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Abstract

This chapter introduces the research of in situ high-resolution transmission electron mi‐
croscope (HRTEM) methods combined with the functions of atomic force microscope and
scanning tunneling microscope. Using this method, we demonstrate fabrication, dynamic
observation on an atomistic scale, and mechanical and electrical measurements of nano‐
meter-sized contact simultaneously. We evaluate the silver atomic-sized wire (ASW)
which appeared at the final stage of the rupture process of the silver nano-contact.

Keywords: Silver, atomic-sized wires, atomic force microscopy, high-resolution transmis‐
sion electron microscopy

1. Introduction

Currently, miniaturization of electronics is underway. Now device development is heading
toward atomistic and molecular scales [1]. Devices included in these circuits are nanometer-
sized contacts (NCs), atomic-sized wires (ASWs), single molecular junctions (SMJs), etc.
(Figure 1) [2]. SMJ is a system of single molecule sandwiched by a pair of nanometer-sized
metallic electrodes. SMJs enable single electronic operation, high-density integration, and
electric power saving [3-7]. To engineer SMJs, we need to reveal that the structure of device
configuration includes interfaces between molecules and electrodes and mechanical and
electrical properties. Metallic NCs and ASWs are fundamental materials that have the potential
for device applications as well as being the key factors required for the application of SMJs [8].

© 2016 The Author(s). Licensee InTech. 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.



Figure 1. Schematics of atomistic-scale devices. (a) NC; (b) ASW; (c) nano-gap structure; and (d) SMJ.

Actually, to observe the formation and deformation of NCs, two in situ high-resolution
transmission electron microscope (HRTEM) methods were developed; one is the electron beam
double holes drilling method. An electron beam drills two holes on a material film with a
focused beam. The bridge that was formed between the holes is gradually deformed using a
defocused electron beam [9]. The other method is the tip-sample contact method [10], and this
fabricates and deforms NCs using a piezo-driven tip. Kizuka and Tanaka observed Zn NCs
using this method in HRTEM in 1994 [11]. In 1998, Kizuka et al. directly observed the slip
deformation process of Au NCs (Figure 2) [12]. This is the first report that showed atomistic-
level observation of a slip deformation process in crystals. After that, Ohnishi et al. fabricated
Au NCs and observed the deformation process from a 5-atom width to an 1-atom width in
1998 [13].

In 2001, Kizuka et al. observed the deformation process of Au NCs with atomistic resolution
using HRTEM based on the in situ method combined with atomic force microscope (AFM) and
scanning tunneling microscope (STM) [10]. They measured stress and strain quantitatively and
started material mechanics research of metallic NCs. Using this method, the mechanical
properties of Cu [14], Ir [15], Pd [16], and Pt [17] NCs were researched.

Further, as Kizuka et al. improved the in situ HRTEM method [18]; they were able to observe
the structural dynamics of ASWs formation during the tensile deformation process and
research electrical and mechanical properties. Using this method, it was revealed that there
was a corresponding relationship between structural dynamics and physical properties [19].
Until that point in time they had been researched individually. They observed Au ASW at the
final stage of the tensile deformation process of Au NCs. The observed Au ASW is up to 10
atoms in length with an average interatomic distance of 0.27 nm (Figure 3). In the tensile
deformation process of ASWs, since tensile stress is concentrated on the contact region,
interatomic distances of Au ASWs become longer, up to 0.30 nm. At the same time, conduc‐
tance of Au ASWs was measured. Resultant conductance greatly decreases when the number
of atoms used to construct the ASWs exceeds 4. Moreover, the force acting on the contact was
measured. The tensile strength of this ASW was estimated to be from 8 to 17 GPa. This value
is several times larger than that of Au NCs and much larger than bulk Au.
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At elastic deformation regions undergoing stress–strain, the Young’s modulus of Au ASWs
was estimated to be between 47 and 116 GPa. This value is remarkably comparable with that
of a single crystal Au.

Figure 2. Time variation in the elementary steps of slip in the shear deformation of Au NCs [12].

The NCs and ASWs of other materials other than Au have been also observed. Au, Ag [20,
21], Cu [22], Pt [17, 23], Pd [23, 24], Ir [15], and Co [23] ASWs have been observed.

As described above, common problems in research in metallic ASWs and NCs existed,
revealing corresponding relationships between structure and electrical properties. As research
in ASWs has concentrated on Au, the structural dynamics of ASW formation is uncertain. For
some of the metallic ASWs already researched, only the structures that appeared in the tensile
deformation process of NCs were observed. Therefore, the stable structure and electrical
conductivity of the NCs have not yet been revealed. In order to produce a general rule for the
basic phenomenon that appears in metallic NCs and ASWs, it is necessary to examine structural
dynamics, electrical conductivity, and mechanical properties, in order to clarify the corre‐
sponding relationship between the structure and properties directly. The method is limited to
in situ HRTEM.

2. Combined HRTEM

For the in situ tip-sample contact experiment inside the HRTEM, we proposed inserting
multiple specimen holders in the specimen chamber. The secondary holder is usually intro‐
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duced from the direction perpendicular to the first holder (Figure 4). Since this space is often
used for an EDX detector, it is necessary to replace it. In addition, we should consider that this
is a space occupying in z direction; the relation between the gap distance of pole pieces and
the height of sample holders (Figure 5). When you want to do mechanical tests, for example,
you would introduce an AFM cantilever. In this configuration, it is rarely applied to a pole
piece for high resolution use. This is because the samples must be precisely adjusted to contact

Figure 3. Time variation of the Au ASW formation process observed using the in situ HRTEM method [19].
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at the standard focal position of the microscope, including the movement range in the z
direction of the goniometer, which is attached to each holder.

Figure 4. Illustration depicting the specimen chamber of the HRTEM combined with atomic force microscope (AFM).

Figure 5. Illustrations depicting the configuration of samples and pole pieces for a combined HRTEM.

3. Sample preparation

For samples, we use a cut-out metal foil and the metal sputtered tip of the AFM cantilever. In
the case of metallic foil, first we cut out the foil with a thickness of below 0.05 mm to a size of
1 mm by 10 mm and sharpen one side of the plate (Figure 6(a)). After that, we polish this side
mechanically using emery papers and aluminum or diamond wrapping film. In rare cases,
although a burr part of cut is sometimes thin enough for HRTEM observation, the yield is poor
and the workability of nano-tip creation processes in a HRTEM is not good because the sample
is affected by a stress concentration where there is a sudden change in thickness. This sample
is then thinned further by an Ar ion polish of 3–10 kV (Figure 6(b)). It may be that an ionic
cleaner is used just before introducing it into a vacuum.

When performing the mechanical tests simultaneously, it is suggested that you use a metallic
sputtered Si tip on the cantilever for AFM for one of the samples (Figure 7). For high-resolution
(HR) observations, in order to detect the small force needed to deform the fine structure, the
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spring constant of the cantilever is required to be small (5 N/m or less is preferred). Metal is
sputtered on the cantilever and the tip under a reduced pressure Ar atmosphere. The thickness
of metallic film is approximately 20 nm. The requirements in this process are (i) depositing
metal atoms on the tip for use in contact with the counter sample and (ii) ensuring the cantilever
surface is covered with a uniform continuous metallic film to offer sufficient conductivity. In
order to achieve the latter requirement, it would be preferable to sputter in the same way on
both sides of cantilever. Moreover, even if the required amount of sputtering is achieved, the
spring constant of the cantilever is not changed.

Figure 7. Illustration of cantilever preparation for the Ag contact experiment.

Both samples are attached to a specimen holder respectively, then inserted into the HRTEM
specimen chambers. Because the sample is exposed to air for several minutes during this
preparation process, a natural oxide or sulfide film is deposited on the sample surface. After
the first contact with the sample each other, once we should make the contact larger than a
width of several tens nanometers. This is because we pull a clean metal part to the surface from
inside the samples.

Figure 6. Illustrations showing the downsize process of metal foil.
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4. Observation of Ag ASWs

Figure 8 shows HR images during the process of miniaturization of Ag NCs. The black areas
at the top and bottom of each image are Ag, the center is the NC, and the surrounding area is
a vacuum. On all of the NCs, a lattice interval of Ag (0.24 nm) has appeared – as indicated by
(111) in the figure. That is, the contact region is a single crystal. Therefore, the direction of
incidence of the electron beam is indicated on the figure as [0-11] and the upward direction on
image is identified as [100] in the figure. The minimum cross-sectional width of the NC is (a)
4 atoms, (b) 3 atoms, and (c–e) 1 atom. Figure 8(f) shows the contact braking.

Figure 8. Time variation of Ag ASW formation process observed by in situ HRTEM.

Figure 9, it shows the calculated image and HR image for the Ag ASW. For the image calcu‐
lation, we used a model in which both ends of the wire (composed of seven atoms) were
connected to two pyramidal Ag crystals (Figure 9(a)). Seven of the Ag ASW atoms were along
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the [100] crystal pyramid and arranged at intervals of 0.289 nm, which is the nearest neigh‐
boring distance of the bulk Ag. Figure 9(b) is a calculated image for the model. In Figure 9(c),
the image intensity along the center line of the atomic wires is shown. The centers of the models
of the atoms are displaced from the centers of the black point in computational image by only
0–0.02 nm. Since the experimental spatial resolution of the current HRTEM observation is 0.1
nm, the calculated result agree with the experimentally observed image within that resolution.
This correspondence is similar to that of Au atoms in a wire [19]. Figure 9(d) is an enlarged
view of the Ag ASW shown in Figure 8(e). Figure 9(c and e) shows the image intensity along
the center line of the ASWs. The darkest positions are indicated by the arrows. From the results
of the image calculation, the atomic positions of the ASWs can be considered to correspond to
the darkest position in the image intensity.

Figure 9. HR images of Ag ASWs. (a) Projected model along [110]; (b) calculated image for the structural model of (a);
(c) line profile of (b); (d) enlarged experimental image of Figure 8(e); and (e) line profile of (d).

Figure 10 shows the time variation of force and conductance in the Ag ASW formation process
shown in Figure 8. Times (a–f) correspond to the times that each image in Figure 8 was
observed, respectively. As the NC narrowed, the conductance stepwise reduced (a–b).
Similarly, the force acting on the NC also decreased stepwise. Thereafter, when the ASW forms
(c–e), both conductance and force were reduced below 0.1 G0 and 0.5 nN.
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Figure 11 shows the distribution of the interatomic distances between atoms in the wire,
observed in Figure 8. When the number of atoms in the ASW was five, the interatomic distance
was 0.25±0.01 nm. However, this became 0.29±0.05 nm for an ASW comprised of six or seven
atoms. In other words, as the ASW becomes longer, the interatomic distance increases.

Figure 10. Time variation in the force and conductance measured in the deformation process of Figure 8.

Figure 11. Distribution of interatomic distances in Ag ASWs.
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ASWs are generally considered to be formed by pulling out atoms one by one from the
electrode. Bahn and Jacobsen calculated the process of pulling metal NCs (Figure 12) using the
density functional method via molecular dynamics calculations and effective medium
approximation [25]. In the state where tip atoms, from two pyramid-shaped electrodes, bond
to one another, the single atom located at the minimum cross-section part bonds to not only
three or four atoms of the electrode side but also atoms at the opposite electrode simultane‐
ously. They estimated the bonding strength between these atoms, then went on to discuss
whether this monatomic junction can draw atoms from the electrode without leading to a
fracture. As a result, for Au and Pt, the strength of the binding of atoms in the wire part is
energetically three times larger than that in the electrode part; it tends to form ASWs. On the
other hand, for Cu, Ag, Ni, and Pd, it is difficult to form ASWs in this way.

Figure 12. MD simulation of the tensile deformation process for Au (upper) and Cu (lower) NCs [25].

In the experiment shown in Figure 8, Ag ASWs were formed by tensile deformation of NCs.
Since as soon as the NC is miniaturized to one atom width (Figure 8(b)), it forms four or more
atomic length wires, the stretching process from a single atom contact could not be observed.
In other words, the structural change from the Ag NC to the Ag ASW was faster than the frame
rate available using TEM observations (~17 ms). Moreover, we have applied a voltage of 13
mV for the conductance measurement. The withdrawal of atoms from the electrode for atomic
wires involved not only tensile force, but also atom transfer by electron wind force. As an
example of this effect, when we apply a voltage of 100 mV to the NC, ASW with a length of
~0.88 nm formed just before breaking without applying tensile force [8]. Therefore, even for
some of the elements for which ASWs were hardly expected to form, there remains the
possibility of wire formation due to the atomic diffusion effect.
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5. Conclusion

In this chapter, we introduced combined microscopy techniques which are based on HRTEM,
AFM, and STM. This approach was developed to meet the demand for characterization of
nanostructures which needs correspondence between the structure and the physical properties
directly. In fact, this research has been promoted with respect to the junction between nano-
scales or atomistic scales for a single metal. In the future, this method needs to be combined
with chemical reaction engineering for single molecular device fabrication, such as catalysts,
corrosion, and storage devices.
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Focused Ion Beams (FIB) — Novel Methodologies and
Recent Applications for Multidisciplinary Sciences
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Abstract

Considered as the newest field of electron microscopy, focused ion beam (FIB) technolo‐
gies are used in many fields of science for site-specific analysis, imaging, milling, deposi‐
tion, micromachining, and manipulation. Dual-beam platforms, combining a high-
resolution scanning electron microscope (HR-SEM) and an FIB column, additionally
equipped with precursor-based gas injection systems (GIS), micromanipulators, and
chemical analysis tools (such as energy-dispersive spectra (EDS) or wavelength-disper‐
sive spectra (WDS)), serve as multifunctional tools for direct lithography in terms of
nano-machining and nano-prototyping, while advanced specimen preparation for trans‐
mission electron microscopy (TEM) can practically be carried out with ultrahigh preci‐
sion. Especially, when hard materials and material systems with hard substrates are
concerned, FIB is the only technique for site-specific micro- and nanostructuring. More‐
over, FIB sectioning and sampling techniques are frequently used for revealing the struc‐
tural and morphological distribution of material systems with three-dimensional (3D)
network at micro-/nanoscale.This book chapter includes many examples on conventional
and novel processes of FIB technologies, ranging from analysis of semiconductors to elec‐
tron tomography-based imaging of hard materials such as nanoporous ceramics and
composites. In addition, recent studies concerning the active use of dual-beam platforms
are mentioned

Keywords: Focused Ion Beams, Electron Microscopy, Dual-Beam Platforms, Nanostruc‐
turing, Nanoanalysis

1. Introduction

The miniaturization of novel materials, structures, and systems down to the atomic scale has
assigned electron microscopy, a complementary branch of nanotechnology, for multidisciplinary
sciences. In particular, transmission electron microscopy (TEM), scanning electron microscopy

© 2016 The Author(s). Licensee InTech. 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.



