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Platelets are anuclear discoid-shaped blood cells with key roles in human body. To understand the mechanisms
of their activation process, it is required to have analytical imaging techniques capable of acquiring platelet
images under fully hydrated conditions. Herein, for the first time, we demonstrate the capability of synchrotron-
based transmission X-ray microscopy (TXM) to study platelets (resting and ADP activated) under hydrated and
air-dried conditions. To confirm the biological imaging capability of TXM, fixed platelets were imaged and
compared with whole mount electron microscopy (EM) images. TXM provided morphological information
with sufficient spatial resolution with simple and quick sample preparation procedure. We also observed
temporal changes during the platelet activation, which initially had a discoid shape (0 s), formed pseudopodia
(30 s) and generated a network of fibrin (5 min). Our results clearly demonstrate the potential of TXM
technique to study fully hydrated biological samples under in situ conditions.
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Introduction

Platelets are anuclear discoid-shaped blood cells with a
diameter of 1-3 pm. They contain mitochondria, a-granules,
dense granules and other intra cellular organelles.! As one of
the smallest cells in our circulation system, blood platelets
play an essential role in addressing blood vessel injury.
Upon damage to a blood vessel, platelets rapidly gather at
the location of damage, change their shape, and then secrete
granule contents. This process involves platelet attachment
to the exposed subendothelial tissue, platelet-platelet aggre-
gation, platelet plug formation, and ultimately the arrest of
bleeding.>* Secretory organelles, such as o-granules and
dense granules are known to be crucial in the secondary
platelet response.™® There are 50-80 o-granules ranging in
size from 200 to 500 nm per platelet. o-granules contain
platelet-specific proteins such as heparin and coagulant
factors, including fibrinogen.”® Other granule compounds
include nucleotides (ATP, ADP, GTP and GDP) and cations,
these are usually found in dense granules with a diameter of
150 nm.® Granule contents are all involved in hemostasis
cascade reactions. Because the regulation of platelet sec-
retion is fundamental to the functions of platelets, it is
important to understand this regulation for future potential
applications of platelets. More than 300 different molecules
have been found in platelets,” and a-granules are considered
to be the major storage and secretory organelle in platelets.*
However, the question of how such a diverse variety of
proteins can be released in a regulated manner remains an
open question. It was recently reported that various types of

proteins are stored in separate o-granules of platelets and
released differentially upon stimulation.'” This claim is also
supported by electron tomography data, which revealed
morphological heterogeneity in the a-granule population as
well as spatial segregation of proteins within individual a-
granules.!! Therefore, it is important to understand the sub-
structures of the platelet membrane system and their dynamics
during the above processes.

Transmission electron microscopy (TEM) has contributed
significantly to our current understanding of storage and
release of granular contents from platelets and the ultra-
structure of platelets. TEM can provide the spatial resolution
necessary to determine platelet ultrastructure. Moreover, when
combined with immunogold labeling, this electron micro-
scopic technique provides information on the intracellular
organization of platelet organelles and allows visualization
of the intracellular distribution of proteins on a nanometer
scale. However, a sophisticated sample preparation proce-
dure involving dehydration, embedding, ultrathin sectioning,
and several rounds of staining is required to prepare speci-
mens for TEM, makes this technique a low throughput
technique with the potential for distortion of the samples.
Additionally, thin sections may not span entire organelles,
therefore TEM observations of cross-sectioned specimens
may only provide information about organelle fragments,
rather than the entire organelle.'>!®

To overcome these limitations of TEM, a novel micro-
scopic approach to study storage, colocalization and sec-
retion of biomolecules in human platelets has been develop-
ed: Transmission X-ray microscopy (TXM). TXM is a
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Figure 1. TXM instrumental setup in the Pohang Light Source, South Korea. (a) Schematic diagram of the TXM setup. (b) Zoomed view of
the region between the condenser zone plate (CZP) and objective zone plate (OZP). (c) Top view of the sample holder. (d) Zoomed front

view.

