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Abstract

Platelets, or thrombocytes, are anucleated tiny blood cells with an indispensable contribution to the
hemostatic properties of whole blood, detecting injured sites at the surface of blood vessels and forming blood
clots. Here, we quantitatively and non-invasively investigated the morphological and biochemical alterations of
individual platelets during activation in the absence of exogenous agents by employing 3-D quantitative phase
imaging (QPI). By reconstructing 3-D refractive index (RI) tomograms of individual platelets, we investigated
alterations in platelet activation before and after the administration of various platelet agonists. Our results showed
that while the integrity of collagen-stimulated platelets was preserved despite the existence of a few degranulated
platelets with developed pseudopods, platelets stimulated by thrombin or thrombin receptor-activating peptide
(TRAP) exhibited significantly lower cellular concentration and dry mass than did resting platelets. Our work
provides a means to systematically investigate drug-respondents of individual platelets in a label-free and

quantitative manner, and open a new avenue to the study of the activation of platelets.
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Introduction

Platelets play an indispensable role in the hemostatic properties of whole blood by detecting injured sites at the
surface of blood vessels and forming blood clots!2. More than 10 million people suffer or die annually due to
hemostatic failures linked to platelet dysfunctions. One of the most important clinical issues is to determine the
appropriate dosage of antiplatelet drugs for treating patients found between hemorrhage and embolism®®,
Although blood tests screening for platelet aggregation is performed, the types and dosage of antiplatelet drugs
are not determined based on the aggregation test, because controversies regarding their actual efficacy and patient-
to-patient variations remain®® and existing aggregation test mainly address plate aggregation. In extension to these
concerns, many researchers have put their efforts into finding clinical clues not only relating to platelet aggregation
but also the activation state of individual platelets. However, the particularly small size and atypical shapes of
individual platelets have hindered such attempts focused on using biochemical and morphological features of
individual platelets for assessing platelet functionality.

The most direct way to access the hemostatic abilities of platelets is to image individual platelets. Various
imaging techniques, from electron®®*®> and scanning probe microscopy®1° to phase-contrast'®?° and differential
interference contrast microscopy®-?? to fluorescence confocal microscopy,??>* have been employed. There is a
considerable missing link between the imaging capabilities of electron microscopes that are capable of imaging
sub-micron intraplatelet structures but only on dead cells and that of conventional optical microscopes that are
capable of imaging live cells but lack of high-resolution quantitative imaging. Atomic force microscopy or
scanning ion-conductance microscopy lies in between, but always requires a height reference to precisely
reconstruct the topography of live cells, without addressing tomographic internal information®26, Accordingly,
only activated platelets stably attached to the substrate can be evaluated. Meanwhile, most platelet analyzers
utilized in clinical practice mainly deal with the macroscopic properties of blood plasma and thus cannot fully
address the underlying microscopic intraplatelet phenomena.

Here, we present a method to assess the three-dimensional (3-D) morphology and dynamics of individual
platelets. We employed quantitative phase imaging (QP1)?" and performed measurements of the morphological
and biochemical alterations of resting platelets undergoing activation in a label-free, intrinsically quantitative, and
real-time manner. We investigated 2 major issues associated with platelet activation: (i) statistical analyses on
morphological and biochemical characteristics of resting and agonist-induced activated platelets, and (ii)
continuous monitoring of the activation process of individual resting platelets. To selectively activate the
respective route of the platelet activation process, either collagen, the more potent thrombin, or thrombin receptor

activating peptide (TRAP) were chosen as platelet agonists.

Results

3-D quantitative phase imaging of individual platelets

To measure the 3-D images of individual platelets, we exploited optical diffraction tomography (ODT) (Fig. 1).
Due to its high-resolution, label-free, and quantitative imaging capability, ODT has been recently utilized in

various studies, including research in the fields of haematology?®2°, infectious diseases®**!, drug discovery®, and
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cell biology®:. Analog to X-ray computed tomography, ODT reconstructs the 3-D RI of a microscopic object using
a laser beam®*-¥", Multiple 2-D hologram images of a sample are measured with various illumination angles, from
which the 3-D RI tomogram is reconstructed [Fig. 1(A)]. Here, we utilized off-axis Mach-Zehnder interferometry
equipped with a digital micromirror device (DMD)3#=° [Fig. 1(B)].