(SEM), focused ion beams (FIB), and atomic force microscopy (AFM) can be considered as the
most comprehensive techniques for advanced and precise analysis on different material
species. Among all, focused ion beam microscopes are becoming more popular due to their
versatility and configurational flexibility, as numerous tasks can practically be carried out with
a single tool. Currently, many cutting-edge integrated microscope systems allow for nanosur‐
gery applications inside a pressurized microscope chamber using in situ applications by means
of using the capabilities of related tools and attachments that are coupled to related equipment.
The best candidate is the dual-beam (also called two-beam or multi-beam) platforms.

Figure 1. Illustration of a dual-beam platform with several attachments

Dual-beam platforms, consisting of an HR-SEM and an FIB column and additionally equipped
with gas injection systems (GIS), micromanipulators, and detectors, serve as multifunctional
tools for direct lithography in terms of nano-machining and nano-prototyping. A commercial
dual-beam platform is shown in Figure 1. In the dual-beam platforms, in addition to imaging
and chemical analysis of matter at ultrahigh resolution, many more processes can successfully
be carried out from the micro- down to nanoscale, such as fabrication, structuring, deposition,
prototyping, machining, 3D sculpturing, and manipulation. Using electron and ion beams in
an integrated dual-beam platform, a wide variety of applications can be performed for
multidisciplinary fields of nanotechnology: from material sciences and semiconductor
technologies to biosciences. Whereas the initial development of focused ion beam (FIB)
instruments was driven by their unique capabilities for computer chip repair and circuit
modification in semiconductor technology, present FIB applications support a much broader
range of scientific and technological disciplines [1,2]. The versatility and multifunctionality of
these platforms give users inspiration and enthusiasm for developing new methodologies of
nanostructuring and nanoanalysis upon the needs and the properties of diverse materials and
systems.
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Figure 2. A commercial FIB/SEM workstation equipped with GIS, micromanipulator, and EDS detector (JEOL JIB
4601F MultiBeam System at Sabanci University Nanotechnology Research and Application Center-SUNUM)

Fundamentally, an FIB column produces and directs a stream of high-energy ionized atoms
of a relatively massive element, focusing them onto the sample both for the purpose of etching
or milling the surface and as a method of imaging. The ions’ greater mass allows them to easily
expel surface atoms from their positions and produces secondary electrons (SE) from the
surface, allowing the ion beam to image the sample before, during, and after the lithography
process. The ion beam has a number of other uses as well, including the deposition of material
from a gaseous layer above the sample [3]. Most of the recent commercial FIB systems and
dual-beam platforms use gallium (Ga+) as the ion source. The reason for preferring gallium
element as the ion source is explained in the subsequent sections.

Concerning micro- and nano-sectioning processes, rapid FIB slicing techniques are frequently
preferred for especially hard materials (e.g., metals, glass, ceramics) or layered structures (e.g.,
semiconductors) with hard substrates (silicon, glass, ceramics, etc.) because corresponding
materials cannot be mechanically sliced by cutting tools. It has been always reported that ion
milling is not a proper method for soft materials due to their sensitivity to beam damage and
heat-dependent shape distortion. Therefore, for soft materials, ultramicrotomy has so far been
accepted as the most convenient preparation technique, which is a mechanical serial sectioning
process that uses diamond knives or blades for cutting cross sections from the materials that
were embedded in epoxy resin. However, currently, due to the progress in the FIB technologies
and due to advanced procedures and novel recipes developed by experienced users, same
processes can also be allowed for soft materials as FIB applications still have many advantages
over mechanical sectioning methods. Most of the newest procedures include the application
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of low voltage, low current, and gentle instrumental parameters, and bringing the microscope
chamber to low temperatures and to even cryogenic conditions might also be necessary for
specific experimental studies particularly when soft cells and organic materials are to be
examined and structured.

FIB is recently considered to be the best technique for site-specific TEM specimen preparation.
For an efficient TEM tomography analysis, the specimen has to be precisely structured so that
it represents all its properties originally in 3D at the nanometer scale. Such samples can be
successfully structured using the capabilities of FIB-SEM systems, e.g., ion milling, micro-/
nanostructuring, deposition, manipulation, and polishing. Another application of dual-beam
instruments is the 3D FIB tomography, where the material is cross-sectioned by ion milling
sequentially, and from each sliced surface, an electron image (e.g., SE) or elemental information
by energy-dispersive spectra (EDS) is acquired. Consequently, the collected serial two-
dimensional (2D) data can be stacked and reconstructed to form ultimate comprehensive 3D
data. Using this procedure, different material systems can be characterized for their morpho‐
logical and elemental distributions in 3D.

Three-dimensional electron tomography is extensively used for revealing the structural and
morphological distribution of material systems with 3D network at micro-/nanoscale. Accord‐
ingly, specific sample preparation techniques that keep the original structures to be investi‐
gated at the TEM are often required. FIB technologies, which are gaining high impact for their
applications on diverse fields of science, provide material-dependent and TEM analysis
spectrum-based solutions that are highly rapid, practical, creative, and reliable. The main
approach is to overcome the limitations and difficulties (e.g., to be able to acquire only 2D data
instead of 3D, projection problem that occurs at TEMs), which can be faced during electron
microscopy-based characterization. In order to investigate the structural properties of the
related materials in detail, practical, rapid, and reliable electron microscopy techniques and
characterization methodologies have to be determined. This is very supportive in the direction
of improving the quality of the production and the final product. TEM tomography enables
to image the samples for different angles of tilting, which can be performed by 2D tilt series,
and consequently, 3D reconstruction and segmentation can be carried out. Eventually, the
resolving power of electron tomography (3D atomic resolution achieved) can be accompanied
with analytical possibilities such as electron energy loss spectroscopy (EELS) and EDS. For
performing TEM tomography work, special FIB samples (e.g., pin-like) that enable tilt series
without projection problems are also needed to be prepared by experts.

Nevertheless, irradiation damage, caused by the use of beams in the electron microscopes, which
leads to undesired physical/chemical material property changes or uncontrollable modifica‐
tion of structures that are being processed, should not be underestimated. Especially, soft
matter such as polymers or biological materials is highly susceptible and very much prone to
react on electron/ion beam irradiation. The effect is even higher when the ions are used as
incident particles, and the end effect might even be the total loss of the material properties.
The reason for that is, focused ions (in case of FIB, this is usually Ga+) are energetic species
with a high momentum and relatively low mean path, due to their mass. Therefore, they
strongly affect surface composition, leading to extensive chemical modification and sometimes
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resulting in graphization. Nonetheless, it is well possible to turn degradation-dependent
physical/chemical changes from negative to positive use when materials are intentionally
exposed to beams. Especially, controllable surface modification allows tuning of surface
properties in intended directions and thus provides the use of the ultimate materials and their
systems toward desired and predefined concepts. Moreover, FIB is capable of performing
maskless site-specific structuring, which are considered to be the major advantages of FIB over
e-beam lithography. In particular, surface modification processes can be carried out through
gas-assisted etching (GAE) in an FIB-SEM dual-beam instrument equipped with gas injections
systems (GIS).

In the following sections, fundamentals of dual-beam technologies are revealed and examples
of conventional and novel dual-beam applications and processes as well as structuring and
modification of structures and surfaces are explained in detail.

2. Fundamentals of FIB technologies

2.1. Focused ion beams and FIB/SEM platforms

FIB systems are very similar to SEM, while the only difference is the use of an ion beam for
scanning the sample surfaces, instead of an electron beam. In the FIB systems, a focused beam
of metal ions is generated by a liquid metal ion source (LMIS). The LMIS is able to provide a
source of ions of ≈5 nm in diameter, and a typical LMIS contains a tungsten (W) needle attached
to a reservoir that holds the metal source material. There are several metallic elements or alloy
sources that can be used in LMIS [4]. Among all, gallium (Ga+) is commonly preferred in
commercial FIB instruments owing to its advantages that are summarized as follows [2]:

i. Gallium has low melting point (Tm = 29.8 °C), minimizing reaction or inter-diffusion
probabilities between the liquid and the tungsten needle, from where the ions are
emitted.

ii. The low volatility of gallium at the melting point protects the supply of metal, and
this yields a long source life.

iii. The low surface free energy leads to viscous behavior of the liquid on the substrate.

iv. The low vapor pressure allows gallium to be used in its pure form rather than in the
form of an alloy source. This yields a long lifetime of the source as the liquid will not
evaporate.

v. Gallium has excellent mechanical, electrical, and vacuum properties.

vi. Gallium’s emission characteristics provide high angular intensity with a small energy
spread.

Once the Ga+ ions are extracted from the LMIS, they are accelerated down to the ion column
up to 30 keV and subsequently focused onto the sample using electrostatic lenses. The ion
column typically has two lenses, a condenser lens and an objective lens. The condenser lens is the
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probe-forming lens and the objective lens is used to focus the beam of ions at the sample
surface. Beam currents from a few picoamperes up to 60 nA can be obtained.

An optimum ion probe can be achieved by adjusting apertures, tuning all lenses, and doing
final settings of the beam, such as stigmator and focus corrections. Cylindrical octopole lenses
placed in an FIB system have multiple uses, which include beam deflection, alignment, and
stigmation correction [2]. It should be reminded that, in both SEM and TEM systems, magnetic
lenses are used for focusing the beam. Because ions are massive and they travel at much lower
velocities, their Lorentz force is lower and magnetic lenses are less effective on ions than they
would be on electrons at the same accelerating voltages. As a result, FIB columns are equipped
with electrostatic lenses rather than magnetic lenses.

Figure 3. Construction of a dual-beam chamber

Commercial dual-beam platforms incorporate both a FIB column and a SEM column in a single
system. This combination is especially useful for sample preparation of cross-sections using
the electron beam to view this cross-sectional face as the ion beam mills normal to the sample
surface. This monitoring allows the milling to be stopped precisely when the task is completed.
The typical dual-beam column configuration is a vertical electron column with a tilted ion
column. In dual-beam platforms, the tilt angle of the FIB column can vary from manufacturer
to the model, but usually it is between 52° and 55° tilt to the vertical.

Both SEM and FIB can be used to acquire high-resolution images by collecting the secondary
electrons (SE) that are emitted from the interactions between the beam and the surface atoms,
although backscattered electrons (BSE) and/or secondary ions (SI) can contribute to form
images. For secondary electron detection, Everhart–Thornley electron multiplier detector is
the most common design used recently [3]. The main difference between scanning and/or
transmission electron microscopy and focused ion beams is the use of ions as the beam that is
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also responsible for many interactions occurring at the sample surface. Because ions are much
larger in size than electrons, they are not able to penetrate within specimens’ individual atoms,
and outer shell interaction results in atomic ionization and breaking of chemical bonds of the
target material. Secondary electrons are formed and alterations in the chemical stability are
generated by this means. The interactions of primary ions and the target surface are responsible
for the generation of secondary electrons, while the non-sputtered target atoms remain as
excited surface atoms and contribute to dissociation of molecules [5].

2.2. Beam–specimen interactions

Dual-beam platforms allow the use of electron and ion beams for several applications through
particle–sample interactions and/or reactions. As already very well known by electron
microscope users, electrons may adversely affect organic or inorganic samples when they are
placed in an electron microscope (e.g., SEM or TEM) for different purposes and may cause
temporary or permanent changes within the specimen. The main effects might be in the form
of electrostatic charging, ionization damage (radiolysis), displacement damage, sputtering
heating, and hydrocarbon contamination. Typically, the amount of radiation damage is
proportional to the electron dose, and the extent of damage depends on the amount of energy
deposited in the specimen [6].

When ions are accelerated from a source and hit on the specimen surface in an ion column,
they enter the target material as they might interact with specimen in various ways within a
penetration volume. This interaction, depending on the ion energy, can be in the form of

Figure 4. The interactions of primary ions generating secondary electrons and the collision cascade. The non-sputtered
target atoms remain as excited surface atoms contributing to the molecule dissociation (modified from [5])
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sputtering, amorphization, swelling, deposition, redeposition, implantation, backscattering,
or nuclear reaction. However, many of the interactions are not completely separable and occur
simultaneously, and it is often not very well understood which mechanism is dominating in
the degradation process of specimens being irradiated by ions. Radiation damage not only
leads to morphological changes but also alters intrinsic physical properties (crystallinity,
elasticity, conductivity, electrostatic charge), as well as chemical characteristics (hydrophilic‐
ity, surface composition) of the surface.

The most dominating mechanisms for ion irradiation are discussed below:

i. Sputtering: Sputtering is actually the same as ion milling process and is the major
mechanism for material removal. Usually, sputtering range increases with increased
ion energies, while heavier ion sources or lower surface binding energies of target
materials can contribute to higher sputtering regimes.

A software package called SRIM (Stopping and Range of Ions in Matter)/TRIM (TRansport of
Ions in Matter) has been widely used for predicting the range of sputtering for many different
ions at a wide energy range. SRIM/TRIM uses a Monte Carlo treatment of ion–atom collisions
to calculate the stopping range of ions into the matter. SRIM/TRIM calculations agree very well
with the experimental data for the cases considered, and the sputter yield is dependent not
only on the material but also on many processing parameters, including the ion energy, angle
of incidence, and scanning procedures.

