Liquid-Infused Surfaces for Anti—

Thrombogenic Cardiovascular Medical Devices

A Thesis Submitted in Fulfilment of the Requirements for the Degree of

Doctor of Philosophy

THE UNIVERSITY OF

SYDNEY

Jun Ki Hong

School of Chemistry
Faculty of Science

The University of Sydney

2022



Statement of Originality

All work presented in this Thesis has been undertaken by me unless otherwise indicated,
including all images, figures, experimental work and data analysis. XPS data was obtained by
Dr Behnam Akhavan from the School of Physics at the University of Sydney. AFM-nanoFTIR
spectra were collected by Dr Michelle Wood from the Sydney Analytical, Vibrational
Spectroscopy unit, a core research facility at The University of Sydney. Reflection
Interferometry Contrast Microscopy data was collected under the supervision of an expert,
visiting collaborator Dr Dan Daniel from A*STAR in Singapore, and the quantitative maps
with the programming of Dr Isaac Gresham from the Neto Group, The University of Sydney.
Assistance in fabrication of the mesofluidic device, and design and interpretation of
ellipsometry experiments in Chapter 5 was provided by Dr Isaac Gresham. The understanding
of key results and project direction was always discussed with my supervisors, Professor Chiara

Neto and Dr Anna Waterhouse.

| certify that this Thesis contains work carried out by myself except where otherwise
acknowledged

Jun Ki Hong Date




Abstract

Tethered-Liquid Perfluorocarbon (TLP) are a class of lubricant-infused surface coatings that,
once infused with perfluorinated lubricants, show promise to reduce adverse reactions in
medical devices implanted into the body such as reducing blood clot formation (thrombosis).
A vapour phase silanisation reaction and the self-assembling properties of a fluorinated silane
are exploited to form tethered perfluorocarbon (TP) layers containing nanostructured, bumpy
aggregates, on top of an underlying uniform coating. The vapour phase method compares
favourably to the previously established liquid phase deposition method (LPD) to reproducibly
create slippery coatings on various substrates, without the need to control humidity conditions
that often plague LPD methods. The TP layer retains perfluorinated lubricants when exposed
to flow conditions seen in some medical devices, with a higher viscosity lubricant being more
resistant to shear flow-induced depletion. TLP infused with the more viscous lubricant, was
equally effective in reducing adhesion of fibrin from human whole blood. Further in vitro
biological assays revealed the wettability dependence of the intrinsic pathway of coagulation
is applicable to TLP, based on factor Xlla activity and rate of plasma coagulation. Reduced
adhesion of blood and loose packing of fibrin fibers on TLP coatings is attributed to the
combined effects of low contact activation and enhanced mobility at the lubricant interface.
Investigation into the lubricant depletion dynamics was tested with a mesofluidic device,
combined with spectroscopic ellipsometry to quantitatively characterise changes in lubricant
thickness, under flow. This method was complemented with a dual-wavelength confocal
reflectance contrast interference microscopy technique, allowing for the visualisation of
lubricant distribution dynamics on the nanoscale. A microfluidic platform was also utilised as
a proof-of-concept to visualise fibrin and platelet adhesion to TLP coatings exposed to blood
flow. Optimised TLP coatings and greater understandings of anti-thrombogenic mechanisms
open new avenues to assess TLP under blood flow for further translational development

towards the next generation of blood-contacting medical devices.
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Chapter 1 - Introduction



This Thesis Chapter contains contents appearing in the following publications:

1. Peppou-Chapman, S.; Hong, J. K.; Waterhouse, A.; Neto, C. Life and Death of Liquid-
Infused Surfaces: A Review on the Choice, Analysis and Fate of the Infused Liquid
Layer. Chem. Soc. Rev. 2020, 49 (11), 3688-3715.

2. Hong, J. K; Gao, L.; Singh, J.; Goh, T.; Ruhoff, A. M.; Neto, C.; Waterhouse, A.
Evaluating Medical Device and Material Thrombosis under Flow: Current and
Emerging Technologies. Biomater. Sci. 2020, 8 (21), 5824-5845.

3. Hong, J. K.; Waterhouse, A. Bioinspired Approaches to Engineer Anti-Thrombogenic
Medical Devices for Vascular Intervention. Arterioscler., Thromb., Vasc. Biol. 2023,
43 (6), 797-812.

1.1. Preamble

Non-communicable diseases (NCDs) including cardiovascular diseases (encompassing: heart
disease, heart failure and stroke), cancer, diabetes and chronic respiratory diseases are
responsible for a significant proportion of mortality and reduced quality of life, worldwide.!:2
In total, 41 million people (equivalent to 74% of all deaths), die of an NCD every year around
the world, having increased from just under 61% in 2000.% 3 Of these NCDs, cardiovascular
diseases such as ischaemic heart disease and stroke remain the leading cause of global deaths,*
accounting for 17.9 million deaths, annually (32% of all deaths) (Figure 1.1).2 Worryingly, an
ageing population, and other confounding risk factors such as obesity, projects these figures
will be even higher in the future, with incidences of cardiovascular disease-related deaths
estimated to rise to over 23 million cases by 2030.2 %5 The leading cause of death in Australia
in 2021 was ischaemic heart disease, accounting for 10.1% of all registered deaths, excluding
stroke (classified as a cerebrovascular disease).® ’ Thus, the burden of cardiovascular disease
and its prevalence requires careful treatments and interventions to maintain a healthy

population.
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Figure 1.1: Top 5 causes of death: A) Globally in 2019 and B) Australia in 2021. Data collected from references
3 and 7 for global and national figures, respectively.

1.2. Cardiovascular Diseases and Medical Devices

In situations where surgical and pharmacological strategies are unable to ameliorate
cardiovascular conditions, medical devices (such as intravenous cannulas/catheters,®
extracorporeal membrane oxygenation (ECMO) circuits,® and implants (such as coronary
stents'® and ventricular assist devices (VADs)'!) are often used as intervention measures to
help patients by substituting the physiological function of the cardiovascular system with
engineered devices.’® These devices range widely in size, function, material composition,
anatomical placement and duration of use.*> '® However, none are ideal as they may experience
potential complications, once implanted, involving costly surgical operations such as valve
repair, device replacement and coronary artery bypass operations.!**® These procedures
encompass their own set of risks due to their surgically invasive nature where further

complications can arise such as post-surgical nosocomial infections.!” 18




While medical devices have improved in safety and efficacy over the years,®?? one of the
major complications remains the formation of blood clots (thrombosis).*? 23 24 Briefly, medical
device thrombi are composed of the biopolymer fibrin, formed from the enzymatic cascade of
coagulation, and platelets, cell fragments that can bind fibrin or aggregate themselves to form
thrombi.'> 13 Leukocytes (a type of white blood cell) can also be activated by platelets and
contribute to thrombi and can trigger the innate immune complement system to be activated,
as can the material itself.!> * Hence, medical device thrombosis is a complex series of
enzymatic and cellular reactions with materials, in contact with the blood. These processes will

be explained in further detail in Sections 1.3 and 1.4.

Medical device thrombosis can lead to rapid device ‘clogging’ or occlusion and subsequent
complications such as stroke via a thrombus breaking off (embolism)*3 2526 which are the most
frequent cause of device failure.® In turn, this can result in increased medical costs and high
rates of patient morbidity and mortality,® presenting a major source of concern for clinical
outcomes.?” Prevention of medical device thrombosis is addressed clinically through the
administration of anti-coagulant drugs,*® 8 2° such as heparin, warfarin and/or anti-platelet
therapies.™® However, use of anti-thrombotic drugs can lead to adverse side-effects such as

bleeding complications,'® 2% 30 and do not always prevent medical-device thrombosis.!? 3!

1.2.1. Blood-Contacting Medical Devices

Medical devices used in the treatment of cardiovascular diseases are in contact with blood,
making them susceptible to thrombus formation. These devices include those that are:
indwelling such as intravenous cannulas/catheters,® 3234 implanted including coronary
stents,®28 artificial heart valves,®® “° ventricular assist devices (VADs), 2% 4 42 vascular
grafts,*® and extracorporeal such as extracorporeal membrane oxygenation (ECMO) and
haemodialysis circuits.® 46 Other blood-contacting medical products include blood-product
storage bags for transfusions, syringes and blood collection tubes.*": * However, they may not
pose an immediate risk to patient health when thrombosis occurs as they are not in contact with
the patient, unlike the devices mentioned earlier. An overview of clinically used blood-
contacting medical devices and implants is presented in Table 1.1 and Figure 1.2, and key
examples are discussed below to highlight the variety and complexity of medical device

thrombosis.




Table 1.1: Common materials used in blood-contacting medical devices. Maodified from reference 147.

Catheters -
(Peripheral and Intravascular access polyurethanes, silicone rubber, Stagnant — 18, 49-51
Central Venous) polyethylene Low

stainless steel, nitinol, cobalt-
Coronary Stents :nmﬁ;?:fv\?ggc\’ggg\l"s' chromium, nickel-titanium, High 0 G, 5
platinum-chromium

e polypropylene, pyrolytic carbon,

Artn?/t;lable?eart Restfcl)Jrr?c\t/iaolxular stainless steel, titanium, Dacron®,  Very High 40,54
polytetrafluoroethylene (PTFE)
Ventricular Assist Circulatory support . . Extremely 20, 42 55 56
Devices (VADs) due to heart failure ST T High
Redirecting blood  (expanded)polytetrafluoroethylene . 43,5758
Vascular Graft flow (e)PTFE, Dacron® High
Exl\t/lrgrc;?gfé)nr:al Blood oxygenation Poly(vinylchloride), silicone,
Oxvaenator cardiopulmonary polymethyl pentene, Low - High 59, 60
(ECM (})/)gpu mp and support and polypropylene, Polyurethane, g
i ™
Medical Tubing FEILEE e
A) Catheters B) Coronary Stents Q) Artificial Heart Valves

D) Ventricular Assist Device (VAD) E) Vascular Graft & Conduits F) Extracorporeal Circuit System

Figure 1.2: Blood-contacting medical devices: A) Haemodialysis catheters. Adapted from reference 61. B)
Bioabsorbable coronary stents. Adapted from references 66 and 67. C) Artificial heart valves. Adapted from
references 84 and 85. D) Ventricular assist device (VAD) (HeartMate 3™, Abbott Laboratories, Abbott Park,
IL, USA). Adapted from references 11, 81 and 105. E) Vascular graft conduits made of expanded
polytetrafluoroethylene (beige) and silk fibroin (white). Adapted from reference 74. F) Components of an

extracorporeal circuit system showing tubing and membrane oxygenators. Adapted from references 9 and 425.




Catheters serve essential clinical functions, allowing for the transfer of fluids into and out of
the body and even delivery of other devices, such as stents. Catheters in contact with blood
have led to post-insertion complications, where occlusion occurs due to thrombus formation,®
or fibrin sheaths,%! which may require device replacement and also presents a risk for
embolism.*® Furthermore, the design of different types of catheters including the shape and
geometry of tips, and lumen diameter, can influence local haemodynamics as well as placement

position and therefore, thrombus development (see Section 1.4.2).52-54

Percutaneous coronary interventions (coronary angioplasty) largely involve implantation of a
coronary stent to restore blood flow to an occluded vessel due to the narrowing of arteries,
often caused by atherosclerotic plaque formation.*® Different types of stents are available
including self-expanding, balloon-dilated, drug-eluting and biodegradable/absorbable stents.>*
6567 Irrespective of stent type, thrombosis and restenosis (the repeated occlusion of the stent)
remain major potential complications following intracoronary stent implantation.® 3 ©8
Furthermore, different pathophysiology of stent thrombosis can affect the timing of thrombus
development such as early-stage stent thrombosis (<30 days post-implantation) to late (31 days
— 1 year post-implantation) and very late-stage thrombosis (>1 year post-implantation) that are
associated with delayed re-endothelialisation and persistent fibrin deposition and
inflammation.>? %870 These thrombotic occlusions on stents can often be fatal, due to rapid
coronary occlusion, the same as an acute myocardial infarction (heart attack). Haemodynamic
forces triggering thrombotic pathways involved in stent thrombosis and restenosis have also
been remarked as a key factor, augmenting stent failure and thrombus development (See
Section 1.4).1°

Coronary vascular bypass grafting is a treatment procedure for severe atherosclerotic
conditions.”™ "2 When no suitable autologous vessels are available for grafting procedures,
synthetic grafts offer an alternative solution.” ™ However, as with other blood-contacting
medical devices, thrombosis is a common problem, leading to graft failure.*® In particular,
smaller-diameter grafts (<4 mm) such as those used in below-knee bypass,” are known for
their poor patency rates and are susceptible to thrombosis and restenosis,’> ™ 76 possibly due

to increased pressure-driven arterial flow,*® implicated in thrombus formation.’”: 78

Ventricular assist devices (VADs) support blood circulation for patients with deteriorating

organ functions such as advanced-stage heart failure.?? 421 \VADs typically consist of a pump,




powered by a driveline connected to an external power source such as a battery pack and control
unit.?242 7 An inflow cannula is inserted into the ventricles of the heart while the outflow graft
delivers blood to the aorta for arterial circulation.” ’® The latest generation of VADs such as
the HeartMate 3™ (Abbott Laboratories, Abbott Park, IL, USA), intended to support blood
circulation from the left ventricle (often referred to as a left ventricular assist device — LVAD),
showed better survivability outcomes compared to previous generation LVADs in a
randomised clinical trial, driven by greater haemocompatibility (device thrombosis, stroke,
bleeding etc.), 5 years, post-implantation.?® Concerningly, recent reports of late post-operative
pump thrombosis (27 months) in HeartMate 3™ LVADs have been reported,®® as well as very
early pump thrombosis, occurring within 1 hour of surgical implantation, have been noted
albeit as rare, individual case studies.®" 8 Additionally, regulating thrombosis versus bleeding
using anti-coagulants and anti-platelet drugs is extremely difficult in these patients.®® Hence,

the long-standing issue of device thrombosis in VADSs remain a concern.?> 7

Artificial heart valves are implanted for the treatment of valvular heart diseases when surgical
repair is not viable.*%%* "t Artificial heart valves in current clinical use can be categorised into
mechanical and bioprosthetic heart valves (including xenograft/animal derived and
transcatheter heart valves).3® 4% 8 Mechanical heart valves are typically designed from
inorganic materials such as pyrolytic carbon, stainless steel and titanium due to their
mechanical robustness and durability.>* 85 On the other hand, bioprosthetic heart valves are less
thrombogenic than their mechanical counterparts, although thrombotic events are still observed
and these valves are less durable against wear.>® 887 |n addition to device thrombosis and
reliance on anti-coagulation therapy,® calcification and structural valve degradation present
additional problems,>* 8" particularly for bioprosthetic heart valves, leading to reduced
durability.®® Transcatheter heart valves (THVS) are a relatively new development, falling under
the category of bioprosthetic heart valves (typically made of bovine or porcine pericardium).2
%.91 Most THVs are bioprosthetic heart valves that are sometimes caged in stents, often made
of a nickel-titanium alloy (Nitinol), and delivered using a catheter.8® THVs offer an advantage
over conventional mechanical and bioprosthetic heart valves by having thinner leaflets with

92 reducing the risk of vascular complications.®®

improved haemodynamics and durability,
Despite these improvements, thrombotic events for transcatheter aortic valves following

implantation continues to be reported, necessitating the need for anti-coagulant therapy.®?




Extracorporeal membrane oxygenator circuits (ECMO), or extracorporeal membrane life
support systems (ECLS) are integral in providing cardiopulmonary support for patients with
severe cardiac or respiratory failure, by maintaining oxygen perfusion capacity.* °% % An
ECMO system provides blood oxygenation and circulatory support, ex vivo, through a circuit
composed of vascular access cannulae (inflow/outflow), connective tubing, mechanical pump,
heat exchange fibers that may also be integrated with a hollow fiber membrane oxygenator,**
59.95-97 with all components being sites for thrombus formation due to their contact with blood.®
% A number of coating strategies on ECMO circuit components have been reported,>® 97 %
with some technologies being commercialised,> ® such as poly(ethylene oxide) and sulfonate
immobilised onto membrane oxygenators by Medtronic Inc. (Minneapolis, MN, USA) under
the trade name Balance® and a heparinised version, Trilium® (See Section 1.6.2.1 for heparin-
immobilised surface coatings).**-2% However, thrombosis in ECMO circuits is a persisting
issue, requiring anti-coagulant management.** %> Furthermore, variations in size and geometry
of circuit components may have implications for varied flow conditions that influence
thrombus formation (See Section 1.4.2).° ®® Concomitant contribution of shear stress and
turbulent flow during ECMO operation, for example, can lead to haemolysis, damaged platelets
and thrombus development which not only presents a thromboembolic risk but also impedes

gas diffusion across oxygenating membrane fibers, % 102-104

Given the continued occurrences of thrombosis and reliance on anti-thrombotic strategies, even
in the newest devices,!® further improvements through engineering designs and surface
modification strategies should continue to be investigated, ideally, reducing the need for anti-
thrombotic drug administration.!! Surface modifications that are both durable and anti-
thrombogenic, particularly under extremely high fluid shear conditions, such as those found in

VADs (Table 1.2), however, will pose a significant challenge.”

1.3. Blood-Material Interactions (Thrombosis and Coagulation on

Biomaterials)

Healthy blood vessels are capable of tuneable secretion of anti-coagulating and anti-platelet
agents from the endothelium, such as nitric oxide (NO) and prostacyclin, and are composed of
non-adhesive and anti-fouling surface molecules, the glycocalyx.%® 197 In contrast, biofouling
can occur on synthetic materials used in medical device applications.% 198112 Bjofouling of

medical devices is the non-specific adsorption of proteins onto material surfaces which then




allows cell adhesion to occur. In the presence of microbes this can lead to infection and

sepsis,*2 113 and in contact with blood, this can lead to blood clots (thrombosis).

Virchow’s triad describes the three key conditions necessary for thrombosis to occur.'* In
relation to material-induced thrombosis, these are the hypercoagulability of the blood
(pathology), haemodynamic factors (low flow/stasis or high flow), and medical device
materials, shown in Figure 1.3A. The typical process by which biomaterial thrombosis occurs
is illustrated in Figure 1.3B. The first step of the thrombotic response to medical devices is the
adsorption of prothrombotic proteins on the biomaterial surface.’®® The process of protein
adsorption generally follows the Vroman effect, characterised by initial rapid adsorption of
small, highly abundant proteins (e.g. aloumin),*> which are then replaced by larger proteins,
for instance, fibrinogen, and those with higher affinities for the surface e.g. Factor XII (FXII),
a key protein implicated in material thrombosis.?® 1% Due to their high plasma concentrations
and high diffusion coefficients, plasma protein adsorption is followed by synergistic adhesion
and activation of coagulation factors,*'® platelets, leukocytes,'® and/or complement cascade
proteins.1% 116 117 The final state of a thrombus consists of platelet aggregates, polymerised

fibrin and entrapped erythrocytes, '8 resulting in a fully formed thrombus.!®

A vast number of different types of proteins can adsorb to the surface to initiate thrombosis,
including: fibrinogen, high molecular weight kininogen (HMWK), pre-kallikrein (PK), factor
X1l (FXII), complement proteins, von Willebrand Factor (VWF), and immunoglobulins,
leading to complex protein-biomaterial and protein-protein interactions.'?® For example,
activation of surface-bound FXII not only triggers thrombin generation via the intrinsic
pathway of coagulation (see below), but also induces complement activation.'? In the case of
fibrinogen, conformational change after adsorption is the key parameter for platelet adhesion
and activation rather than adsorbed quantity.’?t On the surface of materials, the adsorbed
amount and conformation of these plasma proteins is dependent on material properties such as
wettability,?? charge,’?®* chemistry and topography (see Section 1.5).}24126 The adsorbed
protein layer subsequently dictates the activation of coagulation, platelets, and leukocytes.**
108-110° Activated leukocytes in turn can release tissue factor at the material surface or by
complement activation,*?” and release chemokines that potentiate platelet activation.%? 7
Furthermore, neutrophils are capable of producing prothrombotic neutrophil extracellular traps
(NETS),*?8 which can bind functional tissue factor,*?® activate FX11**° and can also be induced

by activated platelets.*!
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Figure 1.3: Schematic Illustrations of: (A) Modified Virchow’s Triad for factors contributing to medical device
thrombosis including; exposure to a foreign material surface, pathology or state of hypercoagulability and the
presence of blood flow, or lack thereof. (B) Plasma proteins and adsorption and activation of blood components
from each potentially contributing pathway and the interplay of those pathways that lead to thrombosis on the

surface of medical device materials.

1.3.1. Intrinsic (Contact Activation) Pathway of Coagulation

The intrinsic (contact) pathway of the coagulation cascade is a key mechanism associated with
material-thrombosis which involves the conformational change of FXII on the surface (Figure
1.4). In this pathway FXII takes on a more catalytically active state called activated FXII
(FX11a).132 This FXII driven intrinsic pathway activation leads to the formation of a blood clot
as observed in vitro,*32-135 and in vivo!34137 and FXIla can amplify thrombin generation through
complement activation, further propagating thrombus formation.’* 3 The main material
property known to initiate the intrinsic pathway is surface wettability (see Section 1.5.1), with
anionic, hydrophilic materials known to activate FXI1.11> 138139 |n contrast, on hydrophobic
materials (i.e. low surface energy), FXII activity remains lower.'#% 141 Despite many medical
device materials being made out of hydrophobic polymers, which inhibit FXII in vivo or
clinically, thrombotic events are still observed in cardio-pulmonary bypass/extracorporeal
membrane oxygenation (ECMO) circuits,'3" 142145 vascular grafts!> 146 and catheters34-136 144
145 suggesting that even hydrophobic polymers are not completely anti-thrombogenic. Hence,
there is still a need for clinically successful materials to reduce medical device-induced
thrombosis.?* 110 147. 148 ynfortunately, despite extensive research on the mechanisms which
underpin material-induced thrombosis, our understanding of this complex process is still

incomplete,1? 149150
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Figure 1.4: Schematic illustration of the intrinsic coagulation cascade activated on a biomaterial surface by
adsorption and autoactivation of factor XII (FXII) to FXlla, which causes activation of subsequent coagulation
factors, FXI, FIX, FX and prothrombin. The presence of thrombin can induce polymerisation of fibrinogen into

fibrin fibers that can be visually observed in blood plasma by an increase in turbidity. Adapted from 141.

1.4. Blood Flow-Induced Medical Device Thrombosis

Blood flow in the body can be driven by the physiological pumping of the heart or is imparted
by the mechanical movement of a medical device. In the presence of a medical device, the
haemorheology is further confounded by variations in medical device type, implant location
and geometry which can induce disturbed flow conditions, thus making the interplay of blood
flow, thrombus development and the associated biological pathways, complex.t® 2 In order
to describe blood flow in vessels and constrained geometries typical of medical devices, it is

useful to define first, in simple terms, a few concepts used in fluid dynamics.

1.4.1. Physical Basis of Blood Flow and Fluid Dynamic Properties

Shear rate and viscosity. Flow within blood vessels is pressure-driven, and is often
approximated with Poiseuille flow, such as the one depicted in Figure 1.5A, where a fluid is
flowing within a pipe of diameter, D. As shown in the schematic, the velocity (v) of the liquid
has a gradient within the pipe, being highest in the centre of the pipe and decreasing to zero
according to a parabolic function near the stationary wall.®* 1 The velocity gradient near the
wall is called wall shear rate (= dv/dz, units of s). The fluid velocity is slowed down by the
inherent resistance to flow within the fluid (quantified by the viscosity of the fluid) and by the
friction between the fluid and the stationary walls of the pipe. Two measures of viscosity are
often used: the dynamic viscosity (7, SI unit is N-s.m™ or Pa-s) and kinematic viscosity (u =
nlp where p is the density of the fluid; SI unit is m2.s%, but the c.g.s. unit Stokes, St, is still

commonly used).
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Wall shear stress. Wall shear stress (z, SI units Pa, but the c.g.s. units are still used, 1 dyne/cm?
= 0.1 Pa) is the tangential force (along the direction of flow x in Figure 1.5A) per unit area that

is exerted by the flowing fluid on the surface (wall) of the pipe. Its magnitude is equal to:
d
=y =1 (1.1)

Wall shear stress r increases with increasing velocity gradient near the vessel wall and
increasing fluid viscosity. It is important to quantify wall shear stress in blood vessels because
the flow interacts with the endothelium of the vessels.'> For example, in arteries at regions
with lower wall shear stress, blood components have longer residence times near the wall, and

this has been associated with higher risk of atherosclerosis.'*

Laminar flow. Laminar flow is the regime in which the streamlines of liquid flow parallel to
each other and parallel to the vessel wall; flow within regions of the vasculature where blood
flow is slow and blood vessels have a small diameter is laminar.*® Flow is defined as laminar

when the Reynolds number, Re, is much smaller than 1; the Reynolds number is:

R,=%.ur 1.2)

where r is the radius of the capillary, 7 is the dynamic viscosity and p the density of the fluid.
On the other hand, for flow through larger vessels, and in medical devices where v may be
high, the Reynolds number for pipe flow can become large and the flow regime then changes.
For Re > 2300 the flow starts to transition and for Re > 4000 pipe flow becomes turbulent, which

means that complex flow patterns, such as eddies and vortices, can develop.t>" 1%

Newtonian liquids. Liquids are defined as Newtonian when their behaviour is ideal i.e., when
their behaviour under shear can be described by Equation 1.1 and their viscosity decreases
monotonically for increasing temperature but does not depend on the shear rate or time of
observation. Examples of Newtonian liquids are water 77°© = 1.002 mPa-s), olive oil (77 = 99
mPa-s) and glycerol (77 = 2330 mPa-s). Other fluids, including blood, which contains complex
components such as red blood cells (erythrocytes), white cells and proteins behave differently
depending on the time scale of the application of stress and the time of observation. Whole

12



blood is a non-Newtonian liquid, and its viscosity changes non-monotonically with the applied
shear stress,* 10 attributed mainly to erythrocyte behaviour. Under low shear, erythrocytes
aggregate in stacks (rouleaux), increasing blood viscosity (shear-thickening), and under high
shear conditions, these aggregates dissociate and erythrocytes can deform to align with the
direction of flow, resulting in lower viscosity (shear-thinning).%! Therefore, whole blood flow
is often approximated with that of a Newtonian liquid at high shear rates.*>> % Blood plasma

on the other hand, behaves as a Newtonian fluid with a constant shear viscosity. 62 163

1.4.2. Implications of Blood Flow for Medical Device Thrombosis
Physiologically, shear stress in blood vessels of differing sizes usually ranges between <1 and
15 dyne/cm? (Table 1.2). There are well-established associations between fluid dynamic
parameters such as stagnation, high shear stress and turbulence, and thrombotic processes such
as coagulation, platelet activation and aggregation.*'* 1% Low blood flow increases transport
and diffusion of proteins and cells to surfaces, increasing the residence time of prothrombotic
components on a surface and causing leukocyte adhesion. 14 116 Additionally, high shear rate
and stress induced by blood flow can affect mechanosensitive proteins and cells and cause
thrombus formation.'4% 1%° These are discussed further in Sections 1.4.3.1 and 1.4.3.2.

The shear forces in medical devices are typically far greater than those found in the body as
shown in Table 1.2 (40-20,000 dyne/cm?). Considerable variation in shear stress can occur
within the one device, such as catheters and ventricular assist devices, which introduce both
low and high shear stress conditions depending on their size, placement and geometric
configuration.? ®3 Of note, the highest shear rate in peripherally inserted catheters is caused by
the mixing of the infusion solution with the blood at the catheter tip/endothelium/blood
interface.%? Turbulent blood flow can occur in medical devices at regions of expansion,
bifurcations, and joints/connections.'®® Variations in device design can also affect
haemodynamics, for example, different pump mechanisms in left ventricular assist devices
(axial and centrifugal flow pumps) have differing blood residence times and shear rates, 6" 168
having implications for coagulation.’®® Additionally, it is worth noting that shear and

turbulence can increase drastically during exercise, for example, in coronary stents. % 170
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Figure 1.5: Schematic illustration of: (A) flow of blood within a blood vessel which can be approximated by
Poiseuille flow with maximum flow velocity in the centre of the vessel and minimum at the wall where the
opposite is true for wall shear stress. (B) Blood flow under low shear conditions. (C) Blood flow under high
shear. The colour scale bar in (A) applies to parts (A), (B) and (C), and the legend in (B) applies to (C).
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1.4.3. Effect of Haemodynamics on Thrombus Formation

In the following sections, biological mechanisms affected by variations in flow, described in
Section 1.4, will be further elaborated. For the purposes of this Thesis, shear rates are classified
as ‘low’ and ‘high’. ‘Low’ shear rates refer to a range between 0-1000 s, which are shear rates
generally found in the veins, most arteries, and many medical devices. ‘High’ shear rates refer
to values greater than 1000 s, which occur in specific arteries, pathological conditions (such

as atherosclerosis), and in a number of medical devices (Table 1.2).

1.4.3.1. Low Shear Regime

Stasis or low shear can promote accumulation of coagulation factors, leukocytes, and
erythrocytes. Coagulation initiation on a surface is regulated by the biochemical reactions of
the coagulation pathway and blood flow.!® Under low shear conditions (<1000 s),
coagulation factors diffuse to the surface and accumulate. Once a threshold concentration is
reached, biochemical reactions dominate thrombus formation and the enzymatic coagulation
cascade becomes activated, converting fibrinogen into fibrin resulting in a fibrin-rich thrombus,

traditionally associated with venous thrombosis, ! 171172

As well as coagulation factor accumulation, cell adhesion can occur at low shear rates.
Leukocyte adhesion is initiated above a shear stress threshold of ~0.5 dyne/cm? and rolling
occurs optimally between ~0.5-1.5 dyne/cm?. This process is regulated by the mechanical
behaviour of specific classes of adhesion receptors on the leukocytes and endothelial cells on
blood vessel walls.}” Additionally, red blood cells, originally thought to only play a passive
role in thrombosis, are now appreciated to be actively involved. At low shear rates, erythrocyte
rouleaux increases blood viscosity and leads to increased local concentrations of coagulation
factors.'** Furthermore, there is increasing evidence for the role of red blood cells in adhesion
to the vessel wall and adhesion to growing thrombi, both indirectly and directly via fibrin and
von Willebrand Factor (VWF).1"*

Although platelets can bind to fibrinogen at low shear (100-300 s),1" they are generally not
activated at low shear rates and therefore are not thought to contribute significantly to

thrombosis under low blood flow conditions.

In relation to medical devices, changes in device geometry such as expansions and connections
can cause regions of low flow, recirculation, and stagnation (Figure 1.5B). These regions have

a higher propensity for coagulation and subsequent thrombotic complications, observed from
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computational modelling and clinical data,®> 1’8177 such as in catheters, extracorporeal device
connection points, and haemodialysis access sites.*® The introduction of catheters to veins can
impede blood flow and cause occlusion of the vessel, leading to regions of low velocity and
recirculation.®? These effects are increased with larger sized catheters with flow rates being
reduced by up to 93% in some cases.!’® Indeed, clinical meta-studies of peripherally-inserted
central catheters revealed an increased risk of venous thromboembolism with the use of larger-

diameter catheters,'’” and a decreased risk with the use of smaller-diameter catheters.*’®

1.4.3.2. High Shear Regime

Platelets, VWF and erythrocytes are mechanically sensitive to high shear stress (Figure
1.5C).185 17 |n areas of high shear stress (>1000 s*) such as those in arteries, thrombi are
platelet rich.”” It is now well-established that platelet adhesion, activation and aggregation
occurs specifically under high shear stress conditions and shear gradients, in the absence of
soluble agonists.”” 18 Physiologically, platelets adhere to exposed collagen and VWF on
injured endothelium, with platelets preferentially binding to VWF at high shear rates.’” 18
Under high shear rates, VWF undergoes conformational changes and elongates to expose the
Al domain which allows binding of the platelet glycoprotein receptor Ib (GPIb).182 183 For
surface-immobilised VWF, the crucial shear rate to induce conformational change was
estimated to be around 3,000 st in platelet-rich plasma (PRP) and ~1000 s™* for whole blood.'8
The shear-induced conformational changes also cause polymerisation and self-association of

VWEF at high shear rates of >10,000 s which greatly enhances vVWF-platelet binding.”’

In addition to shear-induced activation of platelets and VWF, erythrocytes are also sensitive to
high shear stress and turbulence, which can cause membrane rupture and release of
haemoglobin.® 18 Subsequent free haemoglobin can cause a number of thrombotic
complications such as hypercoagulation,'® 8 thromboembolism,'’* and platelet activation

induced by a reduction in nitric oxide bioavailability.174 186-188

These mechanosensitive properties of blood have major consequences for the thrombogenicity
of medical devices. For instance, stents implanted in coronary arteries are exposed to high shear
stress which causes platelet activation, requiring patients to receive dual anti-platelet therapies
to prevent stent thrombosis.® % In VADs, the extremely high shear stress induces VWF
conformational changes which expose degradation sites for the protease ADAMTS-13,

resulting in rapid depletion of large vVWF multimers, leading to poor vVWF-platelet adhesion
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and a bleeding condition known as acquired von Willebrand Syndrome.'®* Furthermore,
haemolysis and associated complications can be caused by artificial heart valves,'®

haemodialysis circuits,'% in addition to VADs.?®

Table 1.2: Blood flow properties of blood-contacting medical devices and human anatomy.

Wall Shear Maximum Shear Strain
Flow Rate
(mL/min) Stress Re-xte References
(dynes/cm?) (sh)
Anatomical Locations
Aortic Valve 5000 4-11 20 194-198
Large Arteries 250-500 14-36 300-800 179,191,199
Coronary Artery 120-300 5-15 800-2,500 DA
Stenotic Vessels 120-180 36-450 800-10,000 179,191, 202
Large Veins 200-700 2-34 10-500 7, B
Medical Devices
LVAD Pump 5400 6000 171,429° 101, 208
ECMO Pump 4000 1750 50,0002 2
Peripheral Intravenous 28 (blood flow 62, 207
Catheter 2.1mm . rate_) 20,000 571,429 '
' 240 (infusion rate)
Peripheral Intravenous Zel (lagelif o
rate) 1000 28,5712 62, 207
Catheter 1.1mm s
60 (infusion rate)
Coronary Stent 120 40 11,000 170, 202, 208-211
Prosthetic Heart Valve 5000 2,400 68,571 Azl

Left ventricular assist device (LVAD); Extracorporeal membrane oxygenator (ECMO); @ calculated from Egn. 1.1, assuming
dynamic viscosity of human whole blood to be 3.5 mPa-s at 37 °C.?*® Medical device values are maximum with references
representing ranges from different device types. Catheter dimensions indicate outer diameter.

1.4.4. In vitro Methods to Assess Blood-Material Interactions Under Flow

There are a number of reasons for the lack of understanding of blood-material interactions,*
one in particular is due to a lack of standardised, predictive in vitro and in vivo
haemocompatibility tests.?® 30219 220 The International Standard Medical Device Testing — 1SO
10993-4 (Biological evaluation of medical devices — Selection of tests for interactions with
blood) describes the recommended methods of testing for medical devices that interact with
blood for regulatory purposes.3®: 150220, 221 According to these Standards, the characterisation
of blood interactions with medical devices and materials should mimic the clinical conditions
as closely as possible and analysis should be performed to assess activation of the major
pathways involved in medical device thrombosis (depending on the device type): thrombosis,
coagulation, platelets, haematology, and complement.??® Given these criteria, and that the
majority of blood-contacting medical devices used clinically are exposed to flowing blood, the
ISO 10993-4 requirements suggest that model systems should include clinically relevant blood

flow conditions and use whole blood.?%% 224 A number of different in vivo and in vitro models
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and systems have been developed for this purpose, each with specific advantages and
disadvantages.'*® 2% In vivo animal models allow evaluation of medical devices or materials
with whole blood under physiological flow conditions; however, they are cost prohibitive and
time consuming.??2 More importantly, animal model data may not be an accurate representation
of clinical device performance due to the considerable variations in blood composition,

anatomy and physiology between species.?2 227

In vitro blood flow models for testing the thrombogenicity of device materials typically use
human whole blood or separated blood components from volunteer donations, and are
generally less costly.?!® Small sample volumes allow for replicate testing of multiple materials
and controls, simultaneously, using the same batch of blood. In combination with controlled
flow conditions, temperature and anti-coagulation, in vitro methods can provide further
insights into thrombotic processes that may occur on medical device materials.?!® Nonetheless,
they are not without their own set of limitations. The lack of activation-inhibiting functions of
endothelial cells and blood recirculation in model systems can result in accumulation of
activated cells and proteins and cause the material-induced thrombotic reactions to occur more
quickly which prevents studies longer than a few hours being carried out with in vitro
methods.?* 222 As such, a combination of characterisation methods are required to effectively
assess materials for translation to clinical applications. Nonetheless, utilising in vitro systems
to their fullest potential will unequivocally aid in the development of future anti-thrombogenic
medical devices and materials. Some of the most common in vitro analysis methods which
incorporate flow that are used to assess the interaction of biomaterials with blood and blood

components are summarised in Figure 1.6 and Table 1.3.

1.4.4.1. In vitro Methods to Assess Blood-Material Interactions Under Flow - Microfluidic
Devices and Parallel Plates

Parallel plate and microfluidic flow devices are miniaturised flow models which have been
used extensively in the field of haematology, ranging from early straight channel glass capillary
flow chambers to more recent custom devices.!8 228 22% Stydies using these devices have
included the impact of surface adsorbed coagulation proteins on platelet adhesion,?° shear
strain rates on VWF elongation,?3! and shear gradient dependent platelet activation.?* The same

techniques have been explored for clinical use in diagnostic applications.?3% 234
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Table 1.3: Summary of common methods use for assessing medical device material thrombogenicity under
blood flow, in vitro.

