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Preface

Since the inventions of the transmission electron microscope (TEM) and the
scanning electron microscope (SEM), these instruments have greatly contributed
to the progress of various research fields, such as crystallography, metallurgy,
materials science and engineering, biology, medical science, etc. Intensive
research and development of instrumentation, electron optical theory, and meth-
odology have been performed by many researchers and technicians, and imaging
quality has been improved. In the last few decades, because of developments in
field emission (FE) electron sources and aberration correctors, highly resolved
imaging is now widely available by using up-to-date electron microscopes such as
the aberration-corrected TEM/STEM and FE-SEM. In addition, analytical imag-
ing has become possible in less time because of the development of detectors and
operation software.

In this tide of microscopy, various microscopic methods have also been developed
to make clear many unsolved problems. For example, high-speed investigations are
possible using a pulse beam TEM and environmental microscopy enables observa-
tions in the atmosphere. Other examples include electron microscopy combined
with other measurement systems like in-situ TEM and correlative microscopy, and
tomography giving 3D information of engineering materials and biological tissues.
In addition, development of methodologies in sample preparation is also an impor-
tant issue to achieve results reflecting original sample characteristics.

In this book, we have collected a number of examples concerning these subjects. In
Chapter 1, a relativistic ultrafast electron microscope with femtosecond electron
pulses and ultrahigh voltage microscopy is reviewed. In addition to details of instru-
mentation, observation results to evaluate its performance are shown. In Chapter

2, an example of environmental microscopy applied to biology is reviewed. Using a
specially designed system, clear movement of a myosin head under different condi-
tions in a gas atmosphere is demonstrated. In Chapter 3, correlative light-electron
microscopy and serial block face scanning electron microscopy are reviewed.
Following a general introduction of these methods and detailed experimental
procedures, results of human and mouse pancreases are demonstrated. In Chapter
4, applications of high-voltage transmission electron tomography to biomedical
investigations are reviewed. Various examples to investigate cell organelles are
shown. In Chapter 5, TEM applications in environmental medicine are reviewed.
Specified topics here are the diseases caused by asbestos and talc fibers. Procedures
and protocols of the sampling of these powders contained in human tissues without
contaminants are discussed.

Although this book includes a limited number of topics, we think that the content
in each chapter will be impressive to the reader. We hope this book will contribute
to future advances in electron microscopy, materials science, biomedicine as well as
other research fields.



We are grateful to all authors for their contributions to this book and their efforts
to complete the chapters. We also acknowledge the IntechOpen publishing team,
especially Martina Brklja¢i¢ and Markus Mattila for cooperation in the publishing
process.

Dr. Masashi Arita
Graduate School of Information Science and Technology,
Hokkaido University,

Japan

Dr. Norihito Sakaguchi
Faculty of Engineering,
Hokkaido University,

Japan
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Chapter1

Ultrafast Electron Microscopy
with Relativistic Femtosecond
Electron Pulses

Jinfeng Yang

Abstract

An ultrafast electron microscope (UEM) with a femtosecond temporal resolu-
tion is a “dream machine” desired for studies of ultrafast structural dynamics in
materials. In this chapter, we present a brief overview of the historical develop-
ment of current UEMs with nonrelativistic electron pulses to illustrate the need for
relativistic-energy electron pulses. We then describe the concept and development
of a UEM with relativistic femtosecond electron pulses generated by a radio fre-
quency (RF) acceleration-based photoemission gun. The technique of RF electron
gun and physical characteristics of the relativistic electron pulses are described.
Demonstrations of UEM images acquired using approximately 100 fs long electron
pulses with energies of 3 MeV are presented. Finally, we report a single-shot diffrac-
tion imaging methodology in the UEM with a relativistic femtosecond electron
pulse for studies of laser-induced ultrafast phenomena in crystalline materials.

Keywords: ultrafast electron microscopy, ultrafast electron diffraction,
femtosecond electron pulse, relativistic electron beam, structural dynamics,
radio-frequency electron gun

1. Introduction

It is well-known that transmission electron microscope (TEM) is one of the most
powerful imaging instruments. Currently, the TEM enables imaging of three-dimen-
sional (3D) structures on the atomic scale. However, the temporal resolution of TEM
is limited by the video-camera recording rate (millisecond), as continuous electron
beams produced by DC-acceleration-based thermionic or field-emission sources
are used in conventional TEMs. In order to overcome this millisecond temporal
resolution limit in TEM, in 1987, Bostanjoglo et al. [1, 2] proposed a technique with a
nanosecond-triggered beam-blanking unit in TEM to produce electron beam flashes
and succeeded in observation of laser-induced phase transitions in amorphous Ge
films with a nanosecond resolution. Two years later, they developed time-resolved
electron microscopy with a laser-triggered photoemission electron gun [3, 4] and
paved the way for studies and imaging of fast dynamic events with pulsed electron
beams. In the time-resolved electron microscopy (pump-probe technique), an ini-
tialing pump laser pulse excites the materials (sample) to produce a transient state,
and then a later analytical probe electron pulse detects it at a correlated time with the
pump pulse, as shown in Figure 1. It is worth noting that the temporal resolution is
determined by the durations of the pump laser pulse and probe electron pulse. It is

1 IntechOpen
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Figure 1.
General schematic of time-resolved electron microscopy using electron pulses.

not limited by the speed of the electron detector. Therefore, the generation of short
electron pulses is very significant.

In the past decade, both temporal and spatial resolutions of the time-resolved
electron microscopy were improved by several research groups [5-15] by developing
high-brightness electron sources and optimizing TEM electron optics. Currently,
there are two main approaches to time-resolved electron microscopy: (1) single-shot
approach, which uses high-charge electron pulses and (2) stroboscopic approach,
which uses “single” electron pulses. The first approach, pioneered by Bostanjoglo
et al. (described above), aims to generate a sufficient number of electrons in the
pulse to form an image with a single shot. The main advantage of this approach is
that the studied structural dynamics or processes do not need to be perfectly revers-
ible. This approach has been developed later at the Lawrence Livermore National
Laboratory (LLNL) [5, 6] using a modified JEOL 2000FX for dynamic transmission
electron microscopy (DTEM). Single-shot imaging with spatial and temporal resolu-
tions of 10 nm and 15 ns, respectively, has been achieved using a 15-ns electron pulse
containing 5 x 10” electrons. DTEM has achieved a spatial resolution of approxi-
mately 5 nm and has been applied to various projects, including laser-induced
melting of metals, reactions in solid states, and crystallization of amorphous semi-
conducting materials. However, a serious problem in this approach is the significant
space-charge effect due to the Coulomb repulsion of electrons. The high current of
the pulses limits the overall temporal and spatial resolutions of the instrument, even
with an optimized microscope source, good column, and excellent detector.

The stroboscopic approach uses a femtosecond laser source to generate an
extremely low-current electron pulses (“single” electron pulses) at the sample to
maintain high temporal and spatial resolutions. A key factor in the stroboscopic
approach is to have only a single electron in the column at any time to reduce
space-charge effects. Images are constructed from ~10” of these single-electron
pulses. The first single-electron imaging was demonstrated by Zewail et al. [7-9] at
the California Institute of Technology (Caltech) using a modified 120-kV TEM as
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a first-generation ultrafast electron microscope (UEM). Later, they constructed a
second-generation UEM-2, using a hybrid 200-kV TEM, and achieved spatial and
temporal resolutions of 3.4 A and 250 fs, respectively [8, 9]. The temporal resolu-
tion At (root-mean-square (RMS)) in UEM is determined by the laser pulse width
Aty, and temporal broadening Atxg due to excess energy of electrons emitted from
the photocathode. It can be calculated as [9]

At = VAI;%U +At12(E, (1)

_d Jmo AE;
Atgp = WVT\IE’ (2)

where ¢ is the electron charge, m; is the electron rest mass, AE; is the energy
spread of electrons emitted from the cathode, E; is the mean energy, and V is the
potential across the distance d between the cathode and anode. Atgg ~ 250 fs at
AE; = 0.1eV and 650 fs at AE; = 0.5 eV [9]. Recently, there are many research activi-
ties [10-15] focused on improving the electron source and electron optics inside the
microscope to achieve better temporal and spatial resolutions. However, the current
UEM has restrictions: (1) the specimen must be pumped ~10” times by the laser,
which implies that the studied processes must be perfectly reversible, that is, the
sample must heal between pulses; (2) the interval between two pulses needs to be
longer than the recovery time of the specimen, thus limiting the repetition frequency
of laser excitation; and (3) instrumental instabilities such as specimen drift are
inevitable at long exposure times. Therefore, for most experiments under realistic
conditions, it is necessary to operate with a larger number of electrons per pulse.

All of the current DTEMs and UEMs use a DC-acceleration-based photoemis-
sion electron gun to generate electron pulses at energies of 100-200 keV. For such
low-energy electron pulses (nonrelativistic electron pulses), the space-charge effect
due to the Coulomb repulsion of electrons is a serious problem. It not only broadens
the pulse duration but also increases the energy spread and beam divergence during
the acceleration (particularly near the cathode) and propagation to the specimen.
We can reduce the space-charge broadening in the propagation with a high-energy
electron beam, that is, with the use of ultrahigh-voltage electron microscopy.
However, the space-charge effect near the cathode can be reduced only by instan-
taneously accelerating the electrons to high energies with a high electric field. This
is very difficult or impossible, as the maximum static electric field in the DC gun
is determined by the vacuum breakdown limit of ~10 MV/m. The current state-of-
the-art DC guns have been developed to generate 600-fs electron pulses with up to
10,000 electrons per pulse [16]. An approach of electron pulse compression based
on the radio frequency (RF) technology was proposed to control the space-charge
effect and generate high-current femtosecond electron pulses at the sample posi-
tion [17-20]. However, this approach is not suitable for microscopy, because of the
relatively large energy spread of the electron pulses. From the theoretical modeling
and experimental study, it is obvious that it is impossible to use the DC electron gun
parameters to attain femtosecond or picosecond electron pulses at the sample posi-
tion with a reasonable electron number of 107 (or larger) for the single-shot imaging.

Recently, an advanced accelerator technology of RF-acceleration-based
photoemission electron guns has been successfully applied for ultrafast electron
diffraction (UED) with a single-shot measurement [21-30]. The RF gun is usually
operated with a high RF electric field equal to or higher than 100 MV/m, which is
10 times higher than those of the DC guns. Therefore, the electrons emitted from
the photocathode can be quickly accelerated into the relativistic-energy region to
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minimize the space-charge effects in the pulse, yielding a femtosecond or pico-
second pulse containing a large number of electrons. Yang et al. have developed

the first prototype of relativistic UEM using the RF gun technology at the Osaka
University, have succeeded in generation of high-brightness relativistic electron
pulses with a pulse duration of 100 fs containing 10 electrons at an energy of

3 MeV [31, 32], and have demonstrated the first single-shot imaging using such
femtosecond electron pulses [33-36]. This promising approach has a large potential
to study ultrafast dynamics in materials, as there are several crucial advantages over
nonrelativistic UEM systems:

* The relativistic energy reduces the space-charge effect, which consequently
maintains the temporal confinement and beam brightness during the propaga-
tion to the sample. It is possible to perform single-shot imaging with femto-
second temporal resolution to observe reversible and irreversible processes in
materials.

* Relativistic-energy electrons significantly enhance the extinction distance for
elastic scattering and provide structural information, essentially free from
multiple scattering and inelastic effects [37]. Our previous UED study of struc-
tural dynamics of laser-irradiated gold nanofilms indicates that the kinematic
theory can be applied in the case of 3-MeV probe electrons with the assump-
tion of single scattering events [29, 30]. This enables to easily understand and
explain structural dynamics.

* A thick sample can be used for measurement, thereby obviating the require-
ment to prepare suitable thin samples. The utilization of the relativistic
electron pulse overcomes the loss of temporal resolution due to the velocity
mismatch in samples. Furthermore, the relativistic UEM is suitable for in situ
observations as there are large area and space inside the objective lens to install
various specimens.

In this chapter, we introduce a UEM with relativistic femtosecond electron
pulses, including information of an RF photoemission gun, concept of relativistic
UEM, and demonstration experiments with relativistic femtosecond electron
pulses.

2. Relativistic UEM

The relativistic UEM consists of a 1.6-cell S-band (2.856 GHz) photocathode RF
gun and microscopy column including an electron illumination system, objective
lens, and imaging system. Figure 2 shows a prototype of relativistic UEM, which
has a height of 3 m and diameter of 0.7 m.

2.1 Photocathode RF gun

Photocathode RF gun is a high-brightness electron source in the particle accel-
erator field, which has been widely applied in free-electron lasers [38, 39], and
is considered for use in the next linear colliders [40, 41]. The RF gun used in our
relativistic UEM consists of two RF cavities: a half cell and full cell. The accelerating
RF is 2.856 GHz, belonging to the so-called S-band corresponding to a wavelength
of 2 =104.969 mm. The length of the full-cell cavity is 2/2 = 52.4845 mm, while
the length of the half-cell is 31.49 mm, equal to 0.6 times 4/2, as numerical studies

1
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Figure 2.
(a) Photograph and (b) conceptual design of a relativistic UEM with femtosecond electron pulses.

show that more optimal performances are obtained if the half-cell cavity length is
0.6 (rather than 0.5) times the full-cell length. The cross section of the actual RF
cavities is shown in Figure 3(b). The shapes of the cavities are optimized to reduce
both RF-induced emittance and energy spread. The cavities and other components
are carefully fabricated and brazed together to minimize the dark current due to the
field emission. A very fine copper photocathode is located at a position of a high-
accelerating RF field in the half-cell cavity and is illuminated by the third harmonic
of a Ti:sapphire laser (ultraviolet (UV) emission: 266 nm, pulse duration: 100 fs).
When the electrons leave the cathode, they are accelerated by a negative electric
field in the cavity, as shown in Figure 3(a).

Generally, the RF gun uses the TMy transverse magnetic mode with a phase
shift of © between the half cell and full cell. The linear components of the electric
and magnetic fields in the RF cavities can be assumed to be [42, 43]

(a) (b}

Femtosecond laser

3 T, 2BE Femtosecond
electron pulse
1-3 NeV, 100 s
RF source 9
~MW {I=% : s
.
Electric field Y ,i'
Ey= 100 MV/m
RF cavities

Photocathode
Cu

15cm

Figure 3.
(a) Schematic of femtosecond electron pulse generation in the photocathode RF gun, (b) the cross section of the
RF cavities, and (c) photograph of the RF gun.



Electron Microscopy - Novel Microscopy Trends

E, = Eqcoskzsin(wt + ¢9) at v = 0,
E, = %EO sinkz sin (wt + ¢o), (3)

By = C%EO coskz cos(wt + ¢o),

where E; > 100 MV/m is the peak accelerating field, k = 27/4, @ = ck, ¢ is the
velocity of light, and ¢, is the initial RF phase when the electron leaves the cathode
surface (z = 0) att = 0. For short electron pulses with Gaussian distributions in lon-
gitudinal and transverse directions, Kim [42] and Travier [44] reported analytical
expressions for the following parameters at the gun exit in practical units: electron
energy E in MeV, RMS relative energy spread AE/E, RMS angular divergence o',
in mrad, normalized RMS RF-induced emittance ¢,r, and normalized RMS space-
charge-induced emittance ¢, in mm-mrad:

E = 75(n+05E, )

f
% - 2owe ®
o'y = 0.511%, 6)
e = 273x 10" Eof* o0}, @)
g, = 376x10°— 2% (8)

Eo(zﬁx + Gb)’

where E, is the peak accelerating field in MV/m, f is the RF in MHz, n is the
number of full-cell cavities, Q is the electron charge of the pulse in nC, and 6, and o,
are the RMS pulse duration in ps and RMS transverse beam size in mm, respectively,
which are dependent on the laser pulse width and spot size on the cathode. These
expressions are useful to estimate the beam parameters for the consideration and
design of a new RF gun in other instruments. For example, for a 1.5-cell S-band RF
gun at E, = 100 MV/m with a 100-fs and 0.1-mm laser, we estimate the following beam
parameters: E = 3.9 MeV, AE/E = 3.8 x 107*, ¢, = 1.1 mrad, & =22 x 10~® mm-mrad,
and ¢, = 1.3 x 10> mm-mrad at Q = 0.1 pC. These estimated parameters are in agree-
ment with a particle simulation with the space-charge effect, as described below.

For a short electron pulse with a small beam size, the RF-induced emittance is
negligible in the RF gun. In this case, the thermal emittance (initial emittance) at the
cathode is dominant. Assuming an isotropic emission into a half sphere in front of the
cathode surface, the thermal emittance can be expressed in terms of the RMS incident
laser spot size on the cathode 6, and a kinetic energy of the emitted electrons Ey;,:

2E,;
€p = Op\l—2, 9
th Py )
Ekin = ho- P+ (P:chattky’ (10)
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Pschottky = A VBEO Sin(Po; (11)

where hv s the laser photon energy, ¢ is the work function of the cathode, ¢suosiky
is the reduction in the potential wall barrier due to the Schottky effect, and a and
p are a constant and field-enhancement parameter, respectively, which are deter-
mined by the roughness and clearness of the cathode surface. Finally, the total beam
emittance is

e = \’eff el v el (12)

For a very fine copper photocathode with a 266-nm laser under the conditions
of Eg =100 MV/m and ¢, = 30°, the measured thermal emittance exhibited a linear
relationship with the RMS laser spot size: &, [mm-mrad] = 0.74 x 6, [mm] [45],
yielding an Ej;, = 0.42 eV.

In electron microscopy, the electron gun is required to generate a low-emittance
and low-energy-spread beam (normalized emittance <0.1 mm-mrad, energy
spread <107*). The beam dynamics in the RF gun can be calculated by a theoretical
simulation using the General Particle Tracer (GPT) code [46]. Figure 4 presents
the simulation results of relativistic femtosecond-pulsed electron beams at the
specimen position in the UEM generated from a 1.6-cell S-band RF gun. The results
of the beam dynamics show that (1) the minimum energy spread is obtained at
the launch phase of approximately 20°. At ¢y > 60°, the energies of the electrons
decrease leading to the large increases in the energy spread due to the space-charge
effects during the electron propagation. The slight increase in the energy spread
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Figure 4.