Figure 5. Illustration of the specimen chamber of a dual-beam platform
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Figure 6. TRIM calculations for gallium penetration on silicon (for 30 keV ion energy, 0° angle and 5000 ions): (a)
through z-axis, (b) transverse projection

ii. Gallium Implantation: Sputtering mechanism may cause gallium ions to be im‐
planted and mixed into the specimen. This might be responsible for the alteration of
the specimen’s local composition within the interaction volume. Gallium implanta‐
tion may lead to structural changes, as well as alteration in, e.g., thermal, electrical,
optical, and mechanical properties.

iii. Redeposition: Sputtered particles leaving material’s surface in gas phase are very
prone to condense back into the solid phase upon collision with solid surfaces, as they
are not thermodynamically in equilibrium. As a result, a portion of ejected atoms tend
to stick back into the sputtered surfaces and redeposit. Redeposition can be mini‐
mized via using low ion doses (e.g., currents), deposition of protective layers using
low ion energies, and optimizing ion milling geometries.

iv. Amorphization: Amorphization of the materials that are processed with focused ions
may occur in the bombarded area of a crystalline substrate and may induce the
substrate to swell. This mechanism can be attributed to sufficient atom displacement
within the collision cascade, resulting in the loss of crystalline orientation. Amorph‐
ization is usually faced during TEM specimen preparation and might be a serious
problem for the crystalline structures to be investigated in TEM. Hence, the use of
low ion energies during the polishing step of the preparation process can drastically
help in minimizing amorphization effects.

v. Swelling: Swelling of the target material due to ion bombardment during FIB
processing is dependent on two major mechanisms: amorphization and ion implan‐
tation. Swelling is mostly attributed to material amorphization, while ion implanta‐
tion does not seem to remarkably contribute to volume expansion. Distortion of the
crystalline orientation to amorphous structures leads to volumetric alterations and
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hence swelling of the material. Also implanting of gallium ions into the target material
is found to be another reason for swelling mechanism during FIB processing.

2.3. Basic applications of FIB

2.3.1. Ion milling

Ion milling, as the fundamental application of FIB systems, is a continuous sputtering process
that occurs during ion beam exposure on the sample. Milling is actually an atomic collision
process that ends up in the removal of the material from the ion–sample interaction volume,
mainly depending on the beam current and voltage used in the process. Ion milling can be
used to create both simple structures, such as lines, rectangles, or circles in the material, and
complex patterns, bitmaps, and streamline files. In addition, specific singular or serial patterns
can be created by internal patterning engines or external lithography software and can be easily
imported to FIB user interfaces.

Figure 7. Representation of ion milling: maskless lithography and nanostructuring

Milling allows for creating cross sections or developing structures with desired geometries to
control not only the lateral position but also local depth. Ion milling can also be described as
a “direct writing technique” via etching the material surfaces with the exposure of ion beams.
This process is similar to lithography; however, the advantage here is that it does not require
the use of masks. Local assisting gases exposed by gas injection systems (GIS) that are
integrated into dual-beam platforms can help in enhancing the removal of atoms from the
material surfaces. Local gas delivery systems can change the oxidation state of released
particles and speed up the milling process, while exposure of gases into the region of interest
may also reduce the local redeposition of atoms released from the surface. XeF2 and I2 are the
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most common gases that are used in FIB to enhance ion milling processes, and their supply is
usually dependent on the manufacturer.

2.3.2. Deposition

Deposition is the second most powerful feature of FIB technologies, as the ion or electron beams
can be used in a deposition system, allowing the addition of material instead of removing the
material. Deposit materials are often supplied by an internal gas delivery system that locally
exposes a chemical compound close to the surface impact point via gas injection systems (GIS)
that can be incorporated into dual-beam platforms. The chemical gas compound is usually in
the precursor form and consists of organometallic molecules. When this compound is exposed
to the region of interest, beams decompose the molecules locally and deposit almost-pure
material onto the surface. In other words, gas compound is exposed onto the target specimen
and adsorbed on its surface, and this is followed by bombardment of focused beams on the
adsorbed molecules within predefined patterns. Finally, as a result of complex beam-induced
reactions, gas molecules dissociate into deposits and volatile fragments, while dissociated
molecules are adsorbed and deposited into desired structures. This procedure is demonstrated
in a scheme in Figure 8.

Figure 8. Illustration of deposition process in dual-beam instruments via electron beam-induced deposition (EBID) and
ion beam-assisted deposition (IBAD)

Usually the decomposition of the precursor molecules is not hundred percent, and therefore
some additional matrix molecules (e.g., organic residues) are also deposited together with the
diverted material. For this reason, the purity of the deposits is lower when compared to other
deposition techniques such as chemical vapor deposition (CVD) or physical vapor deposition
(PVD). The materials used for beam-induced deposition in the dual-beam platforms are
determined by their different gas chemistries, and several precursor gases are commercially
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available for the deposition of Pt, W, SiO2, and C provided by different manufacturers and
suppliers. There has been already a COST Action (CM 1301 – CELINA) ongoing that aims to
develop novel gas chemistries for beam-induced deposition techniques and to perform
applications for multidisciplinary sciences using deposition capabilities of precursor materials.

Figure 9. Illustration of gas-assisted deposition process

3. FIB-based conventional and novel processes

3.1. TEM specimen preparation

One of the most important applications of dual-beam instruments is preparing samples for
transmission electron microscopy, as an important capability owing to controlled ion milling
abilities is the production of ultrathin and uniform lamellae that are electron-transparent and
hence can serve as TEM samples. Advantages of using an FIB for TEM specimen preparation
are listed below:

• TEM lamellae can be prepared site-specifically with a spatial accuracy as fine as ≈30 nm
from any region of interest.

• When compared to other techniques (microtomy, low-energy ion milling, dimpling, etc.),
the duration for site-specific and ultrathin specimens’ preparation process is considerably
short, varying from less than 1 hour for noncomplex structures to 4–5 hours for challenging
specimens.

• FIB allows for the preparation of TEM samples from both hard and soft materials, regardless
of how brittle, ductile, or mechanically sensitive the material is. Even FIB serves for the TEM
investigation of samples of life sciences studies when proper conditions of dual-beam
systems are maintained (e.g., using cooling stage and cryo-conditions; low ion energy and
ion current options), and the experience of the FIB user is sufficient.

• It is possible to develop new methodologies and specific geometries according to the nature
and properties of the materials from which TEM specimens are to be prepared. The main
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approach in special TEM sample designs is to overcome the limitations and difficulties
which can be faced during TEM investigations.

The most common route for TEM specimen preparation is the “in situ lift-out technique,” for
which the dual-beam instrument has to be equipped with a micromanipulator unit for allowing
the transfer of the lamella to the TEM grid, when both are placed in the microscope chamber
at the same time. In this procedure, initially a metal protection layer is coated on the region of
interest via beam-induced deposition and two opposing trenches are milled away, leaving
behind a 1–2-µm-thin section on the block sample. This section can be named as “pre-lamella.”
The next step involves cutting the bottom part and the side trenches away, until the section is
held by the bulk sample from its shoulders. Then, this pre-lamella can be welded to the
micromanipulator using ion beam-assisted platinum deposition (IBAD) by simultaneously
cutting away the shoulders, and can be lifted out from the sample, transferred, and welded to
a TEM grid. Afterwards, final thinning and polishing down to a thickness of < 100 nm is
achieved using low incident angles and low ion currents. Finally, the sample is ready for TEM
analysis. This type of TEM specimen preparation method is demonstrated in Figure 10, giving
an example of preparing a cross-sectional lamella from an organic thin film transistor.

In addition to in situ lift-out route, there are many more procedures in the literature that have
been developed for more than a decade. Specimen preparation by FIB is often preferred for
hard materials (e.g., metals, glass, ceramics) or layered structures (e.g., semiconductors) with
hard substrates (silicon, glass, ceramics, etc.) since ion milling is not a proper method for soft
materials due to their sensitivity to beam damage and heat-dependent shape distortion. For
soft materials, ultramicrotomy is considered to be the most convenient preparation technique,
which is a mechanical sectioning process using a diamond knife. As far as TEM investigations
for organic and inorganic electronics are concerned, dual-beam instruments are effective for
preparation of cross-sections from multilayer integrated devices with hard substrates as the
active layer is often very thin (in nanometers) and sandwiched between supporting materials.
However, it should be reminded that, for all conditions ion milling and deposition parameters
have to be optimized in order to avoid potential ion irradiation damage. Hence, special care
should be taken during the entire FIB-based TEM specimen preparation process for minimiz‐
ing the radiation effects triggered by damage mechanisms mentioned in the previous section
(2.2), such as amorphization, gallium implantation, and swelling.

Moreover, when three-dimensional investigations of materials are of interest, TEM tomogra‐
phy-based analysis can be performed. For this type of characterization, the specimen has to be
precisely structured so that it has to be representing all its properties of the original material
in 3D at the nanometer scale. Such samples can be successfully structured using the capabilities
of dual-beam systems, as the details of the corresponding technique are given in the following
parts of this section.

3.2. Serial slicing and imaging

Dual-beam platforms provide the use of electron and ion beams simultaneously, which opens
a way to perform cross sectioning by means of sequential ion milling and monitoring and/or
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acquiring images of the corresponding cross section of the specimen at the same time using
the electron beam. There are mainly two different ways to collect a stack of SEM images of
sectioned surfaces: static mode and dynamic mode. In dynamic image acquisition mode, SEM
images are acquired in real time during the FIB milling process. In static image acquisition
mode, after each slicing, the process is either paused or stopped and therefore slow-scan high-
resolution SEM images are acquired.

Figure 11. Illustration of serial slicing and imaging application of dual-beam platforms. Ion beam is used for creating
cross sections, while electron beam allows for monitoring and imaging of the sliced regions.

Figure 10. TEM specimen preparation of an organic thin film transistor (O-TFT) structure using a dual-beam tool: (a)
coarse milling, lift-out, and mounting steps, (b) lamella on a TEM semi-grid, (c) thinned and polished cross-sections
investigated by TEM in bright field (BF) mode (images taken at Felmi-Zfe, TU Graz, Austria)
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In particular, the application of this process is very useful for failure analysis of semiconductor
devices because it is much faster than TEM specimen preparation. Also rapid monitoring of
inner structures of several materials and gaining information of the features down to a few
nanometers possible with serial slicing and imaging techniques.

3.3. 3D microstructural characterization and FIB tomography

Dual-beam platform also enables three-dimensional information methodologies, especially for
quantitative characterization of materials, while the measurement of a number of important
geometric properties that cannot be obtained using a 2D analysis can be performed using FIB
tomography methods. These are, for instance, the number of features per unit volume, feature
connectivity, real feature shapes and sizes, and spatial distribution information.

One step further of serial slicing and imaging application is the 3D FIB tomography, which
is based on the principle that continuous 2D data are collected from the surface of the bulk
material by serial-sectioning and are stacked together to form reconstructed data, giving
information in 3D. By the removal of each section, SE images, BSE images, EBSD maps,
and/or EDS data can be acquired from the specimen surface, collected for 3D reconstruc‐
tion  and  processed  for  3D  material  characterization.  Consequently,  dual-beam  micro‐
scopes are capable of high-fidelity characterization of the morphology, crystallography, and
chemistry of  micron-  and submicron-sized features  in  3D.  The FIB slicing and HR-SEM
imaging-based reconstruction showing the distribution of dentinal tubules in human tooth
is shown in Figure 12.

Figure 12. The 3D reconstruction of dentin showing the tubule distribution: red arrow corresponds to x-axis, while
blue arrow represents the y-axis and green arrow the z-axis. For the reconstruction, Stack N-Viz software was used
(reprinted by permission from [7])
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3.4. Micro-/nano-fabrication, micro-/nano-modification, and other applications

In addition to applications mentioned above, structuring capabilities of dual-beam platforms
in small scales fall into two major categories: one is fabrication and machining, while the other
is rapid prototyping or modification abilities of structures and devices using both ion and electron
beam-based processing. For the former, FIB is used for preparing structures that are difficult
to form using conventional processes due to material or geometry constraints. The latter, when
FIB is utilized, processes can be carried out in more practical and less time-consuming steps
than conventional routes. Within user-defined patterns, it is possible to mill away lines down
to 10 nm in width, and deposit materials as small as 30 nm by the breakdown of organometallic
precursors. The finest ion beam spot size is approximately 5–10 nm, enabling small features
to be patterned, while the shape of an FIB cut is dependent on many factors, such as its
geometry, milled depth, ion beam profile, and the redeposition of sputtered material.

As already mentioned, FIB provides a very convenient technique for material removal using
gallium ions. The advantage of the instrument is that the structure that is to be milled can be
predefined as patterns and the process can be performed in an automated way. Milling patterns
may be defined in different forms such as scripts, stream files, or image files. However, as
already given in the previous section concerning platinum deposition, the quality and the
efficiency of the ion milling process are dependent on the instrumental and process parameters,
and those have to be optimized for the achievement of the desired structures.

Figure 13. Nanostructuring, nano-fabrication and maskless ion lithography examples performed by dual-beam instru‐
ments
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Recently, FIB technologies are becoming more popular for machining miniaturized samples
to investigate the influence of sample dimensions on mechanical properties, in terms of
determining size-dependent effects, particularly in metals, alloys, and ceramic composites.
Sometimes dual-beam platforms enable not only the fabrication of the test structures but also
the application of in situ examination in micro-/nano-size when they are coupled to proper
mechanical test stages and nano-indentation devices. The most popular mechanical behavior
tests that are recently in application and development include tensile strength and yield
strength measurements, giving out the data for deformation in the form of stress–strain curves.
The acquired data are very important to get compared to the data in macroscale, for the
evaluation of size-dependent effects. Also in situ hardness tests can be performed on the
coatings that include applications on several material systems used for multidisciplinary
sciences and many fields of industry.

