosphorus which were still normal. Meanwhile in Figure 6(b) the 
results of the analysis of the femur bones of rats treated with ovariectomy, it appears 
that the color is lighter, with the black parts that have started to break off and are 
thinner. This is because ovariectomy treatment can cause a decrease in the hormone 
estrogen in the body. With a decrease in the hormone estrogen, bone resorption by 
osteoclasts increases, and conversely osteoblast activity becomes inhibited [38–40]. 
As a result, bone density will also decrease, and osteoporosis occurs [41]. In addition, 
a decrease in the hormone estrogen can also increase the resorption of calcium (Ca) in 
bone, so that bone mass will decrease [42, 43]. Even the absorption of Ca in the intes-
tine also decreases and the excretion of Ca through the kidneys increases [44–46]. All 
these conditions cause parathyroid hormone activity to increase and bone density to 
decrease which in turn triggers osteoporosis [47, 48].

Figure 7. 
Particle diameter size of the rat femur bone, (a) sham, (b) osteoporosis due to ovariectomy.
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Quantitatively several parameters that can be known from SEM image analysis 
with Image J application include particle diameter, percentage of voids, or porosity 
analysis. Particle diameter analysis for the same sample as previously mentioned is 
shown in Figure 7. Figure 7(a) shows the particle diameter size of the sham rat femur 
bone ranging from 1.5 to 34.4 μm. The particle diameter experienced a significant 
increase in the ovariectomized femur bone, the highest size reaching 150.2 μm as 
shown in Figure 7(b). Larger particle sizes tend to be more porous, as a result, are 
more brittle [49].

Likewise, TEM images can be analyzed and obtained the same information as for 
images from SEM. The output of the porosity analysis can also be carried out, some 
quantitative data can be obtained from the results of the porosity analysis, namely the 
pore volume and the percentage of pores. Some of these parameters can be used as a 
reference for osteoporosis analysis in bone, especially in experimental animal models.

5. Conclusions

Imaging at the nanoscale is very important to analyze the quality and structure of 
bone morphology. This review examines the images produced by electron microscopy 
of the femur bones of rats under sham conditions and osteoporosis due to ovariec-
tomy. The scanned electron microscopy image with the help of the ImageJ application 
provides information that the femur bones of ovariectomized rats show signs of 
osteoporosis. Some of the parameters that characterize the cavities in the ovariec-
tomized femur appear wider, with the edges of the cavity appearing to be cracked. 
In addition, the particle diameter also increased by an average of 77.16%. Therefore, 
electron microscopy is one of the best approaches, which can directly provide ultra-
structural evidence for bone morphology, and furthermore, the results of this bone 
morphology analysis can provide insight into the characteristics and processes of 
osteoporosis.
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Appendices and nomenclature

AAS Atomic Absorption Spectroscopy
DEXA Dual-Energy X-Ray Absorptiometry
EM Electron Microscopy
FTIR Fourier Transform Infrared Spectroscopy
QCT Quantitative Computer Tomography
REM Reflection Electron Microscope
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Abstract

Insulin resistance in key target organs and beta cell dysfunction due to gluco- and 
lipotoxicity, are the two main factors driving type 2 diabetes mellitus pathogenesis. 
Recently, it has been suggested that ectopic fat deposition in the pancreas, named 
non-alcoholic fatty pancreas disease, occurs in metabolic syndrome, and may play 
an etiological role in islet dysfunction and damage the exocrine pancreas, increasing 
its susceptibility to pancreatitis and pancreatic cancer. In this chapter, we present 
transmission electron microscopy (TEM) as a valuable method to detect early changes 
in the ultrastructure of pancreatic cells during the development of the metabolic 
syndrome in mice fed with a western diet (WD). Mice fed with a WD develop patho-
logical ultrastructural alterations in the exocrine and endocrine cells. We demonstrate 
how to use image segmentation methods and ultrastructural morphometry to analyze 
and quantify structural changes in cellular organelles and evaluate the presence of 
lipid droplets, autophagic structures, and vacuolization. Since ultrastructural lesions 
can be detected early during the progression of the metabolic syndrome, are in many 
aspects subtle, and by far precede cell apoptosis, necrosis, fat infiltration, and overt 
functional changes, TEM is not only a suitable but probably the crucial method for 
detecting early pancreas dysfunction.

Keywords: pancreas physiology, exocrine cells, endocrine cells, ultrastructure, 
metabolic syndrome, type 2 diabetes mellitus, western diet

1. Introduction

The number of people with type 2 diabetes mellitus (T2DM) is growing rapidly 
worldwide and has already exceeded 530 million in 2021 [1]. Because of the severe 
consequences of T2DM for patients and the enormous burden on the healthcare 
system, a lot of research is focused on understanding the development of T2DM. 
The healthy pancreatic beta cells secrete insulin at a basal rate throughout the day 
and increase secretion in response to stimulation with nutrients, especially glucose, 
and other neurohormonal secretagogues, such as acetylcholine and GLP-1, after a 
meal [2–4]. Understanding the pathophysiology of early phases of glucose tolerance 
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disruption associated with morphological and functional beta cell changes present 
in insulin-resistant people susceptible to the development of T2DM is especially 
important and has been the focus of many research groups [5–9]. However, to date 
very limited information is available about the ultrastructural alterations of beta cells 
during the early stages of T2DM development [10–13].

Thus, the aim of our chapter is to present the importance and illustrate the useful-
ness of transmission electron microscopy (TEM) in the research field of pancreas 
physiology through specific and easily reproducible examples. TEM is a technique 
used to obtain ultrahigh-resolution images of different samples. The prototype of the 
transmission electron microscope was developed by Ernst Ruska and Max Knoll in 
1931. Since then, TEM has been extensively used in biomedical research, helping us 
deepen our knowledge about the ultrastructure of cells and understanding the cellular 
processes. TEM was first used to identify specific features of pancreatic endocrine 
and exocrine cells in the mid-1950s by Paul Lacy [14] and George Palade [15], respec-
tively. TEM exploits the wavelength properties of electrons to provide greater spatial 
resolution than the resolution achieved using photons in light microscopy (LM). In 
TEM, a beam of high-voltage electrons is emitted by the electron gun and then passed 
through the sample. The most challenging part of TEM is the preparation of samples 
that are thin and robust enough to allow electrons to penetrate the sample on the one 
hand and survive the damage caused by the electron beam on the other. In this chap-
ter, TEM is implemented as an appropriate research method that allows us to detect 
very subtle structural changes in pancreas cells of mice fed with a western diet (WD). 
Here, we focus on sample preparation, microscopy, and quantitative analysis of 
ultrastructure, together with some representative results, to illustrate the utility and 
emphasize the importance of TEM in pancreas research. A comprehensive analysis of 
ultrastructural changes in WD-fed mice with partly compensated diabetes mellitus 
will be present in detail elsewhere.

In the first part of this chapter, we briefly summarize the basic anatomical features 
of the pancreas in humans and mice and describe the main physiological character-
istics of the endocrine and exocrine pancreas. Next, we describe the development 
of T2DM, focusing on the role of obesity and key pathophysiological events. In the 
central part of this chapter, we discuss the ultrastructural morphology and describe 
the methodology used for ultrastructural morphometry of the exocrine and endo-
crine pancreas during the early stages of WD-induced T2DM development.