Simulation results of the beam energy, pulse duration, emittance, and energy spread of electron pulses generated by
the RF gun driven with a 100-fs laser under the conditions of (a) Q = 0.16 pC and E, = 100 MV/m, (b) Q = 0.16
pCand ¢, = 20° (c) E = 3.8 MeV and ¢, = 20°, and (d) E = 3.8 MeV and ¢, = 20°.
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at ¢ho < 20° is caused by the space-charge effect near the cathode as the actual RF
electric field is decreased by Egsingy, (2) large increases in both energy spread and
pulse duration are observed at an electron energy smaller than 3 MeV, and (3) the
transverse emittance of the femtosecond electron pulses generated from the RF

gun is dominated mainly by the thermal emittance if the number of electrons in the
pulse is 10° (or smaller). This allows us to generate low-emittance electron pulses by
focusing the laser spot on the cathode, as described in Eq. (9). The increase in the
energy spread due to the space-charge effect is also negligible at an electron number
smaller than or equal to 10° per pulse. The theoretical modeling and particle simula-
tion indicate that the RF gun could generate high-current femtosecond electron
pulses with excellent characteristics, including a normalized RMS transverse emit-
tance of 0.02 mm-mrad, energy spread of 10~* to 107°, and pulse duration of 100 fs
with 10° electrons per pulse at an energy larger than or equal to 3 MeV. The peak
brightness of such electron pulses B, can be calculated by

Bp = (Br) 2

Q. (13)
()

2
£

where § = v/c, v is the electron velocity, and y is the normalized relativis-
tic energy. From the given parameters, we can calculate the peak brightness,
B, = 2 x 10" A/m’sr. Recently, the development of a high-repetition-rate normal-
conducting RF gun at 1000 Hz was proposed in our research group. In the near
future using this RF gun, the time-averaged brightness of the femtosecond-pulsed
electron beam can be potentially increased to B = 2 x 10’ A/m®sr, corresponding
to the brightness of the 100-kV thermionic emission gun used in modern TEMs. In
addition, if we can further reduce the energy spread, the RF gun will pave the way
for generation of a practical high-brightness femtosecond-pulsed electron beam
for UEM.

2.2 UEM column

2.2.1 Electron illumination system

The electron illumination system comprises two condenser lenses and condenser
aperture to control and transfer the electron pulses from the RF gun on the speci-
men, as shown in Figure 5. An aperture with three pinholes with diameters of 0.5,
1, and 2 mm is made of a 1-mm-thick molybdenum metal and is installed between
the two condenser lenses. The distance from the photocathode to the specimen
is 0.8 m. However, there are two significant differences from the normal TEMs:

(1) there is no gun crossover in the RF gun and (2) we cannot produce a crossover
between the two condenser lenses owing to the space-charge effect (i.e., the con-
denser lenses do not condense). Therefore, in this illumination system, the image
of the beam spot on the cathode acts as the object plane of the first condenser lens
as the beam size is minimum in the RF gun. It is worth noting that a virtual source
image behind the cathode may be better for the object plane of the first lens as the
source size is smaller than that on the cathode, as shown in Figure 5. We adjust the
first lens to create a parallel electron beam. The aperture stops the large-divergence
electrons to further reduce the emittance, yielding a small illumination convergence
angle at the specimen. Finally, we used the second lens to create a parallel beam or
convergent beam on the specimen. The parallel beam is used primarily for UEM
imaging and selected-area diffraction (SAD), while the convergent beam is used
mainly for convergent-beam electron diffraction (CBED). In the experiments, a
small convergence angle of a = 31 prad was achieved with the condenser aperture
with the pinhole diameter of 0.5 mm in the parallel-beam operation mode.

8
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(a) Virtual source image (b)
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Figures.
Two basic operations of the UEM imaging system: (a) imaging mode: Projection of a TEM image onto the
viewing screen and (b) diffraction mode: Projection of diffraction patterns (DPs) onto the screen.

2.2.2 Objective lens

The objective lens is the most important lens in a TEM. It forms TEM images
or DPs, magnified by the other lenses. It is very challenging to construct this lens
as the specimen must be located close to its center. In the UEM, two asymmetri-
cal and separable pole pieces (upper and lower) are used for the objective lens.
The gap between the pole pieces is 19 mm. It allows us to insert both specimen
and aperture between the pole pieces. With the large gap, it is straightforward to
design specimen holders for various tasks such as tilting, rotation, heating, cool-
ing, straining, etc. The gap-to-bore ratio is 1.46 for creation of a strong magnetic
field and aberration suppression. We carefully designed and produced all of the
pole pieces, iron circuits, coils, and water-cooling components. The pole pieces
were made of a soft magnetic alloy (Permendur) with an iron-to-cobalt content
ratio of 1:1. The saturation magnetic flux density is 2.4 T. The objective lens is a
very strong lens. The maximum magnetic field strength at the center of the pole
pieces is 2.3 T under the magnetomotive force of 35 kA-turns. The focal length is
5.8 mm for a 3-MeV electron beam. The diameter of the lens is 0.7 m, as shown in
Figure 6(a).
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The specimen is placed close to the center of the pole pieces with a side-entry
method and manipulated by a five-axis motorized stage. The sample can be pumped
by a pulsed laser beam, as shown in Figure 2. An objective aperture with a pinhole
diameter of 0.3 mm is inserted at the back-focal plane of the objective lens to block
scattered electrons in the imaging operation mode.

2.2.3 Imaging system

The imaging system uses two magnetic lenses (intermediate and projector
lenses) to magnify the TEM image or DP produced by the objective lens and to proj-
ect it onto a viewing screen (scintillator) through a charge-coupled device (CCD)
camera. In the intermediate and projector lenses, two symmetrical and separable
pole pieces are used. The gap is 20.8 mm, while the gap-to-bore ratio is ~1.6 for
minimization of the aberration coefficients. The pole pieces in the intermediate and
projector lenses are made of Permendur and pure iron, respectively. The distance
between the objective and intermediate lenses is 0.6 m. The distance between the
intermediate and projector lenses is ~0.4 m. The maximum magnetic field strengths
are 2.3 T in the intermediate lens and 1.2 T in the projector lens.

In a time-resolved image measurement with the pump-probe technique, the
spread of the detector (recording rate of the video-camera) does not limit the
temporal resolution; however, a high-sensitivity detection of electron waves is
crucial. In particular, acquisition of images in a single shot is necessary in order to
observe irreversible processes. In addition, as mentioned above, the space-charge
effect causes increases in the pulse duration, emittance, and energy spread, even
in relativistic electron beams. Low-current electron pulses should be used in the
UEM. Therefore, the image recording system should be highly sensitive to every
electron. In the UEM, in order to achieve a high sensitivity to MeV electron detec-
tion with a high damage threshold, we chose a Tl-doped CsI columnar crystal
scintillator equipped with a fiber optic plate (Hamamatsu Photonics) to convert the
relativistic-energy TEM images or DPs into optical images. The light generated by
the scintillator is propagated by a reflective mirror (at 45°) consisting of aluminum
deposited on a 5-pm-thick polymer, and finally the optical images are detected
with an electron-multiplying CCD (EMCCD) with 1024 x 1024 pixels, as shown in
Figure 6(b). The effective detection area of the scintillator is 50 x 50 mm?, while
the distance from the specimen to the scintillator is 1.8 m. The sensitivity of the
whole detection system is 3 x 10~ counts/electron.
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Figure 6.
(a) Cross section of the objective lens and (b) image detection system with a CsI (Tl) scintillator.
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2.3 Femtosecond laser system

A femtosecond Ti:sapphire laser (Spectra-Physics) is used to generate femto-
second electron beam pulses and to excite the specimen. The laser consists of a
Ti:sapphire laser oscillator with a pulse width of 90 fs (Tsunami, central wave-
length: 800 nm), regenerative amplifier including a pulse compressor, and a wave-
length converter. The femtosecond laser oscillator is synchronized to a 79.3-MHz RF
signal, corresponding to 1/36 of the 2856-MHz RF used for the electron generation
in the RF gun, with a time-to-lock piezoelectric device. The time jitter between the
laser pulse and RF phase is 61 fs [36]. The laser pulses generated from the oscillator
are fed to the regenerative amplifier and amplified to ~1 mJ per pulse. The regenera-
tive amplifier is driven by a green laser with a highly stable repetition rate of 1 kHz
(Empower, wavelength: 532 nm, output: 10 W).

The amplified femtosecond pulses are converted to the third harmonics by a
wavelength converter (Tripler) composed of two nonlinear crystals (SHG and
THG) and time plate for pulse delay adjustment. The third-harmonic pulses (UV
wavelength: 266 nm) with the maximum energy of 70 pJ per pulse are illuminated
onto the copper cathode to generate femtosecond electron pulses. The residual
fundamental (wavelength: 800 nm) and second-harmonic (wavelength: 400 nm)
pulses are used to pump the samples. The time delay between the pump laser pulse
and probe electron pulse is changed with an optical delay located on the pump laser
beam line for time-resolved experiments. Both laser beams used for the electron
generation and sample excitation can be focused to a spot size with a full width at
half maximum (FWHM) smaller than 30 pm at the corresponding target.

3. Observations with relativistic femtosecond electron pulses
3.1 UEM (imaging mode)

In the imaging operation mode of the relativistic UEM, we adjust the inter-
mediate lens so that its object plane is the image plane of the objective lens and
then project the image onto the scintillator with the projection lens, as shown in
Figure 5(a). The objective aperture with a pinhole diameter of 0.3 mm inserted
at the back-focal plane of the objective lens is used to block the diffraction pat-
terns and other scattered electrons.

Figure 7 shows bright-field UEM images of polystyrene latex particles, with
diameters of 1.09 pm and gold nanoparticles with diameters of 400 + 20 nm,
dispersed on a carbon film pasted on a copper mesh, observed with a pulse integra-
tion measurement [35]. The magnification of the images is approximately 1500x.
The energy of the electron pulses used for the observations is 3.1 MeV. The pulse
duration is approximately 100 fs. In this experiment, a condenser aperture with a
pinhole diameter of 0.5 mm is used to collimate the electron beam. The repetition
rate of the electron pulses is 10 Hz. The normalized RMS emittance and electron
charge in the pulses are 0.12 mm-mrad and 1 pC at the specimen position, respec-
tively. From these parameters, the estimated peak brightness of the pulses in the
observationsis B, = 3.5 x 10" A/m”sr. For these electron pulses, acceptable images
of both polystyrene latex particles and gold nanoparticles can be obtained using our
relativistic UEM with 2000- and 500-pulse integrations, respectively.

At alow-magnification observation condition, the single-shot observation of
UEM images with a relativistic femtosecond electron pulse is achievable. Figure 8
presents UEM images of single-crystal gold obtained with a single shot and 10- and
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Figure7.

UEM images (bright field) of (a) polystyrene latex particles with a diameter of 1.09 um and (b) gold
nanoparticles with a diameter of 400 + 20 nm obtained by 2000 and 500-pulse integrations, respectively, with
100-fs electron pulses at an energy of 3.1 MeV [35].

Figure 8.
UEM images (bright field) of gold single-crystals placed on a gold mesh observed by (a) a single shot and (b)
10- and (c) 100-pulse integrations with 100-fs electron pulses at an energy of 3.1 MeV.

100-pulse integrations. The sample is a single-crystalline gold film with a thickness of
10 nm placed on a gold mesh. Although the signal-to-noise ratio is still not sufficient
in the single shot, an acceptable image can be obtained with 10 pulses (or more), as
shown in Figure 8(b) and (c). This demonstrates that the single-shot observation

of UEM images with a relativistic electron pulse is achievable if the brightness of the
pulses can be increased by one order of magnitude, B, ~ 10" A/m?st, which can be
realized, as described in Section 2.1.

3.2 UED (diffraction mode)

In the relativistic-energy electron diffraction measurement (diffraction mode),
we adjust the imaging-system lenses so that the back-focal plane of the objective lens
acts, as the object plane for the intermediate lens, and then use the projection lens to
project the DPs onto the scintillator, as shown in Figure 5(b). It is worth noting that
in the diffraction mode, if the electron beam is too intense, it will damage the view-
ing screen or saturate the CCD camera. Therefore, we could generate a smaller beam
to reduce the illuminated area of the specimen contributing to the DP on the screen.
The use of a selected-area aperture inserted at the image plane of the objective lens is
a better choice to create a virtual aperture in the plane of the specimen, thus yielding
only the SAD pattern. In the diffraction mode, the objective aperture is not used.
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Figure 9.

DPs of a (100)-oriented single-crystalline gold measured with (a) a single shot and (b) 10- and (c) 100-pulse
integrations. The energy of the electron pulses is 3.1 MeV, while the number of electrons in each pulse is

6.3 x 10°, corresponding to 1 pC per pulse.

In order to check the contrast of the DPs and resolution, we generate a parallel
electron beam with a diameter of 0.5 mm to illuminate the specimen using a con-
denser aperture with a diameter of 0.5 mm and weakened second condenser lens
in the illumination system. The characteristics of the electron pulses are the same
as those in the imaging operation mode. Figure 9 presents the DPs of the single-
crystal gold observed by a single shot and 10- and 100-pulse integrations. The
sample is a single-crystalline gold film with a thickness of 10 nm placed on a gold
mesh. The energy of the electron pulses is 3.1 MeV. The electron charge per pulse is
1 pC. Data in Figure 9 show that (1) sharp DPs and high contrast can be obtained
with the relativistic femtosecond electron pulses, (2) higher order spots of (—420)
and (4-20) from the single-crystal gold with scattering vectors up to 1.1 A canbe
clearly captured with a single shot, and (3) the RMS width of the zeroth-order spot
(000) in the single shot is measured to be 0.018 A7 indicating an excellent spatial
resolution for the relativistic diffracted beam.

Based on the width of the (000) spot and measured distance of the diffraction
spots from the (000) position, the estimated RMS illumination convergence angle
a of the electron beam at the specimen is a = 31 prad. This convergence angle is two
orders of magnitude smaller than that of nonrelativistic UED. Additionally, the
coherence of the electron source is an important parameter in diffraction imaging,
particularly in terms of spatial coherence (transverse coherence), which determines
the sharpness of the DPs and diffraction contrast in the acquired images. The spatial
coherence length is defined as

d = 2 (14)

where 4, is the electron wavelength and « is the RMS illumination convergence
angle. Using the obtained illumination convergence angle, the spatial coherence
length of the electron pulses generated with the RF gun isd, = 5.6 nm, twice that
of the current UED systems. This enables to detect sharp DPs and acquire good-
contrast diffraction images with a single shot, as shown in Figure 9.

The temporal resolution can be characterized in the time-resolved electron
diffraction studies. Figure 10 presents an example of time-resolved experiment for
observation of UED structural dynamics in a 35-nm thick single-crystalline silicon
sample. The sample was pumped by a 400-nm laser beam with a pulse duration of
100 fs and density of 3.5 mJ/cm’. The UED patterns were measured with a single
shot using a 3-MeV electron pulse with the pulse duration of 100 fs containing
10° electrons per pulse. The data elucidate the dynamics in the silicon crystals: the
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Figure 10.

UED structural dynamics. (a) DPs of a (100)-oriented single-crystalline silicon with a thickness of 35 nm
measured by a 3-MeV femtosecond electron pulse with a single shot. The pusle duration of the electron pulse

is ~ 100 fs containing 10° electrons. (b) Intensity changes for four Bragg spots after the laser illumination.

The wavelength and density of the pump femtosecond laser are 400 nm and 3.5 mJ/cmz2, respectively. (c)
Simulation vesults of diffracted intensity changes due to lattice distortion within a angle of A0 < 0.1° along the
(111)-oriented direction [47].

diffracted intensities of the Bragg spots along the (—2-20) and (220) line increase,
while the intensities of the Bragg spots along the (2-20) and (—220) line decrease
after the laser pump. The structural recovery after a change is very slow. Tanimura
and Naruse [47] suggested that these dynamics are caused mainly by the lattice
distortion due to the laser excitation in silicon crystals, indicating that the time-
resolved diffraction methodology in the relativistic UEM could be utilized to obtain
an atomic perspective of lattice motion in crystalline materials.

The total temporal resolution of the UEM can be estimated mainly with the
probe electron pulse duration o), pump laser pulse width 6, and time jitter A¢;
between two pulses as

At = \o} +of + At} (15)

The time jitter is determined by the synchronization of the laser pulse to the
accelerating RF phase; therefore, we can define A¢; = 61 fs, described in Section 2.3.
In our relativistic UEM, both pump and probe pulse durations are ~ 100 fs (RMS).
The estimated total temporal resolution is approximately 150 fs (RMS), correspond-
ing to the experimental results represented by the dashed line in Figure 10(b).

4. Conclusions
In this chapter, we have introduced a relativistic UEM with femtosecond elec-
tron pulses, including the relativistic femtosecond electron pulse generation with

an RF-acceleration-based photoemission gun, first prototype relativistic UEM
instrument, and demonstrations of UEM image and UED measurements with the
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relativistic femtosecond electron pulses. The electron pulses generated by the RF
gun exhibited excellent characteristics, including a low emittance of <0.1 mm-nrad,
energy spread of 10™*, and pulse duration of 100 fs with 10° electrons per pulse at
an energy >3 MeV. These pulses have facilitated (1) the acquisition of high-quality
high-resolution diffraction patterns with a single shot, (2) acquisition of acceptable
UEM images with pulse integration measurements, and (3) time-resolved experi-
ments with an excellent temporal resolution of 150 fs, suggesting that the relativis-
tic UEM is very promising for studies on ultrafast phenomena in the femtosecond
time region.

Ultrahigh-voltage electron microscopes operated in the relativistic-energy
region above 1 MeV have attracted significant attention in various research fields,
including physics, biology, and materials science. However, the existing system is
too large and expensive to be purchased and operated even by large-scale facilities
such as universities or national research centers, not to mention smaller research
institutions and laboratories. The RF electron gun is capable of acceleration to
>3 MeV in alength of only 15 cm. Further reductions in the emittance and energy
spread, increase in the repetition rate, and suppression of some instabilities are
required; however, the improvement in the RF gun and resolution refinement to
the angstrom level will enable new electron microscopes based on this RF gun,
sufficiently small and inexpensive for general research institutions and laboratories.
Furthermore, by providing a femtosecond temporal resolution, such relativistic
UEMs will constitute the next-generation electron microscopes, referred to as
“dream machines,” desired for a long time by material-structure researchers
throughout the world.
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Chapter 2

Electron Microscopic Recording of
Myosin Head Power and Recovery
Strokes Using the Gas
Environmental Chamber

Haruo Sugi, Tsuyosi Akimoto and Shigeru Chaen

Abstract

Despite extensive studies, the amplitude and the mode of the myosin head
movement, coupled with ATP hydrolysis, still remain to be a matter for debate and
speculation. To obtain direct information about the ATP-coupled myosin head
movement, we prepared synthetic myosin filaments (myosin-myosin rod copoly-
mer), in which myosin heads were position-marked with gold particles via anti-
bodies to myosin heads and kept in hydrated, living state in the gas environmental
chamber. ATP was applied to the specimen iontophoretically by passing the current
to an ATP-containing microelectrode, and the ATP-induced myosin head move-
ment was recorded with an imaging plate system under a magnification of
10,000 x, with the following novel findings: (1) In the absence of ATP, myosin
heads fluctuate around a definite neutral position. (2) In the absence of actin
filaments, myosin heads move away from the bare region of myosin filaments
(recovery stroke, average amplitude, 6 nm) on ATP application and return to the
neutral position after exhaustion of ATP. (3) In the presence of actin filaments, the
ATP-induced myosin head power stroke exhibits two different modes depending on
mechanical conditions. (4) Myosin heads determine the direction of ATP-induced
movement without being guided by actin filaments.