3.5. Special sample designs for TEM tomography

Electron tomography applications are recently becoming more popular for imaging of three-
dimensional material systems such as alloys, composites, or samples having spatial features,
such as porous network or multicomponents. Especially, in order to reveal the geometric and
elemental distribution of material systems that are based on nanostructures, electron tomog‐
raphy applications are being widely used. For this reason, specific sample preparation
techniques that keep the original structures of the sections to be investigated at the TEM are
often required. Dual-beam technologies provide material-dependent and TEM analysis
spectrum-based solutions that are highly rapid, practical, creative, and reliable.

The main approach for novel specimen designs is to overcome the limitations and difficulties
(e.g., to be able to acquire only 2D data instead of 3D, projection problem that occurs at TEMs,
etc.) that can be faced during electron microcopy-based characterization. In order to investigate
the structural properties of these materials in detail, unique electron microscopy techniques
and characterization methodologies have to be developed according to the needs and what is
expected to be analyzed.

When TEM tomography investigation of a sample is coupled to its FIB slicing and imaging
and FIB tomography work, while TEM will be able to provide 3D information at the nanometer
scale and below, via FIB tomography sectioning, the information in the scale ranging from
micrometers to tens of nanometers will be collected from the identical sample and the data can
be comparatively and complementarily evaluated.

One of the solutions for the problems faced during TEM tilt series in tomography applications
is the preparation of samples with special geometries that do not cause any projection,
thickness variation, and shadowing problems during tilting. This might be a problem for
lamellar samples; however, pin-like TEM structures are proper for tilting without any
projection or shadowing, as well as this type of sample can represent the three-dimensional
nature for the nanocomposite systems or porous materials. Especially, nanoparticles can be
kicked out of the matrix during final thinning of ultrathin lamellae and the pores in nano-size
can be enlarged with respect to ion bombardment via FIB processing in thin samples. Hence,
pin-like structures are found to be more stable both physically and chemically when compared
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to lamellar samples. An example for pin-like sample preparation of human dentin using dual-
beam instruments is given in Figure 14.

Figure 14. The steps for preparation of pin-like TEM sample using the dual-beam instruments: (a) deposition of elec‐
tron beam-assisted Pt layer, (b) deposition of ion beam-assisted Pt layer, (c) ion beam milling via annular patterns, (d)
lift-out of the pre-section, (e) mounting of the pre-section onto the grid; (f) final thinning and polishing (reprinted from
[7] by permission)

Pin-like structures investigated by TEM allow for revealing structures in 3D at the nanoscale
and below, and when combined to FIB tomography data, the overall results help in observing
materials’ features at different scales. An example again on human dentin is given in Figure
15 for tracking micro-sized dentinal tubules, and nano-sized collagen fibrils are investigated
using FIB slicing/SEM imaging and TEM bright field imaging, respectively.
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Figure 15. FIB slice showing the cross sections of tubules elongated in y-axis in human dentin and the TEM bight field
images showing the 3D distribution of collagen fibrils within the human dentin. The micrographs show the nanofea‐
tures within the dentin structure [7].
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Abstract

The plasma filtration and formation of the urine is a very complex process necessary for
the elimination of metabolites, toxins, and excessive water and electrolytes from the
body. The initial process of urine formations is done by the glomerular filtration barrier
inside the glomeruli. This specialized barrier consists of three layers, fenestrated endothe‐
lium, basement membrane, and podocytes, which ensure that water and small molecules
pass through while cells and large molecules are retained. The glomerular filtration barri‐
er is found with abnormal morphology in several diseases and is associated with renal
malfunction; thus, it is interesting to study these structures in different experimental and
clinical conditions. The normal glomerular barrier and its alterations in some conditions
(hypertension, diabetes, and fetal programming) are discussed in this chapter. Further‐
more, some methods for studying the glomerular filtration barrier by electron microsco‐
py, both by qualitative and quantitative methods, are present.

Keywords: Electron microscopy, glomerulus, filtration barrier, morphometry

1. Introduction

The human kidney is responsible for many functions, such as filtration of the plasma, blood
pressure control, and hormonal production among others. Kidneys are bean-shaped organs
located in the retroperitoneal space, irrigated by the renal artery, and covered by its fibrous
capsule. Renal parenchyma can be distinguished into cortex and medullar regions, with
different anatomic–histological characteristics. Inside a human kidney, there are about one
million nephrons, which are composed of tubules and renal corpuscles. The corpuscles contain
several tortuous arterioles covered by podocytes. The set of the endothelial layer of these

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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arterioles, its basement membrane, and the podocytes correspond to the glomerular filtration
barrier [1, 2].

The ultrafiltration of the plasma by this barrier and formation of the primary urine requires
normal glomerular morphology. It is well documented that the podocytes are important to
guarantee the selectivity during the filtration process, preventing macromolecules that pass
through the slit diaphragm formed between its foot processes. Many studies suggest that
alterations on these cells or on the vessels, as those during hypertension, diabetes, or lupus,
can reduce the oxygen flux, leading to hypoxia stage, being responsible for podocyte alteration
and death [3, 4].

The glomerular filtration barrier morphology has been extensively studied in several experi‐
mental and clinical conditions. For this purpose, electron microscopy (both transmission and
scanning) suits perfectly for observing the fine structure of this barrier, indicating with
accuracy morphological alterations when present [5, 6].

Thus, in this chapter, we aimed (a) to describe the elements of the glomerular filtration barrier,
(b) to present scientific examples of how the glomerular filtration barrier elements are related
to different clinical and experimental conditions, and (c) to show how the elements of the
glomerular filtration barrier can be analyzed by scanning and transmission electron micro‐
scopy with qualitative and quantitative methods.

2. Main body

2.1. The normal glomerular filtration barrier

The glomerulus is a highly irrigated structure that performs selective filtration of the plasma.
Inside the Bowman’s capsule, several tortuous arterioles receive the blood and filtrate it
forming the primary urine, which then passes to the proximal tubule. The glomerular capil‐
laries are lined by a fenestrated endothelium, covered externally by specialized cells, called
podocytes. Between the cell layers, there is a basement membrane, which also has an important
filtering function. Together, the endothelial cells, the basement membrane, and the podocytes
form the glomerular filtration barrier [1, 3].

The glomerular filtration barrier is highly permeable to water and small molecules. Moreover,
it is slightly permeable to macromolecules and acts as a physical and electrical barrier for the
filtration process. These characteristics are dependent of the cellular structures, and its function
is influenced by factors such as molecular weight and electric charge [2]. Moreover, changes
in the cell junctions of the glomerular barrier prejudice the glomerular function [7].

Internally, the glomerular filtration barrier is constituted by the glomerular fenestrated
endothelium. These endothelial cells have a glycocalyx over its luminal surface, which form a
highly negatively charged coating [2]. Thus, glycocalyx covers the endothelium and promotes
a first selection of molecules passing through the barrier by electric charge. The endothelium
coating the glomerular capillaries is very thin and has several fenestrae with 70–90 nm of
diameter. These pores can filtrate only large molecules and blood cells [1].
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The endothelial cells are supported by a basement membrane (about 100–150 nm), which is
the only continuous layer of the glomerular filtration barrier. As this membrane is thought to
be the fusion of the endothelial and epithelial basement membranes, two laminae lucida
(interna and externa) and, between them, a lamina dense are found [1]. The basement mem‐
brane is composed of a complex network of glycosaminoglycans and fibrous proteins (laminin
and collagen type IV), which are continuously produced and deposited by podocytes and
mesangial cells [8]. These proteins adhere to the cell membranes by surface receptors and form
the glomerular filtration barrier [5].

Podocytes are specialized epithelial cells found in the external layer of the glomerular filtration
barrier and exhibit several long cellular processes, which bears various secondary processes,
named as foot processes. The foot processes involve capillaries by interdigitations, and small
gaps are left in between. These small gaps measure about 20–30 nm and is named as slit
diaphragm being responsible for passage of small molecules, whereas larger ones are retained
[6]. Further, the slit diaphragm is filled with nephrin and podocin, the transmembrane proteins
that are also important for the correct function of glomerular filtration barrier. Experimental
studies have shown that mutations in expression of these proteins can alter the filtration barrier
and probably is the cause of nephrotic syndrome [9].

In addition to adhesion receptors from integrin family, there are also proteoglycan transmem‐
brane receptors such as those of syndecan family. Also, the junction of podocytes membrane
is seen by electron microscopy, showing zipper-like structure where binding proteins form
cell junctions and small pores, as previously mentioned on filtration slit [6]. Thus, it is
important to consider all glomerular ultrastructure in the filtration process and renal function.
Some diseases provoke changes in glomerular ultrastructure, which promote irregular
filtration rates, proteinuria, and even kidney failure, further discussed here. Electron micro‐
scopy and correlate techniques allow better to understand these pathological changes and
become an effective and important method in the study of renal function.

2.2. The altered glomerular filtration barrier

Literature describes well several diseases that affect the glomerular filtration barrier. Some
conditions such as diabetes mellitus, hypertension, and maternal nutritional changes during
critical periods of development, known as fetal programming, are well recognized as impor‐
tant risk factors for developing chronic kidney disease.

Diabetes mellitus is one of the most chronic diseases emerging on twenty-first century, in
which hyperglycemia is a major indicator, generating microvascular damage such as retinop‐
athy, neuropathy, and kidney disease [4]. Diabetic nephropathy is a chronic progressive
disease that affects 20–40% of patients with diabetes mellitus [10]. Histopathologically, this
disease in humans courses with the thickening of glomerular and tubular glomerular basement
membrane, podocytopenia, mesangial expansion, glomerular, and arteriolar hyalinosis. The
earliest clinical manifestation of diabetic nephropathy is microalbuminuria, a strong predictor
of renal and cardiovascular disease in patients with type 1 and type 2 diabetes mellitus [11,
12]. These modifications contribute to the abnormal stimulation of resident kidney cells, which
increases the production of TGF-β1 and causes collagen (types I, IV, V, and VI), fibronectin,
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and laminin depositions in the extracellular matrix of the glomerulus. Thus, this structural
disorganization of the glomerular slit diaphragm enhances renal damage and chronic kidney
disease progression [13, 14].

Likewise, hypertension is directly related to renal failure [15]. Hypertensive nephropathy, a
consequence of chronic increase of blood pressure, is secondary to diabetic nephropathy in
terms of diagnosis and is considered the last stage of renal disease. Some complications are
associated with hypertensive nephropathy such as glomerular damage resulting in impaired
renal function [16]. Hypertension causes an increase of numerous local factors, such as
angiotensin II, which may contribute to the development of renal fibrosis. It is reported that
angiotensin II stimulates the gene expression of TGF-β1 and the release of this protein. The
presence of TGF-β1 activates the conversion of fibroblasts into myofibroblasts, producing large
amounts of extracellular matrix components, and induces renal fibrosis [17].

Moreover, angiotensin II regulates the number and integrity of podocyte. In high quantities,
it promotes the disintegration and breakup of these highly specialized cells and causes
glomerular endothelial cells hypertrophy since it raises intraglomerular pressure, preferably
affecting the afferent glomerular arterioles [18]. The increase of blood volume is also capable
to reduce the levels of podocin (abundant protein in the podocyte body) and nephrin (a
structural component of the slit diaphragm) in the glomerulus, which enhances the glomerular
podocyte injury and albuminuria [19].

Recently, experimental and epidemiological studies report that several metabolic disorders
manifested in adulthood have their roots dating embryonic periods [20, 21]. Protein or energy
restriction during pregnancy induces low birth weight and, consequently, the injury of
nephrogenesis, increasing the incidence of chronic kidney disease in adulthood [22]. As
previously mentioned, the glomerulus (the most important filtering apparatus in the body) is
a highly specialized structure formed by four types of cells: mesangial, endothelial, visceral
(podocytes), and parietal epithelial cells. Accordingly, the intrauterine growth restriction
induced by maternal protein restriction may cause morphological and functional changes in
the glomerulus, thereby decreasing the filtration barrier efficiency with consequent glomeru‐
losclerosis [23].

Just as occurs in diabetic nephropathy, low birth weight promotes glomerulosclerosis [24],
expansion of mesangial matrix, hyalinosis, and podocytopenia, which compromises glomer‐
ular filtration and facilitates progressive kidney dysfunction [25]. The loss of podocytes may
represent the starting point for an irreversible glomerular injury, characterized by proteinuria
and glomerular scarring. Transmission electron microscopy analysis revealed that the
offspring from maternal low protein diets at 26 weeks of age and at 16 weeks old and presents
the effacement of pedicels, the absence of the slit diaphragm, and an increase of glomerular
basement membrane thickness, denoting a reduced of barrier efficiency filtration [24, 26].

Another metabolic programming model related to the occurrence of chronic kidney disease in
adult life is maternal vitamin D restriction. This vitamin is essential for the development of the
nervous system, immune function, skeletal formation, and fetal kidney [27, 28]. Studies in rats
showed that vitamin D restriction during critical periods of development has increased the
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number of glomerulus, reduced the size of renal corpuscles, and delayed glomerular matura‐
tion, further lower expression of WT1 and podocin in adult offspring [28, 29]. These structural
and functional adaptations in the glomerulus may progress to chronic kidney disease

2.3. Glomerular filtration barrier evaluation

2.3.1. Sample preparation

A very good sample preparation for EM must follow careful cares because small mistakes will
be big ones when analyzed by EM. Thus, we can use either old or new approaches when we
intend to study not only the glomerulus but also any biological sample.

However, the glomerulus is particularly difficult due to different osmolarities found in each
segment of the nephron. Cryofixation, in general, needs much smaller samples sizes than
conventional chemical fixation. A freeze-depth of about 10–15 µm is achieved; one exception
is high-pressure freezing (HPF). Nowadays, there are new techniques and good, although
expensive, equipments commercially available such as high-pressure freezing (HPF), slam
freezing, cryoultramicrotomy, freeze-fracture, freeze-etching, and so on. New scanning
electron microscopies with high resolution and extreme high resolution that appeared recently
provided beautiful and illustrative aspects of all different cell types. Concerning transmission
EM, new methodologies allow 3-D reconstruction such as tomography of thick or semithick
sections, serial sections, or high-voltage TEMs. In addition, spectacular images were recently
obtained with new Helium ion (proton) microscopes.

