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Abstract

Platelet is the key cellular machinery of a blood clot/thrombus. Platelet
morphodynamics under fluid shear plays an essential role in the quantitative analysis of
platelet dysfunction. The mechanical properties of platelets inform the formation of
haemostatic plugs that have wide application in bleeding disorders and cardiovascular
diseases. During clotting, individual platelets sense physical and biochemical agonists on
their surface receptors that trigger the formation of membrane protrusions. Platelets would
reorganize their cytoskeletal structure upon sensing agonists to manipulate the extracellular
matrix (collagen and fibrin fibres) and form a stable blood thrombus. However, platelet
dysfunction would lead to an imbalance between haemostasis and thrombosis that causes life-
threatening diseases, including pulmonary embolism and ischemic stroke *.

In the last few decades, the development of advanced imaging tools (optical 2,

electrons °

, conductance 4, and atomic force °) have revealed a highly heterogeneous
distribution of platelet morphologies at the microscopic scale that spreads across a thrombus.
Under platelet spreading assays, the membrane protrusions of platelets have been observed to

6 and contribute to the mechanical contraction of a blood clot.

manipulate fibrin fibres
Current optical imaging tools in platelet are generally performed with specific fluorescence
markers. Since the human platelets sample is unsuitable for genetic manipulation, platelet
labelling is often conducted using membrane markers or with fixed samples which could
restrict nanoscopic imaging of the platelet dynamics at video rate. Rapid assessment of
platelet dysfunction without markers will accelerate many aspects of platelet studies.
Therefore, it is imperative to develop a label-free imaging flow assay (video rate and

diffraction-limited) that could measure the morphodynamics of single platelet in a thrombus .

Existing label-free imaging tools such as differential interference contrast 8, darkfield °, phase

\%



contrast *°, and reflectance interference contrast * are regularly applied to platelets imaging

but lack imaging contrast for quantifying platelet motility 2.

Nanoscopic label-free imaging techniques based on light scattering and interferometry
have emerged as a rapid high-resolution live-cell imaging technique > 3. Applying
nanoscopic label-free imaging permits real-time imaging of platelet membrane protrusion
(lamellipodium, filopodia) and morphological profiling. The capability to quantify platelet
morphology during thrombus formation and embolization, along with platelets detachment,

enables in-depth assessment of functional responses of platelets.

In the first part of the thesis (Chapter 1-3), | shall describe the role of scattering in
forming a microscopic image of a cell using numerical models and review current imaging
tools tailored for platelet and thrombus studies. The second part of the thesis (Chapter 4)
covers the steps to design, calibrate, and characterize a series of label-free tools (COSI) for
platelet imaging under flow. Using the COSI system, | demonstrate the detection sensitivity
down to 20 nm gold nanoparticles without post-processing. In the third part of the thesis
(Chapter 5-6), I shall elaborate on platelet spreading assays and migration studies to quantify
single platelet adhesion and characterize platelet membrane protrusions with ECM (collagen,
fibrin, fibrinogen, CRP). In the final chapter, | demonstrate label-free imaging on thrombus
formation and study the effects of a metalloproteinase inhibitor in embolization with

piconewton (pg) and high spatial-temporal resolution (0.4 pm/s).

In summary, this thesis paves the way for label-free nanoscale imaging of quantitative

study of platelets and blood thrombus under flow.
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Chapter 1 Harnessing Scattered Light
for High-speed and Nanoscopic
Imaging

Cytoskeleton remodelling results in membrane protrusions are linked to
morphological profiles of motile cells that undergo migration, differentiation, and invasion 1.
Identifying membrane protrusions is critical in establishing how cells physically interact with
the microenvironment to form cell-cell junctions ° and shape organs, which inform us of
their roles in diseases %*2, and responses to therapeutic drugs 3 *. Brightfield, phase
contrast, differential contrast, and darkfield microscopy have been the bedrock of cell biology
and have identified a wide range of membrane protrusions (lamellipodium, filopodia, and
ruffles). In contrast to fluorescence imaging that is heavily influenced by light absorption of
the photochemistry of dyes 1> ¢ | label-free imaging optimizes the optical sensitivity to
refractive index (RI) of the sample itself 12 through elastic scattering 223, Most biological
cells can be considered as phase-only objects, they absorb very little light and leave a
minimal amount of optical scattering signal for high-contrast imaging 1’ 2. Therefore, the
contrast of label-free imaging (non-absorptive) is determined by the sensitivity in collecting
the weakly scattered light from cells 2> 2. In biological samples, refractive indices are non-
specific and heterogeneously distributed. High refractive index organelles include lipids
(droplets and membrane) and actin filaments coincident with membrane protrusions.
Maximizing signal from high refractive index organelles using elastic scattered light (non-
absorptive) permits a stable biomarker without any concerns in photobleaching and

photodamage 2" %8,



The theoretical basis of the Mie scattering 2° serves a key biomarker for high contrast
label free imaging. Two main factors limiting the magnitude of scattered light are the particle
size and refractive index. Traditional label-free light microscopy is challenging because the
RI differences between cytoplasm, extracellular milieu, and immersing solution are small
31 Imaging nanoscale features such as filopodia and lamellipodia of living cells is more
challenging because the scattering signal is much weaker (with 60-700 nm diameter in size
32), therefore, requires ultra-sensitive detection methods. However, recent developments in
detecting scattering signals from weakly scattered samples using interferometry 333" have
demonstrated single-molecule detection sensitivity down to single proteins *4! and viruses %2,

paving the way for high-sensitivity imaging of biological samples without labelling 2.

In this chapter, | shall first introduce the concept of light scattering and explain how
scattering magnitude is related to particle size and refractive index. | will then discuss the
methods evaluating light scattering from biological samples and how scattered light can be
used in imaging techniques. | will also review label-free imaging techniques for high contrast

cell imaging based on light scattering.

1.1 Light Scattering: Interaction of Light and Matter

1.1.1 Elastic Scattering

The concept of light scattering was firstly proposed by Lord Rayleigh in 1871 when
he sought to understand light from the sky, specifically the brightness, colour, and
polarization of the atmosphere. He believed that the light we receive from the sun is diverted
from its regular course by small, suspended particles in the sky *3. For the first time, he used
the word scattering instead of reflection to describe this action of redirecting light from its

original direction. In 1899, Rayleigh suggested that the particles are molecules in the air and

2



succeeded in relating the molecular extinction to the refractive index. This provided the first
accurate method of estimating Avogadro’s number that describes the number of molecules in

a given amount of substance (Na = 6.022x10% mol™) 4,

Light scattering can be described as elastic energy transfer where no energy or
wavelength is changed. It can be thought of as redirection of light. One example is a
scratched mirror will create a separate reflection of light that deviates from the direct
reflected path. When light (incident electromagnetic (EM) wave) encounters and interacts
with a scattering particle, as shown in Fig. 1-1, the electron orbits within the particle’s
constituent molecules are perturbed and forced to oscillate periodically. The oscillation or
perturbation of the electron cloud is at the same frequency (vo) as the electric field of the
incident wave, which will lead to a periodic separation of charges within the molecule
(induced dipole moment) “°. The oscillating induced dipole moment constitutes the source of
EM radiation, therefore causing light scattering. Most of the light scattered by the particle is
emitted at the identical frequency (vo) of the incident light, a process referred to as elastic

scattering.

/\ Scattered light (vg)

Incident electromagnetic
(EM) wave

Electric field

Figure 1-1 Principle of light scattering, where a particle interacts with the incident
electromagnetic (EM) field. The oscillating electric field of the incident wave perturbed the
electrons orbited the molecule and periodically separated the charges, resulting in scattered
light.



Fig. 1-2 shows the formulation of light scattering based on an incident
electromagnetic field (Ei) and an object. The object is described as a spherical particle with
radius (r) and can be any particle, including biomolecules or chemical compounds, that has a
distinct refractive index (N1) with respect to the medium (N). The incident EM field creates a
field inside the molecules (internal field Et) and a diffracted field (scattered field Es). A wide
range of analytical approaches is used to calculate the elastic light scattering by single
particles, and the most common methods include Rayleigh scattering and Mie theory. Mie
theory is the generic name for scattering by a sphere of any size, both small and large, and the
common term Rayleigh scattering refers to the Rayleigh limit of Mie scattering due to
particles much smaller than the wavelength (L) of light (2nr/A<<1). In this thesis, I use the
Mie theory to numerically model the scattering properties of various particles and study the

influence of illumination conditions in different imaging techniques.

Refractive index (N)

_ ~_ __—
- Radius (r)

—| >|—
- — Refractive ~—
7 —

Incident Field l Scattered Field
i (Es)
_ (E)

Figure 1-2 A simple model illustrating Mie theory consists of an incident EM field (Ei) and a
spherical object (radius r) with a refractive index of Ni. The electrical fields generated inside
the object and the scattered light are noted as the internal field (Et) and scattered field (Es),

respectively.



In Mie theory 2°, the scattering field from the object can be written as a linear
combination of the incident field as shown in Eq. 1-1, where i = V(-1), Moin and Nei represent
vector spherical harmonics (full equation in Appendix A), and a, and by, are the scattering
coefficients (Eq. 1-2 and 1-3). The parameters x and m represent the size factor (x=2nNr/\A)

and the relative refractive index (m=N1/N). Riccati-Bessel functions are written as &n(p) =

pha(p) and yn(p) = pin(p).
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Equation 1.4 describes scattering cross-section (os) using the size factors (x) and the
scattering coefficient (a, and bn, determined by refractive index and size). These two factors
appear to be the dominant factors that affect scattering intensity (an and bn represent the
scattering coefficients). In the following section, | shall investigate how size and refractive
index affect the intensity and phase of scattered EM. | shall also discuss the scattering profile
of various samples in three-dimensional space based on Mie theory. Full detail of derivation

of Eg. 1.1-1.4 can be found in appendix A.
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1.1.2 Scattering Profile and Particle Size

This section investigates how the physical properties (size and refractive index) affect
the intensity and phase of scattered EM fields. Refractive index is a dimensionless number
that describes the bending of a ray of light when travelling from one medium into a different
medium. The refractive index of a material is normally described using a complex number N
= N' + jN", where the real part N' describes the ratio of the free-space speed of light to the
phase speed of the electromagnetic wave in the medium. In contrast, the imaginary part N"
(N"= M/4m) is derived from the absorption coefficient pa (cm™) band indicating the

attenuation of the light when passing through the material °.
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Figure 1-3 Scattering cross-section of molecules made of actin, lipid bilayer, extracellular
vesicles, and gold at sizes from 10 nm to 300 nm. The refractive indexes of these molecules
are 1.59. 1.45, 1.38 and 1.13+1.84i (A = 488 nm), respectively. The cross-section is
calculated using Mie theory and plotted in log-scale.



To demonstrate the influence of particle size and refractive index on the magnitude of
scattering, | calculate the scattering cross-section (from Eq. 1.4) using Mie theory of four
types of biomolecules with different RI: actin (1.59) %', lipid bilayer (1.45) %® extracellular
vesicles (EV, 1.38) # and gold (1.13+1.84i, A = 488 nm) *°, ranging from 10 nm to 300 nm in
Fig. 1-3. These four types of molecules represent a heterogeneous group of cell-derived
membranous structures °! and the RI difference in the cytoplasm. Among four types of
particles, gold nanoparticles (GNPs) possess a plasmonic effect %2, which is wavelength-
dependent and has an imaginary component in RI, while other materials have a fixed RI. As
the size of the particle increases, the scattering cross-section expands exponentially, e.g. the
scattering cross-sections of 100 nm GNPs and 10 nm GNPs are 1.8x102 nm?and 7.6>10* nm?,

respectively.

| also investigated the magnitude of forward and backward scattering that translates to
transmittance-based >3 and reflection-based 2% 3% 5 imaging approaches. To numerically
investigate the distribution of scattered light, particles that have similar scattering cross-
sections are chosen: gold at 50 nm, actin at 110 nm, lipid bilayer at 145 nm, and EVs at 220
nm. All the particles have a cross-section (c) =~ 261 + 10 nm?. The axial scattering intensity
profile (parallel to incident light) is calculated and plotted in Fig. 1-4 based on Mie theory °.
All the nanoparticles have similar maximum intensity, while gold exhibits high absorption
due to the imaginary component in RI. The GNP poses a strong backward scattering intensity,
while other types of particles (actin, lipid, and EV) show a stronger forward scattering
component. In all cases, constructive and destructive interferences are observed in the
backward direction (bright and dark fringes) only, illustrating that the axial position of the

particle can be retrieved using phase information from the backscattered light.



A Gold (50 nm) B Actin (110 nm)

Rl =1.13+1.84i RI=1.59
277 nm? o =251 nm?
lllumination Intensity
e : 1.04
1
C Lipid (145 nm) D EV (220 nm)
Rl =1.45 RI=1.38
0 =262 nm? 0 =261 nm?
[llumination / 0.95
e . |
X
LZ

Figure 1-4 Simulation of scattering intensity of four types of molecules at similar scattering
cross-section (6 =~ 261 =+ 10 nm?), including (A) gold, (B) actin, (C) lipid and (D)
extracellular vesicles at 50 nm, 110 nm, 145 nm, and 220 nm respectively. The refractive
indexes of these molecules are 1.59. 1.45, 1.38 and 1.13+1.84i (A = 488 nm). The scattering
intensity is simulated using Mie theory, and the plots are in xz plane, with z indicating the

direction of incident light.

1.1.3 Modelling Scattering in Biological Sample

Biological cells are more than just a bag of proteins and contain multiple intracellular
components (organelle, nucleus). They could exist in different shapes, have various sizes and
refractive index, ranging from 1.36 to 1.57, as illustrated in Table 1-1. This section will
explain a discrete scattering model constructed to study scattering properties for membrane
protrusions in biological cells. Membrane protrusion of cells includes lamellipodium,

membrane ruffles, filopodial that are mainly made up of actin. However, these structures can



have strikingly different actin polymerization machinery. For example, the filopodia consist
of parallel actin bundles, while the lamellipodia are characterized by a dense network of short,
branched actin filaments % % 57 as shown in Fig. 1-5. Instead of creating a simple spherical
scattering model using the existing Mie theory ?°, the cell model here is asymmetrical due to

the formation of membrane protrusions, indicating numerical approaches for complex shapes

are needed.
Table 1-1 refractive index values for organelles in a cell
Structure Refractive index Refs
Actin 1.57 47,58
cytoplasm 1.36-1.39 59
Membrane 1.46-1.54 60
Nucleus 1.355-1.365 61,62
Mitochondria 1.4-1.142 62
A
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Figure 1-5 (A) Actin distribution during cell migration. Red lines indicate actin filaments. (B)
The process of filopodia formation includes actin polymerization and forming of actin

bundles.



Several numerical methods have been developed to investigate the scattering
properties for particles having an arbitrary shape and/or optical inhomogeneity, including T-
matrix that is based on an expansion in vector spherical harmonics 3, the finite-difference
time-domain (FDTD) method, which solves Maxwell's equations using grids numerically %
67 and the discrete dipole approximation (DDA) method that decomposes particles into small
sections or dipoles % %, Here, | choose T-matrix to model the scattering field of biological
cells due to the simplicity in cell model construction and minimal requirement in

computational power.

T-matrix stands for translation matrix for solving light scattering of non-spherical
structures originally formulated by Peter Waterman in 1965 . Similar to Mie theory, T-
matrix works by relating the incident field coefficient to the scattering field coefficient of the
structure using a translation matrix. The calculation of scattering field coefficient only
depends on the particle properties, e.g. composition, size, geometry, and orientation. Consider
if the biological cell is composed of small spheres of different sizes, the incident field for
each particle is the summation of illumination and the total scattered field from all other
particles. Similarly, the incident field coefficient is calculated based on the original incident
field coefficient and the summarization of scattered field coefficients. Here, a MATLAB-
based T-matrix approach called “CELES” ™ was adopted, which can simulate the scattering

field of structures of a larger number of particles (>10%) with non-scientific GPU hardware.

Here, the platelets (essential cell fragments without nucleus) are used as the base
model to study the process of platelet activation, where platelets start to change their shape
(from discoid to spherical and then flat disk) and adhere on the ligands for hemostasis.
During platelet adhesion on rigid surface, the basal layer of the platelet is known to conform

to a flat surface. A hemisphere shape is chosen to study the adhesion of platelets because it

10



could increase contact area with the surface compared with a sphere or ellipsoid shape. The
flat bottom allows the adhesion between activated platelet and the ligands, that replicates the
platelet activation process. The study of platelet adhesion here focusses on how single platelet
adhere onto the injury site and forming a tight seal during hemostasis. The platelet model
consists of three components: a hemisphere shell representing the membrane, randomly
distributed spheres with random sizing inside the shell representing vesicles and cytoplasm,
and long chains of spheres representing filopodia structure composed of the actin filament.
The activated platelet that is around 3 pum in diameter and 1.5 um in height, as shown in Fig.
1-6 A-B. The refractive index and diameter of various spheres used in the model are

demonstrated in Fig. 1-6 C.

A Cell Model B Cross-section View

C Component Description Size (d) RI

Membrane Hemi-sphere (shell) 50 nm 1.46

Randonly distributed

Cytoplasm spheres

7-300 nm 1.38

Figure 1-6 Platelet model for studying scattering properties using CELES. 3D (A) and cross-
section (B) view of the cell model. (C) Parameters (size and refractive index) of the particles

used to construct platelet membrane, cytoplasm, and filopodia.

The simulation results of the electric near-field distribution of the platelet model using
CELES ™ are shown in Fig. 1-7. The platelet model is illuminated by a monochromatic

incident field (plane wave) along z-direction (Fig. 1-6 A), from the basal layer of the cell to
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the apical surface. Fig. 1-7 A shows the electric field at the basal layer of the cell in the xy
plane (z = 0) that results from the addition of scattering and internal fields from the cell and
the incident field. This detection scheme resembles brightfield detection such as traditional
upright microscopy. The fringes around the filopodia structures indicate the incident field is
interfering with the scattering field. 1 also notice the weak imaging contrast around the
filopodia region, causing these structures to be hard to resolve. In contrast, | demonstrate the
pure scattering field and internal field in Fig. 1-7 B, which resembles the darkfield detection
scheme. There is a remarkable increase in imaging contrast (around two folds increase in
SNR) with the darkfield detection because all the structures and fine details could be
visualized clearly in Fig. 1-7 B. In the next section, | shall explain the concept of imaging
contrast in traditional brightfield microscopy, and the methods commonly used to enhance

contrast and sensitivity in detecting biomolecules and cell imaging.

A Brightfield =1 Darkfield (scattering)
(Scattering + illumination)

0%

10.9

Figure 1-7 Simulated scattering intensity of the platelet model using CELES. Intensity profile
in xy plane of brightfield (scattering field and illumination) (A) and darkfield (pure scattering
field) (B) are shown, with z-axis indicating the direction of the incident light.
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1.2 Enhancing Imaging Contrast with Light Scattering and

Interference

The conventional light microscopy that records the scattered light in an optical system
also refers to brightfield microscopy, which generally consists of a transillumination light
source, a condenser lens, an objective lens, and a detector (eye or camera). White light from a
halogen lamp is typically used as the illumination source, and the light scattered from the
sample is collected to form an image 2. The most prominent advantages of light microscopy
are non-invasive and fast imaging, which permits imaging of highly dynamic or rapidly

evolved activities in biological systems.

To characterize the imaging formation process in light microscopy, we consider the
scattered field from the sample as E; = E;e‘®s, and the signal on the detector to be the sum
of the illumination and scattered (Eq. 1.5) %, where E; = E;e!®r denotes the complex field of
the illumination. If we further break down the resulted light field, we can identify three
separated components: illumination (I; = |E,|?), scattering (I; = |Es|?) and a cross-term

component 2E, E;cos¢ representing the interference signal of illumination and scattering.
Lyt < |E, + Eg|?> = I; + I, + 2E;E;cos¢ (1.5)

Because most biological cells are phase objects and are weakly scattered, the
magnitude of scattered light is significantly lower than the background, resulting in low
imaging contrast and making traditional brightfield microscopy unsuitable for cell imaging.
Therefore, background illumination plays a critical role in imaging contrast. Multiple
attempts have been made to improve the imaging contrast, and those methods fall into two
categories: minimizing background illumination or boosting the scattering and interference

component. In the next section, | shall review the methods that enhance imaging contrast
13



through modifying the illumination background, including darkfield detection (block
background illumination), interferometric scattering (background subtraction), and reflection-

based imaging approach.

1.2.1 Darkfield Microscopy

Darkfield refers to a detection method in light microscopy that deliberately detects the
scattered light only that was first demonstrated by Joseph Jackson Lister in 1830 3. However,
the technique remained largely overlooked until Austrian chemists Richard Adolf Zsigmondy
and Henry Siedentopf proved their ability to observe fine structures using GNPs in 1902 7,
The imaging setup consisted of a pair of orthogonally aligned objective and condenser (Fig.
1-9 A), named “ultramicroscope”, which allows the observation of pure light scattering in the
absence of background illumination. The concept and setup of the ultramicroscope were also
adapted in the lightsheet microscopy in 1993 ™. Zsigmondy was awarded Chemistry Nobel
Prize in 1925 in recognition of his achievements, and it was the first time the Nobel Prize was

awarded for advances in light microscopy.

Brightfield

Figure 1-8 Comparison of brightfield (A) and dark field (B) detection using Caco-2 cells. The
cells are nearly index-matched in the mounting medium, generating little contrast in
brightfield. Scale bar 500 um. The field of view labelled in a red box is further magnified in
(C) and (D). With darkfield detection, cell nuclei can be identified and outlined (processed in
MATLAB). Scale bar 50 um. This figure is reprinted with permission from Orth et al. 76 ©

2018 Springer Nature.
14



In darkfield detection, the illumination background is removed so that the detector
collects the scattering component only (Eqet = Es) and the imaging contrast is determined by
the magnitude of the scattered light and system noise (Eg. 1.6). The absence of background
illumination makes weakly scattered samples visible 77, including objects such as biological
cells and imaging probes 2% ’® 7® with high scattering efficiency noble metal nanoparticles &
81 Fig. 1-8 shows an example of Cco-2 cells under brightfield and darkfield imaging settings
'8, The cells in brightfield detection are hardly visible due to the low imaging contrast (Fig. 1-
8 A), while the darkfield image indicates the cells are highly confluent (Fig. 1-8 B). The
nuclei are also visible in the magnified image (Fig. 1-8 C) and can be recognized in
MATLAB, indicating a higher imaging contrast than brightfield detection. To further
improve the signal to noise (SNR) ratio in darkfield detection, methods to increase the
magnitude of scattered light such as tailoring the oblique illumination angle would be helpful
and can be verified using simulation methods (will discuss in chapter 4).

Es

CcC=—————"
Es + Enoise

(1.6)

A B _llluminaton. C
DI |

|

Scattering

|Ilumination1~ |

lllumination cattering Scattering

Figure 1-9 Optical configurations of darkfield microscopy. (A) Ultramicroscope that consists
of a pair of orthogonally aligned objectives. (B) Partially blocking the illumination using a
round stop creates a hollow cone in transmitted light microscopy for darkfield detection. (C)
Using oblique illumination and blocking the back-reflection beam in reflection-based

microscopy.
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Several variants of darkfield detection have been developed in recent years. Except
for the ultramicroscopy that separates illumination and detection orthogonally, attempts have
been made in both transmission and reflection configurations. In transmitted light
microscopes, the illumination is partially blocked by a round light stop before entering a
darkfield condenser 8284 which allows only a hollow cone of light to travel through and
illuminates the sample at the in-focal position before being rejected by the collection lens
(Fig. 1-9 B). In reflected light microscopes, the back-reflected illumination light is blocked at
the back focal plane of the objective, allowing only the scattered light to reach the detector
(Fig. 1-9 C). In this configuration, an oblique beam is normally adapted so that the reflection
is off-axis and can be easily separated from the scattering component 2% "8 ’® without the need
to introduce paired optics (darkfield condenser and objective). However, in both cases, the
numerical aperture of the detection objective is partially blocked, either by a darkfield
objective (iris diaphragm) or spatial filtering at the Fourier plane that will sacrifice imaging

resolution.

1.2.2 Interferometric Scattering

Size and refractive index of the sample are two determinants of the magnitude of the
scattered field. Size, in particular, plays an essential role as the pure scattering signal would
drop with the sixth power of the particle size *¢. Therefore, when the particle becomes
extremely small, the component Es drops significantly, which is close to the system noise
level. In this case, the object cannot be detected under typically darkfield detection. Recently,
a new imaging method was introduced that uses background subtraction to extract only the
interference component without the illumination background I, (reference) when the scattered
light is negligible (lget = I+2E/Escosd), namely interferometric scattering (ISCAT) &7. The

concept of this method is to subtract the raw image with a pre-recorded background (image of
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empty coverslip). Eq. 1.7 below illustrated imaging contrast through a static subtraction,

optimizing the contrast through minimizing E; in the denominator.

ljgr — 1 2E.E.cos E
—det s ¢ =2-"2cos¢ (1.7)
I I E,

Other subtraction methods are also developed to maximize the detection efficiency,
including subtracting subsequent frames 3" ® and ratiometric subtraction 3% ®. The
ratiometric subtraction appears to reveal the maximum contrast of the scatter but has
limitations in temporal resolution due to averaging of frames. The concept of the ratiometric
subtraction is shown in Fig. 1-10, where two sequential batches of images (N: number of
images) are taken and averaged to obtain two images: x; and X,. Both images are then

normalized and computed by X, /X; .

Frame Number (z;)

S

i=14N

Protein bound

0.7 ] 1.3 0.992 s 1.007
Normalized Reflected Intensity = Ratiometric Intensity

Figure 1-10 Concept of ratiometric subtraction in ISCAT images for detecting weak
scatterers. The raw image is processed by dividing the averages of consecutively recorded
images. Scale bar = Ium . This figure is reprinted with permission from Cole et al. 2
(https://pubs.acs.org/doi/10.1021/acsphotonics.6b00912) © 2017 American Chemical Society.
Further permissions related to the material excerpted should be directed to the ACS.

The background subtraction method has been applied to both transmitted and

reflection-based microscopy, namely coherent brightfield (COBRI) & and interferometric
17



scattering (iISCAT) 2123333742 respectively. Both methods use coherent laser sources instead
of broadband light sources for higher detection sensitivity with widefield illumination. Point-
scanning using acousto-optics deflectors (AODs) can also be adopted to minimize speckle
noise. Other methods for enhancing imaging contrast includes tailoring the magnitude of the

reference by partially blocking the transmitted or reflected light at the Fourier plane 3.

A (i) 'lumination (i) zf=1pm (i B (i) (i) zf=1um (iii)
Scatterﬂj P " N ' ' s
!

Scatterifigighl

e
>

1 tmumination

<

w

3 I 4 6
laedl; (10°7) lgedli (10°%)

del/ Ii

4 6 8
lgedli (10°%)

lged1i (10°%)

Figure 1-11 Comparison between COBRI and ISCAT. (i) Optical configurations of COBRI
(A) and ISCAT (B) that adopts transillumination and reflection-based method, respectively.
The block in the light path represents an attenuator that selectively filters the reference. (ii)
Simulated axial intensity profile of a 50 nm gold nanoparticle, based on COBRI (A) and
ISCAT (B) scheme with focus position zs = 1 um. (iii) Intensity plot from the axial intensity
profile showing ISCAT has strong oscillations due to fast changes in the phase between
reference and the scattered light. The simulation for intensity profile is run using a MATLAB

script 88,

However, the detection scheme of these two configurations is completely different:
COBRI collects the forward scattered light from the sample that is interfered with the
transmitted illumination. In contrast, iISCAT collects the interference of backward scattering
and the back-reflected light from the coverslip. Fig. 1-11 demonstrates the simulated axial
PSF for both methods from a 50 nm GNP 8 showing the changes in scattering magnitude
and phase relations. Because the backscattered light is more prominent than the forward

scattering (GNPs in Fig. 1-4), iISCAT detection poses higher contrast than COBRI. iSCAT
18



detection also demonstrates strong oscillations between positive and negative contrast
resulting from the changes in the relative optical path between the reflected (stationary) and
scattering light (varying with particle position z) % 8. However, this phase relation is not
observed in COBRI because of the same phase information between the scattered light and
the transmitted illumination. This unique phase correlation in iISCAT could reveal the optical
path length between the object and the coverslip, promoting high precision in 3D tracking

application .

0.55 1.41 0.76 1.24 0.63 1.35

Figure 1-12 Comparison of captured COS-7 cell images using phase-contrast (A-C) and
ISCAT (D-F) microscopy. Several cellular features include nucleus (A) and (D), narrow
filopodia (B) and (E), and lamellipodia (C) and (F), indicating significantly higher optical
contrast. Examples: on the boundary of the nucleus (red arrowheads in D), filopodia branches
and debris (yellow circle in E), and cell membrane (between dotted lines in F). Scale bar = 10
um. This figure is reprinted with permission from Park et al. 2* © 2018 Royal society of

chemistry.

With ratiometric subtraction, interferometry-based approaches have proven high
detection sensitivity in various applications from GNP imaging to viruses “* and single

protein detection 3% 38-40.90 previous studies have shown the imaging of GNPs as small as 2
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nm % and single protein (BSA) at 65 kDa * (1 Da = 1.66>10"?" kg). GNPs can be used as
inert and stable biological labels to investigate the mobility of proteins and viruses (e.g.
microtubules formation *-°! and lipid diffusion ° %) because of the high scattering signal
that resulted from the plasmonic effects. iISCAT has also been used to reveal intracellular
structures in living cells 2. Fig. 1-12 compares the phase contrast and iISCAT images of a
COS-7 cell, revealing cellular details such as the boundary of nucleus, filopodia, and
lamellipodia. However, the imaging result shows strong background noise, possibly due to
local roughness of the plasma membrane and heterogeneity of cellular corpus that could
significantly reduce the imaging quality 3. Because biological cells are normally larger in
size (um) and have sufficient scattering intensity, interferometric scattering might not be the
most suitable approach for cell imaging. In the next section, | shall discuss other

interferometry-based methods without background subtraction and post-processing.

1.2.3 Reflection Interference Microscopy

In biological cell imaging, another method to enhance imaging contrast is by
optimizing the magnitude of the reference field. The imaging contrast of brightfield detection
can be improved when the reference component (E;) in the denominator is minimized (Eq.
1.8). The simplest method in light microscopy is to collect reflected light instead of
transmitted light as the reference. Based on Fresnel coefficients, the light reflected at the
glass — water (1.518 to 1.33) interface under normal incidence is about 0.4% of total intensity.
Even for a focused or oblique beam, the reflection coefficient is still below 5% when the
incident angle is less than 50° (N.A. = 1) as shown in Fig. 1-13 B. Therefore, the magnitude
of reference can be optimized by collecting back-reflection from the coverslip and tailoring

the illumination angle.
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_ Es + 2E;Escos¢
= 3

(1.8)

c

The imaging technique that collects the back-reflection as the reference for the
interference component is called ‘interference reflection microscopy (IRM), which was firstly
introduced by Curtis in 1964 to study cell adhesion %. The technique is also known as
reflection interference microscopy (RIM) for investigating the adhesion of living cells . In
1975, Ploem introduced the term “reflection interference contrast microscopy” (RICM) for
the technique along with an Antiflex objective to enhance imaging contrast *. Although these
techniques have different names, they all referred to the imaging approach of collecting the
interference signal between scattered light from the sample and the reflected light from the

coverslip ¥

Traditional RICM uses a monochromatic epi-illumination focused on a coverslip with
a semitransparent sample. As shown in Fig. 1-13 A, the incident light (lo) is partially reflected
at the interface between the glass coverslip (no) and the aqueous medium (n1). The partially
transmitted light reflects and scatters again at the medium—cell plasma interface (from n; to
n2). The reflection coefficients of light at the glass — water (1.518 — 1.33) and water — cell
membrane (1.33 — 1.39) interface are plotted in Fig. 1-13 B-C based on the Fresnel equation.
Note that the coefficient r is about 10 times lower than ri1, because of the low RI in the cell
membrane (~1.36-1.39), indicating reflection from the cell membrane is much weaker and

scattered light might contribute more to image formation.
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Figure 1-13 (A) Imaging principle of RICM. The illumination (lo) is reflected twice at the
glass (no = 1.518) -water (n1 = 1.33) interface and the water (n1 = 1.33) — cell (n2 = 1.39)
interface. The reflection coefficient of these two interfaces (r1 and r2) are calculated using the

Fresnel equation and plotted in (B) and (C) based on incident angles 6o and 61.