Chandler
Loops

Flow Loops

TEG/ROTEM

Cone-and-
Plate
Rheometry

Parallel Plates
and
Microfluidic
Devices

50-428

50-82143

0.1-05

0.1-10000

50-1000

¢ Whole blood

e Simple

e Low cost

o Material inside tubing or tubing
itself

e Whole blood

o Medically relevant
pumps/devices can be
incorporated or material inside
tubing or tubing itself

e Time point sampling possible

e Single pass flow possible

e Whole blood or plasma

¢ Low blood volume (<1
mL/sample)

o No effects of stasis (Virchow's
Triad)

e Fast results and real-time
outputs

e Whole blood or platelets

o Wide range of shear rates

e Easily interchangeable sample
material

e Physical clot properties at
known time-point

e Low blood volume (<1
mL/sample)

o Potential for real-time
measurements

e Whole blood or platelets

o Wide range of shear rates

¢ Low blood volume (<1
mL/sample)

o Real-time measurements

o Desired geometry possible to
replicate wide range of flow
conditions

o Materials/coatings can be
incorporated

o Narrow shear range

o Only mimics low shear medical
devices

e Recirculation

o End-point assay

o Medium blood volume (~3-20
mL/sample)

o Medical device flow/shear
difficult to replicate unless
medical device is used to drive
flow

o Recirculation (generally)

o Large blood volume (~50-100
mL/sample)

o Haemolysis (unless evaluating
haemolysis)

o Only low shear

¢ Non-physiological flow pattern

o Baseline variability across
individuals

o Choice of material limited to cup
material or coating thereof

o Complicated flow regimes at
higher shear rates

o Cone material is usually not
modifiable

o Possibility of fluid evaporation
over time

¢ Replicating turbulence is difficult
at the microscale

o Impact of viscosity effects are
greater

235-238

235, 236, 239

240-247

244, 248

228, 249-256
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Figure 1.6: Illustrations of commonly used in vitro methods to assess the thrombogenicity of materials under
blood flow. (A) Modified Chandler Loops showing the test material can be placed inside the tubing loop or is the
tubing loop. (C) Large Flow Models. (C) Medical Device Loop. (D) Thromboelastography (TEG). (E) Rotational
Thromboelastometry (ROTEM). (F) Cone-and-Plate Rheometer. (G) Parallel Plate. (H) Microfluidic Devices.
Test materials are colour coded in beige while the direction of blood flow is indicated by red arrows. Blue arrows

in (G) and (H) refer to applied vacuum.

There are no strict criteria differentiating parallel plate and microfluidic flow systems, and in
some cases these terms are used interchangeably.?®"2 Broadly, parallel plate flow chambers
have channel cross sections with smaller height to width ratios and simpler flow paths (Figure
1.6G, H). Velocity distribution through the channel cross section changes depending on the
height to width ratios of the channel.?®® Theoretical shear stress profiles for commonly used
rectangular channels of finite width are highest at channel faces and drops to zero at the
corners.?! Shear stress profiles in devices with complex geometries can be characterised with
computational fluid dynamics (CFD) to ensure the desired flow characteristics are replicated,

in vitro.?®
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Miniature flow models with channel geometries closer to parallel plate flow are commonly
constructed by sandwiching a gasket (which defines the height) between two plates on which
the surface of interest is mounted (Figure 1.6G). A vacuum can be applied through the gasket
to seal the flow channel and prevent device separation. In comparison, microfluidic devices
can vary widely in channel complexity to generate complex flow paths. Devices can be formed
using a variety of fabrication methods, most commonly by casting channels in elastomeric
polymers, e.g., polydimethylsiloxane (PDMS) (Figure 1.6H), termed soft lithography, from
molds fabricated utilising photolithography techniques. This results in channels with an open
rectangular cross section, which are sealed by adhesion to a base containing the material of
interest, to create an enclosed device (Figure 1.6H). For both systems, precise flow control can

be achieved using syringe or peristaltic pumps.

These systems have been applied to the study of thrombosis on medically relevant materials
through the incorporation of a broad range of relevant polymers and metals in parallel plate
and microfluidic devices. For example, platelet adhesion to various polymers and metals was
investigated under flow without,?5-25% 262263 or wijth, pre-adsorption from protein solutions or
plasma at shear strain rates of 43 — 1000 s.24% 256 Notably, Jamiolkowski et al. measured
dynamic adsorption of platelets over time to a range of medically relevant opaque materials
using a suspension of platelets and cleared erythrocytes to minimise light scattering enabling
surface visualisation by epifluorescence microscopy. The medical grade titanium alloy,
Ti6AIl4V, supported high levels of platelet adhesion, which was more pronounced at the highest
shear strain rate (1000 s), compared to silicon carbide, alumina, coated titanium alloy (MPC-
Ti6AI4V), yttria partially stabilised zirconia, and zirconia toughened alumina.?>! Unique flow
effects such as stagnation caused by crevice geometries,?® or due to sudden expansion of a
flow path can also be modelled at this scale.?® Kragh et al. showed decreased platelet
embolisation on carbothane compared to pelethane, with increasing embolic events at lower
flow rates (<100 s™* compared to ~500 s%), using a stagnation point flow chamber, where whole

blood flow originated from a single point and spread radially across the surface.?

Advantages of parallel plate and microfluidic devices include the replication of key aspects of
fluid flow, in vitro, such as wall shear stress, shear strain rates, and fluidic effects resulting
from channel geometry.??® Due to their small scale and low perfusion volumes these models
allow the conservation of donor blood and reagents while maintaining physiologically relevant

single pass flow where blood or individual blood components are passed over a test surface
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without recirculation. Dynamic changes in surface platelet adhesion and thrombotic events can
be monitored through microscopy revealing aspects of thrombosis not seen on end-point or
fixed samples.?®%-2°2 263 This technology has become more accessible over time as many

commercial miniature flow systems have become available.

There are, however, limitations to these models as miniaturisation can also be a weakness. Flow
at this scale is laminar, therefore, it is not possible to induce turbulent flow unless the smallest
channel dimension is greater than 500 pum.??® Additionally, aspects of microscale blood flow
should be considered when designing microfluidic models. Flow in small vessels (<1 mm) and
therefore microfluidic channels, is non-Newtonian, meaning, the cell free layer at the vessel
wall occupies a larger portion of the vessel, which decreases the viscosity of the blood, known
as the Fahraeus-Lindqvist Effect.?6* 255 Channel dimensions also influence shear stress
distribution in rectangular cross sections, therefore, lower height to width ratios should be used
when even shear stress distributions are desired across the width of the channel 2% 267

In summary, traditional material development and medical device evaluation have used blood
flow loop systems such as the modified Chandler Loop and peristaltic pump driven flow,
although, a more mechanistic understanding of material thrombosis is possible with cone and
plate rheometry, and parallel plate or microfluidic systems. These systems require lower
volumes of blood, can operate under a wider range of shear stress conditions, while providing

real-time outputs.

Overall, the advantages and disadvantages of the in vitro methods used to assess the interaction
of medical devices and materials with blood under flow conditions are rather distinct. While a
variety of models exist, a single method cannot provide accurate assessment of all aspects of
material thrombosis such as: protein/cellular adhesion, clot growth, thrombolysis. Hence, it is
clear that a combination of different methods should be employed in order to thoroughly
evaluate the thrombogenicity of materials for applications in medical devices. Furthermore, the
examination of material thrombogenicity should also be closely aligned to those outlined in the
ISO 10993-4 standards and will also require effective pre-clinical, animal models in order to
complement the better understanding of the safety and efficacy of blood-contacting materials.
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1.5. Surface and Material Properties - Implications for Thrombosis

and Blood Coagulation

Despite improvements in the safety of medical devices due to enhanced engineering designs,**
implantation methods/surgical techniques and pharmacological strategies,® 4 64 268271 device
thrombosis continues to cause concern for clinical outcomes. The choice of surface properties
such as material chemistry and topography are crucial factors in the production of functional
materials for applications in medical devices that are exposed to blood.®® This notion is
becoming increasingly relevant in modern times with the rise of nanotechnology. As features
of materials become smaller on the nanoscale, the characteristics and behaviours of interfacial
phenomena become increasingly dominated by surface properties due to the higher surface area
to volume ratio. A number of physicochemical properties of materials have been reported in
the literature to exhibit trends in the propensity for thrombosis.*® Key material and surface
properties that influence protein and cellular adhesion include: wettability,41: 272274 syrface
chemistry,2%- 27> energy and charge,126 140.272.273 yoyghness/topography ’® 276281 and relatively
underexplored areas including substrate stiffness/rigidity'®> 2® and interfacial mobility.?®2
However, there is no universal rule which allows for predicting of the thrombogenicity of a
material, a priori, given the multitude of factors that contribute to materials-induced
thrombosis. This issue is partly confounded by the difficulties in studying a single surface
property in isolation since the alteration of one property invariably alters at least one other. The
elucidation of fundamental mechanisms relevant to the interaction of proteins and cells with
different surface properties is, thus, crucial in the design of new medical device materials for
anti-thrombogenic, blood-contacting medical devices.

1.5.1. Wettability

The wettability of a material defines the propensity of a liquid to spread over a material.
Wettability is the result of the balancing of the interfacial free energies of the interacting states
of matter: solid, liquid and vapour, which are dictated by intermolecular forces. This delicate
balance results in the equilibrium contact angle (e) - the angle made when the liquid/vapour
interface is in contact with the solid surface such that the total energy of the system is
minimised and the chemical potential in the three phases is equal. Hence, the theoretical
description of contact angles represents a thermodynamic equilibrium between the three

phases: the liquid phase of a droplet (L), the solid phase of the substrate (S), and the gas/vapour
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phase (V). It is generally convenient to consider the interfacial energies involved using the

283

simplified planar geometry through Young’s equation,“®> which can be written as:

Ysv = Vsi + YLy cosOg (1.3)

where ysy, ¥sL, and ypy are the interfacial energies at the solid/vapour, solid/liquid and
liquid/vapour interface, respectively, as illustrated in Figure 1.7A and B. In other words,
cohesive forces of the liquid such as hydrogen bonds and van der Waals forces and adhesive
forces between the solid and liquid such as electrostatic forces determine the contact angle and
shape of the liquid at the solid and liquid interface.® In effect, a surface with low surface
energy has low adhesion to the liquid and is poorly wetting and vice versa, a substrate with
high surface energy presents high adhesive forces with the liquid, overcoming the cohesive
forces of the liquid and induces spreading to minimise the free energy of the surface.®! In
practice, 6e is virtually unobtainable due to the inhomogeneity of surfaces. Instead,
macroscopic wetting phenomena are empirically observed through the apparent contact angle,
6. Hydrophilic surfaces are typically characterised as materials having static water contact
angles, 8<90°, such as a clean silicon wafer as illustrated in Figure 1.7C, with superhydrophilic
surfaces exhibiting water contact angles approaching 0° (complete wetting). Hydrophobic
surfaces tend to have water contact angles, 8 > 90°, exemplified by polystyrene (Figure 1.7D),
and those exhibiting water contact angles 6 > 150° are often referred to as superhydrophobic
surfaces. The wettability of materials can be manipulated by modifying the surface energy
through chemical functionalisation by grafting polymer brushes and coating with thin polymer
films.284 28 plasma treatment methods render surfaces hydrophilic through formation of polar
functional groups such as oxygen-rich functional groups when oxygen plasma is used.!4% 26
287 The formation of self-assembled monolayers (SAMs), such as functionalisation of oxidised
surfaces with fluorinated alkanes, is a common method of producing hydrophobic surfaces with
low surface energies.?®% 28. 289 Another strategy involves altering the physical topography,
roughness and texture.?®® In the case of superhydrophobic surfaces, rough topographies can be
exploited to trap pockets of air (plastron), leading to high contact angles with low sliding angles
and low contact angle hysteresis, known as the Cassie-Baxter state of wetting.2*® Modification

strategies can be combined to form textured surfaces, functionalised with SAMs or polymer
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thin films,2°% 22 to form hierarchical dual-scale (micro/nano-scale) roughness, exhibiting

superhydrophobic properties.** 2%

X Yy
A \
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S e
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Figure 1.7: Schematic illustration of a liquid droplet on a: A) hydrophilic solid surface, B) hydrophobic solid

surface, C) water droplet on a hydrophilic, clean silicon wafer and D) hydrophobic polystyrene surface.

In the context of biomaterial thrombosis, material wettability has been found to be related to a
number of key aspects including: rate of coagulation initiated by the intrinsic pathway of
coagulation via activation of FXII (see Section 1.3.1) and resulting structure of fibrin clots
(Figure 1.8),14% 141 2% platelet adhesion and activation.?’® However, definitive associations
between the adhesion and activation of procoagulant proteins and cells based on material
wettability are difficult to establish, due to being widely variable based on factors including:
conditions (e.g. temperature, presence of flow etc.), nature of proteins/cells involved, type of

material and experimental techniques used to carry out the study.'® For example, previously
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established literature widely suggest that protein adhesion occurs less favourably on a
hydrophilic surface, based on thermodynamic arguments of the high energetic cost required to
displace a solvated water layer.1%® In contrast, protein adhesion is often found to be more
favourable on more hydrophobic materials.?’> 2’" However, as stated, FXII activation is found
to be significantly greater on negatively charged hydrophilic materials, leading to increased
coagulation,**! prompting the suggestion of a deeper mechanistic relationship in material
thrombosis. For instance, arguments for the effect of adsorbed protein quantity versus
conformational state (associated with protein activity)®? have been raised.?®*2% In an
interesting study, fibrinogen conformation was found to be strongly correlated to platelet
adhesion with no correlation to the adsorbed quantity.*?* Hence, previously observed trends
relating material properties to biological interactions are multi-faceted and not necessarily
consistent,'%® even contradictory at times.?’” Thus, generalities representing protein and cellular
adhesion and activity, based on wettability arguments alone, should be interpreted with great

caution and within the appropriate context.

Hydrophilic Hydrophaobic
Fibrinolysis Fibrinolysis
tPA T Y tPA T y
© U U Sparse
8 " clot
L q Dense
(WIS 5-50 MM
8‘:':0 = clot Less fibrin
G ® / at interface
k%) 0-5 pm[
a TFXIIa tFXla

Figure 1.8: Schematic illustrating a proposed model to explain differences in fibrin clot structure on hydrophilic
and hydrophobic polystyrene. (a) On hydrophilic polystyrene, high FXIlla activity at the material surface causes
dense fibrin fibers to form at the interface. The high density of fibers extends at least 50 um into the bulk clot
and makes the clot less susceptible to fibrinolysis by tissue plasminogen activator (t-Pa). On hydrophobic
polystyrene, fibrin fibers are not fully formed in the first 5 um above the material interface due to low FXlla
activity. This results in less dense fibers in the bulk fibrin clot and makes the clot more susceptible to fibrinolysis
by t-PA. Adapted from reference 141.

1.5.2. Surface Chemistry and Charge
Surface chemistry is an aspect of materials design that is exploited to modify functionality,
including wettability and (anti)fouling behaviour.1%6: 272 273, 289, 297 Modification of surface

26



chemistry through functionalisation methods such as self-assembled monolayers (SAMs),*?%
123,275 and polymer coatings have been widely used to evaluate the effect of surface chemistry
in protein and cellular interactions with materials.2”®2%-3% On hydrophobic, methyl-terminated
SAMs, platelet adhesion was elevated relative to hydrophilic, hydroxyl-terminated SAMs,
while the opposite was true for leukocyte adhesion and activation of the complement
cascade.?”™ A follow-up study revealed more platelet adhesion on methyl-terminated SAMs
compared to hydrophilic, carboxylic acid-terminated SAMSs.'?® However, contact activation
was significantly increased on hydrophilic SAMs, bearing more negative charge. In another
study, adhesion of fibrinogen and platelets increased with increasing hydrophobicity.?!
Fluorinated moieties are often employed to lower surface energies and are widely considered
to be repellent surfaces,®® but have been found to increase albumin and fibrinogen
adsorption,®! although, this was suggested to lead to a “passivated” surface, consequently
reducing platelet adhesion and activation.3®* As alluded to in Section 1.3.1, surface charge also
has significant ramifications for coagulation,?”® and is a key property responsible for triggering
the intrinsic pathway of coagulation (contact activation), driven by FXII activation, especially
on anionic materials.?” 141 Correspondingly, contact activation was found to be maximised on
carboxylic acid-terminated SAMs with greater negative charge, as described above.'?
However, even materials such as PTFE (thought to minimise coagulation and complement
activation),%® 302 gre susceptible to thrombus formation as observed clinically such as in PTFE
vascular grafts.3®® This could be due to increased fibrinogen adsorption and conformational
change that causes platelet adhesion and activation.*?> 2> Additionally, neutrophil extracellular
trap (NET) formation upon exposure of hydrophobic materials, especially Teflon AF™
(amorphous PTFE), to human whole blood was found to cause thrombogenic reactions,'?® and
remains an underexplored mechanism of material-induced thrombosis (See Section 1.6.2).
Thus, it could be that PTFE/ePTFE materials are susceptible to thrombus formation,3%

due to NET formation.128

in part,

1.5.3. Topography/Roughness

Another surface property intimately linked to wettability and surface energy is roughness and
topography.3%4+-3%¢ Surface textures are also known to mediate protein and cellular adhesion
behaviour,® 272 273, 217, 307 jnclyding those involved in thrombosis such as fibrinogen and
platelets.?’8: 279 29, 308 However, it is difficult to establish universality of the effects of

roughness on biointerfacial adsorption phenomena, due to the multitude of length scales
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involved for both the biological constituents (proteins and cells ranging in shape and size) as
well as features of the material (magnitude of dimensions and length scales, shape, geometry,
depth, porosity, aspect ratio, hierarchy etc.).2"%3% Hypothetically, rough, textured surfaces may
confer reduced adsorption to the underlying surface by decreasing the effective contact area
between the protein and/or cell.®%-312 This would be true if the biological components were
larger in size than the surface features, such as platelets (= 2 um), adsorbed to textured grooves
or pillars between 50 nm — 2 pm , which may exhibit reduced adhesion.?!? However, the
opposite scenario may occur if the size of the proteins and cells are smaller than the size of
surface features, which may enhance adsorption due to an increase in surface area-volume
ratio.?8% 309312 The relationship between the relative size of surface features and adhesion
behaviour were experimentally verified with platelets.2’®313:314 Koh et al. proposed high aspect
ratio structures (3:1, height:width) and narrow interspacing distances of structures (<200 nm)
to minimise fibrinogen and platelet adhesion.?®® Furthermore, the presence of external fluid
flow adds another dimension to the adsorptive process on textured surfaces.?®* For example,
superhydrophobic surfaces exhibiting extreme roughness (often on multiple length scales),?*°
showed large quantities of adsorbed bovine serum albumin when incubated, but were desorbed
significantly when exposed to shear flow.?®! In contrast, smooth and nanotextured surfaces
displayed the opposite behaviour.?8! The authors discussed the potential role of interfacial slip,
leading to increased shear stresses driving enhanced protein desorption under flow on the
superhydrophobic surfaces as a possible mechanism of desorption.?® Studies of
superhydrophobic surfaces for anti-thrombogenic applications are discussed further in Section
1.6.1.4.

In current clinical practice, rough sintered titanium microspheres are used in devices such as
LVADs to promote endothelial cellular in-growth and neointimal tissue formation to minimise
thromboembolisation.” In the case of coronary stents, less topographic features (thinner struts)
were found to improve endothelisation, possibly due to less flow disturbances which inhibit
effective cell adhesion.®®® However, by far the most widely used medical material utilising
roughness to enhance tissue integration is expanded polytetrafluoroethylene (ePTFE, Gore-
Tex®) as a synthetic graft material, used clinically for lower-extremity and arteriovenous
bypass grafting.”® 31 These materials have micron scale pores (=5 um) to enable tissue
ingrowth while also offering a degree of mechanical compliance to reduce device failure.”® 3%
Despite this, thrombosis poses one of the most common problems, leading to graft failure.*?
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1.5.4. Stiffness/Rigidity

Numerous studies have reported the influence of material stiffness and rigidity on cellular
activity, growth and proliferation, which is frequently cell type dependent and related to their
physiological environment and function.?”® 318-320 Thjs section outlines potential mechanisms
relating to the effects of material stiffness and rigidity on material thrombogenicity, which is
generally underexplored, and on protein and cellular adhesion and growth on fluorinated oils,

which present the softest surface for biological interactions.

In the context of thrombosis, biophysical factors including mechanical stiffness of the
underlying substrate, can mediate platelet adhesion interactions, spreading, activation and
binding kinetics to proteins such as VWF and fibrin(ogen).1% 321322 |n 3 study of platelet
adhesion to polyacrylamide hydrogels of varying stiffnesses found that platelet adhesion and
spreading increased when substrate stiffness was higher. The mechanosensing mechanism of
platelets are similar to those of nucleated cells which utilise integrins and adaptor proteins
which link the cytoskeleton, actin and myosin to extracellular proteins.®?% 322 The biophysical
microenvironment is therefore, inherently important in the dynamic regulation of platelet
activity.1% Although the role of forces has been extensively studied in nucleated cells and many
mechanosensors have been identified, platelet mechanosensing is a relatively unexplored area
of study.3?!

At the more extreme end of substrate stiffness, the softest interface that has been used to assess
the effects of substrate rigidity on protein and cellular adsorption behaviour, was using
perfluorocarbon oils for cell culture, carried out by Ivar Giaever and Charles Keese in the
1980°s.323326 The series of studies argued that denatured protein films at perfluorocarbon
(PFC)-media interface formed a rigid surface to which anchorage-dependent cells attached to
and spread.323326 |mportantly, the adsorbed protein monolayers at the perfluorinated oil/media
interface needed to be mechanically robust in order to withstand tension forces exerted by
anchored cells such as fibroblasts.3?® 324 326 Contaminants and impurities of surfactants in
perfluorinated oils were found responsible for protein denaturation and, subsequently, affected
cell growth.®?* Intriguingly, in earlier work from 1972, cell spreading was reported to be
dependent on oil viscosity as studied on silicone oils.**” However, perfluorohexane (FC-72,
viscosity = 0.4 ¢St) having a lower viscosity than FC-77 (0.8 cSt) and FC-70 (13.5 cSt),?¢
appeared to show the best cellular growth, where the relative tensile strength of the adsorbed
protein network, rather than oil viscosity, was found to be the critical factor.3?® For confluent
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monolayers of cells on a perfluorinated liquid, patches of exposed PFCs appeared, suggesting
the ability of cells to physically break the protein monolayer due to tension forces exerted by
the cells.3® Cross-linked protein layers were subsequently induced with glutaraldehyde
forming protein bilayers on FC-70 with poly-lysine to increase the tensile strength of the
protein layer which prevented the formation of exposed patches of oil, suggesting the important

role of mechanical stiffness in supporting cell adhesion.3?

It was also found that proteins
interacted differently based on the type of perfluorinated oil with poly-lysine and serum
proteins being stabilised on FC-70 and FC-72 emulsions, but not FC-77.32° Interestingly,
alumina-column purified perfluorinated oils appeared to show a lack of support for cell growth.
Trace amounts (0.25 pg/cm?) of polar, surfactant compounds (pentafluorobenzyl chloride)
were required to provide a mechanically robust protein layer. The proposed mechanism of

action was suggested to be due to either:

1. Surfactant concentrates at PFC-aqueous interface caused acid chloride to react with
water to produce pentafluorobenzoic acid, dissociating to produce a negatively charged
layer.

2. Surfactant reacts directly with adsorbed proteins causing interactions that facilitate

formation of a rigid network to support cell spreading.

Surface tension measurements indicated that proteins adsorb to alumina-treated PFC, but when
used as a substrate, was unable to support cell growth which was attributed to weak interactions
between protein molecules.®2® Another group evaluated the adhesion of fibroblasts on various
perfluorinated oils including perfluorodecalin, silicone oil, fluorosilicone oil and
perfluoropolyether Krytox® liquids.3? In the study, cellular proliferation was found to decrease
the most when adsorbed to oils in the following order: PFC - silicone oil - fluorosilicone
(attributed to shortness of polymer chain and difficulty with purification due to high viscosity).
The study also revealed a lack of dependence of oil viscosity on cell growth with both
perfluorodecalin and Krytox® TLF 7067 exhibiting reduced proliferation of cells.3?® However,
alumina column-treatment of the oils was found to be important in reducing spreading and
proliferation of fibroblasts, supporting Giaever’s previous findings.3%® Furthermore,
perfluorinated oils composed only of carbon and fluorine were more inert than PFC containing
heteroatoms such as N and O. Different ratios of perfluorooctane to 1-H-perfluorooctane were

used to study effects of impurities on cell activity with higher 1-H-perfluorooctane ratios
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leading to more significant proliferation.3?® Thus, the bio-inertness of oils was found to be

increased with more C and F atoms.

In a study of human endothelial cells grown on PFC, cells were unable to attach, spread or
proliferate unless the PFC layer was pre-treated with extracellular matrix proteins such as
collagen 1V, laminin, fibronectin or fibrinogen.*?® FC-43 purified in an alumina column was
shown to reduce cell adhesion by 77% compared to the un-purified oil when coated with
fibrinogen. When pentafluorobenzyl chloride was added, cell adhesion was indicated to have
increased by 9% compared to un-purified FC-43.32° Taken together, the importance of having
a mechanically strong protein layer to maintain sufficient substrate stiffness, leading to
enhanced cellular adhesion and growth, was supported. Furthermore, the potential role of

surfactants in inducing greater protein self-assembly and mechanical strength was suggested.

Cellular growth was also demonstrated on silicone and fluorinated o0ils.*° Again, a
pentafluorobenzyl chloride surfactant was used to facilitate protein self-assembly. Less growth
and more cell death were seen when conditioned only with serum protein or bovine serum
albumin, without surfactant. Interfacial rheology showed sharp protein adsorption to the oil-
water interface within the first 15-20 min with the surfactant being found to interact with the

protein layer by cross-linking and strengthening mechanical properties of the nanosheet.>*

Overall, substrate stiffness and rigidity are an important factor in mediating protein/cellular
adhesion but are not usually studied in the context of thrombogenicity. Hence, further
exploration in this area may provide another dimension of understanding mechanisms of

thrombus formation and dynamics of clotting on biomaterials.

1.5.5. Interfacial Mobility

The mobility of proteins at the material interface may influence the rate of accumulation and
diffusion, which in turn, can affect protein-protein contact time and subsequently, induce
conformational changes and aggregation.®31-33 This suggests that protein mobility and surface
residence time is not only crucial in determining interactions with the surface but also to other
proteins and aggregation behaviour.33% 33 In the context of thrombosis on materials, for
example, enhanced mobility may act to deter fibrin polymerisation during thrombosis since the
polymerisation of fibrinogen monomers to fibrin requires not only exposed binding sites, but

also sufficient time scales to allow for contact.3%! 3%
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The role of interfacial mobility in non-specific protein adsorption have been commonly studied
with grafted polymer brushes such as poly(ethylene glycol)(PEG)/poly(ethylene oxide)
(PEO).%1 3% The mechanism of reducing protein adhesion is partially attributed to the high
mobility and flexibility of the polymer chains which create an entropic barrier.147 335:33% |n
studies of protein adsorption from human serum and fetal bovine serum on modified poly(L-
lysine) brushes grafted on SiO», reduced fouling of proteins and bovine chrondrocyte cells was
conferred by higher chain flexibility, creating an entropic barrier against protein and cell
adhesion.®*” Similarly, human fibrinogen adsorption and platelet adhesion was reduced on
poly(lactic-co-glycolic-acid) (PLGA) pillars with high aspect ratios which the authors have
attributed to the flexibility, causing unstable adhesion.?® Interfacial mobility of polymers with
different degrees of chain flexibility also revealed preservation of the native conformation of
fibrinogen on flexible polymers, compared to more rigid polymers.3* In a follow up study,
FXII was activated only on the more rigid poly(butyl methacrylate) material but remained in a
more native form on the flexible poly(lauryl methacrylate) coating.®*® The immobilisation of
proteins and cells to solid surfaces may consequently lead to accumulation over time, resulting
in a build-up of prothrombotic components. More recently, interesting developments in grafted
hydrophobic PDMS brushes (slippery omniphobic covalently attached liquid, SOCAL)
exhibiting low contact angle hysteresis (<2°) has opened up a new system for studying the
effects of interfacial mobility on (anti)thrombogenic behaviour due to their “liquid-like” anti-
adhesive properties.®*% 3! Interestingly, they were shown to exhibit low adhesion of fibrinogen,
even when compared to PEG-modified surfaces.®*? However, interfacial mobility as a
mechanism contributing to reduced thrombosis on materials remains an underexplored area

which could prove to be an important property to consider in the design of new biomaterials.

1.6. Anti-Thrombogenic Surface Coatings

Despite the development of many new medical devices, materials and surface coatings in recent
decades, there has been failure to eliminate medical device thrombosis clinically, or to reduce
the need for anti-thrombotic therapies.3® 88 88.120. 147 Ag gych, there remains an unmet clinical

need for anti-thrombogenic materials in blood-contacting medical devices. 1 147343

Novel materials have been reported with varying mechanisms of action in targeting thrombotic
pathways with methods of fabrication also varying widely.® 23 110, 118, 119, 148, 272, 344, 345

However, many of the materials are still in the research and development stage.%® 11034 These
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materials can generally be divided into two categories: i) passive coatings that prevent or delay
protein adsorption such as special wettability surfaces capable of reducing the blood-material
contact area and/or adhesive properties of the surface,?’2 274:310.347.348 3 jj) bioactive coatings
with drug-eluting capabilities or biomolecules that are released to inhibit thrombosis through a

targeted pharmacological approach or immobilisation of fibrinolytic/thrombolytic proteins.>”
119, 349-351

1.6.1. Passive Anti-fouling Materials

Passive anti-fouling materials can be loosely grouped into those that effectively reduce non-
specific adsorption of proteins and/or cells through chemical/topographical surface
modification or immobilisation of biomolecules that passivate or inhibit the thrombotic
pathway.!18 273 274 Examples include materials incorporating grafted polymers such as
hydrophilic polyethylene glycol/polyethylene oxide (PEG/PEQ), zwitterionic polymer
brushes, phosphatidylcholine, superhydrophobic surfaces and liquid-infused coatings (LIS).
Surface-immobilised biomolecules including proteins such as albumin, layered with anti-
bodies may also reduce pro-coagulant protein adsorption and adhesion or activation of platelets
and leukocytes, or selective adsorption of anti-thrombogenic proteins and cells.

1.6.1.1. Grafted Polymer Brushes

Grafted polymer brushes such as those made of the extensively studied polyethylene glycol
(PEG)(also known as polyethylene oxide (PEO)), typically exploit their hydrophilicity to
produce a water solvated adlayer through hydrogen bonding, resulting in an energetic barrier
against protein adsorption.t#’: 3% The mechanism of reducing protein adhesion is also partially
attributed to the high mobility and flexibility of the polymer chains which create an entropic
barrier.*47 335336 For example, fibrinogen adsorption and platelet adhesion was reduced on
poly(lactic-co-glycolic-acid) (PLGA) pillars with high aspect ratios which have been attributed
to the flexibility of the coating, causing unstable adhesion.?8® Known limitations of these
hydrophilic, grafted polymers for prolonged in vivo use include degradation due to potential
desorption, hydrolysis and oxidation, thus, requiring improved durability for successful blood-

contacting medical device applications.5?

1.6.1.2. Zwitterionic Coatings
Zwitterionic materials offer an alternative solution to grafted polymer brushes through their

excellent ability to resist adsorption of proteins.>® Zwitterions are superhydrophilic, containing
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both positively and negatively charged components resulting in a net neutral charge.®2 The
proposed mechanism of anti-fouling is through the formation of a hydration layer (by ionic
solvation), creating a barrier against protein adsorption (steric hindrance), similar to the
aforementioned PEG/PEO.3** Zwitterionic coatings fabricated on polyurethane have shown to
reduce platelet adhesion,**® and on ECMO systems, displayed reduced fibrinogen and platelet
adsorption.>® Phosphorylcholine moieties, for example, have been used to mimic the
properties of non-thrombogenic cellular membranes which contain zwitterionic
phospholipids.®*” They have been functionalised onto BiodivYsio™ stents (Biocompatibles
Ltd.),%® vascular ePTFE grafts in previous studies,®° presenting reduced fibrinogen and
platelet adhesion, in vitro and in vivo.®%® 3%° Unfortunately, phosphorylcholine-coated stents
showed unremarkable improvements against restenosis compared to uncoated Palmaz-Schatz
stents®, PS 153 (Johnson & Johnson) stainless steel stents in porcine and rabbit angioplasty

models.36°

1.6.1.3. Inorganic Coatings

Inorganic coatings include amorphous, diamond-like carbon coatings, pyrolytic carbon and
titanium-based materials that have been used in a variety of vascular settings including LVADs
(e.g. the HeartMate 3®, Abbott Laboratories (Abbott Park, North Chicago, IL, USA)),%! stents
and artificial heart valves.>* 362 363 Djamond-like carbon coatings have demonstrated decreased
platelet adhesion when compared to other materials such as titanium,?>® However, when
compared against uncoated, stainless steel stents no significant benefit in patency was
observed.3®* 3% Despite the usefulness of titanium as materials for implantable devices due to

363

their mechanical strength and corrosion resistance,**° there are still significant problems of

thrombosis and restenosis.3%

1.6.1.4. Superhydrophobicity

Superhydrophobic surfaces typically exhibit extreme fluid-repellent properties with self-
cleaning capabilities and have been proposed as anti-thrombogenic materials.27® 311 366,367 The
trapping of an air layer (plastron) amongst a rough, micro/nano-textured surface, usually
fabricated on low-surface energy materials such as fluorocarbons,®! reduces the contact area
of the liquid-solid interface (Cassie-Baxter wetting state).>!® In the presence of blood, the
effective area for adhesion of cells and even proteins such as platelets and fibrinogen, is
reduced.®'! Another reason superhydrophobic surfaces have been suggested to exhibit low

thrombogenicity is in part due to reduced shear stresses under flow, arising from lower friction
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at the blood-material interface (interfacial slip) due the presence of trapped air.?’8 311368 The
implications being that less haemolysis of red blood cells and less platelet damage would
occur.276:310:389 Reduced platelet and leukocyte adhesion was observed on bileaflet mechanical
heart valves rendered superhydrophobic using a commercial Ultra-Ever Dry coating spray
(UltraTech International, Inc., Jacksonville, FL),*®® as opposed to the base material - untreated
pyrolytic carbon, in vitro.>® However, a follow-up study by the same authors indicated that
downstream turbulence and pressure gradients were not reduced on the superhydrophobic
bileaflet mechanical heart valves, implying a lack of improvements in haemodynamic
performance due to the effects of interfacial slip.3”® Although, it should be noted that the study
was limited to a single type of superhydrophobic surface and, since fluid slip behaviour is

dependent on the nature of the surface, this should be investigated further.®"

The main limitation of superhydrophobic surfaces appears to be due to their reliance on the
trapped air.3!! Firstly, air can activate complement,!% 3% which can further propagate the
complement cascade and therefore, thromboinflammation.'!” Furthermore, proteins are
surface-active and capable of decreasing the interfacial tension of the material-blood
interface,’®® 31 promoting surface wetting. Hydrostatic pressure-induced collapse of the
trapped air layers and dissolution into blood may also render the surface exposed to blood
(Wengzel state), leading to eventual clotting by increasing the blood-surface contact area.?%® 310
311,366 A study of bacterial biofouling on superhydrophobic surfaces revealed such an effect,
promoting bacterial colonisation more significantly compared to control glass, polystyrene and
polyurethane due to dissolution of the trapped air layer.3”> Hence, longer duration studies under
physiologically-relevant flow conditions will be required to evaluate the clinical potential of

superhydrophobic surfaces.36®

1.6.2. Bioactive Surface Modifications

Bioactive surface modifications can encompass strategies the endothelium employs to limit
thrombosis that fall into two major categories, 1, surface-immobilised biomolecules. These can
be immobilised biomolecules that actively inhibit thrombosis, reduce pro-coagulant protein
adsorption, reduce adhesion or activation of platelets and leukocytes, or selectively adsorb anti-
thrombogenic proteins and cells. 2, It can also encompass materials and coatings capable of
releasing biomolecules or drugs that target aspects of the thrombotic pathway to inhibit

thrombosis or inflammation or promote the fibrinolytic pathway. " 148
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1.6.2.1. Immobilised Biomolecules

Heparin is a glycosaminoglycan,®’®

possessing structural similarity to heparan sulfate that is
able to inhibit clotting,3” and has been the most clinically successful bioactive coating by being
immobilised to the surfaces of medical devices, reducing thrombosis.1!% 37437 This is evident
through the commercialisation and clinical-utilisation of heparin coating technologies such as
CARMEDA® BioActive Surface (CBAS® Heparin Surface; Carmeda AB, Upplands Vasby,
Sweden) and Trillium® Biosurface (Medtronic, Minneapolis, MN, USA).3" Heparin-coated
materials have been used in a variety of blood-contacting medical devices,3” 3" including
cardiopulmonary bypass circuits,>’® vascular grafts,’” and stents.*”® Despite evidence to show
the coating remains bioactive in vivo and clinically up to at least 1 year on a ventricular assist
device,3™ 378 the ability of immobilised heparin coatings to successfully reduce thrombosis in
wider clinically situations varies greatly. For example, no difference was seen in stent
thrombosis on Corline heparin coated Jostent compared to an uncoated Jostent, " no significant
increased patency of heparin-immobilised PTFE arteriovenous grafts compared to standard
PTFE grafts,*’’ and only marginal differences in clinical outcomes such as myocardial
infarction and atrial fibrillation when heparin-bonded circuits were used for cardiopulmonary

bypass circuits, compared to untreated surfaces.3’

Since the introduction of heparin-bonded devices, other anticoagulants have been explored for
their efficacy in reducing medical device thrombosis. Unlike heparin, direct thrombin inhibitors
such as hirudin, bivalirudin and argatroban directly bind to the active enzymatic site of
thrombin to inhibit thrombin activity.!*® Immobilised hirudin prolongs activated partial
thromboplastin time, prothrombin time, thrombin time and reduces fibrinogen on the surface
of polylactic acid membranes in vitro, intended to be used for dialysis membranes.®® The
hirudin derivative, bivalirudin, was covalently conjugated on polymerised allylamine-coated
316L stainless steel.®8! This extended clotting times, lowered platelet adhesion and activation,
reduced fibrinogen adsorption, and significantly enhanced endothelial cell adhesion and
proliferation, in vitro.®8* Argatroban immobilised to polyurethane-silicone polymer
(CarboSil®) was applied to the inner lumen of poly(vinyl chloride) (PVVC) extracorporeal circuit
tubing.3# Thrombogenicity was evaluated using a 4 hour extracorporeal circuit model on
rabbits, demonstrating significantly less thrombus formation (by area) compared to CarboSil®,

although platelet count was not preserved along with evidence of argatroban leaching.®2
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Many other biomolecules that actively inhibit coagulation, inhibit platelet activation or
promote fibrinolysis have been immobilised to surfaces, however they have not been translated
to the clinic, or are still in the development stage.>® 1% 17 An alternate strategy using
immobilised biomolecules is to passivate materials by coating them with albumin, the most
abundant protein circulating in blood to reduce platelet adhesion and inhibit procoagulant
protein adsorption such as fibrinogen.t*% %3 However, evidence of clinical efficacy is lacking,

and conformationally denatured albumin may facilitate platelet adhesion.1%

1.6.2.2. Molecule-Releasing

Anti-thrombogenic agents have also been released from materials as a method of mitigating a
thrombotic response in a controlled, site-specific manner.3®* This approach could be more
effective than immobilised biomolecules, while causing less bleeding compared to systemic

anti-thrombotic drug administration.® 3

The most extensively studied anti-thrombotic biomolecule released from a surface is nitric
oxide (NO). Nitric oxide is generated and released by endothelial cells and prevents platelet
aggregation and adhesion.%% 386387 Numerous NO-releasing coatings have been developed and
applied to devices such as extracorporeal circulation/life support systems, > 60. 349, 384,385 Ag gn
example, NO-releasing poly(vinyl chloride) Tygon® tubing for extracorporeal circulation of

rabbits showed reduced platelet adhesion and activation after 4 hours of blood flow.38®

More recently, anti-platelet drugs immobilised to degradable polymers are being evaluated for
their efficacy in reducing thrombosis. For example, the antiplatelet agent dipyridamole,
covalently bound to a bioresorbable polycaprolactone-based polyurethane, which, when
released following polymer degradation, demonstrated lower platelet adhesion and activation
compared to control materials, in vitro.® In another study, the anti-platelet drug acetylsalicylic
acid (aspirin) was combined with poly(caprolactone) to produce a biodegradable synthetic graft
via 3D-printing, capable of releasing the anti-platelet drug to reduce platelet adhesion, in
vitro.3 Clopidogrel another potent anti-platelet drug was used in a drug-releasing coating
prepared from a blend of polyurethane and PEG, not only demonstrated effective reduction in
platelet adhesion, but also prolonged coagulation times, in vitro.3*°

General limitations in molecule-releasing anti-thrombotic strategies is the finite supply of the
anti-thrombotic agent.®® More recently, new strategies have been developed to overcome these

concerns, by incorporating NO and other drug release systems as part of a multi-functional
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material, in combination with other strategies to target multiple pathways of thrombus

formation (See below).