The angle of the laser beam impinging onto the sample was controlled by projecting hologram patterns on
the DMD, and the field information of the beam diffracted from the sample was holographically recorded [Fig.
1(C)] (See Supplementary Information). The measured multiple 2D optical field images were mapped in the 3-D
Fourier space to synthesize the optical scattering potential [Fig. 1(D)]. Then, the 3-D RI tomogram of the platelet
was obtained by taking the inverse Fourier transform on the synthesized scattering potential [Fig. 1(E)]. The cross-
sectional image along the x-y plane showed a clear spreading of the activated platelets [Fig. 1(F)]. The maximum
RI projection (MRP) image of the platelet tomogram, calculated by projecting the maximum RI value of 3-D
tomogram along the axial direction, showed the overall shapes of thin cells located at different axial planes at
once [Fig. 1(G)].

Activation of resting platelets by the administration of platelet agonists

To investigate the biochemical and morphological changes of resting platelets during their activation process,
we used 3 representative platelet agonists: collagen, thrombin, and thrombin receptor-activating peptide (TRAP)
(see Methods). First, a collagen-coated coverslip was used to experimentally simulate hemostasis in vivo, in which
resting platelets are activated in response to collagen exposed in the wounded blood vessel walls. Then, thrombin
(12 U/mL), known as one of the more potent and standard platelet agonists, was used to activate resting platelets
more reliably. TRAP is a peptide that interacts with a platelet thrombin receptor activating it in a similar to
thrombin manner. Since TRAP does not interact with other plasma proteins, such as fibrinogen, it was used to
investigate common morphological and biophysical alterations of resting platelets in an activation process co-
stimulated by thrombin. In our experiments, a TRAP solution of 33 uM was used to fully activate resting platelets.

Representative 3D RI tomograms of resting platelets and activated platelets stimulated by either collagen,
thrombin, or TRAP are presented in Fig. 2. Resting platelets have an elliptical shape with various aspect ratios
and mean intraplatelet RI values [Fig. 2(A and E)]. On the other hand, collagen-activated platelets [Fig. 2(B and
F)] exhibit more diverse shapes, having pseudopods or intraplatelet regions with inhomogeneous RIs that might
be a consequence of an induced degranulation process. Meanwhile, in the case of thrombin- or TRAP-activated
platelets, noticeable spreading was observed [Fig. 2(C and D)], thus exhibiting lower Rls than the resting and
collagen-stimulated platelets. 20 min after loading of the plasma on the collagen-coated coverslip, most of the
platelets were still moving in the plasma and were not stably attached on the surface of the coverslip, as in the
case of resting platelets (data not shown). However, thrombin- or TRAP-stimulated platelets were observed to be

immobile and were generally spread on the coverslip surface.

Alterations in the biochemical properties of resting platelets during the induced activation process
The biochemical parameters, including mean intraplatelet Rl and dry mass of platelets, were retrieved from the

measured 3-D RI tomograms (Fig. 3). While there was no statistical difference in the mean intraplatelet RI
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between resting and collagen-treated platelet groups, the mean RI of the platelet group stimulated by either
thrombin or TRAP was significantly lower compared to that of the corresponding control group [Fig. 3(A)-(C)].
Resting and collagen-treated platelet groups had a mean RI of 1.3472 + 0.0038 and 1.3469 + 0.0045, respectively.
Resting platelets and thrombin-activated platelets exhibited a mean RI of 1.3463 + 0.0031 and 1.3447 + 0.0037,
respectively [p-value < 0.001]. The mean RI of the TRAP-activated platelet group (1.3449 + 0.0034) was also far
lower than that of the control (1.3463 £ 0.0031) [p < 0.001]. The presence of some platelets with mean RIs greater
than 1.359 in both the collagen- and thrombin-treated platelet groups [red dashed circles, Fig. 3 (A and B)], despite
the fact that the mean RI of these platelet groups was equal to or less than that of the respective resting platelet
group and there was no resting platelet with mean RI larger than 1.359. However, no such platelets were identified
in the TRAP-treated platelet group.

Concurrently, the trend observed in the dry mass of agonists-exposed platelets was similar to that of mean
RI, implying that the reduced mean RlIs of the thrombin- and TRAP-stimulated platelets were mainly caused by a
substantial loss of platelet cellular materials, i.e. degranulation, in conjunction with platelet activation. Moreover,
this degranulation process during platelet activation might be related to the previously observed suppression of
lateral movements observed in thrombin- and TRAP-activated platelets. Specifically, the mean dry mass of resting
and collagen-treated platelets was 1.04 + 0.68 and 1.06 + 0.77 pg, respectively [Fig. 3(D)]. As expected, the
observed difference was not statistically significant. Meanwhile, the mean dry mass of the thrombin-treated
platelet group (0.81 + 0.67 pg) was significantly lower than that of the resting platelet group (1.03 + 0.70 pg) [Fig.
3(E)], and the mean dry mass of the TRAP-treated platelet group (0.60 + 0.46 pg) was also significantly lower
than that of the resting platelet group (0.87 + 0.69 pg) [Fig. 3 F)] (both p-values < 0.001).