2. Structure and function of the pancreas

The pancreas is an unpaired gland of the alimentary tract with two different but 
complementary functions: the production of digestive enzymes and alkaline fluid in 
exocrine cells that help with the breakdown of energy-rich nutrients and the synthesis 
by endocrine cells of hormones needed to control the storage and usage of energy-rich 
nutrients [16]. In humans, the pancreas is a well-defined organ with three major parts: 
the head, the body, and the tail, extending from the duodenum to the spleen [17, 18]. In 
mice, the pancreas is not as well-defined as in humans but is rather diffusely distrib-
uted in a dendritic manner while it is still composed of three major parts: the duodenal 
lobe, the largest splenic lobe, and the smallest gastric lobe [19]. A fibrous capsule 
surrounds the pancreas, and the connective tissue extending into the gland divides the 
parenchyma into larger lobes and smaller lobules [18, 20]. Each lobule is composed of 
acini that consists of pyramid-shaped acinar cells [21]. The exocrine part accounts for 
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96–99% and the endocrine islets of Langerhans for the remaining 1–4% of total pan-
creas parenchyma [22, 23]. In mice, the islets are mainly interlobular, while in humans 
they are usually intralobular, mostly on the edge of lobules [24, 25]. Despite some 
differences [26], islets of Langerhans from mice and men possess many structural and 
functional similarities [27, 28]. They are round to oval, vary in size, and range from 
a few to several thousand endocrine cells. Importantly, the islet size distributions are 
similar in humans and mice (and also many other species) [22]. At least five different 
types of endocrine cells can be found in islets in both species [27]. Most numerous are 
the beta cells that synthesize and secrete insulin. Alpha cells secrete glucagon, while 
delta cells and PP cells release somatostatin and pancreatic polypeptide, respectively. 
Finally, epsilon cells are the least abundant, synthesizing and secreting ghrelin [23–25].

As mentioned above, the exocrine pancreas plays a crucial role in the enzymatic 
digestion of carbohydrates, proteins, and lipids and secretes a bicarbonate-rich fluid 
[29–31]. The enzymes are stored in an inactive proenzyme form in the so-called 
zymogene granules located at the apical membrane of acinar cells and are released 
in response to stimulation by neurohormonal secretagogues, such as acetylcholine 
and cholecystokinin, via exocytosis. The fusion of granules with the apical plasma 
membrane releases the enzymes first into the acinar lumen, from where they pass via 
the ductal tree into the small intestine [32]. In contrast, islets release their hormones 
into the numerous islet blood capillaries that drain into the portal venous system. In 
the liver and other key target tissues, such as the skeletal muscle and adipose tissue, 
insulin acts as a key anabolic hormone, promoting glycogenesis, glycolysis, lipogen-
esis, and proteinogenesis, and suppressing gluconeogenesis, lipolysis, and proteolysis 
[33–35]. On the other hand, glucagon acts mainly in the liver, where it promotes 
glycogenolysis and gluconeogenesis, and inhibits glycolysis and glycogenesis [36, 37].

3. The role of obesity in the development of type 2 diabetes

The decrease in insulin action indicates insulin resistance, the main hallmark of 
T2DM [38]. Several factors play a role in the development of insulin resistance, with 
obesity probably being the most important one [39]. During the last three decades, 
obesity has reached an epidemic stage in all age groups [40]. Increased intake of 
energy-dense foods containing a high percentage of fat and carbohydrates, combined 
with a lack of physical activity, leads to a net positive energy balance and represents 
the primary cause of obesity. The first stages of obesity are hypertrophy and hyper-
plasia, where adipocytes try to meet the demand to store excessive energy. When 
levels of free fatty acids and triglycerides exceed the metabolic capacity of adipose 
tissue, they accumulate as ectopic fat in non-adipose tissue such as the liver, pancreas, 
skeletal muscles, and heart [41]. The regional distribution of adipose tissue is par-
ticularly important for the development of disorders of glucose and lipid metabolism 
[42, 43]. The fat infiltration in the liver and pancreas in the absence of excess alcohol 
intake is termed non-alcoholic fatty liver disease (NAFLD) and non-alcoholic fatty 
pancreas disease (NAFPD), respectively [44]. Due to fat accumulation in hepatocytes, 
NAFLD leads to inflammation, fibrosis, cirrhosis, and liver cancer and critically 
affects insulin sensitivity in the liver [44–46]. NAFPD plays a similar role in the 
dysfunction of the endocrine and exocrine pancreas leading to exacerbation of acute 
pancreatitis and increasing the susceptibility to pancreatic cancer [46–50]. Although 
the concept of the NAFPD was introduced only a few years ago [51], the correlation 
between fat infiltration and pancreas was first described almost a century ago on 
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obese cadavers having larger pancreata compared to non-obese cadavers [52, 53]. 
Importantly, over the last decade, it has been demonstrated convincingly that most 
of the morphological, functional, and clinical features of T2DM are reversible with 
sufficient weight loss and that these positive changes depend on the level of hepatic 
and pancreatic fat reduction [54–56].

Although insulin resistance is one of the main features of T2DM, it is not sufficient for 
the development of T2DM. Despite increasing insulin resistance, present long before the 
onset of diabetes, individuals with preserved beta cell capacity can stay normoglycemic 
for several years due to compensatory insulin hypersecretion. Furthermore, a certain 
proportion of individuals with insulin resistance never develop T2DM. The idea has been 
put forward that there may be a personal fat threshold or an individual level of suscepti-
bility to developing T2DM at a given body mass index, with the main mechanisms behind 
this attractive hypothesis being varying degrees of fat accumulation in the liver and the 
pancreas, together with varying individual responses to this accumulation [57]. An obese 
subject with insulin resistance can secrete 2–5 times more insulin compared to lean non-
diabetic individuals in response to a glycemic load, but when the adaptive capacity of the 
beta cells fails, T2DM occurs [58]. Several studies have shown that the first phase of insu-
lin secretion is primarily affected, resulting in impaired glucose tolerance. During the pro-
gression of T2DM, the second phase of insulin secretion is further lost. Post-translational 
defects in insulin synthesis also occur, resulting in increased proinsulin secretion, and by 
the time the diagnosis of T2DM is made, the beta cell function is already typically reduced 
by 80% [59]. This beta cell failure is responsible for transitioning from an insulin-resistant 
compensated state to overt T2DM and remains to be elucidated in details. It probably 
involves an initially inadequate beta cell mass and an insufficiently increased response of 
the existing beta cells to increased insulin demand [60]. Noteworthy, the susceptibility of 
beta cells themselves to developing insulin resistance may play an important pathophysi-
ological role [61]. Individuals with T2DM can display changes in beta cell mass, either 
due to a decrease in beta cell proliferation or/and an increase in cell apoptosis [62]. In 
T2DM patients, the apoptosis rate is increased severalfold compared to normoglycemic 
individuals [63], a phenomenon confirmed by ultrastructural analysis using TEM [64]. 
Furthermore, during T2DM gradual dedifferentiation of beta cells occurs in animal 
models, while the role of dedifferentiation during the development of human T2DM is 
controversial and less well-studied [63, 65–68]. Chronic exposure of islets to elevated 
levels of glucose, fatty acids, and amino acids results in ER stress due to increased insulin 
synthesis and secretion [69]. The protein folding capacity of ER becomes exceeded, which 
leads to the activation of the so-called unfolded protein response (UPR) and consequently 
to the inhibition of protein translation [70, 71]. Gluco- and lipotoxicity cause a vicious 
cycle of continuous deterioration of the glucometabolic state and eventually impair 
insulin secretion and increase apoptosis. In T2DM, not only the islet cells are affected, but 
also the pancreatic acinar cell viability and growth decrease, leading to increased apopto-
sis and replacement by fat [72, 73]. Importantly, intracellular fat in acinar cells may affect 
beta cell function in a paracrine manner through the release of adipokines. It is also likely 
to play a role in pancreatic carcinogenesis, seems to be associated with changes in innerva-
tion, and may initiate an acinar-to-adipocyte trans-differentiation [56].