1.6.3. Multi-Functional/Stimuli-Responsive Materials

The native endothelium has multiple, simultaneously acting anti-thrombotic strategies to
maintain haemostasis, as mentioned earlier.X%” 120: 391 Recent developments in materials and
coating designs are now also employing combined strategies to reduce material
thrombogenicity. 110 119148392 Thjg section provides an overview of these approaches that report
combining multiple strategies targeting different aspects of the thrombotic pathways.

1.6.3.1. Combined Bioactive Agents

The most common approach when combining bioactive agents is to immobilise an
anticoagulant with a released antiplatelet molecule. For example, immobilised heparin and NO-
releasing materials have been fabricated,3%® 3% demonstrating reduced platelet adhesion in
vitro, and significantly lower platelet consumption than either coatings alone and unmodified
controls and in vivo, in an extracorporeal circuit rabbit model, over 4 hours.*** In another
example, an immobilised direct thrombin inhibitor on polyurethane was combined with
released NO for extracorporeal circuit applications. In a 4-hour arteriovenous shunt rabbit
model, this resulted in a significant reduction in thrombus formation, while maintaining platelet
function.3® Additionally, when bivalirudin was immobilised on to NO releasing surfaces,3%
reduced fibrinogen adhesion and platelet adhesion and activation were observed.3®® These
trends were reflected in an ex vivo arteriovenous shunt model in rabbits, following 2 hours of
extracorporeal circulation, which also revealed reduced thrombus formation and occlusion.3%
Finally, one study combined three bioactive molecules by adding thrombomodulin to a heparin-
NO system, forming a tri-functional polymeric coating,3*” demonstrating stable NO release,
enhanced thrombomodulin activity and low platelet adhesion.3®” These approaches have the
advantage of locally inhibiting multiple biological pathways that initiate biomaterial

thrombosis, however, their development and progression to the clinic is still being pursued.

1.6.3.2. Combining Surface Modifications and Bioactive Release

Physicochemical surface modification to physically limit protein and cell interactions with
materials, combined with bioactive functional properties through molecule release presents
another interesting method to produce anti-thrombogenic surfaces. This dual-functional

material design includes NO release systems combined with hydrophilic polymer coatings,3®
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such as those utilising hydrophobin SC3, which demonstrated significantly reduced fibrinogen
and platelet adhesion, in vitro.3%® Additionally, a topographically structured surface consisting
of nanopillars fabricated on CarboSil® (polyurethane), combined with NO release, exhibited
substantial reductions in platelet adhesion and activation, while delaying plasma coagulation

time and reduce FXII activation, in vitro.3%

Like the combined molecule-immobilised/bioactive systems, in vivo studies remain limited at
this stage and further development of these coatings is necessary for clinical translation. In a
recent study of a combined zwitterionic coating and NO-releasing catheters, a 7 day in vivo
rabbit model revealed reduced thrombus formation shows promise for this approach.*®

1.6.3.3. Stimuli-Responsive

A new strategy to improve material haemocompatibility is through stimuli-responsive
materials that are capable of responding to changes in the physiological environment.40%: 402
Responsive materials can be designed to adjust to the levels of thrombin, triggering the release
of anti-thrombotic agents to attenuate coagulation only when it is needed. For example, a
polymer hydrogel system based on polyacrylamide with the ability to release t-PA

demonstrated fibrinolysis in the presence of thrombin, in vitro.4%2

Polymer hydrogels have also been combined with thrombin-sensitive peptide sequences and
heparin.*%3 4% In the presence of thrombin, the hydrogel is cleaved at the thrombin-sensitive
peptide sequences, leading to heparin release which inactivates thrombin, thereby, reducing
thrombosis. The released heparin further attenuates thrombin-cleavage of the gel, making the

system capable of autoregulation.*®®

While reports of progress in combined, multi-functional coatings that target various aspects of
the material-induced thrombotic pathways are made, they are still very much in the early stages
of research with only limited evaluation, in vivo. Furthermore, evaluation under
physiologically-relevant flow conditions must also be taken into account, given the importance
of flow on not only shear-sensitive blood proteins and cells implicated in thrombosis such as
VWF and platelets,?* but also for determining the durability of materials and coatings.%® 36
Nonetheless, it is an exciting area of work although more work remains to be done for
successful clinical translation to occur.?® In particular, the ability to retain all functions without

compromisation will be crucial for efficacy and safety, while additional, essential, practical
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issues relating to methods of sterilisation and cost also need to be considered for successful

translation into clinical settings.

1.7. Liquid-Infused Surfaces (LIS)

Biomimetic or bio-inspired materials imitate biological functions by replicating physical and
chemical features found in nature. The evolution of biological features over time in adaptation
to their surroundings provide important sources of inspiration in the designing of devices and
materials in various applications. For example, inspirations from living systems, such as the
structured morphologies of the lotus leaf and shark skin,?’* 348405 have led to the development
of functional surfaces for water harvesting,** anti-icing,**’ anti-wear,*® and drag reduction.*%®
‘Biomimetic’ approaches have led to effective strategies to modify surface properties to enable

new technology, often including surface features at the nanoscale.

Liquid-infused surfaces (LIS) are a class of biomimetic materials exhibiting special wettability
properties such as anti-icing,*®® drag reduction and anti-biofouling.*%® 41° They consist of a solid
substrate infused with a lubricating liquid such as those represented in Figure 1.9 and are
capable of repelling external fluids and are self-healing.*!! Infusing lubricants are generally
selected for their chemical inertness, preferential spreading on the substrate, low vapour
pressure and surface tension.*0% 4244 gyhstrates can take on several forms and can be
classified based on substrate structure.*'® The original Slippery Liquid-Infused Porous Surface
(SLIPS), inspired by the Nepenthes pitcher plant,**> was the first LIS to be developed in 20114%°
and used a porous substrate (Figure 1.9D), able to store and retain the infused lubricant as a 3-
dimensional (3D) reservoir to repel liquids such as water, oil and blood.*® Two-dimensional
(2D) structures exhibit rough topographical features such as micro-/nano- structure which
retains the lubricant by means of capillary forces.1% 414 416-418 A third category of LIS can be
achieved by directly grafting molecules onto substrates and can be considered a 1-dimensional
(1D) structure. One such type of surface are tethered-liquid perfluorocarbon (TLP) coatings.
TLP coatings are usually made by silanisation of oxidised substrates with covalently bound
molecular layers of tethered-perfluorocarbons (TP), which are then infused with a liquid
perfluorocarbon lubricant as illustrated in Figure 1.9B. The lubricant layer is stabilised within
the grafted layer by van der Waals interactions.*'” In most studies, the anti-adhesive properties
of LIS have been correlated with low values of water droplet sliding angle () such as those
shown in Figure 1.10 (<10 °, the tilt angle at which a droplet rolls-off the surface) and low
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values of contact angle hysteresis (<5 °, the difference between advancing and receding contact

angle).419. 420

Typical lubricants generally have low surface tension (<30 mN/m) for ease of spreading and
infusion into porous or rough surface structures, low vapour pressure (<1 Pa) to withstand
evaporation, chemical inertness to resist degradation, and viscosity <100 cSt to allow for
lubricant infusion in appropriate time scales.*'® Recent studies have also shown that sufficiently
high lubricant viscosity assists in reducing depletion against external shear.?% 421423 As shown
in Figure 1.9E, the most commonly studied lubricants include silicone oils and
perfluoropolyethers (PFPE).*"® Fluorinated lubricants are widely favoured due to the presence
of multiple fluorine groups that have low polarizability, resulting in low dispersion forces.*?
These properties give rise to the oleophobic as well as hydrophobic character, and make them
highly immiscible with non-fluorinated solvents. One particular perfluorocarbon,
perfluorodecalin (PFD), has been used as it is FDA-approved and biocompatible, thus, LIS
infused with perfluorinated lubricants such as TLP have emerged as excellent candidates to
reduce material thrombosis (see Sections 1.7.1 and 1.7.2).29% 425427 practical applications of
LIS may require exposure to external fluid flow such as in the case of drag reducing surfaces

and marine fouling applications.*% 428 42% Thjs raises concerns for the potential loss of lubricant

a} Micro/Nanostructured Surface e) Commonly Used Lubricants

| | | | | | | | Perfluorodecalin Fluorinert FC-70
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b} Chemical Modification of Surface {
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d) Slippery Liquid Infused Porous Surface (SLIPS) —1 To-¢- E O=Ch R 1' T S'

Figure 1.9: Schematic representing different types of immobilised liquid (IL) surfaces including: A) Micro- and/or
nanostructured surfaces. B) Chemical surface modification. C) Combined micro- and/or nanostructured surfaces
and chemical modification. D) Porous polymers infused with lubricant. E) The structures or formulas of the most

common immobilised liquids used in IL coatings. Adapted from reference 426.
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which may render their desirable properties ineffective.*'® 429432 Factors affecting the rate of
lubricant depletion include: lubricant viscosity,*% 2% viscosity ratio (ratio between external
fluid versus lubricant viscosity),*3! substrate texture/morphology,** and shear conditions. 418
For example, regularly-ordered pillars are less effective at retaining lubricants than randomly
rough structures.**® Nanostructured surfaces were found to maintain the slipperiness most
effectively, due to higher Laplace pressure within the lubricant infused in the nanostructures.*3
Previous studies of shear-driven depletion of the lubricant perfluorodecalin (PFD), under flow
of water, demonstrated retention of slippery behaviour up to a maximum shear of 4453 s for
16 hours.**® However, the lubricant was determined to have been significantly depleted almost
instantaneously upon exposure to air flow.**® Exposure to air led to removal of significant

amounts of lubricant both with silicone oil and perfluoropolyether lubricants.*3 417

To better understand lubricant depletion mechanisms, improved characterisation methods are
required.**®> However, studies of lubricant depletion on LIS are difficult due to the small
volumes and thin layers of lubricant. Some techniques such as laser scanning confocal cannot
be used on opaque materials, while the dynamics of depletion are too fast to capture with slower
techniques.*** An effective atomic force microscopy-based method to quantitatively measure
lubricant layers down to 3 nm in thickness has been developed,*** but the time-scale of

acquisition limits the evaluation of lubricant thickness dynamics, under flow.

Figure 1.10: Sliding angle of a water droplet on a: A) flat substrate. B) tilted substrate. C) droplet sliding on a

tilted substrate.

1.7.1. Rational Lubricant Choice - Medical Factors in Lubricant Choice

In recent years, liquid-infused surfaces have been investigated as coatings for anti-fouling
medical devices such as those used in orthopaedic applications to the treatment of
cardiovascular disease.*?® 42743 Their ability to repel complex biological fluids, such as blood,
has made LIS a promising advancement for antithrombotic materials. This section provides a

summary of rational lubricant choice for LIS in biomedical applications.
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In addition to the preferential wetting considerations for successful LIS design, applications

for biomedical use also requires the infusing liquids to biocompatible.**

Ideally, the lubricant
should not trigger an inflammatory response while preventing prothrombotic protein and
cellular adhesion and/or activation.'® Key criteria to be considered in the choice of lubricant in

LIS for medical and clinical applications have been suggested by Mackie et al.*%:

1. Cytotoxicity towards human cells and environmental toxicity. Pharmaceutical grade
liquids are essential.

2. Stability and longevity of the lubricant in the host environment in which the LIS is to
be used, particularly against exposure to physiological flow of biological fluids such as
blood.

3. Effects of any leached products, by-products, and biological clearance mechanisms,

cost and feasibility of manufacture, sterilisation and storage.

Silicone oils and fluorinated liquids are already in common use for biomedical applications
with liquids from both classes approved by the US Food and Drug Administration (FDA) for
vitreoretinal surgery.*®® Silicone oils are used as lubricants for plastic syringes.*?® 437-43
Perfluoroperhydrophenanthrene (PFPH or Vitreon, Ci14F24) and perfluorodecalin (PFD, C1oF1s)
have previously been demonstrated to be clinically safe in humans as an intraoperative and
post-operative tool in the management of retinal tears.**% 44! Similarly, PFD and Vitreon have
been studied in human clinical trials as a tamponade agent in retinal detachment surgery. 442444
PFD and perflubron (1-bromo-perfluorooctane) have also been evaluated in preclinical studies
as a blood substitute, being emulsified and directly administered intravenously into the
bloodstream.**3445 Furthermore, biomedical applications of PFD have found use in imaging
with increased radiopacity and the ability to support bone marrow cell survival for bone

regeneration.*4

Based on their extensive clinical use as blood substitutes, the perfluorocarbons Vitreon and
perflubron, appear not to bioaccumulate. Instead, they are phagocytosed by reticuloendothelial
macrophages of the immune system and exhaled from the lungs.*3% 445 447. 448 Mild flu-like
symptoms and decreased platelet counts (by only 12-15%) were temporary in patients receiving
blood substitutes and were proposed to be due to stimulation of the reticuloendothelial

system.*36: 448 Concern over complement activation of blood substitute emulsions was found to
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be caused by the Pluronic F-68 stabilising agent, not the perfluorocarbons themselves, 425 436
444, 449, 450

In contrast, pre-clinical and clinical studies of Krytox™ (PFPE) have not yet been reported.
While PFPE-infused LIS were reported to not affect the macrophage viability on the infused
substrates,**! or cellular metabolism in 5% v/v Krytox™ in cell culture medium,*?
concentrations beyond 10% v/v significantly decreased cellular metabolic activity (fibroblasts).
However, it is unclear if the toxicity is a result of lubricant blocking nutrient uptake and waste
removal of the cells, or if the lubricant contained impurities (as Krytox™ lubricants are not
commercially available in medical grade).

Silicone oil use in syringes has been associated with protein aggregation in biological drugs;**®
however, it was shown that silicone oil is unlikely to be the cause.*>* A combination of protein
biophysical properties, drug/protein formulation, stress conditions (flow out of the syringe) are
likely responsible.5% 454 Like PFCs, small volumes of silicone oils injected subcutaneously are
also recognised by reticuloendothelial macrophages, but the clearance mechanism is less well
understood.** Recently, concern has been raised due to increasing incidence of silicone
embolization syndrome, which is a consequence of illicit use of large volumes of subcutaneous
silicone injections for body enhancement. Unintended administration of silicone oil into the
bloodstream in these procedures has caused adverse events, for example, embolism in distal
organs such as the lungs, resulting in fatalities.*>> % The FDA has warned against using large
volumes of silicone oil for these purposes and has only approved it for intraocular ophthalmic
use.*” Silicone oil introduced into the body via LIS would likely not be in large enough volume
to cause the adverse effects reported in these cases. Nevertheless, the inflammatory response
and clearance mechanisms of lubricant in tissue or the bloodstream needs further investigation
to determine the safety of silicone oil in LIS-based medical devices. This highlights the
importance of understanding the lubricant effect on the host environment and lubricant

depletion mechanisms.

PFC liquids such as PFD and PFPH/Vitreon (perfluoroperhydrophenanthrene) are
advantageous lubricants in LIS for medical applications given their extensive clinical use and
well-understood metabolic clearance mechanisms, as compared to other classes of liquids such
as silicone oils. Further research and characterisation of biological interactions of other novel

lubricants (e.g., edible plant oils) should be explored to determine if they are desirable for use
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in medical LIS. For all lubricants, it is necessary to characterise immune cell activation and
bioaccumulation/clearance mechanisms and to conduct toxicity studies. It is also important to
assess any application-specific characteristics, for example, coagulation, platelet and
complement activation for blood-contacting medical devices.

Much of the research into LIS for medical applications has used perfluorodecalin as lubricant
with perfluorocarbons being known as potent greenhouse gases that may contribute to global
warming.**® The atmospheric lifetime of perfluorodecalin has been predicted to be around 1000
years with a solar heat-trapping potential that is 7200 times greater than CO2. However, the
very low concentration of perfluorodecalin in the atmosphere makes their contribution to
climate change, so far, trivial.**® #° Hence, perfluorodecalin does not pose an immediate
environmental risk, but its environmental impact should be considered before widespread

use.*6t

1.7.2. Anti-Thrombotic Applications of LIS/TLP

Nanoscience, biomimetic strategies, and multidisciplinary approaches have enabled the
development of materials based on LIS for anti-biofouling medical device applications,

exhibiting properties such as reduced thrombogenicity and bacterial fouling.%" 427 435,451, 462, 463

A handful of studies over the years have shown TLP coatings to effectively reduce
procoagulant protein/cellular adhesion and thrombus formation, with pronounced reductions
in platelet adhesion, activation and adhesion of polymerised fibrin from human whole blood
being found on TLP compared to uninfused controls.?®® 425 464 |n vitro studies of TLP
demonstrated attenuated thrombin generation,*®® decreased rate of fibrin polymerisation,?4®
prolonged clotting time of blood plasma,*® 467 and thrombus formation on catheters,*65 468
including under flow,*® and with no compromise to endothelisation.*®® Maximum clot strength
was significantly reduced on TLP coatings compared to polymer (PET and PVC) controls,*”
as well as thromboelastography cups,?*® made of smooth acrylic (cryolite).?*” 4% A ~96%
reduction in the quantity of adsorbed fibrinogen from buffer solution was observed on TLP,
relative to untreated poly(styrene-b-isobutylene-b-styrene),*%* and notably, an 87% reduction
in adsorbed fibrinogen from blood was found on the LIS coating, relative to the poly(vinyl
chloride) controls.*”® Although, platelet aggregation on the LIS was not found to be
significantly different to the untreated control PET and PVC.*° Furthermore, partial

thromboplastin time (PTT) and activated partial thromboplastin time (aPTT) showed minimal
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differences. Other studies on liquid-infused, polyvinylidene fluorine (PVDF) catheters were
shown to reduce prothrombin time, representing slower coagulation rates as well as reducing
platelet adhesion and haemolysis rates while demonstrating potential drug-releasing
abilities.*’? A multi-functional TLP coating, consisting of immobilised anti-CD34 and anti-
CD144 antibodies, infused with PFPH, was shown to prolong plasma clotting time and reduce
platelet and fibrinogen adhesion, while facilitating improved endothelialisation by facilitating
cell adhesion.*” On coatings without immobilised antibodies, endothelial cell adhesion and
growth was found to be minimal.*”® Another combined strategy consisting of LIS (silicone oil
lubricant) in combination with NO release, termed “liquid-infused NO-releasing” (LINORel)
was developed, for coatings with anti-biofouling on medical grade silicone tubing.** LINORel
coatings showed advantages including decreased NO leaching, controlled NO release while
reducing fibrinogen and platelet adhesion, in vitro, whilst also reducing bacterial adhesion.*"

Hence, the coating was able to exhibit both anti-thrombogenic and anti-biofouling properties.

Implanted medical devices are often subject to high blood-flow.?* Therefore, evaluation of TLP
coatings in physiological conditions such as under blood flow are crucial for clinical translation
to occur.%® 426 Exposure of LIS to the flow of blood may cause shear-induced depletion of the
lubricant over time,®® ultimately rendering the LIS ineffective in clinical settings.*% 413 426 427
Previous studies of shear-driven depletion of the lubricant PFD, under flow, demonstrated
retention of slippery behaviour upon exposure to shear forces up to 6.5 weeks in a Chandler
Loop , in vitro.*?® In vivo, TLP successfully withstood blood flow exposure and prevented
thrombosis in an extracorporeal shunt for 8 hours,*? and when coated onto a full extracorporeal
circuit for 6 hours (although the shear rates were not reported).1%* 425 In a later study using
swine blood in a 6 h ex vivo circulation model for extracorporeal carbon dioxide removal, the
percentage of activated platelets were found to be elevated for the control PVC group as
opposed to the LIS-coated circuit which also revealed reduced fibrinogen adosprtion.*”
However, extended durations of 72-hour studies revealed that the TLP-coated surfaces were
not able to prevent thrombosis-induced occlusion, possibly due to potential loss of lubricant
over time, under continuous blood flow (shear rates not reported).*® Thus, issues surrounding

lubricant depletion due to flow remains a significant concern.*?®

A complete understanding of lubricant retention under flow on TLP coatings requires a
controlled and reproducible structure of the underlying TP layer, supported by thorough surface

characterisation.!® 42 Furthermore, the mechanism(s) by which TLP remain anti-
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thrombogenic remain unknown,282 293 426 427" An jnteresting speculation has been raised
involving interfacial slip which has been proposed as a potential contributor to lower rates of
haemolysis and platelet activation by altering haemodynamic conditions such as shear stress at
the blood-material interface in superhydrophobic surfaces.®!® %8 Similarly, TLP-coated
extracorporeal circuit systems were shown to be anti-thrombotic and interfacial slip was

potentially considered as a contributing mechanism,*"°

given the ability of LIS to reduce drag
through interfacial slip effects.*®® Further insights into the elucidation of anti-thrombogenic
mechanism(s) of TLP coatings, particularly under flow, may guide the development of
improved TLP coating designs for future clinical applications. More specifically, the
interaction of procoagulant proteins and cells with a variety of surface designs such as different
types of infusing liquids, textures/architecture and composition and its impact on the ability of
proteins to adhere and form interfacial protein and cellular networks and initiation of different
thrombotic pathways may inform the design of new product manufacturing processes for the

medical devices industry.

1.8. Thesis Outline/Aims of Thesis

The incomplete understanding of the complex relationship between material properties
responsible for biomaterial thrombosis remains one of the key reasons that a truly non-
thrombogenic material/device has not yet been developed. In this Thesis, anti-thrombogenic
mechanisms leading to reduced blood coagulation and thrombosis on TLP coatings are set to
be explored for applications in blood-contacting medical devices. The materials, experimental
research designs and methods used to carry out the investigation are described in Chapter 2.
To develop highly effective TP coatings, Chapter 3 first examines the relationship between
preparation methods (liquid-phase deposition versus chemical phase deposition) and resulting
properties of the surface coatings such as their composition, morphology, and wettability. A
combination of surface science techniques such as atomic force microscopy, contact angle
goniometry and X-ray photoelectron spectroscopy are employed to characterise the quality of
the coating, prepared on various oxidised substrates, including a model material — silicon
wafers. Upon optimisation of the coatings, their stability and longevity under various shear
conditions for different infused lubricant layers is assessed qualitatively through cone-and-
plate rheometry. The assessment of the newly developed coatings obtained from the vapour

phase against adhesion of fibrin from human whole blood is carried out to conclude the chapter.
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The mechanisms of anti-thrombogenicity are subsequently explored in Chapter 4 through in
vitro evaluation methods in a static, closed system assay. An attempt is made to understand
mechanisms by which the coatings remain anti-thrombogenic and reduce the adhesion of fibrin
clots discovered in the preceding chapter. Particular focus is given to the intrinsic coagulation
pathway, a key biological mechanism that commonly contributes to biomaterial thrombosis.
An alternative physicochemical mechanism capable of reducing fibrin clot adhesion is
proposed through the effect of interfacial mobility, whereby the immobilisation of blood
components may be reduced, even in the absence of external flow due to the highly mobile
nature of the underlying lubricant layer, unlike those on solid surfaces which cause

immobilisation of blood proteins and cells.

A platform developed to evaluate thrombosis on TLP coatings under blood flow, in the form
of a microfluidic device, first requires an understanding of the lubricant depletion dynamics on
TLP coatings under external flow. Thus, custom designed microfluidic channels were designed
and fabricated by 3D-printing in Chapter 5 to understand lubricant depletion dynamics on TLP
coatings. Evaluation under flow was performed to understand shear conditions at which these
coatings may fail using spectroscopic ellipsometry to quantify lubricant thickness, which failed
to yield unambiguous results. The dual-wavelength confocal reflectance contrast interference
microscopy (DW-RICM) method was subsequently employed for further real-time
quantification of the lubricant layer, successfully revealing lubricant thicknesses across the
TLP coating, under external flow. A subsequent demonstration of fibrin, erythrocyte, and
platelet interactions with TLP coatings under the flow of blood was made in vitro. These
findings will help elucidate the structure-function relationship of materials such as the textured,
rough TP structures and their ability to retain lubricant against shear-flow induced depletion

for applications in anti-thrombogenic blood-contacting medical devices.

Understanding the complex interactions of materials with blood proteins and cells is essential
for the development of more sophisticated technologies like TLP for the next generation of
blood-contacting medical devices used in the treatment of cardiovascular diseases and vascular
intervention surgeries. The contribution towards improved understanding of TLP design and
mechanisms of anti-thrombogenicity from the findings of this Thesis are summarised in
Chapter 6, with suggestions for future research directions and studies. These include new
characterisation methods for blood-TLP interactions involving advanced microscopy

techniques, computational simulations, and in vivo animal models.
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Chapter 2 — Methods and Materials



This Chapter contains contents appearing in the following publications:

1. Hong, J. K.; Mathur, K.; Ruhoff, A. M.; Akhavan, B.; Waterhouse, A.; Neto, C. Design
Optimization of Perfluorinated Liquid-Infused Surfaces for Blood-Contacting
Applications. Adv. Mater. Interfaces 2022, 9 (10), 2102214.

2. Hong, J. K;; Ruhoff, A. M.; Mathur, K.; Neto, C.; Waterhouse, A., Mechanisms for
Reduced Fibrin Clot Formation on Liquid-Infused Surfaces. Adv. Healthcare Mater.
2022, 11 (21), €2201360.

Accurate measurements on surfaces and interfaces, particularly on the nanoscale, are highly
dependent on being contaminant-free, requiring utmost care to prevent unwanted adsorption
from the surrounding environment.l' 2 Hence, thorough cleaning and sample preparation is
necessary for reliable and reproducible coatings for characterisation.' This Chapter describes
the materials, experimental techniques and methods used throughout this Thesis including
surface cleaning, fabrication and characterisation of TLP coatings as well as methods for
evaluating their thrombogenicity.

2.1. Materials

Surface treatments were performed on prime grade silicon wafers (Si, MMRC Pty Ltd, VIC
Australia; with native silicon oxide layer of thickness = 2.3 £ 0.2 nm), borosilicate cover glass
(thickness #1 = 0.13 — 0.16 mm, Marienfeld-Superior Inc., Germany), polystyrene sheets (PS,
thickness = 0.19 mm, ST311190 Goodfellow, UK) and polysulphone (PSu, thickness = 0.1 mm,
SU341100, Goodfellow, UK). Non-tissue culture-treated 24-well PS microplates (CLS3370,
Corning® Costar®) were used in experiments requiring the use of a microplate reader
(CLARIOstar, BMG LabTech). Tethered-perfluorocarbon (TP) coatings were fabricated using
1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane (Gelest, Morrisville, PA) and either
perfluorodecalin (PFD, high purity; APF-140HP FluoroMed, Round Rock, US) or
perfluoroperhydrophenanthrene (PFPH, EXF-215 Exfluor Research Corporation, US) were
used as the infusing lubricant. Measurements of liquid mass and densities were carried out on
a mass balance (Accuracy = £ 0.1 mg, GR-200, A&D Company Limited) by measuring the
mass of 1 mL of liquid. The physical properties of the key liquid including the perfluorinated

lubricants and glycerol solutions used in this Thesis are listed in Table 2.1.41!
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Table 2.1: Properties of key liquids used in this Thesis. All measurements taken at 23 + 1 °C, unless otherwise
specified. Literature values are indicated in brackets. Literature values for measurements made at 20 °C for
reference 4 and 25 °C for references 6-9, 11.

Dynamic Vapour

- Density Liquid/Air Surface !
Liquid (g/cm?3) Tension (MN/m) V'E‘gsof)'ty Préeszt);re
Perfluorodecalin (PFD) 1?18 ;“3;)1'?2 (17.6)* (g'fg)4 (880)°
Perfluoroperhydrophenanthrene 4 4
(PFPH/Vitreon) 2.03+0.03 (19) 28.2 (<100)
1.10+0.01 67.26 (68 £ 0.5 3.7+£0.3
37% Glycerol (vIv) e 0 o L ;
37% Glycerol (v/v) and black 7.35%
dye (1:5) 2.08 £0.04 39.73 0.8
Water 0.99 £ 0.01 72.03 1 (2339)*

All procedures involving the collection of blood from healthy donors were approved by The
University of Sydney Human Research Ethics Committee (HREC, project 2014/244) and
carried out in accordance with the Declaration of Helsinki. VVenous blood was collected from
healthy human volunteers after informed consent, who had not taken anti-thrombotic drugs in
the prior 2 weeks. Human whole blood was anticoagulated with 0.5 U/mL heparin (Heparin
Sodium Injection; SAGENT Pharmaceuticals Inc, Schaumburg, IL, US) and was used within
15 minutes of being drawn from the donor for whole blood adhesion assays. For interfacial
mobility studies, human whole blood was anticoagulated using sodium citrate (3.8% w/v, 1:9
parts blood), spiked with fluorescently labeled human serum albumin (HSA, 66 kDa, 585
residues, Sigma, A3782) and FXII (Human Factor aXIla, Enzyme Research Laboratories)
using Alexa Fluor® 647 Protein Labeling Kit (A20173, Invitrogen™, Thermo Fisher Scientific)
and Atto 550 (ATTO-TEC GmBH), respectively, according to manufacturer’s instructions
(Thermo Fisher Scientific and ATTO-TEC) and used within 30 mins of being drawn from the
donor. To prepare a pool of platelet-poor plasma (PPP) for coagulation studies, the following
procedure was performed. Blood from donors (n = 10) were individually centrifuged at 250 x
g for 13 min at 37 °C, the platelet-rich plasma (PRP) supernatant was removed without
disturbing the buffy coat (white blood cell layer) and then centrifuged at 1700 x g for an
additional 20 minutes to generate PPP which was frozen until pooling. Individual PPP was
thawed and tested for normal intrinsic pathway activity using an activated partial
thromboplastin time assay before pooling and freezing at -80 °C until use. PPP status of the
pool (platelets < 1 x 10%/uL) was confirmed using a Sysmex KX21 hematology analyzer

(Sysmex Corporation, Japan).
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2.2. Surface Cleaning/Substrate Preparation

Silicon and glass substrates were cleaned via ultrasonication in absolute ethanol (ETHABS100,
POCD Scientific) and absolute acetone (AJA7-20, AJAX FineChem™) for 1 min each,
followed by blow drying under gentle nitrogen gas flow. Polymer sheets including polystyrene
and polysulphone were ultrasonicated in ultrapure Milli-Q water (Millipore, resistivity = 18.1
MQ cm™) and twice in ethanol for 1 min each, while all PS microplates were used as received.
Substrates were then briefly exposed to oxygen plasma (Harrick Plasma Cleaner, PDC-002-
HP) for 1 min at a stabilised pressure of 1.72 Torr and 30 sccm of oxygen (Medical Grade
Oxygen >99.5%, BOC) flow rate for cleaning and oxidation of substrates for hydrophilisation
or TP functionalisation.*?> All control substrates, unless otherwise stated (either explicitly
mentioned as being oxygen plasma-treated or usually denoted by the prefix ‘HI”) refers to any

untreated materials which have been cleaned only with solvent.

2.3. Surface Modification

Oxygen plasma-activated substrates were subsequently modified with TP silane through either
the liquid-phase deposition (LPD) or chemical vapour deposition (CVVD) method as follows:

LPD was carried out in a similar manner to a previously established protocol for producing
TP/TLP.% Briefly, oxygen plasma-treated substrates were equilibrated in a custom-made,
relative humidity (% RH) controlled glove-box, typically operating within 20 — 60% RH
(stability = + 2% RH/hr), containing a temperature and relative humidity logger (EC850A—
MicroLogPRO I, Fourtec) for 1 hour. Samples were then immersed in freshly prepared 1H,
1H, 2H, 2H-perfluorooctyl trichlorosilane solution 5% v/v in anhydrous ethanol (>99.5%,
459836, Sigma Aldrich), PFD, toluene (99.5%, Merck) or n-heptane (Sigma Aldrich) for 1
hour in a humidity-controlled glovebox to form the TP-layer. Samples were subsequently
rinsed in anhydrous ethanol, Milli-Q water and two washes of absolute ethanol, followed by
thermal annealing in an oven at 60 °C for 18 hours at atmospheric pressure to remove residual

solvent. Finally, samples were gently rinsed in excess PFD to remove loosely bound silane.

TP modification using the chemical vapour deposition (CVD) method was carried out by
placing 0.5 mL of 1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane in a sealed container next to
the substrates (but not in contact), together with desiccant (Drierite, US), and thermally

annealed in an oven at 60 °C for 24 hours. The silane-coated substrates were then rinsed in
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pure PFD to remove unbound silane layers and gently dried under the flow of nitrogen gas.
Preparation of TLP coatings were completed by infusing the TP-modified substrates prepared
from either method by pipetting 5 pL/cm? of PFD or PFPH lubricant, after filtering with 0.22
pm hydrophilic syringe filters (Polyethersulfone, Sartorius Stedim Biotech).

2.4. Surface Characterisation Techniques
Methods and techniques used to characterise the surface properties of the TP and TLP coatings

such as wettability, morphology, elemental composition, and lubricant depletion dynamics are

described in this Section.

2.4.1. Contact Angle Goniometry
The wettability of surfaces before and after TP/TLP modification were characterised by contact
angle goniometry using the KSV CAM200 Contact Angle System (KSV Instruments Ltd.,

Helsinki, Finland), consisting of a light source, sample stage, lens, and camera (Figure 2.1).

Figure 2.1: Schematic representation of a KSV CAM200 Contact Angle System adapted from the KSV
CAM200 System Manual.
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The contact angle and sliding angle of water droplets on the surfaces were determined using
contact angle goniometry with a Milli-Q water droplet (5 pL droplet volume), on at least 4
measurements per sample on 4 samples per material type. The Attention Theta Software (KSV
Instruments, Finland) using the Young-Laplace Equation was utilised to determine the static
contact angle of water droplets, as shown in Figure 2.2A below (see Section 1.5.1 for
theoretical background). Due to the wetting ridge formed by the perfluorinated lubricant, the
apparent contact angle on TLP was determined by extrapolating the virtual contact line formed
by the water-vapour interface and the underlying solid substrate (Figure 2.2B and C).**> 1 The
average values and standard deviations of the obtained results were used to obtain the
associated experimental results and uncertainties. Contact angle hysteresis measurements were
performed by analysing the advancing and receding contact angles upon addition and removal
of 5 uL of water at 0.2 pL/s respectively, with an automated syringe from a static droplet placed

on the sample surface.

A

Figure 2.2: Contact angle measurements made by fitting droplet shapes on: A) polydimethylsiloxane obtained
from fitting of the droplet shape (pink line) to produce a contact angle at the solid-vapour-liquid interface (red
line). B) Illustration of the apparent contact angle determined by extrapolation (red dotted line) at the water-
vapour-solid interface (green line), on a LIS. C) TLP-coated silicon surface with the contact angle derived

experimentally from automated fitting of the droplet shape (pink line), from the baseline (red line).
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Surface tension measurements of liquids were performed using the pendant-drop method using
a5 L droplet of liquid suspended from the end of a syringe needle of a known diameter (Table
2.1). The shape of the hanging droplet, determined by gravity and surface tension forces,’ is
related to the surface tension of the liquid, as expressed in Equation 2.1:

_ ApgR§

; (2.1)

Where y is the liquid surface tension, Ap represents the density difference between the fluid
interface (e.g., water and air), g being the gravitational constant, R, is the radius of curvature
of the droplet at the apex and S, the droplet shape. Experimentally, f was determined by an
automated Young-Laplace fitting algorithm from the Attension Theta Software as portrayed in
Figure 2.3.

End of Needle

=72.39 mN/m

YWa(ev

Figure 2.3: Pendant-drop method for surface tension measurements of water suspended from a needle.
Experimental surface tension of a 5 uL water droplet from fitted § (pink outline) at T=21.5 £+ 0.5°C, ywater= 72.39

mN/m.

2.4.2. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a versatile technique used widely in the visualization of
surface features such as nanoscale topography as well obtaining measurements of forces. The
AFM typically consists of a laser source, a photosensitive diode, a moving sample stage and a
cantilever supporting a tip that interacts with the sample.'® A laser is focused on the back of
the reflective AFM cantilever, and magnifies deflections of the cantilever; in tapping mode, the
tip is oscillating at its resonant frequency, maintaining intermittent contact with the sample.
The vertical position/set height above the sample is consistently maintained by a feedback
mechanism by modifying the amplitude setpoint to retain a constant cantilever deflection. The

laser deflected from the cantilever, tracking the topography of the sample, is detected by a
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quadrant photodiode,*® where the vertical deflection (height) can be obtained from the
difference between the upper (A+C), and lower (B+D) cells, as depicted in Figure 2.4.1% The
topography of a sample is consequently obtained from the resulting vertical deflection, relative
to the horizontal position. The detected signal from the cantilever tracking the sample is
subsequently converted into a false-colour image, yielding a topographic map of the sample

surface.