Alterations in the morphologies of resting platelets during activation process induced by either collagen,
thrombin, or TRAP platelet agonists

Figure 4 shows the recorded morphological parameters, including platelet volume, surface area, and sphericity of
resting platelets and activated platelets stimulated by either collagen [Figs. 4(A, D, and G)], thrombin [Figs. 4 (B,
E, and H)], or TRAP [Figs. 4(C, F, and I)].

The resting platelet group displayed a mean volume of 14.2 + 7.4 fL, slightly below the mean volume of 14.9
* 8.1 fL shown by the collagen-treated platelet group, and thus not statistically significant [Fig. 4(A)]. Contrary,
in the case of thrombin-treated platelets, the mean volume of resting platelets (14.5 = 7.8 fL) was slightly but not
significantly higher than that of the thrombin-activated platelets (13.6 £ 8.8 fL) [Fig. 4(B)]. However, TRAP-
activated platelets exhibited a significantly lower mean cellular volume (10.1 £ 5.6 fL) compared to that of the
resting platelet group (11.8 £ 7.0 fL) [p < 0.01; Fig. 4(C)].

While the collagen-treated platelet group showed a higher mean surface area compared to the resting platelet
group, there was no statistical difference in the mean surface area between the thrombin- or TRAP-treated platelet
group and the corresponding control group. The mean surface area of collagen-treated platelets (42.1 + 19.9 um?)
was statistically higher than that of the resting platelets (39.1 + 18.0 um?) [p = 0.03; Fig. 4(D)]. However, resting

and thrombin-activated platelets had a mean surface area of 40.0 = 18.6 and 41.3 + 25.1 um?, respectively (p-
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value = 0.43; Fig. 4(E)). Similarly, the mean surface area of the resting and TRAP-treated platelet groups was
33.2+16.0 and 32.6 £ 17.8 um?, respectively [p-value ~ 0.73; Fig. 4(F)].

The most prominent alteration in the morphology of resting platelets following administration of platelet
agonists was observed in platelet sphericity, a parameter measuring how closely a cell resembles a sphere [Fig.
4(G-I)] The mean sphericity of the agonist-activated platelet groups was significantly lower than that of the
respective control group. Resting and collagen-activated platelets had a mean sphericity of 0.74 = 0.10 and 0.71
* 0.11, respectively (p < 0.001). In the case of thrombin treatment, both the slightly reduced volume and slightly
increased surface area of the thrombin-activated platelet group, although not statistically significant, resulted in a
statistically significant (p-value ~ 0.01) lower mean sphericity (0.71 = 0.14) compared to that of the resting platelet
group (0.73 £ 0.10). Again, the mean sphericity of the TRAP-treated platelet group (0.73 £ 0.13) was significantly
lower than that of the control group (0.76 £ 0.10), mainly resulting from the reduced mean volume of the TRAP-
activated platelets (p-value ~ 0.006). Detailed information on the individual participants of these experiments are

presented in Fig. 5.

Continuous monitoring of individual platelets under activation process

We performed the continuous optical measurements on individual platelets during thrombin-induced activation.
After administration of 1 U/mL thrombin, the entire activation process of each platelet was monitored by obtaining
one 3-D RI tomogram every 6 s for a total of 10 min. From the time platelets entered the field-of-view of the
microscope and began to attach to the coverslip, various cellular parameters were measured and analyzed [Fig. 6].

Figure 6(A) presents the timely evolution of the mean RI of 10 measured platelets along the whole activation
process. The mean RI of all measured platelets was significantly reduced during the activation process induced
by thrombin. The mean RI of measured platelets at the beginning and end of the monitored activation process
were 1.3446 £ 0.0018 and 1.3428 + 0.0012, respectively (p < 0.001). The timely progression of the sphericity of
11 platelets is shown in Fig. 6(B). A paired -test indicated that the mean sphericity of the monitored platelets at
the end of the activation process (0.87 + 0.19) was significantly lower than that of corresponding platelets at the
moment of thrombin administration (0.96 £ 0.11) (p-value ~ 0.05). Figure 6(C and D) represents the timely
evolution of the volume of a total of 10 platelets. Mean volumes of the monitored platelets during the first 4 and
last 4 time-points were 19.7 £ 13.3 and 19.7 + 17.7 fL, respectively.