When sample preparation for the evaluation of the glomerular filtration barrier by electron
microscopy follows the standards of routine biological sample preparations, the person should
manipulate the tissue with the animal alive, under anesthesia, for obtaining a small fragment
with a size of 0.5 mm or even less and immediately immerse it in the fixative. Alternatively,
perfusion gives very good results.

When studying biopsy samples of human kidney or whenever the perfusion is not possible or
recommendable, fixation by immersion is an adequate option. For this, a small fragment of the
renal cortex is collected, washed in buffered solution, and immediately immersed in the
fixation solution [30]. This fragment should be collected from the outer part of the renal cortex,
avoiding juxtamedullary region where glomeruli are sparser [1]. As routine preparation,
fixation of the kidney is done with glutaraldehyde alone or in combination with freshly
prepared formaldehyde from paraformaldehyde powder in warm water. The formaldehyde
molecule is a very small aldehyde and has the advantage to penetrate rapidly into tissue,
although it is not a strong linker for proteins. Thus, a good procedure is its combination with
glutaraldehyde since it penetrates more slowly than formaldehyde and provokes cross-links
with proteins. However, glutaraldehyde is a slow fixative, and it takes some seconds or even
some minutes to cause death to cells and tissues. The small fragments are fixed in 2.5%
glutaraldehyde or 4% PF with 2.5% glutaraldehyde, diluted in 0.1 M cacodylate buffer, pH 7.2,
overnight at room temperature. Most important, buffered solutions should be used for better
preservation of the cellular aspects of the glomerular filtration barrier [30, 31]. In the next day,
samples are post-fixed in 0.1 M cacodylate buffer containing 1% OsO4 and 0.8% potassium
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ferricyanide for 1 h. It is important to point out that potassium ferricyanide is an important
approach to better visualize the trilaminar structure of cell membranes. Then samples are
dehydrated in graded series of acetone or alcohol. Ultrathin sections obtained after epoxy resin
embedding are stained with uranyl acetate and lead citrate and observed in transmission
electron microscope.

When studying samples collected from large animal models (i.e., pig, sheep, dog, etc.), the
whole kidney can be adequately fixed by perfusion through the renal artery. When studying
small species of animals (i.e., rats, mouse, etc.), the whole animal can be perfused through the
left ventricle or aorta. In both cases, the researcher may take into account that some fixatives
could hamper some other analysis, as for example, perfusing the kidney with glutaraldehyde
may prejudice immune-labeling analysis, unless used in very low concentrations such as 0.5%
glutaraldehyde or less [31]. We recommend fixation by perfusion in a mixture of glutaralde‐
hyde and freshly prepared formaldehyde because the latter is a fast fixative allowing not only
good preservation but also a quick cell death. Whenever using perfusion fixation, the osmo‐
larity of the fixative solution should be taken into account. Preferentially, the osmolarity of the
solution for kidney perfusion fixation should be of 420 mOs [32]. After organ perfusion, a small
fragment of the renal cortex should be collected and immersed in the fixative solution for
postfixation and dehydration as describe by immersion above. It is important to remember
removing the renal capsule whenever it is present, allowing the fixative penetrate into the
tissue of interest. Also, cryofixation can be an option for sample fixation for glomerular
filtration barrier evaluation. One advantage of high-pressure freezing technique is that larger
fragments with edges as large as 1 mm can be used, being a good choice as a cryofixation
method [31].

As the object of interest is present in the glomerulus, we may take into account that our samples
should have at least one glomerulus for examination. The glomerulus of rats has an average
area (in its maximum cross section) of 0.02 mm2 and occupies around 7.5% of the surface area
on renal cortex [33]. Thus, for improving the chance of having a glomerulus on our sample,
the examined surface area of the sample should be of at least 0.5 mm2 (0.02 × 200 / 7.5). Based
on this, the cortical fragment collected for glomerular filtration barrier analysis with electron
microscopy should be about 1 × 0.5 × 0.5 mm in size. Furthermore, as there is no guaranty of
having glomeruli in the sample, several fragments must be collected, processed, stored, or
fixed.

It is important to point out one step that should not be overtaken: obtaining and observation
of semithin sections before the ultrathin sections. Semithin sections are important because it
is necessary (a) to confirm that there is a glomerulus in the cutting surface of the sample, (b)
to determine whether the pyramid in the block face is correct in size and shape or should
centered over a glomerulus, and (c) to observe the hole cutting surface under low magnification
and obtain a copy in light microscopy that will be useful for searching glomeruli when this
sample is observed with electron microscopy. It is very often that when the semithin sections
are observed, the block is taken away as no glomerulus was found on its surface. This reinforces
the importance of collecting several fragments of each animal/patient for electron microscopy
analysis.Alternatively, electron tomography can be used. For this, thick sections (>200 µm) and
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intermediate (200–300 kV) or high-voltage (750–1000 kV) EM equipped with a eucentric tilting
stage are used. Colloidal gold particles (10 nm) are deposited on surface of the grids, to be used
as fiducial markers for alignment of the tilted views. Single-axis tilt series from –60° to 60°
images are collected in 1° increments using TEM coupled to a 4k × 4k CCD camera. About 400
images are obtained and three dimension reconstruction and data analyses are performed
using proper software package as recommended by the EM company.

Sample preparation for SEM requires the same care as for TEM. Aldehyde fixation is adequate,
but in order to improve lipid stability, contrast, and electron beam scanning, osmium tetroxide
is also used. Sample is dehydrated with the same agents for TEM; however, we prefer to use
alcohol starting from 7.5% to three times in 100% to avoid problems of drying artifacts. Next,
tissue will critical point dried and coated with a very thin layer of gold or other conductive
metal, producing beautiful images but without high resolution.

2.3.2. Helium ion microscopy

Recently, the group of Rice et al. [34] used helium ion microscopy (HIM) to analyze the rodent
glomeruli and obtained wonderful images of uncoated samples by SEM. The authors used
transcardial perfusion with aldehyde fixatives, vibratome sectioning, gradual dehydration in
methanol series, and a very careful critical point drying. There is no need to apply conductive
coatings to the samples prior to imaging, and thus sample surface information is preserved.
Even at low magnification, the high quality and depth of field of HIM images is impressive.
The images obtained with HIM are important and beautiful. The authors depicted some
nanoprojections of the foot processes membrane (Figure 1). Also, podocytes and endothelial
fenestrae within the filtration slit diaphragm were observed with much more detail (Figure
2). Nanoprotrusions originating from the processes are clearly seen projecting into urinary
space. The future will provide much more resolution for biological samples.

2.3.3. Qualitative analysis of the elements of the glomerular filtration barrier

The glomerular filtration barrier can be easily evaluated by simple observation with electron
microscopy. One aspect commonly evaluated is the loss of characteristic fenestration of the
endothelial layer, which has been reported in some medical conditions previously described.
By transmission electron microscopy, the endothelial cells are seen lying over the basement
membrane and gaps of this layer, which correspond to fenestrae are fewer when compared to
normal conditions [1].

The glomerular basement membrane is another part of the barrier easily evaluated with
transmission electron microscopy. By routine examination, the membrane thickness can be
qualitatively assessed. As the thickness of the membrane is of great importance for proper
functioning of the filtration barrier, this is of interest in many studies. In addition, alterations
found in basement membrane are highly associated with several diseases, as previously
mentioned, reinforcing the importance of study this structure.

Finally, the podocytes, the third layer of the glomerular filtration barrier, are probably the most
studied structure of this barrier. One important aspect of these cells is the interlacement formed
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by its foot processes, with a small slit diaphragm in between [35]. The alteration of the normal
morphology of podocytes and foot processes is named effacement, which has been demon‐
strated in several conditions [36]. Podocyte effacement is characterized by loss of the normal
interdigitations pattern of foot processes, leaving a thinner cell covering a large area outside
the basement membrane. As consequence, morphological modifications as fewer and wider
foot processes of podocytes are found and can be observed either with transmission or
scanning electron microscopy. Among the advantages of observation with scanning electron
microscopy are the following: (a) deep field, (b) possibility of analysis of larger areas, allowing
the visualization of several podocytes and foot processes in the same sample, and (c) beautiful
images of the glomeruli within Bowman’s capsule, which are easy to understand and interpret,
as shown in figures 3 and 4.

Qualitative differences found in glomerular filtration barrier from individuals submitted to
any experimental or clinical condition are only possible when comparison is done with health
organisms. However, only qualitative studies do not allow a deeper analysis and statistics and
thus lacks scientific excellence. In addition, qualitative observation leads to problems of the

Figure 1. Microscopic images of glomerulus of rats as seen by scanning helium ion microscopy. In image A, we see the
glomerulus in low magnification and several cut open tubules surrounding the glomerulus. Bar = 20 mm. In image B,
the interior of a Bowman’s capsule from which the glomerular tuft was removed is observed. Each parietal cell dis‐
plays a single, long central cilium (arrows) that is very well preserved and visualized without heavy metal coating
commonly used in scanning electron microscopy but unnecessary for ion microscopy. Bar = 10 mm. In image C, with
intermediate magnification of the surface of a glomerular tuft, it is showed the complex interdigitations of podocytes
and their foot processes. Bar = 2 mm. Finally, under higher magnification, it is possible to observe in image D that the
podocyte processes are decorated by fine, thread-like protrusions (arrows). Bar = 0.5 mm. Image courtesy of Prof. Den‐
nis Brown [34], available at doi:10.1371/journal.pone.0057051.g001.
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interpretation due observer expertise [37]. Thus, it is clear that quantitative methods have
advantages over those qualitative ones.

Figure 2. Images of glomerular endothelial cells as seen from the capillary luminal side using scanning helium ion mi‐
croscopy. In image A, note the numerous, round fenestrations present over the entire cell surface. The raised ridges
(arrows) represent the location of the tight junction between the two cells. Bar = 175 nm. In image B, under higher mag‐
nification, it is possible to observe the details of the fenestrations. In some of them, a substructure consisting of faint
spokes like a bicycle wheel can be seen (arrows). Bar = 80 nm. Image courtesy of Prof. Dennis Brown [34], available at
doi:10.1371/journal.pone.0057051.g004.

Figure 3. Scanning electron microscopic images of glomerulus of rats, showing the podocytes and its foot processes. In
image A, under low magnification, we can observe the entire glomeruli with its Bowman’s capsule (×950; 15 kV, scale
bar represent 10 µm). In image B, we can observe several podocytes and foot processes (×6500; 15 kV, scale bar repre‐
sent 1.5 µm).
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Figure 4. Scanning electron microscopic images showing the fine detail of the interdigitating pattern of the foot proc‐
esses of podocytes at high magnification (×10,000; 15 kV, scale bar represent 1 µm).

Figure 5. Scanning electron microscopy of a human glomerulus after serial block face slicing. In image A, we observe
figures that resemble transmission electron micrographs by inverting the signal intensity of the backscattered electron.
We see micrographs of complete field of view, with slices 15 µm apart one from another (z). In image B, we observe
micrographs of a podocyte of a higher magnification of image A, illustrating the subpodocyte space. In image C, we
observe the same podocyte as in image B and adjacent capillaries after highlighting and 3D reconstructing. Finally, in
image D, the same podocytes of image C is separated from capillaries after 3D reconstruction, showing the subpodo‐
cyte space. P = podocytes, SPS = subpodocyte space, C = capillary lumen, PUS = periphery urinary space, IPS = interpo‐
docyte space, and Exit is an exit region for an SPS. Purple/pink = capillaries, green = podocyte cell body, and yellow =
SPS (under the main cell body). Scale bar is 10 µm in all cases. Image courtesy of Prof. Kenton Arkill [38], available at
doi:10.1186/1471-2369-15-24.

Modern Electron Microscopy in Physical and Life Sciences196



The glomerular basement membrane was recently observed in three dimensions by different
methodologies [38]. In their paper, the authors compared the images and the 3D reconstruction
of the glomerular filtration barrier as performed using serial block face scanning electron
microscopy, focused ion beam milling scanning electron microscopy, and transmission
electron tomography. They reported that the transmission electron tomography technique had
the advantage of a higher resolution, with the disadvantages of limited field of view and
anisotropic shrinkage. Focused ion bean and serial block face with scanning electron micro‐
scopy had greater field of view with lower resolution. The most interesting aspect of these
techniques is the reconstruction and digital dissection of cells as demonstrated in Figure 5.

2.3.4. Quantitative analysis of the elements of the glomerular filtration barrier

The quantification of morphological structures is highly recommended for studying biological
alterations in several tissues and different situations. The quantification of morphological
aspects of the glomerular filtration barrier is possible and desirable. Translating the morpho‐
logical aspects of tissues in numbers is very useful from a scientific point of view. It improves
the understanding of the modifications of the barrier provoked by different conditions and
allows statistical comparisons with other specimens, subjected to different conditions or at
different stages of the disease [37]. Based on these premises, methods have been used for
different purposes in the study of the glomerular filtration barrier morphology, and important
scientific knowledge has been generated from these analyses.

Most quantitative analyses use digital microscopic images that can be digitally acquired or
scanned from conventional images. For absolute values (linear measures, for example), it is
very important that a scale is maintained on the image. Most electron microscopes automati‐
cally print a scale bar on each image, and this is very suitable for morphometric purposes [30].

Several software are eligible for morphometric analyses. In this chapter, we present the steps
used in ImageJ 1.37v software. ImageJ is an open source, free software produced and distrib‐
uted by the National Institutes of Health and can be downloaded at http://imagej.nih.gov/ij/
index.html.