In this Thesis, AFM was typically used in the tapping mode and was carried out with a
Multimode 8 AFM (Bruker) using silicon tips (Tap300AI-G, Budget Sensors Innovative
Solutions, Bulgaria) with a nominal resonance frequency = 300 kHz and spring constant = 40
N/m. Roughness measurements are expressed in terms of the room-mean-square (RMS)
roughness, defined by RMS height deviations from the average height over the measured area.
RMS roughness, thus describes variance in surface topography, expressed by:

2(Z;)?

RMS Roughness = —~ (2.2)

where Zi is the current Z-value, and N is the number of points between the measured area. RMS
roughness values were determined from topographic AFM images, obtained for at least three
locations on each material for at least 3 replicates of each material type. Post-processing of
images was carried out on the Bruker NanoScope Analysis Software (Version 1.80), typically
with second order plane fitting and flattening, unless otherwise indicated.

Laser Source

Photodiode

Cantilever

Scan Direction

——
Figure 2.4: Schematic illustration of an atomic force microscope (AFM) operating in tapping mode. The

cantilever oscillates at its resonant frequency while the amplitude of oscillation is maintained via a feedback loop.
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2.4.2.1. AFM-nanoFTIR

AFM-nanoFTIR spectra were collected by Dr. Michelle Wood from the Sydney Analytical —
Vibrational Spectroscopy unit at The University of Sydney. A scattering type near-field optical
microscope (neaSNOM, attocube systems AG) was used, equipped with a broadband
Difference Frequency Generation (DFG) laser source (Toptica Photonics AG), an asymmetric
Michelson interferometer, MCT detector and a Ptir tip (Arrow™ EFM, Nanoworld AG)
operating in intermittent contact mode at the frequency of ~260 kHz, and amplitude ~72-75
nm. Simultaneous images of back-scattered infrared signal, topography, mechanical amplitude,
and phase were collected. These images were then used to define the positions for subsequent
spectral acquisition. Point spectra (amplitude and phase) were acquired over the spectral range
of ~800 — 1560 cm™ with 16 cm™* spectral resolution, 2048 points per interferogram, and 20-
ms integration time per point. All point spectra are an average of 4 Fourier-processed
interferograms. Removal of the instrumental response function from the nano-FTIR spectra

was done by normalisation of the measured spectra to a reference Si signal.

2.4.3. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that is well suited to
analyse the elemental compositions of materials. By irradiating a sample surface with X-rays,
the kinetic energy of photoelectrons can be obtained.!” The measured kinetic energy of these
emitted electrons are directly related to their bonding state, allowing for the obtaining of
information such as elemental composition, electronic states and relative atomic
concentrations.!” 8 Coupled with the high surface sensitivity (typically probing the top ~10
nm of the sample surface) and ability to resolve different chemical environments,'’ XPS was

employed to determine the degree of surface functionalisation of TP-treated substrates.

XPS measurements were carried out using a FlexMode SPECS spectrometer by Dr. Behnam
Akhavan from the School of Physics at the University of Sydney. The instrument was equipped
with a monochromatic Al Ka (hv =1486.7 eV) radiation source operated at 200 W (10 kV and
20 mA), a hemispherical analyzer (PHOIBOS 150), and an MCD9 electron detector. The
measurements were performed at base pressures below 1.0 x 10~8 mbar, using a pass energy of
30 eV and a resolution of 0.5 eV. Analysis of raw XPS data and calculations of elemental

compositions were conducted using CasaXPS software.
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2.4.4. Evaluation of Lubricant Retention

The weight of PFD or PFPH retained in ambient air (T =21.6 £ 1.0 °C, 37 + 6% RH) over time
was measured on untreated and CVD TP-treated silicon and polystyrene substrates with a
surface area of 4 cm?. The mass was recorded at 2-minute intervals after PFD or PFPH infusion
(5 puL/cm?) for both untreated and TP-treated substrates (approximate initial film thickness 50
pum). Measurements were carried out simultaneously on two separate mass balances (Accuracy
=+0.1 mg, GR-200, A&D Company Limited and accuracy = + 1 mg, FZ-300i, A&D Company
Limited) for TP-treated and untreated surfaces.

A cone-and-plate rheometer (Kinexus Ultra+, Netzch, Germany) was employed to perform
viscosity measurements of liquids and lubricant durability tests under shear flow conditions, as
reported previously.'® The cone geometry made of 316L stainless steel was 40 mm in diameter
with a cone angle, # =0.5° as illustrated in Figure 2.5, allowing for a total liquid loading volume
of 140 pL. For dynamic viscosity measurements of liquids, shear was applied for 1 minute at
a shear rate of 100 s to obtain viscosity values, presented as mean + S.D. (n = 3) (Table 2.1).
For lubricant depletion studies, the external working fluid was a glycerol solution in water 37%
v/v to mimic the density and viscosity of human blood (density =~ 1060 kg/m®, dynamic
viscosity between 3-4 mPa-s) (Table 2.1).5% 10 The test surface samples were taped to the
bottom flat stage. 70 pL of lubricant was applied to the tested surface, followed by 70 pL of
37% v/v glycerol and the samples were sheared for a total duration of 10 minutes in a
temperature-controlled chamber at 25.00 + 0.01 °C. A sliding angle test was performed

immediately after each shearing test, as a measure of lubricant retention.

Cone-and-Plate Rheometry

<~ >
B=05" Glycerol
| 37% v/v
Matgr‘lal e ——
' D=40 mm |

Figure 2.5: Schematic illustration of a cone-and-plate rheometer used to test lubricant depletion of TLP under

external shear flow.
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2.4.5. Micro/Mesofluidic Device Fabrication

To assess lubricant film depletion quantitatively under flow, in situ, two different types of
micro/meso-fluidic channels were used in this Thesis with specification of channel dimensions
provided in Chapter 5. For fabrication of the devices 10:1 Sylgard-18 (Dow Corning, US)
base:catalyst mixture (by mass) was prepared with vigorous stirring. Trapped air bubbles
resulting from the agitation of the mixture were subsequently removed by applying vacuum for
1 hour at room temperature. The degassed mixture was then poured over the device molds,
followed by another 3 hours of degassing under vacuum. The degassed PDMS molds were
subsequently annealed in the oven for 16 hours at 60 °C to cure. Once cured, the inlet and outlet
port of the devices were produced using biopsy punches (2 mm diameter, Kai Medical, Japan)
and connected to 70 cm of Tygon® ND 100-65 Medical Tubing, (U.S. Plastic Corp, Lima, OH,
USA). The devices were then oxygen plasma-treated under the same conditions as described
earlier and bonded to D 263 M borosilicate glass coverslips of #1 thickness (PA1139-01, length
X width = 22 x 40 mm, Menzel-Glaser, Germany). CVD TP treatment was carried out using a
syringe connected to the outlet tubing with a luer lock barbed adapter containing 0.2 mL of TP
solution with heating for 24 hours at 60 °C. For experiments with flow, the outlet tubing of the
device was connected to a 50 mL syringe (TE-50L, Terumo, Japan) and syringe pump
(Standard Infuse/Withdraw PHD ULTRA™ Syringe Pump, 70-3009, Harvard Apparatus, MA,
USA). A range of shear strain rates were produced in the microfluidic channel by withdrawing
at various flow rates. A confocal microscope was also used to visualise the centre of the

micro/meso-fluidic channel during image acquisition as described in Sections 2.4.7 and 2.5.2.

2.4.6. Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a non-destructive method that enables quantitative measurements
of thin films based on the changes in the degree of polarisation from an incident beam of light,
upon reflection off a sample. The technique utilises linearly polarised light from a
polychromatic light source in the visible-infrared region. The incident light is composed of
both a perpendicular (s-polarization) and parallel (p-polarization) component, relative to the
plane of incidence. The resulting elliptically polarised light reflected obliquely from a sample
passes through a second polariser and detector producing as output parameters: Psi (y) and
Delta (A), describing the degree of elliptical polarisation related to the amplitude ratio and
phase change, respectively, as exemplified in Figure 2.6 for a clean silicon wafer with a native

oxide layer.
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Figure 2.6: Experimental psi (y) and delta (A) values of a clean silicon wafer with a 2.3 + 0.2 nm thick native

T
oxide layer. Angle of incidence = 75° acquired between the wavelength range = 370 — 1000 nm.

The thicknesses of films can then be quantified from the refractive indices (n) of the

constitutive material layers (Figure 2.7) using the Cauchy equation (Equation 2.3):

2

n() = Ap+ 2+ 24, (2.3)

In this Thesis, a J. A. Woollam Co. Inc. M-2000V (Woollam Co. Inc., Lincoln, NE, USA)
spectroscopic ellipsometer was used to determine the thickness of the PFD lubricant layer on
silicon wafers and glass substrates in the CompleteEase software (Version 3.65).
Measurements were performed using an angle of incidence of 45° in a wavelength range of
370 — 1000 nm. Measurements of TLP coatings and lubricant layer under the flow of glycerol
were carried out in situ both in a commercial J.A. Woollam Co., Inc. LiquidCell™ TLC-110
flow cell, as illustrated in Figure 2.8, and in custom-made mesofluidic cells (further details in
Chapter 5).
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Thickness 0 n,

Figure 2.7: Illustration of the working principles of spectroscopic ellipsometry.

A model describing a multi-layer system was fitted to the experimental ¥ and A values in order
to calculate the thickness TLP coatings and lubricant layer under the flow of 37% glycerol (v/v)

was modelled as follows:

Glass (ambient) / TLP / 37% (v/v) Glycerol:Water

Figure 2.8: Schematic diagram of the side view of the J.A. WOOLLAM CO., Inc. LiquidCell™ TLC-110,

obtained from the manufacturer, illustrating the flow pattern of liquid through the cell.

For optically transparent glass substrates, custom-made mesofluidic devices were fabricated
and mounted on a custom-built 3D-printed housing underneath a quartz prism (Figure 2.9). The
set-up was designed and fabricated by Dr Isaac Gresham (School of Chemistry, The University
of Sydney). A layer of refractive index matching liquid (n = 1.52, Norland Index Matching
Liquid 150) was placed between the prism and glass substrate presenting an interface normal
to the incident beam of light to form a continuous medium, neglecting the presence of the glass

substrate and acquire measurements only from the TLP-glycerol interface.
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Figure 2.9: Custom 3D-printed housing for mounting mesofluidic devices and quartz prism for backside

spectroscopic ellipsometry through transparent glass substrates.

2.4.7. Confocal Reflective Interference Contrast Microscopy

Confocal reflective interference microscopy utilises the interference effect of monochromatic
light produced by reflections from the top and bottom of an interface of a thin film such as the
solid/lubricant and lubricant/glycerol interface,?° producing bright or dark fringes based on
constructive or destructive interference, respectively. The measured light intensity (I) can be
normalised by their minimum and maximum values using light of two different wavelengths
(M1,A2) as shown in Equation 2.4 and 2.5:%°

_ (I_Imin)
11'2 N (Umax—Imin) 24)
_ (cos <p21,2+1) (2.5)

Where the phase difference for the two chosen wavelengths of light, @12, is related to the film
properties by (Equation 2.6 and 2.7):

(2m2ngimmhsiim)

P12 = 11, (2.6)
_ (4nfimmhritm)

= 1is (2.7)
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Where n = refractive index of the film and h = film thickness. The technique employed in this

study was performed with a simultaneous raster scan on the surface with two focused beams

of monochromatic lights with wavelengths A1 = 488 and A> = 561 nm. The reflected light was

passed through the pinhole of a confocal microscope to the photomultiplier tube, allowing the

capture of reflected light, exclusively from the focal plane of interest (i.e. at the lubricant-

glycerol interface) (Figure 2.10).2° Thus, from the reflection intensities of the two wavelengths,

the lubricant film profile can be deduced unambiguously. This technique is known as dual-

wavelength reflection interference contrast microscopy (DW-RICM, Figure 2.11) and does not

require fluorescent labelling and could be used in existing confocal microscopy equipment.?°

" .
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Figure 2.10: Schematic illustration of set-up for dual-wavelength reflective interference contrast microscopy used

to determine lubricant thickness. PMT = photomultiplier tube.
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Figure 2.11: Interference fringes observed using dual-wavelength reflection interference contrast microscopy
(DW-RICM) due to the thin perfluorodecalin (PFD) film intercalated between a 2 pL droplet of 37% (v/v)
glycerol/water and TP-coated glass showing: A) optical micrograph using two independent wavelengths at A1 =
488 nm and B) X, = 561 nm. C-D) Zoomed-in region from part A-B). E-F) Normalised Intensity obtained from
cross-sectional profiles in part C-D). The normalised intensity can then be used to extract the thickness of the

underlying lubricant film.
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Quantification of lubricant thickness by DW-RICM first required a calibration step, carried out
using methods established in literature,?> 2* and described in Figure 2.12. The normalised
reflection intensity of a calibration lens with a known radius of curvature (24 mm, illustrated
in Figure 2.12A, was obtained for the radial distance, r = 0 — 0.14 mm, from the centre, shown
in Figure 2.12B (white line). Constructive and destructive interference, corresponding to the
intensity maxima and minima, produce bright and dark fringes, respectively, as observed in
Figure 2.12B and C. The phase difference, @12, at these positions can be expressed as 2mn
(constructive interference) and (2m+1)n (destructive interference), where m is the fringe
number. The height of the lens was subsequently derived from constructive interference
fringes, defined as the maximum peak-to-peak intensity, along the radial distance (Figure
2.12C). Each adjacent fringe along the radial position is separated by a height (or thickness),
Ah, by taking the relationship above for @12 and Equation 2.7, yielding Equation 2.8:

Ah = ma (2.8)

2n

where m is the fringe number, 4 is the wavelength of monochromatic light (488 or 561 nm) and
n = refractive index (=1 in air). Hence, for a wavelength of 561 nm, h = 280.5 nm, and 561 nm,
for m =1 and 2, respectively (Figure 2.12C). Thus, the lubricant thickness can be determined
from measured normalised intensities, such as those from Figure 2.11, and further described in
Chapter 5. This data was collected under the supervision of an expert, visiting collaborator Dr
Dan Daniel from A*STAR in Singapore, and the maps with the programming of Dr Isaac

Gresham (further described in Chapter 5).
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Figure 2.12: Determination of height from a calibration lens showing: A) schematic illustration of the glass lens
of radius of curvature = 24 mm on a glass slide. B) DW-RICM micrograph of the glass lens and measured radial
distance, r = 0 — 0.14 mm. C) Normalised intensity of the measured radial distance from part B) showing
separation of two peak intensities, corresponding to constructive fringes of fringe number, m, separated in height

(or thickness), Ah, using 561 nm wavelength light.
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Leica TCS SP8 STED 3X microscope (Leica Microsystems GmbH, Germany) with a tunable
white light laser (470nm — 670nm) and HC PL APO 10x/NA = 0.4 IMM objective in air was
used in reflection mode with A1 and A2 = 488 and 561 nm for quantitative lubricant analysis.
Fluortar VISIR 25x/NA = 0.95 water-immersion objective was used in fluorescence mode (A1
=488 nm) and in reflection mode (A2 =561 nm) to visualise fluorescently labelled 37% glycerol

(v/iv) (FITC, 0.1 mg/mL). Time-series acquisitions were made at 1 frame every 0.74 seconds.

2.5. Biological Evaluation of Thrombosis

In this section, the analysis methods used to evaluate the interaction of blood and TLP coatings

are described.

2.5.1. In vitro Biological Assays

In vitro blood flow models for testing the thrombogenicity of device materials typically use
human whole blood or separated blood components from volunteer donations and are generally
less costly, compared to in vivo animal models, which may also exhibit differences in
thrombotic behaviour due to variations in blood components among species.? 22 Small sample
volumes allow for replicate testing of multiple materials and controls simultaneously using the
same batch of blood. Furthermore, through control of flow conditions, temperature and anti-
coagulation dosing, in vitro methods can provide further insights into thrombotic processes that
may occur on medical device materials.?? Importantly, a combination of methods are required
to effectively assess the potential translation of materials to clinical applications because

multiple pathways are involved in material thrombosis (outlined in Chapter 1).

2.5.1.1. Whole Blood Adhesion Assay

Polystyrene sheets (PS, 1.2 x 0.8 cm) were used as substrates for the whole blood adhesion
tests. Some polystyrene samples were oxygen plasma-treated (as above) then immediately used,
to create a hydrophilic, thrombogenic, positive control surface. Wells of a 24-well plate were
incubated overnight in bovine serum albumin (BSA, Sigma Aldrich) (3% wi/v) in saline
solution (0.9% saline, Baxter, US) at 4 °C to reduce non-specific protein adsorption.
Immediately following washing of the well-plate with pre-warmed saline (3x, 1 mL, 37 °C,
0.9% saline), samples were added to wells and incubated with human whole blood (800 pL,
0.5 U mL"* heparin, n = 3 individual donors) in a shaking incubator (37 °C, 120 rpm, Multitron,
Infors HT) for 30, 60 and 90 min (n = 2 replicates per donor per timepoint). All blood was
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spiked with Alexa Fluor-647 human fibrinogen (15 ng/mL, Invitrogen™, F35200 Lot#2107980)
and the shaking incubation was commenced within approximately 15 minutes of the blood
draw. TLP samples were prepared by TP immersion in PFD or PFPH followed by vertical
draining (~3 s) of excess lubricant immediately prior to blood addition. After blood incubation,
samples were washed thrice with pre-warmed saline, then fixed in the dark with glutaraldehyde
(2.5% in 0.1 M phosphate buffer, 1 hour). Samples were then washed with 0.1 M phosphate

buffer (3x, 5 min) followed by microscopy imaging.

2.5.1.2. FXIla Chromogenic Assay

FXII activity was evaluated using a chromogenic assay, performed using FXlla substrate S-
2302 (H-D-Pro-Phe-Arg-pNA-2HCI) (Chromogenix, Diapharma). S-2302 cleavage via
hydrolysis was quantified as an indicator of FXII/FXIla activity. Human PPP was pre-
incubated for 20 min at 37 °C and pre-mixed with the S-2302 substrate (in 50 mM Tris, 150
mM NaCl buffer, pH 7.7) yielding a final concentration of 0.4 mM from 50% dilution in
plasma. The plasma-substrate mix, and control (plasma pre-mixed with the aforementioned 50
mM Tris buffer) were then added to the wells. For TLP-modified wells, 250 pL of PFD was
infused to TP-treated wells, then drained for 10 sec, before loading the plasma. S-2302
substrate cleavage was observed through measurement of absorbance (405 nm) in 30 sec
intervals. For quantification of the rate of substrate cleavage, linear-least squares regression
was conducted on the linear portion of the absorbance curve (each replicate performed

separately). The slope of the regression (Aabsorbance/min) was used for subsequent analysis.

2.5.1.3. Plasma Coagulation Assay

The turbidimetric microplate method was employed to assess the coagulability of human PPP.24
PPP and CaCl, were pre-heated for 20 min at 37 °C, then mixed 1:1 (i.e., 50 pL each) to a final
10 mM concentration of CaCl, with 50% (v/v) final pooled plasma concentration. The
recalcified plasma was then added to the wells containing different material types in triplicate.
The well plate was placed in the microplate reader, pre-heated to 37 °C. Absorbance was
monitored at 405 nm in 30 sec intervals for 60 min. The clotting time (CT) was noted as 50%
of the maximum absorbance (each well normalised separately to its baseline). Total absorbance
change was taken as the difference between the minimum and maximum raw absorbance
values. For TLP-modified wells, 250 pL of TLP was infused and drained for 10 sec by

pipetting, before loading the recalcified plasma.
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2.5.2. Confocal Fluorescence Laser Microscopy

To quantify thrombus development from whole blood adhesion assays up to 90 minutes,
confocal microscopy was performed using a 40x objective (Numerical Aperture, Na = 0.6) on
a Zeiss 800 laser scanning confocal microscope (Zeiss Systems). Three images per sample were
obtained randomly and analysis of adhered fibrin was performed in ImageJ (Version 1.53J) by
thresholding to determine the % area occupied by the biomaterial thrombus. The % area of
fibrin fluorescence from the three images was averaged to determine a value for each individual

sample.

Confocal laser scanning microscopy was used to visualise the fibrin clot network using a
similar method, as reported previously (Figure 2.13A).2° Polydimethylsiloxane (PDMS) wells
were fabricated using Sylgard 184 Silicone Elastomer Kit (Dowsil), mixed (10:1 base—catalyst
ratio), degassed in a vacuum desiccator (2 h) at room temperature and cured by baking (60 °C,
4 h). Clots formed on HI PS were prepared with PDMS wells (8 mm diameter) by biopsy punch
followed by bonding to PS sheets after treating the sheets with oxygen plasma (1 min). The
effect of the well on coagulation was found to be minimal.?® For TLP samples, 200 pyL of PFD
was infused on the TP-treated wells followed by immediate withdrawal of 150 pL, to leave a
smaller volume in the well. After 10 sec of draining the lubricant the PFD thickness remaining
was 16 £ 4 um, as determined by confocal microscopy (Figure 2.13C); 100 uL of PPP
containing Alexa Fluor-647 human fibrinogen (30 pg/mL, Invitrogen, F35200 Lot#2107980)
was added to the TLP-treated wells. Clots were allowed to form for 1 h in the dark at 37 °C
prior to the addition of excess sodium citrate (3.8% w/v), followed by end-point imaging. Z-
stacks (0-50 pum above the surface) were acquired within 8 h using a 40x/1.3 numerical
aperture (NA) oil-immersion objective on a Zeiss 800 laser scanning confocal microscopy
(LSCM)  (Zeiss, Germany) as illustrated in  Figure  2.13A. ImageJ
(http://imagej.nih.gov/ij/iversion 2.0) was used for fiber network density analysis.? Signal
intensity profiles were plotted using five equally spaced horizontal lines on each image. The
number of signal peaks were quantified with the BAR peak finder tool, corresponding to the
number of times a fiber intersected the plotted line. An average of the five lines per image was
averaged on three images for a single measurement per well (three wells per material type) to
give the fibrin fiber density (n = 3, #fibers 50 um™). Confocal fluorescence microscopy was
also used to visualise the mobility of HSA and FXII in citrated human whole blood. PDMS
wells were bonded to a glass-bottom petri dish (u-Dish 81158, Ibidi GmbH) via oxygen
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plasma-bonding and TLP-treated, as aforementioned. 250 puL of human whole blood with 15
pg/mL fluorescently labelled human serum albumin (HSA, 66 kDa, 585 residues, Sigma,
A3782, labelled with Alexa Fluor-647) and 6.5 pg/mL FXII (labelled with Atto550) were
gently pipetted into the well for imaging. Leica TCS SP5 or SP8 STED 3X microscope with a
tunable white light laser (470nm — 670nm) and HCX PL APO CS 40x/Na = 1.1 water-
immersion objective and HC PL IRAPO 40x/Na = 1.1 oil-immersion objective was
respectively used for imaging as illustrated in Figure 2.13B. Images for mobility studies were
acquired at a rate of 1 frame every 5.95 s. Detection and tracking of cells were performed in
ImageJ (Version 1.53J) using the TrackMate plugin (Version 6.0.3),%¢ following pre-processing

of the raw data (Figure 2.13D) with inversion and smooth functions (Figure 2.14).
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@ PDMS Well
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TLP

Whole Blood

Objective

Blood

PFD=16+4um ]  TLP
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Figure 2.13: Confocal fluorescence microscopy set-up showing the: A) schematic illustration of fibrin clots

formed from recalcified platelet-poor plasma and B) Schematic illustration of interfacial mobility set-up. C) XZ
plane micrograph revealing the 16 + 4 pm thick PFD layer and whole blood with HSA labelled with AF647
(green). D) XY plane micrograph revealing mobile red blood cells on the PFD layer. Human whole blood with

AF 647-labelled HSA (purple) and Atto550-labelled FXII (green).
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2.6. Statistical Analysis

Results are presented as mean + standard deviation (S.D.) of at least three independent
experiments, unless otherwise indicated. Where appropriate, an ordinary two-way ANOVA
with Bonferroni’s post-hoc test was performed. Pairwise comparisons were performed using
an unpaired t-test (two-tailed). P < 0.05 was considered statistically significant. All statistical

analysis was conducted using GraphPad Prism (version 9.2).

5 W@!&‘ : ‘,’\ ok ; & ¥ ".’-..-'} ‘_ i
Figure 2.14: Time-resolved particle tracking using the TrackMate plugin in ImageJ with inversion and smoothing
functions. Representative images from a 5-minute time course (11 images/min). Yellow solid and dotted circles

indicate position of tracked cells at T = 0 min and 4 min timepoints, respectively.
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Chapter 3 - Design Optimisation of
Perfluorinated Liquid-Infused Surfaces for

Blood-Contacting Applications



This Chapter contains contents appearing in the following publication:

1 Hong, J. K.; Mathur, K.; Ruhoff, A. M.; Akhavan, B.; Waterhouse, A.; Neto, C. Design
Optimization of Perfluorinated Liquid-Infused Surfaces for Blood-Contacting
Applications. Adv. Mater. Interfaces 2022, 9 (10), 2102214.

3.1. Introduction

Tethered-liquid perfluorocarbon (TLP) coatings, which have been shown to successfully
reduce material thrombosis,! are usually made by silanisation of substrates with covalently
grafted fluorosilanes, otherwise known as tethered-perfluorocarbons (TP). Perfluorocarbon
lubricants are then infused and stabilised within the grafted layer by van der Waals

interactions.?

The modification of substrates using alkyltrichlorosilanes has been studied extensively for the
past 40 years,® and is one of the most commonly employed methods to hydrophobise surfaces.
The reaction can produce various structures from single-molecule thin films,* to more complex
assemblies, such as particles and nanofilaments.> ¢ The typical silanisation reaction between
hydroxyl groups on the surface of metal oxides (or polymeric surfaces which have been

activated, for example, by exposure to plasma reactions)’ and alkyltrichlorosilanes is:
X-OH+R-Si—-Cl—>X-0-Si—-R+HCI

However, siloxane bonds can form both on the hydroxyl groups on the substrate surface and
between silane molecules by hydrolysis, cross-linking and polycondensation.®1® Silanisation
is sensitive to numerous factors such as humidity and moisture in both the solvent and substrate
surface (degree of hydration/hydroxylation),® 121 17 temperature,'® ® reaction time,> 4 1%
concentration,® ! annealing,® * %° age of silane solution,** and type of solvent and silane.® **
21 In particular, the extent of intermolecular polycondensation is highly sensitive to traces of
water, which acts as a catalyst for the reaction when it is adsorbed to the substrate or in bulk
solution,*® and even the relative humidity in the laboratory during the preparation procedure
can significantly influence the quality of the resulting film, posing problems with
reproducibility.® & 10122122 The |ayers resulting from silanisation can range from sub-

monolayer films,'% 17 to smooth uniform monolayers under ideally controlled low (but non-
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zero) humidity, to complex aggregate multi-layers.® 1% 13 21 The presence of defects and
disorders also leads to surface heterogeneity.?? It is expected that the uniformity and
topography of the silanised TP layers influence the quality of the infusion with perfluorinated
lubricant, and therefore, could affect the resulting anti-thrombotic response.

The method of silane deposition is another factor that can influence coating quality with liquid-
phase deposition (LPD) and chemical vapour deposition (CVD) being commonly utilised.!! In
LPD, hydroxylated substrates are immersed directly into a liquid silane solution, and uniform,
high-surface coverage monolayers can be produced only under stringently controlled
conditions,% 2 typically requiring sufficient surface hydroxylation, low humidity environments
and anhydrous solvents.*> 3 Extensive polycondensation during silanisation tends to occur
under high relative humidity and solvents containing water, leading to aggregate formation,
and the formation of rough and bumpy layers.* > The main issue with silanisation is that the
strong control needed on humidity conditions makes the silanisation reaction difficult to

reproduce using simple protocols.

Chemical vapour deposition (CVD) on the other hand, is typically carried out under reduced
pressure and/or elevated temperature, enabling the deposition of volatile silane molecules onto
substrates from the vapour phase, illustrated in Figure 3.1.2% It offers a number of advantages
over LPD, including the ability to functionalise high-aspect ratio structures such as nanoscale
channels that are not completely wetted with solvents, 8 2° 26 or substrates that are incompatible
with the solvents. For example, LPD was shown to degrade the polymeric surface of a catheter
during TLP-treatment due to the formation of hydrochloric acid,?” while the same problem did
not occur in CVD, presumably due to the acid being more easily removed than when dissolved
in solution. CVD also offers practical convenience as it requires fewer steps and reagents.?> 2
28 polycondensation and aggregate formation of fluorosilanes prepared by CVD are also

reported,?% 24 2% 30 [eading to coatings with high surface roughness.

In this study, the well-known silanisation reaction was exploited for the covalent grafting of
tethered-perfluorocarbons (TP) to oxygen plasma-treated silicon and polystyrene substrates
(Figure 3.2A-D), to maximise lubricant retention for anti-thrombotic applications. The
versatility of the TP-treatment was also demonstrated by being applied onto oxygen plasma-
treated glass and a medically-relevant polymer — polysulphone, used in membrane oxygenators

(Figure 3.2E-H).>¥3 A method of depositing TP from the chemical vapour phase was also
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utilised to produce layers that are more easily reproduced and well-characterised for this
application, including under flow. The ability of TLP coatings to retain lubricant under flow
conditions was assessed up to 20,000 s, a high shear rate occurring in many medical devices,
including stents.®* Two perfluorinated lubricants perfluorodecalin (PFD) and the more viscous,
perfluoroperhydrophenanthrene (PFPH) were tested by cone-and-plate rheometry. Together,
the collected data on wettability, chemical composition, and morphology of the TP, the
lubricant retention under flow, and the performance of TLP in preventing adhesion of
polymerised fibrin from human whole blood, can help to guide the choice of lubricant for
clinical applications of TLP coatings.
B

[

TP Vapour

Substrat —
oy Neat liquid TP— I l Substrat

Humid air inlet

Neat liquid TP

Sealed Container

Sealed Container

LPD TP CVD TP

Figure 3.1: Schematic illustration of liquid-phase (LPD) versus chemical-vapour phase deposition (CVD) of

tethered-perfluorocarbons (TP).

3.2. Results and Discussion

3.2.1. Preparation and Characterisation of TP by Liquid-Phase Deposition
(LPD)

A reproducible and well-characterised tethered perfluorocarbon (TP) layer is critical to produce
a tethered-liquid perfluorocarbon (TLP) coating that has potential for translation to blood-
contacting medical devices. Figure 3.3 and Table 3.1 show the static contact angle and sliding
angle of water on TP surfaces produced using LPD as a function of relative humidity (% RH),
since humidity is well known to play a role in achieving a complete surface coverage for silane
layers.t” All silicon wafer samples, and TP-modified silicon surfaces were non-slippery before
lubricant infusion, as assessed based on sliding angle values >15° (data not shown); similarly,
silicon wafers infused with lubricant, without prior TP modification, were not slippery (Table
3.1).

113



813pm &

756 pm
0pm Opm
: 6.5 nm 8.4 nm
0nm 0nm
1.9 nm 2.1 nm
0Onm 0nm
29 nm 30nm
Onm 0nm

Figure 3.2: AFM micrographs of solvent-cleaned: silicon wafer A) before oxygen plasma-treatment (RMS
roughness = 0.116 nm) and B) after oxygen plasma-treatment (RMS roughness = 0.106 nm), polystyrene sheet C)
before oxygen plasma-treatment (RMS roughness = 0.929) and D) after oxygen plasma-treatment (RMS
roughness = 1.30 nm) and borosilicate glass E) before oxygen plasma-treatment (RMS roughness = 0.287 nm),
F) after oxygen plasma-treatment (RMS roughness = 0.305 nm), polysulphone G) before oxygen plasma-treatment
(RMS Roughness = 4.04 nm) and H) after oxygen plasma-treatment (RMS Roughness = 4.12 nm). Scale Bar =1

pm. Scale bar applies to all micrographs.
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Table 3.1: Static water contact angle and sliding angle on TP-treated silicon wafers prepared by the liquid phase
deposition (LPD) method, after infusion with PFD. RMS roughness of TP-treated silicon wafers obtained by

AFM over a 10 x 10 pm? scan area.

Relative humidity Static Water Contact Angle Sliding Angle RMS Roughness
during LPD TP (% Pre-PFD Infusion (°) Post-PFD (nm)®P
RH) Infusion (°)
20 99+2 >15 1.06
30 112 +4 7+5 1.27°
40 104 +7 8+5 9.56
50 102 £12 8+6 9.49
60 101+8 9+6 57.4

ascan size =5 x5 um
b roughness measurement of TP in the dry state (before infusion of lubricant).

Only TP layers after lubricant infusion (hereafter called TLP) were slippery, but the relative
humidity used during the preparation of the TP had a strong effect on the measured water
contact angle of the TP - the maximum value was measured at 30% RH (112 + 4°) and the
lowest at 20% RH (99 + 2°) (Table 3.1). The values of sliding angle were at least 7°, not as low
as previously observed for TLP prepared by LPD (0.6°), and greater than the threshold value
for a highly slippery surface of 5°, used for this study.! A high level of scatter in the sliding
angle values was observed (of the order of at least 5-6°) on samples prepared at 30% RH and
above (Table 3.1), due to isolated droplet pinning events. This suggests a large degree of
variability in TP-surface coverage between samples since droplets typically adhere strongly
(‘pinning’) to a solid surface, unlike LIS/TLP, which are characterised by minimal contact line
pinning, leading to droplet mobility on the lubricant. An unstable lubricant layer due to
heterogeneity of the TP-coating, may then result in pinning events by exposing the underlying

solid substrate. Droplets were found to consistently pin on samples prepared at 20% RH.

The topography of TP prepared at 20% RH, shown in Figure 3.3B (and its cross-section in
Figure 3.3H), shows a patchy surface coverage, with the height of layers varying between
approximately 0.3 to 2.4 nm. The height of the taller regions was over twice the theoretical
length of a TP molecule (1.14 nm, for bonds in an all-trans conformation). Combined with the
relatively low water contact angle of 99 + 2° for a highly fluorinated surface,® ¢ and high
variability of the sliding angle, this patchy topography indicates that the surface coverage of

TP formed at 20% RH was incomplete. Unsurprisingly, the RMS roughness for TP prepared at
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20% RH was high for a monolayer, 1.06 nm (Table 3.1), an order of magnitude higher than the
untreated silicon wafer (0.116 nm, Figure 3.2A), but still relatively smooth. Figure 3.3C shows
the contrast in phase (phase contrast Ap = 15°) between likely TP-covered regions. Phase
contrast in tapping mode AFM micrographs is linked to changes in surface properties such as
local stiffness,®” surface energy and adhesion,® especially significant when the change in
topography is small.™® Here, the higher phase regions may correspond to the exposed, untreated
silicon surface, which is high in stiffness, surface energy and friction forces.*® The incomplete
fluorination of the silicon may lead to unstable lubricant layers on the TLP, which can
spontaneously dewet from the substrate when a water droplet is placed on the lubricant.® 4!
This can manifest in droplet pinning, as demonstrated by the samples produced at 20% RH.
This implies lower lubricant stability potentially leading to reduced anti-fouling and anti-
thrombotic performance.n 2 Conversely, low surface energy substrates such as those with
denser fluorine surface coverage are expected to better stabilise the lubricant films.*® As shown
in Figure 3.3D and 3.31, TP produced at 30% RH reveal uniform weblike structures less than
6 nm thick. At higher RH, larger bumpy aggregates were formed (Figure 3.3E-G), with typical
height of 40-60 nm on samples prepared at 40 and 50% RH (Figure 3.3J-K) to 200-300 nm at
60% RH (Figure 3.3L); the diameter of the aggregates increased from 300 — 700 nm to 2-4 um
in the same RH range. Samples prepared at 40, 50 and 60% RH had higher RMS roughness
(9.56, 9.49 and 57.4 nm, respectively, Table 3.1). The higher level of humidity led to a greater
degree of silane condensation resulting in the formation of the bumpy aggregates.?® Such
features are common in the silanisation process when extensive oligomerisation occurs in the
presence of moisture and humidity.® **° As seen in Table 3.2, prior to rinsing of the layers,
LPD TP-layers displayed a high fluorine content of 56% (for samples produced at 30% RH,
with the highest contact angle), similar to the fluorine content (53-54%) of TP layers prepared
in a previous study using LPD.* However, a wash by ultrasonication in pure PFD for 1 minute
led to a decrease in fluorine concentration to 17%, which has also been observed before.?” At
the same time, washing resulted in a decrease in both the static water contact angle to 105 + 6°
and an increase in sliding angle to 9 + 6°. This suggests that the LPD method prepared here led
to relatively loosely bound TP layers, susceptible to removal from the surface. Aggregates of
silane formed in solution by LPD were previously found to behave similar to droplets of mobile
molecules rather than cross-linked solids, supporting the presence of a weakly bound TP layer.®
Such differences further highlight the variabilities in the outcomes of the LPD-treated TP layers
reported by different groups and the need to better understand their properties.
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Liquid-Phase Deposition (LPD)
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Figure 3.3: Wettability and tapping mode AFM micrographs of TP-treated silicon wafers prepared by liquid-phase
deposition method (LPD). A) Static contact angle of a 5 pL water droplet and sliding angle after PFD infusion.
Dashed red line indicates the threshold value of 5° used to identify a highly slippery surface. The results are
presented as mean value + S.D. Measurements obtained at T = 24.5 £ 0.5 °C and 65 + 3% RH. B-G) AFM
micrographs of TP produced at 20 to 60 + 2% RH as shown on micrographs. H-L) AFM height cross-section of
LPD TP-treated silicon produced at 20 to 60 + 2% RH and T =21.8 + 0.3 °C.
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When LPD silanisation was carried out at the same controlled-humidity environment (60%
RH), not in a solution of ethanol, but in one of n-heptane, PFD or toluene, TP surfaces showed
higher water contact angles of 115 + 5° on surfaces prepared in toluene and 119 + 2° when
prepared in PFD and n-heptane, after rinsing in PFD (Table 3.2 and Figure 3.4A).
Corresponding fluorine coverage (58% in n-heptane or toluene, 52% in PFD) indicate that these
solvents produced higher grafting densities of TP molecules than the samples prepared in
ethanol. Subsequent sliding angles of water were found to be consistently lower, and less
variable at 5 + 3°,2 + 1° and 2 £ 1° in toluene, PFD and n-heptane respectively, and 2 + 1° for
blood droplets on all three solvents, confirming improved slippery function compared to those

prepared in ethanol which exhibited the highest sliding angle of blood at 6 + 5° (Figure 3.4B).