Removing any unwanted background, such as stray light reflected from different
optical surfaces, is critical to enhancing contrast in RICM. To separate stray light and the
signal from the sample, a A/4 waveplate was added on the front of the objective, which will
convert the light exiting the objective from linear polarization to circular polarization. The
polarization of the reflected light changed from perpendicular to parallel by passing through
the A/4 waveplate again. A crossed analyzer can then block the unwanted stray reflection in

the detection path for contrast enhancement.

Another method that enhances the contrast of conventional reflection microscopy is
altering the illumination numerical aperture (INA). RICM typically uses a low coherence
length source such as high — pressure mercury lamp. To determine the intensity distribution
in the image plane, rays of light need to be incoherently summed over the range of angles
related to INA. A larger INA could lead to a reduced imaging depth and a larger decay in
fringe visibility because the intensity of the interference fringes decays as the axial position
moves away from the coverslip. The effect of INA in RICM has been studied by

computational >* % % and experimental methods #*- 1%
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Both iSCAT and RICM work by collecting the interference signal of the back-
reflection and back-scattered light. However, the main difference is that the iISCAT uses a
high spatial coherence laser source and the subtraction algorithm. The high sensitivity
detection of iISCAT demonstrates it is suitable for detecting weakly scattered samples such as
single protein and particle at nanometre range. RICM, on the other hand, provides sufficient
contrast for cell imaging (HEK 293 and NIH 3T3 cells) compared with the traditional
brightfield method 1 (Fig. 1-14), especially on the fine features that are close to the
coverslip (filopodia and lamellipodia). Another dominant advantage is RICM can achieve
instant imaging without post-processing that permits direct visualization of highly dynamic

events in biological systems and might be more suitable for cell imaging.

a Brightfield RICM

HEK 293

o

NIH 3T3

Figure 1-14 Images of HEK 293 and NIH 3T3 cells taken using brightfield and RICM,
showing a higher sensitivity and contrast when detecting cellular components such as
filopodia and lamellipodia. Scale bar = 10 um. This figure is reprinted with permission from

Jurchenko et al. 1t © 2014 Elsevier.
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1.3 Conclusion

Label-free imaging techniques utilize optical properties of biological samples and
provide non-invasive and fast imaging speed, which is perfect for capturing highly dynamic
or rapidly evolving activities within biological systems. Scattering and absorption are the
most common approaches and serve as the based principle in modern light microscopy.
Biological cells are low in refractive index and have low absorption, they have little light
being scattered and are hard to observe in traditional brightfield microscopy. In this chapter, |
have reviewed imaging methods that improve imaging contrast and sensitivity in light
microscopy through modulating the illumination and detection, including darkfield detection,
iISCAT, COBRI and RICM. All the methods can achieve high-speed imaging (>100Hz) and
are suitable for morphological studies of dynamic activities such as cell adhesion and

migration.

Among all the techniques we reviewed in this chapter, COBRI and iSCAT have the
highest imaging sensitivity, down to single protein level. However, the requirement of post-
processing and background subtraction can be harder to interpret and time-consuming. RICM
and darkfield techniques are free of post-processing, allowing direct visualization of the
sample and more suitable for cell imaging. Due to additional interference components
presented in RICM, the imaging contrast from finer structures with weaker signals can be
boosted compared with darkfield detection (more discussions in chapter 5). In addition, the
interference component in iISCAT and RICM permits high axial sensitivity resulting from the
optical path difference between reference and scattered light, allowing 3D tracking with high
precision. In contrast, signals in COBRI and darkfield cannot provide additional axial

information.
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The following chapters will discuss how the scattering-based high contrast imaging
systems are used in platelet and thrombus imaging (Chapter 2 and 3). Chapter 4 shall describe
the label-free imaging system based on the scattering model described in section 1.1.3.
Overall, this chapter guides the working imaging principle of the label-free system for

platelet and thrombus imaging.

1.4 Contribution

| performed the T-matrix simulation of the cell model using the CELES " software
with minor modifications (Fig. 1-7). | also performed the simulation used to study the axial
profiles of 50 nm GNP from COBRI and iSCAT system (Fig. 1-11) based on the code from ,

| calculated the reflection ratio in Fig. 1-13 using the equation of Fresnel reflection
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Chapter 2 Platelet Adhesion and
Hemostasis

Platelets are the smallest blood cells produced from megakaryocytes that are
predominately found in the bone marrow. They play essential roles in thrombosis and
haemostasis *. Platelets contribute their haemostatic ability through adhesion, activation and
aggregation, triggered by vascular injury when the blood vessel becomes exposed. Under
static conditions, platelet spreading assays 2 3 reveal a highly dynamic platelet activation and
adhesion process. Platelet adhesion events occur within milliseconds * after exposure to
adhesive ligands coated on glass surfaces and involve numerous membrane receptors +*°,

intracellular signalling ", and release of cellular contents 1012,

In this chapter, | will provide a brief overview of the biological motivations of my
study in the development of an advanced imaging tool. The aim here is to quantify
haemostasis by capturing and imaging platelet shape changes inside and around a thrombus.
While the thesis focuses on imaging dynamic platelet shape, it is crucial to discuss the main
biochemical receptors involved in platelet adhesion and activation. The role of integrin
(allbP3) is critical for platelet shape change because they are intrinsically linked to actin
cytoskeleton rearrangement of platelet ® 3 4 Finally, 1 will review the current imaging
techniques used to quantify single platelet activation and adhesion studies, platelet signalling,
and biomechanics identified with morphological profiling. However, this chapter only

reviews the techniques used for platelet spreading conditions without introducing fluid shear.
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2.1 Platelet Adhesion and Activation

Platelets are small anucleate cell fragments produced by megakaryocytes > 6. A
healthy person would have a normal platelet count of 150 - 450 x<10° per/L. 1"1° Platelets
normally circulates, if not activated, for around 7-10 days in the bloodstream 2, before being
cleared by macrophages in the spleen and liver. Platelets are one of the smallest cells in the
human body (2-3 pm in diameter) 2! and have a thickness of 0.5 - 1 pm. In their resting state
22,23 platelets play a significant role in primary haemostasis by surveying the blood vessel
walls for damage. At the injury site, discoidal platelets encounter sudden changes in fluid
shear stress and bind to extracellular matrix ligands by rapidly forming long membrane
protrusions. This sudden morphological change allows platelets adhere onto the injury site,

forming a mechanical plug (thrombus), and preventing posttraumatic blood loss.

The extracellular matrix (ECM) has a wealth of ligands (e.g. collagen and fibronectin)
for rapid platelet adhesion 2*2°, Current studies have indicated the initial adhesion is being
established through platelets binding to collagen fibre 26. This binding process is mediated
through Von Willebrand factor (VWF) and glycoprotein GPIb 27 and then strengthened by
various adhesive and other receptors such as GPVI to form a firm adhesion °. It has been
shown in spreading assays that during the adhesion process, platelets undergo dramatic shape
change from resting states (discoid) to prickly sphere 2% 2° that involves the shedding/or
release of proteases 33!, and release of soluble cargo *? through granule secretion %32, The
dramatic shape change is induced by the activation of transmembrane integrin oIIbB3 & °,
which is involved in platelet-platelet adhesion through fibrinogen to facilitate aggregation .
Next, | shall explain the biological process of the initial steps in haemostasis, including
platelet adhesion and activation, and discuss how platelets change their shape to support

spreading and adhesion.
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2.1.1 Platelet Adhesion Mediated through VWF and GPVI

Vessel wall shear stress (Pa) is determined by the difference in velocity of the blood
flow at the centre of the vessel from that at the vessel wall 3. The high shear at the vessel
wall triggers the initial tethering of platelets to the ECM that is mediated by the binding of
glycoprotein receptor (GP)Ib to collagen through VWF once the VWF is immobilized in
subendothelial connective tissue 3 %, Many ligands on the ECM, such as laminin, fibronectin
and collagen, are crucial in wound healing because they trigger mechanosensitive pathways
in platelets, fibroblasts and macrophages 4. This section will explain several key proteins and
membrane receptors involved in platelet adhesion, activation and aggregation, as shown in

Fig. 2-1.
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Figure 2-1 The initial steps of the hemostasis process include adhesive ligands (collagen)
induced adhesion, platelet activation and recruitment of platelets into a forming aggregate.
Platelet adhesion is established through many proteins, including glycoprotein VWF,
membrane receptors (e.g. GPIV and GPIb), and integrin (e.g. ollbp3). The platelet
recruitment into the forming thrombus involves activation of integrin ollbp3 and adhere to

the fibrin network.
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The initial step of hemostasis occurs when flowing platelets bind to collagen fibrils
through Von Willebrand factor (VWF) % and glycoprotein GPIb ¥ as shown in Fig. 2-1.
VWEF is critical to establish the initial adhesion at injury site ®. It is an adhesive and
mechanosensitive (shear sensitive) glycoprotein & 3 that circulates in the blood with two
separate compartments: plasma VWF and alpha granules, synthesized by endothelial cells
and megakaryocytes, respectively *. The mature subunit of VWF is composed of four
distinct domains, represented by A-D, repeating two to four times (Fig. 2-1). The A1l domain
is the major binding site for the initial platelet adhesion * because it binds to both platelet
receptor glycoprotein (GP) Ib and collagen type V1 %°, which are the major constituents in the

subendothelial basement membrane L.

The binding between GPIb and the Al domain can be described by a rapid
dissociation rate which is insufficient to establish form adhesion 2’. The primary function of
the GPIb complex is to recruit or attract platelets to the exposed ECM and lower their
motility, which then enables the interaction of other receptors and integrins such as GPVI,
alIbf3 and o2blwith the thrombogenic surface for stable adhesion *2. Glycoprotein VI (GPVI)
43 is one of the primary receptors for collagen-platelet binding and mediation of cellular
activation that serves as a prerequisite for stable adhesion and coagulant activity on the
matrix protein. The role of GPVI is essential in collagen-induced platelet activation and
spreading on adhesive ligands %+ %°. Reduction of platelet attachment and thrombus formation
has been observed at sites of arterial injury in FcRy-chain—deficient 6, GPVI-depleted #/, or

GPVI-deficient mice models 8.

Apart from the adhesion established through VWF and GPVI, integrin also plays an
essential role in initial adhesion and recruiting platelets into the forming thrombus. Integrins

are a family of transmembrane glycoprotein receptors that can transmit and detect changes in
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mechanical forces acting on the extracellular matrix. In platelets, the dominant integrin
alIbB3 constitutes around 17% of total platelet surface proteins ° and is essential for platelet
adhesion and cytoskeleton rearrangement. Upon platelet activation, the intracellular
signalling drives the increase in calcium concentration, release of structural proteins (e.g.
VASP, talin) and activation of Arp 2/3 complexes that trigger actin reorganization and shape
change. Also, the conformational changes of allbf3, from a low to high-affinity state, reveal
the RGD binding site ° and enable binding for adhesive ligands ° as shown in Fig. 2-1.
Integrin alIbB3 binds to the C1 domain of VWF that mediates platelet adhesion with collagen
fibre. It also binds to fibrinogen, which triggers platelet-platelet adhesion essential in platelet
recruitment and clot aggregation. Lacking or dysfunctional allbB3 has been shown to result
in absent platelet aggregation, reduced thrombus contraction and significantly reduced
fibrinogen uptake in the clot (shown in a mice model lacking B3 integrin that resembles

Glanzmann thrombasthenia °°).

2.1.2 Platelet Activation and Cytoskeleton Rearrangement

Once the integrin is activated, it forms a cluster possibly through direct interaction
with myosin 11 °*, along with the accumulation of actin filaments and forms a focal adhesion
plaque * with its full complement of enzymes (G-proteins, kinases, proteases and
phosphatases) and structural proteins (e.g. VASP, talin, APB, a-actinin and vinculin) 2. The
conglomerate of enzymes recruit WASp/SCAR family members and activate Arp2/3, which
supports shape change %2 and cytoskeleton rearrangement. There is a dramatic increase in
the proportion of actin polymerization during activation and spreading, leading to extreme
morphological changes, initially from discoid shape to a spherical structure as actin filaments
are fragmented. After that, the membrane of the platelet protrudes due to actin filament

assembly, manifesting as lamellipodia and filopodia %6 5. The platelet shape change is also a
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prerequisite for platelet aggregation. Shape changes of platelets facilitate their adhesion to the
site of vascular injury and cohesion with other platelets or erythrocytes, ultimately

contributing to the formation of stable aggregates 23 58 5°,

The cytoskeleton structure plays an essential role in supporting the discoid shape and
cell integrity of the resting platelet, especially when exposed to shear and other forces in
circulation. It also promotes dynamic and rapid ability to remodel that allows platelets to
spread and form aggregates during haemostasis > 5 57, Actin polymerization and
microtubule remodelling are the most important processes promoting cytoskeleton
rearrangement. Upon platelet activation, due to the increase in calcium concentration,
gelsolin % &1 and cofilin * are activated, allowing for serving and capping of the actin
filament network and enhancing the turnover of the G-actin %> 2 as shown in Fig. 2-2A. The
generation of PI(4,5)P2 and activation GTPase promotes the removal of gelsolin and CapZ
from actin filament barbed ends, which provides a large capacity for actin polymerization.
Therefore, the actin monomers in the cytoplasm (bound with f-thymosin or profilin) can be

connected to the barbed end of the filament & %4,

Additionally, new actin filaments are formed due to the activation of Arp2/3 and
formin, leading to the protrusive force to form filopodia, lamellipodia and pseudopodia °’.
Therefore, the actin filaments are structured into dendritic arrays or parallel bundles that
mediate spreading, adhesion, and resistance to shear stress. Microtubules also undergo
structural changes during platelet activation, which allows the platelet to transit from discoid
to spherical shape, as shown in Fig. 2-2B. Upon activation, due to the high intracellular
calcium concentration that triggers movement of motor protein, there is an enhanced dynein
activity with dropped kinesin activity, causing dynein to start to walk and lead to movement

and expansion of microtubules *’. The expanding microtubules then fold and coil into the
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centre of the platelet, allowing the spherical shape change ® ®, which is followed by the
depolymerization and formation of the microtubule network in spread platelets " . In
addition, these cytoskeleton changes and platelets morphology is driven almost solely by

transmembrane proteins and surface receptors without the nucleus.
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Figure 2-2 Rearrangement of Actin filament (A) and microtubule coiling (B) during platelet
spreading and pseudopod formation. Part (A) of this figure is reprinted with permission from
Thomas 7 © 2019 Elsevier. Part (B) of this figure is reprinted with permission from Cuenca-

Zamora et al. 2 © 2019 MDPI.
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2.2 Functional Imaging Methods for Single Platelet

In this section, I characterize previous studies of platelet function in spreading assay
(single cells perspective) into three groups targeting biochemical signalling, mechanical
properties and morphological profiling (Table 2-1). These studies have different needs in
imaging techniques, e.g. molecular specificity is key in investigating the interactions of
proteins and ligands at single molecule level, while speed and imaging sensitivity are
essential in morphological studies. Therefore, | shall review the imaging techniques
developed for these three types of studies and discuss how the imaging approaches could help
understand platelet function and the hemostasis process. Additionally, all the imaging
techniques mentioned in this section are summarized in Table 2-2, which outlines parameters,

including the imaging speed, resolution and limitations.

Table 2-1 Quantifications of Biochemical, mechanical, and morphological properties during

single platelet adhesion and spreading.

Quantification  Biochemical Mechanical Morphological
e Integrin e Force (N) Membrane protrusion
e Receptor e Viscoelasticity Height/volume

e Ligands o Mobility
Requirement Specificity Force sensor Speed
Sensitivity Sensitivity Sensitivity

Platelets spreading assay is the most common method used for studying the function
of platelets or receptors. Spreading assays are simple and can be directly tested on a single
coverslip without introducing fluid shear. Coverslips are generally coated with immobilized
agonists such as collagen, fibrinogen or fibrin, and washed platelets are normally studied here.
Washed platelets are free of all plasma components and are ideal for single-cell spreading
assays without causing aggregation. Based on protein expression level, spreading assays
provide a clear window to morphological profiles of platelets. As seen in previous Fig. 2-1,

ligands trigger the activation of platelets, which create extensive protrusions upon adhering
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onto a glass surface. These static studies aim to mimic the initial stages of the hemostasis

process (adhesion and activation), as shown in Fig. 2-3.

Coverslip
Coating

Figure 2-3 Platelet spreading assay mimic the initial stages of the hemostasis process using
washed platelets and ligand-coated coverslip (e.g. collagen, fibrin and fibrinogen). In
spreading assay, initial platelet adhesion, interaction with coated ligands, activation, and
spreading can be investigated with imaging methods.

Recent developments in modern light microscopy techniques have shown significant
improvements in imaging speed, resolution " % and sensitivity ®°, which offers great
opportunities to visualize dynamic events at single molecular level, but functional imaging of
platelets remains challenging. Platelets are produced by fragmentation of the megakaryocyte
cytoplasm %°, and they have no nucleus " 7. Therefore, they cannot be transfected to express
fluorescently labelled "> or optogenetically modified proteins unless they are mice derived
transgenic cell lines. Thus, fluorescence imaging of live human samples is limited, with
membrane dye being the most common method. Labelling of receptors or proteins is often
conducted with fixed samples 2. Additionally, challenges in platelet imaging include a small
sample size (3-6 um diameter 2%, with protrusion ranging from 60-700 nm "3) and imaging
speed (activate and adhere to the adhesive ligands within millisecond time interval 3).
Because membrane dye is less specific, recognizing the membrane protrusions (mainly made
of actin) could be challenging. In contrast, light scattering uses the refractive index as a
biomarker, has inherent advantages in identifying these structures as actin has a much higher

index (R1=1.59) than other cellular components (e.g. lipid and cytoplasm). This section will
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also discuss platelet imaging with the light scattering techniques introduced in chapter one

and how those methods help investigate morphological changes.

2.2.1 Biochemical Signaling

This section reviews the imaging techniques (mainly fluorescence microscopy) that
focus on biochemical signalling during platelet adhesion and activation. At the terminus of
membrane protrusions, there are significant numbers of membrane-associated receptors that
engage with one or more counter-receptors or extracellular matrix proteins. For example,
glycoprotein (GP) Ib-1X-V binds VWF, and GPVI binds adhesive ligands, including collagen,
fibrin and laminin, that initiate platelet adhesion > 2% %4, Those receptors translate cues from
the surrounding vascular environment to mediate molecular signalling pathways, leading to
platelet activation, adhesion, and interaction with other cells. Studies of biochemical
signalling reveal the process of platelet receptor engagement, triggering phosphorylation 74,
activation of intracellular molecules ” & 4 degranulation %'2 and rearrangement of
cytoskeleton °2 53 57 The processes of integrins bind to plasma proteins (fibronectin,
cadherins and VWF) & 7 78 and adhesive ligands (collagen, fibrinogen and fibrin) 3 77 are
also investigated. While this thesis does not involve imaging those surface receptors, it is

important to contextualise how the membrane protrusions could infer biochemical signalling.

In fluorescence microscopy, epifluorescence, confocal, and total internal reflection
fluorescence (TIRF) are the most commonly used techniques to investigate how biochemical
signalling leads to morphological changes during platelet adhesion and activation. Fig. 2-4
shows fluorescence images of migrating platelets on fibrin and fibrinogen coated surfaces
with and without inhibiting the actin nucleating Arp2/3 complex °* 8. By locating the

concentration of the Arp2/3 complex, migrating platelets exhibited enriched Arp2/3 at the
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leading edge. Inhibiting the Arp2/3 with CK666 (Fig. 2-4 C) also indicates the role of this

complex in maintaining the half-moon shape and lamellipodia formation 8.
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Figure 2-4 (A) Fluorescence images showing the distribution of Arp2/3 and F-actin in
migrating and retracting platelet on fibrinogen and fibrin coated substrates. (B) Fluorescence
mean intensity (FMI) profiles along short axes of n=350 (migrating) and n=153 (retracting)
platelets. Scale bar=5 pm. (C) Fluorescence images of platelets with Arp2/3 inhibitor
(CK666) and control (CK689) and quantification on the number of filopodia formed in each
platelet (Mann-Whitney), n=41 cells from three experiments. Scale bar=35 pum. This figure
is reprinted with permission from Nicolai et al. 7 © 2020, Springer Nature.

The study of single platelet activation at single molecular level in light microscopy
has been extended with the emergence of super-resolution microscopy that can achieve
nanometer imaging resolution " . Super-resolution approaches such as structured
illumination microscopy (SIM), stochastic optical reconstruction microscopy (STORM), and
single molecule localization microscopy (SMIM) have been used to investigate
morphological features and cytoskeleton rearrangement 2° at nanoscopic resolution. Fig. 2-5
shows the comparison of conventional fluorescence microscopy and dSTORM, revealing
nanoscopic imaging of filopodia structure and accurate width measurement. In addition,
super-resolution techniques are also used to recognize clusters of actin nodules °, receptor
clustering (GPVI) & and distribution of tubulin and actin stress fibres 8% 8 during platelet

activation.
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Figure 2-5 Comparison of conventional fluorescence (A) and dSTORM (D) images of a
spreading platelet with a spindle-like morphology. The platelet is fixed and labelled with
Phalloidin Alex 647. (B) and (E) show the zoom-in view of a single filopodium. (C) and (F)
plot the intensity profile of the filopodia and the Gaussian fitting to the profile, indicating the
full width half maximum (FWHM) or the width of filopodia to be 675 nm or 115 nm. Scale
bar for (A and D) 3 pm and for (B and E) 1 pm. This figure is reprinted with permission
from Mayr et al. 82 © 2018 MDPI.

Furthermore, the development of Lifeact 8 8 (stains filamentous actin) mice in live
platelets permits localization of actin polymerization and actin nodules during cytoskeleton
rearrangement ’°. Structured illumination microscopy (SIM) has shown that the distribution
of actin-binding proteins such as talin and vinculin are often found at cell adhesion sites,
revealing the enriched concentration of both talin and vinculin at actin nodules ® (Fig. 2-6).
However, the major limitations of super-resolution techniques are the image acquisition time
and the computation power required for image reconstruction 8. Therefore, most single

platelet study using super-resolution techniques has been conducted with fixed samples.
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Figure 2-6 Structured illumination microscopy (SIM) images show actin, talin and vinculin

distribution in human platelets after activation. Actin, talin and vinculin are labelled using
Alexad88-phalloidin, Alexa568-anti-vinculin and Alexa568-anti-talin. The signal from
actin/talin and actin/vinculin are merged in the right-hand panel (actin = magenta,
vinculin/talin = green), showing localisation of vinculin and talin at actin nodules. Scale bars
= 2 um. This figure is reprinted with permission from Poulter et al. 8 © 2015 Springer

Nature.

2.2.2 Mechanical Properties

Platelets are mechanosensitive cells and are sensitive to mechanical stimulations such
as fluid shear. Biomechanical properties of platelets such as elastic modulus, stiffness,
deformability, and contractile forces during platelet spreading and adhesion are closely
related to platelet function and are emerging as diagnostic markers for platelet physiology #*
%8, 86 To quantify these biomechanical properties, a wide array of force transducers (e.g.
imaging probe, cantilever and micropipette) have been developed. They are often
accompanied by microscopy imaging to monitor both morphological changes (membrane
protrusions) and the resulting mechanical forces.
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The most straightforward method for measuring forces and elastic modulus includes
micropipette aspiration & 8 and atomic force microscopy (AFM) 8 %, Both techniques
require direct contact between the sample and the force probe. Micropipette aspiration works
by suctioning part of a single platelet’s membrane into a borosilicate glass micropipette
(inner diameter 0.5-1.5 um) . Young’s modulus is quantified based on suction force (from
micropipette) and membrane deformation (captured by light microscopy). The major
limitation of this method is the low throughput, because only one cell can be measured at a
time. Manufacturing microfluidics devices with multiple arrays of micropipettes may

potentially be helpful to improve the throughput of this technique °* %2.

AFM adapts a flexible cantilever of 100-200 pum in length, with an integrated
pyramidal probe tip 4-8 um tall contacting the platelet % (Fig. 2-7A). As the platelet exerts
forces during spreading and activation, it bends the force probe. Therefore, the force of
contacting surface (F = -kd) can be quantified by retrieving the deflection of the probe (Fig.
2-7B). Also, the cantilever can be moved by a sensitive piezoelectric transducer, which
enables lateral scanning for generating a 2D map, revealing the distribution of mechanical
forces of a single platelet (Fig. 2-7 C-D). The major limitation of AFM is that platelets need
to be immobilized on either the surface or the probe for force measurement, restricting
substrate selection and posing difficulty in sample handling. In addition, platelets are very
fragile and can easily be accidentally activated, and the introduction of imaging probes might

interfere with the activation process.

Several contact-free methods have been developed to avoid contacting the sample and
disrupting the biological process, including scanning conductance ion microscopy (SCIM) 2%
93 and traction force microscopy (TFM) %. SCIM is a non-force contact, non-invasive, high-

resolution topography technique, which uses a nanopipette to measure the ionic current
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between the pipette and the solution. The current changes when the nanopipette approaches
the sample surface, allowing reconstruction of the topology of the sample. Mechanical forces
can be quantified by the hydrostatic pressure through the nanopipette and the corresponding
mechanical responses of the platelet membrane. Similar to AFM techniques, the resolution of
SCIM relies on the size and precision of the imaging probe, as the topology is reconstructed
through probe scanning, which also means the scanning speed can be a limiting factor in

platelet activation.
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Figure 2-7 (A) Schematic showing the rectangular cantilever with a pyramidal tip equipped
in AFM setup and the equation for calculating the spring constant k of the cantilever using
beam theory and Young’s modulus (E). (B) Example of calibrating 3D topography and
Young’s modulus of single platelet spreading on fibrinogen coated surface using AFM. This
figure is reprinted with permission from Sachs et al. 8 © 2020 International Society on

Thrombosis and Haemostasis.

TFM uses hydrogel-based substrate with fiducial markers such as fluorescent tracer
beads embedded, quantifies force by capturing fluorescence images and tracking the position
of the markers over time (Fig. 2-8). Alternative substrates were also developed for contractile
force measurement, such as micropillar (elastomeric cylindrical cantilevers) arrays made of
polydimethylsiloxane (PDMS). TFM has higher throughput than AFM and SCIM. However,

it heavily relies on tracking the position of the tracer with imaging approaches, therefore still
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facing the same limitations in resolution and acquisition speed, especially when 3D tracking

is needed.
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Figure 2-8 Schematic showing the working principle of traction force microscopy. Platelets

are seeded on fibrinogen passivated hydrogel surface with embedded microbeads. When

platelets are activated, they adhere, spread and interact with the substrate, generating traction

forces that exert mechanical tension on the hydrogel, resulting in the displacement of the

microbeads. This displacement can be tracked using fluorescence microscopy and compute

the traction forces during adhesion and spreading. This figure is reprinted with permission

from Sachs et al. 8 © 2020 International Society on Thrombosis and Haemostasis.

In conclusion, platelets imaging with force sensors is a powerful approach and allows

for measurements of elastic properties, adhesion and contractile forces of adherent platelet.

However, micropipette aspiration, AFM and SCIM have low throughput, which only

measures one cell at a time, limiting quantification to 1-10 platelets per hour &. Also, these

techniques are limited by acquisition speed, and therefore not suitable for real-time

quantification of platelet spreading and activation.
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2.2.3 Morphological Profiling

Lately, specific shape changes of the cell through their membrane protrusion have
been characterised 8. Platelet function has been found to be closely linked with platelet
morphology as inhibition of various platelet adhesion receptors resulted in distinct
cytoskeletal morphologies. Screening of morphological changes of platelets during spreading
and activations using imaging techniques has been used to establish morphological structure-
function relationships and could be a potential approach to evaluate platelet function .. The
main requirement of platelet imaging for morphological profiling is imaging speed as
cytoskeleton rearrangement during platelet activation and spreading happen at millisecond
timescales 3. Therefore, imaging techniques that do not require scanning or achieve a fast
acquisition rate are preferred for this application. This section will review the imaging
techniques used to quantify platelet morphology in terms of fluorescence and label-free based

methods.

Lifeact-GFP

Figure 2-9 Structural changes and cytoskeleton rearrangement of single platelet during
spreading. Fluorescence imaging reveals the variations in actin cytoskeleton and microtubule
coil that supports the shape change during spreading. This figure is reprinted with permission
from Thomas 57 © 2019 Elsevier.
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Quantifying morphological changes of single platelets during spreading with
fluorescence-based microscopy (epifluorescence %, TIRF " 8 and confocal ! %) normally
uses generic membrane dye or specific antibodies targeting cytoskeleton components such as
f-actin or microtubule (Fig. 2-9)., The morphological features and activities such as the actin
nodules generation, finger-like filopodia interaction showing dynamic membrane ruffling can

be observed with fluorescent labelled f-actin and tubulin.

Brightfield Images of Platelet Spreading

Figure 2-10 Brightfield images of platelet spreading on fibrin coated coverslip. Images
captured by an Olympus X71 inverted system, using a 100 X, 1.4 N.A. objective. The red
arrows indicate the location of membrane protrusions (filopodia and lamellipodia). Scale
bar=5 um.

Traditional brightfield microscopy does not provide efficient contrast due to the low
scattering cross-section (small size and thickness) and consequently fails to track platelet
morphology using label-free methods. In Fig. 2-10, | show the images | took using an
Olympus X71 brightfield microscopy (objective: 100X, 1.4 N.A.). The brightfield images
capture the platelet spread on fibrin coated surface with platelet membrane protrusions,

including filopodia and lamellipodia (highlighted using red arrows). Although these
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structures can be recognised, the imaging contrast is poor. Therefore, label-free single platelet
imaging is always conducted using imaging methods with higher contrast, including DIC %
and phase contrast %’. In this case, the scattering and interference methods (darkfield 2% and

RICM * % 9y introduced in chapter one would extract platelet morphology at higher contrast.
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Figure 2-11 Washed platelets (PLT) and platelets rich plasma (PRP-PL) spreading on
collagen 1V and fibrinogen coated surfaces, with and without the integrin olIbB3 inhibitor
sn528. (A) Quantification of surface coverage (number of platelets per 1 mm?). Wilcoxon
rank-sum test was used, * p-value < 0.05 and ** p-value < 0.001. N experiments = 4. Error
bars = Standard Error. (B) RICM images of the two substrates and treatment. This figure is
reprinted with permission from Horev et al. % © 2020, F1000 Research.