To further investigate the dynamics of platelets when cell spreading occurred, we repeated the same procedure
on a total of 11 individual platelets during activation by 1 U/mL thrombin at the temporal rate of one tomogram
per second during the first 100 s of the activation process (Fig. 7). After thrombin treatment, we observed that the
mean RI of 6 of the 11 platelets was significantly reduced from a certain time-point onwards, and this overall
trend was similar to the results obtained from the long-scale optical measurement [10 min; Fig. 7(A)]. Meanwhile,
the remaining 5 platelets did not undergo significant changes in RI during the early stages of activation. The mean
RI of the monitored 11 platelets during the first 4 time-points (1.3471 + 0.0030) was significantly higher than that
of the corresponding platelets during the last 4 time-points (1.3447 £ 0.0016) (p = 0.01).

Figure 7(B) represents the recorded radial location of the examined platelets during the activation process,
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and therefore each slope curve indicates the instant speed of the respective platelet. The timely progression of
volume and surface area of all 11 platelets are shown in Fig. 7(C)-(E). The mean volume and surface area of
platelets at the beginning of the activation process were 10.1 + 5.6 fLL and 21.1 + 9.3 um?, whereas those at the
end of the optical measurements were 10.4 + 6.3 fLL and 21.7 + 10.2 um?, respectively. Consecutively, the mean
sphericity of the platelets displayed a value of 1.06 £ 0.09 in the initial and a value of 1.06 + 0.10 in the last stage
of the optical measurements. In this instance, the paired #-test did not verify the hypothesis that the volume, surface
area, and sphericity of resting platelets were significantly altered during the first 100 s after thrombin
administration (1 U/mL).

The experiments based on individual cell tracking using a high-speed QPI system also gave similar results.
While the sphericity of individual platelets did not change in a statistically significant manner during the first 100
s after thrombin treatment [Fig. 7(E)], it was significantly reduced in the experiments observing the activation
process for 10 min [Fig. 6(B)]. This result implied that resting platelets were slowly and gradually flattened as
they spread over a coverslip during the whole 10 min of the activation process induced by thrombin. It can be
assumed from Fig. 7(B) that 6 of the 11 platelets were initially moving at a constant speed and then stopped at a
specific time-point at which platelets adhered to the coverslip. In this case, we observed that the time-point at
which platelets stopped moving qualitatively coincided with the time at which the mean Rls of the platelets were
significantly decreased. These regions are shaded in light blue in Fig. 7(A and B) to assist visualization. This
observation further supported our hypothesis that the process of intraplatelet degranulation is essential for platelets

spreading over a substrate.

Discussion

We found that collagen-stimulated platelets did not exhibit statistically significant differences in the mean
intraplatelet RI and dry mass when compared with resting platelets [Fig. 3(A and D)]. This indicated that, despite
the existence of some degranulated platelets with a few pseudopods, the given amount of collagen was not
sufficient to thoroughly activate all resting platelets and thereby the integrity of a large portion of platelets was
maintained. On top of that, most collagen-treated platelets were mobile and moved inside the plasma similar to
resting platelets. However, platelets stimulated by a more potent agonist, such as thrombin or TRAP exhibited a
significantly decreased mean RI and dry mass relative to those of resting platelets and no longer moved on the
coverslip (Fig. 4). This trend was also supported by the result obtained by continuous monitoring of the activation
process of individual platelets by 1 U/mL thrombin administration, in both the slow and fast measurements [Fig.
5].

The observed suppression in lateral movements of platelets exposed to thrombin and TRAP with significantly
decreased intraplatelet RIs suggested the possibility that a significant loss of platelet cellular materials via
degranulation might have preceded the spreading of platelets over the substrates during the process of platelet
activation. From the results obtained by the rapid monitoring of the activation process of individual platelets
induced by thrombin (one tomogram per s), we found that the time-point at which the RI of the platelet started to

decrease, qualitatively coincided with the very timing at which velocity of the platelet was significantly decreased
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and platelet adhered to the coverslip [Fig. 7(A and B)]. This observation further strengthened our hypothesis that
a substantial amount of granular exocytosis should be a prerequisite for platelet spreading. This idea is also
consistent with the results of recent research using fluorescent antibodies*’.