Table 3.2: Wettability and XPS analysis of surface atomic concentration for TP-treated substrates.

) o Atom_ic
vatral | o Siteatr | Sicigrole Pt | Conceteation ()
C 0] F Si
Control*
Silicon 27+1 >15 12 | 33 0 55
Polystyrene 91+2 >15 99 1 0 0
Borosilicate Glass 55+ 6 >15 - - - -
Polysulphone 76+ 2 >15 - - - -
LPD TP
Ethag?;_fv’gzﬁefj'*) - 112 +4 7+5 31| 8 |56 | 5
Ethanol (30% RH)* 105+6 9+6 58 | 26 | 17 0
Prepared in PFD (60% 11942 2+1 34 | 11|52 | 3
RH)*
Prepa(rgg;:g;;fpta”e 119+ 2 241 30| 8 |58 4
Prep(aggg/oigac)’,[”e”e 115+5 5+3 31| 7 |58 4
CVvD TP
Polystyrene* 119+2 2+1 23 | 12 | 53 | 12
Silicon* 1201 21 30 8 58 4
Glass* 121 +1 2+1 - - - -
Polysulphone* 120+1 2+1 - - - -

# Control materials were analysed after solvent cleaning, without oxygen plasma-treatment.
* Samples washed in pure PFD for 1 min before measurement.
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It was previously suggested that denser and more uniform fluorosilane coatings may be
produced on silica when surface-adsorbed water was maximal and bulk water concentration,
minimal .8 It was thus concluded that the low water solubility in n-heptane and PFD oils, and
to a lesser extent, toluene, minimises the water content in bulk solution to drive the formation
of more densely-grafted TP layers. It was apparent that high variability in tilt-test results, low
fluorine content and susceptibility to desorption, indicate poor TP layer quality when ethanol
was used as the solvent. Taken together, the data shown in Figure 3.3 and Tables 3.1 and 3.2
indicate that it was difficult to achieve reproducible surface TP coverage and successful
infusion with LPD, without a thorough control of solvent and humidity conditions. In view of

this, an alternative method was utilised using vapour phase deposition.
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Figure 3.4: Wettability of LPD-modified TP from various solvents showing A) static water contact angle using 5
pL volume of Milli-Q water. B) Sliding angle of a 5 pL droplet of water and blood upon infusion with PFD
lubricant. Dashed black line indicates the threshold value of 5° used to identify a highly slippery surface.

3.2.2. Preparation and Characterisation of TP by Chemical-Vapour
Deposition (CVD)

Figure 3.5A shows the results of chemical vapour deposition (CVD) of TP layers: the static
contact angle of water increased from 27 + 2° for plain silicon substrates to 120 £ 1° for TP-
treated silicon, and from 91 + 2° for polystyrene to 119 + 2° for TP-treated polystyrene. Water

droplets were found to pin on polystyrene, as with silicon, (Figure 3.5B) when infused with
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lubricant without prior TP-modification, emphasising the necessity of the underlying TP in
retaining the lubricant. Similarly, water droplets consistently pinned on the bare silicon (Si)
and polystyrene (PS) substrates (>15°) without infusion of lubricant. Upon infusion with PFD,
droplets slid easily, with a sliding angle of 2 = 1° for the TLP surfaces on both substrates,
indicating successful TLP modification. The wettability of CVD-treated samples was shown
to be unaffected by RH between 20-60% RH (measured immediately prior to silanisation, data
not shown). The RH conditions during silanisation at 60 °C were not controlled. TP-modified
substrates prepared by CVD had high fluorine content, 58% and 53% for silicon wafer and
polystyrene, respectively (Table 3.2). The C:Si signal was close to 8 while F:Si is around 14.5,
which matches well with the expected stoichiometric ratio of C:Si (8:1) and F:Si (13:1) for the
TP monomer. The high fluorine content was maintained after sonication in PFD, confirming
the formation of dense fluorinated layers tightly bound to the substrate. The relative atomic

concentration of fluorine is comparable to those seen in other TP-treatments.® 72

Figure 3.5C-H and Figure 3.6B -D reveal the topography of the silicon and polystyrene surfaces
after CVD TP modification. The formation of tall bumpy aggregates upon TP modification
observed in the AFM topographical maps, along with increased surface roughness. The RMS
roughness of silicon increased substantially upon TP modification by CVD (0.116 nm to 31.5
nm) as well as that of polystyrene (0.929 to 32.4 nm). On silicon wafers, the height of the tallest
aggregate features was around 100 - 150 nm (Figure 3.5C-D). A range of smaller features were
also present, with heights between 10 - 50 nm. By performing a scratch on the TP layer with a
spatula, the height of the aggregates relative to the underlying silicon surface was found to be
300 + 200 nm (Figure 3.5E-F, green crosses). The regions in-between the aggregates were
covered in a continuous TP layer of thickness 35 = 15 nm in height relative to the silicon
substrate (Figure 3.5, blue crosses). It appears that following CVD, the surface was completely
covered in TP as both a continuous layer, and large aggregates. Based on these measurements,
a schematic depiction of the structure of the TP layer and the TLP coating, once infused, is
shown in Figure 3.19.
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Chemical-Vapor Deposition (CVD)
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Figure 3.5: Wettability and tapping mode AFM micrographs of TP-treated silicon wafers prepared by chemical

vapour deposition (CVD). A) static contact angle and B) sliding angle of a 5 pL water droplet on TP surfaces
prepared on silicon wafers (Si) and polystyrene sheets (PS). Dashed line indicates the threshold value of sliding
angle for a highly slippery surface (5°). Measurements obtained at T = 22.5 + 0.5 °C and 53 + 3% RH. The static
and sliding angle results are presented as means + S.D. C-H) AFM micrograph and height cross-section of CVD
TP. Part E is a scan taken next to a scratch made on the surface with a spatula to reveal the underlying thickness

of the TP (blue crosses) underneath the aggregates (green crosses). The scale bar applies to all AFM micrographs.
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When the surface is infused according to this approach, the PFD would infuse these aggregates,
with which it shares closely the fluorinated composition, likely swelling them, and covering
the whole structure in a layer of several micrometers thickness. When the lubricant layer is
depleted, a meniscus of lubricant would form around these aggregates, and based on the AFM
micrographs, the radius of curvature of the meniscus could be between 3 um (spherical arc
connecting the tops of the aggregates, see dashed line in Figure 3.19) and 3 nm (arc at the
bottom of the aggregates). This negative curvature aids in the retention of the lubricant through
capillary pressure of the order of 10* to 107 Pa, respectively.*?

Similar bumpy aggregates were also seen on CVVD TP-modified polystyrene, with height up to
around 150 nm (Figure 3.5G-H). While the size of TP aggregates varied across samples as seen
in Figure 3.5C-F and those visualised on two different regions, chosen at random (area 1 and
2) in Figure 3.6B-D, surface coverage was reproducible as indicated by the high static contact
angle and low sliding angles (Figure 3.5A-B). The formation of similar morphologies has
previously been seen in other CVD studies,*® 2 2 being described as polymerised clusters of
self-assembling monomers.t* 20 Aggregate formation during CVD was suggested to proceed
by oligomerisation using surface-bound water as a co-monomer via a step-growth

polymerisation mechanism.?* The remaining water is consumed as the aggregates grow with
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Figure 3.6: Surface morphology of: A) Clean silicon wafer (optical microscopy). B) CVD TP-treated silicon

(optical microscopy). C) CVD TP-treated silicon from a randomly chosen area (area 1) (AFM micrograph). D)

CVD TP-treated silicon from another randomly chosen area (area 2) (AFM micrograph).
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extensive oligomerization leading to gelation and a considerable increase in surface

roughness.?% 24

The versatility of the CVD TP-treatment method is outlined in Figure 3.7A below, showing the
low water sliding angles on substrates including glass and polysulphone. Furthermore, Figure
3.7B reveals the ability of the coating to resist the adhesion of low surface tension fluids such
as silicone oil (20 mN/m) and absolute ethanol (22 mN/m) (Table 3.3).

A B
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B Silicone Oil
< N PFPH o B Ethanol
2 104 D 10 H Blood
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Figure 3.7: Sliding angle test of TLP prepared from the chemical-vapour phase with: A) PFD and PFPH as the
infusing lubricant and a 5 pL droplet. B) using 5 uL droplets of various fluids after infusing with PFD.

Table 3.3: Surface tension and density values of external fluids used to assess sliding angles on TLP-treated
surfaces, obtained from literature.

Fluid Surface Tension (mMN/m) Density (g/cm?)
Water 724 0.997 4
Silicone Qil (10 cSt) 20 4 0.93 4
Absolute Ethanol 22 4546 0.786 %
Blood 55-60 47 1.060 8

CVD-treatment was further characterised by placing silicon wafers in the oven, both in sealed
containers, leading to what was termed a ‘complete silanisation’, and in open containers,
leading to ‘incomplete silanisation’. This test allowed the determination of whether more
complete silanisation led to higher levels of surface coverage, and in turn led to a more
successful coating, as quantified by reproducibly lower values of water droplet sliding angle.
Figure 3.8A-C shows an example of a completely formed TP layer on silicon, characterised by
a high static water contact angle of 120 + 1° and a low sliding angle of 2 + 1° following infusion

with PFD. Consistently reproducible, visible aggregates of height at least 100 nm were present
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on complete TP, as discussed before. In contrast, the incompletely silanised TP layers exhibited
features that were smaller in height, typically less than 20 nm and frequently consisted of
regions no more than 2 nm thick (Figure 3.8D-F). The static water contact angle of the samples
was 116 + 4° and water droplets consistently pinned during the sliding angle test after PFD
infusion. The results point to an incomplete or defective, patchy surface coverage and/or a very
thin TP layer. This can lead to exposure of the underlying silica and spontaneous dewetting of
the lubricant which causes droplet pinning,*® when the CVD process is conducted in unsealed

containers.

To identify the chemical composition of the nanoscale regions in-between the bumpy
aggregates on the TP-coatings, complete and incompletely silanised TP-layers were analysed
by AFM-nanoFTIR.* AFM-nanoFTIR measurements were obtained by Dr. Michelle Wood
from Sydney Analytical, The University of Sydney. Representative positions of nano-FTIR
spectra collected on bumpy aggregates and lower height regions are indicated in Figure 3.8B
and E by coloured crosses. Actual locations of collected spectra are marked in Figure 3.9 and
Figure 3.10. As shown in Figure 3.8G, AFM-nanoFTIR spectra reveal that the regions in-
between the bumpy aggregates (gaps) in the CVD-treated TP layers consisted of fluorinated
material, as the characteristic IR signal showed C-F stretching vibrations between 1000-1300
cm?, similar to that of the large aggregates and of the neat TP obtained by far-field FTIR.> In
contrast, IR signal from the incompletely silanised TP layer was different to that of the neat
solution, indicating that the underlying silicon wafer contributed to the signal due to a patchy

TP layer.

To obtain FTIR signal with lower depth penetration, IR signal from the third harmonic (O3)
was obtained as shown in Figure 3.8H.%° %1 C-F stretching due to the terminal CF3 groups on
the TP were observed around 1237-1244 cm™ across the bumpy aggregates and the gaps on the
completely silanised surface as well as the neat TP.2® Even at the higher harmonic, no
difference was observed between the regions of bumps and gaps across the incompletely
silanised silicon. All four spectra show clear peaks due to the coating at 1120 and 1145 cm*
(Figure 3.8H, pink shaded region),>? however, these peaks were less well resolved in the gaps
of the completely silanised coatings and across all regions of the incompletely silanised
coatings. This is likely due to the increasing contribution from the underlying Si-O-Si peak at

~1135 cm™ as the coating thickness decreases. This is also suggested by the reduced peak
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Figure 3.8: Comparison of complete and incompletely silanised surfaces: representative AFM micrographs and
cross-section of A-C) completely silanised TP and D-F) incompletely silanised TP. Absorbance spectra collected
from top of bumps indicated by blue and green crosses in parts B) and E), respectively. Absorbance spectra
collected from gaps indicated by red and magenta crosses in parts B) and E), respectively. G) AFM-nanoFTIR
second harmonic (O2) absorbance spectra taken across bumpy aggregates and regions of gaps between aggregates.
H) Third harmonic (O3) AFM-nanoFTIR absorbance spectra of complete and incompletely silanised TP. Spectra
are averaged over 4 measurements. Absorbance of neat TP and SiO; spectra have been scaled and offset for

visibility. Green dotted lines and shaded regions represent C-F peaks originating from the TP.
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intensities between 1160-1230 cm™ (Figure 3.8H, green shaded region) which may be
attributed to the asymmetric CF; stretching vibration.>? In previous studies, bumpy aggregates
formed from chemical-vapour fluorosilane deposition were suggested to lead to surface
restructuring with areas surrounding the aggregates being left untreated.?* 2° 30 However, it
seems that in the conditions employed in this study, the areas surrounding the aggregates were
also fluorinated, with varying thickness. The results are not unreasonable when considering the
relatively high static water contact angle of the incompletely silanised surface (116 + 4°).
However, the very thin/incompletely covered layer of TP may result in ineffective lubricant
retention, causing spontaneous dewetting of the lubricant due to the water droplet, leading to

consistent contact line pinning to the underlying silicon substrate as observed in this study.

55
4525

4550 507

=

4575 15 ©

E 45.00 Z

= [=%

> 46.25 40 E

g

46.50 358

46.75 =

30

47.00

515 52.0 525 53.0 535 54.0 54.5
% ()

Figure 3.9: Optical amplitude image obtained from completely silanised TP layer using the 2™ harmonic (02).
Scan area: ~3.4 um x 2.0 um, pixels: 100 x 100, measurement time: 23 ms/pixel. Annotations indicate positions
where spectra were collected: bumps = 1,1 — 4,1 and lower height regions = 5,1 — 8,1.
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Figure 3.10: Optical amplitude image obtained from incompletely silanised TP layer using the 2" harmonic
(02). Scan area: ~2.4 um x 1.7 um, pixels: 100 x 100, measurement time: 17 ms/pixel. Annotations indicate
positions where spectra were collected: bumps = 1,1 — 3,1 and lower height regions = 4,1 — 6,1.

126



Different forms of CVD TP morphologies were also fabricated by varying the duration of
reaction time. Shorter durations of 1 hour were found to produce highly uniform layers with
low RMS roughness (1.11 nm over a 5 x 5 um? scan area). Film thickness was found to be 3 +
0.2 nm (Figure 3.11), measured by spectroscopic ellipsometry at a 75° incident angle for
wavelengths between 370 — 1000 nm. The obtained refractive index was 1.3535 £ 0.002,
matching those found in the literature.? Given the theoretical value of the TP monomer length
being 1.518 nm,? the average TP thickness across the surface, being double that of the
monomer length (3 £ 0.2 nm), indicates the possible formation of a TP bilayer. The static water
contact angle indicated successful hydrophobisation at 118 + 1°, since the obtained value was
close to that of the bumpy TP coatings (120 + 1°). The sliding angle upon PFD infusion was 2
+ 1°, indicating successful lubricant infusion and a high degree of TP surface coverage from
the lack of droplet pinning events, unlike those prepared by LPD.

’- 8.4 nm

O0nm

Figure 3.11: Atomic Force Microscopy (AFM) images of TP formed from 1 hour of CVD: A) Scan size=5x 5
um? (RMS roughness = 1.11 nm) and B) Scan size = 15 x 15 um? (RMS roughness = 1.08 nm).

When the duration of silanisation was extended from the typical 24 hours of annealing to 72
hours (Figure 3.12), extensive bump formation was seen with apparent coalescence-like effects
where the edges of the bumps appeared to be contacting each other. However, no significant
changes in wettability were found compared to those treated for 24 hours (static water contact

angle =120 £ 1°, sliding angle =2 £ 1°).
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Figure 3.12: Extended silanisation (72 hours of CVD) on silicon wafers leading to coalesced TP bumps visualised
by: A) optical microscopy, B) scanning electron microscopy and C-D) AFM in two different random regions. C)
Scan size = 5 x 5 um? (RMS roughness = 24.7 nm) and D) Scan size = 5 x 5 pm? (RMS roughness = 26.6 nm).

Static water contact angle remained unchanged relative to those treated for 1 hour and 24 hours (120 + 1°).

In summary, the data in Figure 3.3, Figure 3.5 and Figure 3.8 illustrate the necessity for strict
control and care when modifying the surface with TP for subsequent infusion. An incomplete
or very thin TP layer leads to a lubricant layer that easily dewets, leading to the loss of slippery
properties.>® Furthermore, the CVD method is also simpler, requiring only elevated
temperatures for complete silanisation and can minimise cross-contamination in solvents. The
variability in the size and distribution of aggregates observed in CVVD coatings (Figure 3.6) did
not lead to large changes in sliding angle values and was acceptable for this application. Due
to these findings, subsequent studies only use completely silanised CVVD TP coatings prepared

by annealing for 24 hours.

3.2.3. TLP Lubricant Durability under Shear Flow
The use of TP layers for anti-thrombotic applications is likely to be most useful in closed

systems, in which evaporation of the lubricant is not an issue.** > However, a test was
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performed to determine whether the presence of the TP layer on the silicon and polystyrene
substrates induced slower loss of lubricant PFD by evaporation (Figure 3.13A-F). PFD has a
high vapour pressure (880 Pa),** and therefore, increasing the time for complete evaporation
of the infused lubricant is a desirable effect. A droplet of 5 uL/cm of PFD was placed on the
untreated and CVD TP-treated substrates, and the weight loss was assessed by gravimetry.
Complete evaporation occurred on untreated silicon within 26 + 2 minutes, while TLP-treated
silicon wafers retained the lubricant for 32 + 2 minutes. Similarly, untreated polystyrene
showed complete depletion of the lubricant at 24 + 1 minutes after infusion, while TLP-treated

polystyrene prolonged the retention time to 30 £ 2 minutes before complete evaporation.

The 20% increase in time to complete evaporation on CVD TLP surfaces could be due to the
combined effects of greater fluorine concentration and increased contact area between lubricant
and TP which may act to stabilise the infusing PFD lubricant layer via van der Waals forces.**
%% Secondly, a meniscus with negative curvature formed by the evaporating PFD in-between
the bumpy aggregates is likely to reduce the vapour pressure, compared to a flat surface, as
predicted by the Kelvin equation for nano- to microscale radius of curvature.*® The radius of
curvature of the meniscus of the lubricant that could form around the aggregates, based on
AFM measurements, is in the range between 3 nm — 3 um (Figure 3.19). Due to capillary
effects explained by the Kelvin equation,*® this negative curvature could reduce the vapour
pressure of perfluorodecalin to as low as 20% of its bulk value (based on surface tension of

perfluorodecalin/water surface tension of 56.6 mN m).>®

As the target application of these layers is to reduce medical device thrombosis upon exposure
to blood flow,** the understanding of lubricant retention on TLP surfaces under clinically
relevant flow conditions is vital.>* ¢ Therefore, a test was devised to determine the loss of
slippery properties on infused TP surfaces due to shear-induced depletion of the lubricant upon
exposure to external flow (Figure 3.13G-H).! % Higher shear rates than previous studies were
used, as they are of relevance in medical devices experiencing wall shear strain rates of up to
20,000 s, such as coronary stents.>* Both PFD and PFPH were investigated as lubricants, as
PFPH as a higher viscosity than PFD (28.2 mPa-s vs. 5.1 mPa-s) and lower vapour pressure
than PFD (<100 Pa vs. 880 Pa) which could be favourable for durability.** 57

129



Lubricant Mass (mg)

Si
8 TLP Si

o

100
80-
60-
40

20+

Lubricant Remaining (%)

Time (min)

Time (min)

N
o

e PFD

-
[4,]
L

o PFPH

Sliding Angle (°)
=

L

¢

0 5000

10000 15000 20000 25000

Shear Rate (s)

Silicon

Sliding Angle (°)

=)
E
[2]
[%2]
©
=
I
[l
Qo
5]
3
-
™T T T T _ - v _I_l
0 10 20 30 40
Time (min)
‘a? 100j PS
g) 80 + TLP PS
£ ]
‘©
£
(O]
o
€
It
2
s
=2
a

Time (min)
204
= PFD
t PFPH
151 = ]
104

[&;]
—

o

0 5000 10000 15000 20000 25000
Shear Rate (s™)

Polystyrene

Figure 3.13: Change in PFD lubricant over time by: A) — B) mass, C) — D) relative % of PFD lubricant remaining

on CVD TP-treated substrates was measured under ambient conditions in air, as it evaporated at T=21.6 + 1.0 °C,

37 £ 6% RH. Approximate lubricant thickness at the start of the experiments is 50 pm, derived from lubricant
mass. All results are presented as mean + S.D (n = 3). E) - F) The retention of slippery properties, as indicated by
water droplet sliding angle, was assessed after exposure to increasing shear rate in a cone-and-plate rheometer
for 10 minutes, using glycerol solution (37% v/v) on E) silicon and F) polystyrene.
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As conveyed Figure 3.13G-H, at shear rates of 15,000 s the durability of PFPH was greater
than PFD for TLP-treated silicon surfaces as indicated by the lower sliding angle of 3.7 £ 2.0°
versus 5.7 £ 2.0°. In contrast, both lubricants exhibited sliding angles >5° on the TLP-treated
polystyrene (>15°, pinning with PFD compared to 6.7 = 3.0° with PFPH). When the shear rate
was increased to 20,000 s, PFD-infused TLP on silicon substrates were still found to prevent
droplet pinning, albeit with a high degree of variability (sliding angle 12.0 + 7.0°). At the same
shear rate, PFPH-infused TLP coatings retained a lower sliding angle of 5.3 + 3.0°. On the
other hand, at 20,000 s, TLP-treated polystyrene was depleted of both lubricants, as shown
by pinning of water droplets. In summary, TLP-treated silicon was more capable of retaining
the lubricant at higher shear conditions compared to TLP-treated PS. It is also noteworthy to
mention that the shear stress at 20,000 s is an order of magnitude greater than a previous study
of lubricant depletion exposed to flow under dialysis-like conditions (740 dynes/cm?), which
exposed PFD lubricant to lower shear stresses of up to 23.2 dynes/cm?,° and is closer to a shear
rate of 1000 s used in this study. A possible explanation is that the TP grafting density on the
oxidised silicon surface is greater than the oxygen plasma-treated polystyrene sheets which
only contain 13% of oxygen atoms on the surface,®® as opposed to silicon, containing at least
33% surface oxygen atoms, even prior to oxygen plasma-treatment (Table 3.2). For both
materials, PFD was more susceptible than PFPH to shear-induced depletion which is
unsurprising given the lower dynamic viscosity of PFD.** °3%° These trends were also observed
for TLP-treated polysulphone and glass (Figure 3.14), indicating the presence of a slippery
coating up to 10,000 s when infused with PFD (sliding angle <5°), with complete pinning by
20,000 s on polysulphone, but not for glass (12.0 + 3.0°). Again, this could be due to the
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Figure 3.14 The retention of slippery properties, as indicated by water droplet sliding angle, was assessed after
exposure of TLP to increasing shear rate in a cone-and-plate rheometer for 10 minutes, using glycerol solution

(37% viv) on: A) polysulphone and B) glass. All results are presented as means = S.D (n = 3).
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presence of more surface oxide groups on glass compared to polysulphone, although XPS data
for these substrates were not available. Moreover, the durability of the PFPH lubricant was
greater than PFD (also seen with silicon and polystyrene, Figure 3.13), resulting in a sliding
angle <5° on both substrates, even at elevated shear rates of 20,000 s™. Furthermore, it was
revealed that no degradation of substrates (indicated by lack of mass loss) occurred during
extended immersion over 12 months in an excess of pure PFD and PFPH lubricants, which
were weighed after gentle-bow drying with nitrogen to remove remaining lubricant, as shown
in Figure 3.15. PTFE showed a ~5% increase in mass which may have been caused by swelling
due to sharing fluorinated chemistry, similar to the perfluorinated lubricants. The rest of the
substrates showed good compatibility with the perfluorinated lubricants showing suitability as

substrates for TLP coatings for at least 12 months.
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Figure 3.15: Stability of bare substrates upon immersion in PFD and PFPH lubricants for 12 months indicated by:

A & B) mass and C-D) relative mass change. Samples were stored in the dark for the entire duration of immersion.
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3.2.4. TP Stability under Flow

While lubricant depletion is of obvious concern for applications under flow, the TP layer was
also assessed for its ability to withstand shear force-induced degradation which may occur upon
significant depletion of the lubricant layer, exposing the TP coatings to the external fluid. As
seen in Table 3.4, extremely high shear rates of 133,000 s (equivalent to shear stresses of
1,330 dynes/cm?) were applied to TP-coated silicon wafers, exposed to flowing water for 90
minutes within an electrokinetic analyser cell. These shear conditions approach those found in
centrifugal flow-based left ventricular assist device (LVADs).®° Such extreme shear rates are
known to result in complications such as gastrointestinal bleeding in patients with implanted
LVADs due to acquired von Willebrand syndrome.®%2 In these instances, high shear rates are
thought to cause cleavage of high-molecular-weight von Willebrand multimers, causing

susceptibility to bleeding by impairing haemostatic function.®-62

Table 3.4: Shear conditions employed in durability test of TP-coated silicon wafers, exposed to the flow of water.

Maximum Shear Strain Rate (s) Shear Stress (dynes/cm?)

TP-modified Silicon 133,000 1,339

As revealed in Table 3.5, following exposure to shear rates of 133,000 s, the static water
contact angle of CVD TP decreased by 6° from 118 + 1° to 112 £ 1°. Contact angle hysteresis
increased by 16° from 28 * 2° to 44 + 3° (Table 3.5), indicating possible removal of some TP
bound to the substrate, partially exposing the surface of the silicon wafer. These results are
supported by AFM images (Figure 3.16A), revealing the absence of bumps seen previously on
freshly prepared TP-modified silicon wafers. The height of bumps on freshly prepared TP
samples was 300 + 200 nm, while those exposed to high shear conditions was around 30-40
nm for the tallest features (Figure 3.16A). More sparsely located regions of TP were also
observed, indicating that the coating had indeed been partially removed. Given that the
reduction in the static water contact angle was ~5%, even when exposed to such high shear
conditions, the TP was surprisingly resistant to degradation, implying that a large portion of
the surface may still be fluorinated. However, the significant changes in morphology, leading
to the absence of bumps and a reduction in overall height (Figure 3.16B) reveals the detrimental
impact of flow on the ability of the coating to stabilise the lubricant.®® More specifically, the
reduced van der Waals forces due to the decreased contact area and reduced radius of curvature

formed between the bumps may hinder effective retention of the lubricant under flow.*3 4464
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Table 3.5: Wettability measurements of TP-coated silicon wafers used in the shear durability test.

Static Contact Angle (%) Advancing Contact Receding Contact Contact Angle

Angle (°) Angle (°) Hysteresis (°)
Pre-Shear 118+1 127 +£2 99 +2 28 +2
Post-Shear 112+1 119+2 75 £3 44 +3
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Figure 3.16: CVD TP-treated silicon after exposure to flowing water at a shear rate of 133,000 s, revealing
changes in A) morphology, shown by AFM micrographs and B) corresponding height along a line profile
(magenta).

3.2.5. Adhesion of Polymerised Fibrin from Human Whole Blood

Finally, CVD-treated TLP layers prepared with both lubricants were compared in whole blood
adhesion assays (Figure 3.17). TP-treated polystyrene with and without both lubricants were
compared to hydrophilic (oxygen plasma-treated) polystyrene (HI PS), as this is known to
strongly trigger coagulation (via contact activation and the intrinsic pathway),®® and to
unmodified hydrophobic PS (HO PS), used as a model hydrophobic surface. A relatively high
degree of thrombus formation was observed immediately by eye (Figure 3.17A), following the
whole blood assays on the HI PS and HO PS. By comparison, TP-treated PS exhibited much
lower thrombus formation, while the TLP surfaces were virtually devoid of adherent thrombi.
Quantitative measurement of adhered fibrin fluorescence intensity using a plate reader
confirmed the higher fibrin adhesion on HI PS and HO PS relative to TP-treated PS (Figure
3.17B). Differences in fluorescence intensity between TP and TLP with both PFD and PFPH
infusion were not statistically significant, likely because the instrument was unable to resolve
the low adhesion of fibrin. Close inspection of the micrographs presented in Figure 3.17C

revealed that, as expected, there was a high degree of fibrin adhesion on the HI PS and HO PS,
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with morphological differences between the two. Thin, fibrillar structures were observed at the
30 min time-point on HI PS, whereas smaller deposits were present on HO PS and TP,
potentially co-localised with white blood cells, platelets, or platelet aggregates. Extensive fibrin
networks were clearly present at the 90-minute time-point on the HI PS and aggregate-like
deposits of fibrin on the HO PS. At the 90-minute time-point, TP contained smaller and less

intense aggregate-like fibrin deposits. In contrast, TLP with both PFD and PFPH infusion were
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Figure 3.17: Whole blood adhesion assay showing A) representative images of samples in multi-well plates
following incubation with heparinized human whole blood (0.5 U/mL) for 90 min, for the samples identified by

the labels (TLP with PFD lubricant). B) Fibrin fluorescence from adhered fibrin with 15 pg/mL Alexa Fluor-647

human fibrinogen at increasing time-points measured using a plate reader. The results are presented as means +
SEM (n = 3 donors). Significance presented as *(P < 0.05), ****(P < 0.0001), using ordinary two-way analysis
of variance (ANOVA) with Bonferroni’s post hoc test. C) Representative micrographs of adhered fibrin after 30
min showing overlay of differential-interference contrast and confocal fluorescence laser scanning microscopy
images with adjusted brightness and contrast for greater visibility. Confocal fluorescence laser scanning
microscopy images at 90 min time-point showing unadjusted fluorescence signals. The scale bar applies to all
micrographs in C).
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mostly clear of deposits at all time points, with rare areas of fibrin adhesion (Figure 3.18).
Given that most previous reports of TLP coatings for anti-thrombogenic applications in the
literature utilised PFD as the lubricant layer, the following studies throughout this Thesis also

mainly use PFD as the infusing lubricant.

The ability of CVD-treated TLP coatings to prevent the adhesion of polymerised fibrin from
whole blood in this screening assay is an indication of its prospective performance against
thrombus formation.! However, further investigation is required to determine its
thrombogenicity in vitro and in vivo under clinically relevant flow conditions and to understand
the mechanism by which these coatings are effective.* ® Biomaterial-induced thrombosis is
complex and involves various pathways, initiated by the adsorption of pro-coagulant proteins
such as fibrinogen, factor X11 (FXII), von Willebrand factor (vWF) and complement proteins.%®
As a result, it can lead to thrombus formation through the contact (intrinsic) pathway of
coagulation and could also elicit thrombo-inflammatory responses.®® Furthermore, the effects
of shear flow can further exacerbate clotting by activation of the shear-sensitive platelets and

VWF.34 Therefore, further studies into the process of thrombosis are required to reveal

important insights into the mechanistic understanding of TLP-blood interactions.® ¢

Figure 3.18: Whole blood adhesion at 30-minute time-point on TLP coating infused with: A) PFD lubricant and
B) PFPH lubricant.
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3.3. Conclusion

The reproducible preparation of tethered-perfluorocarbon layers designed to retain stable layers
of perfluorinated lubricant has been investigated using several surface characterisation
techniques. A vapour phase method (CVD) was used to prepare and characterise silanised
layers of fluorinated molecules, strongly bound to the underlying silicon oxide, glass and
oxidised polystyrene and polysulphone substrates. The structure of the TP layers, schematically
depicted in Figure 3.19 was the product of extensive polycondensation reactions between silane
molecules, leading to the formation of both a continuous silane layer of thickness around 35 £
15 nm and larger aggregates of about 300 £ 200 nm thickness. These structured layers are
clearly different from typical self-assembled monolayers, which are usually a couple of
nanometers thick, and seem suited to retain thicker layers of perfluorinated lubricant, as
assessed by sliding angle tests. In this study, this feature of CVD was exploited to create TP
layers with a defined topographical structure that can more effectively retain the lubricant,

benefitting applications as anti-thrombotic coatings for medical devices.>® 66-5

The CVD method produced TP layers that were easier to reproduce without the control of
humidity, had higher fluorine content and a more consistent slippery performance, compared
to the layers produced by liquid phase method (LPD). However, if LPD were to be employed,
the use of n-heptane or PFD, rather than ethanol as the solvent, would be preferrable, as they
were less sensitive to humidity. CVD was a highly reliable method of producing TP/TLP and
involved fewer steps and reagents compared to LPD. This increases its translatability since the
manufacturing processes can be performed with minimal sample processing and creates less

organic solvent waste while being scalable.

The TP layer prepared by CVD was able to retain PFD lubricant effectively under static and
dynamic conditions by prolonging the time to complete evaporation of the PFD in ambient
conditions and reducing the loss of PFD and PFPH under shear flow conditions. The higher
viscosity lubricant PFPH was better in resisting depletion at higher shear rates compared to
PFD. Both TP and infused TLP reduced the adhesion of fibrin from whole blood relative to the
control surface, and the beneficial effect of lubricant infusing the TP was revealed at the
microscopic level. Even though PFPH and PFD were similar in preventing fibrin adhesion from
whole blood, the higher viscosity of PFPH makes it the preferred lubricant due to its greater
ability to withstand shear-flow induced depletion.
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In conclusion, a combination of the enhanced silane oligomerisation resulting in a TP coating
containing bumpy aggregates using the CVVD method and the higher viscosity lubricant PFPH
may be recommended for using TLP in anti-thrombotic studies under blood flow, due to its
greater lubricant retention ability. However, longer-term evaluation and further understanding
of the thrombotic performance of the TLP coatings are required to successfully translate them
for clinical use, such as the contact pathway of coagulation, vVWF, platelets and effects of shear
forces on thrombosis at the oil-blood interface.®’. Ultimately, these findings contribute to the
investigation of LIS as candidates for the next generation of implantable cardiovascular devices

that seek to reduce complications associated with materials thrombosis.
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Figure 3.19: Schematic illustration of tethered liquid perfluorocarbons (TLP) representing the components; a
tethered-perfluorocarbons (TP) continuous layer underlying larger aggregates, formed through silanisation and
oligomerisation of silanes on silicon oxide or polystyrene containing hydroxide groups and the infused, liquid
perfluorocarbon lubricant (in blue), increases the TP’s ability to repel blood and reduce fibrin adhesion. Maximum

(R1, yellow) and minimum (Rg, red) radius of curvature of lubricant meniscus formed between TP aggregates.

138



References

1. Leslie, D. C.; Waterhouse, A.; Berthet, J. B.; Valentin, T. M.; Watters, A. L.; Jain,
A.; Kim, P.; Hatton, B. D.; Nedder, A.; Donovan, K.; Super, E. H.; Howell, C.; Johnson,
C.P.; Vu, T. L.; Bolgen, D. E.; Rifai, S.; Hansen, A. R.; Aizenberg, M.; Super, M;
Aizenberg, J., et al. A Bioinspired Omniphobic Surface Coating on Medical Devices Prevents
Thrombosis and Biofouling. Nat. Biotechnol. 2014, 32 (11), 1134-1140.

2. Peppou-Chapman, S.; Neto, C. Depletion of the Lubricant from Lubricant-Infused
Surfaces Due to an Air/Water Interface. Langmuir 2021, 37 (10), 3025-3037.

3. Sagiv, J. Organized Monolayers by Adsorption. 1. Formation and Structure of
Oleophobic Mixed Monolayers on Solid Surfaces. J. Am. Chem. Soc. 1980, 102 (1), 92-98.

4. Xiao, R.; Miljkovic, N.; Enright, R.; Wang, E. N. Immersion Condensation on Oil-
Infused Heterogeneous Surfaces for Enhanced Heat Transfer. Sci. Rep. 2013, 3, 1988.

5. Nishioka, S.; Tenjimbayashi, M.; Manabe, K.; Matsubayashi, T.; Suwabe, K.;
Tsukada, K.; Shiratori, S. Facile Design of Plant-Oil-Infused Fine Surface Asperity for
Transparent Blood-Repelling Endoscope Lens. RSC Adv. 2016, 6 (53), 47579-47587.

6. Zhang, L.; Zhou, A. G.; Sun, B. R.; Chen, K. S,; Yu, H. Z. Functional and Versatile
Superhydrophobic Coatings via Stoichiometric Silanization. Nat. Commun. 2021, 12 (1), 982.

7. Telford, A. M.; Easton, C. D.; Hawkett, B. S.; Neto, C. Waterborne, All-Polymeric,
Colloidal ‘Raspberry’ Particles with Controllable Hydrophobicity and Water Droplet Adhesion
Properties. Thin Solid Films 2016, 603, 69-74.

8. Bunker, B. C.; Carpick, R. W.; Assink, R. A.; Thomas, M. L.; Hankins, M. G.; Voigt,
J. A.; Sipola, D.; de Boer, M. P.; Gulley, G. L. The Impact of Solution Agglomeration on the
Deposition of Self-Assembled Monolayers. Langmuir 2000, 16 (20), 7742-7751.

9. Fadeev, A. Y.; McCarthy, T. J. Self-Assembly Is Not the Only Reaction Possible
between Alkyltrichlorosilanes and Surfaces: Monomolecular and Oligomeric Covalently
Attached Layers of Dichloro- and Trichloroalkylsilanes on Silicon. Langmuir 2000, 16 (18),
7268-7274.

10. Wen, K.; Maoz, R.; Cohen, H.; Sagiv, J.; Gibaud, A.; Desert, A.; Ocko, B. M.
Postassembly Chemical Modification of a Highly Ordered Organosilane Multilayer: New
Insights into the Structure, Bonding, and Dynamics of Self-Assembling Silane Monolayers.
ACS Nano 2008, 2 (3), 579-599.

11.  Pujari, S. P.; Scheres, L.; Marcelis, A. T.; Zuilhof, H. Covalent Surface Modification
of Oxide Surfaces. Angew. Chem. Int. Ed. Engl. 2014, 53 (25), 6322-6356.

139



12. Wang, Y.; Lieberman, M. Growth of Ultrasmooth Octadecyltrichlorosilane Self-
Assembled Monolayers on SiO». Langmuir 2003, 19 (4), 1159-1167.

13. Wang, M.; Liechti, K. M.; Wang, Q.; White, J. M. Self-Assembled Silane
Monolayers: Fabrication with Nanoscale Uniformity. Langmuir 2005, 21 (5), 1848-1857.