An example of platelet imaging using RICM  is shown in Fig. 2-11, morphological
features such as filopodia and lamellipodia can be clearly captured, allowing quantifications
including surface coverage, shape and protrusion. Fig. 2-11 compares the surface coverage
with two distinct adhesive ligands (collagen and fibrinogen) and inhibiting the integrin

allbB3 (with sn528), showing the significant reduction of adhesion by inhibiting allbB3 on
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fibrinogen substrate ®°. As described in chapter one, RICM enhances the imaging contrast by
optimising the reflected background (reference) and improving the interference component.
Because of the constructive and destructive interference (Fig. 2-11B), the fringes at
membrane protrusions show positive and negative contrast, indicating the distance between

the surface and the structures within a few hundred nanometres range %8 °.

Volumetric imaging of single platelet enables the visualisation of platelet structure in
three-dimension with quantifications including volume, thickness and mass. In fluorescence-
based confocal microscopy, a series of stacked two-dimensional images need to be collected
by axially scanning the sample for three-dimensional reconstruction. Quantifications of
volume and thickness can be retrieved using fluorescence intensity, but estimating dry mass
is challenging. Additionally, axial scanning could lead to longer acquisition time and increase
the risk of photobleaching, which presents challenges for monitoring platelet morphology
over time. Quantitative phase microscopy (QPM), on the other hand, retrieves the phase delay
of the light passing through the sample, enables reconstruction of volume, thickness and mass
in a single-shot %1% Fig. 2-12 shows an example of volumetric imaging of single platelet
using optical diffraction tomography, revealing the differences in RI distribution of resting
and activated platelets 2. From the measurement of RI distribution, the index of single
platelets varies within a small region from 1.35 to 1.365, which confirms that platelets have a
relatively stable refractive index for label-free imaging. However, QPM techniques do have
less sensitivity than RICM as the contrast in the filopodia and lamellipodia region is lower

(Fig. 2-12 Fand G).

In conclusion, profiling of platelet morphology poses opportunities in platelet
diagnostic and drug discovery by extracting the structural features and understanding the

meaning behind the morphological profile 2> 8 with the help of regional recognition and
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machine learning. Label-free methods such as RICM and QPM enable fast imaging and
quantification of shape, volume, thickness, and dry mass without scanning and staining the
platelets. Although these methods are less specific for targeted proteins or membrane
receptors, we argue that acquisition speed and stability is more critical than molecular

specificity for morphological profiling in spreading assay.

(H)

+ collagen

Figure 2-12 Reconstructed 3D refractive index tomograms of resting platelet (A and E) and
activated platelets stimulated by collagen (B and F), thrombin (C and G) and thrombin
receptor-activating peptide (TRAP) (D and H). The x-y, yz and xz slices are shown in A-D,
while the maximum RI projections along the axial direction are shown in E-H. This figure is

reprinted with permission from Lee et al. %2 © 2019.

2.3 Conclusion

In this chapter, | have briefly introduced the mechanics of platelet adhesion and
activation in hemostasis responses. The initial adhesion of platelets and the ECM component
(collagen) is mediated through VWF and glycoprotein GPIb %, and the adhesion site is
further secured by various adhesive receptors such as GPVI °. These adhesive proteins and
agonists trigger platelets activation through various receptor-specific signalling pathways,
resulting in rereleasing of granules %12 and activation of integrin alIbp3 & ° 4% that enables

platelet-platelet adhesion through fibrin allows platelet aggregation. Platelets undergo
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dramatic shape change during platelets adhesion and activation %> %3 to support adhesion and
granule secretion, driven by cytoskeleton rearrangement and actin polymerization. The
morphological profile of single platelet during spreading is significantly affected by adhesive
ligands, the function of membrane receptors and the presence of integrin. Capturing
morphological information of single platelet during adhesion and activation using high-speed
approaches could enable quantification of platelet function and explore possible venues for

diagnostic and drug discovery.

Imaging of single platelet is a grand challenge limited by a few factors: detection
sensitivity, imaging speed, labelling methods and efficiency, and sample handling "2. This
chapter also reviews the imaging techniques used in single platelet imaging, characterized by
quantifications in terms of biochemical, biomechanical and morphological properties. As
these quantifications target different biological questions, the suitable imaging techniques
need to focus on various aspects, e.g. use high specificity approaches for studying

biochemical signalling and high-speed imaging for morphological profiling.

Fluorescence-based microscopy has been heavily used to study biochemical signalling
of single platelet at molecular level. These studies have been extended with the emergence of
super-resolution microscopy " © that can achieve nanometer imaging resolution. However,
the limitation of super-resolution techniques is the low acquisition speed, which limits the
imaging mainly to fixed platelets. Common drawbacks in fluorescence-based microscopy are
also related to sample labelling. Since there is no nucleus in platelets, they cannot be
transfected. For platelets to express a tagged protein, platelets have to be either purified from
genetically modified mice or from differentiation of transfected megakaryocytes "2, which

can be challenging and limit the labelling approach in platelet imaging. In addition, in longer-
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term imaging (spreading process, >30 minutes), the stability of the fluorescence signal can be

suspectable due to photobleaching and phototoxicity.

Label-free methods utilize light scattering and interference that enable the ultra-
sensitivity detection of nanoscopic features of single platelet during activation and spreading.
Among these label-free methods, RICM % has the highest detection sensitivity that resolves
nanoscopic features using constructive and destructive interferences for morphological
profiling, while QPM enables quantitative measurements of thickness, volume and dry mass
102 Although these techniques have poor specificity to target desired proteins or membrane
receptors, they promote high-speed morphological studies that could be valuable in platelet

function assessment.

Most of the techniques reviewed in this chapter focus on single-cell studies where the
responses of single platelets are investigated without fluid shear. Single platelet imaging is
essential in understanding the signalling pathway, the role of integrins > 8 ® 4 and platelet
phenotyping & at the initial stage of haemostasis (adhesion and activation). However, the
physiological flow also plays an essential role in haemostasis, especially in later stages, such
as platelet aggregation and thrombus formation. In the next chapter, | shall discuss the role of
flow in haemostasis and the process of thrombus formation. | will also review the techniques

for assessing thrombus stability and platelet function.

2.4 Contribution

| took the brightfield image of single platelets (Fig. 2-10) using an Olympus X71

system and a 100X, 1.4 N.A. objective.
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Table 2-2 Summary of optical microscopy methods for single platelet imaging

Label -free
method

With imaging
probe

Fluorescence-
based methods

Imaging method
Brightfield
Phase contrast/ DIC

RICM

QPM/ ODT (or
holotomography)

Atomic force
microscopy (AOM)

Scanning ion
conductance
microscopy

Epifluorescence
TIRF

Confocal

SIM
STORM

SMIM

Quantification
Biochemical:
o Adhesive ligands
Morphological:
e Shape

Morphological:
o 3D RI quantification
e 3D morphology

Mechanical:

e Contractile force
e Viscoelastic
Morphological:

¢ 3D morphology

Biochemical:
e Platelet receptors
e Integrin

e Granules

Morphological:

e Actin reorganization
(LifeAct) 7 84109

Position Sensing

e Membrane labelling %

86, 110

Speed

>100Hz
Only limited
by detection
camera

100*100
pixels: 12 Hz

80*80 pixels:
17 seconds

>100Hz

40*40 um:
10 Hz 11t
30*25 pm:
30 seconds %8

Resolution

Diffraction
limited
(~\N2,
N.A=1.2)

Probing
dependent

Diffraction
limited
(~NM2,
N.A=1.2)

100-120 nm
20-30 nm

50-60 nm

Limitation
Low contrast

No guantitative data

Phase unwrapping problems for thick
sample

Axial resolution

Scanning and complex reconstruction are
needed for ODT (speed)

Long acquisition time

Hard to glue single platelet to the probe
Might distort shape of the cell or interpret
the activation process

Long acquisition time

No direct imaging, resolution depend on
the nanopipets

Background/ out of focused light/ SNR
Limited depth of field (~200 nm)

Scanning/ photobleaching

Post processing

Long acquisition time — normally used in
fixed sample

STORM: Requires highly stable
microscope (40,000 frames per final
image)

Refs

104

79, 95,
105, 106
4,13,
98, 99,
106

102, 107

108

93

95
79, 80
11, 96

79, 112,
113

80-82

114
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Chapter 3 Platelet-rich Thrombus
Formation

The composition of a thrombus includes platelets, fibrin mesh, and red blood cells
that are known to determine its mechanical properties . Thrombus stability is vital to
maintaining thrombus function, and the biophysical properties of platelets, i.e. the extent of
adhesiveness, rate of aggregation and dissociation, are all important biophysical markers of
an unstable thrombus. An unstable thrombus can lead to significant health outcomes such as
excessive bleeding 4, or embolization °. These complications are the most common causes of
myocardial infarction, ischemic stroke, deep vein thrombosis, and other cardiovascular

diseases >”.

In this chapter, | will first discuss the influence of high fluid shear stress in thrombus
formation and focus on the unfolding process of the Von Willebrand factor (VWF) &1°. More
importantly, 1 shall focus on platelet-rich thrombi known as “white clots” 1! formed under
high fluid shear. Platelets play a significant role in these high shear-induced clots, along with
fibrin fibres that form as part of the coagulation cascade (thrombin, fibrinogen % 3). An
increase in activated and aggregating platelets would recruit additional platelets and thereby
influence the stability of a thrombus * %5, In addition, I shall briefly discuss the relationship
of thrombus stability with the “core-shell” hierarchy °. Under the core-shell framework, the
thrombus structure is described as a tightly-packed platelet core that forms on the injury site
and is topped by a loosely-packed shell of platelet aggregates. The existing core-shell
framework has been derived primarily from electron microscopy, without fluorescence

labelling, which has identified and classified the packing density and morphology of platelets
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in formed thrombi. However, these studies were conducted using fixed samples, which do not

preserve the dynamic processes of platelet aggregation and thrombus formation.

Microfluidics techniques promote different chamber designs to capture thrombus
dynamics 1”8 mimic stenotic vessel *°, and quantify micromechanics of forming clots 2% 2L,
In the second section of the chapter, | shall discuss the fabrication techniques (microfluidics
22,23 and soft lithography 24), which have been widely applied to mimic the microenvironment
of blood vessels in in-vitro studies. | will then elaborate on advanced imaging approaches that
enable the in-depth study of thrombus structure and stability under fluid shear conditions.

This section will also cover the challenges of thrombus imaging and the possible imaging

approaches to studying thrombus stability.

3.1 Role of Fluid Shear in Platelet Studies

Early studies on platelet activation and aggregation were conducted in the absence of
shear forces 2> % as it was assumed that soluble factors served as the primary mechanism for
triggering haemostasis, and shear flow had a minor contribution %’. Studies that focused on
platelet spreading on the surface enabled the investigation of the role of membrane receptors
and adhesive ligands in platelet adhesion, shape change, spreading, and aggregation 2% 2°,
These studies without flow conditions have been meaningful in understanding membrane
binding mechanisms and processes. However, it was recognized later that shear forces are
also directly involved in platelet activation, beyond simply transporting platelet and proteins
to the site of injury on the vessel 322, In addition, some of the findings from non-flow assays

were different to those under shear conditions, such as the studies of clotting behaviour using

implant devices *.
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Figure 3-1 Fluid shear and velocity profile in a straight tube. (A) Poiseuille flow in the tube
(diameter D) can be described as a parabolic velocity profile with zero velocity at the wall
(vwall=0). The arrows indicate the velocity vector as a function of distance (y) across the
vessel. (B) The shear rate is defined as the near-wall velocity (v) divided by the distance from
the wall (y). This figure is reprinted with permission from Casa et al. 3*© 2015 Elsevier.

Shear forces are produced by the fluid layers of blood passing by each other at
different velocities, and this gradient of velocities within a flow is described using shear rate,
as shown in Fig. 3-1 3. The velocity profile is characterized by a parabolic curve with zero
velocity at the wall and maximum velocity at the centre of the tube. The wall shear rate is
defined as the slope or gradient of the parabolic curve, and the wall shear stress is the force
per unit area exerted by the near-wall fluid on the vessel wall (shear stress = viscosity ><shear
rate). The presence of fluid shear forces can influence the behaviour of adhesive ligands and
proteins on the platelet membrane. VWF is the most well-known component, mediating the

initial adhesion of platelet and collagen & ° %,
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Globular vWF Elongated vWF (flat) Elongated vWF (concave)
0.1 square microns 0.4 square microns 14.1 square microns
1 Al domain 1,115 Al domains 37,661 Al domains

Figure 3-2 Structural change of VWF from a globular form to a flat and concave elongated
form at a high shear rate and the change in binding site on the A1 domain when in contact
with the platelets. For each form, the maximum contact area (in square microns, um?) and the
maximum number of A1 domains which can come in contact with platelets is shown (with

receptor density of 2664 domains/pm?).

During thrombus formation, VWF is proposed to function as a mechanical flow
sensor. Studies of individual VWF concatemer have revealed that the A1 domain can interact
and bind to GPIba under mechanical forces 268, Early hypotheses suggest that VWF exists in
a coiled or globular conformation due to monomeric self-association under low flow shear
stress 3°. In this conformation, the binding site on the A1 domain is believed to be hidden and
inaccessible for platelet adhesion “0*2, The structural change of VWF from its globular
confirmation to the elongation form unmasks the active binding site and activate the VWF for
platelet binding (as shown in Fig. 3-2). However, recent single molecule results “® suggested
that the free-VWF does not stretch significantly in solution as previously thought. Bergal et
al *® demonstrated that the change in VWF length distribution is two orders of magnitude less
than the previously reported values (0.17 vs 13 um), indicating the elongation of the VWF

might not be sufficient to activate the binding sites on the A1 domain.

In recent studies, Fu et al. * tethered the VWF concatemer to a surface and measured
VWEF response to shear flow at the single molecule level. They revealed that the activation of

the Al domain for platelet adhesion requires a minimum tension when exposed to flow
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condition. Fig. 3-3 illustrates GPIba binding and extension of VWF molecule under different
flow conditions. As shown in Fig. 3-3 A, the extension of VWF is observed but no GPIba
binding occurred below 720 dyn cm 2. At 720—1280 dyn cm 2 shear stress, binding of GPIba
is observed at the upstream regions of the extended VWF near the tether where tensile force
is high #*. The relation between tension force and GPIba binding along a single, long VWF
concatemers are also quantified as shown in Fig 3-3 B, illustrating a sigmoidal dependence of
the number of bound GPIba molecules per um of VWF and the tensile force **. GPIba
binding only reach plateau when the tension is about above 35 pN, showing that the tensile
force promotes the switch from low-affinity state of the A1 domain in VWF to a high-affinity

state.
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Figure 3-3 Tension-regulated VWF binding to GPIba. (A) Representative time-lapse
fluorescence images showing VWF extension and reversible GPIba binding during cycling
between stasis and a range of wall shear stresses. VWF and GPIba are labelled using Alexa
488 and Alexa 647 respectively. (B) average number of GPIba per pm binds along the
extended VWF concatemers at 1280 dyn cm™2. Data are mean for 103 concatemers that were
long enough to include all seven tension bins. The data points are fitted using a two-state
model fit using the inset formula. This figure is reprinted with permission from Fu et al. * ©

2017 Springer Nature.

Additionally, membrane protrusions or tethers that are pulled from the surface of the
platelets under hemodynamic drag force also play a critical role in initiating platelet-matrix

and platelet-platelet adhesive interactions (Fig. 3-4). These structures are smooth cylinders of
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lipid bilayer that can develop up to 30 pm in length . Membrane tethers can reduce the
pulling forces imposed on adhesive bonds formed between platelets and the membrane *°,
increasing the probability of preserving adhesion under high fluid shear. Membrane tethers
are also critical for keeping platelets close to each other (Fig. 3-4 B), which helps facilitate
autocrine and paracrine stimulation through locally generated agonists. Membrane tethers
restrict the distance between platelets, resulting in a higher concentration of activating signals

within the local region of a developing thrombus.

Figure 3-4 Scanning electron microscopy showing platelets forming tethers during adhesion
to immobilized VWF at 1800 s shear rate. Scale bar = 2 um. This figure is reprinted with
permission from Jackson 6 © 2007 Elsevier.

3.2 Thrombus Structure and Stability

The formed thrombus contracts under high fluid shear and can shed small or large
emboli (detachment of platelets or platelet aggregates). Detached pieces of the platelet
aggregates can occlude downstream blood vessels in the lungs or brain, causing life-

threatening diseases, including pulmonary embolism and ischemic stroke #’. Mechanical
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stability of an intravascular thrombus reflects the effectiveness of hemostasis at the sites of
the injured vessel and the possibility of pathological blood vessel obstruction. The stability of
a thrombus is determined by its structures and the mechanical properties of its components
(e.g. platelets, collagen, and fibrin network). Individual platelets and fibrin networks that
make up a forming clot are high heterogenous, and platelet activation levels ¢ %8, platelet
morphology ¢4, cytosolic calcium °°, and a-granule secretion ! are not uniform throughout
a hemostatic plug. This heterogeneity in platelet morphology and fibrin formation is captured
using scanning electron microscopy and shown in Fig. 3-5, showing images at the

extravascular side of the vessel, the boundary of the injury site, and luminal surfaces.

As shown in Fig. 3-5, most platelets on the luminal surface retain a discoid shape or
only change shape minimally and develop few membrane protrusions, indicating minimal
activation. Platelets at the boundary of the injury site are squeezed tightly together and appear
as small spheroid bodies ~0.5 - 1 um with long protrusions. In contrast, the extravascular
portion differs dramatically from intravascular components, both in platelet morphology and
fibrin concentration. Platelets at the extravascular site have the highest packing density on the
extensive fibrin network that uniformly fills the hole created by the injury. Small islands of
platelets are also formed and are interconnected by fibrin fibres. The heterogeneity in platelet
morphology results from the highly activated platelets at the extravascular surface, indicated

by P-selection expression 5253,
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Figure 3-5 Scanning electron microscopy images showing spatial heterogeneity of platelet
activation and fibrin network at the extravascular surface, injury site boundary, and luminal
surface, respectively. The differences in platelet activation level, protein expressions (P2Y12
and p-selectin) are also summarized and illustrated. This figure is reprinted with permission
from Tomaiuoli et al. 5 © 2019 National Academy of Sciences.

The heterogeneity in platelet behaviour produces an organized thrombus structure that
consists of regions that differ in platelet activation state, packing density, and stability 1654,
This structural behaviour is known as the “core-shell” theory, which proposes that a forming
thrombus consists of an inner core and outer shell, and a change in behaviour is observed
passing between the two regions (Fig. 3-6). Consistent with the observations from SEM
images, in vitro studies also showed the distribution of P-selectin signal indicates the

different platelet activation states within thrombi from a side view perspective *°. During
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platelet activation, P-selectin translocates from intracellular granules to the external
membrane, and the extent of P-selectin expression reflects the level of platelet activation .
The inner core expresses a high P-selectin signal, which indicates that it consists of tightly
packed, highly activated platelets. The low signal from the outer shell indicates that the zone

consists of loosely packed and less activated platelets.
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Figure 3-6 Thrombus core-shell model showing differences between the core and shell
regions for intrathrombus molecular transport rates, platelet agonist distribution and platelet
activation. This figure is reprinted with permission from Stalker %8 © 2014 Elsevier.

The difference in platelet activation within a forming thrombus is due to the
distribution of platelet agonists and the different elements of the platelet-signalling network.
Although collagen mainly exists at the vascular wall, other components such as thrombin,
adenosine diphosphate (ADP) and thromboxane A2 (TxA2) are located throughout the
thrombus. The distribution of formed fibrin indicates that thrombin is primarily generated at
the site of vascular injury, where the inner core is located ! 5% % The high thrombin
concentration results in a dense fibrin network with highly activated platelet closely packed
together (Fig. 3-6). As thrombin diffuses outwards, it is expected to have less of an impact on
the platelets further from the vessel wall (in the outer shell). The outer shell region is more

affected by TxA2 and ADP as they are small enough to diffuse outward from the core.
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3.3 Assessing Thrombus Formation and Stability

A stable thrombus must balance the processes of clotting and fibrinolysis. The
imbalance in one direction can cause bleeding or embolization. The opposite direction can
lead to thrombosis, the most common source of myocardial infarction, ischemic stroke, deep
vein thrombosis, and other cardiovascular diseases °°. The stability of the thrombus is
affected by many variables such as platelet dysfunction, coagulation, and flow conditions. To
assess the stability of a thrombus, two factors should be considered: (1) adhesiveness of the
thrombus core, which is determined by the strength of attachment between platelets and
ligands, and (2) porosity (structures) of the forming thrombus, which determines detachment
of single platelet or micro-aggregates °. As shown in Fig. 3-7, a less stable thrombus structure,
consisting of a porous fibrin network with sparse platelet contact, can lead to the detachment
of a series of small fragments. Additionally, the unstable core, formed by looser and weaker
attachment between platelets and collagen, can lead to embolization of larger fragments or

the whole thrombus.

In-vitro flow assays utilize nano-scale fabrication approaches and high-resolution
imaging techniques to assess thrombus stability and platelet function in real-time. These
approaches are used to mimic the micro-environment of the blood vessel and physiological
blood flow conditions. However, nearly all flow assays assess thrombus stability by
quantifying the extent of platelet detachment by measuring the change in mass/volume, and
these studies do not investigate platelet adhesiveness or their interaction with collagen at the
thrombus core. In the section, | will first review the fabrication techniques for microfluidic
devices used to study thrombus behaviour under flow conditions. | will discuss volumetric
imaging approaches used to quantify thrombus stability and imaging methods which could

possibly be used to investigate the adhesiveness of the thrombus core.
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Figure 3-7 Structural features which should be considered when assessing thrombus stability
include adhesiveness of the core and porosity of the thrombus. An unstable structure will
cause embolization of a series of small fragments, and a less adhesive core will lead to
embolization of larger parts or whole thrombus. This figure is edited and reprinted with

permission from Gorog et al. > © 2017 Elsevier.

3.4.1 Microfluidics Design for Thrombus Imaging

This section is not meant to be an exhaustive review of microfluidic devices, which
has previously been done 2361, | mainly review channels developed to investigate thrombus

formation and stability with high-resolution imaging methods.

Microfluidics systems are the most common method of conducting in-vitro platelet or
thrombus imaging under flow. Microfluidics assays require several components, including
microfluidic chips containing micro-channels, a fluidics pump to precisely control the applied
shear stress, and an imaging system to visualize the activity inside the channel (Fig. 3-8 A).
In-vitro studies of platelet activation and thrombus formation often utlise micro-channels 50 —
100 um in width %% © with adhesive ligands (collagen 23 or fibrin %4) coated on the bottom
surface to initiate thrombus formation and mimic injured blood vessel walls. Physiological

flow conditions in microfluidics application are generally introduced by a syringe pump that
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pulls or pushes blood or platelet-rich plasma (PRP) through the channel at a constant shear

rate determined by the velocity and viscosity of the sample.
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Figure 3-8 (A) Microfluidics system consists of a microfluidics channel, a pressure pump,
blood sample, and an imaging system to capture the dynamic process. Typically created
using soft lithography, the microfluidics channel be in the form of a straight channel (B),
stenosis channels (C), side channels (D) for structural study and micropillar (E) for
contractile force measurements. Figure B is reprinted with permission from Diamond et al.
© 2008 John Wiley and Sons. Figure C is reprinted with permission from Li et al. 1° © 2014
PLOS. Figure D is reprinted with permission from Muthard and Diamond 7 © 2012 Wolters
Kluwer Health, Inc. Figure E is reprinted with permission from Ting et al. 2° © 2019

Springer Nature.

The simplest structure for conducting microfluidics is directly employing a glass
capillary tube as a straight channel %. A more complex channel structure is typically realized
using soft lithography 24, which imprints the desired structures on a polydimethylsiloxane
(PDMS) polymer and assembles the channel by binding the PDMS to a glass slide ?2. The
flexibility to alter channel designs using soft lithography enables channel designs to
recapitulate pathological vessel geometries, including simple straight channel 8 % (Fig. 3-8 B)
and stenotic channels (Fig. 3-8 C) representing vessels with stagnation points °. Besides
engineering the shape of the channel, multiple approaches have been developed to pattern the

coating of the adhesive ligands. For example, the collagen fibre has been patterned
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orthogonally to the flow direction ® 6 to study the influence of collagen orientation on
thrombus activity. The collagen fibre was also coated on the sidewall of the channel ¥,
allowing imaging to visualise the side view of the thrombus structure and corroborating the

core-shell theory (Fig. 3-8 D).

In addition, previous work has also developed methods to investigate the effects of
contractile forces (Fig. 3-8 E), including patterning the adhesive ligand (fibrinogen)  and
developing a micro-pillar layer 2% 2%, In both cases, the patterned structure acts like force
sensors where the contraction forces can be quantified through the deformation of

micropillars or the displacement of coated ligands.

3.4.2 Quantifying Thrombus Stability through Volumetric Imaging

Monitoring thrombus formation and stability with imaging methods is typically
conducted by checking the size of the platelet aggregate over time. As thrombi have a larger
and complex structure than single platelets, a larger field of view is more critical than
imaging resolution and sensitivity. Super-resolution techniques are less suitable as they
sacrifice acquisition time for the expanded FOVs. Fig. 3-9 and Table 3-1 provide an overview
of the imaging techniques used for thrombus imaging. The most straightforward approaches
used to visualize a thrombus structure include brightfield 2% © 7 DIC ™ and epi-
fluorescence 2% ®° microscopy due to their fast acquisition speed and simple sample
preparation. These methods capture the process of thrombus formation and embolization and
indicate the surface coverage. However, they cannot provide any quantitative information on
platelet detachment, which poses a challenge for studying thrombus stability and

embolization.
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Figure 3-9 Overview of imaging methods for assessing thrombus stability, including label-
free and fluorescence methods. The DIC images are reprinted from Neshitt et al. *° © 2009
Springer Nature. The QPM images are reproduced from He et al.’® © Wiley-VCH GmbH.
The brightfield and epifluorescence images are reprinted with permission from Ting et al. 2°
© 2019 Springer Nature. The confocal images are reprinted with permission from Marchese
etal. 2© 2021 MDPI.

Quantifying platelet detachment is typically conducted by tracking the total platelet
mass or volume " 7* through thrombus formation under flow stress using volumetric imaging
approaches such as confocal microscopy and quantitative phase microscopy. In 3D confocal
microscopy, thrombus morphology information such as height and volume over the course of
thrombus formation is provided by summing up the fluorescence intensity attributed to
platelet-specific fluorescent markers "> as shown in Fig. 3-10. The evolution of a thrombus
and the initial steps of adhesion, activation, signalling, and recruitment can also be studied by
labelling membrane receptors and surface proteins. However, the accuracy and precisions of
fluorescence microscopy approaches are limited by the antibodies or probes used, which may

have variable affinities and efficiencies for binding to the platelet membrane. Because these
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reagents can potentially interfere with platelet activation or aggregation processes and

receptor function, these approaches may not be suitable for live-cell imaging. Furthermore, a

scanning laser system increases the risk of photobleaching and phototoxicity

75,76

, increasing

uncertainty in quantitative measurements. Lastly, accurate quantification of thrombus volume

may be hampered by the dynamic range of the photodetector, as saturation of the

fluorescence signal will result in the direct relationship between signal and volume being lost

with further increases to thrombus volume 2.
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Figure 3-10 (A) Confocal images showing thrombus formation over intima in the presence of

aTF and/or aFXI. (B) Quantification of thrombus volume, fibrin strand deposition from

fluorescence signal. This figure is reprinted with permission from Marchese et al. > © 2021

MDRPI.

Several label-free methods have been developed for quantitative imaging of platelet

adhesion and thrombus formation ! "1, Because there is no nucleus in platelets, the refractive

index of platelets is likely to be stable and uniform 3. Phase imaging based on optical path
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and refractive index differences can be an excellent choice for platelet imaging. Digital

holography microscopy (DHM) " "8 a form of QPM that quantifies height, volume, and

mass based on the phase shift of the incident light has been used to quantitatively measure

volume the of thrombi during formation and embolization (Fig. 3-11) under different shear

rates & 1. Since DHM imaging does not require scanning, it enables a fast capture rate that is

only limited by the acquisition rate of the camera. This allows DHM to offer real-time and

stable quantification of thrombus morphology without fluorescence labelling.
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Figure 3-11 Testing thrombus stability at different shear rates by monitoring thrombus
volume using QPM. (A) thrombus stability is tested by exerting high flow shear on the
forming thrombus (buffer flowing at 7500 s-1 for 5 minutes and then 12500 s-1 for 2
minutes). (B) (i) Trace of thrombus volume during stability test, thrombus formed under the
shear rate of 1800 s-1, 3600 s-1, and 7200 s-1 are shown here. (ii) Heightmaps of the
thrombus at selected time points. Quantification of thrombus volume (iii), surface area (iv),
and peak height (v) of the thrombus formed from all donors. This figure is reproduced from
He et al. 18 © 2018 John Wiley-VCH GmbH.

QPM approaches have limited optical sectioning capabilities because the optical path

difference is generated by the summation of phase shift across the depth of the sample. One

of the significant constraints is that the interacting surface between platelets and the adhesive
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ligands cannot be imaged once the initial layer of platelets has aggregated. Previous efforts
have been made to acquire accurate three-dimensional images using phase imaging.
Tomographic phase microscopy (TPM) ®#! introduces tilted scanning in the illumination
path that can reconstruct the three-dimensional refractive index of the sample using a
galvanometer-based scanning mirror or AOM. However, because a large amount of data is
needed to reconstruct a single image, the imaging speed and post-processing remain
challenging. To date, TPM has not been used for thrombus imaging, possibly because of the

imaging speed.

3.4.3 Imaging through the Adhesion Site

Monitoring platelet-ligand adhesion with adhesive ligands during thrombus formation
could provide extra information on thrombus stability, as it determines the strength of the
attachment of the thrombus to the substrate. Previous studies have used confocal microscopy
to capture single platelets interacting with fibrin fibre during thrombus formation 2. As
shown in Fig. 3-12, single platelets could adhere to fibrin, become activated, form long
protrusions, and bind the fibrin fibre at a mean rate of 0.003 £ 0.002 pum/s. However, the
major limitation of the study is the absence of fluid shear. In fact, none of the current studies
focus on studying platelet interactions with collagen/fibrin at the thrombus core during
thrombus formation under the influence of fluid shear . To selectively visualize the
adherent platelets under high flow shear, the two key parameters which need to be controlled
for are the depth of the imaging field and acquisition speed. The imaging depth needs to
cover only the thickness of the fibre and a few layers of adherent platelets (~3-4 um) to
selectively image the thrombus core. Methods such as confocal and tomographic phase
microscopy have depth sectioning, but they are limited in imaging speed (~10s for one

tomogram °, maximum 30 FPS for one confocal image ). In contrast, widefield techniques
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that permit high-speed imaging and depth sectioning, including highly inclined thin
illumination (HILO) 88 and GI-SIM ®¢ could be used in this application. These methods
provide a tunable imaging depth (0.2-2.5 pum) by altering the oblique angle of the

illumination beam and restricting the depth of field to the platelets at the thrombus core only.

t=0s t=120s t=240s t=270s
Platelet+fibrin

3um

e

Fibrin

Figure 3-12 Time-lapse images from confocal microscopy show that contracting platelets can
bend, kink, and accumulate on a single fibrin fibre locally. Platelets and fibrin are labelled in
green and red, respectively. Scale bar = 3 um. This figure is reprinted with permission from
Kim et al. 8 © 2017 Springer Nature.