One of the interesting results was that the mean RI of about 30 % of platelets did not monotonically decrease
after exposure to thrombin, but to the contrary, slightly increased in the early stages of activation [Fig. 6(A); see
also Supplementary Figure 1]. This observation further explained why some platelets in the collagen- or thrombin-
treated platelet group, appeared to have a mean RI of larger than 1.359, although mean RI of these platelet groups
was equal to or less than the mean RI of resting platelets, which was never greater than 1.359 [Fig. 3(A and B)].
In addition, this interpretation was also consistent with the main result of a previous study showing that
intraplatelet Rls increase for a short period of time immediately after the administration of platelet agonists*!.
Also, statistical analysis for the results in Fig. 5 did not verify the hypothesis that activation by thrombin
significantly alters platelet volume. This was mainly because individual differences were far too large, consistent
with our previous results using statistical approaches in Fig. 3(B).

In the experiments based on statistical approaches, all platelet groups treated with platelet agonists were
observed to have a statistically lower mean sphericity than the corresponding control groups, regardless of the
particular type of agonists [Fig. 4(G-I)]. For example, in the case of collagen administration, the observed reduced
cell sphericity was mainly due to the increased surface area of the platelets. This observation was consistent with
previous research reporting that both the formation of pseudopods and spreading over a substrate were achieved
by platelets as the invaginated membranes of the platelet open canalicular system (OCS) started to protrude out
of the cell. On the other hand, in the case of TRAP administration, the observed reduced cell sphericity was mainly
the result of the decreased platelet volume, and this might have been a direct consequence of the continuous RI
diminution of platelets through degranulation during the activation process. The results obtained for the thrombin-
treated platelet group were thought to reside halfway between the cases of collagen and TRAP administration.

Neither long or short time-scale experiment could verify the hypothesis that thrombin significantly changes
the volume of resting platelets [Figs. 6(C) and (G)], and these observations also agreed well with our statistical
approach-based results [Fig. 4(E)]. It was noteworthy that the 2 platelets, with increased volumes during activation
[Fig. 6(C)], were the platelets with the greatest mean Rls at the end of the 10 min observation [Fig. 6(A)].
Considering that administration of 30 uM TRAP significantly reduced not only the mean RI but also the volume
of resting platelets, and our observation that the above 2 platelets were still in the process of decreasing their
intraplatelet RIs, we think that administration of more potent agonists or longer observation would eventually lead

to a significant reduction in the volume of these platelets via the continuous degranulation process.

One of the most important clinical issues in platelets is to find the sweet spot between the bleeding tendency
and the blood clotting of the patient, and thus continuous attempts to make a breakthrough in this field by focusing
on the activation process of individual platelets have been tried.

In this study, we presented QPI as an efficient and effective optical imaging tool for assessing various
morphological and biochemical properties of individual platelets with quantitative and live-cell imaging

capabilities. We characterized the activation process of individual platelets using both statistical and single-cell
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based approaches. Our results show that the decreasing internal RIs and slightly elevated sphericity of human
platelets were the most representative biophysical markers for distinguishing the activation state of individual
platelets. We expect that the present method sheds light on the field of testing platelet functionality by providing
information about the activation process of individual platelets based on morphology and intraplatelet protein

contents.

Methods

Sample preparation

Blood was gently drawn from healthy volunteers who had not been subjected to any anticoagulant treatments for
at least 2 weeks by standard venepuncture into sodium citrate vacutainers (2.7 mL, 3.2 % v/v sodium citrate; BD,
NJ, USA). The informed consent was provided by each volunteer. Within one hour after collection, blood was
centrifuged for 12 min at 200 g and at room temperature (24 °C) to obtain platelet-rich plasma (PRP)*>“3, Platelet-
poor plasma (PPP) samples were simultaneously obtained by centrifugation at 800 g for 15 min for the purpose
of platelet dilution. Obtained PRP was then diluted 3 times with PPP to secure 2 or 3 platelets on average in the
FOV of the imaging system. Before loading to the microscope stage, diluted platelet suspensions were sandwiched
between 2 coverslips (24 x 50 mm; Matsunami, Japan) and sealed to prevent them from drying out. All the above
blood gathering protocols were performed at the Pappalardo Medical Center and were approved by the ethics
committee of Korea Advanced Institute of Science and Technology (KAIST; Daejeon, Republic of Korea) (IRB
project: #KH2017-04).

Acknowledgments
This work was supported by KAIST, BK21+ program, Tomocube, and National Research Foundation of Korea
(2017M3C1A3013923, 2015R1A3A2066550, 2018K000396).

Authorship contributions
S.L., S.J., and Y.P. conceived the initial idea. S.L. performed the experiments and analysed the data. All authors

wrote and revised the manuscript. Correspondence and requests for materials should be addressed to Y.P.