14.  Vallant, T.; Brunner, H.; Mayer, U.; Hoffmann, H.; Leitner, T.; Resch, R,;
Friedbacher, G. Formation of Self-Assembled Octadecylsiloxane Monolayers on Mica and
Silicon Surfaces Studied by Atomic Force Microscopy and Infrared Spectroscopy. J. Phys.
Chem. B 1998, 102 (37), 7190-7197.

15.  Pellerite, M. J.; Wood, E. J.; Jones, V. W. Dynamic Contact Angle Studies of Self-
Assembled Thin Films from Fluorinated Alkyltrichlorosilanes. J. Phys. Chem. B 2002, 106
(18), 4746-4754.

16.  Onclin, S.; Ravoo, B. J.; Reinhoudt, D. N. Engineering Silicon Oxide Surfaces Using
Self-Assembled Monolayers. Angew. Chem. Int. Ed. Engl. 2005, 44 (39), 6282-6304.

17. Le Grange, J. D.; Markham, J. L.; Kurkjian, C. R. Effects of Surface Hydration on the
Deposition of Silane Monolayers on Silica. Langmuir 1993, 9 (7), 1749-1753.

18. Bhushan, B.; Hansford, D.; Lee, K. K. Surface Modification of Silicon and
Polydimethylsiloxane Surfaces with Vapor-Phase-Deposited Ultrathin Fluorosilane Films for
Biomedical Nanodevices. J. Vac. Sci. Technol. A 2006, 24 (4), 1197-1202.

19.  Gnanappa, A. K.; O'Murchu, C.; Slattery, O.; Peters, F.; O'Hara, T.; Aszalos-Kiss,
B.; Tofail, S. A. M. Effect of Annealing on Improved Hydrophobicity of Vapor Phase
Deposited Self-Assembled Monolayers. J. Phys. Chem. C 2008, 112 (38), 14934-14942.

20. Gnanappa, A. K.; O’Murchu, C.; Slattery, O.; Peters, F.; O’Hara, T.; Aszal6s-Kiss,
B.; Tofail, S. A. M. Improved Aging Performance of Vapor Phase Deposited Hydrophobic
Self-Assembled Monolayers. Appl. Surf. Sci. 2011, 257 (9), 4331-4338.

21. McGovern, M. E.; Kallury, K. M. R.; Thompson, M. Role of Solvent on the
Silanization of Glass with Octadecyltrichlorosilane. Langmuir 1994, 10 (10), 3607-3614.

22. Ulman, A. Formation and Structure of Self-Assembled Monolayers. Chem. Rev. 1996,
96 (4), 1533-1554.

23. Munief, W. M.; Heib, F.; Hempel, F.; Lu, X.; Schwartz, M.; Pachauri, V.;
Hempelmann, R.; Schmitt, M.; Ingebrandt, S. Silane Deposition via Gas-Phase Evaporation
and High-Resolution Surface Characterization of the Ultrathin Siloxane Coatings. Langmuir
2018, 34 (35), 10217-10229.

24, Oyola-Reynoso, S.; Tevis, I. D.; Chen, J.; Chang, B. S.; Cinar, S.; Bloch, J. F.; Thuo,
M. M. Recruiting Physisorbed Water in Surface Polymerization for Bio-Inspired Materials of
Tunable Hydrophobicity. J. Mater. Chem. A 2016, 4 (38), 14729-14738.

140



25. Mayer, T. M.; de Boer, M. P.; Shinn, N. D.; Clews, P. J.; Michalske, T. A. Chemical
Vapor Deposition of Fluoroalkylsilane Monolayer Films for Adhesion Control in
Microelectromechanical Systems. J. Vac. Sci. Technol. B 2000, 18 (5), 2433-2440.

26. Knieling, T.; Lang, W.; Benecke, W. Gas Phase Hydrophobisation of MEMS Silicon
Structures with Self-Assembling Monolayers for Avoiding in-Use Sticking. Sens. Actuators, B
2007, 126 (1), 13-17.

27. Badv, M.; Jaffer, I. H.; Weitz, J. I.; Didar, T. F. An Omniphobic Lubricant-Infused
Coating Produced by Chemical VVapor Deposition of Hydrophobic Organosilanes Attenuates
Clotting on Catheter Surfaces. Sci. Rep. 2017, 7 (1), 11639.

28. Hozumi, A.; Ushiyama, K.; Sugimura, H.; Takai, O. Fluoroalkylsilane Monolayers
Formed by Chemical VVapor Surface Modification on Hydroxylated Oxide Surfaces. Langmuir
1999, 15 (22), 7600-7604.

29.  de Boer, M. P.; Knapp, J. A.; Michalske, T. A.; Srinivasan, U.; Maboudian, R.
Adhesion Hysteresis of Silane Coated Microcantilevers. Acta Mater. 2000, 48 (18-19), 4531-
4541.

30. Zhuang, Y. X.; Hansen, O.; Knieling, T.; Wang, C.; Rombach, P.; Lang, W.;
Benecke, W.; Kehlenbeck, M.; Koblitz, J. Thermal Stability of VVapor Phase Deposited Self-
Assembled Monolayers for MEMS Anti-Stiction. J. Micromech. Microeng 2006, 16 (11),
2259-2264.

31. Higuchi, A.; Shirano, K.; Harashima, M.; Yoon, B. O.; Hara, M.; Hattori, M.;
Imamura, K. Chemically Modified Polysulfone Hollow Fibers with Vinylpyrrolidone Having
Improved Blood Compatibility. Biomaterials 2002, 23 (13), 2659-2666.

32. Roy, A.; Dadhich, P.; Dhara, S.; De, S. In Vitro Cytocompatibility and Blood
Compatibility of Polysulfone Blend, Surface-Modified Polysulfone and Polyacrylonitrile
Membranes for Hemodialysis. RSC Adv. 2015, 5 (10), 7023-7034.

33. Wang, W.; Zheng, Z.; Huang, X.; Fan, W.; Yu, W.; Zhang, Z.; Li, L.; Mao, C.
Hemocompatibility and Oxygenation Performance of Polysulfone Membranes Grafted with
Polyethylene Glycol and Heparin by Plasma-Induced Surface Modification. J. Biomed. Mater.
Res., Part B 2017, 105 (7), 1737-1746.

34. Hong, J. K.; Gao, L.; Singh, J.; Goh, T.; Ruhoff, A. M.; Neto, C.; Waterhouse, A.
Evaluating Medical Device and Material Thrombosis under Flow: Current and Emerging
Technologies. Biomater. Sci. 2020, 8 (21), 5824-5845.

35. Lee, S. J.; Kim, H. N.; Choi, W.; Yoon, G. Y.; Seo, E. A Nature-Inspired Lubricant-
Infused Surface for Sustainable Drag Reduction. Soft Matter 2019, 15 (42), 8459-8467.

36.  Abate, A.; Dehmel, R.; Sepe, A.; Nguyen, N. L.; Roose, B.; Marzari, N.; Hong, J.
K.; Hook, J. M.; Steiner, U.; Neto, C. Halogen-Bond Driven Self-Assembly of
Perfluorocarbon Monolayers on Silicon Nitride. J. Mater. Chem. A 2019, 7 (42), 24445-24453.

141



37. Bar, G.; Thomann, Y.; Whangbo, M. H. Characterization of the Morphologies and
Nanostructures of Blends of Poly(styrene)-block-Poly(ethene-co-but-1-ene)-block-
Poly(styrene) with Isotactic and Atactic Polypropylenes by Tapping-Mode Atomic Force
Microscopy. Langmuir 1998, 14 (5), 1219-1226.

38.  Mechler, A.; Kokavecz, J.; Heszler, P.; Lal, R. Surface Energy Maps of Nanostructures:
Atomic Force Microscopy and Numerical Simulation Study. Appl. Phys. Lett. 2003, 82 (21),
3740-3742.

39. Shou, K.; Hong, J. K.; Wood, E. S.; Hook, J. M.; Nelson, A.; Yin, Y.; Andersson,
G. G.; Abate, A.; Steiner, U.; Neto, C. Ultralow Surface Energy Self-Assembled Monolayers
of lodo-Perfluorinated Alkanes on Silica Driven by Halogen Bonding. Nanoscale 2019, 11 (5),
2401-2411.

40. Bhatt, B.; Gupta, S.; Sharma, M.; Khare, K. Dewetting of Non-Polar Thin Lubricating
Films Underneath Polar Liquid Drops on Slippery Surfaces. J. Colloid Interface Sci. 2021, 607
(Pt 1), 530-537.

41.  Owais, A.; Smith-Palmer, T.; Gentle, A.; Neto, C. Influence of Long-Range Forces
and Capillarity on the Function of Underwater Superoleophobic Wrinkled Surfaces. Soft
Matter 2018, 14 (32), 6627-6634.

42.  Ware, C. S.; Smith-Palmer, T.; Peppou-Chapman, S.; Scarratt, L. R. J.; Humphries,
E. M.; Balzer, D.; Neto, C. Marine Antifouling Behavior of Lubricant-Infused Nanowrinkled
Polymeric Surfaces. ACS Appl. Mater. Interfaces 2018, 10 (4), 4173-4182.

43. De Gennes, P.-G.; Brochard-Wyart, F.; Quéré, D., Capillarity and Wetting Phenomena:
Drops, Bubbles, Pearls, Waves. Springer: 2004; Vol. 336.

44.  Peppou-Chapman, S.; Hong, J. K.; Waterhouse, A.; Neto, C. Life and Death of Liquid-
Infused Surfaces: A Review on the Choice, Analysis and Fate of the Infused Liquid Layer.
Chem. Soc. Rev. 2020, 49 (11), 3688-3715.

45, Khattab, 1. S.; Bandarkar, F.; Fakhree, M. A. A.; Jouyban, A. Density, Viscosity, and
Surface Tension of Water+Ethanol Mixtures from 293 to 323k. Korean J. Chem. Eng. 2012,
29 (6), 812-817.

46. Sharma, M.; Roy, P. K.; Barman, J.; Khare, K. Mobility of Aqueous and Binary
Mixture Drops on Lubricating Fluid-Coated Slippery Surfaces. Langmuir 2019, 35 (24), 7672-
7679.

47.  Yadav, S.S.; Sikarwar, B. S.; Ranjan, P.; Janardhanan, R.; Goyal, A. Surface Tension
Measurement of Normal Human Blood Samples by Pendant Drop Method. J. Med. Eng.
Technol. 2020, 44 (5), 227-236.

48. Brindise, M. C.; Busse, M. M.; Vlachos, P. P. Density- and Viscosity-Matched
Newtonian and Non-Newtonian Blood-Analog Solutions with PDMS Refractive Index. Exp.
Fluids 2018, 59 (11), 173.

142



49, Huth, F.; Govyadinov, A.; Amarie, S.; Nuansing, W.; Keilmann, F.; Hillenbrand, R.
Nano-FTIR Absorption Spectroscopy of Molecular Fingerprints at 20 nm Spatial Resolution.
Nano Lett. 2012, 12 (8), 3973-3978.

50. Wu, L.; Cai, L.; Liu, A.; Wang, W.; Yuan, Y.; Li, Z. Self-Assembled Monolayers of
Perfluoroalkylsilane on Plasma-Hydroxylated Silicon Substrates. Appl. Surf. Sci. 2015, 349,
683-694.

51. Krutokhvostov, R.; Govyadinov, A. A.; Stiegler, J. M.; Huth, F.; Chuvilin, A.;
Carney, P. S.; Hillenbrand, R. Enhanced Resolution in Subsurface near-Field Optical
Microscopy. Opt. Express 2012, 20 (1), 593-600.

52. Lenk, T.J.; Hallmark, V. M.; Hoffmann, C. L.; Rabolt, J. F.; Castner, D. G.; Erdelen,
C.; Ringsdorf, H. Structural Investigation of Molecular Organization in Self-Assembled
Monolayers of a Semifluorinated Amidethiol. Langmuir 1994, 10 (12), 4610-4617.

53. Howell, C.; Vu, T. L.; Johnson, C. P.; Hou, X.; Ahanotu, O.; Alvarenga, J.; Leslie,
D. C.; Uzun, O.; Waterhouse, A.; Kim, P.; Super, M.; Aizenberg, M.; Ingber, D. E,;
Aizenberg, J. Stability of Surface-Immobilized Lubricant Interfaces under Flow. Chem. Mater.
2015, 27 (5), 1792-1800.

54, Bandyopadhyay, S.; Jones, A.; McLean, A.; Sterner, M.; Robbins, C.; Cunningham,
M.; Walters, M.; Doddapaneni, K.; Keitel, I.; Gallagher, C. Slippery Liquid Infused
Fluoropolymer Coating for Central Lines to Reduce Catheter Associated Clotting and
Infections. Sci. Rep. 2020, 10 (1), 14973.

55. Nishikido, N.; Mahler, W.; Mukerjee, P. Interfacial Tensions of Perfluorohexane and
Perfluorodecalin against Water. Langmuir 1989, 5 (1), 227-229.

56. Roberts, T. R.; Harea, G. T.; Singha, P.; Sieck, K. N.; Beely, B. M.; Wendorff, D.
S.; Choi, J. H.; Ande, S.; Handa, H.; Batchinsky, A. |. Heparin-Free Extracorporeal Life
Support Using Tethered Liquid Perfluorocarbon: A Feasibility and Efficacy Study. ASAIO J.
2020, 66 (7), 809-817.

57.  Chen,J.; Howell, C.; Haller, C. A.; Patel, M. S.; Ayala, P.; Moravec, K. A.; Dai, E.;
Liu, L.; Sotiri, I.; Aizenberg, M.; Aizenberg, J.; Chaikof, E. L. An Immobilized Liquid
Interface Prevents Device Associated Bacterial Infection in Vivo. Biomaterials 2017, 113, 80-
92.

58. Ruhoff, A. M.; Hong, J. K.; Gao, L.; Singh, J.; Tran, C.; Mackie, G.; Waterhouse,
A. Biomaterial Wettability Affects Fibrin Clot Structure and Fibrinolysis. Adv. Healthcare
Mater. 2021, 10 (20), e2100988.

59.  Sasidharanpillai, A.; Lee, Y.; Lee, S. Design of Stable Liquid Infused Surfaces:
Influence of Oil Viscosity on Stability. Colloids Surf. Physicochem. Eng. Aspects 2022, 646,
128923.

60. Nascimbene, A.; Neelamegham, S.; Frazier, O. H.; Moake, J. L.; Dong, J. F. Acquired
von Willebrand Syndrome Associated with Left Ventricular Assist Device. Blood 2016, 127
(25), 3133-3141.

143



61.  Guha, A.; Eshelbrenner, C. L.; Richards, D. M.; Monsour, H. P., Jr. Gastrointestinal
Bleeding after Continuous-Flow Left Ventricular Device Implantation: Review of
Pathophysiology and Management. Methodist Debakey Cardiovasc. J. 2015, 11 (1), 24-27.

62. Islam, S.; Cevik, C.; Madonna, R.; Frandah, W.; Islam, E.; Islam, S.; Nugent, K.
Left Ventricular Assist Devices and Gastrointestinal Bleeding: A Narrative Review of Case
Reports and Case Series. Clin. Cardiol. 2013, 36 (4), 190-200.

63. Kim, P.; Kreder, M. J.; Alvarenga, J.; Aizenberg, J. Hierarchical or Not? Effect of the
Length Scale and Hierarchy of the Surface Roughness on Omniphobicity of Lubricant-Infused
Substrates. Nano Lett. 2013, 13 (4), 1793-1799.

64. Hong, J. K.; Mathur, K.; Ruhoff, A. M.; Akhavan, B.; Waterhouse, A.; Neto, C.
Design Optimization of Perfluorinated Liquid-Infused Surfaces for Blood-Contacting
Applications. Adv. Mater. Interfaces 2022, 9 (10), 2102214.

65.  Jaffer, I. H.; Weitz, J. I. The Blood Compatibility Challenge. Part 1: Blood-Contacting
Medical Devices: The Scope of the Problem. Acta Biomater. 2019, 94, 2-10.

66. Mackie, G.; Gao, L.; Yau, S.; Leslie, D. C.; Waterhouse, A. Clinical Potential of
Immobilized Liquid Interfaces: Perspectives on Biological Interactions. Trends Biotechnol.
2019, 37 (3), 268-280.

67. Roberts, T. R.; Choi, J. H.; Wendorff, D. S.; Harea, G. T.; Beely, B. M.; Sieck, K.
N.; Douglass, M. E.; Singha, P.; Dean, J. B.; Handa, H.; Batchinsky, A. I. Tethered Liquid
Perfluorocarbon Coating for 72 Hour Heparin-Free Extracorporeal Life Support. ASAIO J.
2021, 67 (7), 798-808.

68. Howell, C.; Grinthal, A.; Sunny, S.; Aizenberg, M.; Aizenberg, J. Designing Liquid-
Infused Surfaces for Medical Applications: A Review. Adv. Mater. 2018, 30 (50), e1802724.

69.  Sotiri, I.; Overton, J. C.; Waterhouse, A.; Howell, C. Immobilized Liquid Layers: A
New Approach to Anti-Adhesion Surfaces for Medical Applications. Exp. Biol. Med.
(Maywood) 2016, 241 (9), 909-918.

144
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Surfaces



The majority of this Chapter contains contents appearing in the following publications:

1. Ruhoff, A. M.; Hong, J. K.; Gao, L.; Singh, J.; Tran, C.; Mackie, G.; Waterhouse, A.,
Biomaterial Wettability Affects Fibrin Clot Structure and Fibrinolysis. Adv. Healthcare
Mater. 2021, 10 (20), e2100988.

2. Hong, J. K,; Ruhoff, A. M.; Mathur, K.; Neto, C.; Waterhouse, A., Mechanisms for
Reduced Fibrin Clot Formation on Liquid-Infused Surfaces. Adv. Healthcare Mater.
2022, 11 (21), e2201360.

4.1. Introduction

The intrinsic (contact) pathway of the coagulation cascade is a key mechanism associated with
material-thrombosis which involves the conformational change of the coagulation enzyme
factor X1I (FXII) on the surface, which takes on a more catalytically active state called activated
FXII (FXI1a).t This FXII driven intrinsic pathway activation leads to the formation of a blood
clot as observed in vitro,X* and in vivo®® and FXIla can amplify thrombin generation through
complement activation, further propagating thrombus formation.” 8 The main material property
known to initiate the intrinsic pathway is surface wettability, with anionic, hydrophilic
polymers known to activate FXI1.% In contrast, on hydrophobic materials (i.e. low surface
energy), FXII activity remains lower.!? 1* Despite many medical device materials being made
out of hydrophobic polymers, which inhibit FXII in vivo or clinically, thrombotic events are
still observed in cardio-pulmonary bypass/extracorporeal membrane oxygenation (ECMO)
circuits,® %17 vascular grafts!’” 1® and catheters®> 1% 17 suggesting that even hydrophobic
polymers are not completely anti-thrombogenic. Surface modification strategies have also been
developed to reduce protein adhesion and biomaterial-induced thrombosis.*® These include
coatings immobilised with anti-coagulants, passive coatings that delay protein adsorption such
as special wettability surfaces that reduce the blood-material contact area, and bioactive
surfaces with drug-eluting capabilities.'> 2° However, there is still a need for clinically

successful materials to reduce medical device-induced thrombosis.*® 212
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Despite studies of tethered-liquid perfluorocarbon (TLP) coatings prolonging the clotting time
of blood plasma,? reducing thrombin generation,® fibrin polymerisation rate and clot
strength,?® in vitro, and positive short term in vivo studies,?” 28 the mechanisms underpinning
the anti-thrombogenic behaviour of TLP surfaces have largely remained unexplored.?® This
knowledge may allow optimisation of the coating to enhance anti-thrombogenic performance
and withstand longer term applications, guiding the development of improved TLP coating

designs in the future.

In this Chapter, we explored the reasons why infusion with the perfluorinated lubricant makes
TLP more effective than the plain fluorinated, solid tethered-pefluorocarbon (TP) surface in
reducing material thrombosis. Two main mechanisms that may lead to anti-thrombotic
properties in TLP coatings were considered (Figure 4.1): firstly, we explored whether infused
lubricant layers are specifically effective at inhibiting the intrinsic pathway of coagulation of
FXII, and subsequent morphology and dynamics of fibrin clot formation (biological
mechanism); secondly, we explored whether the presence of the lubricant is effective at
preventing the adhesion of fibrin, compared to uninfused solid control surfaces, based on its
high interfacial mobility of the lubricant (physical mechanism). High interfacial mobility has
been found to be an effective parameter to reduce protein adsorption (described in Chapter 1),
in polymer grafted layers such as poly(ethylene glycol)(PEG)/poly(ethylene oxide)(PEO).%3-
32 Protein adhesion is lower on well-solvated brushes consisting of polymer chains with high
mobility and flexibility, which create an entropic barrier.?! 30 3% 34 Furthermore, the enhanced
mobility of flexible poly(alkyl methacrylate) thin films did not cause surface-induced FXII
activation and plasma coagulation compared to rigid acrylate polymer surfaces.® The study
suggested that surface mobility allowed FXII to retain its native (inactive) conformational

structure.3®

Here, we use the TLP nanostructured coatings developed in Chapter 3, using chemical vapour
deposition (CVD).? Static assays were used with excess lubricant unless otherwise stated, so
that external flow did not affect the investigation of the biological and physical factors.
Additionally, static assays mimic stagnation regions in medical devices which are common and

are known to lead to increased thrombus formation and platelet deposition.?3 36-38
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Figure 4.1: Schematic illustration of the potential mechanisms reducing biomaterial thrombosis on TLP. This
study explores whether the intrinsic pathway of coagulation activated by FXII (biological contributor) is inhibited
by TLP coatings or whether the interfacial mobility of the lubricant layer (physical contributor) affects the

outcome of fibrin clot formation.

4.2. Results and Discussion

The surface coatings studied in this Chapter are listed in Table 4.1. All polystyrene substrates
used in Section 4.2.1 refer to polystyrene well plates while all subsequent use of polystyrene
substrates from Section 4.2.2, onwards, utilise polystyrene sheets, unless otherwise specified.
As the wettability of the surfaces is known to affect the activation state of FXII and affect
thrombotic response,'? 13 the contact angles of water droplets on the surfaces are relevant to
this study. Further, the sliding angle of water droplets, i.e. the tilt angle at which the droplet
rolls off the surface, is reported as a proxy for its slippery, anti-adhesive properties.®® Table 4.1
shows that the hydrophobic surfaces (polystyrene (HO PS) and TP-modified polystyrene and
glass) have static contact angle values higher than 90°. The sliding angle is high on all surfaces
except for TLP, on which it reaches the value of 2°, expected for slippery, anti-adhesive LIS.
Based on existing literature,” perfluorinated solid materials or coatings are the least

thrombogenic, however, slippery coatings display superior anti-thrombogenic behaviour.
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Table 4.1: Static contact angle and sliding angle of water droplets on substrates used in this study.
Polystyrene substrates refer to well plates, unless otherwise specified.

Static Water Sliding Angle Sliding Angle
Material Contact Angle Pre-PFD Post-PFD
®) Infusion (°) Infusion (°)
Polystyrene (HO PS) (Non-tissue 90 + 1 >15 >15
culture-treated)*
Polystyrene (TC PS) (Tissue
i ( ) ( 58+ 4 >15 >15
culture-treated)
Hydrophilic Polystyrene (HI PS) 13+ 2 >15 >15
(Non-tissue culture-treated)*
Hydrophilic Polystyrene (HI TC
yerop ) ey ( 14+1 >15 >15
PS) (Tissue culture-treated)
TP-coated Polystyrene* 120+1 >15 2+1
TP-coated Glass 121+1 >15 2+1

* Values apply to polystyrene substrates for both sheets and well plates.

4.2.1. Intrinsic Pathway of Coagulation on TLP Surfaces

The degree of activation of FXIlla is indicative of how quickly it is likely to induce the
coagulation of blood once it encounters the surface of a medical device material. In this study,
FXlla activity was measured by the rate at which it cleaves the chromogenic substrate, S-2302.
The control surfaces were non-tissue culture-treated polystyrene (PS) both in its untreated,
hydrophobic state (HO PS), and after oxygen plasma-treatment, which renders it hydrophilic
(HI PS, see Table 4.1).*3 As shown in Figure 4.2A, FXlla activity on HI PS was highest (0.083
+0.01 AAbsorbance/min, P < 0.0001), as expected for anionic, hydrophilic materials.? ** On
HO PS the activity was significantly lower (0.002 £+ 0.0006 AAbsorbance/min, P < 0.0001).
The addition of PFD to HI PS without prior TP-treatment significantly diminished FXlla
activity to 0.065 = 0.01 AAbsorbance/min (P < 0.0001) but remained higher than HO PS, TP-
and TLP-treated wells. Infusion of PFD to HO PS without prior TP-treatment produced slightly
lower rates of FXIla activity relative to plain HO PS at 0.0011 £ 0.001 AAbsorbance/min, but

the difference was not significant.
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TP and TLP-treated polystyrene wells showed significantly reduced FXIla activity compared
to HI PS, of 0.0021 £+ 0.0005 AAbsorbance/min and 0.0012 + 0.0020 AAbsorbance/min,
respectively (Figure 4.2A). Interestingly, differences in the activity of FXlla between TP and
TLP appeared negligible and there was no difference even when compared to HO PS. Infusion
of the PFD lubricant on a surface that does not trap the lubricant well, such as on HI PS without
prior silanisation, significantly reduced activity but not effectively since it remained relatively
high, as the PFD lubricant dewetted on the HI PS wells, partially exposing the PS directly to
FXIlla and leading to its activation (Figure 4.2A). In contrast, infusion of PFD on HO PS did
not result in further significant suppression of FXlla activity, likely due to the untreated HO
PS already having sufficiently low surface energy. The minimal difference in FXlla activity
between HO PS, TP and TLP surfaces is likely due to the low surface energy of all three
hydrophobic materials. This low level of FXII activity could be below the measurement limits
of the instrument. Altogether, this is consistent with literature that FXlla activity is dependent
on the surface energy of the contacting materials and TP and TLP display low FXII activity,

comparable to hydrophobic polystyrene.
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Figure 4.2: Evaluation of intrinsic coagulation pathway using closed system in vitro assays on non-tissue culture-
treated polystyrene well plates. A) Factor Xlla (FXIla) chromogenic assay using 0.4 mM S-2302 substrate (final
concentration) indicating FXI1/FXIla activity. B) Clotting time (CT) of recalcified platelet-poor plasma with 10
mM CaCl; (final concentration, 50% plasma dilution) measured by turbidity (time to reach 50% of the maximum
absorbance at 405 nm). Results are presented as means = S.D (n = 3). Significance relative to HI PS (unless
otherwise indicated), presented as: *(P < 0.05) and ****(P < 0.0001), using ordinary two-way analysis of

variance (ANOVA) with Bonferroni’s post hoc test.
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The impact of TP treatment and infusion with the lubricant on the coagulability of pooled
human platelet-poor plasma was tested through a turbidimetric clotting assay. The expectation
was that the surfaces that induced higher FXIla activity (seen in Figure 4.2A) would lead to
shorter coagulation times.'® During optimisation of the plasma coagulation assay, it was found
that the final CaCl, concentration added to induce clotting for the coagulation assay was
important for revealing differences in the effect of material wettability on clotting time.
Differences in the plasma clotting time of HI PS vs. HO PS become less-apparent as higher
final concentrations of CaCl, were added to initiate coagulation (data not shown). In other
words, the influence of the material towards coagulation time decreases with increasing
concentrations CaCls. In contrast, insufficient CaCl> concentrations, below 5 mM, could not
induce coagulation within 1 hour. Hence, final concentrations of CaCl added to platelet-poor
plasma for coagulation assays were 10 mM to determine the effects of the material on PPP the

clotting time of PPP coagulation.

As seen in Figure 4.2B, HI PS wells (static water contact angle 13 + 2°), which previously
showed high FXIla activity, clotted in just 7 £ 1 min, while HO PS (which produced a low
level of FXIla activity and had a static water contact angle = 90 + 1°) delayed clotting time by
3.5-fold, to 25 + 3 min (P < 0.0001). Infusion of the PFD lubricant to HI PS slightly prolonged
the clotting time with full clotting achieved by 9 + 1 min compared to 7 + 1 min on bare HI PS.
For HO PS, infusion of the neat PFD lubricant without prior TP treatment produced a clotting
time of 23 + 2 min. However, both differences were not statistically significant compared to
their uninfused counterparts. The clotting time on TP and TLP was considerably longer than
on HI PS, 24 + 3 min and 26 + 2 min (P < 0.0001), respectively. The results indicated that the
hydrophobic TP surface and the slippery TLP were no better at attenuating the intrinsic
coagulation pathway compared to bare, hydrophobic PS surfaces, which correlates with the
diminished FXIlla activity observed on HO PS, TP and TLP in Figure 4.2A. Furthermore, HI
PS and HO PS (without TP-treatment) infused with the PFD lubricant revealed no significant
differences in plasma clotting times compared to the uninfused controls. This was consistent
with previous literature which showed that lubricant infusion without prior TP silanisation on
hydrophobic materials also failed to extend the plasma clotting time significantly,* 40 likely
due to the dewetting of lubricant. This evidence provides further support to a general,

wettability-driven effect on plasma coagulation,'® driven by the intrinsic coagulation pathway.
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This effect was additionally demonstrated in Figure 4.3, showing increased clotting times as
material hydrophobicity increased.*> 3 To further confirm this wettability driven effect on
coagulation and correlate the results to static contact angles, plasma clotting times were also
assessed on tissue culture-treated polystyrene (TC PS) well plates which are generally mildly
hydrophilised, such as by plasma treatment during manufacture, to facilitate cell adhesion and
growth which would otherwise be poor on native, hydrophobic PS.** Above a contact angle of
90° (Figure 4.3 right axis, red), typically regarded as the threshold for hydrophobic materials,
the clotting time of plasma was not found to be significantly different between any of the
materials, i.e. for HO PS, TP and TLP on non-TC and TC substrates (Figure 4.3). The static
water contact angle on the TC PS was confirmed to be mildly hydrophilic (58 £ 4°) before and
highly hydrophilic, after oxygen plasma-treatment (14 £ 1°), similar to non-TC PS treated with
oxygen plasma (Figure 4.3). As expected, plasma clotting time was quicker on the HI TC PS
(6 = 0.5 min), compared to HO TC PS where it doubled to 12 = 1 min. As indicated by the
green highlighted region in Figure 4.3 the difference in contact angle between HO TC PS (58
+ 4°) and HO non-TC PS (90 £ 1°), without exposure to oxygen plasma, showed a difference
of 32°. Importantly, the corresponding plasma clotting times for the more hydrophilic HO TC
PS were shorter, compared to the relatively hydrophobic, HO non-TC PS with a clotting time
more than double that of HO TC PS (12 + 1 min vs. 25 + 3 min). This reflects the stark
difference in clotting time below the contact angle threshold of 90°. TP and TLP coated on TC
PS (static water contact angle > 90°) exhibited significantly prolonged clotting times of 20 £ 1
min and 21 + 1 min, respectively, compared to the more hydrophilic, bare TC PS (static water
contact angle 58 + 4°) which clotted in 12 = 1 min (P < 0.0001). This contrasted with those on
non-TC PS, revealing no significant differences between TP and TLP compared to the non-TC
PS (static water contact angles on all materials >90°). Overall, the plasma clotting times in this
study were shown to increase as material hydrophobicity increased, confirming the important
role of material wettability in the intrinsic coagulation activity, regardless of the state of the
sample (solid or liquid coated).'? 3 It should be noted that oxygen plasma-treated samples were
not rinsed with solvent, prior to contact angle measurement, which could leave behind low-
molecular weight fragments that may dissolve into the sessile water droplet, leading to
increased wettability. Thus, further analysis of substrates and the effects of rinsing in clean
solvent, upon oxygen plasma-treatment, is an aspect to follow-up on. However, a previous

study of SAM-functionalised glass of varying wettabilities (hence, not dependent on oxygen
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plasma-treatment), also revealed wettability-dependent FXII activity.'? Thus, it is probable that

the overall findings in this study are unlikely to change.

While TP treatment significantly delayed plasma clotting times compared to the hydrophilic
polystyrene, TP modification may not be crucial in obtaining the desired biological effect of
suppressing procoagulant activity via the intrinsic coagulation pathway when applied on
already hydrophobic materials. However, it may serve to improve lubricant retention and
durability and, thus, may be critical in reducing thrombosis in conditions involving blood
flow.2° While it was shown that all hydrophobic materials in this assay were able to delay
plasma coagulation, previous work in the literature had revealed that only the slippery TLP was
able to delay the physical adhesion of polymerised fibrin within the time course studied (90
minutes) when samples were agitated to create low flow conditions.?” 2 Given that the
attenuation of the intrinsic coagulation pathway was not found to be a unique property of TLP
surfaces in this static assay system, but rather an effect driven primarily by material wettability,
we investigated the resulting structure of fibrin fibers formed from plasma clots to assess

alternative mechanisms of how TLP surfaces may reduce the adhesion of fibrin clots.
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Figure 4.3: Clotting time of recalcified platelet-poor plasma (left blue axis) overlaid with static water contact
angles (right red axis) on tissue-culture (TC) and non-tissue culture (non-TC) treated polystyrene. Dashed red
line indicates threshold for hydrophobic materials (contact angle >90° is generally considered hydrophobic).
Results are presented as means + S.D (n = 3). Significance of HI PS is compared against the respective TC and
non-TC PS substrates, presented as: *(P < 0.05) and ****(P < 0.0001), using ordinary two-way analysis of
variance (ANOVA) with Bonferroni’s post hoc test.
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4.2.2. Fibrin Clot Structure Formed on TLP Surfaces

The structure of fibrin clots (including density, fiber length and fiber thickness) affects the clot
strength, stability, susceptibility to fibrinolysis and chance of embolisation.'3 44 For example,
loosely-packed fibrin clots consisting of thicker fibers are mechanically weaker than densely-
packed clots with thinner fibers.*® Recent work by Ruhoff et al. demonstrated that significantly
denser fibrin clots form on hydrophilic surfaces compared to hydrophobic materials, and these
dense clots had slower rates of fibrinolysis.'® The mechanical strength of clots formed on TLP
was found to be weaker compared to those found on untreated controls as determined by
thromboelastography (TEG).2® Therefore, we would expect TP and TLP to produce sparsely-
packed fibrin clots with thicker fibers than hydrophilic materials, and potentially less dense
than those formed on HO PS.

The plasma coagulation (turbidimetric) assay allows the evaluation of fibrin fiber thickness
and the density of plasma clots, with a high absorbance following clot formation indicating
loosely-packed clots made of thicker fibers, which scatter light more effectively.! 4647 As
observed in Figure 4.4A, the total change in absorbance throughout the entire plasma volume
was lowest on oxygen plasma-treated HI PS surfaces, both with and without PFD infusion
(0.62+0.02 A.U.and 0.65 £ 0.03 A.U., respectively), indicating densely packed clot structures.
Relative to HI PS, HO PS produced 20% greater changes in total absorbance values, but the
results were not statistically significant. Identical absorbance changes were measured on HO
PS with and without PFD infusion (0.78 £ 0.08 A.U. and 0.78 £ 0.09 A.U.) and on TP (0.79 £
0.03 A.U.). TLP plasma clots showed the highest change in absorbance compared to HI PS
surfaces, both with and without PFD infusion (55% and 48% greater absorbance changes,
respectively, P <0.001). Interestingly, TLP produced 23% greater absorbance changes relative
to both TP and HO PS (with and without lubricant infusion, P < 0.05). These results suggest a
less dense fibrin clot structure on TLP throughout the bulk clot volume and indicate that fibrin
clot structure is affected by the liquid state of the lubricant in TLP, rather than the
perfluorinated chemistry alone. This implies that physical forces at the lubricant interface (i.e.
interfacial mobility), rather than biological factors, play a role in the resulting morphology of
the fibrin clot.
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Figure 4.4: Analysis of plasma clots formed on oxygen plasma-treated hydrophilic PS (HI PS), untreated PS
(HO PS), tethered-perfluorocarbons (TP), and tethered-liquid perfluorocarbons (TLP) showing: A) Total change
in absorbance of pooled platelet-poor plasma following recalcification with 10 mM CaCl, (50% plasma dilution)
measured by turbidity (time to reach 50% of maximum absorbance at 405 nm). B) Representative confocal
micrograph projections of fibrin clots formed with platelet-poor plasma (with 30 pg/mL Alexa Fluor-647 human
fibrinogen), compiled from images 5-50 pum above the material interface. Scale Bar = 10 um and applies to all
micrographs in B. C) Number of fibrin fibers counted in 5 um sections from 5 um above the material surface,
extending into the bulk clot volume up to 50 um. Results presented as mean + standard error of the mean (n =
3). Significance presented as: *(P < 0.05), **(P<0.01), ***(P < 0.001), using ordinary two-way analysis of

variance (ANOVA) with Bonferroni’s post hoc test with respect to HI PS, unless otherwise indicated.