3.4 Conclusion

In this chapter, | have reviewed the influence of fluid shear on platelet aggregation
and thrombus formation, focusing on the dynamics of VWF unfolding and membrane
tethering under high shear stress. These findings suggest that flow conditions are critical
when assessing hemostasis and investigating platelet dysfunction. Under high flow shear,
fragments of platelets or platelet aggregates (emboli) might detach from an unstable thrombus,

leading to acute conditions, e.g. stroke. To understand thrombus stability, studies on
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thrombus structure (following the core-shell hierarchy) using electron and fluorescence
microscopy have revealed a heterogeneous distribution of platelet activation levels 46 4,
platelet morphology ¢4, cytosolic calcium *°, and a-granule secretion. This heterogeneous
distribution is represented by a closely packed, highly activated thrombus core and a loosely
packed shell structure. We argue that two factors contribute towards thrombus stability and
need to be considered in such studies: (1) adhesiveness of the core, (2) porosity (structure) of
the thrombus as the former investigates the firmness of adhesion between the thrombus and
substrate and the later examines the detachment of the platelet aggregate. However, the
majority of the in-vitro flow assays monitor thrombus stability by tracking the changes in
thrombus volume and platelet detachment 8 72, None of the studies focus on the adhesion site

between the thrombus core and the adhesive agonists.

In the following chapters, | shall introduce our methods of oblique illumination,
which we have used to study the platelet interaction at the thrombus core under flow shear.
Instead of collecting fluorescence signals, we propose a label-free technique that uses
scattered light within the thrombus core region (~4 pum depth) and investigates platelet
motility as a marker for platelet adhesiveness. The imaging method and platelet adhesiveness

study will be discussed in chapter 4, 5, and 7.
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Table 3-1 Summary of optical microscopy methods for platelet aggregation and thrombus imaging

Label -free
method

Fluorescence-
based methods

Imaging method
Brightfield

Phase contrast/ DIC
QPM/ ODT (or
holotomography)

Epifluorescence

Confocal

Quantification
e Visualization of effect

Morphological:

o 3D RI quantification

e Volume

e Mass

Biochemical:

o Platelet receptors

e Interaction at adhesion
site during thrombus
formation

Morphological:

e Volume

Speed

>100Hz
Only
limited by
detection
camera

>100Hz

Resolution

Diffraction
limited
(~M2, N.A.
~1.22)

Diffraction
limited
(~M2, N.A.
~1.22)

Limitation
Low contrast
No quantitative data

Phase unwrapping problems for thick sample
Cannot measure the adhesion site
Scanning and complex reconstruction are

needed for ODT (speed)

Background/ out of focused light/ SNR

No sectioning

Low speed and relatively small FOV for 3D

imaging

Photobleaching due to scanning

Refs

87
49
18,71

72,82
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Chapter 4 Coherent Optical Light
Scattering and Interferometry (COSI)

In the previous chapters, | have outlined label-free imaging methods using scattered
light and interferometry (chapter 1), imaging of single platelets spreading (chapter 2), and
thrombus formation under fluid shear (chapter 3). This chapter will detail the experimental
efforts to develop a comprehensive label-free imaging system with sufficient resolution to
study the morphodynamics of platelets (membrane protrusions) and thrombi. Here, we
develop a scattering-based light microscopy for the simultaneous detection of scattered light
and reflection interference signals, termed Coherent Optical Scattering and Interferometry
(COSI). As the scattering alone does not reveal biochemical signals or volumetric
information, we extend the COSI system to accommodate other imaging modalities that can
capture fluorescence and volume simultaneously. In the following sections, | shall discuss the
following variants of the COSI system we have developed: COSI-F for single platelet

migration and COSI-QPM thrombus formation studies.

4.1 Scattering Light Microscopy

Real-time functional imaging of platelets and thrombus is limited by (1) resolution
and sample size, (2) imaging speed (rapid activation), (3) labelling methods and efficiency
(nucleus free and without transfection, can only rely on membrane dyes for live-cell study),
and (4) sample handling (samples are easily activated) 1. To overcome these limitations, we
focus on developing a label-free imaging method such that minimal scanning can provide
high-speed imaging. Among the techniques introduced in chapter 1.2, we select darkfield

(pure scattering) detection as the base imaging system for platelet membrane protrusion
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imaging due to its high contrast (without illumination background). Also, because the

darkfield detection collects the scattered light from the cell only, it could recognize the high

refractive index components (actin, Rl = 1.57 2) that contributed to the scattered light.
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Figure 4-1 Experimental setup and imaging principle of ROCS microscopy. (A) The laser

beam is focused and scanned along a circle in the back focal plane of the objective,

introducing total internal reflection (TIR) illumination of the sample. The reflected beam at

the coverslip is blocked by a diaphragm enabling darkfield detection. (B) Top view showing

the azimuthal scanning pattern in the x-y plane. (C) The resolution enhancement of two

adjacent scatterers using oblique illumination and constructive interference. This figure is

reprinted with permission from Junger et al. ® © 2016 Springer Nature.

A recently developed darkfield detection method, rotational optical coherent

scattering microscopy (ROCS), takes advantage of a high N.A. objective lens (N.A. >1.33)

and a coherent laser source for high-resolution live-cell imaging *7. In ROCS microscopy,

the laser beam is projected at the total internal reflection (TIR, = 70°) # or highly inclined thin

illumination (HILO, = 56°) © angle and circularly scanned around the optical axis (in Fig. 4-1

A). The illumination reflects from the coverslip at the glass-water interface and is blocked by

a diaphragm at the Fourier plane, only allowing the pure scattering to be collected at the

detector, enabling darkfield detection. The coherent oblique illumination enhances imaging

resolution because the scattered light from adjacent scatterers induces a phase delay (A =~ )

and can be resolved by constructive interference 2 (Fig. 4-1 C).
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Figure 4-2 Simulation of the (A) brightfield and (B) darkfield intensity of the cell model at
three different oblique illumination angles (6 = 0< 50< 70<respectively) in the x-y plane.
The simulation is performed using CELES 8, the brightfield refers to the interference signal
of scattered light and illumination, and the darkfield refers to the scattered light only. All the
images are simulated at a fixed azimuthal angle ($=0<) with the illumination is projected on

the z-axis.

ROCS collects the scattered light under oblique (HiLO or TIR) illumination, which
could alter the scattering field based on simulation results from Mie theory as shown in Fig.
1-4 (the difference in magnitude of scattered light in forward and backward direction). Here,
Fig. 4-2 shows how the scattering field would vary when the cell is illuminated under oblique
angles (0 = 0°, 50° and 70° respectively) using the model introduced in chapter 1.1.3. The
brightfield (interference of scattered light and illumination) and darkfield detections (pure
scattered light) are shown in Fig. 4-2 A and B, respectively. In our model, we identify that
oblique angle could influence detection sensitivity. In Fig. 4-2, we show that by changing the
oblique angle from 0<to 70< the scattering signal increase by about 40%, allowing the

observation of scattering signal from membrane protrusions (resembling filopodia). However,
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without azimuthal scanning, we observe imaging artefacts arising from uneven intensity
distribution and the presence of background signal are shown to be more severe for

brightfield detection.

Azimuthal Averaging (12 angles)

0.9

0.7

0.5

Figure 4-3 Simulation of the (A) brightfield of the cell model at four different azimuthal
illumination angles (with fixed oblique angle 6 = 70°) in the x-y plane. (B) Summing and
averaging of the brightfield signal from 12 azimuthal angles from 0 to 2z. The simulation is
performed using CELES 8. The brightfield refers to the interference signal of scattered light

and illumination.

The azimuthal averaging is introduced to remove the imaging artifacts from the
oblique illumination. In this method, a series of images are captured at one scanning cycle
covering a 2m azimuthal angle and averaged by acquisition time. Azimuthal averaging has
been used in several microscopy methods such as TIRF ®*! and glazing incidence structured
illumination (GI-SIM) 2 to remove imaging artifacts from oblique illumination. To
demonstrate the effectiveness of the method, we show the simulation results of the brightfield
detection at four different azimuthal angles (¢ = 60°, 150°, 240°, and 330° respectively) in
Fig. 4-3 A. The black arrow demonstrates the direction of azimuthal angles (oblique

illumination 6 = 70°). In Fig. 4-3 B, we sum and average the electric field at 12 azimuthal

97



angles (in a 2w cycle) and show that the imaging artifacts and uneven intensity distribution

could be corrected.
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Figure 4-4 (A) Images from ROCS microscopy show the scattered light and fluorescence
signal of a living mouse-macrophage. The scattering signal is captured with a 488 nm laser at
20 ms exposure. The fluorescence signal is from a membrane dye (WGA-staining) and
captured at 5 seconds exposure. Both images were taken at TIR angle. (B) Comparison of the
intensities along with line profiles as indicated in (A). This figure is reprinted with

permission from Junger et al. 3 © 2016 Springer Nature.

ROCS microscopy has shown superior imaging contrast in live-cell imaging, as
demonstrated in Fig. 4-4 A, where both the scattering and fluorescence signal of a
macrophage (~ 20 um) at TIR illumination are compared for the same field of view * °.

Junger et al. ® has shown that the scattered light from ROCS provides significantly higher

contrast and resolution than the fluorescence signal, especially for tiny structures, e.g. the
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branches of filopodia (Fig. 4-4 B). This is consistent with our numerical model. The ability
for ROCS to pick up weak signals from fine structures could provide opportunities in platelet
imaging for membrane protrusion studies. However, ROCS has not been used in imaging

highly motile cells with smaller sizes (platelets, ~ 3-6 um).

In the following section, | shall detail our efforts in developing the label-free imaging
system by tailoring the ROCS microscopy for platelet imaging. | will introduce the steps
taken to build the setup and the modifications to expand imaging modalities for platelet and

thrombus imaging.

4.2 Coherent Optical Scattering and Interferometry (COSI)

This section will explain the design, selection of optical components, and control
system of the imaging system we build for platelets and thrombus imaging based on the
ROCS microscopy. Coherent Optical Scattering and Interferometry (COSI) is developed to
integrate interferometric imaging with ROCS. As explained earlier, the resolution
enhancement from ROCS microscopy is generated from the interference of the coherently
scattered light. In the first part of the section, | shall demonstrate the effect of spatial
coherence of the laser source in scattering signal detection. | will then discuss the reflection
optics chosen for reflection-based microscopy to avoid unwanted reflection. After that, 1 will
explain the objective selection and illumination angle calibration for the COSI system. In the
last part, | will explain the steps to design the control system that synchronizes the

galvanometer mirror and detection camera for azimuthal scanning.
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4.2.1 Optics

4.2.1.1 Spatial coherence of the laser source

Understanding and quantifying the spatial coherence of the illumination are critical to
the selection of the light source for the imaging system. Traditional microscopy methods
(darkfield and RICM) use a broadband source (e.g. halogen lamp) with lower spatial
coherence than a laser source used in ROCS. Here, we test how the spatial coherence of the
light source could affect imaging resolution. To vary the spatial coherence of the illumination,
we place a rotational diffuser (LSR-3005, Optotune) after the laser source. Before we conduct
imaging, we test the fringe visibility '* with and without the diffuser by a double-slit
experiment. Fig. 4-5 A shows the fringes produced by the double split. Significantly
disrupted fringes are observed when adding the diffuser into the system, with the fringe

visibility reduced from 0.95 to 0.14 (from Eq. 4.1).

V= Imax - Imin (4.1)

Imax + Imin

In Fig. 4-5 B, we demonstrate the scattered light from adjacent 200 nm (in diameter)
polystyrene beads when using high (V=0.95) and low (V=0.14) coherence sources. We
observe that the signal to noise (SNR) ratio is reduced by 30% with the lower coherence, and
the adjacent beads cannot be resolved, indicating lower imaging resolution. Similar
phenomenons are also observed in ROCS microscopy “. Therefore, compared with the
traditional darkfield microscopy that uses a low coherence light source (halogen lamp), the

laser source in the ROCS and COSI system could enhance imaging resolution.
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Figure 4-5 (A) (i) Fringe visibility of a laser source with/without adding the rotational
diffuser. The fringes are captured by placing a customized double slit at the Fourier plane
after the diffuser. The camera is placed about 0.8 meters away from the double slit. (ii) Plot
of the visibility of the fringes with/without the diffuser (B) Scattering detection of 200
nanometre polystyrene particles (ii) with and (i) without adding the diffuser. The SNR and

intensity across three adjacent beads are plotted in (iii) and (iv). Scale bar =1 pm

4.2.1.2 Parasitic reflection from optical train

The background intensity in reflection-based microscopy methods is critical for high
sensitivity detection because the magnitude of the background can significantly influence the
SNR ratio. Theoretically, the background intensity originates from the back-reflected light
from the coverslip (oil-medium interference). However, unwanted signals such as reflections
from optics might also contribute to background intensity. In RICM, the unwanted reflection
is filtered using polarization optics and an Antiflex objective that only allows collection of
reflection from the coverslip, which could improve imaging contrast and optimize
background intensity *. However, to incorporate reflectance interference in a ROCS system,

it is crucial to remove parasitic reflectance surfaces.
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Figure 4-6 (A) lllustration of ghosting reflection caused by cube beam splitter. (B)
Brightfield and scattering images of 40 nanometer gold nanoparticles with three different
types of beam splitters (cube, pellicle, and plate) are shown. The brightfield and scattering
images are taken at an oblique angle of 22<=and 60< respectively. The splitting ratio of the
cube and plate beam splitter is the same 50:50 (R:T), and the splitting ratio of the pellicle
beam splitter is 45:55 (R:T). Scale bar =5 pm.

Here, we test different types of beam splitters because we identify ghosting reflections
that could affect the scattering detection. A similar problem is identified and reported in the
iISCAT techniques . Ghosting reflection refers to the unwanted light reflection to the
orthogonal direction that possibly caused by surface coating and thickness of the beam
splitter as illustrated in Fig 4-6 A. Three types of beam splitters are tested that showed the
effect of ghosting: cube (BSO013, Thorlabs), plate (BSW10R, Thorlabs), and pellicle
(BP145B1, Thorlabs) at different illumination angles (22<and 60 in Fig. 4-6 B. Other

optics in the imaging system remain the same, and only the beam splitter was changed out for
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testing. When using a cube beam splitter, inclined fringes (showing as dark and light bands)
that results from the interference of ghosting reflection and scattered signal are observed in
both brightfield and darkfield detection. However, no interference artifacts are observed with
the pellicle and platelet beam splitter, indicating that ghosting is minimal in both cases.
Therefore, in reflection-based imaging techniques, a plate or pellicle beam splitter is

recommended to avoid ghost reflection when detecting scattering signals.
4.2.1.3 Objective

In darkfield detection, a minimum N.A. of 1.45 of the detection objective is typically
required to reach TIR illumination 6. Here, we use a 60X 1.49 N.A. (APONGOXOTIRF,
Olympus) in the COSI system to access the full illumination range from HILO to TIR.
However, an objective with lower N.A. can also be adopted for darkfield detection under
oblique illumination if the reflected circular pattern can be blocked by the diaphragm at the
Fourier plane. We also tested a 60X 1.42 NA (PLAPON60XO, Olympus) in the imaging
system, which could reach a maximum oblique angle of around 60< allowing detection of
scattered light at HiLO illumination. In interference detection, the reflected light is collected
at a lower illumination angle (~209, which means an objective with lower N.A. could be

used for standalone interference detection.

4.2.2 lllumination Angle

To calibrate the illumination angle, we first generate a circular scanning pattern at the
back focal plane of the objective. We then relay the BFP of the objective to a CCD with a 4f
configuration and capture the light being reflected from the coverslip to visualize the
scanning pattern. By varying the voltage applied to the galvanometer mirror, a circular ring

with a different radius (indicating the scanning pattern) is expected. The brightness of the
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ring shows the amount of light being reflected. In Fig. 4-7 A-B, we demonstrate the
maximum intensity projection of the scanning pattern at different galvanometer voltages for
an oil-air and oil-water interface, respectively. The sudden jump in reflected intensity
indicates the critical angle where total internal reflection (TIR) is reached 7. As the oil-water
interface has a less significant refractive index difference, the critical angle is larger (Ocritical =
61.4) than the oil-air interface (Ocritical =41.2°, and a higher voltage (larger ring) is needed to
reach TIR illumination Fig. 4-7 B.

. (N2
Ocritical = arcsin <_) (5.1)

ny

To calibrate the galvanometer voltage and illumination angle, we measure the radius
of the scan pattern on the CCD at corresponding voltages as shown in Fig. 4-7 C. We then
calculate that the theoretical maximum angle with the objective using Eq. 5.2 (Omax=78.989).
By substituting the calculated critical angle, maximum angle, and the measured scan radius,
into Eq. 5.3, the illumination angle 0 can be estimated ' 7. The relation of the scan radius
and illumination angle is plotted in Fig. 4-7 D.

NA)

Omaximum = arcsin (—
n;

(5.2)

7 = fopjnySind (5.3)

After the illumination angle is determined, the aperture of the diaphragm is fixed to
filter out the reflected light from the coverglass under HiLO and TIRF angles. Because the
diaphragm blocks the back focal plane of the objective and reduces detection N.A., the
aperture is set at the maximal position at detection N.A. = 1.27 (illumination angle = 57°9.
The imaging depth at various illumination angles is also measured and can be found in
Appendix C.
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Figure 4-7 Calibrating the illumination angle of the oblique beam by visualizing the reflected
beam at the Fourier plane using a separate CCD camera. The reflected beam at (A) the glass
to water interface and (B) the glass to water interface with a camera at the conjugate plane of
the back focal plane. Total internal reflection is reached when a sudden jump in intensity is
presented. The scanning radius is measured for angle calibration. (C) Plot showing the linear
relation between galvanometer voltage and scanning radius (D) Calculated illumination angle

at different scanning radius.

4.2.3 Optoelectronic Control

The control system is designed to synchronize the capture rate of the sSCOMS (PCO
edge 4.2) and the scanning frequency of the galvanometer mirror. We develop a customised
user interface (Ul) written in MATLAB, as shown in Fig. 4-8 A, where we can generate

continuous sinusoidal waveforms for rotation scanning. The signal generated is then sent to
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the data acquisition card (PCle-6374, National Instrument) that outputs voltages for

galvanometer scanning (analogue output) and triggers the camera acquisition (Fig. 4-8 B).

A cosi control sUI V10 _ % B .
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Figure 4-8 (A) Customized graphic user interface (GUI) for COSI control system, designed
using MATLAB. (B) Image of the NI controller for synchronizing the galvanometer scanning

and camera triggering.

The scan radius of the scanning pattern is determined by the sinusoidal (sine or cosine)
wavefront amplitude. A 5V TTL signal is generated simultaneously to trigger camera capture,
where the acquisition begins when the rising edge is detected and stops when the falling edge
is identified (Fig. 4-9). The sinusoidal signal is generated at 300 Hz (24 data points for each
azimuthal scan) for a camera acquisition rate of 30 Hz. One trigger can include up to 10
scanning cycles, and the duty cycle of the trigger signal determines the exposure time of the
camera. The MATLAB code for controlling the galvanometer and camera can be found in

Appendix D.
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Figure 4-9 Block diagram showing the working principle of the control system. The sin
sinusoids are generated, giving output to the two-axis galvanometer mirror for the radical
scanning pattern, with V controlling the scanning radius at the back focal plane. A 5V TTL
triggers the camera capture, where the duty cycle of the TTL controls the exposure of the

camera.

4.2.4 COSI Setup

The COSI imaging system is constructed on an inverted microscopy platform
(RAMM, ASI) using a linearly polarized 488 nm laser (Stradus 488-150), as shown in Fig. 4-
10. A two-axis galvanometer mirror (GVS212/M, Thorlabs) is conjugated to the imaging
plane of the system so that the laser beam is focused on the back focal plane of the objective
lens (Olympus, 60X, NA 1.49, oil immersion) to allow for wide-field illumination. The
scattering signal and the back reflection from the coverslip are separated from the
illumination using a 50/50 plate beam splitter (BSW10R, Thorlabs) and further magnified
with a beam expander (around 1.33 time) before being collected by an SCOMS (PCO edge
4.2). A diaphragm is placed at the conjugate plane of the BFP to block the reflected beam
from the coverslip. To achieve oblique illumination and azimuthal averaging, the
galvanometer mirror azimuthally scans around the optical axis at the back focal plane of the

objective (the scan pattern is shown in the inset image in Fig. 4-10 A). We also synchronize
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the capture rate of the SCOMS and the scanning frequency with a data acquisition card (PCle-
6374, National Instrument) so that one full cycle of azimuthal scan can be captured and

averaged simultaneously.
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Figure 4-10 Imaging setup of the COSI system. The colours represent the beam of
illumination, reflection and scattering as indicated in the legend. The diaphragm is placed at
the conjugate plane (CP) of the back focal plane (BFP) of the objective, enabling scattering
and interference detection based on oblique illumination angle.

Apart from the darkfield detection at HILO and TIRF angles, we collect the
interference signal of reflected light and scattered light at a lower illumination angle (<50,
the interference component could be used to enhance imaging contrast and sensitivity. The
interference detection has not been studied previously, and it is the main difference between

COSI and ROCS microscopy.
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Figure 4-11 Switching between interference and darkfield detection while fixing the aperture
of the diaphragm at the conjugate plane (CP) of the back focal plane (BFP) of the objective.
(A) The reflected beam is passed and interfered with the scattered light at a lower
illumination angle resulting in interference detection. (B) The reflected beam is blocked
when the laser is illuminating at HILO or TIRF angles, enabling darkfield detection. Images
of 20 nm GNPs, activated platelets, and a thrombus at two detection schemes are shown for

comparison.

The concept of this imaging method is illustrated in Fig. 4-11. By increasing the
oblique illumination angle, the radius of the scanning pattern increases. Therefore, promoting
two detection schemes with a diaphragm at a fixed aperture: interference detection (back-
reflection passes through the diaphragm) and darkfield detection (the diaphragm blocks back-
reflection). We term this method as Coherent Optical Scattering and Interferometry (COSI)
because it uses pure scattered light and interference signals to enhance contrast. Here, we
show samples at three different size scales: 20 nm GNPs, single platelets (~5 um), and a
thrombus (~30 pm) in Fig. 4-11. For weakly scattered samples (20 nm GNP, scattering cross-
section ~ 1.32 nm?), we observe that interference detection offers better imaging contrast
from destructive interference. The bright-dark contrast from the interference signal in platelet
imaging also provides rich axial information. In contrast, scattering detection shows better

imaging contrast for samples at a larger scale or with high scattering intensity, as shown in
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Fig. 4-11 (iv). Details of imaging contrast and sensitivity (in lateral and axial detection) will

be further compared and discussed in Chapter 6.

4.3 Variants of COSI System

The COSI system achieves scattering and interference detection together, and both
enable high contrast morphological profiling of single platelets and access to axial
information. However, one of the limitations is the lack of capability to study biochemical
signalling during platelet adhesion and activation. Therefore, we adopt dual-camera detection
to address this limitation to capture the fluorescence signal simultaneously. We name this
variant of the COSI system as Coherent Optical Scattering, Interference and Fluorescence
(COSI-F) microscopy. As the detection path is separated from the scattering/interference
detection, the numerical aperture of the fluorescence signal will not be blocked by the

diaphragm, allowing high contrast fluorescence imaging at HILO and TIRF angles.

In addition to COSI-F, we integrated an additional volume/dry mass mapping imaging
tool to study thrombus stability. We adopt QPM to monitor the detachment of platelet or
platelet aggregates during the embolization test while the COSI system captures the motility
of the adhesive platelet at the thrombus core. The integrated system is termed Coherent
Optical Scattering, Interference and Quantitative Phase Microscopy (COSI-QPM). In this
section, | shall introduce the setups of the two variants of the COSI system and how these

imaging systems are used for platelet and thrombus imaging.
43.1COSI-F

Reflection interference contrast microscopy (RICM) is a method that is well used to
study membrane interactions with the ECM. It has been combined with fluorescence

microscopy for investigating the role of integrin or membrane receptors in actin
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polymerization 8, cell migration *°, and immune responses %°. The combination of RICM (or
ISCAT) with fluorescence microscopy (TIRF) is typically done using two separate
illumination sources and with complicated optics (Antiflex objective) 2 22, To ease the
requirement of additional optics and illuminations, we can integrate the interference detection
with fluorescence signal in the COSI system by adding a dichroic mirror and a camera. The
interference detection in COSI shares the same imaging concepts as the traditional RICM.
However, using a laser source will provide higher detection sensitivity while the scanning

process eliminates the speckle noise.

The COSI-F system integrates the fluorescence signal into the COSI system by
separating the scattered light and fluorescence using a dichroic mirror (FF505-SDi01-25x36,
Semrock) and a CCD (Retiga 4000R, QlImaging) for detection (Fig. 4-12). With the
excitation laser at 488nm, COSI is suitable for detecting green fluorescent (emission
wavelength > 510 nm), for example, Alexa Fluor 488, Oregon green and green fluorescent
protein (GFP). The dual camera detection separates the scattering and fluorescence detections,
retaining the maximum detection N.A. of the fluorescence signal. The CCD is directly placed
after the tube lens and the dichroic mirror without a beam expander to preserve the maximum
fluorescence signal. However, the trend-off here is the lower magnification (83 X) compared
with the scattering /interference detection (~138 X). To achieve simultaneous detection of
interference, pure scattering and fluorescence signal, the galvanometer mirror is switched
between two voltages, producing azimuthal scanning patterns at two oblique angles: 22<and
60< The detection camera is synchronized and captures the interference and scattering signal
at 22<and 60< respectively. The fluorescence signal is always collected at 60°(HILO) for

maximum imaging contrast (quantifications of imaging contrast are shown in Chapter 6).
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Figure 4-12 Imaging setup of the COSI-F system. The colours represent the beam of
illumination, reflection, fluorescence, and scattering indicated in the legend. An additional
camera and a short-pass dichromic mirror are added for simultaneous fluorescence detection
to enable the COSI-F setup.

Chapter 6 will further explore the detection sensitivity of scattering, interference, and
fluorescence signals. Because the detection schemes of COSI-F depend on the oblique angle
of the scanning pattern, the effects of angle in imaging sensitivity and imaging contrast will
also be discussed. The second part of chapter 6 demonstrates high contrast multiplex imaging
that quantifies filopodia and lamellipodium formation, surface interaction (scavenging

fibrin(ogen) coating) and morphological profiling of the migrating platelets.

4.3.2 COSI - QPM

As explained in chapter 3.4.2, most thrombus stability studies use volumetric imaging
approaches to monitor the total volume or dry mass of the thrombus over time during

embolization. Volumetric imaging is normally done using 3D fluorescence microscopy or
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quantitative phase microscopy (QPM). The volumetric information is quantified by the total
fluorescence counts in fluorescence-based approaches. In contrast, QPM works by measuring
the phase delay of the light (due to change in refractive index) when passing through the
sample (principles of QPM is in Appendix B). For most of the biological cells, the change in
refractive index corresponds to a linear increase in dry biomass (proteins and nucleic acids
without water) that falls within a very narrow range of approximately a = 1.8 x 10 m%kg (=
0.18 umd®/pg) 2 24, Therefore, QPM can be a reliable method to retrieve the dry mass of
biological samples compared with fluorescence-based approaches because photobleaching is

not a limiting factor.

However, the limitation of these volumetric studies is that none of them selectively
focus on thrombus core 26, With the COSI system, we could alter the depth of the imaging
field by adjusting the illumination angle to collect the signal from the thrombus core only (~4
um that covers the thickness of collagen fibre and a few layers of adhesive platelets).
Therefore, we combined the COSI imaging system with a QPM setup to comprehensively

study thrombus stability under flow shear.

The COSI system is built on a QPM system previously developed by Dr Xuefei He 2.
To integrate QPM into the COSI system, a 632.8 nm HeNe laser (HeNe laser, TEMgo mode,
JDS Uniphase, 1144p-3581) is split into two arms by a standard dual fibre splitter: one
passing through a series of optics (reference arm) and one pass through the sample (object
arm). Two illuminating beams share the same microscope objective (Olympus, 60X, NA 1.49,
oil immersion). The object arm is focused onto the back focal plane (BFP) of a transmission
objective (10X, air) to ensure the illumination beams approximate idea plane waves as much
as possible once they reach the sample plane (Fig. 4-13). The reference and object arm are

then re-combined by a 50/50 beamsplitter (Thorlabs, BS013) to form the interference pattern
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that is digitally recorded with an sSCMOS camera (Thorlabs Quantalux CS2100M-USB). The
intensity of the transmitted beam through the sample is adjusted using natural density filters

(Thorlabs NEKO02) so that it reaches nearly equal intensity to the reference beam.

E : Oblique lllumination
E CaM : = Interferometry

H ' —— Scattering

1 i

H i

=
%: 4X,0.1 T
60X, 1.49 ! == | — | Diaphragm
Qil Objective : :
T R w3
A Two-axis
X

Galvo

-
>

632.8 nm

Laser \

Figure 4-13 The imaging setup of the COSI-QPM setup. A separate illumination (red) is
added to enable off-axis interferometry.

Chapter 7 will describe how we use the COSI-QPM system to study thrombus
stability by tracing the adhesive platelet activity and the total thrombus mass. The formed
thrombus contracts under high shear forces and can shed emboli of various sizes. Monitoring
dry mass variation of the thrombus during embolization quantifies the number and size of the
emboli, while the activity of the adhesive platelets indicates the adhesiveness (or motility) of
the thrombus core. By combining the spatial-temporal information of activity and mass
variation of a developing thrombus under (patho)physiological shear rates, we evaluate

thrombus stability with the impact of a metalloproteinase inhibitor.
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4.4. Conclusion

In this chapter, | have explained the rationale and steps we have taken to build the
label-free imaging system based on rotational optical coherent scattering (ROCS) microscopy.
ROCS microscopy produces a circular scanning pattern and collects the pure scattered light
by blocking the reflected light at the Fourier plane. To understand the scattering properties of
the biological samples with this illumination method, we use the cell model built in chapter 1

to test scattering intensity using oblique illumination and azimuthal scanning.

In the second part of this chapter, | explain how we build the COSI system and how
the system is different from ROCS microscopy. | start by introducing the key optical
elements (laser, beam splitter, and objective) that would influence the optical resolution and
imaging artefacts by demonstrating the effect of spatial coherence of the illumination source
and the performance of three types of beam splitters. | then discuss how we control the
galvanometer mirror using a DAQ card for scanning and methods to calibrate the oblique
angle by recording the reflected pattern at the BFP of the objective. With the selection of
optical components and the designed control system, | describe the COSI setup with two
distinct detection schemes: interference (of the reflected beam and scattered light) and
scattering (pure scattered light). These two detection schemes can be easily switched by
changing the oblique illumination angle, with 5<50<to be interference detection and >55<to
be scattering detection. The interference detection is an add-on compared with the ROCS
microscopy, and it shares the same imaging principle with RICM. However, unlike RICM
requires the Antiflex objective, the implementation of COSI in any laser scanning system is

straightforward because the scanning pattern is the key element.