Keywords: gas environmental chamber, muscle contraction, myosin head power
stroke, myosin head recovery stroke, iontophoretic ATP application

1. Introduction

In 1954, Huxley and Hanson [1] made a monumental discovery that muscle
contraction is caused by relative sliding between actin and myosin filaments, which
constitute hexagonal lattice structure within muscle fibers. Later, it has been found
that (1) a muscle is a machine converting chemical energy derived from ATP
hydrolysis into mechanical work and that (2) the sliding between actin and myosin
filaments is produced by cyclic attachment-detachment between myosin heads
extending from myosin filaments and corresponding myosin-binding sites in actin
filaments [2]. Figure 1 illustrates the most plausible sequence of the actin-myosin
interaction in the muscle, producing force and motion in the muscle. In relaxed
muscle, individual myosin heads (M) are in the state, M-ADP-Pi, and are detached
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Figure 1.
Schematic diagram showing the most plausible sequence of attachment-detachment cycle between myosin head
(M) and actin filament (A), coupled with ATP hydrolysis. From [7].

from actin filaments (A). On stimulation of the muscle, M-ADP-Pi attaches to A
and performs a power stroke, associated with the release of Pi and ADP, to produce
unitary sliding between actin and myosin filaments (from A to B). After completion
of the power stroke, M remains attached to A until the next ATP comes to bind to
it (B). On binding with ATP, M detaches from A, and performs a recovery stroke
associated with ATP hydrolysis, to form M-ADP-Pi (from C to D). Then, M in the
form of M-ADP-Pi again attaches to A to repeat power and recovery strokes.

Despite extensive studies to prove the power and recovery strokes associated
with ATP hydrolysis, no definite results have been obtained due to the asynchro-
nous nature of the individual myosin head movement in muscle fibers. In vitro
motility assay experiments, in which fluorescently labeled actin filaments are made
to slide on myosin molecules or their proteolytic fragments, and optical trap exper-
iments, in which single myosin heads are made to interact with single actin fila-
ments, are not effective in studying myosin head movements in the muscle, since
these experiments differ too far from what actually takes place in the myofilament
lattice structure constituting the muscle [3].

The most straightforward way to give information about the properties of myo-
sin head power and recovery strokes is to visualize and record myosin head move-
ments associated with ATP hydrolysis, using the gas environmental chamber (EC)
attached to an electron microscope. The EC system enables us to insulate biological
specimens from high vacuum of the electron microscope and to keep them in wet,
living state by constantly circulating water vapor. We started to work with the
group of the late Professor Akira Fukami of Nihon University, who developed the
EC system together with the Japan Electron Optics Laboratory, Ltd. (JEOL Ltd.) in
the late 1980s [4], and after a number of trials and errors, succeeded in obtaining
novel results concerning the properties of myosin head power and recovery strokes.

Here, we describe novel properties of myosin heads in producing power and
recovery strokes, which can never be obtained by any other experimental methods.
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2. The EC system to record ATP-induced myosin head movement

As shown in Figure 2, the EC is a cylindrical compartment (inner diameter,

2.0 mm; depth, 0.8 mm) with upper and lower windows to pass electron beam.
Each window is covered with a carbon sealing film (thickness, 15-20 nm) held on a
copper grid with nine apertures (diameter, 0.1 mm). The carbon sealing film could
bear pressure differences up to one atmosphere. The specimen, placed on the lower
carbon film, is kept wet by constantly circulating water vapor (pressure, 60—

80 torr; temperature 26-28°C). ATP is applied to the specimen by passing the
current through an ATP-containing glass microelectrode. The EC was used in a
200 kV transmission electron microscope (JEM 2000EX; JEOL). The specimen
images (magnification, 10,000 x) are recorded with the imaging plate (IP) system
(PIX system; JEOL). To avoid electron beam damage to the specimen, the total
incident electron dose is limited below 5 x 10~ * C/cm? Further details have been
described elsewhere [5, 6].

A myosin head consists of catalytic activation domain (CAD) and lever arm
domain (LD), which are connected with a small converter domain (COD), and the
LD is further connected to myosin subfragment-2 extending from the myosin
filament backbone (Figure 3). Individual myosin heads were position-marked by
colloidal gold particles (diameter, 20 nm) via three different antibodies: antibody 1
to the distal region of the CAD [7], antibody 2 to the proximal region of the CAD
[7], and antibody 3 to two light chains of the LD [8]. Typical IP images of the
bipolar synthetic filaments, with individual myosin heads positon-marked with
gold particles, are presented in Figure 4. The specimen images could be recorded up
to three times under a magnification of 10,000 x without giving damage to the

Electron beam Upper window frame

“u,

Vapor inlet

as environmenta

chamber Copper grid

holding
carbon sealing film

Vapor outlet Specimen

ATP

ff

——r Lower window frame
Imaging plate

Figure 2.

Diagram showing the EC. The specimen (synthetic myosin filaments) is placed on the lower carbon sealing film
and covered with thin layer of experimental solution. ATP is applied to the specimen by passing the current
through the ATP-containing glass microelectrode. The specimen images ave recorded with the imaging plate.
From [6].
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Figure 3.

Structure of a myosin head showing approximate vegions of attachment of antibodies 1, 2, and 3, indicated by
numbers 1, 2, and 3 and 3', vespectively. The catalytic activation domain (CAD) consists of 25 K (green), 50 K
(red), and 20 K (dark blue) fragments of myosin heavy chain, while the lever arm domain (LD) is composed of
the rest of the 20 K fragment and essential (ELC, light blue) and regulatory (RLC, magenta) light chains. The
CAD and LD are connected by the converter domain (COD). Location of peptides around Lys83 and that of
two peptides, (Met58-Alazo) and (Leu106-Phe120), are colored yellow. From [9].
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Figure 4.
(A, B) typical IP records of synthetic bipolar myosin filaments with a number of individual myosin heads,
position-marked by gold particles. (C) Enlarged IP record showing part of the myosin filament in B. From [7].
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specimen (exposure time, 0.1s). In the above-recording condition, the pixel size
was 2.5 x 2.5 nm, and the average number of electrons reaching each pixel during
the exposure time was ~10. Reflecting the electron statistics, each gold particle
image was composed of 20-50 pixels.

The center of mass position of each gold particle was determined as the coordi-
nates (two significant figures) within a single pixel where the center of mass
position was located. These coordinates representing the position of individual
myosin heads were compared between two different IP records of the same myosin
filaments. The distance D between the two centers of mass positions (with coordi-
nates, X1 and X2 and Y1 and Y2, respectively) was calculated as D = \/ (X1—X2)? +
(Y1—Y2)?. Further details of the method of recording have been described else-
where [5, 6].

3. Stable neutral position of myosin heads in the absence of ATP
Figure 5 shows the results of experiments, in which the image of the same

myosin filament was recorded two times at an interval up to several minutes. It was
found that the position of individual myosin heads remained almost unchanged
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Figure 5.

Stable myosin head neutral position in the absence of ATP. (A) Difference between myosin head positions
between two IP records of the same myosin filament on the common coordinates. Open and filled civcles
(diameter, 20 nm) were drawn around the center of mass position of each gold particle in the first and the
second IP vecords, respectively. Note that filled circles are mostly covered by open circles because of nearly
complete overlap between open and filled circles. In this and subsequent figures, broken lines indicate contour of
myosin filament. (B) Histogram of distance between the two centers of mass positions of the same gold particle in
the first and the second records. From [7].
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with time, indicating that the position of each myosin head, time-averaged over
0.1's (exposure time of the filament image to IP film), remains almost unchanged
with time [6]. This result can be taken to indicate that each myosin head undergoes
thermal motion around a definite neutral position, thus providing a favorable
condition to detect ATP-induced myosin head movement.

4. ATP-induced recovery stroke in the absence of actin filament

On application of ATP to myosin filaments, individual myosin head was found
to move in one direction parallel to the filament long axis with the average
amplitude of ~6 nm, as shown in Figure 6 [7]. If the ATP-induced myosin head
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Figure 6.

ATP-induced myosin head movement in the absence of actin filaments. (A) Difference of myosin head position
between the two IP records, one taken before, while the other taken after ATP application. Open and filled
circles (diameter 20 nm) are drawn avound the center of mass position of the same particles before and after
ATP applications, respectively. (Inset) An example of superimposed IP records showing the change in position of
the same gold particle, which ave colored ved (before ATP application) and blue (after ATP application). The
center of mass position of each particle image is indicated by a small circle in each particle image. (B)
Histogram of amplitude distribution of ATP-induced myosin head movement. From [7].
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Figure 7.

(A-C) Examples of IP vecords showing the ATP-induced myosin head movement at both sides of myosin
filament bave region, across which myosin head polarity is reversed. Open and filled circles (diameter, 20 nm)
are drawn around the center of mass positions of the same particles in the IP records, taken before and after ATP
applications, respectively. Note that myosin heads move away from the bare vegion. Approximate location of the
bare region is indicated by broken lines across the center of myosin filament. From [7].

movement was recorded at both sides of the bare region, located at the center of
myosin filament, individual myosin heads were found to move away from, but not
toward, the bare region, across which the polarity of myosin heads is reversed
(Figure 7) [7]. These findings indicate that, in the absence of actin filament,
individual myosin heads perform a recovery stroke without being guided by actin
filaments. In other words, each myosin head can sense the absence (or presence) of
actin filaments to decide its direction of movement in response to ATP.

5. Return of myosin heads to the neutral position after exhaustion
of ATP

In the absence of actin filaments, we took IP records of the same gold particles
three times, i.e., (1) before ATP application, (2) during ATP application, and (3)
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Figure 8.

(A-1) sequential changes in position of nine different pixels (each 2.5 x 2.5 nm), where the center of mass
position of corresponding gold particles is located. In each frame, pixel positions before, during, and after
complete exhaustion of ATP are indicated by ved, blue, and yellow, respectively. Avrows indicate direction of
myosin head movement. From [7].

after complete exhaustion of applied ATP (facilitated by adding hexokinase and D-
glucose to experimental solution). Figure 8 shows examples of sequential changes
in position of nine different pixels (2.5 x 2.5 nm for each), where the center of mass
positions of corresponding particles is located. It was found that myosin heads,
which had performed recovery strokes, returned to or toward their initial neutral
position after complete exhaustion of ATP. This can be taken to indicate that
myosin heads can move in the direction similar to that of power stroke to return to
their neutral position [7].

6. Amplitude of recovery stroke at three different regions within a
myosin head

Our EC experiments can not only directly record myosin head movement,
coupled with ATP hydrolysis but also record myosin head movement at different
regions within a single myosin head by using three different antibodies to position-
mark myosin heads [8]. As can be seen in the histograms of Figure 9 A, B, and C,
the amplitude of myosin head recovery stroke was the same in the distal region
(6.14 + 0.09 nm, mean + SEM, n = 1692) and the proximal region (6.14 £+ 0.22 nm,
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Figure 9.

( Ag;uC ') histograms of amplitude distribution of ATP-induced myosin head movement at the distal (A) and the
proximal (B) regions of the myosin head CAD, at the two light chains in the proximal vegion of the myosin head
LD. (D, E) Diagrams showing the ATP-induced configuration changes in the absence (D) and the presence (E)
of actin filaments, based on the results shown in A~C. From [9].

n = 1112) of myosin head CAD, while it was much smaller at the LD region

(3.55+ 0.11 nm, n = 981) [9]. Based on these results, we can obtain diagrams shown
in Figure 9 D and E, in which myosin head CAD is perpendicular to actin and
myosin filaments during the course of recovery stroke and subsequent return to
their neutral position [9]. This view is consistent with our published results using
the methods of quick-freezing and deep-etch replica that most myosin heads are
perpendicular to actin and myosin filaments in relaxed, contracting, and rigor
states [10].

7. Two different modes of myosin head power stroke in actin-myosin
filament mixture

We also performed experiments, in which ATP-induced myosin head power
stroke was recorded using the actin-myosin filament mixture, in which synthetic
bipolar myosin filaments were surrounded by a number of actin filaments
(Figure 10) [11]. Immediately, after mixing the actin and myosin filaments, the
filament mixture, myosin heads form tight actin-myosin rigor linkages, some of
which may be tension-bearing. Due to finite lifetimes of the rigor linkages [12],
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Figure 10.

Conventional electron micrographs of actin-myosin filament mixture. Myosin heads were position-marked with
antibody 1 (left) and with antibody 2 (vight), respectively. Note that bipolar myosin filaments are surrounded
by actin filaments. From [11].

Figure 11.

(A%) A pair of IP records of the same myosin filament mixture, taken before (A) and after (B) ATP
application. Circles (diameter, 20 nm) are drawn avound the center of mass position of individual gold particle
images, consisting of a number of dark pixels. (C) Diagram showing ATP-induced changes in position of gold
particles attached to individual myosin heads with antibody 1. Open and filled circles were drawn around the
center of mass positions of the same particle before and after ATP applications, respectively. From [11].
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Histograms of the amplitude distvibution of ATP-induced myosin head power stroke at standard ionic strength
at the distal (A) and the proximal (B) region of the myosin head CAD. From [11].

such rigor linkages may be broken with time, and myosin heads detached from
actin first return to their neutral position and then again form rigor linkages with
actin just opposite to them. As a result, all myosin heads are expected to form rigor
linkages at their neutral position, where they exert no force, until the beginning of
EC experiments at >20 min after the filament mixing.

Since the amount of ATP released from the ATP-containing electrode was lim-
ited, the ATP concentration around myosin filaments was estimated to be <10 pM.
Reflecting this condition, only a small proportion of myosin heads could be acti-
vated by ATP, while the rest of them remained to form rigor linkages. Conse-
quently, the ATP-activated myosin heads may not produce gross filament sliding
but may only stretch adjacent elastic structures. Figure 11 is a typical example of
two IP records, taken before and after ATP applications. In accordance with this
expectation, the amplitude of ATP-induced myosin head power stroke was small,
being 3.3 + 0.2 nm (mean =+ SD, n = 732) at the distal region and 2.5 = 0.1 nm
(n = 613) at the proximal region of the myosin head CAD (Figure 12) [10]. If,
however, the ionic strength of experimental solution was reduced from 125 to
20 mM, the amplitude of myosin head power stroke increased to 4.4 + 0.1 nm
(mean =+ SD, n = 361) at the distal region and 4.3 + 0.2 nm, n = 305) at the proximal
region of the myosin head CAD (Figure 13) [10]. The increase in the amplitude of
myosin head power stroke by reduction of ionic strength is consistent with our
previous report that, at low ionic strength, the magnitude of Ca**-activated isomet-
ric tension in single-skinned fibers increases twofold, while the Mg-ATPase activity
remains unchanged, indicating that the force generated by individual myosin heads
increases twofold at low ionic strength [13].

Figure 14 shows diagrams showing two different modes of myosin head power
stroke depending on experimental conditions. In the standard ionic strength, the
amplitude of myosin head power stroke is larger at the distal region than at the
proximal region, so that myosin head CAD is oblique to actin filament at the end of
power stroke (A). At low ionic strength, the amplitude of myosin head power stroke
is the same at both the distal and the proximal regions (B) [10]. This may be taken
to imply that, under large loads, the myosin head CAD is oblique to actin filaments
at the end of power stroke, while under moderate loads, the myosin head CAD is
perpendicular to actin filaments.
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Figure 13.

Histograms of the amplitude distribution of ATP-induced myosin head power stroke at the distal (A) and the
proximal (B) vegion of the myosin head CAD. From [11].
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Figure 14.

Diagrams illustrating two different modes of myosin head power stroke, depending on experimental conditions.
(A) Diagram of myosin head structure consisting of the CAD, COD, and LD. Approximate attachment vegions
of antibodies 1 and 2 ave indicated by numbers 1 and 2, respectively. (B) The mode of myosin head power
stroke at the standard ionic strength. Note that the amplitude of power stroke is larger at the distal region than
at the proximal region of myosin head CAD. (C) The mode of myosin head power stroke at low ionic strength.

Note that the amplitude of power stroke is the same at both the distal and the proximal regions of the myosin
head CAD. From [11].

8. Conclusion

As has been described in this article, the experiments with the EC have the
following advantages over any other methods to obtain information about myosin
head power and recovery strokes, coupled with ATP hydrolysis: (1) it is possible to
visualize and record ATP-induced movement in individual myosin heads within an
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electron microscopic field under a high magnification (10,000 x); (2) using three
different antibodies to myosin head, it is possible to record myosin head movement
at three different regions within a myosin head, so that we can obtain information
about changes in the mode of myosin head power stroke depending on experimen-
tal conditions. The EC experiments can be effectively used to obtain information
not only about cardiac and smooth muscle myosins but also about other motile
systems such as ciliary and flagellar movements. We hope that the EC experiments
will be widely used to open new horizons in the research field of life sciences.
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Chapter 3

Correlative Light-Electron
Microscopy (CLEM) and 3D
Volume Imaging of Serial
Block-Face Scanning Electron

Microscopy (SBF-SEM) of
Langerhans Islets

Sei Saitoh

Abstract

Correlative light-electron microscopy (CLEM) is a developing technique for
combined analysis of immunostaining for various biological molecules coupled
with investigations of ultrastructural features of individual cells within a large field
of view. This study first introduces a method of CLEM imaging of the same endo-
crine cells of compact and diffuse Langerhans islets from human pancreatic tissue
specimens. The method utilises serial sections obtained from Epon-embedded
specimens fixed with glutaraldehyde and osmium tetroxide. Next, serial block-face
imaging using scanning electron microscopy (SBF-SEM) is advanced to enable
rapid and efficient acquisition of three-dimensional (3D) ultrastructural informa-
tion from Langerhans islets of mouse pancreas corresponding to the CLEM images.
Samples for SBF-SEM observations were postfixed with osmium and stained en
bloc and embedded in conductive resins with ketjenblack significantly reduced the
charging of samples during SBF-SEM imaging.