promising tool for nanometer-scale studies of biological
samples because of the natural contrast mechanism of the
water window (i.e., 284-540 eV or 2.3-4.3 nm).'*1¢

In this energy range, water is nearly an order of magnitude
more transparent than organic matter, which provides the
ideal contrast to observe biological specimens under wet
conditions. The best spatial resolution of TXM is 12 nm,
which was achieved using the first order of diffraction of an
objective zone plate (OZP) with an outermost zone width
(Ar) of 12 nm."” Such an achievement was made possible by
recent technical advancements in ZP nanofabrication, such
as double zone patterning and tilted zone patterning. How-
ever, since X-rays used in TXM studies also have enough
energy to break chemical bonds and induce structural
changes in biological tissues,'® it is important to pay special
attention in minimizing radiation damage.'” For instance,
cryo X-ray microscopy is one of the well-known methods
often used to reduce radiation damage in samples composed
of soft materials, such as polymeric materials and biological
tissues.?

In this work, we utilized a synchrotron-based TXM instru-
ment with a spatial resolution of 40 nm to observe morpho-
logical changes of platelets upon activation by ADP. TXM
provided subcellular level information on the spatial di-
stribution of proteins within human platelets, which were
minimally disturbed and maintained in a hydrated environ-
ment. We also discuss the complementary features of TXM
and conventional TEM techniques.

Experimental
TXM Instrument. TXM images were collected at photon

energies just below the oxygen edge, i.e. 500 eV (corre-
sponding to a wavelength of A =2.48 nm) using the conv-

entional transmission X-ray microscope endstation of the
10D beamline at Pohang Light Source (PLS, South Korea).
Photon flux at the TXM setup is over 10'° photons/s (0.1%
BW).*!' The schematic layout of our TXM setup is presented
in Figure 1. The setup includes a condenser zone plate (CZP,
2 mm diameter, 110 nm outermost zone width), an objective
zone plate (OZP, 84 um diameter, 38 nm fine zone width,
1.29 mm first-order focal length), two SizN4 membrane
windows (100 nm thickness and 500 um square, Norcada
Co., Canada), a fully hydrated sample sandwiched between
two Si3Ns membranes, and a charge-coupled device (CCD,
Peltier-cooled, in-vacuum back-illuminated 16-bit CCD
1024 x 1024 pixels, 13 um pixel size). The CZP was used to
focus the synchrotron X-ray source on the sample, while the
OZP was used to magnify and project the image of the
sample onto the CCD camera. Si3N4 membrane windows are
used to allow the sample and the OZP to be positioned in air,
while the other optical elements are in vacuum.

A fully hydrated platelet sample sandwiched between two
Si3N4 membranes was located between the CZP-side window
and the OZP. Under normal operating conditions, the di-
stance between the CZP-side window and the OZP is about
3—4 mm. Due to this free space between the CZP-side
window and the OZP, this TXM setup can be used for in situ
computer-aided tomography studies of cellular objects or
real-time imaging of chemical reactions in hydrous environ-
ments. Helium gas was blown slowly across the beam path
to minimize X-ray absorption by air. The CCD camera was
mounted 1.5-1.8 m downstream from the OZP.