The limitation of the COSI system is that it cannot support investigations in

biochemical signalling or volumetric imaging. The former prevents the study of integrin or
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membrane receptors during platelet adhesion and activation while the latter restricts the study
on thrombus stability. Therefore, in the last part of the chapter, I introduce two variants of the
COSI system: COSI-F and COSI-QPM for comprehensive functional imaging of single

platelet and thrombus.

The COSI-F system integrates fluorescence (epi, HILO and TIRF), interference, and
scattering detection using a single objective, single illumination scheme. Chapter 6 will first
compare the imaging contrast and sensitivity between three modalities using nanoparticles
ranging from 20 nm to 100 nm. The high contrast imaging and axial fluctuations of
membrane ruffles will also be demonstrated during platelets migration and scavenging fibrin
fibres. The COSI-QPM system integrates a QPM into the COSI system, providing extra
information on the adhesiveness of the thrombus core. Chapter 7 will show how we use this
system to study thrombus stability with the effect of the metalloproteinase inhibitor that

inhibits the shedding of membrane ligands.

4.5 Contribution

Dr Xuefei He initially developed the QPM system. | integrated the QPM setup into
the COSI system with some modifications to the original setup. | performed the simulation on
the scattering field of the cell model (in section 4.1) using the CELES software & with minor

modifications to the code.
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Chapter 5 Light Scattering for Platelet
Spreading Assay

Publication relevant to this chapter:

Y. Zheng, S. J. Montague, Y. J. Lim, T. Xu, T. Xu, E. E. Gardiner, and W. M. Lee. "Label-
free multimodal quantitative imaging flow assay for intrathrombus formation in

vitro." Biophysical Journal 120, no.5 (2021): 791-804.

5.1 Introduction

This chapter studies single platelet adhesion and activation in spreading assay using
the scattering detection from the COSI system (chapter 4.2). With the scattering signal from
platelets during spreading, we investigate the motility and activity of the membrane
protrusions (filopodia and lamellipodia) that is commonly done using DIC *2 and RICM 3 #
imaging systems. In the second part of this chapter, we demonstrated for the first time, single
platelet adhesion and migration along with collagen fibre and being recruited into a forming
thrombus under fluid shear. The capability to track single platelet under flow highlights the

high spatial-temporal resolution of the COSI system.

Traditional labelling strategies focus on the molecular responses of the platelets, i.e.
intracellular signalling * ®, actin reorganization ® 7, and calcium release  °. The label-free
imaging approaches monitor displacement over time (velocity, m/s) of the whole cell in the
context of the microenvironment °. During activation, the adherent platelets form
lamellipodia and ruffles, which are thin sheet-like membrane protrusions composed of
branched actin filaments 1. Actin filaments are known to possess a relatively high refractive

index 2 than the other cellular component (e.g. cytoplasm, and lipid bilayer), resulting in a
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higher scattering signal in a platelet. Traditional darkfield microscopy (DM) equipped with a
darkfield condenser utilises the pure scattered light from the platelet and has shown
significant imaging contrast ** as shown in Fig. 5-1 B. However, the imaging resolution of the
DM is not optimised compared with the images from SICM because the edges of filopodia

and lamellipodia look blurred.
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Figure 5-1 Comparison of (A) SICM and (B) darkfield (DM) images of spreading platelets.
(C) Area, perimeter, circularity and fractal dimension (FD) measurements for the platelets
(left axis in black and bottom axis in red represent quantifications from SICM and DM,
respectively). The darkfield microscopy used in this study is a standard upright system with a
halogen lamp, darkfield condenser and objective of 100X, 1.32 NA (Leitz Laborlux). This
figure is reprinted with permission from Kraus et al. ** © 2016 Taylor & Francis.

This chapter demonstrates platelet imaging with the scattering signal from the COSI
system, which also works in darkfield detection. Compared with traditional darkfield
microscopy, COSI presents three distinct advantages: (1) simplified optics components, (2)
better imaging resolution and (3) depth of field. As we explained in Chapter 4, COSI reaches

darkfield by oblique illumination blocking the reflected beam at Fourier plane, which means
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the complementary illumination (darkfield condenser and darkfield objective) is not needed.
With the oblique illumination, the depth of field can also be adjusted by altering the
illumination angle (More details on imaging depth calibration can be found in Appendix C).
The spatial coherence of the illumination is another essential factor to consider. COSI uses a
high spatial coherence laser source, enabling high contrast imaging with better resolution

(chapter 4.2.1.1).

5.2 Monitoring Platelet Motility in Spreading Assay

Quantitative phase imaging (QPM) has been used to study the refractive index of the
biological samples based on the optical path difference (OPD) because OPD can be directly
related to the refractive index (n) and thickness (t) (OPD =~ An x t) *2. Fig. 5-2 shows that the
refractive index of actin filament and tubulin microtubule at membrane protrusion can be
estimated based on the measured OPD and an estimated microtubule diameter. Actin has
larger values and higher dispersion in OPD than microtubules because the stress fibres could
form bundles (lead to differences in thickness). Similarly, the correlation between the
scattered light and the refractive index can also trace the high index components in spreading
platelets. Among all the intracellular components, cytoskeleton structures mainly consist of
actin (RI=1.57) * and microtubule (RI=2.81) ¥, posing the highest refractive index.
Therefore, a strong scattering signal is expected from the cytoskeletal fibres. Tracking the
high contrast scattered light could quantify the rate of cytoskeleton activity and the motility

during platelet activation and spreading.
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Figure 5-2 Quantifying refractive index of actin filament and tubulin microtubule using
optical path difference (OPD) measurements. (A) OPD measurement of actin and
microtubule fibres in cytoskeletal structure. (B-C) The diameter of the microtubule is
estimated using simulation to calculate the mean refractive index. This figure is reprinted
with permission from Bon et al. 12 © 2014 Elsevier.

Therefore, we adopted a differential method that quantifies the positional change by
subtracting between two subsequent frames on the top of the scattering detection. It quantifies
subtle intensity changes in membrane shape (lamellipodia and ruffles) due to cytoskeleton
rearrangement at high temporal resolution (30Hz). For simplicity, we refer the measurement
to platelet activity that quantified the rate of membrane shape fluctuation of platelet
movement (pm/s). To verify the contribution of cytoskeleton rearrangement to platelet
activity, we demonstrate measurements using an actin polymerization inhibitor. We also
show that the COSI system can capture spatial membrane fluctuations of lamellipodia and

ruffles of cells during adhesion, spreading and aggregation in static (no flow) conditions.

5.2.1 Backscattering Signal from Fixed Platelets

Before conducting imaging experiments on live platelets, the backscattering light of
fixed platelets under oblique illumination (illumination angle 52°, depth 4 um) stained with
phalloidin is collected to visualize actin filaments as shown in Fig. 5-3 A and Fig. 5-3 B. The
backscattering images in Fig. 5-3 C show maximum intensity along the membrane where
ruffling and protrusions appear (Fig. 5-3 C and 5-3 D). This is consistent with the previous

cell migration studies using phase contrast, fluorescence and EM microscopy ¢, indicating a
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high amount of optical phase delay (destructive interference) from actin filaments. The
fluorescence imaging suggests that the membrane ruffling and protrusions are associated with
densely packed bundles of actin filaments % 7. However, other sources of light scattering
inside the platelets are not actin-related. In Fig. 5-3 E, the backscattering signal from the
inside of the platelet does not correlate with the fluorescence signal (Fig. 5-3 F), which might
reflect contributions from other intracellular entities, including degranulation 8. Apart from
the scattered signal from the platelets, vertical interference fringes in the background are also
observed in Fig. 5-3 A, which could relate to the unwanted reflection such as reflection from
the sample and residual ghost reflection. Similar effects are not observed after the system is
optimised (see results in Chapter 6 and 7) by changing the beam splitter and designing the
synchronization system. Methods such as background subtraction can be used in the future to

remove the fringes in the background and improve the imaging quality.
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Figure 5-3 Comparisons of COSI scattering signal to F-actin fluorescence signal. (A)
Scattering and (B) fluorescence signal of fixed permeabilized platelets stained with
phalloidin to visualize F-actin after 45 minutes spreading on fibrin-coated coverslips. (C) -
(D) Magnified regions from scattering and fluorescence signal (blue boxes) showing the
scattering signal is clearly visible along the membrane ruffling (i.e. regions with newly
polymerized actin filaments). (E) - (F) Magnified regions (red boxes) from scattering and

fluorescence signal showing region within the platelet. Scale Bar =2 um.
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5.2.2 Quantifying Platelet Activity

There are various methods to quantify the motion of cells during adhesion and
migration. For example, kymographs are graphic representations of spatial position over time,
which tracks the subcellular component qualitatively °. However, it cannot quantitatively
track the changes of cellular structures over time. Here we adopted a differential method that
calculates the differences in intensity signals between successive imaging frames 1% 2°, The
change in intensity defines the rate of change in cytoskeleton activity and motility as platelet
activity, and we refer this quantification as platelet activity. The concept is demonstrated in
Fig. 5-4, showing the subtraction of intensity (AI(t)) images at each digital pixel along a 2D
matrix between two sequential frames separated by 4z 1°. In contrast to existing kymography
21 this differential method between two frames highlights the physical change that platelets
exhibit and removes static background signal. However, this differential measurement is
extremely sensitive to the synchronization of galvo mirror and camera during scanning and
capture. To minimise these effects of the optical system, we use a NI DAQ system (as
explained in chapter 4) to precisely control the scanning speed and camera trigger and ensure
the synchronization of the system. We also use fast capture rate (> 30 FPS) when using the
differential method and moving average when processing the data to minimise the effect of
laser fluctuations and drifting. Fig. 5-4 A illustrates this concept with a simplified diagram of
a pixelated image of a platelet that has rearranged its cytoskeleton across a given time

interval (At).
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Figure 5-4 Platelet activity quantification. (A) Simplified diagram of a pixelated image of a

single platelet with a grid representing individual pixels on the camera. At given At, the

intensity of the platelet changed from lback t0 lback’ due to the change in refractive index

(resulting from cytoskeleton rearrangement). (B) Activity Alpack is quantified as the absolute

intensity distribution difference between Ivack” and Iback.

Here we provide an example of using the differential method to study platelet motility

and activity. If we quantify the time-dependent spatial-temporal interaction of single platelets

under flow conditions at 0.1 second time intervals with a spatial resolution for each pixel to

be 40 nm based on the optical magnification of 263x. So, for a single pixel shift, the

spatiotemporal resolution is 40 nm/0.1 s = 0.4 pm/s. We show two subsequent scattering

intensities (lhack) Of a platelet during spreading after 20 minutes of loading the washed

platelets (protocol in Appendix E) onto agonist coated surface (without flow shear). In Fig. 5-

5, we compare three agonists: collagen related peptide (CRP), collagen fibre and fibrin. We

plot two sequential frames during spreading in between 200 milliseconds to calculate platelet

activity. The single platelet activity on CRP, collagen, and fibrin was around 3.6 - 4.4 pm/s

(Fig. 5-5), which shows the minimised effect of coated agonist in platelet activity during

spreading.
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Figure 5-5 Comparison of backscattered signal and platelet activity of spreading platelets on
different coatings without flow (static). (A) collagen related peptide (CRP) coating, (B)
collagen fiber coating and (C) fibrin coating. Two images of the spreading platelet are taken

200 ms apart (Iback) with the activity map (Alback) Shown in right panels.

5.2.3 Platelet Activity with Actin Polymerization Inhibitor

We then move to validate the contribution of cytoskeleton rearrangement via actin
polymerization in platelet activity, especially along the membrane protrusion region. We
carry out imaging experiments using platelets treated with cytochalasin D, which inhibits
actin polymerization and prevents active cytoskeletal rearrangement and platelet shape
change 2. We compare the activity map between platelets that had adhered and spread on
CRP-coated coverslips after treatment with PBS (control), 1% DMSO (vehicle) or 10 uM

cytochalasin D.
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Figure 5-6 (A) Backscattering signal of a single platelet spreading on CRP coated surface.
PBS is added during platelet spreading. (B) Top and bottom panels show the activity map
and time series plots of averaged activity variations (At = 1 second) within the lamellipodia
rich region shown in (A). Backscattering signal, activity map and time series plots of single
platelet spreading when 1% DMSO solution (C-D) or 10 uM Cytochalasin D (E-F) is added.
Activity measurements are shown as averaged activity across all pixels with a moving

average of 30 seconds.

Membrane ruffling and extensions are observed prior to the addition of each reagent,
and with spreading platelets, the majority of the cytoskeleton rearrangement are primarily
associated with the formation of lamellipodia, which is consistent with the fixed platelet
images (Fig. 5-3). By tracking platelet activity during spreading, we then focus on
quantifying activity around the lamellipodia as shown in the solid white box in Fig. 5-6 A, C
and E. The average activity (pm/s) along lamellipodia is monitored over 20 minutes and

plotted in a time series in Fig. 5-6 B, D and F. The results show that platelets treated with
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PBS showed minimal activity changes in the first 5 minutes (0.024 pm/s to 0.0215 pm/s).
DMSO treated platelets show a decrease from 0.041 pm/s to 0.033 pm/s in the first three
minutes before returning to 0.038 pm/s. In contrast, platelets treated with cytochalasin D
show a sudden drop from 0.034 pm/s to 0.027 pm/s and remain low with minimal changes
across the experiment duration. These single platelets results compare well with conduction
ion microscopy, which showed cytochalasin D treatment could inhibit morphological changes
by 75% (shape and height change at platelet membrane). The results indicate that activity
from COSI can be used to detect membrane fluctuations resulting from cytoskeleton
rearrangement and that disruption of actin polymerization abrogates membrane movement,

ruffling and protrusions down to nanometre pm/s levels.

5.2.4 Platelet Activity during Aggregation

We then investigate the platelet activity during aggregation, where two platelets
adhere and form an aggregate. Note this experiment is done without introducing the fluid
shear. In Fig. 5-7, we track two individual platelets forming a micro-aggregate on a CRP-
coated surface. Fig. 5-7 B shows the activity map of two platelets that begin to interact and
also aggregate (t1 to ts) on a CRP-coated surface. The mean scattered intensity increases
about 12% from 0.086 to 0.096 concomitant with the aggregation process (Fig. 5-7 A), as the
second platelet introduces more mass to the aggregate. In contrast, the platelet activity shows
a remarkable increase by 30% upon encountering the second platelet at t3 (0.021 um/s to
0.032 um/s) and then decaying down to 0.025 um/s when the aggregate stabilized, which
indicates the platelet activity is independent on the total mass. This experiment shows that the
activity measurement can quantify subtle transient changes within platelet-platelet

macroaggregates.
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Figure 5-7 Backscattering signal of two platelets interacting and aggregating on the CRP
coated surface. Top and bottom panels show the time series plot of (A) backscattering signal

and (B) averaged activity (At = 2 seconds) and the activity map at indicated time points. Two
interacting platelets are circled in red and orange.

In contrast, we also show the platelet activity of single platelet spreading on the
collagen-related peptide (CRP) 20 minutes after loading in Fig. 5-8. Using a time interval of
2 seconds (At), the activity of a single platelet was observed to fluctuate at around 0.022
#0.005 pum/s over 3 minutes. While there are some noticeable activity spikes, the overall

movement of the platelet appears to be relatively minor.
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Figure 5-8 Averaged activity (At = 2 seconds) and the activity map of single platelet
spreading on the CRP coated surface at indicated time points (t1-t4).

5.3 Visualizing of Single Platelet Adhesion Under Flow

The process of platelet adhesion and interaction with collagen/fibrin fibres under flow
conditions whilst a whole intact thrombus is being formed has not been shown at single
platelet level. In this section, we show for the first time, platelet adhesion events under flow

conditions and quantifications of platelet motility during thrombus formation.

The initial platelet adhesion events during thrombus formation under flow are
captured using the scattering signal in the COSI system, as shown in Fig. 5-9. The
microfluidics channel (customized straight channel) is pre-coated with collagen fibres (100
ng/ml) overnight at 4 °C, and the PRP is flowing at 1800 s flow rate. Here, we demonstrate
two events captured by the COSI system at 30 FPS: (1) platelet migration and (2) recruitment.
In ROI 1, a platelet firstly adhered onto the collagen fibre and then migrated along the fibre
followed by the flow direction before being recruited into a forming thrombus. While in ROI
2, the platelet was directly adhered to and recruited to the forming thrombus. These results

confirmed that the backscattering signal in COSI can capture single platelet migration,
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especially at a highly dynamic microenvironment, because platelet attachment and

recruitment occurred within milliseconds.
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Figure 5-9 Backscattering signal of single platelets under flow in a microfluidic channel

where platelet migrates the collagen fibre in ROl 1 and adhere to a collagen fibre in ROI 2.
The time-lapse images are captured and shown.

Next, we move to investigate platelet activity or motility during adhesion and
recruitment. The presence of fluid shear can alter VWF bonding and affect adhesive platelet
behaviour. Here, we compare the adhesive platelet spreading dynamics with collagen fibres
under both static and flow conditions in Fig. 5-10. At an imaging depth of ~ 4um, the
scattering component of COSI permits direct imaging of the precise location of individual
collagen fibres and platelets. Fig. 5-10 A and B show the raw scattered light image of a
platelet adhering to a single collagen fibre and activity map of the platelet, which shows
minimal spreading (membrane protrusions) with around 0.55 pm/s (averaged activity).
However, with exposure to fluid shear stress of 1800 s Fig. 5-10 C-E, we observe an ~2-fold

increase in activity of up to 7 pm/s compared to platelets in static conditions (3.2 pm/s).

131



A Platelets (No Flow) B
Iback  No Flow

Activity
pm/s
3.2

2

=K

(I%[1gY Intensity 12

C Platelets
Under Flow

30

Figure 5-10 Single platelet activity on a coated collagen fibre at At = 0.1 second with and
without flow conditions. (A) Single platelet spreading on a collagen-coated coverslip (static).
(B) Two images of the spreading platelet (At = 0.1 seconds) and the activity map are shown
(right). (C) Backscattering signal of single platelets under flow in a microfluidic channel
where platelets move along the collagen fibre in ROI 1 or adhere to a collagen fibre in ROI 2.
Two images in ROI 1 (D) and ROI 2 (E) with activity maps are shown. Shear rate=1800 s

5.4 Conclusion

This chapter conclusively demonstrates that the scattering component in the COSI
system achieves high contrast imaging and spatial-temporal resolution that can capture
membrane ruffling and protrusion events in single platelets at an adhesion site. We show that
the COSI system can extract the platelet activity (motility) during spreading and adhesion
with the differential method. By inhibiting actin polymerization, we demonstrate that the
platelet activity drops significantly, indicating the activity measurements along the membrane
ruffling are directly related to the cytoskeleton (actin) rearrangement. This is due to the high
refractive index of actin (~1.57 2, compared with cytoplasm = 1.38 2 and lipid = 1.45 ?%) and

the high concentration of branched actin at protrusions.
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On the other hand, actin organization and cytoskeleton rearrangement may not be the
only contributing factors triggering variations in scattering signals in the other regions rather
than membrane protrusion. As the central portion of the platelet is presumably flat on the
surface of the substrate, as shown by SEM images %, it would appear that the strong
scattering signal emanates from other intracellular components such as granules, organelles
and lysosomes. However, it would be difficult to prove one way over the other at this stage
without specifically staining for granule proteins. Future work using platelets that lack o-
granules isolated either from Grey Platelet Syndrome patients or the murine equivalent

Nbeal2-deficient mice may help define the source of light scattering in platelets.

The COSI imaging approach could also help address where procoagulant platelets,
characterized as having amplified surface area, sustained calcium rises, and
phosphatidylserine (PS) exposure, are located in newly formed or embolizing thrombi.
Procoagulant platelets accelerate coagulation 2 for the formation of fibrin-rich thrombi, and
these platelets seem to be mechanically translocated to the periphery via thrombus
contraction 2’. This platelet subpopulation would be ideally targeted by antithrombotic
therapies. As COSI and other refractive index-based imaging tools do not require the uptake
of membrane-permeable dyes, or fluorophore-conjugated antibodies, which can disrupt the
function of important platelet receptors or surface molecules 28, these tools are ideal to be

developed for utility in clinical and drug evaluation settings.

To study platelet motility during spreading and cytoskeleton rearrangement, we first
used the scattering detection in the COSI system to quantify membrane ruffling and filopodia
protrusions. The main advantage of pure scattering detection versus interference detection (or
RICM) is the selective depth of field and higher imaging contrast for morphological studies.

The interference detection measures axial membrane displacements of isolated single cells in
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the range of hundreds of nanometers above the coverslip, but the interference component (e.g.
fringes and negative contrast) might be hard to interpret for complex biological structures
with multiple scattering mediators and lateral cell motility. In the next chapter, | shall
demonstrate single platelet imaging with scattering and interference signals for

simultaneously quantifying platelet morphology and measuring axial displacement.

5.5 Contribution

The platelet experiments were designed along with Dr Samantha Montage. Dr
Samantha J. Montage, Ms Simone Brysland and Dr Yean Jin Lim did the work related to
platelet preparation. Mr Tao Xu fabricated microfluidic devices. | calibrated the imaging
performance of COSI along with Mr Tienan Xu, performed all the experiments, and

interpreted the results.
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Chapter 6 COSI-F for Platelet
Migration Assay

Publication relevant to this chapter:

Y. Zheng *, Y. J. Lim *, H. Lin, T. Xu, C. Longbottom, V. Delghingaro-Augusto, Y. L.
Thong, C. R. Parish, E. E. Gardiner, and W. M. Lee. " Combined Scattering, Interferometric
and Fluorescence Oblique Illumination for Live Cell Nanoscale Imaging.” In Press (2021).

*Co-first author

6.1 Introduction

This chapter will demonstrate platelet migration assay on adhesive ligands coated
substrates (fibrinogen and fibrin) and morphological profiling of the migrating platelets using
the COSI-F system described in chapter 4. Previous studies in cell-surface interaction and
biochemical signalling often combine fluorescence (TIRF) and interferometry (iISCAT and
RICM) that use two separate illuminations ¥ 2. In contrast, COSI-F uses a single objective
oblique rotational illumination scheme that facilitates simultaneous scattering, interferometric,
and fluorescence imaging of living cells at the nanoscale. The imaging contrast and
sensitivity of the different detection schemes are firstly calibrated using gold nanoparticles
(GNPs) from 20-100 nm. We demonstrate that the COSI-F system can detect GNPs at 20 nm
without any forms of post-processing. | will also show multiplex imaging by quantifying
spatial-temporal formation of filopodia and lamellipodium of adherent human platelets with
different agonists (fibrin, fibrinogen). Profiling the morphological features and tracking the
axial membrane fluctuations of a migrating platelet will be explained in the last part of this

chapter.
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Nanoscale label free imaging such as ROCS (introduced in Chapter 4) has emerged as
an important tool to avoid photobleaching and achieve 3D quantitative imaging®. The current
hallmark of ROCS lies in the ability to extract nanoscale scattering that results in either
inverted intensity (brightfield-BF) or bright intensity (darkfield-DF), all of which occurs at >
50 oblique angles*®. While BF and DF ROCS obtains high contrast images based on
scattered light from the sample, ROCS does not contain axial positional information of the
sample. That said, elastic scattered light from nanoparticles and biological molecules 7 do not
degrade or saturate over time 7-°. However, label free imaging does not provide the molecular
identity of molecules and cellular structures. Lately, interferometric signals has been
instrumental at tracking axial positions of purified proteins &1° and membrane protrusions **.
Lately, the combinations of ROCS with total internal reflection fluorescence microscopy-
TIRF © as well as interference scattering (iISCAT) with fluorescence confocal # have begun to
play an important role for nanoscopic correlative imaging. The complementary elements of
fluorescence and label free nanoscale imaging permit quantitative 3D spatial temporal detail
of individual cellular components that will define the next generation of nanoscopy to study

cell migration.

In this chapter, 1 will demonstrate for the first time, three imaging modalities
(scattering, interferometry and fluorescence) combined in an oblique illumination system
using a single laser source, a diaphragm and 2 cameras. While ROCS and HILO are
constructed on an oblique scanning system, quantitative interferometric imaging has not been
reported to use an oblique illumination system before 2. Furthermore, BF and DF ROCS
improve imaging contrast of scatterers but do not produce visible interference intensity
fringes that is present in interferometric imaging such as iSCAT #% 2 or reflection
interference contrast microscopy (RICM) 418, Images from these interferometric techniques

display characteristic varying interference fringes produced from scattered and reflecting
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light from the sample and glass surface. Here, the new interferometric imaging is achieved
based on the ROCS platform. At 22<oblique angle for a rotating beam, distinctive intensity

19

fringes *° can be retrieved which can be used to quantify axial position of scatterers

(nanoparticles, organelle in living cells).

In the following sections, | shall first outline the optical design (scanning angle and
Fourier amplitude filter) necessary to obtain the combined scattering, interferometry and
fluorescence imaging (COSI-F). Secondly, the calibration experiments were carried out to
measure and compare the imaging sensitivity of interferometric, scattering and fluorescence
signal using 20 nm, 100 nm and 200 nm nanoparticles along axial and lateral direction 8. The
combined imaging platform is then applied to study two cell types that actively migrate in
response to vessel injury. Thirdly, the COSI-F system is used to examine platelets that are
thought to generate filipodium protrusions that spans several platelet lengths (~ 5-10 pm) 2%
2122 to form a biomechanical plug 2 ?*. Platelet can direct their migration to scavenge
adhesive molecules bound to a stiff substrate 2°, that links their role as cellular scavengers to
collect molecular agents. We used fluorescence imaging to study real-time platelet migration
on glass surfaces coated with fluorophore-labelled fibrinogen and crossed-linked fibrinogen-
fibrin, in the presence and absence of Bovine serum albumin (BSA)- common protein in
blood. In this biological imaging experiment, we focused on correlating the spatial
organization of membrane, organelles in subcellular regions of cells 2628 along edge of cell
membrane (leading and rear edge) 2° that orchestrates cell migration. Combined oblique
imaging with interference and scattering permits us to quantify membrane fluctuations of
migrating cells platelets and endothelial cells at the leading and rear edge and leverage
fluorescence to identifying surface molecules or intracellular organelle that regulate cell

migration.
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6.2 Platelet Migration Assay

Cells direct their movement % and modulate the strength of adhesion 132 in response
to external fluid stimuli (fluid shear, osmotic pressure), 3 3 or biochemical agonists in the
extra-cellular matrix (ECM) *, to fulfil their respective biological function in immune
surveillance %, wound healing *” 32, or thrombus/clot formation 2°. Among different cell types,
platelet presents an imaging challenge for light microscopy 8. Platelets are nucleus-free cells
that serve as a mechanical model system 3 to study the modulation of actin-rich membrane
protrusions directed by clustering transmembrane proteins during ligand binding. Due to their
small size (2-3 jam) and rapid activation, a high-speed microscopy imaging system is required
to image platelets at the sub-cellular level. The platelet membrane contains a wide range of
mechanosensitive transmembrane receptors such as glycoprotein (GP) Ib-1X-V, ion channels
% and fibrinogen-binding integrin (cunPs)*®. Transmembrane receptors coordinate between
intracellular signalling pathways and extracellular signals so to remodel its cytoskeleton and
form membrane protrusions. Platelet-specific cytoskeleton remodelling results membrane
protrusion and membrane receptor clustering has important consequence in context of clot

formation *! and vasculature surveillance? 304243,

6.3 Method

6.3.1 Fibrinogen/Fibrin Coating

The coating of fibrin and fibrinogen are critical in platelet migration. Previous study
have shown that substrate adhesiveness can influence the migration and shape of the
activated platelets, and the presence of free calcium is required for platelet polarisation 2°.
Here, we use bovine serum albumin (BSA) to lower the substrate adhesiveness of

fibrin/fibrinogen and investigate the effect of BSA in platelet migration. The fibrin/fibrinogen
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coating protocol is adapted and modified 2. Coverslips (#1) are firstly immersed in 20%
NHO; for 1 hour and washed with distilled water (ddH20). The acid-washed coverslips are
then immersed in ddH2O for another hour and rinsed again with ddH20O. The cleaned
coverslips are then dried on a coverslip rack. Before fibrin/fibrinogen coating, a layer of
Hexamethyldisilazane (HMDS) is silanised on the coverslip by vapour deposition to create a
hydrophobic surface for protein binding. The dried coverslips are plasma cleaned for 4
minutes and then placed in a vacuum desiccator with a vial containing 1 ml of HMDS
solution at room temperature. The desiccator is connected to a vacuum pump in a fume hood
to deposit the HMDS vapour for 40 minutes. The effectiveness of HMDS coating is verified

by checking the contact angle of the surface.

After the HMDS coating, a customized PDMS chamber (radius 10 mm, depth 6mm)
is placed on the coverslip and 200 ul fibrin (300 pg/ml fibrinogen, 12 mg/ml BSA, 2U/ml
thrombin, and 1 mM CaClz supplemented in modified Tyrode’s buffer, pH=7.4) or fibrinogen
solution (300 pg/ml fibrinogen and 12 mg/ml BSA supplemented in modified Tyrode’s buffer)
is loaded into the chamber. These solutions are used immediately after mixing. For control
experiments, modified Tyrode’s buffer (pH=7.4) is added instead of BSA. The fibrin and
fibrinogen coverslips are coated for 30 minutes and 1 hour at room temperature, respectively

and then washed with modified Tyrode’s buffer (pH=7.4) three times before use.

Washed platelets (protocol in Appendix E) is supplemented in modified Tyrode’s
buffer (pH=7.4) with 1 mg/ml BSA, 200 uM CaCl,, 4uM U46619 and 10 uM ADP at final
concentration of 107 platelets/ml. The imaging chamber is incubated at 37 <C for 40 minutes
to allow platelet adhesion and migration before imaging. Note that incubation at 37 <C is
recommended but not a determinant factor for migration. Platelet migration is also observed

at room temperature but at a much slower speed and shorter trajectory.
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6.3.2 Morphological Profiling of Single Platelet during Migration

The processing of quantifying morphological features is illustrated in Fig. 6-1. The

fluorescence and scattering images are firstly overlapped to recognize migrating platelets.

The criteria used to check if a platelet is migrating is to confirm a dark region associated with

the platelet. The area of the dark region needs to be larger than half of a platelet size. We then

crop scattering images of the migrating and non-migrating platelets into a small field of views

(500>600 pixels) using Fiji (ImageJ). We put them into a different group for shape analysis

using a cell profiler.

(A) Identify migrating platelets (Fiji)

(C) Feature extraction (Cellprofiler)

Captured Image Migrating

Manually identify migrating platelets
- Criteria: check if the dark region around the platelet is presented (area of dark region
needs to be larger than half of a platelet size)

(B) Generate binary segmentation (Cellprofiler)

Migrating

i ;Hr

Non-Migrating

1. Area

a = 7278 pixels x 0.0025 um?pixel = 18.2 ym?
b = 7581 pixels x 0.0025pm?/pixel = 18.9 pm?
¢ = 6761 pixels x 0.0025 pm?/pixel = 16.9 ym?

II. Convex area

a = 10532 pixels x 0.0025 pm?/pixel = 26.3 pm?
b = 11051 pixels x 0.0025 pm?/pixel = 27.6 ym?
¢ = 17346 pixels x 0.0025 um?/pixel = 43.4 um?