Keywords: correlative light-electron microscopy (CLEM), serial block face SEM
(SBF-SEM), compact and diffuse Langerhans islets, conductive resin

1. Introduction

Correlative light-electron microscopy (CLEM) is a developing technique for
combined analysis of immunostaining for various biological molecules coupled
with investigations of ultrastructural features of individual cells within a large field
of view. Combined analysis of immunostaining for various biological molecules
coupled with investigations of ultrastructural features of individual cells is a power-
ful approach for studies of cellular functions in normal and pathological conditions
of human Langerhans islets.

Next, serial block-face imaging using scanning electron microscopy (SBF-SEM)
is advanced to enable rapid and efficient acquisition of three-dimensional (3D)
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ultrastructural information from Langerhans islets of mouse pancreas correspond-
ing to the CLEM images of human. We confirmed the three-dimensional architec-
ture of compact islets (tail) and diffuse islets (head) of the pancreas from normal
adult C57BL/6 ] mice by SBF-SEM [1].

2. Langerhans islets have compact and diffuse type islets

A large number of endocrine cells, constituting 1-2% of the total volume of
the human pancreas in adults, are distributed in more than 1 million islets of
Langerhans, first described by Paul Langerhans in 1869. The pancreatic islets,
in turn, are distributed throughout the pancreas at variable densities in differ-
ent lobules, although the density in the tail portion is usually slightly higher [2].
Pancreatic islet endocrine stem cells differentiated to mature islet endocrine cells
produce four major peptide hormones: insulin ($-cell granule), glucagon (a-cell
granule), somatostatin (5-cell granule), and pancreatic polypeptide (PP-cell
granule), all of which show specific views by electron microscopy [3-5]. Human
and rodent pancreases are developed from two different embryological origins;
the dorsal origin develops the body and tail portions, whereas the ventral origin
derives the head portion of the pancreas. The majority of the pancreas is derived
from the dorsal anlage [3, 5-8]. The islets can be classified into two types [5].
“Compact” islets comprise the majority (90%); they are covered by nests of
connective tissues. Compact islets are composed of trabeculae of endocrine cells
interspersed with clear capsules between adjacent pancreatic exocrine acini
[9]. Other islets are “diffuse”; they have no nests separating them from adjacent
exocrine acini. However, the ultrastructure supporting “diffuse” pancreatic islets
including islet-encapsulating basement membranes, extracellular matrix, and
adjacent exocrine acini have not been elucidated in detail [5, 10-13]. Regenerating
islet-derived gene 1 alpha (REG1a) is secreted by the exocrine pancreas or f cells
and affects islet cell regeneration [14, 15], thereby regulating the development of
Langerhans islet architecture and diabetogenesis [10, 16, 17].

Conventional histochemical methods, such as aldehyde-fuchsin staining,
Hellerstrom-Hellman silver staining, and immunohistochemical labelling of
peptide hormones, are currently the major approaches used with light microscopy
to directly distinguish between types of endocrine cells [18, 19]. Although examina-
tion of multiple peptide contents in combination with investigation of the ultra-
structural features of individual endocrine cells would provide a detailed analyses
of physiological and pathological alterations of pancreatic islets in genetically
and epigenetically divergent samples such as human tissues, correlative light and
electron microscopy observations combined with double immunostaining using
fluorescently labelled secondary antibodies in the same Epon-embedded sample is
an improved technique for correlative light-electron microscopy mapping which has
been described before [20-24].

3. Correlative light-electron microscopy (CLEM)

For the last quarter century, correlative microscopy, combining the power
and advantages of different imaging systems (light, electron, X-ray, NMR, etc.),
such as confocal laser scanning microscopy (CLSM), super-resolution micros-
copy (SFM), transmission electron microscopy (TEM) and scanning electron
microscopy (SEM), atomic force microscopy (AFM), magnetic resonance
imaging (MRI), superconducting quantum interference devices (SQUIDs), and
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in vivo imaging (IVIS®) containing micro/nano CT (computed tomography),
has become an important tool for biomedical research (Figure 1) [25-31]. In
particular, the development of a series of hybrid approaches in technological
advancements of microscopy techniques, labelling tools, and fixation or prepa-
ration procedures allow correlating functional fluorescence microscopy data
and ultrastructural information from a singular biological event. A key role in
recent advancements of nanotechnology-based biomedical sciences is based on
information obtained by light or electron microscopy. As correlative light electron
microscopy (CLEM) approaches become increasingly accessible, long-standing
questions of biology and clinical medicine regarding structure-function relation
are being revisited [26, 31-36].

3.1 Sample preparation for CLEM
3.1.1 Fixation

For good observation of a biological sample in CLEM, fixation remains the
ultrastructure of cells or tissue as close to the living material as possible, and sub-
sequent dehydration and embedding. For light microscopy, the chemical fixation
was originally designed to preserve the molecular structures of cells and tissues
as well as the immunolocalization of components during the subsequent steps of
preparation, such as alcohol dehydration and paraffin embedding [37-39]. On the
other hand, double fixation with GA and OsSO, is suitable for EM observation of
the ultrastructure of biomaterials. During the whole process of the fixation and
embedding, tissue antigens undergo physicochemical modifications which results
in masking of the mostly linear epitopes carried by the tissue components. For that
reason, the fixative of immunoelectron microscopy (immuno-EM) is routinely
limited to low concentration (0.05~0.5%) glutaraldehyde (GA) and formaldehyde
(FA) before antigen-antibody reaction because osmium tetroxide (OsO4) markedly
reduce antigen-antibody response [40, 41].
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Figure 1.

chle—based representative objects and corresponding microscopic tools for CLEM imaging: atomic force
microscopy (AFM), transmission electron microscopy (TEM) and scanning electron microscopy (SEM),
magnetic resonance imaging (MRI), superconducting quantum interference devices (SQUIDs), confocal laser
scanning microscopy (CLSM), super-resolution microscopy (SFM), and in vivo imaging (IVIS®) containing
micro/nano CT (computed tomography). (a) H,0, water molecule (~2 A), (b) DNA double helix (2-10 nm),
(c) dendrimer (1-10 nm), (d) liposome (50—500 nm), (e) gold particle (50-200 nm), (f) cell (5-50 um), and
(g) a mouse (2—10 cm).
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3.1.2 Antigen-antibody assay

The quality of correlative image matching critically depends on the ability to
maintain the native organisation of cell or tissue during fixation and subsequent
sample preparation. Basically, CLEM imaging based on immuno-EM is three differ-
ent approaches on antigen-antibody assay: (I) serial sectioning, (II) pre-embedding,
and (IIT) post-embedding because TEM imaging is necessary for section-based assay
such as ultra-thick sectioning of the embedded samples [26, 35, 42, 43].

I. Serial sectioning

Serial sectioning for CLEM was reported by Baskin D.G et al. (1979), using
immunocytochemistry with osmium-fixed tissues, and broadly used for bioscience
and clinical medicine embedding in Epoxy resin [20-24, 45].

II. Pre-embedding

In the pre-embedding method, all of the immunostaining is done prior to
embedding the tissue. For pre-embedding labelling, all of the immunostaining
is done prior to embedding the tissue in resin for ultrathin sectioning on TEM or
preparing the samples on SEM. Antigen-antibody reaction is limited by antibody
penetration, as usually under 10 pm thickness.

I1I. Post-embedding

In the post-embedding method, the antigen-antibody reaction is performed on
plastic or Tokuyasu cryosections after embedding [46, 47, 99].

3.1.3 Antigen masking

The chemistry of epitope masking itself has been poorly understood. The
molecular mechanisms behind antigen masking was that the formaldehyde easily
cross-linked amino residues of soluble and structure molecules [48], resulting in
artificial changes of the molecular structures.

Antigen masking mechanisms are assumed mainly as follows: (I) molecular
modifications of the antigen-carrying proteins upon fixation and embedding, (II)
intramolecular modifications leading to antigen masking intrinsic to the protein,
and (III) intermolecular effects on other proteins located in close contact with the
antigen-bearing one.

3.1.4 Antigen vetrieval

To obtain antigen-antibody reaction, some antigen retrieval techniques
are frequently used such as enzyme treatment, quick freezing and freeze sub-
stitution, freeze-thaw technique, and heating by a microwave apparatus or a
high-pressure oven [38, 39, 49-53]. Heat-induced antigen retrieval (HIAR) was
developed as a method frequently used for LM and EM samples [49, 51, 53]. The
antigen retrieval effect was assumed to be caused by breaks of the cross-linked
molecules. Precise mechanisms of (HIAR) is that the extended polypeptides
by heating are charged negatively or positively at basic or acidic pH and that an
electrostatic repulsion force acts to prevent random entangling of polypeptides
caused by hydrophobic attractive force and to expose antigenic determinants,
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during cooling process of HIAR solution. HIAR is a powerful tool to all types of
immuno-EM for antigen-antibody assay [54-56].

3.2 CLEM using genetically labelled tag

Many biological functions depend critically upon fine details of cell and tissue
molecular architecture that developed imaging technique revealing evolutionally.
To overcome the limitation of immune assay and capture in vivo imaging and
subsequent data acquisition, genetically labelled tag (GFP, mini-SOG, and APEX?2)
is applied broadly to intact living cells, tissues, and animal models (Drosophila,
Caenorhabditis elegans, zebrafish, and rodents) for 3D CLEM imaging. GFP is con-
verted to HRP-DAB reaction products by photoconversion or by immunolabelling
with anti-GFP antibody. New generation of genetically labelled tags (mini-SOG and
APEX?2) are specialised for CLEM imaging [57-63, 97, 98].

I. Mini singlet oxygen generator (mini-SOG)

Mini-SOG is a small flavoprotein (106 amino acids) derived from Arabidopsis
phototropin 2 capable of singlet oxygen production upon blue light irradiation
to generate the polymerisation of diaminobenzidine into an osmiophilic reaction
product resolvable by EM.

II. APEX2

APEX is an engineered peroxidase that functions as an electron microscopy tag
and a promiscuous labelling enzyme for live-cell proteomics. APEX2 (enhanced
ascorbate peroxidase) is an engineered peroxidase that catalyses DAB reaction to
render target structures electron-dense.

3.3 CLEM using formalin-fixed paraffin-embedded sample (FFPE) for clinical
medicine

Using haematoxylin and eosin staining or fluorescence immunostaining of
paraffin sections of formalin-fixed paraffin-embedded sample (FFPE) for clinical
medicine and simple low-vacuum scanning electron microscopy revealed a three-
dimensional survey method for assessing cell/tissue architectures. The CLEM meth-
ods are applied widely to human biomaterial resources for clinical medicine [64, 65].

3.4 CLEM using glutaraldehyde and osmium tetroxide-fixed Epon-embedded
samples for human Langerhans islets

This study is a developing method of correlative light and electron microscopy
imaging of the tissue specimens. The method utilises serial sections obtained from
Epon-embedded specimens fixed with glutaraldehyde and osmium tetroxide [1].

3.4.1 Tissue preparation

Small pieces of human and mouse pancreatic tissue were prefixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4) for 1 h and postfixed with 1%
osmium tetroxide in 0.1 M PB for 1 h. The specimens were routinely dehydrated by
passing the tissue through a series of solutions with increasing ethanol concentra-
tions and then embedded in Epon 812 epoxy resin. To examine the specimens, thick
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Epon sections were first cut at 0.5-pm thickness and routinely stained with tolu-
idine blue (TB). These sections were checked and trimmed to visualise Langerhans
islets during the next step.

To identify compact and diffuse Langerhans islets, Epon sections of the human
pancreas were prepared, routinely fixed with glutaraldehyde and OsO4, stained with TB,
and observed with a light microscope (Figure 3). The compact islets were revealed as
large collections of endocrine cells having round to oval shapes (Figure 3A, black arrow-
heads). Their nuclei have homogeneous chromatin patterns with nucleoli, and the cells
have moderately light cytoplasm. In contrast, diffuse islets were composed of trabeculae
of endocrine cells interspersed between adjacent acini (Figure 2B, red arrowheads).

3.4.2 Improved serial sectioning techniques

Then, ultrathin sections were cut at 70-80-nm thickness with a diamond knife on
an ultramicrotome and mounted on @1 x 2 mm single-slit copper grids with a Formvar
film covered by evaporated carbon (Figure 2A). Then, serial 0.5-pm thick sections
were cut and put on MAS-coated glass slides (Matsunami Adhesive Slides, Matsunami
Glass, Osaka, Japan) for subsequent immunohistochemical staining (Figure 2B).
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Figure 2.

Schematic representation of serial sectioning techniques for correlative light-electron microscopy mapping of
human Langerhans islets. A: Schematic images illustrating an ultrathin section of a Langerhans islet mounted
on a @1 x 2 mm single-slit copper grid with a Formvar film covered by evaporated carbon. B: Flow chart of

pretreatments and immunohistochemical staining procedures applied to serial thick sections after ultrathin
sectioning of Epon blocks.
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The ultrathin sections of the human pancreas tissues on copper grids were double-
stained with uranyl acetate and lead citrate and, finally, observed under a H-7500
transmission electron microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of
80 kV. Electron microscopy images and montages of Langerhans islets were edited by
Photoshop imaging software (Adobe Systems Incorporated, San Jose, CA, USA).

3.4.3 Immunohistochemistry in Epoxy thick sections

Immunohistochemistry in serial thick sections of Epon blocks. The 0.5-pm
thick Epon sections on MAS-coated glass slides were placed on a heating plate and
heated to 60-80°C for 15 min. During immunohistochemical staining of the peptide
hormones (insulin and glucagon) and REGla, we noted that two pretreatments
after the removal of Epoxy resin, including antigen retrieval by autoclaving and
extraction of osmium tetroxide with hydrogen peroxide (Figure 3).

3.4.3.1 Pretveatments
I. Removal of Epoxy resin

Epoxy resin was then removed from the sections by treatment with a mixture of
ethoxide and absolute ethanol (1,2, v/v) for 30 min, washed in pure ethanol, and
rehydrated in phosphate-buffered saline (PBS, pH 7.4). Prior to using the ethoxide/
absolute ethanol mixture, saturated sodium ethoxide was aged for approximately
2 weeks until it turned dark brown [20].

II. Antigen retrieval by autoclaving

The specimens underwent two optional pretreatments. For antigen retrieval
pretreatment, the specimens were autoclaved in 10 mM sodium citrate buffer
(pH 6.0) at 120°C for 10 min and rinsed in PBS.

III. Extraction of osmium tetroxide

To extract osmium tetroxide, the specimens were placed in 0.3% hydrogen
peroxide for 10 min and rinsed in PBS.

Figure 3.

Differences between compact and diffuse islets in human pancreas revealed by light microscopy observations of
toluidine blue-stained thick sections routinely embedded in Epon. A: The compact islet appears round to oval
and is composed of endocrine cells surrounded with a capsule of connective tissue (black arrowheads). Blood
capillaries (black arvows) separate the islet into seveval lobules. Endocrine cells have moderately light cytoplasm.
B: The diffuse islet is composed of a mass of endocrine cells interspersed between adjacent exocrine acinar-like
cell clusters without a clear capsule (ved arrowheads) in structures that appear like acinar ducts. Bars = 20 pm.
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3.4.3.2 Immunoperoxidase-3,3 -diaminobenzidine (DAB) staining

For immunoperoxidase-3,3’-diaminobenzidine (DAB) staining, the specimens
were treated with 3% fish gelatin (Sigma-Aldrich, St. Louis, MO, USA) in PBS for
10 min, followed by incubation with each primary antibody (insulin, glucagon,
and REGla) in PBS at 4°C overnight. Immunocontrols were performed using the
same procedure with the exception that incubation with the primary antibody was
omitted. The specimens were then incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody in PBS for 1 h and visualised by exposure to metal-
enhanced DAB (Pierce, Rockford, IL, USA) for 5 min. Finally, the specimens were
incubated in 0.04% osmium tetroxide in 0.1 M PB for 30 sec to enhance contrast of
the DAB reaction products.

The immunoreactivity of the HRP-DAB reaction was dramatically enhanced by
autoclave treatment, and the effect was more prominent in insulin immunostaining
(Figure 4D and E, insets; arrows) than in glucagon immunostaining (Figure 4F
and G, insets; arrows). Immunocontrols not incubated with primary antibodies
have reduced backgrounds caused by secondary antibody conjugated-HRP-DAB
reaction products and osmification (Figure 4B and C).

3.4.3.3 Double-fluorescence immunostaining

For single- or double-fluorescence immunostaining experiments, de-osmified
thick sections were treated with 3% fish gelatin in PBS for 10 min, followed by
primary antibodies in PBS at 4°C overnight. Immunocontrols were performed using
the same procedure with the exception that incubation with the primary antibody
was omitted. As secondary fluorescently labelled antibodies, we used Alexa Fluor®
594 and Alexa Fluor 488-conjugated secondary antibodies. Immunostained sec-
tions were sealed with VECTASHIELD mounting medium (Vector Laboratories).
Fluorescence signals for Alexa Fluor 488 or Alexa Fluor 594 were observed with
a BX-61 fluorescence microscope (Olympus, Tokyo, Japan). After obtaining
fluorescence images, some thick sections were additionally stained with TB for
re-examination of morphology (Figure 2B).

Combined analyses using immunohistochemical localisation of hormones and
ultrastructure of endocrine cells in animal pituitary glands have been previously
reported (Baskin et al., 1979). In those studies, to achieve simultaneous examina-
tion, Epon thick sections were prepared from tissues fixed with glutaraldehyde and
0s0, and peroxidase-DAB immunostaining was used for light microscopy, while
electron microscopic observations were carried out in serial ultrathin sections
[20]. Conventional double fixation was useful because lipid membranes, such as
the plasma membrane of cells and vesicles, are well preserved. Epon-embedded
sections are frequently used for ultrastructural analyses by electron microscopy
because they exhibit well-preserved tissue morphology. However, the weak tissue
antigenicity of Epon-embedded sections poses a problem for immunoassays. There
have been attempts to improve immunolabelling of epoxy sections by etching
hydrophobic Epoxy resin with different alkali solutions [66], retrieving antigenicity
by sodium metaperiodate [21, 67], protease treatments [68], or heating (autoclav-
ing or microwaving) thick or ultrathin sections for immunoelectron microscopy
with various salt solutions [45, 56, 69-71]. In the present study, in addition to
etching the hydrophobic Epon, we utilised autoclaving and pretreatment with
hydrogen peroxide to enhance endocrine peptide immunoreactivity. It is believed
that heating treatment retrieves immunoreactivity of masked antigens by exposing
epitopes hidden because of cross-linking with aldehyde fixatives, whereas hydrogen
peroxide treatment may increase immunoreactivity by reducing osmification of
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Figure 4.