4. Application of TEM in pancreas physiology

Glucose-induced insulin secretion is based on oxidative metabolism, thus mitochon-
drial function is of crucial importance for beta cells [74]. Mutations in mitochondrial 
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DNA result in reduced insulin secretion and hyperglycemia [75]. The genetic back-
ground is not the only factor affecting mitochondrial function. The diabetic environ-
ment, with chronic hyperglycemia, can also affect mitochondria [76]. Such a milieu 
could be responsible for the progression of T2DM and the reduced capacity of insulin 
release in these patients. Mitochondria appear round-shaped and hypertrophic in 
endocrine cells from T2DM islets [76–78]. Besides mitochondria, the structure of other 
cellular organelles is also altered [79]. The volume density of the endoplasmic reticulum 
is typically increased, and autophagic vacuoles are present [78, 80, 81]. TEM is also a 
very useful technique that enables us to identify apoptotic cells [82].

Several studies showed that TEM is suitable to detect morphological characteris-
tics of the diabetic pancreas, but only a few studies have reported results in quantita-
tive terms. Due to the large variability and plasticity of cells and their organelles, 
especially mitochondria, qualitative evaluations are not sufficient [83]. Furthermore, 
quantitative morphometry is needed to evaluate subtle structural changes early 
during the progression of the metabolic syndrome that may precede overt functional 
changes occurring during the development of T2DM.

Since mouse models of T2DM exhibit comparable developmental features and can 
provide significant insight into the mechanisms of T2DM development in humans 
[84], they are widely used in these studies. From several animal models, C57Bl/6 J mice 
have been the most susceptible to the development of the metabolic syndrome and 
diet-induced diabetes [85–89]. We performed the morphological and morphometric 
evaluation of pancreatic endocrine and exocrine tissue obtained from C57Bl/6J mice 
fed with control diet (CD) or western diet (WD). During 8 weeks on WD, these mice 
developed obesity, hyperglycemia, and hyperinsulinemia (data not shown). Pancreatic 
tissue samples were taken in parallel with the preparation of acute pancreas tissue slices 
intended for electrophysiological studies, confocal calcium imaging, and expression 
analyses. Although the functional response to glucose in terms of intracellular calcium 
concentration changes and sensitivity of the exocytotic machinery to calcium were well 
preserved in WD mice (data not shown), TEM revealed severe morphological changes 
in the endocrine and exocrine part of the pancreas. In the following section, we 
demonstrate how to use image segmentation methods and ultrastructural morphom-
etry to analyze and quantify structural changes in the rough endoplasmic reticulum, 
mitochondria, and exocytotic vesicles and vacuolization in the endocrine and endo-
crine part of the pancreas from control animals and animals fed with WD. These 
ultrastructural lesions presented below can be detected early during the progression of 
the metabolic syndrome and precede cell apoptosis, necrosis, fat infiltration, and overt 
functional changes. Therefore, TEM enables a more direct assessment of the functional 
characteristics of the pancreatic tissue and is therefore a suitable and probably the 
crucial method for detecting alterations associated with early pancreas dysfunction.

5. Sample preparation and analysis

5.1 Ethical statement

The study protocol was approved by the Administration for Food Safety, Veterinary 
Sector and Plant Protection, Ministry of agriculture, Forestry and Food Republic of 
Slovenia (approval number: U34401–12/2015/3). The study was conducted in strict 
accordance with all national and European recommendations pertaining to care and 
work with laboratory animals, and every effort was made to minimize animal suffering.
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5.2 Animals, tissue preparation, light, and transmission electron microscopy

Experiments were performed on 20–22-week-old male C57BL/6 J (RRID: IMSR_
JAX:000664) mice purchased from Charles River (Figure 1A). Upon weaning, mice 
were fed with a standard rodent diet (CD, R70, Lantmännen, Stockholm, Sweden) 
with 72% of kcal from carbohydrates, 10% from fat, and 18% from protein until 
12 weeks of age. From 12 to 20 weeks of age, a control group continued to be fed with 
CD while the second group was fed with WD (D12079B, Research diets inc., New 
Jersey, USA) containing 43% kcal from carbohydrates, 40% from fats and 17% from 
proteins (Figure 1B). Water was available ad libitum. Mice were housed in individu-
ally ventilated cages (Allentown LLC, USA) in groups of 1–4 animals per cage at 
20–24°C, 45–65% relative humidity, and a 12-hour day-night lighting cycle. The bright 
part of the cycle was between 7 pm and 7 am. Mice were weighed before sacrifice.

Acute pancreas tissue slices from CD and WD mice were prepared as described 
previously [90–92]. For light microscopy (LM) and transmission electron microscopy 
(TEM), a small piece of the pancreatic splenic lobe was clamped using hemostatic 
forceps to avoid the leakage of agarose into this part of the pancreas. After removal from 
the body, small fragments of the pancreas were fixed in 2.45% glutaraldehyde and 2.45% 
paraformaldehyde in a 0.1M sodium cacodylate buffer (pH 7.4) at room temperature 
for 3 h, and at 4°C for 12 h. The tissue was washed in a 0.1 M sodium cacodylate buffer 
(pH 7.4) at room temperature for 4 h and post-fixed with 2% OsO4 at room temperature 
for 2 h. After washing in a 0.1 M sodium cacodylate buffer (pH 7.4) at room temperature 
for 3 hours, the tissue was dehydrated in a graded series of ethanol (50%, 70%, 90%, 
96%, and 100%, each for 30 minutes at room temperature). The pieces of the tissue were 
embedded in TAAB embedding resin (Agar Scientific Ltd., Essex, England). For LM, 
semithin sections (2 μm) were stained with 0.5% toluidine blue in an aqueous solution. 
For TEM, ultrathin sections (70–75 nm) of the tissue were stained with uranyl acetate 
and lead citrate and analyzed with a Zeiss EM 902 transmission electron microscope.

5.3 Structure of the exocrine and endocrine pancreas

5.3.1 Qualitative analysis of exocrine and endocrine cell ultrastructure

The pancreas is composed of exocrine and endocrine tissue and this functional 
specialization can readily be recognized microscopically (Figure 2).