111. Solidity

Solidity = Area/Convex Area

0.389 0.691 0.875 0.937

A %A

Figure 6-1 Quantifies platelet morphological features using Fiji (ImageJ) and Cellprofiler. (A)

The migrating platelets are first identified using the overlapping fluorescence (green) image

and scattering (blue) signal. The criteria for migration is to check if there is a dark region

associated with the platelet, and the area of the dark region needs to be larger than half of a

platelet size. The migrating and non-migrating platelets are then cropped into a small field of

views (500>500 pixels) and put into different groups for shape analysis. (B) After that, the

binary segmentation is generated using Cellprofiler, and the morphological features (area,

convex area, and solidity) are calculated. (C) These quantifications are illustrated and

explained with examples.
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The total number of platelets being processed is 937, including 427 on the fibrin
surface (288 platelets with BSA, 139 without BSA) and 510 on the fibrinogen surface (318
platelets with BSA, 192 without BSA). To generate binary segmentation of the platelets, the
following modules are used in the processing: rescale intensity, identify primary object
(platelet, with adaptive threshold, otsu method), identify secondary object (filopodia
associated with the identified platelet, adaptive threshold, robust background method). The
processed data is reviewed and edited manually if two objects touch each other.
Morphological features of the platelet are calculated using the "measure object size and
shape" module in the Cellprofiler. As shown in Fig. 6-1 C, the area is calculated as the
product of the number of pixels covered in the object and the actual pixel size of the COSI-F
system (0.025 um?/pixel). The convex area is the convex hull area that encloses the object,
and the solidity is defined as the object area/convex area. In Fig. 6-1 C, we demonstrate the
filopodia rich shape platelet can have a solidity of 0.39-0.7 while the round or half-moon

shape platelets are around 0.85-0.94.

6.3.3 Tracking Intensity along Lamellipodia during Migration

To track the intensity on the lamellipodia of the platelet, a binary mask showing only
the edge of the platelet is generated based on the scattering signal using ImageJ (auto local
threshold function with Nilblack * algorithm and radius = 8). Because the membrane ruffles
during migration and causes lamellipodia shifts in the lateral position, a stack of binary masks
that corresponds to the lateral part of the edge at a different time point is generated to filter
the intensity at lamellipodia only. After that, 14 regions on the lamellipodia are manually
selected in the binarized image and then converted to ROIs using the BIOP image analysis
plugin. The ROIs are selected on the interference image to quantify mean intensity. Because

of varying intensity in scattered signals, the cell outline might appear discontinuous in some
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frames after binarization and creating multiple small ROIs in one frame, and a separate

MATLAB script is used to re-calculate mean intensity when multiple ROIs are presented.

6.4 COSI-F: Combinatorial Imaging

To effectively switch between interferometric, scattering and fluorescence
microscopy, we need to simply switch between the scanning angles as shown in Fig. 6-2 A,
where we projected 3 annular scanning illumination paths (red, blue and green) implemented
on a single high numerical aperture (NA) objective lens of 1.49. The interference of back-
reflection and the scattered light is collected here is at an illumination angle of 20235°(~N.A.
= 1.49). This differs from ROCS where the authors retrieved the interference signal at a much
larger angle (N.A. = 1.2 and 1.46). During imaging, a single laser beam (wavelength, A= 488
nm) is directed onto a two-axis galvanometer and conjugated onto the back focal plane of the
objective lens. The two-axis galvanometer allows precise adjustment to different scanning
radii which in turn selects the imaging mode (Scattering, Interferometric, and Fluorescence).
While fluorescence imaging (green) can be obtained from any azimuthal scanning pattern
46 interferometric and scattering-only images > ® are separated by two scanning radii (red,
blue). Experimentally, this can be determined and preset, as shown in Fig. 6-2 A on
conjugated back focal planes (BFP). Here, interference contrast is maximized without using
specialized partially reflective mirror 6. As shown in Fig. 6-2 B, at higher azimuthal oblique
angles (>509, one can choose between brightfield and darkfield ROCS by opening (BF) or
closing (DF) the diaphragm placed in the BFP to remove reflected intensities (i.e. from
coverglass and particles). Using the oblique illumination angle alone, we can achieve
interferometric imaging at an oblique angle 0 of 22<and scattering mode at an illumination
angle greater than 50 °(Figure 6-2 B). The iris diaphragm has zero transmittance on the edge

and will not induce phase shift.
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Figure 6-2 (A) An oblique beam (with angle 6 corresponding to optical axis) is radically
scanning at back focal plane (BFP) of the 1.49 NA objective. When 0 = 10° to 40° (red), the
interference of back-reflection from the coverslip and scattered light will be collected by the
detector, and when 6 > 50° (green), the back-reflection will be blocked by a diaphragm at the
imaging BFP that only allow pure scattering to be detected (darkfield). The fluorescence
signal (blue) will be collected simultaneously at corresponding angles without blocking due
to the dual camera detection scheme. (B) Label-free and fluorescent imaging using
interferometric, BF, DF and TIR ROCS imaging of HMVEC cells (labelled with Alexa Fluor
488 conjugated Phalloidin). Scale bar = 5 pm. The illumination angles (22< 60<°(HiLo) and
63 °(TIRF)) and diaphragm opening at the imaging BFP are illustrated for each modality. (C)
Zoomed views of the highlighted filopodia region in (B, i-iv) for each modality and (D) plot
of the fringe intensity profile along a filopodium indicated in D (i-iv) (magenta dashed line).

Scale bar =2 pum.

We firstly tested the combined imaging of fixed HMVEC cells adhered on a glass
coverslip. Fig. 6-2 B (i) to (iv) shows a sequence of interferometric, scattering (BF and DF
ROCS) and fluorescence images of F-actin (phalloidin)-labelled HMVEC cells under
different oblique illumination angles from 22<to 63< While changing from 55°to 60 we
observed the inversion of scattering and background signal (Fig. 6-2 B (i, ii)) from brightfield

to darkfield. Fluorescence images taken at oblique illumination angles (6 = 60°, 63°)
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displayed increased contrast than at 6 = 22°. Fig. 6-2 C shows the magnified view of
filopodia indicated in Fig. 6-2 B and Fig. 6-2 D, the measured intensities along the marked
filopodium protrusion. Restricting the diaphragm diameter leads to contrast inversion of
filopodia from BF to DF ROCS (6 = 60°). In BF and DF ROCS, interference intensity fringe
are no longer observed. In interferometric ROCS, interference intensity fringes are distributed
along a filopodia (Fig. 6-2 D). We then quantify the intensity fringe against the intensity
signal from BF and DF ROCS is shown in (Fig. 6-2 D) after normalizing the intensities. This
comparison informs us that the intensity variations of interference fringes from

interferometric ROCS is distinctively different from that of BF and DF ROCS.

Interferometric scattering signals, shown in Fig. 6-2 C (i) and D provided a negative
contrast because of the cosine term in the interferometric component 2E,.E;cos¢, where Er,
is the reflected electric field from the coverslip, Es is scattering electric field from the sample
and ¢ is the relative phase difference between E; and Es. Scattering cross-section of the
sample (Es) will scale nonlinearly with particle size, where E; will scale with just reflecting
angle. In other words, a smaller object will thereby have lower scattering (Es) and E; changes
with just angle. As with any interference signal, the balance of E and Es are necessary for
high fringe contrast. Because of sample variability, the visibility of the interference fringes in
an interferometric scattering signal requires the balancing between E, and Es as shown in Fig.

6-4.

We next investigated detection limit of each imaging mode, interferometric, scattering
and fluorescence using gold and polymer nanoparticles. We choose a range of GNPs with a
mean diameter of 20£6.3 nm, 40%+8.9 nm, and 6017 nm and fluorescence beads of 200 nm.
The nanoparticle diameters are chosen because the cross-section of gold scales exponentially

below 100 nm, modelled in Fig. 6-3, which influences the scattering intensity (Is).
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Figure 6-3 Scattering cross-section of gold (20 nm, 30 nm, 40nm, 60nm, 80 nm, and 100 nm)
and polystyrene particles (100 nm and 200 nm), calculated using Mie theory. The calculation
of scattering cross-section is based on illumination wavelength of 488 nm, the refractive
index of the medium, and particles to be 1.33, 1.1271+1.8382i (gold) and 1.59 (polystyrene),
respectively. The plot is on a log-log scale.

Fig. 6-4 A to D compares imaging contrasts of interference, scattering, and
fluorescence using signal to noise ratio (SNR) by scanning oblique angle from 5.7° to 76.8 °.
The method for SNR calculation can be found in Appendix C. Fig. 6-4 A and B shows GNPs
with 20nm, 40nm, and 60 nm under various obligue illumination angle. We only compare the
interference and scattering signals for GNPs. SNR results for 20 nm GNPs with a low
scattering cross-section of 1.32 nm? (~1.6% of total surface area) are much higher in

interference detection than scattering imaging. Fig. 6-4 A show that scattering signal (Is)

Is.ZE_rE_scosq)) 47

exhibit an SNR of 0.08 £0.022, whereas the interference SNR ( is about 37%

Ir

higher (0.11 £0.022).

Conversely, we show that an increase of the scattering cross-section by orders of

magnitudes, ~ 81.3 nm? (40 nm gold nanoparticle) and 791 nm? (60 nm gold nanoparticle)
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results in dominant scattering SNR when compared with interference SNR as shown in Fig.

6-4 B. Fig. 6-4 B showed that scattering SNR reached a value of 3.25 +0.97 to 0.566 +0.05

which are higher than the value of interference SNR that hovers around 0.278 +0.05 to 0.60

+ 0.27. Our finding shows that interference SNR (2E,Escosd) #7 significantly improves

imaging contrast when particles have a small scattering cross-section of around 1.32 nm?.
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Figure 6-4 Quantification of signal to noise ratio of nanoparticles ranging from 20 — 200nm

(diameter) with scattering and fluorescence detection. SNR of (A) 20 nm, (B) 40 nm and 60

nm gold nanoparticles and (C) 200 nm polystyrene using scattering detection under different

illumination angles ranging from 5°to 70< where the diaphragm is set to block back-

reflection at 57< and the critical angle is at 63< Inlet images in (A) are interference and pure

scattering signals of the particles at 22° and 63°, respectively. Scale bar = 1 um. (D) SNR of

the 200 nm polystyrene with fluorescence detection, where the critical angle is at 63< Error

bar = standard derivation from the measurement of at least 50 nanoparticles.
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Next, we compare particles size with a diameter of 200 nm. Fig. 6-4 C and D compare
the interference, scattering, and fluorescence SNR of 200 nm polystyrene beads with a
scattering cross-section of 4866 nm? (over the third power of magnitude higher than observed
for 20 nm GNPs). Scattering SNR in 200 nm polystyrene beads has a value of 15.19 +1.42

that is close to 10-fold higher than interference SNR with a value of 1.13 #0.05.

Interferometric SNR in SIF would naturally possess axial information that can be used
to retrieve a 3D point-spread function 8. This permits interferometric signals to track gold
nanoparticles axially > 8 that can be developed for tracking cell membrane protrusions . To
calibrate this, we investigate axial interference SNR using the same GNPs sizing from 20 nm,
60 nm, and 100 nm as well as 100 nm polystyrene. All the particles are fixed on a thin
coverglass, which is placed on a piezo nanostage (P-736, Physik Instrument) as shown in Fig.
6-5 A. The sample is illuminated obliquely at 22° is swept axially through the objective focus
at an interval of 10 nm step sizes. As shown in Fig. 6-5 B and C, for 60 nm and 100 nm
GNPs (higher scattering cross section of 7620 nm? and 81.3 nm?), the axial interferometric
intensity displays a characteristic sinusoidal intensity gradient. On the other hand, when
scattering cross section is reduced by an order of magnitude to ~1.32 nm?, the intensity
gradient followed a parabolic curve as presented Fig. 6-5 D. The parabolic curve in 20 nm
gold nanoparticles indicate that destructive interference (cos¢d) 4 is responsible for high
axial resolution for nanometer gold scatterers. Axial interference SNR for membrane tracking
used the linear region calibrated with 100 nm polystyrene sphere that has a refractive index
close to actin (~1.57) *°. In summary, Fig. 6-5 B to E shows that the total axial tracking

distance of COSI-F for all particle sizes ranges between 0.67 to 0.7 pm.
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Figure 6-5 Calibrating axial intensity profile and displacement with nanoparticles from 20
nm to 100 nm. (A) To record the intensity profile of gold/polystyrene nanoparticles, we first
dried the particles on a coverslip and then immersed them in water. The coverslip was placed
on a piezo nanostage that allows axial sweeping of the sample across the focus at 10 nm steps.
The axial intensity map along with the line profile of GNPs at (B) 100 nm, (C) 60nm and (D)
20nm, and (E) polystyrene nanoparticles at 100 nm are plotted as scattered plot, the black
line indicates the moving average of 30 points. The red line represents the relation between
intensity (Al) and axial displacement (Az). (F) Simultaneous recording of both scattering and
interference for 447 seconds showing early platelet adhesion, filopodia and lamellipodia
formation and spreading on fibrin surfaces. Scale bar = 5 um. (G) Axial displacements of the

membrane protrusions at 20 seconds time intervals.
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6.5 Imaging of Single Platelet Migrating at Nanoscale

Recent live imaging studies of platelets have showed different biomechanical actions
associated with platelet membrane protrusions. Platelet filopodium was observed to make
“hand over hand” actions on fibrin fibers®.. Platelet have been seen to migrate with formed
lamellipodium when exposure to pathogens on coated fibrinogen surfaces. We previously
demonstrated that high speed label-free platelet imaging, with rotating coherent
scattering (ROCS) > °2 captured unlabelled platelet generating rodlike-extension filopodia
instead of thin-sheet lamellipodia to directly attach onto single collagen fibril under arterial
fluid shear *' >3, ROCS alone is insufficient to investigate other platelet morphodynamics
along the axial direction as well as membrane surface signalling processes. We now
overcome the limitation by using combined fluorescence, interferometric and scattering
imaging to study platelet lateral and axial membrane protrusions dynamics on glass surfaces

coated with fibrinogen or fibrin (cross-linked fibrinogen).

For each coated surface, we either add or omit BSA to study platelet migration
(detailed in method section). We first evaluate simultaneous scattering and interference
COSI-F on platelet arriving onto fibrin coated surfaces. Unlike traditional RICM imaging,
COSI-F can capture platelet adhesion from initial contact to initial stages of spreading and
adhesion on fibrin-coated glass surfaces. Fig. 6-6 F shows the simultaneous recording of both
scattering and interference signals for 447 seconds. While interference signals only occur
close to the coverslip, the scattering signal in COSI-F suppresses the background to capture
floating platelets before adhesion at high contrast (without post-processing). The scattering
signal is sufficiently high for automated segmentation and tracking. The interference signal is

used to quantify axial displacements on those membrane protrusions, as shown in Fig. 6-5 G
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at 5 second time intervals. Fig. 6-5 G tracks the first instances of filopodia formation during

adhesion before a lamellipodium is formed.

To visualize migrating tracks with and without BSA, we label fibrinogen and fibrin
with fluorescence label (Alexa Fluor 488) using previously published protocols 2> %, Here,
migrating tracks are shown by a lost in fluorescence due to uptake of fibrin or fibrinogen

coating on glass surfaces. The tracks are imaged using fluorescence imaging.

Fig. 6-6 A(i) to (iv) shows that combining scattering and fluorescence signal, using
BSA treated sample, adherent platelets are seen to internalized fibrinogen and fibrin. A bright
fluorescence spot is located intracellularly in the platelet using the fluorescence signal. Using
the scattering and interference signals, platelets’ cellular morphology in 3D can be quantified
using standard cell segmentation and profiling tools in an open-source program Cellprofiler 4,
We sorted the imaged platelets (Nfibrin=427 and nNribrinogen 510) against two different classifiers,
namely area (um?) and solidarity. Area is meant to show cell spreading. For platelets with a
larger spread could indicate flat membrane protrusion resembling lamellipodium. Solidarity
is defined by irregularity along the cell boundaries. Platelets with many filopodium

protrusion (finger-like) would score low on the solidarity point.

Fig. 6-6 B (i) show the classifiers (area and solidarity) and the percentage of
migrating platelets on fibrin and fibrinogen coated surfaces. The results show that no
migration is observed without the inclusion of BSA (no visible tracking due to loss of
fluorescence). Overall, Fig. 6-6 B (i) show around four folds more platelets migrating under
fibrin coated. Conversely, platelets would generally migrate on fibrinogen coated surfaces.
Using the classifiers, we can further separate the morphological profiles of the migrating and
non-migrating platelets as shown in Fig. 6-6 B ii) and iii). Platelets on fibrin coated surfaces

show comparatively smaller surface area than the fibrinogen coated surfaces. On the other
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hand, there is no significant variation amongst the migrating and non-migrating platelets on
the solidity scoring. Overall, this meant that the platelet adhesion under spreading conditions
would generate highly heterogeneous morphology profiles. Such heterogenous membrane
protrusion differs from our previous observation of platelet under flow on collagen matrix
where scattering imaging only displayed filopodia formation and could have important
implication of thrombus-based fibrinolysis. We then carry out automated axial tracking of
lamellipodium of a migrating platelet on fibrin coated surface with scattering and interference
signal, as shown in Fig. 6-6 C (i). The fluctuation in intensity indicates a peak to peak height
displacement of around 0.13 pm, as demonstrated in Fig. 6-6 C (ii). In Fig. 6-6 C (iii), we
compared both the leading and rear edge of the migrating platelet by plotting the overall axial
fluctuations. The leading edge showed a normal distribution of membrane displacement
entered at O (i.e. no protrusion or retraction). However, the rear edge exhibited unequal
membrane fluctuations of -0.13 pm (retraction) to 0.13 pum (extension), shown as two peaks
in Fig. 6-3 C, (iii). The heterogeneity of membrane fluctuations may reflect unequal
membrane tension during cell migration. Out of phase fluctuations indicate asynchronous
behaviour of cell migration inferring differences in adhesion strength *° between the leading

and rear edge.
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Figure 6-6 Tracking platelet migration on fibrin/fibrinogen coated surface. (A) Combined
fluorescence and scattering signal of single platelet migration on fibrin and fibrinogen coated
surfaces with/without BSA. The Green channel and blue channels are fluorescence and
scattering signals, respectively. The trajectory of platelet movement is highlighted with white
border with a white arrow indicating the predicted direction of migration. (B) Quantification
of platelet migration and morphology (area and solidity) with four types of coating. Platelet
morphology is quantified through Cellprofiler. The number of platelets quantified was n =
427 and n = 510 for fibrin and fibrinogen coated surfaces. (C) (i) Interference signal of a
migrating platelet on the fibrin-coated surface. (ii) The axial displacement along the leading
edge and the rear edge is tracked during 25 minutes of spreading, with orange and red
representing the rear and leading edge, respectively. (iii) Histogram showing the counts on
the axial displacement of the rear and leading edge.
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6.6 Conclusion

This chapter demonstrates GNPs and platelet imaging using the COSI-F system. We
show the detection sensitivity down to 20 nm GNPs without post-processing with the
interference detection. We then used platelets migration assay to show multiplex imaging of
scattering, interference, and fluorescence signal that simultaneously tracks migration,
morphology, and axial fluctuation. We observed the leading edge of the platelet has more
axial fluctuation than the rare edge, possibly due to the high concentration of the Arp2/3
complex that affects actin polymerization. COSI-F also detect a folded filopodium to form
the edge of a lamellipodium (Fig. 6-6). These filopodia and lamellipodia structure changes
could relate to actin filament organization during cytoskeleton rearrangement, but the
mechanism remains unclear. Future studies investigating the role of integrins and membrane

proteins would be helpful to interpret the behaviour of these membrane activities.

For a single laser line, COSI-F has the potential to incorporate multiplex fluorescence,
scattering, and interference signals, all of which can be used to report on the spatial
organization of intracellular organelles ¢, ligand or lipid coating on substrates surface °7,

membrane receptor %8, intracellular calcium flux °°, actin polymerization

along with
continuous track morphological changes of the cell membrane and protrusion in the context
of those biochemical signals. Based on the high contrast imaging observed, COSI-F will
significantly impact studies that aim to elucidate nanoscale membrane curvatures ©,
membrane pores®?, transmembrane protein ©, surface receptors®, and external mechanical

forces®. These factors would influence the formation of membrane protrusion (lamellipodia,

ruffles, filopodia).

A weakness in the interference COSI-F here is based on a simple thin-film model ¢,

which can apply for platelets that do not have a complex internal morphology. For more
156



complex cells, the interference signal will be difficult to interpret. As one can already notice,
the signal from the pseudo nucleus shows complex intensity changes. To map out more
complex intensity changes, one must move the re-calibrate axial using a non-coverslip
adhesion probe *°. Since COSI-F do not use any form of post-processing, we postulate that

detection sensitivity could be further enhanced by using standard ratiometric subtraction.

6.7 Contribution

| built the COSI-F system and performed the experimental work related to GNP and platelets.
Dr Yean Jin Lim develop live cell imaging chamber and conducted intracellular imaging on
endothelial cells. Ms Yee Lin Thong prepared washed platelet sample. The data analysis is

done with Mr Hangi Lin (Intensity tracking) and Ms Carmen Longbottom (Cell profiler).
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Chapter 7 Intra-thrombus Stability and
Embolization in Flow Assay

Publication relevant to this chapter:

Y. Zheng, S. J. Montague, Y. J. Lim, T. Xu, T. Xu, E. E. Gardiner, and W. M. Lee. "Label-
free multimodal quantitative imaging flow assay for intrathrombus formation in vitro.”

Biophysical Journal 120, no.5 (2021): 791-804.

7.1 Introduction

This chapter will describe the steps we have taken to investigate thrombus formation
and stability using the COSI-QPM system introduced in chapter 4.3.2. When assessing
thrombus stability, two factors: (1) adhesiveness of the thrombus core and (2) stability of the
thrombus structure, are critical to consider (chapter 3.4). To gain access to both information
of the thrombus during formation and embolization, we used the COSI-QPM system that
quantifies platelet activity (pm/s) and dry mass (pg) simultaneously to evaluate thrombus
stability under fluid shear. The platelet activity quantifies the membrane fluctuation
(cytoskeleton rearrangement) of the platelets adhered on the collagen fibre that could relate to
the motility of the adherent platelets. The dry mass of the thrombus traces the detachment of
platelet aggregates and monitors the stability of the thrombus structure. By combining the
spatial-temporal imaging of both the surface driven activity of adherent platelets and dry
mass changes of a developing thrombus under (patho)physiological shear rates, we evaluate
intra-thrombus stability and basal surface activity of the thrombus in the presence or absence

of metalloproteinase inhibition (giving conditions of reduced platelet receptor shedding).
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7.2 Thrombus Stability and Embolization

Understanding interactions at the thrombus/surface interface using microfluidic
channels coated with vascular wall constituents will enhance our understanding of the
thrombus evolution process, incorporating platelet adhesion, activation, aggregation, and
thrombus stabilization (Fig. 7-1 A). It also helps advance the biocompatibility of new
materials for intravascular devices !, development of ‘synthetic’ platelets  and improve drug
delivery 3. Microfluidic channel-based assays for thrombus measurements in vitro typically
only quantitate either surface-driven biophysical processes associated with adhesion,
including platelet activation and spreading (Fig. 7-1 B) or the growth, propagation and
stability of a thrombus formed on an immobilized prothrombotic surface (Fig. 7-1 C), but not
both. The net stability of a thrombus under a parabolic velocity flow profile 48, as shown in
Fig. 7-1 D, is dependent on a complex set of biophysical parameters. The ability of a
thrombus to remain stable can be defined by two key physical interactions, both of which
require intact functional platelet receptors, including integrin allbB3 and glycoproteins (GP)
Ib-1X-V and GPVI. GPIb-I1X-V and GPVI are metalloproteolytically shed from activated
platelets °. The first is the physical attachment of platelets to a substrate (immobilized
agonist), where adhesive platelets spread (Fig. 7-1 B) and aggregate during the initial phase
of thrombus formation °. The second is the platelet-platelet interactions and thrombus
consolidation processes occurring during the accumulation phase, with the net effect
represented by changes in thrombus mass (Fig. 7-1 D). Surface-driven effects are defined by
the activities of basal adhesive platelets, including platelet spreading and formation of podia
at the base of a thrombus on an agonist-rich surface. Both the intra-thrombus stability and the

surface-driven platelet activities contribute to the overall stability of a thrombus %; that is,
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how well thrombi adhere to and build on a substrate-coated surface with minimal changes in

mass as it withstands changes to velocity flow gradients.
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Figure 7-1 Approaches to measuring changes in mass and local platelet activities in single
adherent platelets and thrombi. (A) There are four distinct stages of dynamic thrombus
formation: platelet adhesion, activation, aggregation, and thrombus stabilization. (B) Cross-
section view of a coated microfluidic channel used to visualize surface-driven events during
platelet spreading. (C) Cross-section view of a coated microfluidic channel used to visualize
surface-driven events during thrombus formation. (D) Inside the coated microfluidic channel,
the thrombus formed is comprised of platelets interacting with agonist-coated surfaces
(collagen/fibrin). The thrombus is a complex biological system that interacts with the
surrounding microenvironment and adapts to changing fluid shear forces. Intra-thrombus
stability can be quantified as changes in dry mass (coloured in caramel) and adhesive platelet
activity (coloured in red). Here, adhesive platelets are represented as the layer of platelets

directly associated with the coated surface.

In clinical settings, rapid in vitro diagnostic tests that quantify intra-thrombus

dynamics are frequently conducted without fluorescence labelling. Haemostasis tests, using

the platelet function analyser !, optical platelet aggregometry 2, and thromboelastography *2,

quantify the time to occlude a channel or form aggregates in suspension or on a surface with
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some physical properties. These clinical tools have several limitations, including the
requirement of a platelet count of at least 100 x 10%L, eliminating platelet function testing,
and quantitation of occlusion time of thrombocytopenic patients 14 5. Further, these tests do
not inform on sub-micrometre scale changes occurring within the thrombus or provide
information on platelet adhesion dynamics during thrombus formation. Here, we combine
QPM 7 18 17 an interferometry-based method, with COSI to study how initial adhesive
platelets behave on agonist-coated surfaces, including collagen and von Willebrand Factor
(VWF), whilst simultaneously quantifying intra-thrombus mass 2%, Synchronized multi-
parameter label-free imaging will therefore better inform on how membrane activity of
adhesive platelets and overall morphological of thrombus changes. COSI-QPM system
represents the first label-free thrombus micro-imaging tool that can simultaneously quantify

adhesive platelet activity and intra-thrombus mass (Table 7-1).

7.3 Sample Preparation and Data Processing

7.3.1 Mimic Blood Vessel using Microfluidics

Thrombus formation under flow is assessed using microfabricated straight channels
(dimensions: 400 pm width, 100 pm height and 1.2 cm length), made from PDMS
(polydimethylsioxane) from Sylgard 184 (Dow Corning) with 10:1 base to curing agent ratio
using soft lithography processes (Fig. 7-1 C). The microfluidic channel is coated with 100
ug/mL collagen Reagent HORM (Takeda, Austria) overnight at 4°C or 2 hours at 23°C.
Before each experiment, the channel is washed with saline at 300 pL/min for 2 minutes. PRP
is then drawn into the channel (opposite input used for agonist coating) with the syringe
pump (Harvard Apparatus PHD 2000) in the suction mode for 5 min at a shear rate of 7500 s

! (flow rate: 300 pL/min and shear stress: 75 dyne/cm?) to induce thrombus formation. Due to
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the interference of light scattering by RBCs, the current system relies on PRP to measure
thrombus formation and embolization. Removing RBCs from the sample changes the
viscosity and reduces the margination of platelets to the surface (usually observed when
RBCs are present. Therefore, we have to rely on a higher shear rate for thrombi to form. The
reservoir is then switched to saline, and thrombi are exposed to shear rates of 7500 s for 5
minutes followed by 12,500 s for 2 min to mimic pathophysiological shear rates and induce
embolization events. PRP is pre-treated with 250 M GM6001 >10 min before experiments

for metalloproteinase inhibition experiments.

7.3.2 Mass Quantification

Off-axis quantitative phase microscopy (QPM) is well-suited to measure the dry mass
of a developing thrombus without labelling ?*. A change in refractive index provides a
signature optical phase delay that can be recorded and quantified through interferometry and
optical scattering °. The optical phase difference is measured between two coherent light
paths; the transmitted light path through the sample and another projected directly onto the
camera. The recorded interference intensity pattern is then numerically processed to retrieve
the phase delay ¢, (x,y) % ?2. For a given refractive index difference (An) %, a phase delay
¢.(x,y) is imposed onto the transmitted light for a narrowband wavelength light source. This
refractive index change of biomolecules approximate change in dry mass and can be

determined from changes in phase 192124,

The mass of a homogenous sample can be directly calculated using volume and
density (d*v). The mass of the polystyrene microsphere is calculated with d = 1.05 g/cm?3 16:19,
For most of the biological cells, the change in the refractive index corresponds to linear
increases in dry biomass (proteins and nucleic acids without water) that falls within a very

narrow range of approximately a = 1.8 x 107 m3kg (= 0.18 um®/pg) that allows one to
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estimate the dry mass of thrombi and cells ' 2L, The equation used to reconstruct the dry

mass of thrombi from phase ¢ (x, y) is shown in Eq. 7.1.
m(x,y) = %f%cm (7.1)

For a pixel with an actual size of 0.1 um x 0.1 um, the dry mass of a 1 rads phase

delay calculates as follow:

1 0.6328 pmx1x0.1umx0.1um _
m= (pg)x b £ T =5x%x1073 pg (7.2)
0.18 \um3 27

Note that the volume of a large population of platelets can vary over an order of
magnitude, previously shown using flow cytometry data 2. For completeness, we analysed
several resting platelets using QPM to identify a standard deviation of mass to be up to an
order of magnitude, i.e. between 0.5-6 picogram as shown in Fig. 7-2 that is consistent with 2,

Therefore, it is safe to conclude that a large variation of platelet mass is to be expected.
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Figure 7-2 Quantification of platelet volume and mass with flow cytometry and COSI. The
figure from flow cytometry is reprinted with permission from Kolesnikova et al. 2 © 2006

Elsevier
The resolution and upper limit of the reconstructed height or dry mass from the phase
delay measurement can be affected by a range of factors, such as pixels size of the camera,

fringe density, defocusing of the sample 2° and unwrapping algorithm 26, Samples with large
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size and complex structure create many jumps in the wrapped phase that might be difficult to
resolve accurately using the unwrapping program, therefore, limiting the range of dry mass
that can be measured. So far, the largest sample we have used to calibrate the system is 6 um
polystyrene beads (6.3 x102 pg in dry mass per pixel). In thrombus experiment, the size of
formed thrombi was around 10 -20 um in height (3.3x107 - 6.6x107 pg in dry mass per pixel)
and can be resolved and reconstructed without any issues. However, to accurately test the
limitation of phase delay that can be reconstructed using the QPM setup, further calibrations

can be designed in the future.

Change in dry mass of the thrombus identifies the affinity/recruitment of platelets into
aggregate, which is determined by the mass difference before and after the flow of saline (0.9%

NaCl) as shown in Eq. 7.3.

Mygss (X, V) = Mena(x,y) — my(x,y) (7.3)

7.3.3 Activity Quantification of Adhesive Platelet

The method to calculate platelet activity is described in chapter 5. Here we use the
standard deviation of the activity to identity the variations in activity in a given time period.

Hence, we define this measurement as the change in activity, as shown in Eq. 7.5.