Enhancement of immunostaining for insulin and glucagon in serial thick sections of a typical compact human
pancreatic islet by autoclave treatment. A: Insulin-positive staining in a section that underwent autoclave
treatment (AC). B: Immunocontrol incubated with secondary antibody without the primary antibody. C:
Differential interference contrast microscope (DIC) image of the immunocontrol section. D: Weak insulin
immunoreactivity in an untreated section. E: Stronger insulin immunoreactivity in a section that underwent
AC—tiny granular patterns ave move clearly detected throughout the cytoplasm of p cells (inset, arrows). F:
Improved immunoreactivity for glucagon in the cytoplasm of cells in an untreated section. G: Clear granular
pattern of immunoreactivity for glucagon in a section that underwent AC (inset, arrows). Bars = 20 yum
(A-G); 10 um (D-G, insets).

the target molecules [56, 69]. These pretreatments of Epon section are broadly
applied to antibodies of immunohistochemistry not only for peptide hormones
but also for several organelle markers: mitochondria, lysosome and peroxisome, or
membrane proteins (aquaporin-1, aquaporin-2 and megalin) or soluble proteins—
immunoglobulins (IgA and Ig kappa light chain), J chain, and albumin [45, 68, 71].
Overall, we demonstrated that a combination of double fixation, embedding in
Epon, and immunohistochemistry with effective pretreatments was a very useful
and robust approach for the simultaneous examination of cellular ultrastructure
and antigen distribution in individual cells of the human pancreas. Points to be
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aware of regarding to pitfall or the limitations of this method: (I) carefully select for
combination of first antibodies in double-fluorescence immunostaining, matching
for the pretreatment conditions (heating or de-osmification) and (II) weaker DAPI
staining for nucleus fluorescence staining after autoclaving [1].

4. CLEM revealed various types of secretory granules in individual
endocrine cells of compact and diffuse Langerhans islets of the
human pancreas

Correlative light and electron microscopy observations revealed various types of
secretory granules in individual endocrine cells of compact and diffuse islets from
specimens of the human pancreas (Figures 5 and 7).

4.1 Compact type of Langerhans islet

The use of our modified immunostaining protocol allowed clear observations
of the ultrastructure of endocrine cells immunopositive for insulin, glucagon,
and REGla in serial thick and ultrathin sections in compact Langerhans islets of
human pancreatic tissue (Figure 5). Inmunostaining signals for insulin in p-cell
granules and for glucagon in a-cell granules did not colocalize in the islet cells
(Figure 5A, D-F), while patterns of immunostaining for insulin and REGla
overlapped in large parts of double-immunopositive endocrine cells
(Figure 5G-I). Immunopositive staining for insulin and glucagon was positive
for most islet areas whose ultrastructures were determined in serial ultrathin
sections of the same islet (Figure 5A, D-F, J, and K). The compact islet illus-
trated in Figure 4 had a higher ratio of cells positive for glucagon or insulin
compared to cells from the compact islets shown in Figure 3. Areas of o or f cells
on electron microscopy images were almost completely identical to the areas
immunopositive for insulin and glucagon (Figure 5A, D-F, J, and K). These
correlative observations revealed that islet cells with low and high immunoreac-
tivity for glucagon included round-shaped granules with low and high electron
density (Figure 5P-R; blue arrows), whereas insulin-positive cells with p-cell
granules (Figure 50; red arrows) and condensing vacuoles (Figure 50, white
arrows). Immunocontrols that were not incubated with primary antibodies have
less background related to the Alexia 488- and Alexia 594-conjugated secondary
antibodies and, in particular, because of secondary antibody cross-reactivity to
native human immunoglobulins trapped in pancreatic tissues around the blood
vessels and fixative autofluorescence.

Some endocrine cells of compact islets exhibited weak immunostaining for
glucagon, and two types of round granules—with high and low electron densities—
were observed in the same glucagon-positive cells identified in the corresponding
areas of serial sections (Figure 5). During development and diabetogenesis, a cells
may transdifferentiate into f cells for islet regeneration [21, 72]. Granules with a
low electron density contain glucagon, glucagon-like peptide (GLP)-1, intervening
peptide 2, GLP-2, and preproglucagon which is considered to be undergoing post-
translational processing because preproglucagon-containing granules are typically
revealed as large a-cell granules with a lower electron intensity [3, 73-75]. In
addition, some of the round granules with a low electron density may correspond to
8-cell granules, whose sizes are smaller than those of a-cell granules [76]. We con-
sider that these -cell-like granules, which contain somatostatin, would potentially
inhibit insulin and glucose secretion, express autocrine or paracrine to somatostatin
receptors (SSTRs), and interact with the architecture of the islet [3, 77].
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Figures.

C'o%frelative light-electron microscopy mapping of a compact islet using serial Epon sections from a human
pancreatic tissue specimen. Ultrastructural observations and double-immunofluorescence staining for insulin,
glucagon, and REG1a were carried out. A: Merged image of insulin- and glucagon-positive staining. B: Merged
image of immunocontrol (ved and green) exposed to two secondary antibodies without primary antibodies. C:
Differential interference contrast microscope (DIC) image of immunocontrol section shown in (B). Islet cells

with granular immunopositive staining for insulin (A, D, E G, I; ved) are immunopositive for REG1a (H, I;
green), but not for glucagon (A, E, F; green), whereas the immunostaining patterns of insulin and REG1a largely
overlap (I; yellow). Electron microscopic montages (], K) obtained from the same field of the serial section shown
in (F). The magnified image (], K) corresponds to the white boxes in (F). The compact islet has a capsule of
conmective tissue (J, K; yellow asterisks). Mapping images of f cell granules (], K; pseudo-coloured red) and a-cell
granules (], K; pseudo-coloured green) manually coloured by Photoshop. Distribution patterns of insulin- (red)
and glucagon-positive (green) cells (A, D-F) are clearly identified in the electron micrographs (J, K). Highly
magnified electron microscopy images (O—R) corvespond to the white boxes in (L) and double-immunopositive
staining images (M). N: Toluidine blue staining for the same section (F) of insulin-positive cells (M; red) included
p-cell granules (O; red arrows) and condensing vacuoles (O; white arrows), while glucagon-positive cells (M;
green) included small numbers of round-shaped granules with low (P; blue arrows), with intermediate (Q; blue
arrows) and high (R; blue arrows) electron densities. Bars = 20 ym (A-D, G); 1 ym (J-L).
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4.2 Diffuse type of Langerhans islet

Immunoreactive staining for insulin and glucagon was also clearly observed in
endocrine cells of diffuse islets, while exocrine cells of adjacent glandular acini were
not immunostained (Figures 6 and 7). The immunoreactivities for REGla and insu-
lin showed different distributions in the same endocrine cells in serial thin sections of
diffuse islets (Figure 5B and C). Fluorescently immunostained sections were subse-
quently stained with TB, and islet structures were found to be well preserved follow-
ing double-fluorescence immunostaining (Figure 7G and H). Electron microscopy
observations of serial ultrathin sections were performed to reveal structural details
of diffuse islets in addition to identifying the hormones produced by the respective
cells (Figure 7). It was found that p cells double-positive for REGla and insulin were
also the cells that exhibited zymogen-like condensing vacuoles (200-500 nm in size)
and many organelles, such as mitochondria, Golgi apparatus, endoplasmic reticulum
(ER), and lipofuscin granules (Figure 7] and L, white arrows) [78]. In addition,
these endocrine cell granules in contact with exocrine acinar-like cell clusters have
electron-dense cores and clear halos. However, insulin and REGla double-positive
endocrine cells consisted of several granular morphologies of human islet endocrine
cells. We classified the granules of human islets into four types (a-, f-, 8-, and PP-cell
granules) as described previously [3, 5, 74, 76] where (I) a-cell type (glucagon
secretory), electron-dense without a clear halo occasionally presenting with a grey
halo (Figure 6K, red arrowheads); (II) f-cell type (insulin secretory), granules of
this type have electron-dense cores with a crystalline shape (Figure 7K-N, blue
arrowheads); (III) §-cell type (somatostatin secretary), larger and electron-opaque
(Figure 7K, L, and N, cyan arrowheads); and (IV) PP-secretory cell type, spherical
and smaller granules with a small halo (Figure 7L, green arrowheads). Interestingly,
islet endocrine cells in contact with adjacent exocrine acinar-like cell clusters
(ATLANTIS) contained zymogen-like granules (Figure 7M, yellow arrow), and
cell-to-cell contacts were also detected (Figure 7N, white arrows).

Correlative light and electron microscopy analyses of serial thick and ultra-
thin sections showed intracellular organelles and membrane interdigitations
near cell-to-cell contact areas as well as typical a- or p-cell granules in individual
insulin- and glucagon-positive endocrine cells located in both compact and diffuse
islets (Figures 5 and 7). Human Langerhans islets contain polygonal endocrine
cells that are demarcated by intercellular structures, such as tight junctions, gap
junctions, and membrane structures, including interdigitations and invaginations
[44]. In diffuse Langerhans islets, we found that some endocrine cells appear to

Insulin N

oy

Figure 6.

Dif‘fevent distributions of HRP-DAB-immunoreaction products for REG1a and insulin in the same endocrine
cells of diffuse type islet in serial thick sections of a diffuse human pancreatic islet. The diffuse islet is composed
of a mass of endocrine cells interspersed between adjacent exocrine acinar-like cell clusters without a clear
capsule (A; arrowheads). Islet endocrine cells show granular immunopositive staining for REG1a (B) or insulin
(C), while acinar-like cells in contact with islet endocrine cells were not immunostained. TB: toluidine blue
staining. Bars = 20 um.
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Figure7.

Correlative light-electron microscopy mapping of a diffuse islet using serial Epon sections from a human
pancreatic tissue specimen. Ultrastructural observation and double-immunofluorescence staining for insulin,
glucagon, and REG1a were carried out. Granular immunoreactivities for insulin (A, C; red) and glucagon

(B, C; green) are sparse and dense vespectively, while the immunostaining patterns of insulin (D, F; red) and
REG1a (E, F; green) largely overlap. G: A light micvoscopy image of the same thick section stained with toluidine
blue (TB) after microscopy observation of fluovescence immunostaining (A-C). The diffuse islet is composed of

a mass of endocrine cells in contact with adjacent exocrine acinar-like cell clusters without a clear capsule (red
arrowheads). H: Superimposed image of (C) and (G). I: An electron microscopy image of the black-boxed area
shown in (G) obtained from a serial ultrathin section demonstrating the ultrastructural features of insulin- and
glucagon-positive endocrine cells in a diffuse pancreatic islet. The diffuse islet is composed of a mass of endocrine
cells interspersed between adjacent exocrine acinar-like cell clusters without a clear capsule (ved arrowheads). J:
An electron microscopy montage showing a pancreatic islet corvesponding to the rectangle of TB staining shown in
(G). Endoplasmic veticulum and Golgi apparatus ave indicated by blue and ved arrowheads, respectively. K: A
higher-magnification image of the vespective boxed area in (]) illustrating an a cell containing a-cell granules (ved
arrowheads) in contact with a f cell containing f-cell granules (blue arrowheads) and condensing small vacuoles
(cyan arrowheads). L: A higher-magnification image of the respective boxed avea in (]) illustrating a p cell with
p-cell granules (blue arrowheads) and spherical and smaller granules with small halo (green arrowheads) in
contact with an a cell containing a-cell granules (ved arrowheads). M: A higher-magnification image of the
respective boxed avea in () illustrating a p cell with p-cell granules (blue arvowheads) and a zymogen-like granule
(yellow arrow) in cell-to-cell contact with an exocrine acinar-like cell containing zymogen-like granules. N:
Interdigitation of cell membranes (white arrows) containing p-cell granules (blue arrowheads) and 200-500-nm
condensing vacuoles (cyan arrowheads) between two f cells. Bars = 50 ym (A, D, G); 5 um (1); 2 ym (J); 500 nm
(K, N); 1 pm (L, M).

have direct cell-to-cell contacts with adjacent endocrine and exocrine acinar-like
cells (Figure 7). These results indicate that electric or metabolic coupling exists not
only between adjacent endocrine cells but also between endocrine cells and the sur-
rounding pancreatic exocrine acinar-like cell clusters [10, 44]. We also identified
insulin and REGla double-positive cells that contained zymogen-like condensing
granules in the endocrine islet cells, with several types of granules morphologically
classified as B-, 8-, and PP-cell like granules (Figure 6).
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5. Three-dimensional scanning electron microscopy (3D SEM) with
volume imaging

Scanning electron microscopy (SEM) is a powerful technique for three dimen-
sional CLEM imaging. SEM is traditionally used for imaging detecting the surface
of cells, tissues, and the whole multicellular organisms by secondary electron beam.
Recently, the critical advancement includes serial ultrastructural observation with
scanning electron microscopy (SEM) using backscattered electron with specific
tissue preparation methods to increase heavy metal deposition for efficient SEM
imaging. In brief, three volume SEM methods: serial block-face electron microscopy
(SBF-SEM), focused ion beam SEM (FIB-SEM), and array tomography using serial
sectioning are illustrated in Figure 8 [79-85, 96].

Array tomography Serial block face SEM Focused ion beam SEM
k: Sections i
oo : e o
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Figure 8.

A gil;gmmmatic representation of three-dimensional scanning electron microscopy (3D SEM) techniques: array
tomography (left), serial block face SEM (middle), and focused ion beam SEM (vight). Array tomography is a
volumetric micvoscopy method based on the ultrathin sections physically serial sectioned on an ultramicrotome

and collected manually onto a substrate (e.g. a slide or coverslip) or onto a tape using an automated system, such as
the ATUMtome. SBF-SEM consists of an ultramicrotome mounted automatically to cut the surface of vesin block
sample with diamond knife inside the vacuum chamber of a SEM. FIB-SEM is with an attached gallium ion
column and the two beams. These electrons and ions (FIB) are focused on one coincident point of vesin block sample.

6. Serial block-face scanning electron microscopy (SBF-SEM) revealed
novel architecture of Langerhans islets

Serial block-face imaging using scanning electron microscopy (SBF-SEM)
is advanced to enable rapid and efficient acquisition of three-dimensional (3D)
ultrastructural information of large field of 3D volume imaging such as Langerhans
islet over 100 pm size, providing a highly spatial resolution of the ultrastructure of
diffuse islets from the head portion of mouse pancreas, which has a ventral origin
(8, 86, 87].

6.1 Sample preparation using conductive Epon with carbon (ketjenblack)

Samples for SBF-SEM observations were postfixed with osmium and stained en
bloc, as described previously. Briefly, mouse pancreatic tissues were prefixed with
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2.5% glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4) overnight, and tissues
were washed with cacodylate buffer (pH 7.4). Notice that perfusion-fixation is
easy to open the vessels and cell-to-cell contacts due to pressure artefacts. Tissues
were then treated with 2% OsO4 (Nisshin EM, Tokyo, Japan) in 0.1 M cacodylate
buffer containing 0.15% K4[Fe(CN)6] (Nacalai Tesque, Kyoto, Japan) for 1 h on
ice and 0.1% thiocarbohydrazide (Sigma-Aldrich) for 20 min and 2% OsO4 for

30 min at room temperature. Thereafter, the tissues were treated with 2% uranyl
acetate at 37°C for 3 h. Tissues were then treated with lead aspartate solution at
60°C for 30 min. The specimens were routinely dehydrated by passing the tissue
through a series of solutions with increasing ethanol concentrations; infiltrated
with acetone dehydrated with a molecular sieve, a 1:1 mixture of resin and ace-
tone, and 100% resin; and then embedded in Epon 812 epoxy resin with carbon
(ketjenblack) at 60°C for 3 days/overnight. Epon 812 epoxy resin with/without
carbon (ketjenblack) enables for three-dimensional (3D) ultrastructural informa-
tion of a large field of 3D volume imaging such as Langerhans islet over 100 pm
size. Following trimming of islets from mouse pancreas, samples were imaged
with a Sigma™VP (Carl Zeiss, Munich, Germany) equipped with 3View (Gatan
Inc., Pleasanton, CA, USA). The serial images of SBF-SEM were handled with Fiji/
Image] and segmented and reconstructed to 3D images using MIB (http://mib.
helsinki.fi/) and Amira software.

Samples for SBF-SEM observations were postfixed with osmium and stained en
bloc and embedded in conductive resins with ketjenblack significantly reduced the
charging of samples during SBF-SEM imaging. Conductive resins were produced
by adding the carbon black filler, ketjenblack, to resins commonly used for electron
microscopic observations of biological specimens. Carbon black mostly localised
around tissues and did not penetrate cells, whereas the conductive resins signifi-
cantly reduced the charging of samples during SBF-SEM imaging. When serial
images were acquired, embedding into the conductive resins improved the resolu-
tion of images by facilitating the successful cutting of samples in SBF-SEM [1, 88].

6.2 ATLANTIS in diffuse type of Langerhans islet

Endocrine cells from diffuse islets were also in contact with adjacent exocrine
acinar-like cell clusters (ATLANTIS) without a clear capsule (Figure 8D-I). The
morphologies of granules in endocrine cells of diffuse islets (Figure 8F) mainly
consisted of three types: (I) granules with a spherical dense core and a small halo
similar to PP-cell granules (Figure 9F, green arrowheads), (II) granules with a low
electron-dense core without halo similar to §-cell granules (Figure 8F, cyan arrow-
heads), and (III) granules with a spherical or crystal-shaped dense core with a clear
halo similar to B-cell granules [87].

Serial SBF-SEM images revealed that zymogen-like granules are broadly
distributed in these endocrine islet cells in contact with acinar-like cells. The
zymogen-like granules have an isotropic distribution from ATLANTIS to the islet
cells through direct contact with lamellar ERs in diffuse islets of the pancreatic head
portion in adult normal mice derived from ventral origins (Figure 9G-I). Electron
microscopic observations showed the same architecture in human diffuse islets in
contact with acinar-like cells without a clear capsule. The typical diffuse endocrine
islet in contact with acinar-like cells showed typical features of being rich in PP
with a paucity of glucagon [3, 8]. Further, endocrine islet cells colocalised most
of the PP-cell-like granules and zymogen-like granules directly through cell-to-
cell contact sites with lamellar ERs, even if zymogen-like granules were excreted
from the ATLANTIS. Using the correlative light and electron microscopy imaging
described in the present study, additional basic and clinical studies for the precise
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Figure 9.