Sample Preparation. Whole blood was obtained from
normal healthy persons after informed consent and the study
was approved by the Institutional Review Board (IRB) of
Yonsei Severance hospital, Seoul. Whole blood was drawn
into tubes containing ACD (Acid citrate dextrose : one sixth
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the volume of blood drawn). Platelet rich plasma (PRP) was
obtained by centrifugation at 250 g-force for 15 minutes at
37 °C. Platelets were pelleted by centrifugation of PRP at
2200 g-force for 15 minutes, followed by plasma removal.
Platelet pellet was washed twice in Tyrode’s buffer. PGI2
(0.5 uM) was added to PRP and at every step of platelet
resuspension to prevent premature activation of platelets.
Finally, platelets were suspended in Tyrode’s buffer contain-
ing 0.2 U/mL of apyrase, and the platelet count was adjusted
to 300,000/uL. Platelets were activated by ADP and fixed in
1% paraformaldehyde 0, 0.5, 5, and 10 minutes after activa-
tion. Condensed and fixed platelets were sandwiched bet-
ween two SizNs membranes and observed using our TXM
setup. PRP samples for whole mount electron microscopy
(EM) analysis were prepared accordingly to the procedure
described by Israels and colleagues.?” In brief, a single drop
of PRP was transferred to a Formvar-coated copper grid.
After incubation for 1 min, excess PRP was removed by
touching the grid edge with filter paper. A drop of 0.1%
glutaraldehyde was placed on the grid for 1 min and remov-
ed in the same way. The grid was then washed with a drop of
distilled water and allowed to air dry, after which platelet
whole mount images were acquired.

Results and Discussion

To confirm the spatial resolution of the TXM setup we
used in this study, different sized silica particles were observed.
Figure 2 shows TXM images of SiO; particles of 1 um, 500
nm, 300 nm, and 200 nm in diameter, respectively. These
particles could be distinguished from one other. In particular,
the 200 nm SiO; nanoparticles, which are similar in size to
the secretory granules contained in blood platelets, could be
distinguished with good spatial resolution using the normal
TXM setup we used in this study. Thus, it is expected that

Figure 2. TXM images of SiO, nanoparticles. (a) 1 pum, (b) 500
nm, (d) 300 nm and (d) 200 nm SiO». Scale bar indicates 1 pm.
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we are able to identify granules within platelets using the
current TXM experimental setup, as well as the shape of the
intracellular granules.

Soft X-ray TXM generates 2-D images for 3-D thick bio-
logical samples, similar to light and electron microscopy
techniques in transmission mode.”® To further confirm the
biological imaging capability of TXM, fixed platelets were
imaged by TXM and TEM techniques and we have com-
pared the TEM images to those obtained using TXM to
determine the limitations and advantages of TXM for study-
ing the platelets.

Among the various TEM sample preparation techniques
frequently used for blood platelet studies, we have chosen
the technique of whole mount EM for unbiased comparison
with the TXM technique. Figure 3(a) shows the TXM image
of a fully hydrated whole platelet sandwiched between two
Si3N4 membranes, while Figure 3(b) presents the TEM image
of a whole platelet mounted on a formvar-coated copper
grid. In both images, platelets had a normal appearance with
their sub-cellular components, such as secretory organelles
(e.g., a~granules and dense granules), mitochondria and open
canalicular system (OCS). Dark regions of TXM platelet
image are relatively dense organelles such as secretory
granules and mitochondria, while the white regions indicate
the OCS. The major storage components of platelets, such
as a-granules and dense granules, contain more organic
compounds (e.g., proteins such as heparin and fibrinogen.)
and absorb significantly more X-rays than the other part of
the platelet with higher contents of water, resulting in
significant contrast in this water window wavelength region.
Therefore, in Figure 3(a), we have shown that it is possible
to distinguish subcellular granules and OCS with the rest
part of the platelet in the TXM image.

In the TEM image of whole mounted platelets shown in
Figure 3(b), it showed better spatial resolution with clearer
distinctions of sub-cellular components, such as granules
and OCS. However, in the whole mount EM image shown in
Figure 3(b), the presence of the filopodia cytoplasmic
projections were not found, which was observed as fibrous
structures in the TXM image shown in Figure 3(a). Addi-
tionally, in the whole mount EM image (Figure 3(b)), the
platelet was abnormally expanded with a diameter of about
4.5 um. Resting platelets were typically known to have a
diameter of 2-3 mm with sub-cellular granules and organelles.'

Figure 3. Non-activated resting platelets. (a) TXM and (b) whole
mount EM images of a whole platelet sample.
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Figure 4. TXM images of platelet morphology changes as the
progress of activation. Platelet activation was controlled by
reaction time with ADP. (a) Resting platelet (reaction time = 0 s),
(b) platelet activated for 30 s, (¢) 5 min, and (d) 10 min by ADP.
Platelet samples were dropped between SisN4 membranes and air-
dried.