If =Ipy1— In (7.4)

n 7 2
ol(xy) = \/zl(lfn(x,y) I(x)) (7.5)

n
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7.3.4 Mapping Platelet Mass and Activity

A binary mask is generated by thresholding the 2D backscattering map to filter out the
background on the mass and backscattering maps so that only the thrombus region is
quantified. For example, high-resolution images of a single thrombus of 60 pm by 80 pm, in
Fig. 7-6 with a pixel resolution of 200 nm would generate up to 48,000 data points. We bin a
series of pixels (each dot represented in plots — Fig. 7-6 and Appendix F) is intensities of 10
x10 pixels on the filtered mass distribution map and backscattering map, respectively. This
means that the final plot in Fig. 7-6 includes over 4000 sampling points that allow us to
measure heterogeneity in single thrombi. Each binned pixel is assigned the value of mass
change to the y-axis, and the standard derivation of scattering intensity to the x-axis on the
scatter plot to generate one scatter. The data points that fall more than three standard
deviations from the mean are removed to show the scatter plot distribution. The data points
are classified into four different clusters by defining threshold values for mass change and
scattering intensity. The threshold value for mass is 0 pg which differentiates gain and loss in
mass, while the threshold for scattering intensity defines the low and high level of activity

and is calculated from the mean value of the intensity for all the data points.

In order to show the trend in change in mass and activity of a formed thrombus during
embolization, the length of whiskers (defined as 1.5 x interquartile range) of each boxplot
is normalized to the colour-coded plot. Here, the £1.5 x interquartile range equals to three
standard deviations that covers 99.9" percentiles of the data points on a single thrombus.
Because the sample we used here is from human blood and we have limited sample size for
the experiment (N = 7), we would like to cover as many as data points when quantifying
change in mass/activity. We believe that the 99.9th percentiles can cover sufficient data

points to represent the range of variation in mass/activity during quantification. The colour-
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coded plot ranges from O (blue) to 1 (red), with 0 and 1 representing the minimal and
maximum change in mass/activity within the 30 seconds time period during embolization.

Below, we show how the values from the colour-coded plot are calculated.

For the boxplot in Fig. 7-6 B (i), showing the change in mass of a formed thrombus
without treatment, the upper and lower boundaries of the whiskers of the boxplots read as
[0.457, 0.470, 0.461, 0.464, 0.360, 0.319, 0.286, 0.231, 0.250] pg and [-0.433 -0.412, -0.415,
-0.414, -0.327, -0.291, -0.275, -0.220, -0.244] pg respectively. The length of whiskers is then
calculated as the range in between upper and lower boundaries as [0.890, 0.882, 0.876, 0.879,
0.687, 0.610, 0.561, 0.451, 0.494] pg so the normalized values are calculated as [1, 0.982,

0.968, 0.974, 0.537, 0.362, 0.250, 0, 0.099].

7.4 Mapping Intrathrombus Mass and Activity

7.4.1 Mapping Mass and Activity of Single Platelet

Fig. 7-3 shows representative COSI-QPM imaging frames of two individual platelets
within a single imaging field of view, labelled as the region of interest (ROI) 1 and ROI 2 in
terms of the reconstructed mass distribution (m(t)) and the backscattering intensity map
(Ipack (t)) respectively. COSI-QPM can distinguish the difference of mass between the two
platelets; the platelet in ROl 1 possesses a mass of 1.4 pg while the platelet in ROI 2 had a
mass of 2.6 pg (Fig. 7-3 C), consistent with published mean platelet mass measurements of

1.85 0.2 pg %'.

Platelets in ROl 1 and ROI 2 have distinctively different physical behaviours,
displaying finger-like morphologies that are consistent with platelet activation 2 in Fig. 7-3 B
(i) and very distinct intensity hot spots (200-400 nm in size) at 30 frames per second.

Membrane protrusions extended and retracted at different timepoints (arrows, ti, t3, and ts
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(Fig. 7-3 B (ii)). The discrete scattering hotspots of the platelet in ROI 1 displayed fewer

temporal changes reflecting reduced movement along the fibrin-coated surface. In contrast,

the larger platelet (ROI 2) displays less membrane protrusion but high intensity in hot spots

and spatiotemporal movements. While the scattering intensity signal across each platelet for

both ROIs fluctuates over time, the platelet in ROI 2 (green) has a greater signal than the

platelet in ROl 1 (Fig. 7-3D) which matches its mass, i.e. a higher mass has a greater

magnitude of scattering. The results above confirm that COSI can readily observe changes in

dry mass in adherent versus spread (more activated) single platelets.
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Figure 7-3 (A) (i) Light transmitted through the sample imposes a phase delay due to
refractive index differences. This phase delay is retrieved from the interferogram to quantify
platelet dry mass. (ii) Mass distribution map of (m(t)) of the spreading platelet. (B) (i) The
sample is illuminated sequentially from the full azimuthal 27 angle, and the backscattering
signal under each azimuthal angle is numerically summed to remove backscattering artifacts.
(ii) Backscattering signal (I(t)) with fluctuating hotspots (arrow). (C) Total mass of the
selected platelets at different times after spreading. Error bars = Standard Deviation (D)

Intensity fluctuation of corresponding ROIs.
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7.4.2 Adhesive Platelet Activity During Thrombus Formation

Next, we measure spatiotemporal dynamics to an entire developing thrombus (Fig. 7-
4) using coated collagen layer. As with the single platelet images in Fig. 7-4 A, the collagen
bundles act as a fiducial marker to focus the imaging field of view and site of activation. This
ensures that we capture early adhesive platelet events before assimilating into a platelet
aggregate. We adjust the incident angle of the illumination to 50<to achieve a backscattering
imaging depth of field of just around a single platelet thick (z = 4 um). The spatial-temporal
map (Fig. 7-4 A) captures the surface activity of platelets accumulating into a thrombus at
1800 s-1 shear rate in a microfluidic channel, based on the monotonically increasing
scattering intensity from 0 s, 30 s, 60 s, 120 s and 240 s. Using the differential method
introduced in chapter 5.2.2 (Fig. 7-4 B), we observe that the magnitude of activity did not
increase at all, indicative of a highly stable basal surface during thrombus formation

consistent with existing thrombus formation.
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Figure 7-4 Scattering signal and activity of adherent platelets in a developed thrombus.
Scattering signal (A) at 0's, 30 s, 60 s, 120 s, and 240 s illustrate thrombus formation in a
time series and the corresponding platelet activities at 10 ms. (B) is the corresponding
activity map using the differential method.
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7.4.3 Mapping Intrathrombus Mass and Activity during Embolization

To date, label-free platelet imaging 2°! has not been able to simultaneously quantify
adhesive platelet activity and the physical progression of the thrombus (growth and
embolization). Even less is known about the overall impact of thrombus mass on thrombus
stability 2. Data in Fig. 7-5 demonstrates how COSI-QPM approaches can extract
information on both thrombus stability and membrane fluctuations of adhesive platelet-
platelets (Fig. 7-5 A). Fig. 7-5 B-E shows quantification of intra-thrombus mass (pg) and
membrane activity level of adhesive platelet during embolization under (patho)physiological
fluid shear by continuously flowing saline solution over the formed thrombus for 5 minutes
under 7500 s to help mimic embolization. Fig. 7-5 B (i) and (ii) depict two reconstructed
QPM images of thrombi formed under 7500 s shear stress, taken 5 minutes apart, indicating
a loss in thrombus mass due to platelet detachment. At the same time, we record membrane
fluctuations of activated adherent platelets ~ 30 ms apart, which show a heightened activity
map of up to 18 pm/s that are heterogeneously distributed across the whole thrombus during
embolization events (Figure 7-5 C). These results demonstrate a highly complex interaction

between platelets and the adhesive layer of thrombus during embolization.

Fig. 7-5 D and 7-5 E contain a 2D map of mass change (Am) and standard deviation
of membrane activity signal (Alpack) at a shear rate of 7500 s taken 5 minutes apart,
respectively. We observe a highly heterogeneous distribution of gain +13x107 pg and loss of
thrombi mass -13x102 pg across the 5 minutes of high shear rate exposure from the activity
maps. Interestingly, the adherent platelet activity is spread in a concentric pattern with cores
of the average activity of 6.6 pm/s surrounded by regions of lower activity of 4.7 pm/s. 2D

maps of mass and platelet activity from three individuals are shown in Appendix F.
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Figure 7-5 Quantifying intra-thrombus stability (changes in mass) and adhesive platelet
activity during embolization. (A) Schematic of thrombus stability (growth and embolism). To
induce thrombus formation, PRP was perfused over a collagen-coated microfluidic channel
for 5 min at a shear rate of 7500 s-1 (flow rate: 300 pL/min, shear stress: 75 dyne/cm2). The
reservoir was then switched to saline, and thrombi were exposed to shear rates of 7500 s-1
for 5 minutes followed by 12,500 s-1 for 2 min to mimic pathophysiological shear rates and
induce embolization events. (B) QPM images show thrombus mass at (i) start (m(t0)) and (ii)
end (m(tend)) of 5 minutes of embolization. (C) Platelet activity map (At = 30 ms) of the
formed thrombus during embolization. The signal in subtraction plots is multiplied 10 times,
enhancing contrast. (D) The change in thrombus mass during embolization is defined as the
mass difference between a given time. Example of the 2D plot showing the change in the
mass distribution of a thrombus exposed to 5 minutes of 7500 s-1 shear stress. Purple = mass
loss, blue = mass gain. The region and border line of the thrombus (black line) is determined
by thresholding and tracing using an activity map. (E) Corresponding 2D activity map. The
activity map calculates the standard deviation of activity across an imaging session and is
plotted using a contour plot where red and blue represent more and less activity, respectively.

Scale bar: 10 pm.
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7.5 Investigating Role of Platelet Shedding

Next, we evaluate mass variation and adhesive platelet activity at different stages of
thrombus embolization. COSI-QPM can produce high-resolution images of thrombi with a
pixel resolution of 100 nm. For a thrombus of 60 pm by 80 pm, in Fig. 7-5 D, this would
generate up to 48,000 data points without binning. In Fig.7-5, we binned 10 x10 pixels on the
filtered mass distribution map and backscattering map, which includes over 4000 sampling
points for a thrombus. The changes in thrombus mass (Fig. 7-5 D) and adherent platelet
activity (Fig. 7-5 E) are quantified at different time points over a 5-minute experiment and
plotted as boxplots to illustrate the distributions of mass and platelet activities (Fig. 7-6 A,
full data set at 5 minutes shown in Appendix F). The time series plots indicate that activity
gradually increases from 30-120 seconds, whilst the mass exchange remains consistent, with
minimal change in activity and mass distribution observed after 120 seconds, suggesting a

level of thrombus stabilization has been achieved, most likely via cytoskeletal remodelling.

The whiskers of the box plots defining the upper and lower limits (Fig. 7-6 B)
highlight variability in mass exchange and activity in blood samples from healthy donors.
Complete data for 7 donors are shown in Appendix F. Upon activation, platelets shed the
ligand-binding ectodomain portion of key adheso-signalling receptors that initiate and
propagate thrombus formation °. We investigate whether the prevention of activation-induced
metalloproteolytic cleavage of receptors such as GPIb of the GPIb-1X-V complex 3! and
GPVI 32 3 which are important for thrombus stability, resulted in changes in changes to
surface activities of changes in mass (as measured using COSI-QPM). To evaluate whether a
more stable thrombus is formed under conditions where proteolytic receptor shedding is
blocked, PRP from seven different donors was pre-treated with 250 M GMG6001 (a broad

range metalloproteinase inhibitor) or vehicle control. Mass exchange and surface activity in
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time series are compared of thrombi exposed to buffer at 7500 s and 12500 s shear rates.
Fig. 7-6 C shows heat maps representing the respective change in mass and activity (based on
normalization of the £1.5 interquartile range). Donor variation in mass change and surface
activity of thrombi imaged is observed in the vehicle and GMG6001-treated samples
(Appendix E). Although heterogenous thrombi behaviours (spikes and reductions in mass and
platelet activities) are observed between donors at different times, there is a general tendency
for thrombus mass not to decline with time following GM6001 treatment (as represented by
blue boxes). Five out of seven donors appear to reach a steady state of thrombus mass after
around 2 minutes (Fig. 7-6 C (ii)), indicating there is potentially reduced mass exchange and
development of a more stable thrombus when blocking receptor proteolysis. When exposing
the thrombi of most donors to 12500 s shear stress, there is a brief initial increase in mass
followed by a reduction in mass before a stable thrombus is achieved (no relative change in
mass). This is observed both with and without GM6001 treatment (Fig. 7-6 D (i) and (ii)).
Interestingly, a more stable thrombus mass after exposure to 7500 s shear stress is associated
with increases in platelet activity in six/seven donors (shift from blue to red), with increased
activity appearing to be more associated with stable mass with GM6001 treatment (Fig. 7-6 C
iii and iv). However, the surface activity at higher shear rates shows more variations between

donors both with and without GM6001 treatment (Fig. 7-6 D (iii) and (iv)).
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Figure 7-6 Mass and activity changes in thrombi of multiple donors with and without
metalloproteinase inhibition (GM6001 250 puM; broad metalloproteinase inhibitor). (A)
Scatter plot of thrombus under 7500 s-1 shear rate at 30 s time intervals showing the
corresponding changes in mass and activity of individual binned pixels after spatially
mapping the 2D activity and mass map of the thrombus with a binning size of 10*10 pixels.
The scattered plot is divided into four quadrants distinguishing loss and gain in mass and
activity level. Boxplots from each scatter plot are used to represent the overall trends of (B) (i)
mass and (iii) platelet activity change over time. The upper and lower limits of the boxplots
are drawn to highlight the length of whiskers. The colour-coded plot represents the
normalized length of whiskers of each box of change in (ii) mass and (iv) activity. The
colour-coded plot of change in mass and surface activity of the developing thrombus under
(D) 7500 s-1 and (E) 12500 s-1 shear rates with and without 250 uM GM6001 pre-treatment
(donor size = 7). The change in mass and activity is calculated as the normalized value of the

length of whiskers (+1.5 interquartile range) of each boxplot.
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7.6 Conclusion

Since COSI-QPM is compatible with coated microfluidic chips, it can provide a new
means to decipher the heterogeneous properties within thrombi interacting with different
types of substrate-coated surfaces. These types of multiparameter imaging measurements will
advance our understanding of how platelets differentially interact with various agonists, for
example, to assess relative contributions of GPVI or GPIb-IX-V interactions with collagen,
fibrin(ogen), von Willebrand Factor and other matrix proteins. We can evaluate the effects of
each interaction on thrombus evolution and stability, which is important for future anti-
thrombotic therapeutic development. In addition, we expect combinatory approaches of
quantitative label-free microfluidic imaging tools to open up new clinically relevant
opportunities to evaluate different platelet subpopulations with the thrombus structure and

how they function during thrombus formation under fluid shear force.

Final data in Fig. 7-6 are extracted from high-resolution images of thrombi formation
in Fig.7-5 that display a pixel resolution of 100 nm. This means that a single thrombus of 60
pm by 80 pm (Fig. 7-5) can generate up to 48,000 data points. Even with pixel binning (10
x10 pixels) - a single thrombus- can generate up to over 4000 sampling points (shown in Fig.
7-6 as a single dot in scattered plots). High spatial-temporal information density allows us to
measure subtle heterogeneity in a single thrombus over different timepoints. In Fig. 5 C and
D, we collected data from 7 different donors to investigate the heterogeneity and robustness
of our measurement under broad metalloprotease inhibitors. While we appreciate that this is a
small sample number, this is a proof-of-concept project, and we aim to develop the automated
readout processes in the future. Overall, we argue that the COSI-QPM aims to unify
microfluidic platelet and thrombus flow assays for both single platelet and thrombus

quantification and is applicable for both microscopy imaging and clinical diagnosis.
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COSI-QPM enables real-time longitudinal temporal evaluation of the impact of
metalloproteinase inhibition on platelet aggregate formation and stability that has not
previously been shown. The correlation of thrombus mass exchange with change in the
surface activity of adhesion platelets suggests that a stable intra-thrombus and a heightened
adhesive platelet activity are best achieved when platelet metalloproteinases are inhibited.
Platelet receptors undergo significant basal surface rearrangement as a platelet adheres and
spreads on a substrate, and this is critical for the transmission of activating signals that trigger
a host of pro-aggregatory events 3. Therefore, the COSI-QPM system can easily be expanded
to test the effect of new and existing anti-thrombotic agents and specific receptor antagonists
on thrombus size and stability. Further COSI-QPM approaches could be expanded in clinical
situations to help identify platelet defects in unexplained bleeding patients or diagnose

embolism risk.

7.7 Contribution

Dr Samantha J. Montage and | designed the platelet experiments. Dr Samantha J. Montage,
Ms Sarah Hicks, Ms Samina Nazir, and Dr Yean Jin Lim did the work related to platelet

preparation. | performed all the experiments and interpreted the results.
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Label-free Functionality Measurements Incorporates | Imaging
Technique _ _ i fluid shear | resolution
Spreading Adhesio | Aggregatio | Intrathrombu stress
[cytoskeletal n n s Stability
changes
Clinical Platelet function analyzer No No Yes No Yes N/A
methods (PFA)
Light transmission No No Yes Yes No N/A
aggregometry (LTA)
Impedance aggregometry No No Yes Yes No N/A
Thromboelastography No No Yes Yes No N/A
iCoagLab No No Yes Yes No Micrometr
e
Imaging- Bright field, Phase Yes No No No Yes Micrometr
based Contrast, Differential e
methods interference contrast
RICM Yes Yes No No Yes Sub-
micron
QPM No No Yes Yes Yes Sub-
micron
ROCS Yes Yes No No Yes Sub-
micron
COSI (QPM + ROCS) Yes Yes Yes Yes Yes Sub-
micron

Table 7-1. Comparisons between various techniques that evaluate platelet function and thrombus formation. Functionality attributes
listed here are specific to platelets’ motion either in suspension or across an agonist-coated surface, i.e. single platelet and thrombus formation.
Readouts for imaging-based methods here are based on platelet morphology 4. Also included are techniques that can incorporate platelet or
blood exposure to fluid shear stress.
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Chapter 8 Conclusion and Future Work

8.1 Conclusion

Understanding and characterizing platelet function through morphological,
biochemical, and mechanical responses have great potential in interpreting platelet
dysfunction, leading to serious health prognosis. However, functional imaging of platelets
during thrombus formation under flow shear is a grand challenge due to its small physical
size (~2 -3 um), rapid activation at milliseconds, sensitivity to shear forces, and unsuitability
for genetic manipulation in human samples. The limitations in acquisition speed and genetic
manipulation restrict the application of super-resolution fluorescence microscopy in assessing
haemostasis and platelet function.

This thesis proposed a label-free imaging method (COSI) based on light scattering
and interferometry to study single platelet activation and thrombus stability. Unlike
fluorescence-based approaches that use fluorophore as imaging probes, scattering light
microscopy uses the refractive index as a stable biomarker and collects the scattered light for
high-contrast imaging. The COSI system demonstrated that we could capture single platelet
adhesion and migration dynamics during thrombus formation under flow shear at high
spatial-temporal resolution. Moreover, we developed two different variants of the COSI
system: COSI-F that collaborates fluorescence detection, and COSI-QPM that cooperates
quantitative phase imaging. The COSI-F system shows high-contrast imaging of platelet
migration on coated agonists, providing rich quantifications in axial displacements of rear
and leading edge of a migrating platelet and morphological features. In the last part of this
thesis, we demonstrated the thrombus stability assay that quantified adhesive platelet activity

(at um/s) and dry mass (at pg accuracy) of the thrombus simultaneously with the effect of a
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metalloproteinase inhibitor. Overall, this thesis focuses on developing label-free scattering

techniques for the quantitative study of platelets and blood thrombus under flow.

The following sections discuss the limitations and future work adopted to improve the

COSI system and experimental ideas on platelet function analysis.

8.2 Investigating Role of Integrin/Receptors in Cell Protrusions

Chapter 6 used COSI-F to study platelet migration on fibrin(ogen) coated surfaces. In
this study, we labelled the fibrin(ogen) and monitored platelet migration based on
fluorescence intake. We also tracked the axial fluctuation of a migrating platelet and spotted a
difference in axial displacement pattern between the rear and leading edge. However, the
reason behind the high axial fluctuation of the leading edge remains questioned. Nicolai et al.
! have demonstrated that the leading edge has a much higher concentration of Arp 2/3
complex (using a fixed sample) related to actin polymerization. This highly concentrated Arp
2/3 could lead to a more rapid change in actin polymerization and possibly lead to a large
axial fluctuation. Future studies that focus on real-time detection of integrins or proteins
variations during adhesion and migration would be valuable when interpreting the

morphology of the membrane protrusions.

We also observed an interesting effect during the platelet adhesion and spreading
process, where a filopodium would be folded to form the edge of a lamellipodium (Fig. 6-6).
This change of filopodia structure could relate to actin filament organization during
cytoskeleton rearrangement, but the mechanism remains unclear. The 3D structure of the
membrane protrusions has been studied to verify the role of integrin allbB3 and ion cations in
actin organization and polarity using the cryoelectron tomography (cryo-ET) 2 as shown in

Fig. 8-1. The study reveals the high density of membrane receptors is concentrated at the
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plasma membrane (inlet images in Fig. 8-1 C) with the presence of allbB3. However, the
limitation of the study is the lack of dynamic information during filopodia formation because
live-cell imaging can not be conducted using electron microscopy. Therefore, COSI-F can be
used to study the mechanisms of actin organization and how integrin and membrane receptors
contribute to actin polymerization. With real-time detection of the biochemical signalling and
high contrast morphological study focusing on the membrane protrusions, COSI-F could

bring new insight into the cytoskeleton rearrangement during platelet adhesion and activation.

Figure 8-1 Visualizing platelet pseudopodia using cryo-ET. (A-B) images of platelets
spreading on fibrinogen-functionalized SiO2- coated gold girds with dark arrows indicating
the pseudopodia. (C) Cryotomograms slices of the pseudopodia in 10 nm thickness. The
insets show the magnified membrane receptors (white arrowheads). This figure is reprinted

with permission from Sorrentino et al. 2© 2021 National Academy of Sciences.
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8.3 Enhancing Axial Resolution of COSI-F

In chapter 6.3, we calibrated the axial displacement of the thin lamellipodia using
polystyrene nanoparticles by swapping the sample (fixed particles on a coverslip) across the
focus of the objective. From the calibration curve, we observed transitions from positive to
negative contrast, indicating the effect of the Gouy phase at different axial positions. We
chose this method to replicate the lamellipodia as a thin-firm model because platelet
lamellipodia do not have a complex internal morphology (actin and lipid bilayer). However,
to achieve a more accurate axial displacement from the interference signal, re-calibrating

axial intensity profile using a non-coverslip adhesion probe is needed 3.

136 140
cytoplasmic refractive index

Figure 8-2 Calculated (A) height (distance to the coverslip), (D) thickness, and (G) refractive
of the lamellipodia based on the reconstruction algorithm from 3D-RICN. The confidence
intervals for these calculations are shown in (B), (E), and (H), respectively. The 3D
representation of the basal membrane and apical membrane can be seen in (K-M). This figure

is reprinted with permission from Dejardin 4 et al. © 2018 American Chemical Society.
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Another method that extracts axial position, thickness, and refractive index is based
on the numerical simulations of the interference signal (3D-RICN 4). 3D reflection
interference contrast nanoscopy (3D-RICN) calculates the axial positions and thickness of the
sample by modelling the reflected light at different interference (glass -medium - lipid -
cytoplasm). A complete reconstruction requires multi-wavelength RICM images at different
(at least three) illumination numerical apertures (INA). And the reconstruction is restricted to
the lamellipodia region only due to the complexity of the structure. Fig. 8-2 illustrates the
example of reconstructing height (distance to the coverslip), thickness, and refractive index

using 3D-RICN and the confidence intervals.

The interference detection in the COSI system shares the same imaging concept as
RICM, and the circular scanning pattern modifies illumination angle that could replicate the
images taken at different INAs. Therefore, we argue that the 3D-RICN method could be
applied to the COSI system to interpret axial displacement by cooperating multi-wavelength

illumination and modifying the reconstruction algorithm.
8.4 Improving In-silico Modelling using Imaging Data

Computational models of platelet-platelet interaction and dynamics of thrombus
formation can provide insights into the clinically relevant prediction of functional responses
when platelet dysfunction is presented. Particle-based models treat each individual platelet as
one particle and model the forces generated by membrane receptors or integrins (adhesion
and repulsion) to mimic platelet-platelet interaction. As the model is single platelet based, it
preserves the heterogeneous behaviour of platelet activation, cytosolic calcium, and a-granule
secretion within a forming thrombus. Additionally, modelling thrombus formation permits

the study of the mechanistic relationship of fluid transport and platelet activation and allows a
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predictive step toward the structural properties of thrombus under fluid shear and especially

on stability (Fig. 8-3A).
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Figure 8-3 (A) Particle-based modelling shows the platelet-platelet interaction determined by
fluid shear, surface agonist, vessel geometry, platelet activation, membrane receptors, and
integrin. Example of (B) one model built based on (C) experimental conditions. The
simulation profile of the thrombus during the embolization test is tuned based on the

experimental results and matched (D-E).

However, effective and reliable particle modelling requires repeated experimental
datasets to fine-tune the model and decide when platelets interact to accumulate and detach.
The accumulation and detachment of platelets during thrombus formation can be tracked with
quantitative imaging approaches ° (chapter 7) by monitoring the whole thrombus's volume or
mass, which could serve as the baseline for fine-tuning the thrombus models. Here, we
demonstrated the initial results of the thrombus modelling (Fig. 8-3 B) during the
embolization test based on the experimental data (Fig. 8-3 C). By fine-tuning the activation

level of the platelets in a forming thrombus, we could match the predicted thrombus
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embolization with the experimental results (Fig. 8-3 D-E). Future work measuring the platelet
activation level and integrin expression using fluorescence imaging techniques could further

improve the model and prediction of thrombus stability.
8.5 Investigating Collagen Alignment in Thrombus Formation

Adhesion ligands play a critical role in triggering platelet activation and adhesion, and
different agonists could bind to specific receptors and integrins, leading to completely
different platelet morphological ® 7. In our thrombus formation and embolization experiments,
the surface is coated with collagen fibre randomly distributed in the microfluidic channel.
However, the alignment and density of collagen fibre might impact the initial platelet
adhesion and thrombus formation. The collagen fibre aligned with the flow direction could
increase the chance of platelet migration along with the collagen fibre, resulting in a higher

chance of binding due to the extra exposed bind sites.

To test the effect of collagen alignment on thrombus formation, we first investigate
the methods and metrics that could quantify collagen coating. In Fig. 8-4, we show the image
of a collagen coating microfluidics channel, captured using the second-harmonic signal by
two-photon microscopy. We also used three different metrics for collagen alignment: fibre
length, straightness, and fibre angle. Future works to investigate the surface coating of

microfluidics channels are needed to study the effects of collagen alignment.
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Figure 8-4 Quantification of collagen alignment. The second-harmonic signal of collagen
fibres are captured using two-photon microscopy, and the binary image with extracted
collagen fibres is generated using Cellprofiler. The fibre length, straightness, and fibre angle

quantifications are demonstrated as collagen alignment metrics.

8.6 Improving the Control System for COSI-F

The COSI-F system combines three different imaging modalities with two detection
cameras, which could be confusing for users to distinguish signals from each modality.
Therefore, developing a user-friendly interface is critical, allowing users to access the system
easily. Fig. 8-5 shows a proposed block diagram of the control system, listing the key input
parameters (from the user) and the three imaging channels. In this case, the galvanometer
needs to be scanned at two different voltages (interference V2 and scattering V1 detection
shown in blue and red, respectively). The camera trigger must be synchronized with the

switching between interference and scattering detection. The frame rate (K) of the capture
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determines the period of one sinusoidal signal, and the exposure (Ts) determines the duty

cycle of the trigger output.
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Figure 8-5 Blocking diagram showing the proposed control system and the user interface.

Contribution

Mr Efim Bershadsky did the thrombus simulation shown in Fig.8-3. Mr Jasper Li did the

collagen measurement in Fig. 8-4.
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Appendix A Mie Theory

Mie theory considers a sphere with radius r embedded in an absorbing medium, the
origin of a cartesian coordinate is selected to be at the centre of the sphere, with the positive
z-axis representing the direction of propagation of a linearly polarized incident wave. The
incident electric vector is assumed to be polarized in the direction of the x-axis. Considering
the cases where the medium is optically linear so that the superposition principle is valid, the
electromagnetic field can be expressed in vector spherical harmonics ! based on the

amplitude of the incident wave at the origin Eo in Eqg. A.1.
E = E, Z(anMn +b,N,) (4.1)
n

Following the vector spherical harmonics, the incident, internal and scattered field can be

expressed with Legendre polynomials and Bessel functions in Eq. A.2 — A.4.

S 2n+1
_ - @ _
Ei = EO z lnm(Moln - LNelTL) (A 2)
n=1
E, = z Ep(caM D — id,NDy (4.3)
n=1
E, = Z En(iaxND — b,MD) (4.4)
n=1

i"E,(2n+ 1)

with E,, = )

The expansion coefficients are written as an, bn, ch and dn, where n is the expansion index

going from n = 1 to n = oo, that is determined by resolving the equation system with the
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boundary condition that the tangential component of the electromagnetic field be continuous

across the spherical surface of the sphere.

i (oW () — P, () (m)

S P MOEA) — £ COPATY) “4-5
_ P (ma)ipn Ge) — miapn (x)h (x) 4.6
" (mx)E(x) — mé, (), (mx) '
¢, = —im (A.7)
Pn (mx) &7, (x) — mé&, (x)y, (mx)
0y = o (4.8)
m, (mx) &7 (x) — &, (), (mx)
where y and & are the Riccati-Bessel function defined as:
Yn(p) = pin(p) (A.9)
Xn(p) = pyn(p) (A.10)
£.(p) = phi? (p) (4.11)

The vector spherical harmonics in the expansion of internal field and scattered field in Eq.

A.12 to A.15 is given as:

Mo = cos¢m, (cos0)z,(p)ég — singt,(cos8)z,(p)éy (A.12)

Mg, = —singm, (cos6)z,(p)ég — cospt,(cos8)z,(p)éy (A.13)

Noin = singn(n + 1)sinfmy(cos0) zp) &, + singt,(coso) [pan(p)]_ée
+ cosgry(cos) @% (4.14)
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Z,(p) [Pz (P)]" ,

Noi, = cospn(n + 1)sinfm, (cos6) é, + cos¢pt,(cosh) Teg

— singm, (cosh) ['DZnT(p)]’éd, (A.15)

where mn and T, are the angle-dependent functions (Eg. A.16 and A.17), and z, denotes

the spherical Bessel function.