Se;g"ial block-face scanning electron microscopy (SBF-SEM) observations of compact and diffuse islets from
pancreatic tissues of a Cs57BL/6 ] mouse. A: The compact islet is composed of a mass of endocrine cells with

a clear capsule from the tail portion of the pancreas. B: a cells and p cells localised in the corner of an islet in
contact with a capsule. C: a-cell granules (blue arrowheads) are electron-dense without a core, while p-cell
granules (ved arrowheads) show angular-shaped coves with a clear halo. D—E: The diffuse islet is composed
of a mass of endocrine cells in contact with adjacent exocrine acinar-like cell clusters (ATLANTIS) (red
arrowheads) without a clear capsule (blue arrowheads). F: The islet endocrine cells contain three type of
granules: (1) spherical smaller granules with a small halo (green arrowheads), (2) slightly electron-opaque
but spherical granules without a halo having a similar size to a-cell granules (cyan arrowheads), and (3)
granules with zymogen-like granules (yellow arrows). The ATLANTIS containing f-cell granules (ved
arrowheads). G: Montage picture of the islet endocrine cells and ATLANTIS in the diffuse islet (D) showing
every 10 serial images of a total of 70 images at 50-nm thickness each. The ATLANTIS containing zymogen-
like granules (G1oth, white arrows), isotopically localised to the islet cells (Gioth, blue arrows), and in
direct contact with endocrine cells with lamellar endoplasmic veticuli (Gioth, red arrowheads). Islet cells
are partially separated from the acinar-like cell clusters with connective tissues by blood vessels (Gzoth, blue
arrowheads). H: Magnified image of (G1oth). I: Three-dimensional reconstruction of serial images indicating
the zymogen-like granules (shown in ovange) inside the islet endocrine cells in contact with ATLANTIS.

identification of the observed granules in glucagon- and insulin-positive cells as
well as the immunohistochemical detection of peptide components in human
Langerhans islets for detailed clinical analyses of diabetes mellitus and chronic
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kidney or intestinal diseases closely related to metabolic disorders warrant further
investigation [4, 5, 10, 16, 71, 78, 79, 89-93].

Interestingly, recently developed super-resolution microscopy (SFM) enables a
detailed analysis distribution of biological molecules at an even higher resolution
(e.g. alateral resolution of 20-50 nm) by stochastic optical reconstruction micros-
copy when it is combined with new light microscopy technologies for nano-level
analyses, an approach which may be applied to chemically fixed and Epon-
embedded specimens [30, 33, 94, 95]. In combination with immunohistochemistry
and in situ hybridization in Epon sections, the correlative microscopy observation
method would be a more powerful approach capable of revealing human islet
regeneration under genomic and transcriptome control such as SSTR expression in
B cells from human islets [3, 70, 77].
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Chapter 4

Transmission Electron
Tomography: Intracellular Insight
for the Future of Medicine

Abeer A. Abd El Samad

Abstract

Transmission electron microscopy (TEM) gives a good image for ultra-intra-
cellular organelles in two-dimensional projections, but to get a three-dimensional
structural information, we should use the high-voltage transmission electron
tomography (TET). The use of TET is important to resolve the questions about the
relation between the different cell organelles and their mechanisms of action to
correlate structure to function for medical treatment solutions.

Keywords: transmission electron tomography, organelles, three-dimension,
cells, histologists

1. Introduction

Transmission electron microscopy (TEM) had been largely responsible for
shaping our views of organelle architecture, as it could provide the highest resolu-
tion within a spectrum of complementary tools used in the structural study of
organelles in biological specimens. The images are two-dimensional projections,
which pass through a relatively small slice of the specimen, and features from dif-
ferent levels are superimposed. This has enabled histologists in many circumstances
to regard the third dimension as constant and interpret the image accordingly. In
conventional thin-section TEM, the sections were generally much thinner than the
specimen, and overlap of features was a problem. When the high voltage electron
microscopes were used, the specimen with thick section-cut could be better exam-
ined. But the overlapped details of these images in two-dimensional images were
more difficult to be interpreted. Transmission electron tomography (TET) resolved
many of the limitations observed with serial thin section reconstruction by using
sections thick enough (from 200 to 2000 nm) to contain a significant fraction of the
organelle within the section volume allowing computing three-dimensional (3D)
reconstructions of objects from their projections recorded at several angles by the
use of high voltage (400-1000 kV) TEM [1].

Specimens were incrementally tilted in ET by a range up to +60°, and many
images were taken at each tilt. So, these serial images represented the whole speci-
men from different views. These serial images were aligned and then re-projected to
give a 3D reconstruction or what is called a tomogram of the specimen. Therefore,
the electron tomography represented the most available technique with high resolu-
tion to examine the biological specimens as cells [2, 3].
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2. Specimen preparation

The most common methods for preserving cell structure for TEM and TET were
based on chemical fixation using glutaraldehyde for primary fixation and osmium
tetroxide for secondary fixation. Following fixation, water was replaced by an
organic solvent that was then replaced with a resin (Figure 1) [4].

Frozen-hydrated specimen was another method of preparation as a hydrated
specimen was frozen rapidly enough, and then the liquid water was transformed
into a vitreous solid state with a structure and density similar to those of the liquid.
Sections of frozen-hydrated specimens were done using cryo-ultramicrotome and
then examined by ET using a special holder. Cryo-sectioning combined the advan-
tages of rapid freezing with the use of bulk material, and it was applicable to whole
cells and tissues [1, 5].

Cryo-ET could directly image thin regions of cells that were adherent or grown
on EM grids. So, it was becoming the method of choice for providing 3D informa-
tion about intact intracellular structures at molecular resolution [6].

The plastic sections formed from resin cuts had more contrast because these
sections were stained by heavy metal stains. Therefore, the images were been
more close to focus. On contrast to the frozen-hydrated specimens, they had less
contrast and should be imaged using a large defocus to get maximum phase of
contrast [3].
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Figure 1.
Chemical fixation and plastic embedding [quoted from reference 5, available from: PubMed Central License:
CCBY 4.0].
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Sample thickness was generally limited to about 200 nm in 100 kV instruments
and approximately twice than that in 300 kV instruments. While higher voltage
EMs existed, these instruments were extremely rare and only moderately expanded
(approximately another doubling) the permissible specimen thickness [3].

3. Reconstruction technique

Following image acquisition, image processing was divided into three phases.
The first two phases were generally termed alignment and the last phase was the
three-dimensional reconstruction proper. The images with tilt series should be
processed to rotation and stretch to be aligned, and this was an important step to
compensate any minimum difference in magnification, image rotation, and transla-
tion. The tilt axis of each image also was determined before the three-dimensional
reconstruction [3]. Many software programs were used to perform these recon-
structions as IMOD [7], TOM Toolbox [8], and SPIDER [9].

4. Examples of cellular organelles examined by TET to resolve questions
about their mechanisms of action

4.1 Mitochondria

Mitochondria were among the first intracellular organelles to be studied exten-
sively due to their importance in energy metabolism. Most observed mitochondria
had large volume of matrix forming a compartment lined by inner membrane called
the inner boundary membrane pushed against the outer membrane. A narrow space
was seen between these two membranes of about 8 nm wide. The inner membrane
projected into the matrix at discrete loci called crista junctions which were of a uni-
form diameter. The shape of cristae and the number of crista junctions were vari-
able and dynamic in nature according to site of mitochondria and state of function.
Electron tomography was also a valuable tool in showing the possible mechanisms
of apoptosis as cytochrome c release was not effected by mitochondrial swelling and
rupture of the outer membrane but apparently through the formation of large pores
in the outer membrane through which intact cytochrome c could pass [1].

Using transmission electron tomography, investigators mapped the 3D topolo-
gies of some membrane organelles in the mouse ventricular myocardium, includ-
ing transverse tubules (T-tubules), junctional sarcoplasmic reticulum (SR), and
mitochondria. This research illustrated the geometric complexity of T-tubules.
Electron-dense structures were usually seen between the outer membrane of the
mitochondria and SR or T-tubules. Some investigators proposed that the relation
between the mitochondria and the nearby structures are so important to local
control of calcium in the heart, including the establishment of the quantal nature of
SR calcium release, which is known as calcium sparks [10].

4.2 Endoplasmic reticulum (ER)

One of the benefits of using electron microscope tomography and live-cell
imaging was to determine the mitotic assembly of the nuclear envelope, which was
shown to be primarily originating from endoplasmic reticulum (ER) cisternae.
Also, the nuclear pore complexes assembly occurred after the completely formed
nuclear envelope. The chromatin-associated Nupl107-160 complexes were in single
units instead of assembled pre-pores. Therefore, the investigators proposed that
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the post-mitotic nuclear envelope assembled directly from ER cisternae which were
followed by membrane-dependent formation of nuclear pore complexes [11].

4.3 Golgi apparatus

As the Golgi apparatus is so big and a single tomogram cannot capture much of
its organization, “montage” tomograms were acquired from serial sections and then
merged both laterally and “vertically” iz silico to reconstruct a 4 mm?’ cellular volume.
The 3D model of this merged serial tomogram illustrated the complexity of the true
organization of the Golgi body and also led to the discovery of vesicle-filled “wells,”
which are formed by the aligned fenestrae from a series of cisternae [12].The inter-
cisternal connections might function in retrograde and possibly anterograde trans-
port of Golgi enzyme and lipids but not in transport of maturated components [13].

4.4 Desmosomes in cell junctions

A human skin biopsy sample was high-pressure-frozen, cryo-sectioned, and
imaged by electron cryo-tomography to examine the desmosomes which are
cadherin-mediated intercellular junctions. They are important to support the
cell junction for tissue reinforce. The cryo-tomograms revealed that the cadherin
molecules were densely and uniformly packed. They were at first arranged as
small interacting groups with extracellular domains to form cis-homodimers then
the opposing cell membrane approximated to form trans-homodimers. After the
initial formation was established, more molecules were linked to the contact zone
and the junction became more compacting. This process was regularized by build-
ing blocks of alternate cis and trans dimers, and the strength of cell to cell contact
became homogeneous. These processes were repeated to have finally a fully mature
desmosome [14].

4.5 Actin filaments

By the use of cryo-ET, some investigators revealed that the membrane cytoskel-
eton consisted of actin filaments mainly and the other associated proteins. This
membrane cytoskeleton covered the whole cytoplasmic surface. Moreover, it was
closely related to clathrin-coated pits and caveolae. The actin filaments which were
linked to the cytoplasmic surface of the plasma membrane were likely to form the
boundaries of the membrane compartments responsible for the temporary confine-
ment of membrane molecules, thus partitioning the plasma membrane with regard
to their lateral diffusion [15].

4.6 Microtubules, cilia, and flagella

The axoneme forms the essential and conserved core of cilia and flagella. Cryo-
electron tomography was used to examine Chlamydomonas and sea urchin flagella
to know information about the composition of axonemal doublet microtubules
(DMs). These studies showed that B tubules of DMs contained 10 protofilaments
(PFs) and also that the inner junction as well as the outer junction between the
A and B tubules are different. The outer junction, important for the initiation of
doublet formation, was formed by close interactions between the tubulin subunits
of three PFs with unusual tubulin interfaces. The inner junction was formed of
an axially periodic structure connecting tubulin PFs of the A and B tubules. The
discovered microtubule inner proteins (MIPs) on the inside of the A and B tubules
were observed to be more complex than previously thought, as they are composed
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Figure 2.

Stfuctuml change of dynein induced by nucleotides: Left: structure of pre-power stroke; Right: structure
without additional nucleotide (post-power stroke). (A) Tomography structure of mouse respiratory cilia
consisting of two dyneins, the linker is shown in orange in pre-power stroke form and yellow in post-power
stroke forms. (B) Tomography structure of Chlamydomonas, showing shift of the head as green rings and
orientations of the stalk as blue and red dotted lines, as well as the neck domains and N-terminal tails (as red
and blue solid lines) [quoted from reference 17, License: CC BY 4.0].

of alternating small and large subunits with periodicities of 16 and/or 48 nm. MIP3
formed arches connecting B tubule PFs. Also, the “beak” structures within the B
tubules of the investigated Chlamydomonas DMT1, DMTS5, and DMT6 were seen
to be composed of a longitudinal repeating band of proteins with a periodicity of
16 nm [16].

The 3D structural analysis from cryo-EM has been playing indispensable role in
motor protein research as a potential method to analyze 3D structure of complexes
of motor and cytoskeletal proteins. The 3D image classification proved nucleotide-
induced conformational change of dyneins and interesting distributions of multiple
forms of dynein in the presence of nucleotides in cilia (Figure 2) [17].

Some authors reported that the centrosome-associated microtubule (MT) ends
could be closed or open. The closed MT ends were more numerous and were distrib-
uted in a uniform matter around the centrosome. On the other hand, the open ends
were found on kinetochore-attached MTs. These results showed the structural
participations for models of microtubules interactions with centrosomes [18].

5. Telocyte; the entire cell examined by TET
A telocyte is a special type of interstitial cell having prolongations named

telopodes [19, 20]. This cell has been described by electron microscope in dif-
ferent organs and tissues in the body. Some investigators examined the heart
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ultrastructure by TET and mentioned that telocytes make a network in the myocar-
dial interstitium, which is involved in the long-distance intercellular signaling coor-
dination. The cardiac telocyte network could integrate the overall “information”
from vascular system (endothelial cells and pericytes), nervous system (Schwann
cells), immune system (macrophages and mast cells), interstitium (fibroblasts and
extracellular matrix), stem cells/progenitors, and working cardiomyocytes [21].

Other authors suggested that the telocytes present in the lamina propria of rat
jejunum could be a heterogeneous population having different members which
could switch between one activation states to another. They had cell to cell com-
munication by paracrine mechanisms and to act as stem cell adjutants involved in
epithelium renewal [22].

Transmission electron tomography has revealed complex junctional structures
and tight junctions connecting pleural telocyte and small vesicles at this level
in telopodes. Thus, pleural telocytes share significant similarities with telocytes
described in other serosae. The extremely long thin telopodes and complex junc-
tional structures that they form and the release of vesicles indicate the participation
of telocytes in long-distance homo- or hetero-cellular communication [23].

6. Synapses in special sense organs

The cochlear inner hair cells (IHCs) are highly specialized cells in continuous
stimulation and with rapid turn-over membrane. These cells synapse with multiple
afferent nerve fibers. The ability of the IHC synapse to sustain activity for long
periods is due to the presence of the synaptic ribbon. The use of 3D reconstruction
by TET of an IHC infra-nuclear region revealed a network of rough endoplasmic
reticulum (rER), mitochondria, and vesicles related to the synaptic ribbon (Figure 3).
Small vesicles (about 36 nm) were seen by TET tethering to the rER. These vesicles
were not observed either budding or fusing with the rER membrane, but only

Figure 3.

Complete model of membranes, mitochondria, and synapse distribution in cell. (A) Ribbon synapses (red
spheres) are marked with asterisks for clarity. (B) Reconstructions of synaptic terminals are shown (blue).
[Quoted from reference 24, License: CC BY 3.0].
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Figure 4.

TEM and TET reconstruction of vesicles link on vER and at the ribbon synapse. (A-D) Linkages (white
arrowheads) are shown between membrane vesicles (black arrowheads) and three diffevent areas of the rER
(R). Insets in C and D show reconstruction of these links. (E) Reconstruction of a section of rER (green with
ribosomes in red) with linkages to mitochondria (blue) and vesicles (yellow) showing the linkages surrounding
the membrane. [Quoted from reference 24, License: CC BY 3.0].

connected to it by filamentous linkages. This result showed the possibility that this
membrane network might represent a secondary store of neurotransmitter vesicles
to be released during sustained synaptic transmission (Figure 4) [24].

7. Conclusion

Transmission electron tomography is not only an important instrument in
the deep insight of the cellular components needed by histologists but also give
information about mechanistic hypotheses, which may help scientists to correlate
structure and function to different ways of getting diseased and to know the ways
of medical treatment. It also helps to understand the disturbances of these organ-
elles that cause the progression of damage in going more aged.

The integration between different basic sciences such as histology, pathology,
physiology, bacteriology, and pharmacology, and the clinical physicians can be
achieved through group of researches to cover some unclear points about different
biological structures for the future of medicine.
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Chapter 5

Analytic Analyses of Human
Tissues for the Presence of
Asbestos and Talc

Ronald E. Gordon

Abstract

This chapter discusses the historic and current criteria for the analysis of cosmetic
talcum powder and the finding the components of the talcum powder in human
tissues. It describes how technicians and scientists have looked in the past for these
components and how they should be looked at properly today. Within the chapter it
has been shown that it can be complicated, especially when the tools and the meth-
ods used are not adequate or sensitive enough. It also goes on to describe methods
for analysis that are sensitive enough in both mineral analyses and in human tissue.

It also defines the terms that are necessary to use for inclusion of structures based on
the scientific knowledge we have today not confused with what either industry or
their defenders are trying to use to confuse or defend their positions.

Keywords: electron microscopy, human tissue talc components

1. Introduction

One of the best and concise reviews of what has been defined as asbestos isin a
report by the U.S. Department of the Interior: U.S. Geological Survey by Virta [1].
Briefly, asbestos and talc are minerals that are mined from the earth. The asbestos is
defined as having six different types of magnesium (Mg) silicates (Si). An important
feature of many of the types is that they may or may not contain iron when they are
removed during mining. They can have other ions as well and those include sodium
(Na); calcium (Ca) or manganese (Mn) along with the Mg and Si. These miner-
als are defined by the presence of these elements and their ratio one to another.
There are numerous publications defining the mineralogic nature of these minerals
throughout the literature besides what is stated in Virta [1]. They are also defined ini-
tially by their color when in the ground and raw, by their size, shape, how they were
formed and their crystalline structure by light and electron microscopy. The types
are divided in two groups, serpentine and amphiboles. The serpentines principally
are chrysotile and the amphiboles consist of five different types based on the ratio of
the Mg to Si and other elements that are integrated into the molecular structure. The
amphiboles consist of crocidolite, amosite, anthophyllite, tremolite and actinolite.
They are mined in both open and closed type mines. The elemental composition of
these six types of asbestos is seen in Table 1. The talc is a basic H;Mg;SisO;o(OH)s.

These mined minerals, both asbestos and talc, have in the past been used in
many products and have been shown to have detrimental effects in humans and
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animals when they enter the body of these organisms [2]. The effects range from
tumors to fibrosis. The asbestos has been classified as a carcinogen and has been
known to cause lung cancers, mesotheliomas, gastrointestinal cancers and more
recently has been implicated in causing ovarian cancers and others. In the case of
talc and talcum powder products, it has been implicated as causing these tumors
either indirectly because it is contaminated with asbestos or the talc is a carcinogen
or co-carcinogen even without the contaminating asbestos. Further, asbestos,
generally in high doses is a well-known cause of interstitial fibrosis, asbestosis, and
pleural plaques in lungs. Talc in relatively high doses is also known to cause fibrotic
lesions, specifically in the lung. This type of fibrosis is referred to as granulomas.