The different elements of endothelial layer of the glomerular filtration barrier can be objectively
evaluated, and the possible loss of fenestrations can be easily assessed by linear measurements
in transmission electron microscopy images. For this, we should first calibrate the software for
the correct magnification. The straight-line tool should measure the scale bar of the image, and
then we should use the option “analyze—set scale.” In the box opened, the distance in pixels
should represent the size of the line over the scale bar, and one should insert the real size of
the bar at “known distance” space. The “unit of length” space should be fulfilled with the unit
of the scale bar (µm or nm). When one intend to measure several images, all of them should
be acquired under the same conditions (magnification, resolution, size, etc.), and the option
“global” can be marked. By this, the same configuration may be used for all following
micrographs. Figure 6 shows the above-mentioned steps.
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Figure 6. Transmission electron microscopy used to demonstrate how to calibrate the software for correct magnifica‐
tion of the micrograph with ImageJ software. The straight-line tool (in blue) is used to measure the scale bar, which
here is 200 nm. Next, in the “set scale” box, one can see the distance in pixels of the blue line, and the space of “known
distance” is fulfilled with 200 whereas “unit of length” with nm. After clicking “OK,” any measurement in this image
will be at nanometers calibrated for the real size.

After the software calibration for the magnification, the straight-line tool is used to measure
(“Analyze—measure”) the linear distance of endothelial cells and their fenestrations. The
results, expressed in the unit of the scale bar, appear sequentially in the “results” window, and
can be easily copied to spreadsheet or statistic software, as seen in Figure 7. One can further
compare (a) the size of fenestrations, (b) the endothelial layer, and (c) their proportion (size of
fenestrations/size of the endothelial layer). It is also possible to count the number of fenestra‐
tions observed on each image and divide by the linear size of the entire filtration barrier present
on the image and thus obtain the number of fenestrations per distance. In addition, the
thickness of endothelial cells can be measured by applying the straight-line perpendicular to
basement membrane, in some randomly chosen points. One should consider that several
measurements should be performed to obtain the whole thickness of endothelial layer, as it
can greatly vary in the same glomerulus [39].

Furthermore, the glycocalyx that covers the endothelial cells can be studied with some special
techniques. Because conventional methods do not stain the glycocalyx since it is mainly
composed of proteoglycans, glycosaminoglycan, and hyaluronan, some techniques were
developed for its identification. Perfusion with negatively charged lipid particles allows
observation of these intralipids inside the capillary lumen. The measurement of linear distance
from these intralipids to the endothelial inner membrane reflects glycocalyx thickness. When
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reduction of glycocalyx thickness occurs, as measured by this method, correlation with
proteinuria is thought, as this structure is one of the responsible for the filtration of plasma
proteins [40,41].

Furthermore, the number of the endothelial cells per glomerulus can be measured using
stereological methods. This needs determination of the glomerular volume (by the Cavalieri
principle, dissector technique, or volume-weighted methods), the cellular density of glomer‐
ulus (counting cell nuclei by the Weibel and Gomez point-counting method), and the propor‐
tion of cell types of the glomerulus (also by the point-counting method) [40,41]. These
measurements can be assessed with light microscopy with the benefits of a faster and cheaper
method, or by electron microscopy with the advantage of being a more accurate method.

Regarding the basement membrane, despite its importance for the plasma filtration, the most
commonly measurement performed is membrane width. This directly reflects the membrane
thickness that occurs in several diseases and is easily and accurately assessed with transmission
electron microscopy images. For this, after calibration for the magnification, the straight-line
tool of ImageJ should be used perpendicularly to the membrane, as seen in Figure 8.

The effacement of the podocytes, which is commonly qualitatively assessed, can be objectively
assessed by two methods [33]. In transmission electron microscopy images, the linear size of
the foot processes touching and parallel to the basement membrane can be measured by the
straight-line tool, as shown in Figure 9a. As the podocyte effacement is characterized by the
loss of the normal interdigitating pattern, with fewer and larger foot processes, in this

Figure 7. The linear distance of the endothelial cells can be measured with the straight-line tool of ImageJ software. In
this electron micrograph, blue lines measure some endothelium segments, and the result is seen in the upper right cor‐
ner. In the results box, the length of each measurement is expressed in nanometers because the image was previously
calibrated for the real size.
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condition, these processes present a higher area touching the basement membrane. Thus, the
increased linear size measured by this method numerically represents the podocyte efface‐
ment. In addition, one can determine the number of slit diaphragm divided by the linear size
of the entire filtration barrier present on the image, and the number of slit diaphragm per
distance is obtained (Figure 9b), which is also reduced in podocyte effacement. Also, the
number of foot processes per distance can be measured by the same method, as used by Jonsson
et al. [42], who quantitatively demonstrated the podocytes effacement, as observed in Figure
10. The size of slit diaphragm can be also easily measured using the straight-line tool applied
parallel to the basement membrane, after software calibration.

Figure 9. Measurement of foot process parameters that relate with podocyte effacement using transmission electron
micrographs. In image A, the linear size of the foot processes that touch the basement membrane is measured by the
straight-line tool. Several foot processes can be measured for this parameter. In image B, slit diaphragms can be count‐
ed using the “cell counter” tool of ImageJ and the linear size of basement membrane, measured with the “Segmented
line selections” tool.

Figure 8. The basement membrane width easily measured in transmission electron micrographs using the “straight
line” tool of the ImageJ software. In this image, blue lines measure the basement membrane width, and the result is
seen in upper right corner of the image. After calibration of the software, each basement membrane measurement is
expressed in nanometers in the results box.
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Figure 10. Transmission electron microscopic images of control mice and animals with passive Heymann nephritis. In
image A, we see the normal glomerular filtration barrier (*) in control animals. In image B, from mice that received an
injection of Anti-Fx1A IgG antibody to induce passive Heymann nephritis, it is possible to observe a high degree of
foot process effacement (arrow). Scale bar = 2 mm. Image courtesy of Prof. Annika Lindskog Jonsson [42], available at
doi:10.1371/journal.pone.0087816.g004.

In scanning electron microscopy images, the number of foot processes per podocyte can also
be measured. This parameter only could be determined in podocytes that can be entirely
visualized in the scanning image, and special attention should be taken for not count the foot
process of the adjacent cell. This makes this method time consuming but can be an option when
only scanning electron microscopy is available. In addition, the size of the foot process can be
measured in these images, however, with fewer accuracy than when measured in transmission
electron microscopy images (Figure 11). Finally, the number of podocytes per glomerulus can
be determined using the same method described for determination of endothelial cells per
glomerulus.

Figure 11. The foot processes can also be measured in scanning electron micrographs with the straight-line tool of Im‐
ageJ software after calibration for the correct magnification.
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3. Conclusions

The glomerular filtration barrier is a main component for the filtration of the plasma and
formation of primary urine. It is composed of specialized cells and noncellular structures that,
together, can avoid the loss of important plasma components but permit the passage of water
and undesirable molecules. For this functionality, this barrier has a specific morphology with
a fenestrated endothelium covered with glycocalyx, a basement membrane, and a set of slit
diaphragms formed by the foot processes of podocytes.

The glomerular filtration barrier morphology has been studied in several diseases and is directly
associated with kidney malfunction. Furthermore, it is very important to study this barrier
under different clinical and experimental situations. Morphological alterations of compo‐
nents explain some physiopathological findings in clinical setting and correlate with kidney
function. For this, scanning and transmission electron microscopy suits perfectly for obtain‐
ing high-quality images of this barrier.

Several studies qualitatively described the alterations of glomerular filtration membrane. This
gives valuable information, especially when reporting clinical cases or individual lesions that
could not be compared. However, when the purpose of the study is to compare the results of
a group of individuals with another, quantitative analysis is more appropriate. In this chapter,
we presented some objective methods for easy evaluation glomerular filtration membrane.
Results obtained with these methods generate numerical data that can be statistically com‐
pared with other groups, in different phases of the disease, after some treatment, etc. Thus,
whenever possible, quantitative analysis of the glomerular filtration barrier should be favored.
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Abstract

This chapter highlights the description of the clinical manifestation and its pathogen and
the host tissue damage observed under the Scanning Electron Microscope, which helps
the clinician to understand the pathogen’s superstructure, the change of host subcell
structure, and the laboratory workers to understand the clinical characteristics of patho‐
gen-induced human skin lesions, to establish a two-way learning exchange database with
vivid images

Keywords: Fungi, Bacteria, Parasite, Clinical Skin Samples, SEM

1. Introduction

In dermatovereology department, skin infections by fungi, bacteria, and, parasites are very
common in routine clinical practice. Differentiation and identification of these pathogens are
a huge challenge and very important for the patient’s diseases diagnosis and treatment.
Scanning electron microscope (SEM) is a very strong tool for detection and observation of
pathogens from the clinical samples that helps us obtain a direct proof of the pathogen on
the surface of the skin samples of the lesion. Based on the detailed morphologic image, we
can recognize the ultrastructural of the pathogen and understand the pathogenesis of the
skin-infected diseases. During recent years, we collected a lot of pathogenic microorgan‐
isms’ photographs taken by SEM. These pathogens include fungi (Trichophyton violaceum,
Microsporum canis, Mucor irregularis, Lichtheimia (Absidia) corymbifera, Alternaria arboresce, Fon‐

© 2016 The Author(s). Licensee InTech. 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.



secaea pedrosoi, Aspergillus fumigatus and Malassezia), bacteria (Propionibacterium acnes), and
parasites (Pediculosis pubis and Demodicid mites) in vivo or in vitro. The diagnosis and clinical
manifestation, the kinds of sample and the image of the pathogens are summarized in the
Table 1.

Diagnosis Clinical manifestation Sample Image of pathogen by SEM

Tinea capitis Erythema, scales on the scalp; hair broken and hair

loss

Infected hair Fungus (Trichophyton violaceum)

Tinea capitis Excessive scales and hair loss on the scalp Infected hair Fungus (Microsporum canis)

Malassezia folliculitis Slightly pruritic, monomorphic follicular papules

and pustules

Keratotic

plug of

pustule of

hair follicle

Fungus (Malassezia)

Pityriasis versicolor Erythema and scaly, hyperpigmentation or

hypopigmentation of skin

Scales Fungus (Malassezia)

Mucormycosis Progressive red plaque around the inner canthus Cultured

colony

Fungus (Mucor irregularis)

Mucormycosis Purulent granuloma of left forearm Cultured

colony

Fungus (Lichtheimia corymbifera)

Cutaneous alternariosis An ulcer covered with crust on left anterior tibia Cultured

colony

Fungus (Alternaria arboresce )

Chromoblastomycosis Red plaque in the left knee Cultured

colony

Fungus (Fonsecaea pedrosoi )

Primary laryngeal

aspergillosis

Hoarseness, severe paroxysmal coughing and

tachypnea

Biopsy tissue Fungus (Aspergillus fumigatus)

Acne Recurrent papule and pustule acne Pustule Bacteria (Propionibacterium

acnes)

Pediculosis pubis Intense itching of the scalp Parasite Parasite (Pubic lice)

Demodicid mites Itching, multiple erythema, papules, pustules Hair follicle

plug

Parasite (Demodex folliculorum)

Table 1. Summary of diagnosis and clinical manifestation, kinds of sample, and the image of the pathogens observed
by SEM

2. Methods

All samples for SEM were taken from clinical patients. These samples included infected hair,
scales, colony of culture, and tissue of skin biopsy. The samples for SEM were fixed in 2%
glutar-aldehyde for 4 h at 4 °C, dehydrated through four gradations of alcohol solutions
(50%, 70%, 95%, 100%, progressively) for 15 min each, then soaked in isoamyl acetate for 30
min. The specimens were prepared after critical-point drying method, under which condi‐
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tion they were gilded in a vacuum chamber and observed under the SEM, FEI Inspect F50,
equipped with an FEG gun operated at 30 kV at high vacuum.

3. Results

3.1. Tinea capitis

Tinea capitis is a common superficial fungal infection of scalp hair follicles and surrounding
skin. It often affects children rather than adults. Its pathogens are dermatophytes, usually
species in the genera Microsporum and Trichophyton, such as Microsporum canis, Trichophyton
tonsurans, and Trichophyton violaceum [1]. The clinical manifestation of tinea capitis is highly
variable, depending on the causative organism, type of hair invasion and degree of host in‐
flammatory response. Common features are patchy hair loss with varying degrees of scaling
and erythema. However, the clinical signs may be subtle and diagnosis can be challenging.
A number of clinical patterns exist [2]. The accurate diagnosis of tinea capitis usually de‐
pends on the laboratory investigation, mainly including direct microscopy with 10%–30%
potassium hydroxide and fungal culture. It can confirm the diagnosis by detecting or isolat‐
ing the causal organism by either of these two methods. Tinea capitis always requires sys‐
temic antifungal treatment. Topical treatment is only used as adjuvant therapy to systemic
antifungals as topical antifungal agents do not penetrate the hair follicle. Recommended
drug in systemic treatment include itraconazole, terbinafine, or griseofulvin.

Figure 1. a. A 9-year-old boy, weighing 25kg, presented to our clinic with slightly itching, multiple patchy areas of
gray scaling lesions on the scalp and obvious hair loss.

We describe two cases of tinea capitis due to T. violaceum [3] and M. canis [4]. The first pa‐
tient is a 9-year-old boy, weighing 25 kg, presented to our clinic because of multiple, slightly
itching and patchy areas of gray scales on the scalp associated with hair loss (Fig. 1). The
diagnosis of tinea capitis caused by T. violaceum was established by direct microscopic ex‐
amination, culture, and slide-culture. The scanning electron microscope revealed that the in‐
fected hairs were destroyed by abundant fungus (Fig. 2). The boy was cured after receiving
4 weeks of systemic treatment with itraconazole 125 mg per day and topical treatment with
1% naftifine–0.25% ketaconazole cream, after wash with 2% ketaconazole shampoo once a
day.
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Figure 2. a-b. Cuticle layers of hair shaft were seriously destroyed and a large part had been lost, exposing the 

fibril cortex inside which many arthrospores were noted. c. High magnification of “a” showing the cuticle 

layers completely destroyed with the residual cortex fully filled with arthroconidia (A) and distorted fibril 

bundles (F). d. An arthrospore (A) at high magnification showing irregular convex granules on the chitinous 

surfaces and the poles bordered by a protruding ring structure (R), bulged by a hemispherical convex (HC). 

Numerous residual fibril fragments (F) noted around the spore as well as on its surface. 