2Zn—1 n
Ty = n—1 UTlyp—q — mﬂn—z (A.16)
T, =num, — (n+ Dm,_4 (A.17)

withu = cosf,my =0and m; =1

T-matrix (translation matrix) is also called null field method or extended boundary
condition method (EBCM) that was originally formulated by waterman in 1965 2. The
translation matrix correlates the relationship between scattering coefficients of the single
scatterer related to its entire structure. In the case of multiple particles within the homogenous
structure, the incident field for each particle is the summation of the original incident field
and the total scattered field from all other particles (Eq. A.18). Similarly, the overall incident
field coefficient considers the original incident field coefficient and the scattered field
coefficient from all other particles (Eq. A.19). T- matrix describes the near field and far field
information on how the object interacts with any illumination. It only depends on the particle
properties, e.g. composition, size, geometry, and orientation. The T-matrix of a sphere is
known analytically as the Mie coefficients, as shown in Eg. A.20. The calculated initial field
coefficient and T — matrix, scattered field coefficient, and field intensity can be derived using

the spherical vector wave function (Eg. A.22).
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Ehe(r) = Eine() + ) Elf() (4.18)
i'#i

ah = alpen + Z', z ’er;i:,b‘ril” (A.19)
U #1 n
T:;n’ = Qli'larr’é‘mm’é\ll’ (A.20)
D MEbL =Y Thah . (A.21)
i'n' n' ’
Bt = ), B =) bispin® (4.22)
l l L L
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Appendix B Quantitative Phase
Microscopy

Quantitative imaging refers to methods that extract the quantifiable features from
images to assess the functionality of object ®. In cell biology, quantifying these features
include volume, mass, thickness, and density plays an essential role in understanding cell
migration and morphogenesis dynamics. Fluorescence imaging provides quantifications
based on the intensity of emitted light from the sample, which is highly dependent on the
quality of labelling and suspectable to photobleaching in long-time imaging. Label-free
imaging methods use phase information encoded in the transmitted light as the marker to
retrieve phase shift and optical thickness, permitting fast and reliable quantifications of

morphology changes in three-dimensional.

Techniques that exploit phase in light microscopy are originated from the 1930s,
when Fritz Zernike invented optical phase microscopy 2, aiming to improve imaging contrast
of biological samples. The phase contrast microscopy uses a phase plate to shift the phase of
the scattered light from the sample by -90 degrees, which results in destructive interference of
the scattered light and the illumination 3. This shift in phase converts phase difference to
intensity contrast (amplitude difference) and allows details of the specimen to appear
relatively dark against the bright background. Several implementations of phase microscopy
have been developed includes differential interference contrast (DIC) # and Hoffman
modulation contrast ° to maximize imaging contrast in brightfield microscopy for biological
samples. Still, all of them can only be used for viewing purposes and qualitative analysis 8. In
this section, | shall review the imaging techniques that could extract phase information from

the interference pattern based on numerical approach and explain the process of phase
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retrieve, followed by describing quantifications of sample properties such as volume and

mass using phase.

The ability to use phase to extract quantitative information for the sample can be
traced back to the 1940s, where Gabor proposed a holography method to record both
intensity and phases in one photograph ’. The term holography was created from two Greek
words, “holos” and “grafe”, which means “entire” and “writing”, emphasizing that the entire
information of the light field is being written. In Gabor’s original method, the object was
placed after the focus of a coherent source, and a photographic plate was positioned at the
far-field to record the interference between the light diffracted by the object and the collinear
background. Around 20 years later, in the early 1960s, with the development of the laser, this
method was applied in optical microscopy and supported the application of quantitative

imaging.

Quantitative phase-contrast microscopy or quantitative phase imaging (QPM) is a
group of imaging techniques that use interferometry to reconstruct the optical thickness
profile of transparent samples within sub-wavelength accuracy 8. The optical thickness relates
to the sample's physical thickness and refractive index. Therefore, it can be used as a stable
and accurate biomarker to reveal three-dimensional morphology for investigating the
structure and dynamics of biological samples and tissues 8. Digital holographic microscopy

(DHM) is one type of QPM that utilizes holography in light microscopy °.

Principle

In (DHM), the interference pattern is created by combing two arms of light from the
same light source at the camera plane: an object arm passing through the sample (Eo) and a

plain reference (E) that only passes through a series of optics. Two arms of light interfere
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and form distinctive intensity fringes resulting from constructive and destructive interference.
The phase shift (¢) due to change in the sample's refractive index in the object arm is encoded
onto intensity variations along the fringes (Fig. B-1B). The amplitude and phase information
can be accessed by calculating the complex optical fields numerically. As the phase
information is encoded in the intensity of fringes, the fringe visibility plays an essential role
in retrieved phase quality. Fringe contrast can be optimized both optically and
computationally. The former requires matching the intensity and optical path difference
between the object and reference arm, while the latter adopts machine learning algorithms to

enhance fringe visibility °.

There are two types of configurations of DHM based on how the reference and object
arm are combined: in-line * and off-axis ' holography. In the in-line interferometric
configuration, the angle between the reference and object arm is set to zero. In contrast, the
reference and object arms are projected with an angle 6 in the off-axis configuration (Fig. B-
1A). Here we use E,.(7,t) and E, (7, t) represent complex light field of reference wave and
the object wave, kr and ko indicate the wavenumber of the reference and object field, which
have different values due to the different projection angle between the reference and object

arm ** (Eq. B.1 and B.2).

E,(#t) = E, X exp (j (~wt + (k- ?))) (B.1)
E,(%t) = Ey X exp (j(—wt + (k, - 7 + 9))) (B.2)
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A Hologram

Object Arm (E,)

™  Fourier Domain

n

Reference:Arm (E)

Figure B-1 principle of the off-axis hologram. (A) The object and reference arms are
projected with an angle 6 to the CCD, creating off-axis holography. (B) The hologram is
generated by off-axis holography. (C) Fourier domain of the hologram.

The interference of these two beams can then be added together, and the expression

could be determined as follows:
Iy = |E,(F,0) + E,(F, 017 = E} + E} + E.E, x exp (j(o + (ko — k;) - 7))

+0oRo X exp (—j(p — (k, — ko) - 7)) (B.3)

As indicated in the equation, the zero-order 03 + R3 is located in the origin point

(centre point) of the spatial frequency domain, representing the zero-order. The two

components containing the phase information from the sample exp (j(<p+(E—_l€:)-

F)) and exp (j(—¢ + (k, — k,) - #) are in symmetrical locations (+1/-1 order), resulting

from the difference in wavenumber between reference and objective arm as shown in Fig. 2-
1C. The phase term ¢ could be simply extracted by filtering out the +1 or -1 order in the
frequency domain. However, in in-line holography configuration, as ko = kr, the twin-image

in +1/-1 order will overlap with the zero-order, requiring a more complex numerical method
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or multiple interferograms ! to reconstruct the phase information. In the next section, I shall
briefly explain extracting phase information by utilizing the +1/-1 order in the frequency

domain.

Reconstruction process

The computational method for extracting phase information from the hologram is
shown in Fig. B-2. The process transfers the hologram showing disturbed interference fringes
with the posed phase delay to its frequency domain using Fast Fourier transformation (FFT).
After that, a binary mask is generated to spatially filter out the first-order component in the
frequency domain. The filtered component is manually placed at the centre of the field of
view. The inverse Fast Fourier Transform (iFFT) was then performed that transferred the
image back to the time domain showing as a complex field, with absolute value and angle of
the complex matrix representing intensity and phase information, respectively. As the phase
information is folded or wrapped within 0 to 2w, a 2D unwrapping process was then applied
to obtain the final unwrapped phase map. In the final step, the curvature of the wavefront
resulting from the reference and object beam passing through different optical elements is
removed to obtain the corrected phase retrieved from the hologram. The retrieve phase
information enables the reconstruction of quantitative measurement of the biological sample,
including quantifications like volume, mass, and centre of mass. In the next section, | shall

discuss converting phase information to quantifiable measurement.
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Figure B-2 Computation process of reconstructing phase information from the hologram.

Phase information for quantitative measurements

Monitoring biological cells using quantitative phase imaging has been demonstrated
in various applications '* >, The work by Dunn in 1989 has shown long-time imaging of
chick heart fibroblast and illustrated the spread area is related to the dry mass of the cell .
The calculation of the dry mass of the sample is based on the optical phase delay introduced
by a change in the refractive index. For most of the biological cells, the change in the
refractive index corresponds to a linear increase in dry biomass (proteins and nucleic acids
without water) that falls within a very narrow range of approximately o.= 1.8 x 10~ m3/kg (=
0.18 um®/pg) that allows one to estimate the dry mass of cells 1”8, Based on the translating
factor, the dry mass of the biological sample can be calculated using the phase shift ¢ (x,y)
from the sample as shown in Eq. B.4. In additional, the mass of a synthetic sample can be
directly calculated using volume and density (d*v), e.g. the mass of the polystyrene
microsphere can be calculated using d = 1.05 g/cm? 318,
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1 2de(x,
m(x,y) = ;f%dA (B.4)

The thickness (t) of the sample can also be calculated based on refractive index (n)
and optical path length (OPL=n>¢) *°. As the phase shift is directly related to the optical path
difference between passing through the sample and the medium, the heightmap can be
converted from phase shift as shown in Eq. B.5, where An represents the difference in
refractive index between the cell and aqueous solution. The total volume of the sample can be

calculated using Eq. B.6, with S, representing the pixel size of the imaging system.

LY)A
h(x,y) = % (B.5)
V= Z s, X h(x,y) (B.6)
x,y

Quantitative phase imaging extracts the phase component of the light pass through the
sample using interferometry, enabling the reconstruction of thickness, volume, and dry mass
of biological samples. As fluorescence utilizes intensity to quantify volume and thickness,
QPM only relies on the difference in refractive index, which can be treated as a stable
biomarker than fluorophore. With off-axis holography, only one hologram is required to
calculate these quantifiable features, which promote high-speed imaging and quantitative

measurements of the dynamic process in cell migration and development.

Auto-focusing and evaluation matrix

One of the advantages of using phase imaging is that the image can be digitally
refocused as quantitative information of the optical phase can be influenced by the focal
plane of the measurement. Digital refocusing is achieved using a computational method

based on Fresnel — Kirchhoff integral that describes the propagation of a wave field. Figure
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B-3 illustrates the process of refocusing, in which the intensity and wavefront-corrected
phase are combined to receive the complex amplitude before converting it to the frequency
domain using FFT. After that, we calculated a defocusing matrix with a set propagation
distance and then projected the matrix onto the complex field of the object. The iFFT is then
performed on the propagated field, in which the phase information can be extracted from the

angle information of the complex field with a phase unwrapping algorithm.

Wrapped Phase
Il e

Time Domian Propogation
Distance

0 (Complex) Frier Domian (E)

2500 = a'bs(E)*ej(angle(E)*f))

Angle Modulus
Corrected Phase

3.5
Unwrapping
Padvivtded sl ekl

o B

Figure B-3 Computation process of digital refocus

To determine the optimized focus position, a few benchmarks have been applied to
check the reconstructed intensity imaging 2°, including methods to evaluate the imaging
contrast and edge detection method. Quantifying the variance (VAR) of grey value

distribution 222 is the most well-known method for comparing imaging contrast, as shown in
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Eq. B.7, where g(x,y) represents the intensity of individual pixel and Nx and Ny indicates the

dimension of the image.

1
VAR = NxNYny[g(x.y) — g (B.7)

Algorithms using edge detection, including gradient calculation 2> 2% and Laplace 2% %2

filtering are also demonstrated in Eq. B.8 and B.9.

1 T

Z J(g(x,w —9Gx=1,9)" +(9(y) —gx,y = 1)’ (8.8)

IIM

LAP =f (Ag(x,y))zdxdy

Ny-1 Ny-1

~ D D g+ 1Y) +gE—19)+ g0y + D +gGoy -1
x=1 y=1

—4g9(x,M)]? (B.9)

The digital refocusing of a 5.4 um silica microsphere (index = 1.45) along with three
benchmarks are shown in Fig. B-4. The reconstructed phase images at three different planes
are selected where (i), (ii), and (iii) in Fig. B-4 are imaging planes before the focus, in focus,
and after focus, respectively. The effectiveness of the three benchmarks is also compared in

Fig. B-4, where they also have a minimized value around a similar propagation distance.
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Figure B-4 The refocused (A) intensity and (B) phase images of 5.4 pm silica microsphere at
three selected focusing planes. (C) Quantification of image sharpness using three algorithms.

Matlab code for autofocusing and sharpness calculation

inten = double(inten);
phase = double(phase);

laserWavelength = 632.8*(10"-9);

[imx,imy]=size(phase);
pixr=0.1e-6;
kxO0=linspace(-pi/pixr,pi/pixr,imy);
kyO=linspace(-pi/pixr,pi/pixr,imx);
kx=repmat(kx0,imx,1);

5000

2500
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ky=repmat(ky0.',1,imy);
k0=2*pi/laserWavelength;
kk=k0"2-kx."2-ky."2;
kk(kk<0) = 0;
start=-100e-6;

dist=1e-6;

time=200;

im=1;

writerObj = VideoWriter('C:\Users\anuaolab\Desktop\3.tif_output_folder\inten3.avi');
writerObj.FrameRate = 30;

open(writerObj);

figurel = figure;

axesl =axes('Parent’,figurel,"YDir','reverse','Layer','top','DataAspectRatio’,[1 1 1], 'CLim’,[-4
10]);

for ii=1:time
distance=dist*(ii-1);
[ phase_out,intensity out,shiftf,reald,slope,sharpness_ VAR,sharpness_ GRA,...
sharpness_LAP] = digitalfocus_unwrap(phase,inten,kk,start,distance);

if im==1
hold on
imagesc(intensity _out);
caxis([0 800])
axis tight;

colormap(gray)

colorbar

title(['propagation distance =',numz2str(reald),'m'])

pause(0.05)

hold off

frame = getframe(gcf);

writeVideo(writerObj, frame);

end
sharp_var(ii)=sharpness_VAR;
sharp_gra(ii)=sharpness_GRA;
sharp_lap(ii)=sharpness_LAP;

disp(ii)
end
close(writerObj);

sharpness_VAR_norm = (sharp_var - min(min(sharp_var)))/(max(max(sharp_var))-
min(min(sharp_var)));

sharpness_ GRA _norm = (sharp_gra - min(min(sharp_gra)))/(max(max(sharp_gra))-
min(min(sharp_gra)));

sharpness_LAP_norm = (sharp_lap - min(min(sharp_lap)))/(max(max(sharp_lap))-
min(min(sharp_lap)));

xx=(start:dist:reald)/1e-6;

figure
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plot(xx,sharpness_ VAR_norm,xx,sharpness_ GRA_norm,xx,sharpness_LAP_norm)
ylim([-0.1 1.1])

legend('VAR''GRA',/LAP")

title('intensity analysis’)

[M,1] = min(sharpness_VVAR_norm(:));
[M2,12] = min(sharpness_ GRA_norm(>));
[M3,13] = min(sharpness_LAP_norm(:));

function [ phase_out,intensity_out,shiftf,reald,slope, sharpness_VAR,sharpness_GRA,sharpness_LAP]
= digitalfocus_unwrap(phase,intensity,kk,start,dist)

object_o=intensity.*exp(lj*phase);

obj_f_o = fftshift(fft2(object_o));

reald=start+dist;
shiftf=-sqrt(kk)*(reald);

ccdImfftO=abs(obj_f _o).*exp(li*((angle(obj_f _o))+shiftf));
centeredimage_s = ifft2(fftshift(ccdImfft0));

intensity _out=(abs(centeredlmage_s))."2;

f=angle(centeredlmage_s);

XX = size(phase,1);

yy = size(phase,2);

unwrapper = LeastSquares_Unwrapper(xX,yy);
phase_unwrap = unwrapper.unwrap(f);
phaselms = gather(phase_unwrap);

[slope,yy,xx] = cruveremoval( phaselms);
phase_out= phaselms-slope;

abs_o=imfilter(intensity_out , fspecial(‘gaussian’,[1*3+1 1*3+1],1));
sharpness_VAR=std2(abs_0)"2;
sharpness_ GRA = 0;

for xn = 2:yy
for yn = 2:xx
GRA = sgrt((abs_o(xn,yn)-abs_o(xn-1,yn))"2+(abs_o(xn,yn)-abs_o(xn,yn-1))"2);
sharpness_GRA = sharpness_GRA + GRA,;
end
end

sharpness_LAP =0;
for xn = 2:yy-1
for yn = 2:xx-1
LAP = (abs_o(xn+1,yn)+abs_o(xn-1,yn)+abs_o(xn,yn+1)+abs_o(xn,yn-1)-...
4*abs_o(xn,yn))"2;
sharpness_LAP = sharpness_LAP + LAP;
end
end

end
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Appendix C Calibration of COSI
system

Imaging depth

The imaging depth of field of scattering light was tailored by changing the oblique
illumination angle. To visualize different depths, we show the backscattering signal of 3 pm
polystyrene spheres and a formed thrombus at various depths in Fig. C-1. We can observe the

reduction in scattering signal and out of focused light as the imaging depth becomes thinner.

lllumination angle ()

}Depth(d)

0 = 45°;
d=5pum
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0 >90°;
d =200 nm
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ROCS at
various
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Figure C-1 Backscattering intensity of a single platelet and thrombus at different illumination

angles. (A) Illustration of the general relationship of the oblique and illumination angle (0)
and imaging depth (d). The backscattering intensity signal of (B) 3 um polystyrene
microspheres (refractive index = 1.59) and (C) a formed thrombus at 5 different oblique
angles corresponding to 5 pm, 4.1 um, 3.8 Jm, 2.6 m and 200 nm axial slice thicknesses.

Inlet images show the magnified image of collagen fibre structure.
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Figure C-2 Measured imaging depths of the scattering signal under various illumination
angles using a 1 pm bead (curves were fitted with a Gaussian function, achieving an R-

squared value of 0.95).

The imaging depth was then calibrated by moving a single layer of 1 um
microspheres along the axial direction at 1 um increments. Scattering images were collected
and plotted in Fig. C-2, showing the normalized mean intensity distribution and the images
for each illumination angle. The imaging depth is estimated by evaluating the full-width half

maximum of the fitted Gaussian curve (goodness of fit ~ 0.95) as shown in Eq. C.1.

_nA\2
y = z aie[_(xcib) ] C.1

2
i=1

Backscattering Intensity and Refractive Index

Additionally, COSI quantitates the refractive index difference of the microspheres and
medium through the magnitude of backscattered intensity. Fig. C-3 shows the COSI
scattering signal with a mixture of microspheres with average refractive index differences
ranging from 0.035 to 0.25. The measured scattering signal (signal to noise ratio — (SNR))
was plotted against the refractive index difference. The calibration between refractive index
difference and scattering signal is done using microspheres made with polystyrene (3 pm

diameter and refractive index 1.59) and silica (5.2 pm diameter and refractive index 1.51)
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embedded in sucrose solutions. The refractive index of the sucrose solution varies from 1.334
to 1.45 (HI 96802 Hanna Instruments), creating differences in An. To ensure consistency, the
incident angle of the beam to the objective is altered to ensure the sample is illuminated under
same the oblique angle (50°). To quantify the signal-to-noise ratio, we define the scattering
intensity as signal and the imaging background as noise in our system. Based on the SNR
measurement of microspheres in different mediums, we calculated the SNR of scattering
signal from a single platelet membrane ranging from 1.19 — 1.33. Using the silica bead
calibration plot (Fig. C-3), we obtained an estimated refractive index of 1.40 that agrees with

the measurement of Npiaeter = 1.399 * with the assumption that npps =~ 1.335 2.
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Figure C-3 Averaged scattering intensity signal to background ratio (SBR) of ten different
polystyrene and silica beads of refractive index difference n2=1.59, d = 3 pm and n2=1.42, d

= 5.2 um respectively.

Stability of the COSI system

To calibrate the stability of the SNR measurement through the COSI system, we
quantified the SNR variations from continuous backscattering signals of different samples
under different flow conditions, as shown in Fig. C-4. Fixed silica microsphere (5.2 pm
diameter, refractive index 1.42) with no flow and coated collagen fibre in microfluidics

chamber are shown in Fig. C-4 A-B and C-D, respectively. We plotted SNR over imaging
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time across three field views for both samples, and we did not observe any significant

changes in SNR throughout the imaging period, as shown in Fig. C-4 B and D.

A Fixed 5.4uym bead sample (no flow) Intensity B

{ 255
3.41 )
190 32f ‘
2.87
g
130 & 26
65 1.4f
1.2}
0 ‘ ‘ 35 ‘ ‘ 70
0 Time (s)
C Collagen fiber under flow Intensity D
255 r
1.6 g oresh oA ot M o
190 1-4 i L L L L L Il
i A g
o [E—
z 1.7
130 150
65 1.9
1.7+
0 ‘ ‘ 35 ‘ ‘ 70
0 Time (s)

Figure C-4. Monitoring signal to noise ratio (SNR) over time. (A) Backscattering signal
collected from COSI of fixed beads sample (5.2 um) on a coverslip with no flow (static
conditions) for 90 seconds. (B) Time series plots of signal to noise ratio (SNR) for three
selected regions (1), (2), (3). in the microsphere are plotted over 70 seconds. All regions
within the imaging field of view show a high level of stability. (C) Scattering signal from
collagen fibre adhered onto the surface of glass slide of microfluidics chamber under flow for
70 seconds. (D) Time series plot of SNR from three regions of interest labelled 1-3 in (C) of

adherent collagen fibre are plotted over time.

Quantification of Signal to Noise Ratio (SNR)

The foundation of interferometric scattering signal (I,..) lies in three components: the
back-reflection intensity (reference field, I, = |E,|?), pure scattering field (I; = |E5|?) known
as sample field in ROCS 8, and the superposition of reference and scattering (2E/Escoso,
wherein ¢ = ¢r - ¢s are the relative phase difference between sample and reference) that refers

to interferometric scattering 2> 2° (Eq. 6.1).
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ljer ¢ |E. + E5|? = 1. + I + 2E,Escosd (6.1)

For nanoscale imaging, scattered intensity (Es) is significantly lower than the
reference intensity (Er). The superpositioning of the reference and sample amplitude E, E;
would be imbalanced and so results in poor interference visibility. To access interferometric
scattering, it is crucial to ensure that the superposition intensity 2E:Escosd is not being
masked by the dominant reference field (I, = |E,|?). We first measure the background
intensity at different illumination angles in Fig. 6-1. By slightly shifting the beam from on-
axis (09 to 5.7°(Fig. 6-1 B-C), the reflected intensity drops drastically, to about only 10% of
the on-axis background, indicating the oblique beam could optimize the background intensity
to extract the interference component. The intensity of the reflected beam can be further
optimised by adjusting the illumination angle from 5.7<to 35< before being blocked by the

diaphragm at 55 <for darkfield detection.
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Figure C-5 Measurement of back-reflection intensity from the coverslip. (A) Plotting of
back-reflection intensity at various illumination angles (5°to 76<). The intensity is measured
by capturing the reflected light of an empty coverslip covered with water (refractive index =
1.33) at fixed exposure of 30 ms. Example of back-reflection signal and calculated mean
intensity with (B) on-axis illumination (6 = 0°) and (C) oblique illumination (68 = 5.7°),
measured at the exposure of 5 ms. Scale bar = 10 um
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To quantify the SNR of the gold/polystyrene particle, different particles were firstly
diluted to desire concentration using distilled water and dried on a NO.1 coverslip. Before the
imaging session, a drop of distilled water (100 pL) is added to cover the dried nanoparticles.
To calculate the SNR of the nanoparticles at a specific illumination angle, a minimum of 50
regions containing a single particle are cropped from the original image captured by the
camera. The peak value and averaged background are used for computing SNR using Eq. 6.2,

and the outliner was removed beyond +1.5>std.

abs(l, — 1
sng = 25Us = Iokg) (6.2)
Ibkg
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Appendix D MATLAB Code for
Hardware Control

Generate continuous radical scan

function ScanButtonPushed (app, event)

% initiate DAQ card for galvanometer and camera control
app.dq = daq("ni");

% enables analogue output

addoutput(app.dq, "Dev4", "a00", "Voltage");
addoutput(app.dq, "Dev4", "aol", "Voltage");

% set condition for continuously scanning

stopa =1,

% set output galvanometer voltage (vout)

vout = 0.5*app.polar_angle;

% generate 1 scanning pattern, sampling is number of scans per scan circle
a = vout*sin(linspace(0, 2*pi,app.sampling+1))’;

b = vout*cos(linspace(0, 2*pi,app.sampling+1))’;

% set scanning rate

app.dq.Rate = app.sampling*100*2;

% generate repeating scanning pattern (>1s)
c=repmat([b(1:end-1,:),a(1:end-1,:)],800,1);

% set framerate of the camera

app.ctr.Frequency = app.frame_rate_cosi;

% set delay and duty cycle of camera trigger (determines exposure)
app.ctr.InitialDelay = 0;
app.ctr.DutyCycle = 0.6;



% start scanning
start(app.dqg,"RepeatOutput”)
write(app.dg,c)

% check if the stop button is pressed. If yes, stop scanning
while stopa ==
drawnow
if app.stop_scanning == true
stop(app.dq)
app.stop_scanning = false;
stopa=0;
end
end

end

Generate a single scan

write(app.dg,[vout*cosd(app.az_angle) vout*sind(app.az_angle)]);

Camera control

% initiate camera settings
obj.model = 'pco_edge’;
obj.vid = videoinput(obj.pco_edge _cam,0,'CameraLink’);

obj.vid.FramesPerTrigger = Inf;
obj.vid.ReturnedColorspace = 'grayscale’;
obj.vid.LoggingMode = 'disk’;

triggerconfig(obj.vid, 'immediate’);

obj.src = getselectedsource(obj.vid);
obj.src.B1BinningHorizontal = '01";
obj.src.B2BinningVertical ='01";

obj.src.D1DelayTime_unit = 'us’;
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obj.src.E1ExposureTime_unit = 'us’;
obj.src.E2ExposureTime = exposure;
obj.src.PCPixelclock_Hz ='95333333";
obj.src. TMTimestampMode = 'No Stamp’;

diskLogger = VideoWriter(‘default.avi’, ‘Grayscale AVI");
obj.vid.DiskLogger = diskLogger;
% recording
classdef recorder < handle
properties
diskLogger
end
methods
function obj = recorder()
end
function start(obj, camera, filepath)
obj.diskLogger = VideoWriter(filepath, 'Grayscale AVI");
if strcmp(camera.model, 'blackfly s")
obj.diskLogger.FrameRate = camera.src.AcquisitionFrameRate;
end
camera.vid.DiskLogger = obj.diskLogger;
start(camera.vid);
end
function stop(~, camera)
stop(camera.vid);
end
function [frame] = snap(~, camera)
frame = getsnapshot(camera.vid);
end
end

end
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Appendix E Sample Preparation

Washed platelets for spreading assay (Chapter 5)

Washed platelet is used in single platelet spreading assay. Venous whole blood was
collected in anticoagulants, 3.2% trisodium citrate (for platelet-rich-plasma (PRP)
experiments) or acid-citrate-dextrose (ACD; 97 mM trisodium citrate, 111 mM glucose, 78
mM citric acid). To obtain PRP, whole blood was centrifuged at 110 g for 20 minutes at room
temperature, no brake. ACD-treated PRP was centrifuged at 1271 g for 15 minutes at room
temperature with high brake to obtain washed platelets. The platelet-poor plasma (PPP) was
removed, and the platelet pellet was resuspended in 123 mM NaCl containing 13 mM
trisodium citrate and 33.3 mM glucose, pH 7.0, and then centrifuged at 1271 g for a further
15 minutes. After repeating this washing step three times, the platelet pellet was resuspended
in Tyrode’s buffer (5.5 mM glucose, 137 mM NaCl, 12 mM NaHCOs3, 1.8 mM CaCly, 0.49
mM MgCl,.6H20, 2.7 mM KCI, 0.36 mM NaH2PO4.H20, pH 7.4) to reach a platelet count of

2 %107 platelets/mL.

Glass coverslips (#1.5 thickness) were coated overnight at 4°C with 100 pg/mL
collagen Reagent HORM (Takeda, Austria) or 5 ug/mL collagen-related peptide (CRP) or
fibrin (100 pg/mL human fibrinogen for 30 min, then 1 U/mL thrombin for 15 min, followed
by heparin 50 U/mL for 15 min). The coated coverslips were rinsed with phosphate-buffered
saline (PBS) then blocked for 30 min with 5 mg/mL heat-inactivated bovine serum albumin
in PBS, to minimize non-specific binding. Coverslips were rinsed before adding 50 uL of
platelets (~2 x 107 platelets/mL), and morphology was monitored using COSI at indicated
times. For platelets spreading assay with actin polymerization inhibitor, 50 pL of platelets (~1

% 108 platelets/mL) were added to the coverslips. The coverslips were then washed with PBS
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after 1 minute of loading so that only adherent platelets were allowed to spread. PBS, 1%

DMSO or 10 uM Cytochalasin D was then added to the spreading platelet at indicated times.

Washed platelets for migration study (Chapter 6)

The protocol of isolation human platelet is adapted ®. Venous whole blood was
collected in acid-citrate-dextrose (ACD; 11.9 mM trisodium citrate, 10.9 mM citric acid,
15.54 mM glucose). To obtain washed platelets, whole blood was firstly diluted 1:1 with
modified Tyrode's buffer (137 mM NaCl, 2.8 mM KCI, 12 mM NaHCO3, 5.5 mM glucose,
10mM HEPES, pH = 6.5) and centrifuged at 70 g for 30 min at room temperature with the
brakes switched off. The supernatant containing the platelet-rich plasma (PRP) was further
washed by diluting PRP (1:3) with PGI2 (0.1 pg/ml, Cayman Chemical) in modified
Tyrode’s buffer (pH = 6.5). The washed platelet count was measured using the CELL-DYN
Emerald 22 blood analyser (Abbott Laboratory, Illinois, USA). After obtaining the count, the
washed platelets were centrifuged at 1250 g for 10 min at room temperature. The pellet was
then re-suspended in modified Tyrode's buffer (pH = 7.4) to reach a platelet count of 5 <108

cells/mL.

Fixation and Staining of Fibroblast Cells

L929 murine fibroblast cell lines are maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% Fetal Bovine Serum (FBS) in a humidified 10% CO:>
atmosphere 37 °C. Before each experiment, cells are re-plated onto a custom-built PDMS
imaging chamber and grow for an additional 1-2 days until they reach final confluency of
~70%. Cells are fixed with 4% paraformaldehyde (PFA, Thermo Scientific) in PBS for 15
minutes, followed by three PBS washes, and then permeabilized with 0.1% Triton X-100 for

15 minutes. Fixed cells are washed with PBS three times and then incubated with Alexa Fluor

224



488 conjugated Phalloidin (Actin Green 488 ReadyProbes, Invitrogen) for 30 minutes,

followed by three PBS washes before imaging.
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Appendix F Supplementary Data for
Thrombus Stability Experiment
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Figure F-0-1 (A-B) 2D mass and activity maps of thrombi during stability tests with and
without metalloproteinase inhibition. (C) Mass and activity differences between donors and
with and without GM6001 treatment
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Figure F-2 (A-B) 2D mass and activity maps of thrombi during stability tests with and
without metalloproteinase inhibition. (C) Mass and activity differences between donors and
with and without GM6001 treatment
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Figure F-3 (A-B) 2D mass and activity maps of thrombi during stability tests with and
without metalloproteinase inhibition. (C) Mass and activity differences between donors and
with and without GM6001 treatment
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Figure F-4 Box plots showing changes in thrombus mass and platelet activity during
embolization (for Fig. 5.). (A-B) Box plots showing changes in thrombus mass overtime
during embolization at 7500 s-1 shear rate of seven donors without (A) and with (B)
GM6001 pre-treatment. (C-D)Surface platelet activity over time during embolization at 7500
s-1 without (C) and with (D) GM6001 pre-treatment. Natural donor variation is observed
with and without GM6001 treatment.
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