Microscopic observation by confocal microscopy of the samples revealed the spatial
distribution of the fibers in the volume above the surface. Densely packed, thin fibrin fibers
were found on HI PS at distances of 5 — 50 um above the material interface (Figure 4.4B). As
expected, HO PS, TP and TLP surfaces visibly produced more loosely packed clot structures,
with thicker fibers. The number of fibers near the surface of the samples were all within error,
irrespective of surface wettability, but at greater distances from the sample surfaces (>15-20
pm), more fibers were observed. TLP did not show the least dense clot structure by microscopy,
in contrast to the turbidity measurements (Figure 4.4A), this could be because microscopy was

only possible up to 50 um into the fibrin clot above the surface due to light scattering, and the
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trend observed on TLP by microscopy continues into the bulk clot but does not on TP. It is also
possible that the end-point assay used here, with added calcium to induce full clotting, masks
differences between HO PS, TP and TLP at the interface. The lack of difference between TP
and TLP is also in contrast to the literature demonstrating reduced thrombosis on TLP
compared to TP. As a closed system with no flow was used here, the effect of interfacial
mobility might be minimised relative to flow assays used previously.?” ?® It could also be
speculated that under flow conditions that induce complete depletion of the lubricant from TLP,
fibrin clotting may behave as seen on the solid fluorinated TP coatings, that are similar in

chemistry to existing medically used PTFE/ePTFE.? 48

4.2.3. Fibrin Fiber Formation at TLP Interfaces

Microscopy revealed interesting patterns of fibrin formation at the material interface, therefore,
regions of fibrin clots closer to the substrates (i.e., 0-5 um above the substrate) were further
investigated by confocal microscopy to assess the influence of the lubricant on fibrin fiber
formation and length. Differences were observed between the fiber density and morphology at
0-5 pum above the material surface, compared to those seen in the bulk clot (Figure 4.4) and
microscopy >15-20 um above the surface (Figure 4.4B and C), as revealed in Figure 4.5A. At
the material-plasma interface, more fully formed, longer fibrin fibers were observed on HI PS
and TP surfaces (Figure 4.5A). In contrast, smaller fibers amongst a hazy background were
observed on the HO PS and TLP surfaces, which suggests incompletely formed fibrin fibers.
The mean length of fibers formed on HI PS (17.95 + 2.76 um) and TP (28.25 + 3.88 um) was
significantly longer compared to those formed on HO PS (1.94 + 1.37 um, P < 0.05) and TLP
(1.66 £ 1.32 um, P < 0.05) (Figure 4.5A-B and Figure 4.6). Here, it appears that both wettability
and surface roughness together may play a role: short fibers form on the smooth hydrophobic
PS (root-mean-square (RMS) roughness = 1 nm) and the smooth TLP (smooth due to the
presence of the infused liquid layer); longer fibers form on the hydrophilic or rougher surfaces
(HI PS and TP, respectively). The roughness of the TP layer is high (root-mean-square
roughness = 32.4 nm),?® and its higher surface area could enhance procoagulant protein
adsorption and enhance fibrin polymerisation. Incompletely formed, short fibers found on HO
PS and TLP support the overall finding of less dense clots on these surfaces. Interestingly, an
example of a 3D projection of fibrin clot fibers formed from recalcified platelet-poor plasma
as shown in Figure 4.6, reveals an area of sparse fibers above the material interface, compared

to other materials. This could suggest weaker adhesion of the fibers to the lubricant interface.
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Figure 4.5: Fibrin fibers formed at the material-plasma interface showing: A) Representative micrographs of fibrin
clots formed with human pooled platelet-poor plasma (30 pg/mL Alexa Fluor-647 human fibrinogen) 0-5 um
above the surface on oxygen plasma-treated PS (HI PS), untreated PS (HO PS), TP and TLP. Scale Bar = 30 um
and applies to all micrographs in A. B) Frequency of fibrin fiber lengths at the material surface, extending into
the clot volume up to 5 um in depth. Results presented as means + S.D (n = 3). Statistical significance determined
using ordinary two-way analysis of variance (ANOVA) with Bonferroni’s post hoc test, compared to HI PS,
****(P < 0.0001).
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These results, obtained in the absence of flow, differ from those in the literature obtained under
low flow conditions, where a clear trend of decreased adhesion of polymerised fibrin from
human whole blood was seen with decreasing wettability: HI PS > HO PS > TP > TLP.?" %
Thus, again it appears that although hydrophilic surfaces are more adhesive than hydrophobic
surfaces to clots in all scenarios (flow or no flow), the difference amongst the smooth,

hydrophobic surfaces (HO PS and TLP) were not apparent under the static conditions used in

m

Figure 4.6: XZ confocal micrographs depicting 3D volume projections (50 pum depth) of Alexa Fluor 647-

these studies.

labelled human fibrinogen in human pooled platelet-poor plasma clots after recalcification. Scale bar applies to

all images.

4.2.4. Effect of Interfacial Mobility on Clot Adhesion to TLP Interfaces

One potential mechanism that may be responsible for the lower density in the bulk clots formed
on TLP coatings is the high mobility of the liquid perfluorocarbon lubricant layer. Therefore,
we assessed the mobility of proteins and cells at the lubricant-blood interface. Successful TP-
modification of glass used in this mobility study is indicated in Table 4.1 and Figure 4.7. As
displayed in Figure 4.8, fluorescently labelled HSA (purple) and FXII (green) were shown at
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the lubricant-blood interface, under static conditions. Interestingly, FXII (green) appeared to
be co-localised to red blood cells (RBC), revealing the presence of rouleaux which typically
form at very low shear rates <10 s™.4° It could be speculated that negatively charged membrane
phospholipids on the cell surface of RBCs may facilitate the binding of FXI1.>° Alternatively,
it could also be due to FXII binding to fibrinogen that is co-localised to RBC membranes.*?
Future studies into the mechanisms by which FXII comes into contact with material surfaces
would contribute to this underexplored area in the biomaterials field. Figure 4.9A-G depicts
the lateral mobility of fluorescently labelled FXII and human serum albumin (HSA) in blood
at the material interface, in the absence of external flow. After the addition of blood to wells,
fluorescently labelled FXII moved in unison with red blood cells, visible as dark circles (also
shown in Figure 4.8), which were easily tracked over time by confocal fluorescence
microscopy. The total displacement of the red blood cells was 10 um and 9 pum over 600 s on
glass (Figure 4.9A, D) and TP-treated glass (Figure 4.9B, E), respectively. In contrast, red
blood cells were typically displaced much further on TLP surfaces, 57 um over the same time
frame (Figure 4.9C, F).

The mean cumulative displacement over a total duration of 15 min is shown in Figure 4.9G for
glass (63 + 4 um) and TP-treated glass (58 £ 11 um), which were found to be not significantly
different. The highly mobile nature of the lubricant interface of TLP was confirmed by the
significantly larger displacement of blood components (114 + 20 um), approximately double
compared to solid glass and TP (P < 0.0001). As shown in Figure 4.9G, the mean speed of the
tracked objects was found to be identical for glass and TP (0.06 + 0.003 pum s™), while TLP
surfaces exhibited a mean speed of 0.13 + 0.02 um s* (P < 0.0001). Protein and cell mobility
at the interface of HO PS was expected to be equivalent to TP, as previous findings have shown

that any slip at the interface will be on the nanoscale on hydrophobic, solid surfaces.>*

The proteins and cells in blood being twice as mobile on the lubricant layer of TLP coatings
compared to those on the solid glass and TP interfaces indicates that interfacial mobility may
play a key role in reducing coagulation on TLP surfaces compared to TP and other hydrophobic
materials. The process of protein adhesion to surfaces is highly dynamic since proteins are
prone to diffusive and convective transport from the bulk fluid phase.*® Decreased protein
mobility at an interface may drive accumulation of proteins, including of different types,

leading to increased protein-protein contact time, reduced desorption from the surface by
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Figure 4.7: CVD TP-treated glass substrate used in the blood-mobility studies showing: A) optical micrograph.
B) AFM micrograph with scratch to indicate the glass substrate. C) line section of AFM micrograph from B)

revealing thicknesses of the TP layer, relative to the height of the glass substrate (blue dotted line).

forming stable contacts, and increased surface induced conformational changes and enzyme
activation.®! %2 Enhanced lateral mobility of FXII/FXIla, fibrin/fibrinogen, facilitated by the
lubricant layer on TLP could, thus, be hypothesised to delay coagulation and fibrin fiber
formation compared to the solid surfaces. This concept has been demonstrated previously in
other systems; for example, fibrillation of amyloid-p proteins was found to be impeded when
lateral mobility was increased by changing the surface chemistry.>® Total internal reflection
fluorescence (TIRF) microscopy revealed reduced intermolecular interaction, hindering

oligomerisation and fiber formation by reducing the probability of protein-protein collision.>®
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A) HSA (AF 647) B) FXII (Atto 550)

C) Overlay (HSA + EXIl)
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Figure 4.8: XY confocal laser micrograph of channels for: A) AlexaFluor647-labelled HSA (magenta), B) Atto
550-labelled FXII (green) and C) Overlay of HSA and FXII channels in citrated whole blood on TLP-modified

glass. Example of rouleaux indicated by white arrows.
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Figure 4.9: Interfacial mobility at the blood-material interface. Representative fluorescent micrographs showing
displacement of citrated human whole blood with labelled HSA (purple, Alexa Fluor-647) and FXII (green,
Atto550) from 0-5 minutes (yellow circles) on A) and D) plain glass, B) and E) TP-treated glass, and C) and F)
TLP-treated glass. G) Mean cumulative displacement at the interface on plain glass (blue), TP-treated glass
(magenta) and TLP-treated glass (green) over 15 minutes. Blood temperature = 25 + 2 °C. AX = total displacement
over 5 minutes. Scale bar = 20 um and applies to all micrographs from A-F. Statistical significance relative to
glass, presented as: ****(P < 0.0001), using ordinary two-way analysis of variance (ANOVA) with Bonferroni’s

post hoc test.
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Observations using a thin lubricant layer, beyond the resolution limits of the microscope,
demonstrated blood mobility being preserved, even when the lubricant was not in excess
(Figure 4.10). Red blood cells were found to remain mobile on TLP with a thick (~35 pm) and
the thin PFD layer, observed as a change in fluorescence pattern in the XZ-plane, highlighted
in the circles and dotted circles (Figure 4.10). In contrast, the cells were found to be virtually
immobilised on glass (and TP-treated glass (not shown)), observed as no change in the
fluorescence pattern in the circle regions (Figure 4.10). Further work to fully establish the
relationship between lubricant thickness under flow and blood mobility would provide crucial

information for TLP performance under flow conditions.

The studies in this Chapter demonstrate that TLP does not actively inhibit enzymatic activity
in the intrinsic coagulation cascade compared to the other hydrophobic materials, PS and TP.
However, TLP is capable of reducing adhesion of whole blood on surfaces compared to other
solid hydrophobic materials as seen in Chapter 3. Our results provide the first evidence that
interfacial mobility on TLP, rather than wettability factors, is a likely mechanism responsible
for reduced blood adhesion and thrombotic occlusion on TLP under flow conditions in vitro
and in short-term in vivo studies.?” 28 % Further investigation of the role and interplay between
physical and biological coagulation mechanisms under various external flow conditions may

provide further insight into the optimal LIS coating design for clinical applications.

Given TLP is anti-adhesive and has a mobile interface, these results suggest that clots are
unlikely to form at the surface and embolise. This would be expected to especially be the case
under external blood flow, where the dilution of coagulating proteins and cells as well as
possible reduction in accumulation due to mobility may prevent effective clot build up and
embolism.? In the current state, TLP could be beneficial for short term medical devices and/or
in devices with low or stagnant flow regions to reduce clotting. Further in-depth, long-term
studies under flow will be necessary to determine if TLP also reduces medical device
embolism. Overall, the finding that interfacial mobility plays a key role in the anti-
thrombogenic properties of LIS provides another avenue to potentially enhance anti-adhesive

and/or anti-fouling coating performance for multiple applications.
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Figure 4.10: Time course images of XZ confocal laser micrograph of AF488-labelled fibrinogen (green) on TP
and TLP-modified glass with either a thick (middle) or thin (lower) layer of PFD. Pink solid circles highlight
regions at T = 0 min and the same region after T = 3 min, indicated in dotted pink circles. On both thick and thin
lubricant layers the blood is mobile, while remaining virtually immobile on hydrophobised (TP-treated) and

untreated glass. Scale bar applies to all panels.

4.3. Conclusion

In this Chapter, mechanisms by which TLP coatings display anti-thrombogenic properties that
are superior to other hydrophobic materials, were explored. This was sought to be achieved by
testing three separate effects: i) biological activity of FXlla and clotting time; ii) differences in
the fibrin clot structure; iii) interfacial mobility of the lubricant. It was found that the two
biological mechanisms chosen (i and ii) did not demonstrate the superior performance of TLP,
relative to HO PS. The differences relative to previous findings, in clotting time and fibrin
structure at the liquid-plasma interface, are ascribed to the fact that the assays used here were
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endpoint and collected in the absence of flow, which minimised the effect of the mobile

lubricant layer. It was found that the physical difference between TLP and other hydrophobic

substrates resulted in greater interfacial mobility, even when the lubricant layer was too thin to

be visible, and this mobility is likely responsible for the reduced thrombogenic properties of

TLP. The detailed findings relative to these three mechanisms were:

i)

The biological activity of FXlla and materials-induced coagulation response were
assessed through FXII chromogenic assay and plasma recalcification assay. This aspect
does not appear to be the key determinant of TLP performance. It was found that no
significant differences existed between hydrophobic materials such as polystyrene, TP
and TLP. By comparison, oxygen plasma-treated HI PS showed significantly increased
FXlla activity and rapid plasma clotting times, verifying the well-established
wettability dependence of the intrinsic coagulation cascade.

TLP, TP and HO PS all produced thick, sparsely formed fibrin fibers in contrast to HI
PS, which formed more densely packed, thinner fibers. This correlated with increased
FXIlla activity and shorter plasma coagulation times on HI PS. The bulk fibrin clot
structure on TLP compared to other hydrophobic surfaces was measured by
turbidimetric analysis. Differences were observed in bulk clot structure between HO
PS and TLP by turbidimetry, but the differences were not significant when analysed by
confocal microscopy at the material-plasma interface. Close to the material-plasma
interface however, TLP and HO PS both produced thin, short, and sparsely located
fibers, in contrast to the thicker, fully formed fibers found on HI PS and TP.

Enhanced interfacial mobility was measured on TLP relative to the hydrophilic and
hydrophobic solid surfaces, due to the mobile lubricant layer trapped within the
nanostructure of the TP layer. The mean displacement measured over 15 min on the
TLP was double that on the solid surfaces, in the absence of external flow. It is well-
established that accumulation of coagulation factors and proteins at material-blood
interfaces allows for the initiation of coagulation and polymerisation of fibrinogen.
Increased interfacial mobility at the lubricant-blood interface likely results in increased
mass transport, reducing the chance of coagulation initiation and effective
immobilisation of fibrin fibers. This interfacial mobility is proposed as a key contributor

to the low thrombogenicity of TLP observed in Chapter 3 and by others. Future work

165



to determine lubricant thickness under flow and effect on blood mobility would provide

important insights towards clinical translation.

These findings contribute to the investigation of TLP as a candidate for the next generation of
implantable blood-contacting medical devices that seek to reduce complications associated
with device thrombosis. Based on our existing understanding, TLP coatings could find clinical
application in devices and components intended for short term/transient usage and/or in devices
with lower flow or stagnant flow regions. Fundamental knowledge to understand the
mechanisms by which LIS are anti-thrombogenic, such as interfacial mobility, presents a new

direction to explore improved anti-thrombogenic materials.
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Chapter 5 - Effect of Flow on Lubricant
Depletion and Adhesion of Blood to

Liquid-Infused Surfaces



This Thesis Chapter contains contents appearing in the following publications:

1 Hong, J. K.; Gresham, I. J.; Daniel, D.; Waterhouse, A.; Neto, C. Visualization of

Nanoscale Lubricant Layer Under Flow of Blood. (Manuscript in Preparation)

5.1. Introduction

Recent progress in microfabrication, microscopy, and other multidisciplinary fields have
enabled greater understanding of numerous physiological and pathological processes.!?
Microfluidic devices enable dynamic observations of thrombotic events, allowing for
controlled flow and shear conditions while utilising relatively small sample volumes.* Thus,
they present an attractive approach for studying fundamental processes relating to
cardiovascular diseases and thrombogenicity of materials, under flow.*®

Microfluidic devices are traditionally made from 2D photolithography methods.® However,
their limitations are clear, requiring multiple pieces of specialised equipment which can be
expensive and complex geometries are difficult to produce.® More recently, 3D-printing has
emerged as a method used to manufacture microfluidic devices.!® 3D-printing allows for the
microfabrication of structures through a layer-by-layer deposition of resins (liquid polymers),
that can overcome technical limitations of traditional 2D soft photolithography-based methods
to produce complex geometries such as stenosed coronary arteries.'! Fabrication techniques on
the milli- to nanometre scale have improved dramatically in recent decades such as through
stereolithography (SLA) which has enabled the reproducible fabrication of microfluidic
devices with complex geometries. However, the high cost and long print times have so far
restricted use to specialised applications requiring significant precision.*? While the resolution
of 3D printing is not as high as that of techniques such as SLA or two-photon polymerisation
methods, their low cost and fast printing times has enabled the reproducible fabrication of

micro/meso-fluidic devices.!?

In this Chapter, custom-designed mesofluidic devices are fabricated by 3D-printing to
quantitatively characterise the shear-induced depletion of the lubricant layer on TLP surfaces,
under flow. Here, quantitative measurement of lubricant depletion under flow is carried out in

combination with spectroscopic ellipsometry and confocal laser scanning microscopy utilised
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in both the fluorescence mode and in the reflection mode through dual-wavelength reflection
interference contrast microscopy (DW-RICM). DW-RICM exploits the thin-film interference
effect formed by films with sufficient refractive index contrast, as outlined in Chapter 2. While
DW-RICM has been used to quantitatively measure thickness of thin films such as the lubricant
layer of a liquid-infused surface (L1S) and the deformation of soft silicone gels at the contact
line with water droplets,*® # the technique is applied here for the first time to characterise
dynamic changes in lubricant thickness and (re)distribution, with nanoscale resolution, under
continuous external flow. Unlike indirect techniques which measure the overall lubricant layer,
for example, through mass changes,® the DW-RICM method allows for the obtaining of direct
spatial information, over time.'® The additional advantage of DW-RICM is the relatively fast
time scales for data acquisition compared to other methods of quantitative lubricant analysis
such as through atomic force microscopy (AFM) which is inadequate for real-time analysis,
under flow.!” Hence, DW-RICM may prove to be highly suitable for the obtaining of direct
measurements of lubricant thickness when exposed to shear flow.® These studies are valuable
to quantify the shear-driven depletion of lubricants on TLP,*® 1° which can lead to failure of
the surfaces in preventing thrombosis,?® 2 as has been reported in animal studies, in vivo.??
The platform may thus, enable future studies of multiparameter assessments such as varied
flow conditions and different lubricants for evaluating the performance of TLP coatings

exposed to blood flow, potentially contributing to their clinical translation.®

5.2. Results and Discussion

During investigations of blood mobility at the material interface in the previous Chapter
(Chapter 4), a very thin lubricant layer demonstrated blood mobility, even when the lubricant
was too thin to be resolved by confocal fluorescence microscopy. Despite the absence of
external flow, blood was seen moving across the lubricant interface, like that observed on a
thick TLP layer. Thus, a lubricant layer of thickness on the nanoscale (<1 pum) was implied to
be sufficient in conferring a mobile interface to prevent immobilisation of blood components.
To quantify the thickness of the lubricant layer, down to the nanoscale, spectroscopic
ellipsometry was employed, under typical shear flow conditions which mimic the maximum

shear strain rates found in coronary arteries and some stenotic blood vessels.? 24
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5.2.1. Spectroscopic Ellipsometry

Ellipsometry is suited to study the thickness of thin films for which the surface roughness is
relatively low. While TP layers are rough, as demonstrated in Chapter 3, once infused with
lubricant, their liquid interface become smooth and uniform. The hypothesis of the
measurements was that an acceptable lubricant film thickness would be obtained as long as the
roughness of the underlying TP structure was hidden by the lubricant, and that the refractive
index of the TP was sufficiently close to that of the lubricant PFD. To test this hypothesis, an
initial feasibility study was carried out using the manufacturer’s (J.A. Woollam Co., Inc.) flow

cell, as shown in detail in Chapter 2 (Section 2.4.6, Figure 2.8).

5.2.1.1. Feasibility Study of Ellipsometry Measurements

A set of control measurements to assess the possibility of detecting the lubricant layer on TLP
under flow with spectroscopic ellipsometry was performed, first under static conditions (Figure
5.1). TP-treated silicon wafers in air showed a very high degree of depolarisation (50 — 100%,
data not shown), indicating non-ideality of the surface which may arise due to factors such as
variations in thickness and backside reflection. Since the silicon substrate was non-transparent,
significant depolarisation was attributed to potential scattering of the reflected beam due to the
roughness of the bumpy TP layer. Thus, ellipsometry was not used to characterise the dry TP-
coated surfaces. To verify the sensitivity of ellipsometry to detect differences in the type of
liquid within the flow cell, clean silicon wafers were covered with various solvents including
PFD, ethanol and 50% glycerol solution (v/v). The psi and, to a greater extent, delta signal,
were seen to sharply decrease depending on the nature of the liquid (data not shown).
Significant reduction in delta values occurred at lower wavelengths for liquids with higher

refractive indices (n), which increased in the following order:

PFD (n = 1.313)% < Ethanol (n = 1.36)% < 50% Glycerol (v/v)(n = 1.4)%

To confirm that the refractive index of the TP layer (n = 1.352)?” could be matched to that of
PFD (n = 1.313)%, clean, untreated silicon wafers and those modified with TP were infused
with PFD. The TP layer became virtually invisible when infused with PFD confirming that the
infused surface was now smooth and uniform (Figure 5.1A, blue and red lines). In contrast,
covering TP-modified silicon wafers with 50% glycerol (v/v) produced a significantly different
signal of psi and delta, which demonstrated our ability to differentiate PFD from glycerol, even
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on the rough TP (Figure 5.1A, green line). Thus, two different scenarios for: 1) TLP in a PFD-
filled channel and 2) TP coating fully exposed to glycerol without a retained lubricant layer

(indicating complete lubricant depletion) could be differentiated with this technique.

Next, the ability to detect the entrained lubricant layer under glycerol was determined, as shown
in Figure 5.1B. The psi values and depolarisation signal were evidently different between bare
TP immersed in glycerol (Figure 5.1B, red line) and the lubricant infused TLP under glycerol,
before exposure to flow (Figure 5.1B, blue). Significant changes, in psi and delta, were seen
after exposure of TLP to very high flow rates of 60 mL/min (Figure 5.1B, green line and Figure
5.2), demonstrating the ability of the ellipsometer to distinguish between the TP and TLP

layers, exposed to glycerol, including after flow.
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Figure 5.1: Spectroscopic ellipsometry measurements within a flow cell under static conditions showing: A) bare
(red) and TP-modified silicon wafers (blue) immersed in PFD, and TP-modified silicon wafer in 50% glycerol
(v/v) (green). B) TP-modified silicon wafer as-prepared in glycerol (red) and infused with PFD before (blue) and
after flow (green) of 50% glycerol at 60 mL/min. Green shaded region in depolarisation data indicates, typical

depolarisation values for more uniformly thick samples.
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After confirming detection of the lubricant layer under static conditions, a dynamic time-
resolved study under increasing glycerol flow rates was carried out to assess potential depletion
of the lubricant layer. As seen from the time-resolved measurements in Figure 5.2, no changes
in psi and delta values were observed up to 60 mL/min of glycerol flow. Upon exposure to
glycerol flow at approximately 60 mL/min (also corresponding to the green, TLP
50glypostflow spectra in Figure 5.1B), a significant change in psi and delta signal was seen.
Large depolarisation values were also observed at the extreme ends of the wavelength range
used to collect the spectra (370.3 and 999.99 nm). Hence, subsequent ellipsometry
measurements show wavelength in the range 500 nm - 900 nm (typically at 687 nm and 844
nm for time-resolved experiments). Subsequent modelling of the data after flowing at 60
mL/min, resulted in a TLP layer ~100 nm in thickness. This value fell within the lower range
of the average thickness of the TP coatings, measured in the dry state by AFM in Chapter 3
(TP =300 = 200 nm). A possible explanation of the thinner TP coating could involve a lower

degree of silanisation of the channel, within the device.
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Figure 5.2: Time-course acquisition of spectroscopic ellipsometry measurements for TLP exposed to the flow of
50% glycerol (v/v) with increasing flow rates, showing psi, delta and depolarisation values over time. Green

region in depolarisation data indicates typical depolarisation values for more uniformly thick samples.
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5.2.1.2. Preparation of Mesofluidic and Microfluidic Channels

The limitation of the Woollam flow cell employed in the feasibility study was that its complex
geometry (Chapter 2) made the modelling of the fluid shear conditions difficult. Thus, a
custom-designed mesofluidic device was constructed to accommodate a simplified straight
channel geometry, facilitating the modelling of the fluid shear conditions. As depicted in Figure
5.3A, a low-cost, rapid 3D-printed mold was fabricated, with a channel design 23 mm in length
and 3.5 mm wide, to accommodate the beam size of the ellipsometer (beam size = 3 mm) and
a height of 150 um. A circle of 3.5 mm in diameter was positioned adjacent to the channel to
provide an area for calibration of the ellipsometer. Molds were printed on a Flashforge Foto
8.9s (Zhejiang Flashforge 3D Technology Co., Ltd) using Flashforge standard grey resin. The
layer height was set to 50 pum and XY pixel size was fixed by the screen resolution at
approximately 55 pum. Molds were printed without supports, such that their bottom edge was
adhered to the build plate. After printing, moulds were washed copiously with ethanol and
cured for 5 minutes under UV light, according to manufacturer specifications. Molds were then

sonicated in soapy water, to remove any residue, before being air dried.

An alternative microfluidic channel was also utilised in the latter parts of this Chapter, with
reduced channel dimensions (length = 15 mm, width = 250 um, height = 100 um), allowing
for the capture of the entire width of the channel in a microscopy set-up with a reduced field-
of-view with design details reported in Figure 5.3B.2% Both channels, made from PDMS, were

oxygen plasma-bonded to glass and CVD-TP treated, as described in Chapter 2.

19

A) Mesofluidic Channel

B) Microfluidic Channel M

Figure 5.3 Channel designs and dimensions of the: A) mesofluidic and B) microfluidic channels used in this work.

All units of dimensions are in millimeters, unless otherwise specified.
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To confirm CVD TP modification of the channels, the contact angle of water formed at the
solid-liquid interface of the microfluidic channel was determined as shown in Figure 5.4. As
opposed to the hydrophilic, oxygen plasma-treated channel showing a water contact angle of
21° and preferential wetting of the oxidised glass (Figure 5.4A), TP-treated channels showed
hydrophobic wetting behaviour, displaying an increased contact angle of 116° (Figure 5.4B).
Furthermore, drop-wise condensation of water from the vapour visible inside the channel was
also consistent with a hydrophobically-modified surface, in contrast with the film-wise
condensation behaviour of hydrophilic materials such as silica.?® Similarly, the mesofluidic
devices revealed an increase in contact angle from 10° to 120° upon CVD TP treatment as
shown in Figure 5.4B and D. The square grid-like arrays visible in the mesofluidic devices
were formed on the roof of the PDMS channel due to the resolution of the 3D-printer used to
fabricate the mold. This feature was presumed to be beneficial in reducing incoherent backside

reflections from the PDMS roof due to the roughened interface.

Microfluidic Device Mesofluidic Device

Hydrophilic |
Glass

TP

Contact Angle = 116°

50 pm

by

Flow Direction
Figure 5.4: Optical micrographs of PDMS devices oxygen plasma-bonded to glass on a: A) microfluidic device.

B) Mesofluidic device. C) Microfluidic devices with CVD TP modification revealing an increase in contact angle
formed by the water meniscus and condensation of water droplets due to increased pressure of water vapour
inside the microchannel. The formation of highly spherical water droplets on the surface of the TP coated channel
supports the successful hydrophobisation of the surface as indicated by the drop-wise condensation behaviour,
as opposed to film-wise condensation (exhibited by a high degree of wetting and droplet spreading), as seen on

hydrophilic materials such as silica.?’ D) Mesofluidic device hydrophobised with a TP layer.
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5.2.1.3. Experimental Set-Up

To carry out the ellipsometry measurements in the custom-designed devices, the surfaces were
stuck upside down onto a quartz prism (Figure 5.5 and 5.6). A thin layer of refractive index
matching paste (n = 1.52) was sandwiched between the PDMS mesofluidic devices and the
quartz prism to provide a continuous, transmissive interface, normal to the incident beam of
light with an incident angle of 45°. As illustrated in Figure 5.5, the incident light passing
through the glass substrate was designed to reflect off the glycerol-TLP interface into the
detector, such that the thickness of the lubricant layer would become quantifiable under the

flow of glycerol.

Quartz Prism

Glass \% % n,
TLP S n,

Glycerol/Dye 1 n,

Y

Flow Direction
Figure 5.5: Spectroscopic ellipsometry with a custom-designed flow channel for lubricant depletion experiments

on TLP coatings with blood-viscosity and density matched 37% glycerol solution (v/v).

The complete set-up consisting of the prism and channel system, housed in a custom 3D-printed
holder is shown in Figure 5.6. Successful infusion of fluids through the channel was indicated
by the disappearance of a reflective mirror-like appearance due to the presence of air, causing
total-internal reflection; the air layer disappeared as a wetting liquid filled the compartment as
displayed in Figure 5.6. The following equation was used to calculate the average wall shear

strain rate obtained within the microfluidic channel:

QP2

=+ (5.1)

14

Where Q = volumetric flow rate (mL/min), P = wetted perimeter, A = Cross-sectional area of

0.351b

2
the channel and 1 = [(1 — ) (1 + g)] , and a = longer side of the rectangular channel, b

= shorter side of the rectangular channel.*
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l

Figure 5.6: Spectroscopic ellipsometry set-up for quantitative analysis of lubricant depletion under flow.

Components include a custom-designed 3D-printed holder for housing the quartz prism and mesofluidic PDMS

devices with an outlet connected to a syringe pump for withdrawing fluids through the inlet, connected to a three-

way stopcock and tubing for drawing liquid.

180



Figure 5.7 A — C revealed distinct psi and delta signals on glass, rendered hydrophilic by
oxygen plasma-treatment, in different media: air, PFD and 37% glycerol (v/v). When the glass
channel was filled with air (Figure 5.7A), psi values showed negligible changes while delta
decreased at higher wavelengths. When the glass channel was instead filled with PFD (Figure
5.7B), the psi and delta values (around 5 and 0 — 10, respectively) were found to be consistently
low across the wavelength range, between 400 — 1000 nm. For glass filled with 37% glycerol
(v/v) as shown in Figure 5.7C, significant reduction in psi was observed, while a concomitant

increase in delta signal was seen, displaying large fluctuations ranging between -90 to 250.
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Figure 5.7: Spectroscopic ellipsometry data for mesofluidic channels under static conditions on control surfaces:
A) Glass in air. B) Glass filled with PFD C) Glass filled with 37% (v/v) glycerol/water. D) Glass filled with 37%

(v/v) glycerol/water mixture with dye (5:1 v/v) to enhance reflection of light from the lubricant/glycerol interface.

5.2.1.4. Addition of Dye to Glycerol and Noise in Ellipsometry Data

Due to the signal for glycerol-filled glass being noisy (Figure 5.7C), unlike that on the reflective
silicon surfaces (Figure 5.1), it was suspected that multiple reflections were occurring,
including off the opposite channel wall (bottom wall). Thus, black dye was added to the

glycerol mixture to enable reflection only off the glycerol-TLP interface. A 1.5 v/v
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dye/glycerol ratio was found sufficient for preventing the transmission of light through the
glycerol layer (also visible by eye) and was subsequently used in all experiments. With the
added dye, the signal collected in glycerol under static conditions revealed less fluctuations in
delta and significantly reduced psi and delta values, typically ranging from 0-5 and -50 to 50
from the wavelength range of 400 — 1000 nm (Figure 5.7D), compared to glycerol without
added dye (Figure 5.7C).

5.2.1.5. Spectroscopic Ellipsometry on Glass Under Flow

To understand lubricant depletion behaviour under flow, in the absence of the TP layer, 37%
glycerol (both with and without dye) was introduced into the mesofluidic glass channel. Even
at low flow rates (250 s), the lubricant was completely removed from the glass. This was
indicated by the reduction in psi from 5 to ~2 and intensity from 0.05 to 0.02, upon introduction
of glycerol without dye (Figure 5.8A, B). Furthermore, the delta signal, again, showed large
fluctuations -60 to -260 (Figure 5.8C), similar to that seen in Figure 5.7C. Interestingly, when
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Figure 5.8: Mesofluidic device prepared on a glass substrate with channel initially filled with PFD (pink region)
and then exposed to the flow of 37% v/v glycerol/water mixture (5:1 - glycerol:dye)(yellow region) at 250 s
applicable to: A) Psi. B) Intensity and C) Delta values, over time. D) Delta showing effect of adding black dye
to glycerol to remove multiple reflections shown on glass filled with 37% glycerol (yellow region) and after (light

blue region) flowing with 37% v/v glycerol/water and dye mixture (5:1 - glycerol:dye).
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the channel was filled with 37% glycerol (without dye), then filled with 37% glycerol with
added dye, the delta value was seen to decrease (Figure 5.8D), similar to that seen in Figure
5.7D. Differences in psi, depolarisation (>-17%) and intensity were similar both with and
without addition of dye (data not shown). In effect, the lubricant was unable to be retained,
even under low flow, in the absence of a TP layer, supporting the results found in Chapter 3

using cone-and-plate rheometry.

5.2.1.6. Spectroscopic Ellipsometry on TLP Under Flow

On TLP-coated glass, a dynamic lubricant depletion study, under the flow of glycerol, was
performed (Figure 5.9). When the glycerol flow rate was increased, stepwise, a corresponding
decrease in psi and reflected intensity was seen (Figure 5.9A and B), with delta values showing
significant fluctuations >5 mL/min from -90 to 270 (Figure 5.9C). Again, no changes in
depolarisation were observed (>-17%, data not shown). This may suggest the possible
replacement of the lubricant at shear rates >6275 s™- Hence, the data at the 3-minute time-point
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Figure 5.9: Ellipsometry measurements of TLP-treated mesofluidic channels under glycerol flow with increasing
flow rates showing: A) Psi. B) Delta. C) Depolarisation and D) Intensity values, over time. Flow rates expressed
by numbers in magenta in units of mL/min. Rainbow shading indicates corresponding flow rate at a given time
point. PFD flow rate was 0.5 mL/min, (wall shear strain rate = 627 s).
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in Figure 5.9, showing less fluctuations in delta signal were analysed, corresponding to a flow
rate of 0.5 mL/min (shear strain rate = 627 s), which was fitted using a three-layer model:
glass/TLP/glycerol. The model fitting revealed multiple values of lubricant thickness, ranging
from 416 nm to 1582 nm to 2661 nm. Thus, the conclusion was reached that ellipsometry could
not be used for measurement of lubricant thickness under flow in the proposed configuration.
An alternative method of quantifying the lubricant thickness was employed, using confocal

laser scanning microscopy.

5.2.2. Confocal Laser Scanning Microscopy to Detect Lubricant Thickness

Mesofluidic devices were treated with TLP, and glycerol labelled with fluorescein
isothiocyanate (FITC) was used as the external fluid to determine the lubricant thickness under
flow. As revealed in Figure 5.10A, the channel was filled with PFD. The channel height was
shown to be 150 um high. All shear rate and shear stress calculations (Equation 5.1) for the

mesofluidic devices used a channel height value of 150 pm.

Once the PFD-infused TLP channel was exposed to 37% glycerol/water solution (v/v) at low
shear rates of 288 s, the lubricant layer could not be seen (Figure 5.10B). It is likely that the
lubricant was depleted quickly, with only a sub-micron thick layer being left behind. Thus,
quantification of the remaining lubricant film was not feasible with the employed confocal

fluorescence microscopy method, and a third approach based on interferometry was chosen.

Glycerol

Figure 5.10: Micrographs obtained by confocal fluorescence microscopy of lubricant depletion on TLP-treated
channel under flow of FITC-labelled glycerol (green) at 2884 s** when the channel is filled with: A) PFD and B)

37% glycerol/water (v/v), no lubricant is visible.
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5.2.2.1. Dual-Wavelength Reflection Interference Contrast Microscopy

An alternative technique, capable of allowing for the dynamic, time-resolved quantification of
lubricant thickness under external flow is dual-wavelength reflection interference contrast
microscopy (DW-RICM). Quantification of nanoscale lubricant thickness was carried out from
the model fitting of theoretical values, described in Chapter 2, and detailed further in Figure
5.11 and 5.12, using previously established methods.*® ** The theoretical normalised intensities
for a range of thicknesses (or height) (shown by rainbow lines in Figure 5.11A and B),
displayed excellent agreement with the measured values from the calibration lens (black lines
for both 488 and 561 nm wavelengths, Figure 5.11A and B), confirming validity of the model.
For a single wavelength of light, ambiguity of the resulting thickness can arise due to the
periodicity of the intensities (Figure 5.11A and B), therefore, further verification of the model
for deriving lubricant thickness, using two wavelengths was obtained, as shown in Figure
5.11B. As an example, the normalised intensity, corresponding to lubricant thicknesses ~200
nm, should show a unique solution close to 0.5 and 0.75 for A = 488 and 561 nm, respectively
(Figure 5.11C, green cross). Thus, the thickness profile can be determined, unambiguously.
Plotting normalised intensities of the calibration lens for both wavelengths, Ise1 nm against lsss
nm, Yielded a Lissajous curve, showing good agreement between experimental measurements
(Figure 5.11B) against theoretical height values for r = 0 — 0.14 mm and height = 0 — 300 nm.

Beyond thicknesses of 300 nm, the convex lens may have attenuated the reflection intensity by
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Figure 5.11: Validation of theoretical model for determining lubricant thickness from experimental calibration

using DW-RICM showing: A) estimated theoretical values of thickness of the film (or height) (rainbow line),
against thickness derived from measured, normalised intensity from the calibration lens in Figure 2.12B) (black
line), using 488 nm light and B) using 561 nm light (black line). Rainbow scale bar indicates thickness and
applies to all parts. C) Intensity of the light at wavelength at 561 nm, Iss1 nm, plotted against the intensity of the
488 nm wavelength, lsss nm (black dots), displaying a Lissajous curve overlaid with the theoretical estimates for

thicknesses (gradient rainbow line).
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diverging light, caused by curvature, resulting in underestimation of experimental values,

compared to theoretical estimates.

Lubricant thickness maps shown in later parts of this Chapter were obtained by fitting lubricant
thickness values from normalised intensity, starting with ‘reference’ points of known lubricant
thicknesses such as in Figure 5.11C (green cross). These reference regions were mapped first
as shown in Figure 5.12A, with subsequent propagation (Figure 5.12B) following gradient
descent optimisation to find the closest (local minimum) plausible solution from the model
until complete analysis (Figure 5.12C and D). Lubricant layers retained on ‘tall” bumps (>700
nm thick) were difficult to fit automatically, presumably due to higher radius of curvature,
hence, lubricant thickness was quantified by manually counting the number of interference
fringes. The process was automated in Python from code developed for analysis of lubricant
thickness by Dr Dan Daniel (A*STAR) (Appendix Al) and modified by Dr Isaac Gresham
(The University of Sydney) for producing quantitative spatial mapping of lubricant thickness
from raw micrographs (Appendix A2).
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Figure 5.12: Lubricant thickness maps calculated automatically from normalised intensity data, obtained with
DW-RICM at the two wavelengths = 488 and 561 nm. Fitting was performed from: A) an initial ‘reference’ point
with an intensity value corresponding to a lubricant thickness with a unique solution from theoretical estimates.
B) Continued fitting of data for areas surrounding the reference point, following the line of best fit for theoretically
estimated thicknesses. C) Propagation of data fitting continues until D) all areas are fitted, except for a region of
thicker lubricant in the bottom left corner presumably due to a high radius of curvature. Thus, all regions of round

bumps with lubricant thicknesses >700 nm were calculated manually. Scale bar applies to all images.
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5.2.2.1.1. Lubricant Thickness under Static Conditions

In Figure 5.13A, a sessile glycerol droplet was placed on TP-modified glass, without lubricant,
showing no interference patterns, as there was no liquid film contributing to the interference.
In contrast, Figure 5.13B shows a glycerol droplet placed on a thin PFD lubricant layer on top
of the TP. Here, the interference patterns reveal locations where the PFD lubricant was in
contact with the glycerol droplet, and possessed varying values of thickness, which could be
quantified, following calibration of the signals at the two chosen wavelength values, 488 nm
and 561 nm, as described in Chapter 2 and Figure 5.11.