The second patient is a 5-year-old boy in good health, weighing 19 kg and presented at our clinic with a 

1-month history of excessive scales and hair loss on the scalp (Fig. 3a). He had been previously diagnosed 

with tinea capitis in a local hospital, and received oral itraconazole 100 mg per day for 14 days administered 

with water. However, the area of hair loss enlarged slightly. Additionally, he had a history of direct contact 

with a pet dog. Direct microscopic examination (with 10% KOH) of broken hair strands showed numerous 

spores inside as well as outside of the hair strand. Simultaneously, strands were observed under SEM, and 

there were many round spores in and around the hair strand (Fig. 4a, b). Fungal culture revealed yellow 

Figure 2. a-b. Cuticle layers of hair shaft were seriously destroyed and a large part had been lost, exposing the fibril
cortex inside which many arthrospores were noted. c. High magnification of “a” showing the cuticle layers completely
destroyed with the residual cortex fully filled with arthroconidia (A) and distorted fibril bundles (F). d. An arthrospore
(A) at high magnification showing irregular convex granules on the chitinous surfaces and the poles bordered by a
protruding ring structure (R), bulged by a hemispherical convex (HC). Numerous residual fibril fragments (F) noted
around the spore as well as on its surface.

The second patient is a 5-year-old boy in good health, weighing 19 kg and presented at our
clinic with a 1-month history of excessive scales and hair loss on the scalp (Fig. 3a). He had
been previously diagnosed with tinea capitis in a local hospital, and received oral itracona‐
zole 100 mg per day for 14 days administered with water. However, the area of hair loss en‐
larged slightly. Additionally, he had a history of direct contact with a pet dog. Direct
microscopic examination (with 10% KOH) of broken hair strands showed numerous spores
inside as well as outside of the hair strand. Simultaneously, strands were observed under
SEM, and there were many round spores in and around the hair strand (Fig. 4a, b). Fungal
culture revealed yellow filamentous colonies, which were identified as Microsporum canis
with ITS1/4-PCR, sequence-based molecular validation (Accession Number: KT003284). A
diagnosis of tinea capitis caused by Microsporum canis was confirmed. According to his
weight, the boy was treated with itraconazole using the same dose as before, but in this
course each dose was administered with whole milk instead with water before. After the 14-
day course, clinic assessments showed the hair loss area was smaller and without scales
(Fig. 3b). With the same examinations as before, only a few spores were detectable by direct
microscopic examination. The number of spores was markedly reduced in hair strands, and
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round spores were now very irregular under SEM (Fig. 4c, d). The boy continued therapy
for a total of 40 days. Clinical assessment of the treatment showed that there was no appa‐
rent hair loss and all of the same examinations now appeared to be normal (Fig. 3c). Upon
clinical examination during the follow-up after 3 months, there was no recurrence following
the end of the treatment [4].

Figure 3. a. A 5-year-old boy presented with 1-month history of scalp scales and hair loss, who had received oral itra‐
conazole 100 mg per day with water for 14 days; b. The patch with hair loss was smaller and without scale after oral
itraconazole 100 mg per day with whole milk for 14 days; c. There was no apparent hair loss on scale after 40 days at
end of treatment.

Figure 4. a-b. After oral itraconazole 100 mg per day with water for 2 weeks, broken hair strands with many round
spores in and around the hair strands were evident under scanning electron microscopy (SEM); c-d. Oral itraconazole
100 mg per day with whole milk for 14 days, the number of spores were markedly reduced in broken hair strands, and
spores appeared very irregular under SEM.
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3.2. Malassezia folliculitis (Pityrosporum folliculitis)

Malassezia folliculitis is most commonly seen in teenagers and adults, which is characterized
by pruritic, monomorphic follicular papules and pustules on the upper trunk, arms, neck
and occasionally on the face. It is due to excessive growth of Malassezia spp. within the hair
follicle, with resulting inflammation (from yeast products and free fatty acids produced by
fungal lipase). Only yeast forms are observed, no hyphal forms as in pityriasis versicolor [5].
Diagnostic studies include microscopic evaluation of the presence of yeast, cultures, and bi‐
opsies. Additionally, Woods lamp can be used to illuminate the lesions, which portray a yel‐
low-green fluorescence. Both topical and oral antifungal agents are effective agents in the
treatment of Malassezia folliculitis and are commonly combined to hasten resolution and
maintain clearance. Topical regimens include daily wash with ketoconazole shampoo 2%,
then 1% naftifine-0.25% ketaconazole cream. For severe cases, it needs systemic administra‐
tion of antifungal agents. Commonly used regimens include oral fluconazole 150 mg weekly
for 2–4 weeks, and itraconazole 200 mg daily for 2–4 weeks [6].

The following is a case of Malassezia folliculitis due to Malassezia spp. The patient is a 25-
year-old man, who was presented to our clinic because of slightly pruritic, monomorphic
follicular papules and pustules on the upper trunk and neck (Fig. 5a). The diagnosis of Ma‐
lassezia folliculitis was established by direct microscopic examination, culture, and scanning
electron microscopy. The scanning electron microscope of the hair follicle from the upper
trunk revealed a large number of yeast of two kinds, orbicular-ovate and globular (Fig. 5 b-
c). The man was cured after receiving 4 weeks of systemic treatment with itraconazole 200
mg per day and topical treatment with 1% naftifine–0.25% ketaconazole cream after wash
with 2% ketaconazole shampoo once a day.

Figure 5. a. A 25-year-old man with complains of slightly pruritic, monomorphic follicular papules, pustules, and sec‐
ondary keloid on the upper trunk and neck. b-c. SEM of the hair follicle from the upper trunk. These demonstrated a
large number of globular or orbicular-ovate yeasts of budding daughter cell, with collar structure around the budding.
b. Globular yeast. c. Orbicular-ovate and globular yeast in the same sample.

3.3. Pityriasis versicolor

Pityriasis versicolor is a superficial fungal infection of the skin and caused by Malassezia, a
lipophilic yeast, which is part of the normal skin flora. Certain environmental, genetic, and
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immunological factors can lead to the development of disease [7]. The prevalence is as high
as 50% in tropical areas [8]. Prevalence increases significantly in childhood and adolescence,
probably because of increased sebum production, which allows for a more lipid-rich envi‐
ronment for Malassezia to grow. Adolescents and young adults who are physically active are
also susceptible populations [9].

This is a case of pityriasis versicolor due to Malassezia spp. A 27-year-old man was presented
to our clinic with extensive erythema and scaly for 6 months (Fig. 6a). The scaly was scraped
and observed through SEM. Under SEM, numerous hyphae and spores that resemble “bana‐
nas and grapes” (Fig. 6b-c). Treatment with oral itraconazole 200 mg bid and topical use of
1% naftifine–0.25% ketoconazole cream after wash with ketoconazole shampoo was effec‐
tive.
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3.4. Mucormycosis 
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Figure 6. a. A 27-year-old man presented in our clinic with extensive erythema and scaly for 6 months. b. Under SEM,
numerous hyphae (H) went through the scaly, length of which is about 10–20 μm. c. Under SEM, abundant of 3–5 μm
in diameter grapes-like spherical Malassezia spores (S) with budding daughter cell, with collar structure around the
budding, and banana-like haphae (H).

3.4. Mucormycosis

Mucormycosis is a clinically rare and fatal opportunistic fungal infection, which invades na‐
sal, brain, lung, gastrointestinal tract, skin, and other parts with acute, subacute, or chronic
process. The routes of invasion contain respiratory tract, digestive tract, skin, and neonatal
umbilical region [10]. Its pathogens are fungi in the order Mucorales, usually species in the
genera Mucor, Rhizopus, and Lichtheimia (Absidia), such as Mucor irregularis, Rhizopus stoloni‐
fer, and Lichtheimia corymbifera. M. irregularis is a newly recognized fungal disease mainly de‐
scribed in China [10]. Amphotericin B and its lipid derivatives are considered as the
effective drugs to treat mucormycosis.

The following is a description of two cases of primary cutaneous mucormycosis caused by
Mucor irregularis [10] and Lichtheimia corymbifera [11], respectively. One of the cases is of a 47-
year-old farmer, who presented to our clinic with a history of progressive red plaque
around the inner canthus (Fig. 7a), following dacryocystectomy about a year earlier. Linear,
aseptate hyphae were seen by direct KOH examination and in biopsy. Fungal culture re‐
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vealed light-yellow filamentous colonies that were identified as Mucor irregularis by nucleo‐
tide sequencing of rRNA gene. SEM observations revealed non-apophysate sporangia with
pronounced columellae and conspicuous collarette at the base of the columella following
sporangiospore dispersal (Fig. 7b). Amphotericin B and dexamethasone were used in gradu‐
ally increasing dosage. The treatment lasted 43 days, and the patient received a total 760 mg
amphotericin B. The patient was discharged after 2 months of treatment. The plaque became
smooth, and fungal culture was negative. There was no recurrence for half a year through
telephone follow-up.

presented to our clinic with a history of progressive red plaque around the inner canthus (Fig. 7a), following 

dacryocystectomy about a year earlier. Linear, aseptate hyphae were seen by direct KOH examination and in 

biopsy. Fungal culture revealed light-yellow filamentous colonies that were identified as Mucor irregularis by 

nucleotide sequencing of rRNA gene. SEM observations revealed non-apophysate sporangia with pronounced 

columellae and conspicuous collarette at the base of the columella following sporangiospore dispersal (Fig. 

7b). Amphotericin B and dexamethasone were used in 

gradually increasing dosage. The treatment lasted 43 days, and the patient received a total 760 mg 

amphotericin B. The patient was discharged after 2 months of treatment. The plaque became smooth, and 

fungal culture was negative. There was no recurrence for half a year through telephone follow-up. 
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Figure 7. a. A 47-year-old farmer was presented to our clinic with 1-year history of progressive red plaque around the
inner canthus. Faint yellow exudation was oozing from the ulceration at the center of plaque. Some scales were also
observed on the plaque. b. SEM observations revealed non-apophysate sporangia with pronounced columellae and
conspicuous collarette at the base of the columella following sporangiospore dispersal.

The other case is of a 69-year-old female farmer, who presented to our clinic with the history
of a progressive purulent granuloma of her left forearm (Fig. 8a) following a fracture of left
forearm about 11 months earlier. Broad, nonseparate hyphae were seen in pathologic study
with methenamine silver stain (Fig. 8b). Fungal culture revealed white filamentous colonies
that were identified as Lichtheimia corymbifera by nucleotide sequencing of rRNA gene. The
scanning electron microscope showed that the sporangia are slightly pear-shaped instead of
spherical. The sporangiophores of Lichtheimia corymbifera formed a conical apophysis and
arising at points on the stolon that is between the rhizoid and not opposite them (Fig. 8c-d).
Antimicrobial susceptibility test indicated that Lichtheimia corymbifera is most sensitive to ter‐
binafine and itraconazole. The patient was cured after 6 weeks of therapeufil alliance of oral
intraconazole with surgery [11].

3.5. Cutaneous alternariosis

Alternaria, an opportunistic fungus, is pigmented (also known as dematiaceous or phaeoid)
filamentous fungi, which are well-known soil saprophytes and plant pathogens that infre‐
quently cause infection in humans. Although Alternaria usually infects immunocompro‐
mised patients [12], in rare cases it infects healthy or immunocompetent individuals as well.
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There is no standard therapy for cutaneous alternariosis and the patients are usually treated
with surgical resection and/or antifungal therapy.

We describe in the following is a rare case of a healthy individual with cutaneous alternario‐
sis due to infection with Alternaria arborescens [13]. A 28-year-old man presented at our clini‐
cal with a one-month history of ulcers covered with crust on his left anterior tibial (Fig. 9a).
Fungal culture of the tissue revealed dark grey-white colonies with a dark-brown underside
(Fig. 9b) and the SEM observation of the slide culture revealed beaked conidia (Fig. 9c).
Based on the morphological features and molecular identification, the patient was diag‐
nosed as cutaneous alternariosis. He was successfully treated with oral itraconazole and top‐
ical wet dressing of amphotericin B.
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patient was cured after 6 weeks of therapeufil alliance of oral intraconazole with surgery [11]. 

 

    

Figure 8. a. A 69-year-old female was presented to our clinic with a progressive purulent granuloma of her left 
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stolon that was between the rhizoid and not opposite them. SEM showed the sporangia were slightly 

pear-shaped instead of spherical (20kv, ×2000).  

3.5. Cutaneous alternariosis 

Alternaria, an opportunistic fungus, is pigmented (also known as dematiaceous or phaeoid) filamentous fungi, 
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Figure 8. a. A 69-year-old female was presented to our clinic with a progressive purulent granuloma of her left fore‐
arm. b. Broad nonseparate hyphae were seen in pathologic study (methenamine silver stain, ×200). c-d. The sporangio‐
phores of Lichtheimia corymbifera forming a conical apophysis and arising at points on the stolon that was between the
rhizoid and not opposite them. SEM showed the sporangia were slightly pear-shaped instead of spherical (20kv,
×2000).
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Figure 9. a. Ulcer with an overlying crust on the patient’s skin of left anterior tibia. b. Fungal culture of the 

tissue revealed dark grey-white colonies with a dark-brown underside. c. SEM observation of slide culture 

revealed beaked conidia. 

3.6. Chromoblastomycosis 
 

Chromoblastomycosis is a chronic fungal infection of the skin and subcutaneous tissue caused by 

dematiaceous fungi. Common pathogenic fungi are Fonsecaea pedrosoi, Phialophora verrucosa, 

Cladophialophora carrionii, among others. These fungi exist in the natural environment in soil, water, 

vegetation, or wood splinters, and usually are inoculated in the skin tissue of human body by a traumatic 

injury. A higher incidence is reported in tropical and subtropical countries. Cutaneous lesions can be nodules, 

papules, and/or ulcerations and mostly affect the lower limbs. The diagnosis of chromoblastomycosis is based 

on direct examination, culture, and histopathology. On treatment, long courses of antifungal agents such as 

itraconazole, terbinafine can be used alone or in combination with surgical excision, and physical treatments 

(cryotherapy or, mostly, thermotherapy). However,  long duration of treatment is needed and cure rate of the 

disease is low [14]. 