Disclosure of Conflicts of Interest
Y.P. and S.J. have financial interests in Tomocube Inc., a company that commercializes optical diffraction

tomography and quantitative phase imaging instruments and is one of the sponsors of the work.

References

1. Ghoshal K, Bhattacharyya M. Overview of platelet physiology: its hemostatic and

nonhemostatic role in disease pathogenesis. The Scientific World Journal. 2014;2014.


https://doi.org/10.1101/827436
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/827436; this version posted November 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

2. Born G, Cross M. The aggregation of blood platelets. 7he Journal of physiology.
1963;168(1):178-195.
3. Binder RK, LUscher TF. Duration of dual antiplatelet therapy after coronary artery stenting:

where is the sweet spot between ischaemia and bleeding?: Oxford University Press; 2015.

4. Ferreiro JL, Sibbing D, Angiolillo DJ. Platelet function testing and risk of bleeding
complications. 7Thrombosis and haemostasis. 2010;103(06):1128-1135.

5. Sibbing D, Spannagl M. Direct oral anticoagulants and antiplatelet agents. Himostaseologie.
2014;34(01):78-84.

6. Bates ER, Lau WC. Controversies in antiplatelet therapy for patients with cardiovascular
disease. Circulation. 2005;111(17):e267-e271.

7. Weber R, Diener HC. Controversies and future perspectives of antiplatelet therapy in

secondary stroke prevention. Journal of cellular and molecular medicine. 2010;14(10):2371-2380.

8. Michelson AD. Platelet function testing in cardiovascular diseases. Circulation.
2004;110(19):e489-e493.
9. Pamukcu B. A review of aspirin resistance; definition, possible mechanisms, detection with

platelet function tests, and its clinical outcomes. Journal of thrombosis and thrombolysis.
2007;23(3):213-222.

10. Weisel JW, Nagaswami C, Vilaire G, Bennett JS. Examination of the platelet membrane
glycoprotein llb-llla complex and its interaction with fibrinogen and other ligands by electron
microscopy. Journal of Biological Chemistry. 1992;267(23):16637-16643.

11. Clauser S, Cramer-Bordé E. Role of platelet electron microscopy in the diagnosis of platelet
disorders. Seminars in thrombosis and hemostasis: © Thieme Medical Publishers; 2009:213-223.
12. Allen RD, Zacharski LR, Widirstky ST, Rosenstein R, Zaitlin LM, Burgess DR. Transformation

and motility of human platelets: details of the shape change and release reaction observed by
optical and electron microscopy. The Journal of cell biology. 1979;83(1):126-142.

13. Thorsen T, Dalen H, Bjerkvig R, Holmsen H. Transmission and scanning electron microscopy
of N2 microbubble-activated human platelets in vitro. Undersea biomedical research. 1987;14(1):45-
58.

14. Gear AR. Rapid platelet morphological changes visualized by scanning-electron microscopy:
kinetics derived from a quenched-flow approach. British journal of haematology. 1984;56(3):387-398.
15. Phillips D, Jennings L, Edwards H. Identification of membrane proteins mediating the
interaction of human platelets. 7he Journal of Cell Biology. 1980;86(1):77-86.

16. Fritz M, Radmacher M, Gaub HE. Granula motion and membrane spreading during
activation of human platelets imaged by atomic force microscopy. Biophysical journal.
1994,66(5):1328.

17. Radmacher M, Fritz M, Kacher CM, Cleveland JP, Hansma PK. Measuring the viscoelastic

properties of human platelets with the atomic force microscope: Elsevier; 1996.

10


https://doi.org/10.1101/827436
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/827436; this version posted November 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

18. Rheinlaender J, Vogel S, Seifert J, et al. Imaging the elastic modulus of human platelets
during thrombin-induced activation using scanning ion conductance microscopy. Thrombosis and
haemostasis. 2015;114(02):305-311.

19. Seifert J, Rheinlaender J, Lang F, Gawaz M, Schéffer TE. Thrombin-induced cytoskeleton
dynamics in spread human platelets observed with fast scanning ion conductance microscopy.
Scientific Reports. 2017,7(1):4810.

20. Maurer-Spurej E, Chipperfield K. Past and future approaches to assess the quality of
platelets for transfusion. 7Transfusion medicine reviews. 2007;21(4):295-306.

21. Maxwell MJ, Dopheide SM, Turner SJ, Jackson SP. Shear induces a unique series of
morphological changes in translocating platelets: effects of morphology on translocation dynamics.
Arteriosclerosis, thrombosis, and vascular biology. 2006;26(3):663-669.