The mechanisms of causation of these diseases have been shown to be either
direct or indirect. What I mean by direct is the interaction of the asbestos fiber or
talc fiber or particle with DNA in the cell eliciting mutations. The indirect methods
of causing these same mutations is the release of oxidants either within the cells or
from macrophages that have either completely engulfed the fibers or particles or
partially engulfed them because they are just too large to be contained within the
cells. These oxidants cause DNA mutation, which can cause the cells to convert to
cancer cells. In addition, when these fibers and particles get into the cell, the cells
are known to release cytokines and chemokines that can result in the recruitment of
inflammatory cells and the in the development of the fibrotic lesions.

The relationship between asbestos fibers and amounts, size, dimensions, and
type has been correlated with the development of diseases. It has been determined
that the greater amount of asbestos present in the peripheral lungs or other tissues
of known tumorigenesis, the greater the risk of developing that tumor or fibrotic
change. The longer and thinner the fiber, the greater the risk. Also, amphiboles
bare a greater risk than chrysotile unless the chrysotile is relatively long fiber type
and numerous and even than it must require a greater latency between exposure
and the development of tumors specifically. Crocidolite by far is considered the
most carcinogenic with amosite not far behind and then anthophyllite. Tremolite
and actinolite tend to parallel chrysotile because they are generally shorter and less
numerous because they are contaminates with the chrysotile or talc.

An important link and correlation between environmental exposure and causa-
tion of the diseases describes above is the finding of these particles in human tissue.
The remainder of this chapter is dedicated to the specific criteria and methodologies
for defining and identifying these fibers and particles in human tissues which can
be very different and much more difficult to identify in from those evaluated from
the same minerals that come directly from mining. This chapter addresses many of
these issues in defining these fibers after they have been subjected to tissue modifi-
cation after entering the human body.

NAME COMPOSITION
CHRYSOTILE (MgeO, (OH))* ( Sis010)™
RIEBECKITE (CROCIDOLITE) Na,(Fe*2Mg)sFe**Sig0,,(OH),
GRUNERITE (AMOSITE) (Fe™),(Fe",Mg)sSisO(OH),
ANTHOPHYLLITE Mg;SisO(OH),
TREMOLITE Cay(MgsSigO2(OH),
ACTINOLITE Cay(Mg,Fe**)SigO.(0H),

Table 1.

This table illustrates the chemical composition of the various asbestos fibers.
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Analysis of human tissues for the presence of asbestos and talc is nothing new
[3, 4]. However, what makes this type of analysis unique and now very much at the
forefront is that these components have been identified in and possibly attributed
to the development of tumors not considered in the past [3] This author has looked
at numerous types of tissues and tumor tissue from same and in a variety of other
tissues and organs [5-7]. What is emerging is the question of protocols and methods
for detecting these particles and fibers, identifying them and attributing them to
the disease processes. The history behind asbestos exposure and disease is well
documented with causing lung tumors, mesotheliomas in pleura and abdomen and
asbestosis in lung. Only some of the effects of talc have been documented, most of
which are associated with the development of granulomas in the lung and in the
pleural spaces when the talc is injected into the space to avoid the accumulation of
fluid, talc pleurodesis.

More recently, within the last 10 years there has been attribution of cosmetic tal-
cum powders causing mesotheliomas and possibly other lung tumors [4]. However,
the attribution has been directed to the contaminating asbestos in the product
[4]. Companies that currently sell and those that sold this product in the past are
claiming that their products are free of asbestos. They base this on tests that have
been done in a number of laboratories using a variety of testing protocols. However,
further testing using more sensitive methodologies have shown these products to
still contain asbestos.

It is the specific intent of this chapter to address all the issues with regard to the
methodology of testing of cosmetic talcum powders for the presence of asbestos
and to be able to document the presence and type of asbestos in human tissue stud-
ies in persons that have used these products with no history of exposure to asbestos
from other sources and differentiate the particle type.

2. Historic testing of cosmetic talcum powders

The testing of talcum powder goes back to 1968, Cralley et al. [8] tested 22 dif-
ferent samples of talcum powder off the store shelf for fibrous and mineral content.
They found that all 22 containers had a significant amount of fibrous components
by light microscopy and phase contrast (PCM). The type of fibers were not identi-
fied by PCM or by XRD and assumed to be fibrous talc with smaller contaminates
of tremolite, anthophyllite, chrysotile and pyrophyllite. Without identifying the
fiber types, they identified fibers that could not be seen by light microscopy and
concluded that it was these fibers that could be the source for ferruginous bodies
seen in humans.

In the 1970s, numerous investigators analyzed talcum powders. Walter C.
McCrone Associates, Inc. looked at talcum powders for a variety of different
companies and groups including NIOSH. They used polarized light microscopy
(PLM), XRD and Transmission Electron Microscopy (TEM) and reported finding
asbestos fibers in many of the samples [9-12]. In 1972, at New York University
Chemistry Department tested a sample of a specific talcum powder called 1615
[11]. XRD indicated that the fibers were suspect for asbestos and then the talc
was subjected to a more critical testing where they identified both tremolite and
chrysotile [13].

In 1974, Rohl and Langer [14] tested a number of talcum powder specimens
using both light microscopic techniques, XRD and analytic electron microscopy
(ATEM) with selected area electron diffraction (SAED) and electron microprobe
and indicated they were able to detect only a very small amount of the fibrous
asbestos particles by PLM or XRD mainly because of the size of the particles and
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recommended that it was essential to do analytic TEM to analyze talcum powder
for the presence of asbestos. In another article in 1974, Rohl [15] indicated that

the asbestos in the talcum powder was directly from its mining. However, in both
studies they concluded that a negative finding of asbestos in these products by just
XRD could mean there were possibly billions of fibers in just a half gram of the talc
if tested by a more sensitive technique, i.e. TEM.

In 1976, Rohl and Langer [16] reported on 20 off the shelf talc or talcum pow-
der products of which they were able to detect asbestiform fibers in 10 of the 20.
They used a combination of XRD, PLM, scanning electron microscopy (SEM) and
TEM. They used EDS and SAED with the TEM samples to identify the asbestos
fibers. They concluded that the great majority of the talc asbestos fibers tested by
XRD and PLM would go undetected as compared to SEM and TEM specimens.

In 1990, Kremer and Millette [17] published on the same powder used by the
McCrone Laboratory in 1985 and employed a different methodology of suspending
the material in a solution of methylcellulose to view the fibers by TEM and found a
variety of different minerals, including asbestos.

3. Historic methods for observing talc components

What is of great interest is that there are two methods promoted by the cosmetic
industry, CTFA-J4-1 [18] and USP-Talc [19] which only employ XRD and light
microscopic techniques. They also state that using TEM with SAED is much more
sensitive technique but they do not recommend using that methodology. The unfor-
tunate part of all this is that the industry relies on this method of testing knowing
full well that they will not find the great majority of contaminating asbestos fibers
by these techniques.

However, there have been many techniques published that use a combination
of both XRD, light microscopy (PLM or PCM) and which state that if there is a
negative finding by these techniques it is important to look by TEM or use SEM as a
screening technique. Some of these techniques include the EPA 1993 bulk method
[20] as one such method. Most of the techniques not only require that TEM be
used, but both SAED and EDS be performed to be able to determine the identity
of the type of fiber one is seeing. These include the AHERA methodology which
employs the Yamate et al. [21] method. Other methods that are frequently used are
those from ASTM D6281 [22], D5755 [23], D5756 [24], and D6480 [25] all of which
require TEM. There are two others called ISO10312 [26] and ISO13794 [27] which
are very much the same as the ASTM methods. The techniques for verification of
asbestos fiber types require SAED confirmation. However, in some cases where
there may potentially be a question or a problem of confirmation zone-axis maybe
required and is described in both the ASTM D6281 [28] technique and in Yamate
et al. [29]. However, this is only if there is a question, since in most instances it
does not give further support to routine SAED. When combining the newer more
sensitive EDS equipment with SAED, zone-axis analysis will not add anything. The
most important point here is that there is no specific defined method for identifying
asbestos in talcum powder products. However, the use of the most sensitive tech-
niques available is imperative.

4. Differentiating asbestos fibers

There are six types of asbestos that have been described and identified as
detrimental. These are categorized into two types, serpentine, chrysotile, or the
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amphiboles, crocidolite; amosite; anthophyllite, tremolite and actinolite. As seen in
Chart 1, the six asbestos types and talc show their chemical composition and how
they are both very similar and or different based purely on their chemical composi-
tion. In differentiating asbestos fibers there are two approaches to the problem that
can/are seen differently depending on who is looking at the fiber(s). This includes

a definition of what asbestiform means and based on who is looking will determine
which definition may be applied. When a mineralogist is looking at fibers their cri-
teria requires a population of fibers that have to meet the 3:1 ratio, equal to or longer
than 5 pm with parallel sides that has grown in an asbestiform mineral habit. On

the other hand, when viewed by someone looking at single fibers the only distinc-
tions that can be made are based on the observed morphology of that fiber. It is not
possible to relate it to the environment from which it was formed. The criteria under
the latter situation is the one that all government agencies adhere to and require

for it to be an asbestos fiber and that is that the fiber should be greater than 0.5 pm
in length, have at least a 3:1 ratio of length to width and have parallel sides. That is
what qualifies it to be an asbestos fiber.

In 1990, Wylie [30] published some suggested criteria which were primarily
based on light microscopic criteria and not electron microscopy. Wylie et al. [31]
suggested that it had to have a 20:1 or greater and had to be very thin fibers or
fibrils, less than 0.4 pm in width and two other criteria which included parallel
fibers in bundles, splayed ends of fiber bundles, fibers in the form of thin needles,
matted masses of individual fibers and finally fibers showing curvature to be con-
sidered as asbestos. In the EPA R-93 [32] this was repeated in the glossary. However,
it is possible to see that these light microscopic criteria are useless when viewing a
single fiber or fibril by transmission electron microscopy. It has been determined
that if one were to use this criteria, approximately 80% of the asbestos fibers would
be misclassified. EPA R-93 method [32] suggest the use of 10:1, ratio based to some
degree, on a 1985 Wylie publication [31] indicating that if 20:1 were used with an
amosite population, as much as 50% of asbestiform asbestos fibers would not be
counted. Even the bureau of Mines Circular [32] indicates that a 5:1 ratio is the most
realistic. The 5:1 ratio is in fact used by AHERA, ASTM methods D6281, D5755,
D5756 and D6480 and ISO 10312 and 13794. The width of the fiber as described
by Harper et al. [33] seems to be the best discriminator. In a publication by Kelse
and Thompson [34] from RT Vanderbilt further supports the concept that any
fibers equal to or greater than 5 pm in length and less than 0.25 pm in diameter are
asbestos fibers and almost all less than 0.5 pm in width are fibers and not cleavage
fragments. However, these are purely mineralogy distinctions and have virtually
no application to biologic systems since the cells that are activated by these fibers
in human body do not make these distinctions. The cells only are effected by the
shape, size dimensions and surface charge on these fibers which can cause a form
of oxidant injury or mechanical alteration of the cellular DNA in the mesothelial
or ovarian epithelial cells that take them up and in macrophages and inflammatory
cells that engulf them causing the release of cytokines, chemokines and molecules
associated with oxidant injury which can indirectly effect mesothelium and ovarian
epithelium to become tumors. Of course this excludes the concept that the same
molecules can also cause the development of fibrosis or asbestosis. Therefore, this
entire argument rose by a very few mineralogists that cleavage fragments not be
considered as harmful, is just wrong.

The other issue that arises from a similar argument is talc itself. Talc can also be
present in the form of fibers that can mimic, but can be differentiated analytically
from asbestos and can cause fibrotic lesions in some mammals and in human lungs
[35, 36]. Therefore, it is realistic to consider talc, especially in the fibrous form,

a potential causative factor in the development of mesotheliomas and ovarian
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cancers. There is, has been, and is currently significant research ongoing to prove
that the talc can be considered a carcinogen, alone, as a co-carcinogen with the
asbestos or as a promoter with the asbestos, just based on its ability to produce an
inflammatory response.

Zone indexing of asbestos fibers and talc fibers for the purpose of differentiating
them has been described and shown to be relatively unnecessary procedure [37].
EDS spectra can be indistinguishable between anthophyllite and talc [37]. However,
when anthophyllite is compared to talc fibers by SAED talc fibers no matter how
they are turned or tilted show the typical hexagonal pattern. On the other hand,
anthophyllite can only show a pseudohexagonal pattern if tilted to a specific angle.
Therefore, the only issue would be that one would see less anthophyllite if tilted
in that specific angle as compared to talc, but talc would never be confused with
anthophyllite if SAED is performed in only a single angle.

5. Analysis of human tissues

There have now been many reports, possibly hundreds that describe the
protocols for identifying asbestos and talc in human tissues. However, when one
looks at these protocols it is possible to break them down to three similar, but yet
different means of looking for these particles in these human tissue preparations.
As fully described below, the remaining material after tissue digestion can be pre-
pared by the filtering method a portion of the filter is put directly on an SEM stub
and then analyzed. The Alternatively small portions of the filter can be placed
onto TEM grids and then observed by either SEM or TEM. Lastly, the material
can be placed directly on a formvar support film on a TEM grid and then directly
analyzed by TEM.

6. Analysis of asbestos by SEM

There are at least two investigators that look at human tissue preparations;
one of which has been doing these analyses for years by SEM and that is Roggli
[38]. Based on all government criteria SEM analysis is not an acceptable criteria.
All government agencies that describe doing electron microscopy observation
and identification of asbestos require TEM with at the least SAED, but EDS is
always listed as a criteria. SEM analysis does not allow the technician, examiner
or scientist to evaluate the crystalline structure of the fiber or particle of inter-
est. SAED is what is considered the gold standard for identifying asbestos fibers
and other particles such as talc. As will be shown as this explanation unfolds, the
identification of asbestos fibers and specific types of asbestos fibers in human
tissues is far more difficult than that of the mineralogist identifying them from
ground up rocks or mined minerals. This is the case mainly because the longer
these fibers are present in a biologic environment with cells, tissues, animals or
humans, the fibers are modified and frequently can only be distinguished using
SAED. When SEM is used there is a significant potential for error. The error is
most likely to occur when distinguishing fibers between anthophyllite, chrysotile,
tremolite and non-asbestos talc fibers. Pure morphology by SEM on single fibers
is very similar in appearance. EDS analysis of the same fibers are more difficult
to get the optimal elemental composition because the electron beam energy is
significantly lower, generally never more than about 40 KV whereas in a TEM it
is generally 75-200 KV. It has been long known that the higher the KV the greater
the penetration of the beam into the fiber. Lower energy levels will only affect the
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very surface of the crystalline structure or fiber. As stated before, fibers removed
from biologic systems are modified as their surfaces by the interacting environ-
ment. Biologic interactions results in the removal of molecular components from
the surface referred to as leaching. The leaching is mostly associated with removal
of magnesium, which can lead to the change in the Mg to silica, Si ratio which can
put fibers into different categories or types based purely on elemental analysis.
The most effected fibers or particles are chrysotile type asbestos fibers and talc
fibers and particles. These are most susceptible to leaching and ultimate relatively
rapid breakdown of the structure. Examples will be given below when discussing
changes in TEM. The alternative to leaching is that elements in the form of mol-
ecules can become adherent to the fiber or particles. The most common element
and ion that adhere is iron, Fe. When the fibers or the particles are present in
tissue for long periods, years, the iron, in combination with protein molecules can
produce ferruginous bodies or asbestos bodies on asbestos fibers. When there are
substantial amounts of iron and protein to form bodies they are easy to identify
even by light microscopy. However, there can be lighter coatings not forming the
pearl like structures on the fiber or covering the particles and then it is just seen
as increased iron which could lead to an inaccurate identification by EDS analysis
which has already been argued in letters to the editor following a publication [2]
where one laboratory wanted to identify an anthophyllite fiber as an amosite fiber.
In addition, other elements such as sodium, Na, aluminum, Al and calcium, Ca,
can adhere to the fiber surface also leading to a misidentification when looking at
fibers with the SEM by morphology and EDS alone. This will be discussed later
with examples in the TEM section.

7. Methods for SEM or ATEM preparation
7.1 Methods for filtering

The filtering methodology has been published many times and is used by
laboratories that evaluate air, water, bulk and human tissue samples [29]. With
human tissue samples the material must first be digested and cleaned with distilled
water to remove any biologic material. This is performed by a variety of techniques
which have previously been employed. When the tissue is received in formalin, the
tissue is either dried or completely and weighed or is just blotted dry. In the former
the results will be expressed as dry weight and the later wet weight. Either way they
are approximately comparable by approximately a factor of 10. Either way the tissue
is then treated with either hypochlorous acid, (Clorox) or 5% potassium hydroxide,
KOH, which acts to digest away any biologic material or it becomes soluble in either
solution. The inorganic material is then separated by centrifugation and repeated,
x5, sequential washes in distilled water. The remaining inorganic and metal materi-
als are then put into a final suspension of distilled water and filtered onto either
polycarbonate or missed ester type filters. After drying the filters are cut into small
pieces and placed on formvar coated copper or nickel locator grids or directly onto
a SEM stub. The filters are lightly coated with evaporated carbon to help prevent
transposition or release of the fibers and particles during the collapse protocols.
The filters are collapsed with either acetone or ether depending on filter type. Some
investigators use low temperature ashing to remove any residual biologic material,
however that is rarely done today. The ashing was most often used for filters that
were prepared from water and air sampling which where the material present on the
filters is not predigested with Chlorox or KOH. The grids or stubs are then ready for
observation.
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7.2 Methods for drop method

An alternative method that this author has used for over 45 years was first
defined by Langer et al. [39] where the digested material is resuspended in a known
amount of distilled water and then 10 pl drops are placed directly on formvar coated
grids and dried. The grids are then ready to view by scanning or transmission
electron microscopy evaluation.

8. Methods for asbestos fiber and talc particle analysis

The problems associated with SEM have been defined above and will not be
discussed here.

When we look at the prepared grids, whether the grids are viewed and evaluated
by three criteria, morphology, EDS and SAED, the grids are first scanned to make
sure that they have less than 5% broken openings. Dependent upon the criteria used
in the laboratory, the grids are critically evaluated at magnifications between 10
and 20 K, one grid at a time, for the presence of asbestos fibers or whatever is being
evaluated.