Figure 1. 
Study design (A) timeline of the study. The part of the project shown in yellow is presented in this chapter.  
(B) Energy profile of control diet (CD) and western diet (WD).
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Figure 2. 
Mice are fed with control diet (CD). (A) and (B) Semithin sections of the pancreas. (A) Exocrine part of 
the pancreas is composed of acinar cells (one cell marked by the yellow dotted line), organized in acini (one 
acinus marked by the green dotted line) and lobules (one lobule marked by the red dotted line). (B) Endocrine 
cells forming a Langerhans islet are seen as brighter stained cells (red dotted line). (C–F) Ultrathin sections 
of the pancreas. (C) Exocrine cells are easily recognized by their large size, typical shape, by abundant rough 
endoplasmic reticulum, and secretory granules. (D) The majority of secretory granules are found in the apical 
part of the cell. (E) and (F) endocrine cells can be distinguished by the fine structure and size of their secretory 
granules. In all endocrine cells, well-developed rough endoplasmic reticulum, Golgi apparatus, and numerous 
mitochondria are seen. AC, acinar cell; α, alpha cell; β, beta cell; δ, delta cell; D, duct; IL, islet of Langerhans; 
GA, Golgi apparatus; M, mitochondrion; N, nucleus; nu, nucleolus; RER, rough endoplasmic reticulum; SG, 
secretory granules. Scale bars: (A) and (B) 50 μm; (C) 2.5 μm; (D) 2 μm; (E) 5 μm; (F) 2.5 μm.
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5.3.1.1 Normal exocrine and endocrine cell ultrastructure

The majority of tissue consists of pyramid-shaped exocrine cells (Figure 2A–C). 
These cells form clusters or acini around small ducts and are organized in lobes with 
thin fibrous tissue. The exocrine cells produce inactive digestive enzymes, seen in the 
cytoplasm packed in secretory vesicles (Figure 2C and D), and secrete them into the 
intercalated ducts which they surround (Figure 2D). In each acinus, the exocrine cells 
are located around the intercalated ducts, with their narrow apical parts oriented to the 
duct (Figure 2C and D). The exocrine cells have a round or oval nucleus (Figure 2C), 
located basally. The most prominent structure of the exocrine cells is the rough endoplas-
mic reticulum (Figure 2C) which is present in all different parts of the cell. Numerous 
round electron-dense secretory vesicles are seen in the perinuclear and apical cytoplasm 
(Figure 2C and D). The oval mitochondria (Figure 2C and D) are found in different 
parts of the cell.

The endocrine cells are distributed throughout the pancreas (Figure 2B) as 
interlobular positioned clusters of cells termed islets of Langerhans. In the islets of 
Langerhans (Figure 2B) alpha, beta and delta cells can be distinguished (Figure 2E 
and F). They are characterized by numerous secretory vesicles. Glucagon granules of 
alpha cells are large dense-core vesicles and some of them have a pale halo. The core 
of the granule is of a similar diameter to insulin granules, but the whole granule is 
smaller by at least 50% (200 nm vs. 350 nm). Insulin-containing vesicles in beta cells 
are the largest with large clear peripheral halos. Somatostatin-containing granules of 
delta cells in mice are the smallest and lozenge-shaped (Figure 2E and F) [93–96]. In 
the cytoplasm of all types of endocrine cells, abundant rough endoplasmic reticulum, 
Golgi apparatus, and many oval mitochondria are present (Figure 2E and F) [97].

5.3.1.2 Ultrastructural changes in WD mice

Comparing the ultrastructure of pancreatic cells in control mice (CD; Figure 2) and 
mice fed the western diet (WD; Figures 3A and B, 4B, 5E, 7E, and 8D), we observed 
many important differences. In the exocrine pancreas of WD mice many necrotic cells 
(Figures 3A and 4B) are present. In some acinar cells, lipid droplets are seen in the 

Figure 3. 
Mice are fed with western diet (WD). (A) and (B) Ultrathin sections of the pancreas. (A) A necrotic acinar 
cell containing a lipid droplet in the cytoplasm. (B) Autophagosomes and autolysosomes in the cytoplasm of an 
acinar cell. AL, autolysosome; AP, autophagosome; L, lipid droplet; M, mitochondrion; N, nucleus; SG, secretory 
granules; RER, rough endoplasmic reticulum. Scale bars: (A) 2 μm; (B) 500 nm.
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cytoplasm (Figure 3A). In many cells, numerous autophagic structures, i.e., autopha-
gosomes, autolysosomes (Figure 3B), and residual bodies are found. The mitochondria 
(Figure 4B) and rough endoplasmic reticulum (Figure 5E) seem to be disorganized, 
therefore these structures were analyzed in detail.

The structure of the islets of Langerhans in mice fed by WD is non-compact, 
inhomogeneous, containing more extracellular spaces than in mice fed by CD. There 
are many necrotic cells in different parts of the islets. In the cytoplasm of endocrine 
cells, some lipid droplets and many autophagic structures, i.e., autophagosomes, 
autolysosomes, and residual bodies can be found. Structural differences are also seen 
in the mitochondria and rough endoplasmic reticulum.

5.3.2 Quantitative analysis of selected cellular structures

Structural characteristics of mitochondria, rough endoplasmic reticulum, zymo-
gen granules, and vacuoles were studied. To accurately analyze various cell com-
pounds, it is necessary to select TEM images taken at the same magnification.

5.3.2.1 Analysis of mitochondria

Since mitochondria are crucial for normal beta cell stimulus-secretion coupling 
and their ultrastructure is altered during the development of T2DM, we analyzed 
them in more detail. First, we outlined all the mitochondria in the visual field and 
calculated the surface area in nm2. To quantitatively assess the condition of mitochon-
dria, we measured the following shape descriptors: circularity, roundness, aspect ratio 
of the best fit ellipse, and solidity using Fiji software (NIH) [98].

Circularity (C) is a shape parameter that can mathematically indicate the degree 
of similarity to a perfect circle. A value of 1.0 indicates a perfect circle. When the 
circularity value approaches 0.0, the shape becomes less and less circular. Circularity 
is defined by the equation

Figure 4. 
Shape descriptors. (A) Circularity versus roundness. (B) Sketch of a mitochondrion (gray) with an overlay of the 
best fit ellipse (yellow), the major axis of the best fit ellipse (blue), and the minor axis of the best fit ellipse (red). 
The major axis is used in determining roundness (Eq. (2)) and aspect ratio (Eq. (3)). (C), the shape area (gray, 
left) and the convex hull area (yellow, right) are used to determine the solidity.
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 π= 24 AreaC
Perimeter

 (1)

Roundness (R) on the other hand, characterized by

 
π

= 2
4

 
AreaR

major axis
 (2)

is similar to circularity, but it is insensitive to irregular borders along the 
perimeter of the mitochondria and takes into account the major axis of the best fit 
ellipse. For an illustrative explanation of the differences between circularity and 
roundness, see Figure 6A.

From the best fit ellipse fit to each mitochondrion, the major and minor axes were 
determined, and the aspect ratio (AR) was calculated by the following equation:

 =
 

major xis
AR

minor axis
 (3)

AR measures the ratio of an object’s height to its width (Figure 6B). Therefore, 
the aspect ratio is equal to one for a perfect circle and increases with an increase in 
deformation.

Figure 5. 
Analysis of the mitochondria from a CD and a WD mouse. Labeled mitochondria in the image of the exocrine 
pancreas from the (A) CD and (B) WD mouse. Analysis of the (C) surface area, (D) circularity, (E) roundness, 
(F) aspect ratio and (G) solidity of an image from CD and WD mouse. Data were pooled from the following 
number of ROIs from the CD/WD image: 14/16. Data were analyzed using the Mann–Whitney U test, p values 
are indicated on graphs.