22. Nomura S, Tandon NN, Nakamura T, Cone J, Fukuhara S, Kambayashi J. High-shear-stress-
induced activation of platelets and microparticles enhances expression of cell adhesion molecules
in THP-1 and endothelial cells. Atherosclerosis. 2001;158(2):277-287.

23. Jenne CN, Wong CH, Petri B, Kubes P. The use of spinning-disk confocal microscopy for the
intravital analysis of platelet dynamics in response to systemic and local inflammation. PloS one.
2011;6(9):25109.

24. Kamykowski J, Carlton P Sehgal S, Storrie B. Quantitative immunofluorescence mapping
reveals little functional co-clustering of proteins within platelet a-granules. Blood. 2011:blood-2011-
2001-330910.

25. Fritz M, Radmacher M, Gaub HE. Granula motion and membrane spreading during
activation of human platelets imaged by atomic force microscopy. Biophysical journal.
1994;66(5):1328-1334.

26. Kraus M-J, Seifert J, Strasser EF, Gawaz M, Schéaffer TE, Rheinlaender J. Comparative
morphology analysis of live blood platelets using scanning ion conductance and robotic dark-field
microscopy. Platelets. 2016;27(6):541-546.

27. Park Y, Depeursinge C, Popescu G. Quantitative phase imaging in biomedicine. Nature
Photonics. 2018;12(10):578-589.
28. Koo S-e, Jang S, Park Y, Park CJ. Reconstructed Three-Dimensional Images and Parameters

of Individual Erythrocytes Using Optical Diffraction Tomography Microscopy. Annals of laboratory
mediicine. 2019;39(2):223-226.

29. Kim Y, Shim H, Kim K, Park H, Jang S, Park Y. Profiling individual human red blood cells
using common-path diffraction optical tomography. Scientific reports. 2014;4:6659.

30. Park H, Hong S-H, Kim K, et al. Characterizations of individual mouse red blood cells
parasitized by Babesia microti using 3-D holographic microscopy. Scientific reports. 2015;5:10827.
31. Tougan T, Edula JR, Takashima E, et al. Molecular camouflage of Plasmodium falciparum

merozoites by binding of host vitronectin to P47 fragment of SERASL. Scientific reports.

11


https://doi.org/10.1101/827436
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/827436; this version posted November 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

2018;8(1):5052.

32. Kwon S, Lee Y, Jung Y, et al. Mitochondria-targeting indolizino [3, 2-c] quinolines as novel
class of photosensitizers for photodynamic anticancer activity. Furopean journal of medicinal
chemistry. 2018;148:116-127.

33. Kim T-K, Lee B-W, Fujii F, et al. Physicochemical Properties of Chromosomes in Live Cells
Characterized by Label-Free Imaging and Fluorescence Correlation Spectroscopy. BioRxiv.
2019:533596.

34. Wolf E. Three-dimensional structure determination of semi-transparent objects from
holographic data. Optics Communications. 1969;1(4):153-156.

35. Lauer V. Observation of biological objects using an optical diffraction tomographic
microscope. Laser Microscopy: International Society for Optics and Photonics; 2000:122-133.

36. Kim K, Yoon J, Shin S, Lee S, Yang S-A, Park Y. Optical diffraction tomography techniques
for the study of cell pathophysiology. Journal of Biomedical Photonics & Engineering. 2016;2(2).
37. Kim K, Yoon H, Diez-Silva M, Dao M, Dasari RR, Park Y. High-resolution three-dimensional
imaging of red blood cells parasitized by Plasmodium falciparum and in situ hemozoin crystals

using optical diffraction tomography. Journal of biomedical optics. 2013;19(1):011005.

38. Shin S, Kim K, Yoon J, Park Y. Active illumination using a digital micromirror device for
quantitative phase imaging. Optics Letters. 2015;40(22):5407-5410.
39. Lee K, Kim K, Kim G, Shin S, Park Y. Time-multiplexed structured illumination using a DMD

for optical diffraction tomography. Optics Letters. 2017;42(5):999-1002.

40. Peters CG, Michelson AD, Flaumenhaft R. Granule exocytosis is required for platelet
spreading: differential sorting of a-granules expressing VAMP-7. Blood. 2012:blood-2011-2010-
389247.

41. Sibbing D, Braun S, Jawansky S, et al. Assessment of ADP-induced platelet aggregation with
light transmission aggregometry and multiple electrode platelet aggregometry before and after

clopidogrel treatment. Thrombosis and haemostasis. 2008;99(01):121-126.