To determine if a fiber is asbestos is based on well-established criteria. If a fiber
has parallel sides and has a 3:1 or 5:1 aspect ratio it has the morphological criteria for
afiber. If the fiber demonstrates individual smaller components within the larger
fiber, referred to as fibrils, each of which is a fiber if seen alone is than a better
criteria for the classification as asbestiform by mineralogy criteria. When pathologi-
cally evaluating the morphology of an asbestos fiber a mineralogists criteria of being
asbestiform or grown in an asbestiform habit is not at all considered. However,
when the asbestos fibers are seen as a bundle, would be considered an asbestos fiber
by either a pathologist or mineralogist. The chemistry of the fiber has to contain
specific elements which include sodium, magnesium, silica, calcium, manganese
and iron. They also have been found in approximate ratios using silica as a reference.
Each type of asbestos type has a specific ratio when in its natural form. Crocidolite,
amosite and tremolite are generally easily recognized by EDS alone. Chrysotile and
anthophyllite can look very similar. Also one must exclude fibrous talc when making
these determinations since it too looks very much like chrysotile and anthophyllite by
EDS alone. The third criterion is selected area electron diffraction which determines
crystalline structure of the fiber or material. This technique produces patterns that
identify the crystal very much the way fingerprints identify people. When a fiber
cannot be identified by morphology and EDS, SAED is the determining technique.
SAED can only be performed with a transmission electron microscope. It is possible
to screen for fibers and particles by XRD, PLM, PCM and SEM, however, for defini-
tive identification, TEM using morphology and SAED or ATEM using both EDS
and SAED are absolutely required. Even then it may be difficult to identify the fiber
type because of all the issues described above as interference in the ability to specifi-
cally identify a fiber. Amosite and crocidolite are generally the easiest to identify.
Chrysotile, anthophyllite and fibrous talc can easily be misidentified. Tremolite/
actinolite can also be determined but with difficulty and the use of SAED to dif-
ferentiate it from chrysotile, anthophyllite or fibrous talc. So when evaluating human
tissue isolation of fibers and particles, there are many elements present in tissue that
can ionically or covalently adhere to the outer most part of the fiber or particles.

A few of these elements include sodium (Na), aluminum (Al), calcium (Ca) and
iron (Fe). When it is not possible to identify any features by morphology, most
laboratories first focus on the EDS which will give us the element composition and

76



Analytic Analyses of Human Tissues for the Presence of Asbestos and Talc
DOI: http://dx.doi.org/10.5772/intechopen.83656

the ratio of one element to another. One has to consider that the fibers and particles
once in a cell are attached by acids, and enzymes that can modify the surfaces by
eroding the fiber, usually by leaching the Mg. However, many elements can be added
to the surface. When Na is added and Mg is partially leached amosite can appear to
be crocidolite (Figure 1). When Mg is leached from anthophyllite and Fe is added

it can appear to be amosite (Figure 2). When chrysotile has Mg leached and Fe
added in appears to be anthophyllite (Figure 3). It is very difficult to sort between
tremolite and actinolite because Fe can be added. Fibrous talc can look like chrysotile
and anthophyllite by EDS only (Figure 4). If there is a lot of Calcium phosphate as
background and interference with some added iron, it may not be possible to con-
firm tremolite or actinolite by EDS (Figure 5). One more exhibits anthophyllite with
leached magnesium and some added iron; however, it could be easily be confused
with being tremolite or actinolite (Figure 6). There are many cases like this that end
up being defined by the SAED and not EDS and morphology alone.

The series of fiber TEM micrographs and their corresponding EDS show how dif-
ficult it could be with only morphology and EDS to define asbestos fiber type removed
from humans. It then becomes critical to perform SAED on these fibers to determine
the crystalline structure based on the dispersion patterns. However, this technique can
also be problematic in identifying fiber types. It is possible if the anthophyllite is tilted
just right it can look like talc in the SAED pattern and if the D-space measurement
can also be the same [29, 37]. However, the opposite is not true. Talc never looks like
anthophyllite by SAED pattern or d-spacing measurements. As a result the only effect
this could have is to reduce the amount of anthophyllite if present.

Mag:&000 kTS

Figure 1.

Tigs EDS spectrum (A) represents the asbestos fiber seen in (B). At first look this long narrow fiber would
corvelate with the spectra of a crocidolite fiber having approximate vatios of 1:1:10:6 Na:Mg:Si:Fe. The
potassium, K, is from adherent from the tissue digestion and the calcium, Ca, is surrounding interference
material with the phosphate, P. However, when SAED was performed, the diffraction pattern was that for
amosite and not crocidolite indicating that the sodium, Na, was either interfervence from the surrounding area
or adherent to the fiber itself. The SAED in 1C confirms that it is amosite.
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Figure 2.

Tigs EDS spectrum (A) represents the asbestos fiber seen in (B). Other than the calcium phosphate, CaPO,,
it would be consistent with it identifying an amosite asbestos fiber. However, there is more Fe than would

be expected and a little less Mg. When SAED was performed, this fiber turned out to be anthophyllite with
significant Fe move than likely coming from interference ivon particles surrounding the fiber and some leached
Mg. The SAED in 2C confirms that it is amosite.

Figure 3.

This EDS spectrum (A) vepresents the asbestos fiber seen in (B). This EDS would best fit anthophyllite type asbestos
with some increased Fe. There may be a slight too much Mg for anthophyllite. SAED of this fiber proved to be
chrysotile with increased Fe and Mg leaching. The other elements identified, calcium phosphate, potassium chlorine
and a little aluminum ave from the surrounding interference. The SAED in 3C confirms that it is chrysotile.
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Figure 4.

This EDS spectrum (A) represents the asbestos fiber seen in (B). This EDS could represent a chrysotile
asbestos fiber with leached Mg or an anthophyllite type fiber with no Fe. However, SAED exhibited the classic
hexagonal pattern of a talc fiber. The SAED in 4C confirms that it is talc.

Mag: 7000

Figure 5.

Tlgs EDS spectrum (A) represents the asbestos fiber seen in (B). This appears to be anthophyllite asbestos with
some leached Mg and slightly more Fe. The K is from the digestion and there is some calcium phosphate. SAED
exhibits the typical pattern for tremolite/actinolite type asbestos. This further demonstrates that the much of
the calcium was from the fiber and not the surrounding calcium phosphate. The SAED in 5C confirms that it is
tremolite.
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Figure 6.

This EDS spectrum (A) represents the asbestos fiber seen in (B). This EDS appears to represent a tremolite/
actinolite fiber. There is a little added Fe. However this is an anthophyllite asbestos fiber based on the
SAED. There is interfering Ca particles, in this case it was not associated with phosphate. The SAED in 6C
confirms that it is anthophyllite.

One other issue that must be addressed is that of cleavage fragments in human
tissue. The entire concept of determining if a fiber is asbestos or a cleavage frag-
ments by mineralogists is defined by whether it is asbestiform or not. By their defi-
nition asbestiform relates to the way that the manner in which the crystals initial
formed. They would refer to it as asbestos only if it was formed in an asbestiform
habit, meaning that all the fibers were completely linear and just seen together as a
bundle very much like a thick telephone wire. Any other type of arrangement would
be considered a cleavage fragment as it may separate from the larger mass. If that
larger mass was not asbestiform and it was possible to see a structure that resembled
a fiber with parallel sides, the mineralogist would call it a cleavage fragment based
on knowing that none of the particles in the larger population were linear fiber
types, as they refer to them as asbestiform. It has been shown that the great majority
of fibers that may be considered to be cleavage fragments are generally very short
with very small aspect ratios. They most often look like chunks rather than fibers
and are also generally thicker than fibers seen as asbestiform asbestos fibers. There
have been papers published that indicate that if the fiber has a 20:1 ratio then it is
asbestos [30]. There are also papers that indicate that a ratio of 8:1, they are asbestos
[33]. Possibly the best criteria is when a fiber has a minimum aspect ratio of 5:1 and
the width is 0.25 pm or less it is definitively asbestos [34]. The definition of asbes-
tiform for a pathologist or appropriate testing laboratory or someone looking for
asbestos fibers in tissue is purely based on the criteria of having a length to width
ratio of 3:1 or 5:1 with parallel sides. In the absence of a population of fibers and the
mineralogical identifiable non-asbestiform mineral there are no reliable criteria at
the light or electron microscopic level to call it an asbestos fiber or a cleavage frag-
ment other than those relating to size and shape described above.
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There are two basic reasons that the above criteria for fibers are not considered
cleavage fragments, but asbestos fibers, if from human tissue. The first of which is
when such a fiber is analyzed from a human tissues preparation and there are only
a few fibers it is impossible to identify it as from an asbestiform habit of growth.
Therefore, all governmental organizations only refer to the criteria of aspect ratio
and parallel sides. Further, it has been determined that the fibers identified as
asbestos, the size, shape and type of fiber is critical in attributing it to causation.
The longer and thinner fibers have been most commonly attributed to tumor and
asbestosis development. Another criteria is that the charge distribution on the
surface of fibers, asbestos by mineralogy definition or cleavage fragments are not
significantly different from asbestiform fibers defined by mineralogist’s criteria
and will have the same oxidative effects which indirectly cause genetic or DNA
mutations or elicit chemokines or cytokines resulting fibrosis, asbestosis. Lastly,
fibers identified as asbestos found in human tissue analyses have been attributed
to and correlated with the history of exposure and the above diseases in tens of
thousands of cases over the last 60 years. This is without determining if itis a
cleavage fragment or not.

9. Background controls

Background controls are imperative when performing asbestos fiber burden
analyses on human tissues. It is extremely important because without them there is
no criteria for comparison to assess whether what a scientist or technician is finding
has any relevance with regard to exposure history and what remains in the tissue
depending on latency or how long it has been since the patients’ exposure(s).

To attribute a patient as a background exposure, it is imperative that a complete
patient history must be taken by a skilled doctor or industrial hygienist so that it
can be determined that the patient had absolutely no exposure to asbestos. That
means that the patient did not mine or mill asbestos, did not work with a product
containing asbestos or did not use a product that may have been contaminated with
asbestos. In many of the “background controls” used by other investigators that
perform asbestos fiber burden analyses, the history taken usually only states that
the patient did not work with an asbestos product. In one case it was documented
that the patients did not work with the products but came from an area of the
country where there was significant asbestos product manufacturing. That alone
should have excluded that population. So when one explores the literature and
finds that there is a group of patients exposed to asbestos products and develop-
ing disease are being compared to a population where only occupation is the only
excluding factor, that is not adequate criteria for calling it a background control.
This is referred to as a cohort comparison. One last criterion is that if a patient or
the patient tissues are analyzed as background controls and they exhibit either cro-
cidolite or amosite, they should be immediately eliminated as background controls.
The reason for them not being considered as background controls is that these
fiber types are commercial forms of asbestos that are not found in this country.
Therefore, it has to be assumed that the asbestos was from a product containing
that type of asbestos and was exposed.

In this author’s laboratory, the patients, or the tissues were very critically
screened for potential exposure history by very skilled pulmonologists that were
trained and worked in coordination with our Environmental Sciences Department.
Over the last 35 years this authors laboratory has analyzed tissues from lungs of
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207 patients used as background controls. It was only in the initial 25 patients that
3 exposed patients actually slipped through. However, based on finding 1 patient
with one amosite fiber, 1 patient with one crocidolite fiber and 1 patient with high
concentrations of long chrysotile fibers were the only ones that ultimately proved
after extensive further questioning of the family, it determined that these three
patients were in fact exposed.

Another criterion to be considered is the timing of background controls, when
they were taken compared to the patient that is being analyzed. It has become
very apparent that the numbers of asbestos fibers that are being found in patients
both exposed and those of background controls have been declining over the
years. The phenomenon is the result of the outlawing of most uses of asbestos.
Therefore, workers are no longer exposed to asbestos and asbestos products and
only those that had been in the past will present with asbestos in their tissues.
Another criterion to consider is that over time even the commercial amphiboles
will be decreased due to dissolution in the body and removal from the primary
site of entrance, presumably the lung. It is a well-known and documented fact
that chrysotile has a relatively short half-life in human tissue as compared to
amphiboles and therefore, even high exposures of chrysotile, may not be detected
in an asbestos fiber burden analysis many years later. It should, however, be noted
that chrysotile fibers are not totally removed from the lungs in weeks or months
making them relatively non-toxic. Only very long thick fibers are removed
from the lung in this period of time. Chrysotile fibers as long as a few hundred
micrometers in length can reach the periphery of the lung and once there can be
present for years before they are broken down and transported out of the lung
or to other tissues. One of the most common hallmarks of a chrysotile exposure
is the residual tremolite that one finds in an analysis. Tremolite is a known
contaminate of chrysotile that is an amphibole and therefore is more resistant
to rapid breakdown and removal. Tremolite tends to be shorter in length and is
frequently taken up by macrophages and moves with the smaller broken down
chrysotile as compared to the commercial amosite and crocidolite type asbestos.
These factors all apply to the background population. Over the 35 plus years of

Current levels of asbestos fiber burden observed in digests of lung tissue from our autopsy and surgical
population with no history of asbestos exposure. All fibers regardless of size are counted.

#Chrysotile type asbestos: Range 0-30,000 fibers/gram wet weight lung

Mean 857 fibers/gram wet weight lung

‘Amphiboles type asbestos: Range 0-345 fibers/gram wet weight lung

Mean 10 fibers/gram wet weight lung

+#Chrysotile & Amphibole: Range 0-690 fibers/gram wet weight lung

Mean 20 fibers/gram wet weight lung

“Asbestos bodies: Range 0-1 bodies/gram wet weight lung

Mean <1 body per gram wet weight lung.

Amphiboles include: tremolite.

""Asbestos bodies counted by light microscopy of cytocentrifuge preparations. Levels are too low to be detected by
electron microscopy.

“The combination of chrysotile and amphibole fiber burdens represent only cases from the 35 case pool studied where
both types of fibers were seen together.

#100% of the fibers counted were less than 5 yum in length and 100% of those fibers were less than 1 um in length.
@All amphiboles fibers were tremolite.

Table 2.
This table illustrates the range, means and types of asbestos found in the lungs of patients that have had
absolutely no exposure to asbestos except for the air they breathe in the New York metropolitan area.
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looking at tissue analyses and background controls, it is clear that the amount
of background seen is also decreasing. It was once believed that individuals just
breathing the air in New York City or for any other city in the world, people would
have millions of asbestos fibers in their lungs. This author does not believe that it
is true any longer. Based on the most current study group of background controls,
it has been determined that no matter how sensitive the testing is done, the great
majority of individuals do not exhibited any asbestos in their lungs. The few that
have been shown to have asbestos, is restricted to finding very short, less than 1
pm in length, chrysotile fibrils and similarly sized tremolite and nothing else. The
results of the analyses of 35 patients meeting all the criteria mentioned above as
background controls are shown in Tables 2—4 for the tissues commonly analyzed
in the laboratory.

From a techniques point of view, it is imperative that the analyses of the patient
are done with the same degree of sensitivity as the background controls.

Current levels of asbestos fiber burden observed in digests of paratracheal and parabronchial lymph node
tissue from our autopsy and surgical population with no history of asbestos exposure.

#Chrysotile type asbestos: Range 0-690 fibers/gram wet weight lymph node.

Mean fibers/gram wet weight lymph node.

“@Amphiboles type asbestos: Range 0-690 fibers/gram wet weight lung

Mean 20 fibers/gram wet weight lymph node.

+#@Chrysotile & Amphibole: Range 0-1380 fibers/gram wet weight lung

Mean 39 fibers/gram wet weight lymph node.

“Asbestos bodies: Range 0-1 bodies/gram wet weight lymph node

Mean <1 body per gram wet weight lymph node.

‘Amphiboles include: tremolite

"Asbestos bodies counted by light microscopy of cytocentrifuge preparations. Levels are too low to be detected by
electron microscopy.

*The combination of chrysotile and amphibole fiber burdens represent only cases from the 35 case pool studied where
both types of fibers were seen together.

#100% of the fibers counted weve less than 5 pm in length and 100% of those fibers were less than 1 um in length.
@All amphiboles fibers were tremolite.

Table 3.

This table illustrates the range, means and types of asbestos found in the paratracheal and parabronchial
lymph nodes of patients that have had absolutely no exposure to asbestos except for the air they breathe in the
New York metropolitan area.

Current levels, 2009—present, of asbestos fiber burden observed in digests of 15 abdominal organs and tissues
from our autopsy and surgical population with no history of asbestos exposure. All fibers regardless of size
are counted.

Chrysotile type asbestos: Range 0 fibers/gram wet weight abdominal organs and tissues

Mean 0 fibers/gram wet weight abdominal organs and tissues.

“@Amphiboles type asbestos: Range 0 fibers/gram wet weight abdominal organs and tissues

Mean 0 fibers/gram wet weight abdominal organs and tissues.

Chrysotile & Amphibole: Range 0 fibers/gram wet weight lung

Mean 0 fibers/gram wet weight abdominal organs and tissues.

“Asbestos bodies: Range 0 bodies/gram wet weight abdominal organs and tissues.

Mean <1 body per gram wet weight abdominal organs and tissues.

}4mphiboles could include: tremolite or anthophyllite.
Asbestos bodies counted by light microscopy of cytocentrifuge preparations. Levels are too low to be detected by
electron microscopy.

Table 4.
This table shows that in patients with no history to asbestos or talc exposure there was no evidence of asbestos in
the abdominal organs including any gynecological ovgans as the ovaries, uterus, fallopian tubes and cervix.
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10. Summary and conclusions

Based on what has been presented above shows that it is clear that there are
many possible methods for looking at talcum powders for contaminating asbestos
and human tissue for the presence of asbestos, talc and talc contaminants such as
aluminum silicates and silica. The difference between these techniques and methods
are their sensitivity. The ability to identify these structures go from the least sensi-
tive light microscopic methods using XRD, PLM or PCM to SEM with EDS and then
to the most sensitive using a TEM and employing all the analytic methods of EDS
and SAED. Sensitivity based on this equipment is based solely on the ability for the
instruments to resolve the structures. In most, if not all these methods of looking
at the material, sensitivity relies on how one prepares the specimen and how much
of the specimen one examines. Therefore, when looking for small fibers or particles
that contaminate the talcum powder or the human tissue it is a must, especially
when not seen by less sensitive techniques as light microscopy, that the samples have
to be examined with an analytic TEM, ATEM and an adequate amount has to be
viewed to insure that if the contamination is low or very low, it can still be detected.
A perfect comparison is the testing for drugs in blood. If one employs the least sen-
sitive instrument and looking at a relatively tiny sample of blood, small amounts of
drugs will not be detected and patients or the addict will not be considered positive
when in fact they had taken drugs. Therefore, to identify contaminates in cosmetic
talcum powder that will cause disease in humans, one must not only employ the
proper instrumentation but also analyze an adequate amount of the talcum powder
or human tissue preparation.
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