127

Application of Transmission Electron Microscopy to Detect Changes in Pancreas Physiology
DOI: http://dx.doi.org/10.5772/intechopen.104807

At the end, solidity (S) was measured using the same Fiji software. Solidity describes 
the extent to which shape is convex or concave. Taking the area within the mitochondrion 
and dividing it by the area enclosed by a convex hull provides information about the 
solidity of the shape (Figure 6C). Solidity of a perfectly convex structure is 1, but when the 
structure becomes more concave, the solidity will deviate from 1. The solidity is defined by

 =
 

areaS
convex area

 (4)

In the bullet points that follow, we describe each analysis step in detail.

1. Open an image in Fiji.

2. Select the straight line tool from the navigation pane and draw a straight line across 
the scale bar. The straight line must be precisely the same length as the scale bar.

3. In the “Analyze” menu, select “Set Scale”. When the set scale dialog box opens, 
enter the value of a scale bar into the “Knowing Distance” box, and in the “Unit 
of length” box, determine the unit of the scale bar from the image. Click the 
“OK” button. Now you have set the scale for this particular image.

4. Use the “freehand selection” tool from the toolbar and encircle the first mito-
chondrion on the image. After the right mouse click within the selected encircled 
mitochondrion, choose “Add to ROI Manager” from the dialog box.

5. Now encircle the next mitochondrion and click “Add” in the ROI Manager. In the 
same way, encircle all the mitochondria in the image.

6. In the “Analyze” menu, select “Set measurements” and thick the desired param-
eters from the dialog box. For the analysis of mitochondria, we selected “Area” 
and “Shape descriptors”. Click the “OK” button.

Figure 6. 
Quantitative analysis of the RER. Representative TEM images from a CD (A) and a WD (E) mouse. The 
quantification pipeline involves segmentation (B and F), a binary mask depicting RER cisternae in black 
and cytosol in white), followed by RER determination using particle analysis on the segmented image (C and 
G). Overlay of the binary masks on the TEM images (D and H), RER cisternae in red, and cytosol in green). 
Exemplary percentages of the area covered by the RER cisternae are shown in the top right (CD mouse) and 
bottom right (WD mouse.
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7. Now everything is set to analyze all the mitochondria from the image. Select “Mea-
sure” in the “Analyze” menu, and a new window with results will pop out. Save the 
results by selecting “Save as” from the “File” menu of the “Results” window.

8. Now you can analyze the new image in the same way. Remember that the scale 
must be set again when analyzing the next image.

In Figure 4 one can observe the results of the above analysis on mitochondria of 
two representative images of the exocrine pancreas from a CD (Figure 4A) and a WD 
(Figure 4B) mouse.

5.3.2.2 Analysis of rough endoplasmic reticulum (RER)

Quantitative analysis of the surface area covered by the RER cisternae on TEM 
images can provide valuable insight into functional changes in both acinar and endo-
crine cells. Quantification of the TEM data, in general, involves manual annotation 
of structures of interest. This approach proved to be an extremely time-consuming 
process for quantification of the RER data, as the organelle forms a complex and inter-
connected network of cisternae. To overcome this issue, Trainable Weka Segmentation 
(TWS, available as Fiji/ImageJ plugin) provides a machine learning tool capable of 
automated segmentation [99]. A limited number of manual annotations on a sample 
(training) TEM image produces a classifier that can be applied to the remaining data to 
segment images automatically. The following pipeline describes steps for RER analysis:

1. Image segmentation: TWS produces a segmented image that reliably separates 
RER cisternae from the cytosol (Figure 5B and F, compare with Figure 5A and E, 
respectively).

2. Particle analysis: subsequent particle analysis on the segmented image excludes 
unwanted objects based on the size exclusion criterion that removes small 
objects that were detected mostly within RER cisternae (Figure 5C and G). If 
needed, manually delete unwanted objects.

3. Quantification of data: the resulting binary mask improves partitioning compared 
to TWS segmentation alone (Figure 5D and H). The resulting image segments al-
low for quantification of RER abundance, expressed as the relative area covered by 
RER cisternae (% RER area). This approach detected a large increase in % RER area 
in WD mice compared with CD mice in the given cell (42% vs. 18%) (Figure 5).

5.3.2.3 Analysis of zymogen granules

Zymogen granules form a reserve pool of digestive enzymes that are secreted from 
acinar cells after stimulation. The granules are well visible on TEM images and detect-
ing a change in a number of granules per cell, cumulative granule area per cell, or 
granule size could suggest a functional change in their physiology. Manual counting 
of granules is the simplest method to quantify zymogen content; however, it relies on 
an assumption of typical granule size, and it is a relatively time-consuming approach. 
Alternatively, manual annotation of individual granules would provide data also 
on the granule size, but it is an even more time-consuming method that would 
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effectively hamper analysis or limit it to a few cells only. To at least partially automate 
the quantification, we took advantage of the fact that zymogen granules have typical 
properties: (i) granules are spherical structures, and (ii) they appear electron-dense 
(i.e. dark) on TEM images (Figure 7A and E).

The following brief instructions describe a useful procedure to partition the 
granules on a TEM image:

1. Image thresholding and separation: Since granules provide good contrast, 
thresholding the TEM image produces a rough binary mask of granules. Inher-
ently, the thresholding procedure detects two or more granules in close proxim-
ity as uniform structures. We can reliably separate the touching granules using 
the watershed separation method [100]. This method interprets the input image 
as a topographical surface that is flooded with water, placing water sources in 
the local topographical minima, and placing dams where water from differ-
ent sources meets. These dams constitute the watershed (i.e., a border between 
touching granules, Figure 7B inset). The method works best for smooth convex 
objects that do not overlap too much, and it efficiently separates granules after 
the initial thresholding (Figure 7B and E).

2. Particle analysis: Employ particle analysis to remove unwanted small objects 
in the cytosol that were detected with the thresholding. Limiting the minimal 
object size effectively removes the background noise (Figure 7C and G).

3. Quantification of the zymogen granules: The resulting binary mask detects indi-
vidual granules (see the overlay in the Figure 7D and H). The segmentation data 
generally allow for a straightforward counting of granules, assessing the cumula-
tive granule area (case the entire cell is imaged, example data not shown), and 
granule size. The latter decreased by 22% in the analyzed acinar cell from a WD 
treated mouse (Figure 7I).

Figure 7. 
Quantitative analysis of the surface area of zymogen granules. Representative TEM images from CD (A) and 
WD (E) mice. Image thresholding and watershed separation produce a binary mask (B and E), zymogen 
granules in black, inset depicts exemplary partitioning of two touching granules). Individual granules are 
determined using particle analysis on the segmented images (C and G). Panels D and H depict an overlay of 
the granules on the grayscale TEM image (vesicles in red). Quantification of the granule cross-section area 
shown in the panel I for a given cell from the CD and the WD mouse. Data were pooled from the following 
number of ROIs from the CD/WD image: 35/27. Data were analyzed using the Mann–Whitney U test, p values 
are indicated on graphs.
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5.3.2.4 Analysis of vacuoles

Cytoplasmic vacuolization is an ultrastructural change associated with pathological 
alterations in pancreatic cells [101]. The vacuoles appear electron-lucent (i.e., bright) 
and inhomogeneous on TEM images, very similar to other structures, and this does 
not allow the use of image thresholding as a technique to effectively detect vacuoles. 
Since the number of vacuoles per cell is limited, manual annotation of the structures is 
feasible.