It is likely that the hydrated platelets were swollen when
they were exposed to a vacuum condition during TEM mea-
surement procedure due to the pressure difference between
inside and outside of the cell. Those swollen platelets may
then become flattened due to the leakage of intercellular
water via vaporization. Additionally, it is also possible that
the discrepancy in platelet sizes was an artifact related to
extreme osmotic stress which platelets were subject to dur-
ing the procedure for whole mount sample preparation.

Therefore, the comparison between TXM and TEM shown
in Figure 3 confirmed us that the TXM has significant
advantages over TEM particularly for biological samples. In
contrast to the whole mount EM technique, which requires a
high vacuum condition during observation, TXM can be
performed for a fully hydrated sample under atmospheric
pressure. In addition, because TXM samples are surrounded
by water sandwiched between two SisN4 membranes, rather
than being air- or vacuum- dried as is the case for TEM
samples, they are expected to be more resistant to beam
damage, since the radiation-induced radicals in aquatic
environment can be rapidly quenched.

In Figures 4 and 5, platelet activation was induced by 10
mM of ADP and their temporal TXM images were pre-
sented. Platelet samples shown in Figure 4 were prepared by
dropping PRP onto a Si3Ns membrane and air-dried, while
the TXM images shown in Figure 5 were acquired for the
fully hydrated platelets by sandwiching PRP drop between
two Si3N4 membranes. As previously mentioned in the intro-
duction section, platelet activation comprises morphological
changes, release of storage substances and platelet aggre-
gation.! Morphological changes upon platelet activation are
more clearly observed in Figure 4 rather than Figure 5. The
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Figure 5. TXM images of a platelet activation series. (a) Activated
platelet with a coagulant reaction time of 30 s, (b) completely
activated platelet with a coagulant reaction time of 5 min. All
samples were fully hydrated platelets via sandwiching PRP drop
between two SisN4 membranes.

longer the activation time, the more formation of pseudo-
pods were observed for the platelet. Upon plateletactivation,
platelets were known to change their shape from discoid
shape (resting state) to spherical (active state) and developed
long pseudopods for efficient adhesion and aggregation. At
the same time, the platelets were reported to secrete their
granular contents to augment their own activation and to
trigger activation of coagulation process. Platelet were also
known to contains and secret several coagulation factors
which are important in generation of hemostatic fibrin clot
around platelet clumps.'

The activated platelet shown in Figure 5(a) displayed
pseudopodia formation in response to the addition of ADP
(reaction time: 30 s). Actin and myosin in the cytoplasm
were known to induce these morphological changes for clot
retraction during bleeding®* Following activation, those
platelets activated for 5 min produced the network of fibrin
as shown in Figure 5(b). This was expected, because the
primary role of platelets is to arrest blood leakage, which
was typically done by generating a mesh-like fibrin deposit
that functions as a hemostatic plug. TXM enabled us to
observe platelet activation and aggregation over time, which
has never been possible previously. Furthermore, we could
examine a sufficient numbers of platelets by TXM to take
platelet-to-platelet variation into account.

Conclusion

This is the first synchrotron-based TXM imaging study of
the fully hydrated blood platelets under resting and ADP-
activated conditions. Comparisons of whole mount EM and
TXM images revealed that TXM has a sufficient spatial
resolution and contrast to observe morphological changes in
sub-cellular levels. TXM provided morphological information
about intact organelles and platelets with sufficient spatial
resolution, while minimizing labor-extensive, time-consum-
ing and artifact-causing sample preparation procedures of
TEM observations. The ability to use TXM to observe plate-
lets and their aggregates in a fully hydrated environment
suggests that TXM can be a complementary technique to
TEM, particularly for the study of platelet and their activa-
tion processes under in situ conditions.
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