42. Marx RE. Platelet-rich plasma (PRP): what is PRP and what is not PRP? /mplant dentistry.
2001;10(4):225-228.
43, Saucedo JM, Yaffe MA, Berschback JC, Hsu WK, Kalainov DM. Platelet-rich plasma. Journa/

of Hand Surgery. 2012;37(3):587-589.

12


https://doi.org/10.1101/827436
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/827436; this version posted November 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Figures

available under aCC-BY 4.0 International license.

(A) P incident TR . M
( ‘\x plane B) "Llens | sSCMOS M
/\//——\\< ek M: mirror | camera
p \\ } P, R OL: objective lens | OL x60 L2,
BS: beam splitter P N.A =12 ; f =300 mm
d P: polarizer . BS
“sample ND: neutral density » sample
et\e‘e \7/ \/\/ OL x60
A \ =14
\\Q‘(\ Y / \ N
scattered L3,
\ A ES 200 mM =300 mm
%
%%,
7% < . G
HelogiEns | field retrieval = 200 ""“\
+0DT Collimator
} f =4.54 mm
>
RI tomogram
©)

Laser incidence angle

.~ .

K
RI cross-
sectional slice

maximum RI
projection map

Figure 1. Schematic representation and demonstration of the method. (A) The principle of ODT. (B) The imaging
system used. (C) Retrieved 2-D optical fields obtained with various illumination angles. (D) 3-D Fourier spectrum
of the synthesised optical scattering potential. (E) Three cross-sectional slices of the reconstructed RI tomograms
of platelets. (F) An x-y cross-sectional slice of the platelet tomogram at z = -1.2 um. (G) 2-D maximum RI

projection map of the platelets along the axial direction.

13


https://doi.org/10.1101/827436
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/827436; this version posted November 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

+ thrombin

-

Figure 2. (A-D) Three x - y, y - z, and z - x cross-sectional slices and (E—H) corresponding MRP images of 3-D
RI tomograms of representative resting platelets (A and E) and activated platelets stimulated by either collagen

(B and F), thrombin (C and G), or TRAP (D and H).
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Figure 3. Biochemical properties including mean RI (A—C) and dry mass (D—F) of resting platelets and activated
platelets induced by either collagen (A and D), thrombin (B and E), or TRAP (C and F). Each plotted coloured
circle denotes a single measurement. Bar height and error bar length indicate sample mean value and standard
deviation, respectively. A total of 5, 6, and 3 subjects participated in the experiments using either collagen,
thrombin, or TRAP as platelet agonists, respectively. For each participant, more than 50 individual platelets were
measured per respective control and agonist-treated platelet groups. The total number of measured resting and
collagen-treated platelets were 430 and 356, those of resting and thrombin-treated platelets were 435 and 286, and
those of resting and TRAP-treated platelets were 254 and 140, respectively.
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Figure 4. Recorded morphological parameters including platelet volume (A—C), surface area (D—F), and sphericity
(G-I) of resting and activated platelets induced by either collagen (A, D, and G), thrombin (B and E, and H), or
TRAP (C, F, and I). Each plotted coloured circle denotes a single measurement. Bar height and error bar length

indicate sample mean value and standard deviation, respectively.
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Figure 5. The biochemical and morphological platelet parameters of individual subjects including (A) mean RI,

(B) dry mass, (C) volume, (D) surface area, and (E) sphericity. Each colored circle in the plots denotes single

measurement. The box plots present mean values with upper and lower quartiles. The vertical line of box plots

indicates a parameter range of the population. The normalized probability density function on the measured

platelet parameters of individual donor is also specified.
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Figure 6. Continuous alterations in mean RI (A), sphericity (B), volume (C), and surface area (D) of individual
platelets over both long (10 min, one tomogram per 6 s) time-scale monitoring after administration of thrombin
(1 U/mL). Each coloured line represents the time trajectory of the recorded parameter of an individual platelet.
The graph on the right of each panel presents the mean first 4 and last 4 recorded time-points for the respective
parameter of each individual platelet. Bar height and error bar length indicate sample mean value and standard

deviation, respectively.
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Figure 7. Continuous alterations in mean RI (E), radial coordinates (F), volume (G), surface area (H), and
sphericity (I) of individual platelets over short (100 s, one tomogram per s) time-scale monitoring after
administration of thrombin (1 U/mL). Each coloured line represents the time trajectory of the recorded
parameter of an individual platelet. The graph on the right of each panel presents the mean first 4 and last 4
recorded time-points for the respective parameter of each individual platelet. Bar height and error bar length

indicate sample mean value and standard deviation, respectively.
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