1. Manual detection of the vacuoles: Use Fiji/ImageJ in combination with the built-
in ROI manager to outline the vacuoles, which results in a binary mask of the vis-
ible structures on the image (Figure 8B demonstrating an empty mask, since no 
vacuoles were visible on the image, and 8E shows several vacuoles that were seen 
within a cell). Overlaying the structures can serve as visual feedback for quality 
assessment (Figure 8C and F).

Quantification of the vacuoles: Use data from the above step to measure the relative 
area covered by the vacuoles by dividing the cumulative vacuole area by the visible 
cytoplasm surface. Using this approach, we demonstrated that vacuoles are abundant 
in the acinar cell of WD treated mice (27% vs. 0% in WD vs. CD mice, Figure 8 right).

6. Conclusions

There are only a handful of studies on pancreatic exocrine and endocrine 
ultrastructure in mice under diabetogenic conditions. One of the reasons for this 
relative underrepresentation of such a translationally relevant topic in the literature 

Figure 8. 
Quantitative analysis of the vacuoles. Representative TEM images from CD (A) and WD (E) mice. Manual 
annotation of vacuoles resulted in a binary mask (B and E), vacuoles in black; please note that no vacuoles were 
present in A. Panels C and D depict an overlay of the vacuole binary mask on the grayscale TEM image (vacuoles 
in red, cytoplasm in green). Percentages of vacuole cross-section areas are shown on the right for the CD (blue) 
and the WD (red) mouse.
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may be the rather complex study design typically accompanying work with genetic 
or dietary mouse models and electron microscopy. An even more important reason 
may often be a lack of a toolbox to easily, objectively, and reproducibly analyze 
ultrastructural changes in exocrine and endocrine cells in a quantitative manner. In 
this chapter, we tried to specifically address this problem by providing the readers 
with a robust step-by-step approach and detailed instructions on how to quantify 
changes in the ultrastructure of mitochondria, rough endoplasmic reticulum, and 
secretory vesicles, as well as the presence of vacuoles, by means of shape descrip-
tors, thresholding, manual selection, and machine-learning supported image 
segmentation, followed by different quantification steps employed in the open-
source Fiji software. With some field-specific modifications, our analyses shall also 
be useful for many other life scientists.
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Laser-Induced Breakdown 
Spectroscopy and Microscopy 
Study of Human Dental Tissues
Muhammad Mustafa, Anwar Latif and Majid Jehangir

Abstract

Laser-induced breakdown spectroscopy (LIBS) analysis of human dental tissues: 
enamel and dentine, performed by utilizing Nd: YAG laser (𝜆𝜆=1064 𝑛𝑛𝑛𝑛𝑛𝑛 𝑛𝑛=6 𝑛𝑛𝑛𝑛𝑛𝑛 𝑛𝑛=50 𝑛𝑛𝑚𝑚) 
to investigate threshold ablation of laser energy density. Quantitative results based on the 
experiment provide us with threshold ablation value of laser energy density for calcium 
(Ca) ablation in enamel and dentine tissues. The computed threshold laser energy density 
for Ca ablation in dentin tissue is 0.38 J/cm2, which is significantly lower than the threshold 
in the enamel, which is 1.41 J/cm2. Scanning electron microscopic (SEM) examination of 
dental tissues determines that the dentin surface contains pores, voids, and bubbles that 
make it easy to ablate at low laser energy density, while enamel has a closely packed smear 
layer structure that is difficult to ablate, requiring high energy densities. These findings are 
helpful in the field of laser dentistry, where lasers are widely used for dental treatment.

Keywords: electron microscopy, laser-induced breakdown spectroscopy, Nd: YAG 
laser, dental tissues, energy density

1. Introduction

Lasers have been utilized as a supplementary treatment in dentistry since 1964. They 
have experienced significant advancements in a variety of dental applications. Nd: YAG 
lasers are mainly used in dentistry, including soft and hard tissue surgery, cavity prepa-
ration in tooth enamel and dentine, detection of tooth decay, prevention of tooth decay 
by modifying the crystalline structure of enamel, and tooth whitening [1–5].

Lasers to ablate tissues may cause cracks, fractures, fissures, irradiation roughness, 
surface irregularities, and the removal of smeared layers [6]. The risks of the laser can 
be avoided by selecting optimized laser parameters according to the chemical compo-
sition of the irradiated tissues [7, 8]. It is significant to determine the minimum value 
of laser energy density that is required to take out an atom of material of the same ele-
ment, known as threshold ablation. To optimize the laser energy density and energy 
of the laser, it is required to calculate the threshold ablation of energy density for 
calcium (the most commonly found mineral in dental tissues) in enamel and dentine 
that can be precisely achieved by laser-induced breakdown spectroscopy [9, 10].

LIBS is an atomic emission spectroscopic technique. It is also known as “laser-
induced plasma spectroscopy” (LIPS) because elements and atomic species are 
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quantified through spectrometric analysis of laser-induced plasmas. The LIBS spectros-
copy technique uses a high-intensity laser capable of ablating small amounts of material, 
thereby creating a short-duration plasma [11]. The formed plasma contains the excited 
atoms, molecules, and ions that appeared in the target. As the plasma cools, the atoms, 
ions, and molecules lose energy due to the emission of light photons that carry certain 
wavelengths [12]. Thus, spectroscopic characterization of the plasma light will reveal 
the elements present in the target. The identification of many elemental lines, including 
both the wavelength and the intensity within the emission spectrum, will form a unique 
spectral fingerprint of the target, such as calcium [13–16].

Scanning electron microscopy (SEM) is a versatile technique to investigate surface 
topography, structural morphology, composition, the orientation of grains, crystal-
lography, etc. of dental tissues by achieving its three-dimensional (3D) image with 
high quality and spatial resolution [17]. In SEM, micro to nanostructure analysis can 
be examined by focusing a finely collimated electron beam on the dental slices. Due 
to interaction between incident electrons and the slices, various types of signals may 
emit from irradiated tissues such as secondary electrons (SE), backscattered electrons 
(BSE), Auger electrons, continuous and characteristics X-rays, and other photons of 
different energies [18]. These signals are detected by suitable detectors available in 
SEM such as Everhart–Thornley detector (ETD) is used to detect SE [19], BSE using a 
retractable circular BSE detector (CBS) [20], and X-rays signal by energy dispersive 
spectrometer (EDS) detector [21]. 3D highly magnifying image form on the computer 
by connecting the signal detectors through the optical fiber.

In the present research work, we have calculated the threshold ablation value of 
laser energy density for calcium found in human dental tissues such as enamel and 
dentine by employing LIBS. To investigate the significant difference in threshold abla-
tion for Ca in dental tissues SEM analyses are conducted to examine the surface and 
structural morphology of these tissues.