In this part we describe a case of chromoblastomycosis due to Fonsecaea pedrosoi. A 34-year-old male 

presented at our clinic with a 12-year history of red plaque in the left knee (Fig. 10a). The patient’s left knee 
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Figure 9. a. Ulcer with an overlying crust on the patient’s skin of left anterior tibia. b. Fungal culture of the tissue re‐
vealed dark grey-white colonies with a dark-brown underside. c. SEM observation of slide culture revealed beaked
conidia.

3.6. Chromoblastomycosis

Chromoblastomycosis is a chronic fungal infection of the skin and subcutaneous tissue
caused by dematiaceous fungi. Common pathogenic fungi are Fonsecaea pedrosoi, Phialophora
verrucosa, Cladophialophora carrionii, among others. These fungi exist in the natural environ‐
ment in soil, water, vegetation, or wood splinters, and usually are inoculated in the skin tis‐
sue of human body by a traumatic injury. A higher incidence is reported in tropical and
subtropical countries. Cutaneous lesions can be nodules, papules, and/or ulcerations and
mostly affect the lower limbs. The diagnosis of chromoblastomycosis is based on direct ex‐
amination, culture, and histopathology. On treatment, long courses of antifungal agents
such as itraconazole, terbinafine can be used alone or in combination with surgical excision,
and physical treatments (cryotherapy or, mostly, thermotherapy). However, long duration
of treatment is needed and cure rate of the disease is low [14].

In this part we describe a case of chromoblastomycosis due to Fonsecaea pedrosoi. A 34-year-
old male presented at our clinic with a 12-year history of red plaque in the left knee (Fig.
10a). The patient’s left knee was punctured by a fragment of a brick 12 years ago. The patho‐
genic fungus was isolated and identified as Fonsecaea pedrosoi. SEM observation: dematia‐
ceous hyphae with many well-defined septa, conidiophores and oval brown spores
arranged in a clump could be seen. The surfaces of conidiogenous cells were smooth. Oval
spores were arranged around conidiophores (Fig. 10b). The patient was diagnosed as chro‐
moblastomycosis and was treated with oral terbinafine 250 mg twice a day and thermother‐
apy with a small electronic heating pad (42°C, more than one hour per day) after applying
topical cream containing 1% naftifine hydrochloride and 0.25% ketoconazole. The total
course was 61 weeks. The crust and pruritus had disappeared and the erythema and plaque
had turned smooth and soft.
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Figure 10. a. A 34-year-old male with a 12-year history of a red plaque in the left knee. b. Under SEM 

observation: dematiaceous hyphae with many well-defined septa, conidiophores, and oval brown spores 

arranged in a clump could be seen. The surfaces of conidiogenous cells were smooth. Oval spores were 

arranged around conidiophores. 

3.7. Primary laryngeal aspergillosis  

Primary laryngeal aspergillosis is a rare opportunistic infection caused by Aspergillus. All causes leading to 

immunocompromisation are generally due to etiological factors [15]. For immunocompetent patients, oral sex 

(fellatio) may be the primary cause [16]. Airborne spore colonizes in the larynx through inhalation, then white 

colony grows on vocal cords or/and laryngeal ventricle. It is characterized by chronic hoarseness, with or 

without systemic or respiratory symptoms involving fever, cough, and tachypnea. It is usually diagnosed by 

laryngoscopy and biopsy. Systemic antifungal treatment is often effective. 

We describe in the following a case of primary laryngeal aspergillosis due to Aspergillus fumigatus. The 

patient was a 23-year-old female undergraduate student, who presented with hoarseness, severe paroxysmal 

coughing, and tachypnea. Laryngoscopy revealed obvious white plaques on the swollen vocal cords and 

laryngeal ventricle (Fig. 11a). The diagnosis of laryngeal aspergillosis was established by the clinical 
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Figure 10. a. A 34-year-old male with a 12-year history of a red plaque in the left knee. b. Under SEM observation:
dematiaceous hyphae with many well-defined septa, conidiophores, and oval brown spores arranged in a clump could
be seen. The surfaces of conidiogenous cells were smooth. Oval spores were arranged around conidiophores.

3.7. Primary laryngeal aspergillosis

Primary laryngeal aspergillosis is a rare opportunistic infection caused by Aspergillus. All
causes leading to immunocompromisation are generally due to etiological factors [15]. For
immunocompetent patients, oral sex (fellatio) may be the primary cause [16]. Airborne spore
colonizes in the larynx through inhalation, then white colony grows on vocal cords or/and
laryngeal ventricle. It is characterized by chronic hoarseness, with or without systemic or
respiratory symptoms involving fever, cough, and tachypnea. It is usually diagnosed by lar‐
yngoscopy and biopsy. Systemic antifungal treatment is often effective.

We describe in the following a case of primary laryngeal aspergillosis due to Aspergillus fu‐
migatus. The patient was a 23-year-old female undergraduate student, who presented with
hoarseness, severe paroxysmal coughing, and tachypnea. Laryngoscopy revealed obvious
white plaques on the swollen vocal cords and laryngeal ventricle (Fig. 11a). The diagnosis of
laryngeal aspergillosis was established by the clinical manifestations and the hyphae
branching at 45° angles under microscopy, SEM (Fig. 11b), and pathology. She was cured
with oral itraconazole at 200 mg twice a day for 28 days.

3.8. Acne

Acne is a chronic inflammatory disease of the sebaceous–pilosebaceous system. It is estimat‐
ed to affect 9.4% of the global population [17]. Acne is closely related to the combination of
genetic and environmental factors, among which Propionibacterium acnes (P. acnes) plays a
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prominent role [18]. Gram-positive anaerobic bacterium P. acne is a major commensal of the
follicular plug in human skin. Other diseases such as medical device and surgery infections
caused by P. acnes have also been reported. Strains of P. acnes have been classified into sev‐
eral different types [19].

The following is a description of a case of acne in a 24-year-old girl. She suffered recurrent
papule and pustuleacne for 6 months (Fig. 12a-b). We removed the follicular plug with ster‐
ile hemostatic forceps and observed it through SEM. Under SEM, abundant rod-shaped bac‐
teria were closely spaced in follicular plug tissue (Fig. 12c). Treatment with oral minocyline
50 mg twice a day and topical use of adapalene gel was effective.
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Figure 12. a. A 24-year-old girl who suffered recurrent papule and pustule acne for 6 mouths. b. Under the 

dermoscopy, the papule was semisphere with tawny follicular plug inside. c. Under SEM, rod-shaped bacteria 

were closely spaced in follicular plug tissue. 

3.9. Pediculosis  

Pediculosis is a skin disease caused by arthropods. Its pathogens are three lice species including head louse, 

crab or pubic louse, and body louse, which cause the Pediculus humanus capitis, Phthirus pubis, and 
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Figure 12. a. A 24-year-old girl who suffered recurrent papule and pustule acne for 6 mouths. b. Under the dermosco‐
py, the papule was semisphere with tawny follicular plug inside. c. Under SEM, rod-shaped bacteria were closely
spaced in follicular plug tissue.

   

Figure 11. a. A 23-year-old female undergraduate student presented with hoarseness, severe paroxysmal 

coughing, and tachypnea. Laryngoscopy revealed obvious white plaques on the swollen vocal cords and 

laryngeal ventricle. b. SEM of the biopsy tissue revealed hyphae branching at 45° angles destroyed the vocal 

cords tissue. 
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Figure 11. a. A 23-year-old female undergraduate student presented with hoarseness, severe paroxysmal coughing,
and tachypnea. Laryngoscopy revealed obvious white plaques on the swollen vocal cords and laryngeal ventricle. b.
SEM of the biopsy tissue revealed hyphae branching at 45° angles destroyed the vocal cords tissue.
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3.9. Pediculosis

Pediculosis is a skin disease caused by arthropods. Its pathogens are three lice species in‐
cluding head louse, crab or pubic louse, and body louse, which cause the Pediculus humanus
capitis, Phthirus pubis, and Pediculus humanus corpus, respectively. These three insects are ob‐
ligate human parasites. They are transmitted by person-to-person contact [20]. Itching in
various levels of severity is the primary symptom of pediculosis. Crab louse is about 0.8–1.2
mm in length. Its legs are clawed, except for the first pair, which is shortened and vestigial.
In contrast to the oval shape of head and body lice, the crab louse is almost as wide as its
length, allowing it to grasp widely spaced pubic hairs [21]. Its crab appearance accounts for
its name. Patients with pubic lice may be instructed to launder clothing and bedding and to
avoid sexual or other intimate contact until their infestations are cured [22]. In case of infes‐
tation of head with pubic lice, the head can be shaved totally and then treated with an occlu‐
sive agent such as Vaseline petroleum jelly.

We describe a case of pediculosis on the scalp of a 6-year-old boy caused by the crab louse
[23]. The boy was presented to our clinic with the complaint of intense itching of the scalp.
There were some small pieces of erythema (in the circle) and a brown dot-like substance on
his scalp (Fig. 13a). The dermoscopy revealed a brown parasite (0.9 mm in horizontal axes
and 1.2 mm in vertical axes) with two crab-like feet adhered to the scalp (Fig. 13b). Micro‐
scopic examination and scanning electron microscope showed the detail of this insect (Fig.
13c-d). Based on these morphological findings, the diagnosis of Pediculus humanus capitis
caused by crab louse is confirmed. Generally, pediculus humanus capitis is caused by head
louse, rarely by crab louse. Where could this pathogen, crab louse, be from? After a detailed
inquiry, his father was found to have pediculosis pubis that had been cured. Therefore, the
boy was instructed to shave the head totally and then treated with an insecticidal tincture,
which was administered to his parents as well. The boy was cured after 15 day of treatment.

3.10. Demodiciosis

Demodiciosis is a kind dermatitis caused by Demodex. It often presents some rosacea-1ike le‐
sions. Demodex is a genus of tiny parasitic mites that live in or near hair follicles of mam‐
mals. Currently, about 65 species of Demodex are known [24]. Two species living on humans
have been identified: Demodex folliculorum and Demodex brevis, both frequently referred to as
eyelash mites [25]. The adult mites are 0.3–0.4 mm long, and 0.012–0.016 mm in diameter,
with D. brevis slightly shorter than D. folliculorum [26]. Each has a semitransparent, elongat‐
ed body that consists of two fused segments. Eight short, segmented legs are attached to the
first body segment. The body is covered with scales for anchoring itself in the hair follicle,
and the mite has pin-like mouth for eating skin cells and sebum, which accumulate in the
hair follicles. The mites can leave the hair follicles and slowly walk around on the skin, at a
speed of 8–16 mm per hour, especially at night, as they try to avoid light [26]. In most of the
cases, the mites go unobserved, without any symptoms, but in certain cases (usually related
to a disordered immune system) mite populations can dramatically increase, resulting in a
condition known as demodicosis or demodex mite bite, characterized by itching, inflammation,
and other skin disorders.
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The following is a description of a case of demodicosis due to Demodex mites. The patient is a
28-year-old man, who came to our clinic because of itching, multiple erythema, papules,
pustules lesions on the nose and cheek (Fig. 14a). The diagnosis of demodicosis caused by
Demodex mites was established by direct microscopic examination. The observation of SEM
revealed that the parasite consists of two segments. There were four pairs of feet on the side
of the head of the parasite and its abdomen was characterized by annular striae on the sur‐
face (Fig. 14b). The man was cured after receiving 6 months of topical treatment with 7% al‐
bendazole cream once a day.

  

  

Figure 13. a. There were some small pieces of erythema (in the circle) and a brown dot-like substance on the 

scalp (arrow). b. The dermoscopy revealed a brown parasite (0.9 mm in horizontal axes and 1.2 mm in vertical 

axes) with two crab-like feet adhered to the scalp. c. Under the microscope, the parasite was characterized by 

a flat body like a crab and three pairs of feet in different sizes. There was an area (red box) full of blood in the 

middle part of the parasite. A large number of short setae (arrow) were noted at the edge of the parasite 

abdomen. d. The SEM showed a vivid three-dimensional ultrastructure of the parasite: the whole body was 

composed of three parts including spherical head, chest, and elliptical abdomen; a pair of feelers was noted on 

the head; the three pairs of feet were in shaped section and curved serrated claws were noted at the end of foot; 

short setae in different length were not only at the edge of the abdomen but also on the feet. 
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Demodiciosis is a kind dermatitis caused by Demodex. It often presents some rosacea-1ike lesions. Demodex 
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Figure 13. a. There were some small pieces of erythema (in the circle) and a brown dot-like substance on the scalp (ar‐
row). b. The dermoscopy revealed a brown parasite (0.9 mm in horizontal axes and 1.2 mm in vertical axes) with two
crab-like feet adhered to the scalp. c. Under the microscope, the parasite was characterized by a flat body like a crab
and three pairs of feet in different sizes. There was an area (red box) full of blood in the middle part of the parasite. A
large number of short setae (arrow) were noted at the edge of the parasite abdomen. d. The SEM showed a vivid three-
dimensional ultrastructure of the parasite: the whole body was composed of three parts including spherical head,
chest, and elliptical abdomen; a pair of feelers was noted on the head; the three pairs of feet were in shaped section and
curved serrated claws were noted at the end of foot; short setae in different length were not only at the edge of the
abdomen but also on the feet.
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Figure 14. a. A 28-year-old man came to our clinic because of itching, multiple erythema, papules, pustules 

lesions on the nose and cheek. b. SEM revealed a Demodex folliculorum, approximately 0.33 mm in length, in 

the infected skin. Its elongated body consisted of two segments. There were four pairs of feet on the side of 

the head of the parasite and its abdomen was characterized by annular striae on the surface. 
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Figure 14. a. A 28-year-old man came to our clinic because of itching, multiple erythema, papules, pustules lesions on
the nose and cheek. b. SEM revealed a Demodex folliculorum, approximately 0.33 mm in length, in the infected skin. Its
elongated body consisted of two segments. There were four pairs of feet on the side of the head of the parasite and its
abdomen was characterized by annular striae on the surface.
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