2. Sample preparations and methods

Two identical samples of sound extracted human molar teeth were collected 
from a Dental clinic, Medical & Dental Curatives, and Implant Center, approved 
by the institute of public health, the government of Punjab, Pakistan. The molars 
were immersed in saline solution to avoid dryness. Teeth were sectioned into their 
longitudinal axis using a diamond disk (model HOR, Horico, Germany) to produce 
two subsamples of dental tissues enamel and dentin of each 5 × 5 × 2 mm thickness. 
For experimental purposes, enamel-dentine surfaces were polished using #600 and 
#1200 silicon carbide sandpapers.

Sample 2 slices were coated with an electrically conductive layer of copper for SEM 
observation.

Figure 1 displays a schematic diagram of the LIBS experimental setup used to 
record the LIBS spectra of dental tissues in a vacuum. For experimentation J200 
Tandem LA (Applied Spectra, Inc. USA) LIBS unit is used, in which pre-installed 
Q-switched Nd: YAG (1064 𝑛𝑛𝑛𝑛, 6 𝑛𝑛𝑛𝑛, 50 𝑛𝑛𝑚𝑚) Quanta Ray Pro-230-10 Spectra physics, 
USA, with the flattop beam profile, the spot diameter of 0.09 cm, and energy density 
range of 1–15 J/cm2 was projected as the source of irradiation. The sample chamber 
in J200 is a box equipped with an adjustable sample stage. The slices of sample 1: 
enamel and dentine, are sequentially placed in the sample chamber and irradiated by 
the Nd: YAG laser. An infrared (IR) lens of a focal length of 7.5 cm focuses the laser 
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beam on slices to generate plasma. The emission of light photons from the plasma is 
collected by a lens adjusted at an angle of about 45° to the laser beam axis and fed to 
the spectrometer. The Scanning Czerny-Turner type spectrometers are continuously 
operating to capture and read data. It has a response range of wavelength (190–900) 
nm with a spectral resolution of 0.2 nm. At various laser energy densities of 1 J/cm2 
to 15 J/cm2, maximum emission intensities of spectra are displayed by connecting 
spectrometers to a linear charge-coupled device (CCD) camera.

FEI Nova 450 Scanning electron microscope (SEM) was used for micro to nano-
structural analysis of dental tissues. Copper-coated sample 2 slices are placed into a 
110 x 110 mm/150 x 150 mm stage that can be positioned in five directions: x, y, z, 
rotation, and tilt. These movements are motorized and controlled by xT microscope 
control software. The immersion mode is selected from the xT microscope-driven 
user interface drop-down menu. The immersion lens is activated, and the lens 
detector (TLD) in secondary electron operation amplifies images of specimens over 
500,000×, resulting in ultra-high-resolution imaging in digital format.

3. Statistical analysis

Axiom laser ablation (LA) is an operating software in laser-induced breakdown 
spectroscopy. A chemo-metric technique in LA is a statistical mechanism for the 
identification of elements to quantify them. It also integrates ICP-MS data manage-
ment and analysis tools, which are essential for generating precise quantitative solu-
tions and highly accurate statistics. It is employed to choose isotopes of interest and 
compare their temporally resolved ICP-MS outcomes. Time-resolved signal device is 
used to study the time-resolved behavior of elements displayed on the graph at various 
time intervals. Time-resolved ICP-MS rapidly smooths the data and TRSD (Temporal 
Relative Standard Deviation) statistics are easily obtained. Graphical Development Tool 
(GDT) chemo-metric software from LIBS Spectra allows us to distinguish LIBS spectra 
and visualize the differences. The calcium lines that appeared in the LIBS spectra were 
chosen as the ablation indicators. They appeared at a variety of wavelengths. Their 
peak areas were computed and plotted according to the laser energy densities. The 

Figure 1. 
Represents a schematic diagram of the LIBS experimental setup for dental tissue analysis.
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relationship between peak areas and energy densities was then represented via data 
fitting. The ablation thresholds were determined based on the curve fitting. The calcula-
tions and statistical analysis were performed using Origin (8.5) software. The measure-
ments from SEM micrographs were taken by ImageJ (1.53 k) software.

4. Results

The relationship between the peak areas of calcium lines and full-width half-
maximum is given below [22]:

 
2.35 0.3989
h FWHM

A
×

=
×

 (1)

Here, A represents the peak area, h is the amplitude of the peak, and FWHM is the 
full-width half-maximum. Eq. (1) provides a simple way of peak area calculation by 
measuring peak height and a full-width half-maximum of spectra. Areas of peak to 
corresponding energy densities are used to calculate the threshold ablation of calcium 
in enamel and dentin. In this study, Ca peaks are the peaks of interest that directly 
reflect the concentration of Ca within the dental tissues.

In the J200 LIBS unit the Nd: YAG laser (1064 nm, 6 nm, 50 mJ) focused on tooth 
sample enamel and dentin that formed plasma. The emission of photons from plasma 

Figure 2. 
Spectra obtained at different energy densities for enamel at the 14th shot.
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is captured by the spectrometers and then displayed on computer intensity spectra as 
a function of wavelength, as shown in Figures 2 and 3 respectively. The area under 
the curves was calculated using the built-in Axiom laser ablation software for laser-
induced breakdown spectroscopy.

4.1  Enamel spectra obtained by J200 tandem LA-LIBS instrument using axiom LA 
system software at various laser energy densities

Figure 2 represents spectra of enamel tissue for different energy density ranges 
3.7 J/cm2 to 14.8 J/cm2 and optimized number of pulses (14). The emission of the 
discrete line from enamel tissue is identified as a calcium element, and they have three 
main features: wavelength, intensity, and shape. The calcium element in tissues has 
different energy levels and the transition between these energy levels determines the 
wavelengths of emitted spectral lines.

Table 1 displays the data for 11 enamel spectra (in Figure 2) at different wave-
lengths and their corresponding peak areas. The maximum peak area was 32 counts/nm 
at 14.8 J/cm2 while a minimum of 5 counts/nm at 3.7 J/cm2 and 4.25 J/cm2 was attained.

4.2  Dentine spectra obtained by J200 tandem LA-LIBS instrument using axiom 
LA system software at various laser energy densities

Figure 3 exhibits the spectra of dentine tissue for the laser energy densities 2.4 J/cm2 
to 14.8 J/cm2 and the optimized number of pulses 4. Ca metals were identified as the 

Figure 3. 
Spectra at different energy densities for dentin at the 4th shot.
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discrete lines emitted from dentine tissue, and they had three primary characteristics: 
wavelength, intensity, and shape. Ca element in tissues has different energy levels, 
which determine the wavelength of lines.

Table 2 illustrates the results of 12 dentine spectra (of Figure 3) at various wave-
lengths and their associated peak areas. The intensity (count/nm) of the integrated 

Energy 
Densities  
(J/cm2)

Integrated Peak Areas at different Intensities (Counts/nm)

At 395.5 nm, 
397.5 nm

At 
409.5 nm

At 416.5 nm, 
417.5 nm, 
419.3 nm

At 423 nm, 
426.4 nm

At 
431.2 nm

2.4 4.3 3 4 3 3.2

3.7 4.8 4 4.2 3 3.6

4.25 6.8 5.3 6 3 4

5.8 6 5.8 6.2 3.1 4.3

6.8 8.7 7.6 6.1 3.1 5.1

7.85 13.6 11.4 7.8 3.4 6.1

8.8 16.1 13.1 8.7 3.4 7

10.1 16.2 13 8.8 3.4 6.6

11.2 17 13.2 8.1 3.8 6.2

12.4 24 20 10.4 4.2 8

13.6 26.4 20.2 12.4 4.6 9.6

14.8 24 19.8 13.2 4.8 9.8

Table 2. 
Peak area calculation for calcium in dentine using axiom LA software.

Energy 
Density  
(J/cm2)

Integrated Peak Areas at different Intensities (Count per nm)

At 395.5 nm, 
397.5 nm

At 
409.5 nm

At 416.5 nm, 
417.5 nm, 
419.3 nm

At 423.2 nm, 
426.4 nm

At 
431.2 nm

3.7 8 6.5 6.8 5 5.6

4.25 8 6.5 6.95 5 6

5.8 10 9.7 8.4 6 7.3

6.8 11 10.8 9 6.5 8

7.85 11 11.1 10 6.7 10

8.8 11 12.1 10 7 11

10.1 14 12 14 9 12.8

11.2 21 19 16 12 16

12.4 23 20 20 14 19.1

13.6 27 26 23 17 20

14.8 32 29 28 19.48 25

Table 1. 
Peak area calculation for calcium in enamel using axiom LA software.
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peak area increases as energy density increases. The largest peak area was 26.4 
counts/nm at 13.6 J/cm2, and a minimum of 3 counts/nm at laser energy densities of 
2.4 J/cm2, 3.7 J/cm2, and 4.25 J/cm2.

4.3 Surface morphological analysis of enamel and dentin

Figure 4 represents electron micrographs of dental tissues obtained by SEM at 
1000× magnification. The enamel surface is not very smooth, covered with smear 
layers, and a few tiny holes throughout the surface are shown in Figure 4(a). Pores, 
bubbles, and debris are examined in dentin in Figure 4(b). The measured mean area 
of particle debris is 2.1 μm2 and the mean distance between two consecutive debris is 
0.6 μm in dentin tissue. In both tissues, smeared Layers observed which formation of 
micro and nanocrystalline structures is, bit blurriness is an obstacle act of layers in the 
field of vision and imaging.

5. Discussion

In the present research, we employed two spectroscopic techniques (LIBS & 
SEM), which were complemented by electron microscopy. When a high-power pulsed 
laser beam hits the target, it causes localized heating and vaporization of the sample 
materials. The ablated material expands and forms a plasma plume. Hence, there is a 
relationship between plasma intensity and ablated material. LIBS is used to define an 
element in a sample and plasma intensity. Emission intensity is linearly correlated to 
the number of elements in the sample [10].

Figure 5 represents the plot of peak area versus energy density (there are five 
exponential lines: purple, green, blue, black and red at intensities of (395.5 nm, 
397.5 nm), (409.5 nm), (416.5 nm, 417.5 nm, 419.3 nm), (423.2 nm, 426.4 nm) and 
431.2 nm, respectively. There are 11 points in each curve that represent peak areas at 
different energy densities. The line of best fit is drawn which intercepts the x-axis at 
1.41 J/cm2 and gives the threshold ablation value of energy density for enamel at the 
14th shot.

Figure 4. 
SEM micrographs of sample2 right after cutting with diamond disc (a) enamel slice (b) dentin slice.
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The integrated peak area for calcium at (395.5 nm, 397.5 nm), (409.5 nm), 
(416.5 nm, 417.5 nm, 419.3 nm), (423.2 nm, 426.4 nm), and 431.2 nm were plotted for 
different energy densities in Figure 6. There are five linear lines: purple, green, blue, 
black and red. Each line has 12 points representing peak areas at different energy den-
sities. The line of best fit is drawn such that the intercept x-axis at 0.38 J/cm2 gives the 
threshold ablation value of energy density for dentine at the 4th laser pulse (shots).

Figure 5. 
Threshold energy density of ablation for calcium in the enamel.

Calcium emission wavelength (nm) Equations slope x-intercept

395.5397.5 = 0.12874.4655 xy e 2.1 1.418

409.5 = 0.1333.9591 xy e 1.9 1.415

416.5, 417.5, 419.3 = 0.12953.8412 xy e 1.8 1.413

423.2, 426.4 = 0.13583.3446 xy e 1.2 1.410

431.2 = 0.12872.7536 xy e 1.7 1.414
Line of best fit: slope: 2.10 x-intercept: 1.41.
Threshold ablation for calcium in enamel: 1.41 J/cm2.

Calcium emission wavelength (nm) Equations slope x-intercept

395.5397.5 = −1.64 0.628y x 1.6 0.38
409.5 = −1.46 0.564y x 1.4 0.38
416.5, 417.5, 419.3 = −1.05 0.418y x 1.0 0.39
423.2, 426.4 = −0.58 0.222y x 0.5 0.38
431.2 = −0.70 0.277y x 0.7 0.38

Line of best fit: slope: 1.64 X-intercept: 0.38.
Threshold ablation for calcium in enamel: 0.38 J/cm2.
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It can be spotted from Figures 5 and 6 that the peak areas of enamel and  
dentine Ca lines are set up at laser energy densities of 3.35 J/cm2 and 2.43 J/cm2 
respectively. By data fitting curves analysis, an exponential fit is observed for 
enamel and a linear fit for dentine. The curves in (Figures 5 and 6), combine to 
intersect the x-axis that gives us threshold ablation, in enamel and dentine tis-
sues respectively. Outcomes of LIBS revealed that the threshold ablation for Ca in 
enamel is approximately four times that of the threshold ablation for Ca in dentine. 
SEM analysis was conducted to figure out the reason for the huge difference in 
threshold ablations for calcium in dental tissues by examining their surface topog-
raphy and structural properties. SEM micrographs in Figure 4 show that enamel 
has smear layers that are close to each other’s making its structure rigid, hard and 
calcified. Pores, bubbles, and open spaces on the dentine surface make it delicate, 
flexible, and less calcified, which is a primary reason for having lower threshold 
ablation for Ca as compared to enamel [23–27].

Chemical compositional studies of dental tissues determine that they contain 
hydroxyapatite crystal (HAP), the main mineral constituent of teeth, which is the 
most stable and least soluble, form of calcium phosphate. The average size of HAP 
is larger in enamel than dentine, which makes the former more calcified. In addi-
tion, enamel contains 95% inorganic material, 1% organic material, and 4% water 
by weight percentage, whereas dentin is composed of 70% inorganic material, 2% 
organic material, and 10% water by weight percentage [28–30]. Hence, the compo-
sitional analysis revealed that enamel has a lower concentration of water and higher 
mineral content (than dentin) which makes it difficult to ablate.

Figure 6. 
Threshold energy density of ablation for calcium in dentine.
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6. Conclusions

The LIBS technique has been successfully applied to compute threshold abla-
tion for calcium in dental tissues. Findings revealed that enamel has a higher 
threshold of ablation for calcium than dentine. SEM microstructural observations 
and measurements suggest that enamel has a closely packed structure of smear 
layers making it hard whereas a high porosity level in dentin causes less toughness. 
These findings are beneficial in the field of dentistry for the use of lasers in dental 
treatment.
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Appendices and nomenclature

LASER  light amplification by stimulated emission and radiation
Nd YAG, Neodymium-doped yttrium aluminum garnet
LIBS laser-induced breakdown spectroscopy
LA laser ablation
LIPS  laser-induced plasma spectroscopy
IR infrared
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