The thickness of a thick (several micrometers thick) PFD layer on top of a TP coating was
determined using both fluorescence and reflection, performed simultaneously. The
fluorescence method, using a wavelength of 488 nm, was used to measure the distance between
the glass/PFD and PFD/glycerol interface with FITC-labelled glycerol, revealing a lubricant
thickness of 15.5 + 2.3 um, as shown in Figure 5.14A) and B). The distance between the
maximum reflection intensities from light reflecting off the glass substrate and the
PFD/glycerol interface (Figure 5.14C and D), revealed a thickness of 16.5 + 2.1 um for the
same lubricant film. The discrepancy of 6.25% in was within expected experimental error,
arising from the uncertainty on the exact position of the glass/TLP and TLP/glycerol interface

N R ko

Figure 5.13: Dual-wavelength reflection interference contrast microscopy (DW-RICM) micrographs showing:

A) Visualisation of the absence of contrast on a glycerol droplet placed on a TP surface (no liquid film). B)
Visualisation of interference fringes present under a glycerol droplet deposited on a lubricant-infused TP layer.
Fringes observed at wavelengths A1 = 488 nm and A> = 561 nm are due to the thin perfluorodecalin (PFD) film

intercalated between the glycerol droplet and the rough, textured TP-coated substrate.
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and the broad intensity range produced by the relatively large pinhole size (3 airy units),
allowing more light to pass. The uncertainty of lubricant thickness measurements was obtained
as the full width half maximum value of the intensities obtained at the glass/TLP and

TLP/glycerol interface from Figure 5.14 B) and D).

A ‘thin’ TP layer on top of a TP coating under a 37% glycerol (v/v) droplet was analysed as
shown in Figure 5.15. While the lubricant thickness was too thin to be resolved by confocal
fluorescence microscopy (Figure 5.15A), in the dual-wavelength reflection mode (Figure
5.15B), the average thickness of the lubricant was quantified and mapped easily. The average
thickness was 340 + 30 nm in the analysed area (Figure 5.15B, brown box and Figure 5.15C).
The thickness is not uniform, varying between 200 and 400 nm as seen across a representative
line section (Figure 5.15B, blue line and Figure 5.15D) and possibly even >1 um in the thickest
areas (Figure 5.15B, green crosses and E). These thicker parts correspond to regions where the
lubricant meniscus is pinned on tall portions of the bumpy TP aggregates which, as seen in
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Figure 5.14: Analysis of a ‘thick’ perfluorodecalin layer beneath a FITC-labelled 37% glycerol/water (v/v)
droplet observed under static conditions: A) fluorescence mode micrograph at 488 nm; C) reflection mode
micrograph at 561 nm. B) and D) Cross-sectional intensity extracted from part A and C, respectively,

demonstrating the quantitative measurement of lubricant thickness.
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Figure 5.15: Analysis of a thin perfluorodecalin layer beneath a droplet of 37% glycerol/water (v/v) under static

conditions: A) fluorescence mode at 488 nm is unable to quantify lubricant thickness with the fluorescent glycerol
overlayer, labelled with FITC. B) Micrograph obtained in dual wavelength-reflection mode on a region of the
TLP surface under the glycerol droplet. C) Quantification of lubricant thickness distribution in a 22.5 x 22.5 pm?
area (brown square in part B). D) Cross-sectional profile of the lubricant thickness taken along the light blue line
in part B) from left to right. E) Cross-sectional profile of the lubricant thickness taken along the green line in part

B) between taller features. The height of the two grey features cannot be resolved in the micrograph.
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Chapter 4 could be as tall as 1.7 um in height. Remarkably, the average thickness of the
lubricant (340 £ 30 nm) is consistent with the typical physical features of the TP, as determined
by AFM in air in Chapter 3, corresponding to an average height of 300 = 200 nm. Therefore,
it appears that the thin lubricant layer adopts a distribution of thickness values that vary locally,
conforming to the morphology of the underlying surface, in this case, the rough, textured TP

layer.

Capillary forces retain the PFD layer on the structured TP surfaces, as the negative curvature
of the meniscus (radius of curvature in the range of hundreds of nanometers) induces a high
Laplace pressure within the meniscus (Figure 5.15E and Appendix Figure S1C and D), also
described in Chapter 3. Such arguments confirm an earlier study demonstrating effective

lubricant retention due to strong capillary forces within the gap of wrinkled surfaces.®

When a droplet of blood, instead of glycerol, was placed on a thin TLP coating, interference
fringes could still be obtained, despite high opacity of the blood. However, quantitative analysis
was more difficult due to the scattering by red blood cells and platelets, combined with a lower
refractive index of blood (n = 1.346 — 1.362),* close to the that of the underlying TP coating

(n = 1.352),%" leading to reduced contrast, as revealed in Figure 5.16.

)\1 = 488 nm }\2 = 561 nm

Figure 5.16: DW-RICM micrograph of citrated human whole blood (3.8% w/v, 1:9 parts blood) on a thin TLP
coating, revealing significant scattering due to the presence of blood components such as red blood cells.

Observed using wavelengths at A1 = 488 nm and A, = 561 nm.
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5.2.2.1.2. Lubricant Thickness under Flow

The DW-RICM technique was employed for the first time to determine lubricant thickness
under continuous external flow. Figure 5.17 shows a time-course series of a lubricant being
displaced from a glass microchannel (oxygen plasma-treated), under the flow of 37%
glycerol/water (v/v) at 2884 s*. The lubricant was completely displaced by the flow of glycerol
over 40 seconds, demonstrated by the disappearance of the interference fringes on the surface.
As seen from quantitative mapping (Figure 5.17B and C), the initially thick lubricant layer
(around 900 nm) at time T = 8 s, thinned down by 33% to ~600 nm after 6 seconds (at T = 14
s) and then by another 75% to ~150 nm, 10 seconds later (T = 24 s). These results confirm an
earlier study, revealing a near complete removal of PFD from a poly(methyl methacrylate)
channel, without fluorine functionalisation, when exposed to the flow of water, at shear rates
of 2227 1.3

To assess how TP coatings retain lubricant under flow, 37% glycerol/water mixture (v/v) was
passed through a channel coated with a defective TLP layer, as shown in Figure 5.18. An initial
passage of glycerol did not displace the bulk PFD lubricant, as seen 52-57 seconds after the
commencement of glycerol flow. However, by 78 seconds after the start of the glycerol flow,
the lubricant was shown to be removed, exposing the underlying surface. Upon further
investigation, it was established that the TP coating quality in this case was sub-optimal, as
revealed in Figure 5.19. The TP coating visible at the inlet of the employed microchannel, as
shown by its textured morphology of bumps of height up to 400 nm, is consistent with the
features seen previously (Figure 5.19A-C). In this inlet area, the static water contact angle was
the expected 120 + 1°. However, when the center of the channel was visualised, the large TP
bumps were absent, with localised pools of dewetted lubricant (Figure 5.19G) and only smaller
TP bumps with features <100 nm in height being observed (Figure 5.19F and H). Furthermore,
the static water contact angle in the center of the channel was found to be lower and more
variable at 105 + 12 °, suggesting an incompletely silanised surface. Hence, the quality the TP
coating within the microchannel away from the inlet was poor, likely due to low flow of the
silane vapours further inside the channel. As others have reported,®3 closed channel designs
are found to limit the quality of surface modifications, with gradients in coating quality from

the inlet to further into the channel.34-3¢
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Figure 5.17: DW-RICM micrograph of: A) time-series acquisition of glycerol displacing PFD over glass

hydrophilised by oxygen plasma-treatment, upon exposure to glycerol flow at 2884 s, flow direction from top
to bottom of the image. A1 = 488 nm (red), A2 = 561 nm (cyan) using a 10x air-immersion objective (Na=0.4). T
= time since commencement of initial glycerol flow. B) Evolution of lubricant depletion over time, quantified
from a zoomed in section from A), indicated in a yellow box. C) Cross-sectional profile of lubricant thickness

along the line profile in part B) from left to right.
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Figure 5.18: Time-series micrographs of a microfluidic channel incompletely silanised with TLP under glycerol
flow at 2884 s, collected with 10x air-immersion objective (Na = 0.4) in dual-wavelength reflection mode (A =

488 nm, X» = 561 nm). Flow direction from top to bottom. Scale bar applies to all panels.

To produce improved TP-coated channels with greater homogeneity, a lower CVD reaction
temperature of 50°C was trialled to reduce the kinetics of vaporisation, with the aim of
preventing excess silane deposition at the inlet. Compared to the TP-coating prepared from the
original method (at 60 °C) which revealed very few TP features, along the channel (Figure
5.19F and H), more bumpy TP features were found using the new modification method of
preparing the channels at 50 °C (Appendix Figure S1).

On the improved TP coating within the microchannel, the lubricant layer was observed to
remain even after the glycerol was passed through the channel, as visualised in Figure 5.20.
Even after passage of the glycerol at a shear rate of 2884 s, the presence of the interference
fringes revealed the retained lubricant layer, and the layer was retained even after 5 minutes of
continuous flow (Figure 5.20A). To assess the morphology of the TP, after exposure to flow,
the channel was disassembled from the device and blow dried gently with high purity nitrogen
to remove remaining glycerol and PFD and assessed by AFM imaging. As seen in Figure S1A-
C), the channel inlet contained multiple distinct bumps of various heights, as seen previously,
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even for incompletely silanised channels (Figure 5.19). Furthermore, the static water contact
angle value obtained at both inlets of the device amounted to 120 + 1°, and the TP height ranged
between 100 — 1000 nm (Appendix Figure S1C), consistent with previous results from Figure
5.19. Subsequent quantification of the lubricant layer within the channel was carried out across
2 random regions in Figure 5.20B and C. Dynamic redistribution of the lubricant layer was
observed without significant depletion, and the PFD appeared to be stable after exposure to
flow (over 50 seconds (i.e., from T = 440 to 490 s), where T is time, relative to the initial
commencement of glycerol flow). As conveyed quantitatively in Figure 5.20B and C), the
lubricant thickness did not vary by more than 100 nm at any given position, over the duration
of the flow, and remained stable with a constant lubricant thickness between 150 — 700 nm
over the observed regions. For example, the variation in lubricant thickness for region 1 of
Figure 5.20B-C, revealed lubricant thicknesses ranging from 600 — 700 nm (pink shaded
region) 500 — 600 nm (black shaded region) while the thinnest lubricant layers were between
100 —200 nm (yellow shaded region) (Figure 5.20C). Similarly, the presence of lubricant layers
in region 2, between 200 — 400 nm (yellow region), up to 600 — 700 nm (pink region) was
observed. The height of the dry surface features, presumed to be TP after exposure to flow,
(Appendix Figure S1D-F, area 1), ranged from 600 — 700 nm (pink shaded region), to 500 —
600 nm (black region) and 200 — 400 nm (yellow region), consistent with those found for
lubricant thicknesses obtained above. Notably, area 3 (Appendix Figure S1K and L) revealed
a continuous, film-like appearance revealing a smooth undulating morphology of the TP
coating (variation of 0 — 300 nm in height), potentially enhancing lubricant retention through

capillarity and the formation of large lubricant reservoirs.%’

Regions of significantly thicker lubricant layers such as those seen in Figure 5.21C and D
(lubricant thickness >1 um, indicated by an asterisk) could be attributed to the tall TP bumps,
approximately 10 um wide, such as those seen in Chapter 4, suggesting that the lubricant
conforms to the shape of the underlying bumps. Upon further analysis of the dry TP layer, area
1 of the channel (Appendix Figure S1E and F) revealed a tall TP bump of ~1.6 pum in height
and 10 um wide, was observed (indicated by asterisk), similar to that found on CVVD TP-coated
glass in Chapter 4, possibly representing areas of significantly thicker lubricant layers found in
Figure 5.21C and D (indicated by asterisk), reaching over 2 um thick. However, it should be
noted that the locations of the analysed lubricant and TP height is not the same. Furthermore,
due to the height of the TP being conveyed relative to the lowest height and not the glass
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substrate, the height values for the TP coating may be underestimated. Given the minimum
lubricant thickness of ~100 nm observed across the maps (orange shaded region), it is likely

that a layer of TP of at least 100 nm could be present across the surface.

Overall, the lubricant thickness (Figure 5.20 and 5.21) appeared roughly consistent with the
height of the TP coating across the surface of the channel (Appendix Figure S1), typically
between 200 — 700 nm thick. Both the lubricant layer and TP coating prepared in the
microchannel were consistent in thickness with TP coatings prepared on flat silicon and
polystyrene substrates, without a bonded PDMS device, as obtained in Chapter 3 (300 = 200
nm) and glass in Chapter 4 (100 — 1600 nm) and lubricant layers observed in Figure 5.15 (200
— 1000 nm). However, the morphology of the TP coating was not homogeneously bumpy and
rounded such as those found in Figure S1J - L and in the inlet region (Appendix Figure S1D -
). Hence, further optimisation of the TP-modification process in microfluidic devices may be
required to fully understand the lubricant retention ability of TLP coatings, under flow.
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Figure 5.19: Surface characterisation of incompletely silanised TLP within a microchannel. A-B) Optical
micrographs of the inlet with inset in A) showing a static water contact angle of 120 £ 1°. In part B) the boundary
between inlet area and the rest of the channel is indicated by a dotted white line, taken in a similar region to that
shown in part D). C) AFM micrograph of the inlet area, close to that in part A. D) DW-RICM micrograph of inlet
and channel with boundary indicated by a dotted white line. E) and G) optical and DW-RICM micrographs of the
channel region taken as a section from parts B) and D), respectively. Inset in E) showing a static water contact

angle of 105 £ 1°. F) and H) AFM micrographs taken from parts E) and G), respectively.
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Figure 5.20: Time-series micrographs of lubricant thickness on TLP coating obtained in: A) dual-wavelength
reflection mode (A1 = 488 nm, A, = 561 nm) during flow of 37% glycerol/water (v/v) at 2884 s, using 10x air-
immersion objective (Na = 0.4). T = time since commencement of initial glycerol flow. Scale bar applies to all
images in part A. B) Lubricant distribution quantified over time by spatial mapping. C) Cross-sectional profiles
of lubricant thickness across 2 different regions, obtained from Part B), from left to right. Time indicated in parts
B) and C) are relative to part A) at T = 440 s. Lubricant thickness ranging from 600 — 700 nm (pink shaded
region), 500 — 600 nm (black shaded region) and 200 — 400 nm (yellow shaded region).
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Figure 5.21: TLP lubricant distribution changes over time observed with DW-RICM using wavelengths, A1 =
488 nm, A, =561 nm: A) after 500 s from initial glycerol flow at 2884 s and B) magnified region from part A).
C) Quantified lubricant thickness maps obtained in area 1 and 2 from part B), before re-exposure to glycerol
flow, and after exposure at T =500 s. D) Line profile of lubricant thickness across 2 different regions, obtained
from Part C), from left to right. Lubricant thicknesses ranging from >1 um (asterisk), 500 — 600 nm (black
shaded region), 200 — 400 nm (yellow shaded region) and 100 — 200 nm (orange shaded region).
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Given that the thickness of the underlying TP coatings and the PFD layer are consistently in
the range of 100 nm — 2 um in height, and the PFD layer appears to be pinned on tall features
of the TP layer, it is likely that the TP is responsible for the retention of the lubricant layer
under shear flow. After shearing the TLP within a cone-and-plate rheometer at shear rates of
at least 10,000 st as seen previously in Chapter 3, the slippery properties of TLP coatings on
glass substrates were seen to be retained. Therefore, the current mapping study confirms the
previous cone-and-plate rheometry shearing study that TLP-coated glass is effective in
retaining the PFD, for shear rates of at least 2884 s, but likely as high as 10,000 s. The
current study enables to quantify that the lubricant thickness is not constant but varies

according to the topography of the underlying TP coating when exposed to external flow.

The theoretical prediction for the thickness of PFD lubricant stabilised by van der Waals forces
on a fluorinated hydrophobic coating such as Teflon™ (polytetrafluoroethylene, PTFE), of 0.5
nm in thickness, is between 1.8 — 8.2 nm.*® Thus, it can be speculated that only nano thin layers
of lubricant films can be stabilised and retained under flow on the tops of the TP bumps. These
layers are close to the resolution limits of the microscope, such as those seen in area 1 of Figure
5.21C and D (and also Figure 5.15E). For Teflon infused with silicone oil lubricants, the stable
lubricant film was estimated to be between 0.3 nm to 41 nm.®® These estimates support
experimental studies of wrinkled Teflon surfaces, infused with silicone oil, where the tops of
the wrinkled structures were coated by silicone oil films of thickness only 5 nm, revealed by
AFM meniscus force mapping.t” As for the regions in between the bumps, capillary adhesion
on rough, textured TP surfaces can stabilise a meniscus of few hundred nanometers in
thickness, due to the nanoscale radius of curvature, and therefore, the high Laplace pressure
within it (Figure 5.15E and Figure 5.21C and D). Such results were supported in an earlier
study, suggesting that randomly rough surfaces were more effective in retaining lubricant, as

opposed those with regular microstructures, by retaining larger reservoirs of lubricant.®’

5.2.3. Blood-TLP Interactions under Flow

The TLP coatings were exposed to flow of blood within the microfluidic device and the
dynamic interactions of TLP and blood were visualised. As shown in Figure 5.22A) and C),
glass and TLP, filled with PFD in a microchannel were subsequently exposed to heparinised
(0.5 1U/mL) human whole blood under flow, at shear rates of 2884 s™* (Figure 5.22B) and D)).
After flowing blood on oxygen plasma-treated glass for 5 minutes, platelets were seen to attach
and become immobilised (Figure 5.22B). Once flow was stopped, numerous platelets (green)
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were seen to adhere to the glass surface (Figure 5.22E and F). On the contrary, all components,
including red blood cells (black), were shown to remain mobile on TLP surfaces (Figure
5.22D), even in the absence of flow (Figure 5.22G and H), similar to that seen in Chapter 4.%
In previous studies, fibrinogen and platelet adhesion on TLP surfaces were found to be
significantly reduced as demonstrated with incubation of the TLP surfaces in a static system
consisting of isolated fibrinogen and platelets, suspended in buffer,*> 4! as well as those
exposed to the flow of human whole blood.” %> This evidence suggests an inherent ability of
the TLP surfaces to repel adhesion of fibrinogen and platelets under both static and flowing

conditions.
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Figure 5.22: Time-series micrographs of microchannel: A-B) oxygen plasma-treated glass and C-D) TLP surface,
before (A), C)) and after (B), D)) flow of heparinised human whole blood (0.5 U/mL) at 2884 s imaged in cross-
section. E) Micrographs imaged over 30 s in top-view showing blood on: E-F) oxygen plasma-treated glass and
G-H) TLP, after stopping flow from parts B) and D). Yellow solid and dotted circles indicate platelet position at
T=0sand T =30 s, respectively. Cross-sectional image taken in presence of stationary blood on: 1) glass, and
K) on TLP. Pure PFD lubricant is re-introduced into the channel after acquisition of E-H), showing channel filled
with blood: cross-secitonal image of J) glass and L) TLP. Fibrinogen fluorescence from 30 pg/mL of Alexa Fluor-

647 human fibrinogen (magenta) and 0.5 pg/mL of DiOC6 (green).
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Interestingly, when both surfaces, exposed to blood flow (Figure 5.22B, Figure 5.22D, Figures
5.22E-H) were re-infused with pure PFD at the same shear rate of 2884 s, glass showed
enhanced retention of platelets that appeared immobilised to both the surface of the glass and
roof of the PDMS channel (Figure 5.22J). In contrast, no attachment of platelets was observed
on the TLP coatings (Figure 5.22H), with only mobile red blood cells present near the
unresolvable lubricant interface, that were easily removed with the flow of PFD upon re-
infusion of the lubricant (Figure 5.22K and L). Thus, these results point to a strong adhesion
mechanism between the platelets and solid glass, compared to TLP coatings, whereby, the
presence of a thin lubricant layer prevents effective adhesion of platelets to the surface. In
effect, it appears that the flow of blood may act to deplete not only the lubricant layer, but also
proteins and cells adsorbed to the blood-lubricant interface, preventing accumulation over time.
Importantly, the sub-micron lubricant layer appeared sufficient to prevent the adhesion of fibrin
and platelets to the TLP surfaces. In a marine biofouling study of LIS, 0.2 pL cm (equivalent
to an average lubricant thickness of ~2 um) of infused silicone oil (viscosity = 10 cSt) was
sufficient to reduce bacterial biofilm formation.** While the two systems incorporated different
types of microstructure, the anti-fouling capacity and highly anti-adhesive properties of liquid-

infused surfaces were demonstrated, even with relatively thin lubricant layers.

5.3. Conclusion

This study explored the effects of external flow on lubricant depletion, first by spectroscopic
ellipsometry and then by interferometry. Ellipsometry failed to yield unambiguous
measurements of lubricant thickness, due to excessive noise in the measurements. Subsequent
studies revealed that ellipsometry is not suited to the study of these infused TLP because of the
non-uniform thickness of the lubricant layer induced by the flow of external glycerol. Direct
imaging by confocal laser scanning fluorescence microscopy also failed to resolve the presence
of a lubricant layer, due to either complete displacement by the glycerol or due to the

insufficient resolution of layers of nanoscale thickness.

The dual-wavelength reflection interference contrast microscopy (DW-RICM) method was
utilised, under the same flow conditions used with the previous techniques, revealing the
successful retention of a lubricant layer, with spatiotemporal resolution. The lubricant layer

was visualised in real time under external flow, and its distribution, quantified. Following an
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initial depletion down to nanoscale thickness, the lubricant thickness eventually stabilised
under continuous flow. Human whole blood remained non-adherent to the TLP coatings, even
in the presence of a lubricant layer less than 1 um thick where the lubricant layer did not appear
to be visible by confocal fluorescence microscopy, both under static conditions, seen in the
previous Chapter, and under flow. On the other hand, platelets were immobilised on solid glass.
The DW-RICM technique showed that a thin lubricant layer, ranging between 100 — 1000 nm
in thickness is retained on the TLP coatings, under these shear conditions (2884 s™). These
results indicate that any excess lubricant layer, thicker than the height of the underlying TP
coating, is depleted quickly. Furthermore, this study also relates for the first time the
effectiveness of a nanoscale lubricant layer in conferring anti-fouling effects against blood
proteins and cells, implicated in medical device thrombosis, by demonstrating reduced
adhesion under flow while maintaining mobility at the lubricant interface. These results are
consistent with previous findings in the literature that reported the repellence of fibrinogen and
platelets on TLP coatings.® " %42 The implications are that the TLP coatings may prove to be
effective in medical device applications experiencing both low and higher flow conditions and

warrants further investigation.

Previous studies have not characterised the morphology of the TP coatings.” 2> 4 This work
has shown that the structure of the rough coatings prepared by CVD is beneficial for retaining
lubricant under flow.3” While the underlying TP coatings are shown to be degraded under
significantly elevated shear forces, as indicated by a change in morphology through
deterioration of the TP bumps, the coatings are still found to be mostly bound to the substrate,

as shown by the relatively minor reduction in hydrophobicity.

TLP coatings are likely to present multiple anti-thrombogenic mechanisms, including low
intrinsic coagulation activity (mediated by wettability),?® as shown in Chapter 4, and a highly
mobile interface, that effectively reduces adhesion of fibrin and platelets under flow as
demonstrated in this Chapter as well as in Chapter 3 through the whole blood adhesion assay.
However, further studies are required to elucidate other procoagulant processes including von
Willebrand Factor (VWF) which is implicated in platelet adhesion under elevated shear
conditions,* as well as thromboinflammatory pathways involving aspects of the inflammation
response such as neutrophils that are implicated in thrombus development through neutrophil

extracellular trap (NET) formation,*® thrombin generation and platelet activation.*’ Studies at
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elevated shear conditions may thus prove to be useful to better understand the effect of shear-
sensitive VWEF-platelet interactions as well those on lubricant depletion. Furthermore,
perfluoroperhydrophenanthrene (PFPH) with a higher dynamic viscosity (28.2 cSt) compared
to PFD (4.88 cSt),'® may be assessed for improved resistance against depletion,*® 4° as
demonstrated by cone-and-plate rheometry and its anti-thrombogenicity which revealed
promising initial results, demonstrated through reduced fibrin adhesion as seen earlier in
Chapter 3, and in other studies.®® °* Together with the results presented here, contributions to
the fundamental understanding of lubricant depletion on LIS under flow may enable rational
designs of improved TLP coatings for applications in anti-thrombogenic blood-contacting

medical devices.

Further optimisation of the TP modification process should produce rough, bumpy TP coatings
that may better withstand shear-induced lubricant depletion under even higher shear conditions.
Establishing thresholds for failure will also be necessary in order to determine to suitability of
the TLP coatings for applications in blood-contacting medical devices which experience a

diverse range of flow conditions.
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Chapter 6 — Conclusions and Outlook



This Thesis Chapter contains contents appearing in the following publications:

1. Hong, J. K.; Gao, L.; Singh, J.; Goh, T.; Ruhoff, A. M.; Neto, C.; Waterhouse, A.
Evaluating Medical Device and Material Thrombosis under Flow: Current and
Emerging Technologies. Biomater. Sci. 2020, 8 (21), 5824-5845.

6.1. Conclusions

Starting from the work of Leslie et al. in 2014, tethered-liquid perfluorocarbon (TLP) coatings
have been shown to be effective as anti-thrombogenic materials, but several fundamental
questions remained unanswered. Firstly, the link between surface structure and retention of the
lubricant was only loosely made, as the morphology of the TP coatings was usually not fully
characterised. In a 72-hour animal model study in vivo,? it was suggested that the lubricant
layer was depleted under flow, but surface characterisation or shear flow conditions were not
included. Secondly, the mechanisms behind the reduced thrombogenicity of TLP coatings were

not understood, and observations of blood-TLP interactions under flow were lacking.*

This Thesis provides new knowledge addressing a number of areas, in particular, contributing
to the understanding of lubricant depletion and quantification of lubricant redistribution
dynamics under external flow on different surface structures. A new fabrication method was
shown to lead to more reproducible TP coatings and on these, the ability to repel fibrin,
platelets, and red blood cell adhesion from human whole blood under static and flow conditions
was demonstrated. The mechanism was ascribed to the combination of a highly mobile
lubricant interface and low intrinsic coagulation activity. This study revealed that the
mechanisms implicated in the reduced anti-thrombogenicity of TLP coatings are multi-faceted
and may inform the development of new and improved coatings. It contributes to further
understanding of the interplay between blood and lubricant interface, towards clinical

translation and utility.

In Chapter 3 a method of optimising the tethered perfluorocarbon (TP) coating design was
implemented through a vapour phase silanisation reaction. The vapour deposition method led
to the formation of TP layers containing large bumpy aggregates, 300 £ 200 nm thick, on top
of an underlying 35 = 15 nm thick uniform coating. The vapour phase method compared

favourably to the previously utilised liquid phase deposition to reproducibly create slippery
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coatings on silicon, polystyrene, glass and polysulphone, with very low values of water sliding
angle (2 £ 1°), without the need to actively control humidity conditions. The TP layer retained
perfluorinated lubricants when exposed to shear rates up to 20,000 s*, demonstrated using a
cone-and-plate rheometer, with perfluoroperhydrophenanthrene being more resistant to
depletion than perfluorodecalin. TLP infused with either of the lubricants effectively reduced
adhesion of fibrin from human whole blood relative to TP and control hydrophilic and
hydrophobic surfaces. The combination of highly fluorinated nanostructured TP coatings
infused with higher viscosity lubricant may be the most suitable combination for clinical
applications of liquid-infused surfaces to reduce thrombosis in blood-contacting medical

devices, under flow.

In Chapter 4, an investigation was carried out to uncover the possible mechanism(s) of the
anti-thrombogenicity of TLP relating to i) inhibition of factor XII activation and the contact
pathway; ii) reduced fibrin density of clots formed on surfaces; iii) increased mobility of
proteins or cells on the surface due to the interfacial flow of the lubricant. Results show that in
the absence of external flow, interfacial mobility was inherently higher at the lubricant-blood
interface, making mobility a key contributor to the low thrombogenicity of TLP, as factor XII
activity and fibrin density were equivalent at the interface of TP and TLP. In other words, the
reduced capacity for fibrin clots to adhere to the mobile liquid interface is responsible, in part,
for the anti-thrombogenic properties of TLP. Hence, the findings of this study advance our
understanding of the anti-thrombotic behaviour of TLP coatings for future material designs.
More broadly, enhanced interfacial mobility is an important, underexplored mechanism for the

anti-fouling behaviour of lubricant-infused coatings, and deserves further investigation.

A step towards understanding the performance of TLP coatings under flow conditions, relevant
to clinical scenarios, was made in Chapter 5. Blood was observed to be mobile on TLP
coatings even when a thin lubricant layer was used that could not be resolved by confocal
scanning fluorescence microscopy. Therefore, two different techniques were employed to
characterise the presence of lubricant of nanoscale thickness: ellipsometry and interferometry.
Firstly, a custom-made mesofluidic device was used in conjunction with spectroscopic
ellipsometry under the flow of glycerol/water solution (37% v/v, matched in density and
viscosity to blood) at 2884 s™. These flow conditions mimic those of coronary arteries and

stenosed blood vessels, so as to analyse lubricant depletion dynamics under realistic conditions.

209



The results from the model fitting of ellipsometry data were ambiguous due to excessive signal
noise. Secondly, dual-wavelength reflection interference contrast microscopy (DW-RICM)
was employed and allowed the real-time visualisation and quantification of the lubricant layer
under the same flow conditions.> For oxygen plasma-treated glass and incompletely TP
silanised glass, the lubricant was shown to deplete within 1 minute. On more thoroughly
silanised TP coatings, a residual lubricant layer was retained over many tens of minutes, even
under flow, resulting in minimal changes and temporary fluctuations in lubricant thickness.
While the initial microscale thickness of the lubricant was lost quickly upon first injection of
the glycerol, nanoscale films of lubricant were retained. Importantly, the lubricant layer was
found to form menisci around the bumps of the underlying TP coatings, which led to retention
by Laplace pressure within the concave menisci. The maximum thickness of retained lubricant
(between 100 nm — 2 um) was found to match the thickness of features found of the TP surface,
as assessed after disassembly of the channel and characterisation with AFM. Thus, two
mechanisms are in action to retain the lubricant within TLP: on the one hand van der Waals
forces stabilise thin nanoscale layers, through the matched fluorinated chemistry of the TP
coating and PFD lubricant;® on the other hand, the nano- and microscale radius of curvature
formed by the lubricant meniscus on the bumps of the TP coatings contributes to lubricant
stabilisation under flow, through capillarity.” The rough TP structures with tall bumps (as
opposed to smooth layers) can support larger lubricant reservoirs, which likely extends the
duration of lubricant depletion over time.® In effect, a combination of the factors on multiple-
length scales presented above explains the ability of the TP coatings to retain portions of

lubricant under flow.

The interaction of flowing blood was found to yield promising results for the TLP coatings,
showing reduced adhesion of red blood cells and platelets, conferring enhanced mobility even
when flow was stopped, unlike those on bare glass. TLP surfaces were found to remain anti-
fouling when pure lubricant was re-infused on a fouled surface with platelets and red blood
cells being removed from the lubricant interface but remained immobilised on glass. Thus,
even a nanoscale lubricant layer was found effective in reducing the adhesion of blood on TLP.
Mirroring previously obtained results in marine anti-fouling,® the relationship between
lubricant thickness and reduced blood adhesion was demonstrated, suggesting that for TLP, a
nanoscale lubricant layer may be sufficient to prevent immobilisation of prothrombotic blood

proteins and cells, under flow.
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6.2. Future Outlook

This Section outlines areas of future study that would enhance the understanding of TLP
coatings, towards clinical translation for applications in anti-thrombogenic blood-contacting

medical devices and implants.

6.2.1. Further Elucidation of Anti-Thrombogenic Mechanisms on TLP

When a biomaterial contacts the vasculature, it usually causes vascular damage and initiation
of thrombosis via primary and secondary haemostasis at the injury site, through the formation
of a platelet plug and coagulation, respectively. In addition, it presents a large surface area of
foreign material where the process of thrombosis may initiate, which is now increasingly

appreciated as thromboinflammation. 013

6.2.1.1. Thromboinflammation on TLP

Further research into the fundamental properties of materials and their influence of pro-
coagulant protein and cellular adsorption are required to better understand biomaterial
thrombosis to guide future materials development. Studies in this area have largely explored
the effects of material wettability, surface chemistry, charge, energy, topography and roughness
on the dynamics of protein/cellular adsorption and thrombotic mechanisms.**® An under-
explored mechanism to reduce thromboinflammation is to target the inflammatory components
that contribute to thrombosis.™> " Key areas that could be targeted based on activation of
inflammation related to thrombosis is the complement system and neutrophil extracellular traps
(NETs). When complement proteins adsorb to the surface of a material or adsorbed proteins,
they can undergo conformational changes and activate the complement system resulting in
activation of the intrinsic coagulation pathway, platelets and leukocytes.

Activated leukocytes release neutrophil extracellular traps (NETs),!” which can bind functional
tissue factor,'® activate FXI1*® and can also be induced by activated platelets.? In the context
of biomaterials, NET release is greater on hydrophobic surfaces in comparison to hydrophilic
surfaces.?! Interestingly, cobalt-chromium alloy stents triggered thrombin generation,
promoted coagulation and in the presence of platelets, induced NET formation.?? Therefore,
inhibiting NET formation could be a novel mechanism to suppress thromboinflammatory
responses and remains to be investigated on TLP coatings. Hence, further investigations into
links between NETSs and blood-contacting materials may reveal a new dimension for mitigating

thrombosis on medical-device materials such as TLP.
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Studies of inflammatory responses on TLP currently appear to be limited. An in vitro study
revealed reduced macrophage adhesion on PFD and PFPH infused ePTFE membranes,
compared to ePTFE controls, without detrimental impact on macrophage viability.?® In vivo,
the leukocyte infiltration was reduced, along with attenuation of the foreign body and
inflammatory response, leading to reduced fibrosis.?*> However, further studies, particularly in
vivo, and those involving neutrophils (as mentioned above) are required given the significant
role of the inflammatory response in thromboinflammation.™® In vivo studies involving animal
models are a clear step forward for studying the TLP coatings under conditions that better
mimic physiological conditions.?* In the context of understanding
thrombotic/thromboinflammatory reactions, this could include propensity for haemolysis,
fibrosis, and occurrence of thromboembolic events. Furthermore, preclinical studies are also
important to evaluate anti-thrombogenicity and durability, under blood flow, which could
provide an important proof of principle that will inform the performance of the lubricant layer

against potential depletion and yield invaluable information regarding safety.?*

6.2.1.2. Fluid/Haemo-Dynamics and Interfacial Slip on TLP Coatings

Interfacial fluid slip occurs where the tangential velocity of the last few layers of a flowing
fluid is different to that at of the neighbouring solid interface, in contrast to the classic no-slip
boundary condition where the fluid velocity at the solid interface is zero.?® The effect of fluid
slip has been suggested to be a contributing factor in reducing wall shear stress, and therefore,
reduce platelet activation, von Willebrand Factor (VWF) unfolding and haemolysis at the
blood-surface interface on superhydrophobic surfaces, by altering haemodynamic flow
conditions.? 2" Likewise, reduced platelet activation on TLP-coated extracorporeal life support
systems were partially attributed to reduced wall shear stress under flow.?® Due to the ability
of LIS to enhance interfacial slip, manifesting physically as greater drag reduction,? further
insights into the effect of interfacial slip in reducing shear-related thrombotic processes may
potentially reveal other anti-thrombogenic mechanisms of TLP coatings. In particular,
investigations into the possible effect of reduced shear stress due to enhanced interfacial slip at
the lubricant-blood interface, altering the activation of shear-sensitive proteins and cells such
as VWF and platelets, implicated in thrombosis,3 3! would be an intriguing area of study. More
generally, haemodynamics is a key phenomenon in determining medical device thrombosis
due to its crucial role in governing thrombus formation, as certain regimes of flow can lead to

activation of pro-thrombotic proteins such as VWF,*® particularly under high shear
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environments.® 32 The potential for medical devices to create disturbed blood flow (or the lack
of) during clinical applications complicates thrombotic effects, hence haemodynamic studies

should be included in the testing of new materials such as TLP for potential clinical translation.

Moreover, a systematic study of how fluid dynamics, particularly those relevant to
physiological flow conditions, affects lubricant retention on TLP coatings, extending from the
work presented in Chapter 5 of this Thesis, could provide significant insights into the durability
of the coatings for potential clinical applications. A more thorough investigation of the initial
stages of lubricant depletion, longer duration studies under flow and lubricant depletion
mechanics under a wide variety of shear conditions would also prove to be useful from a

fundamental perspective.

While the studies of TLP coatings under flow in Chapter 5 provided interesting new insights
into lubricant dynamics, they were unable to incorporate a fully functionalised bumpy TP
coating such as those prepared in Chapter 3. Instead, the TP coatings were shown to exhibit a
highly heterogeneous structure across the surface of the channel with some regions of varying
morphology. Hence, a new device design is proposed in Figure 6.1 which allows for the
preparation of a channel with rough, bumpy TP coatings. The 3D-printed mold incorporating
an open-channel microfluidic design,® is capable of housing cured PDMS that leaves the
channel exposed to the TP chemical vapour (Figure 6.1A). As seen in Figure 6.1B and D,
successful CVD TP treatment of glass is demonstrated, compared to those seen on plain glass
substrates (Figure 6.1C) as indicated by the significantly increased static water contact angles
from <5° to 120 + 2° and the appearance of bumpy TP structures. Future work could include
the construction of a lid to enclose the CVD TP functionalised channel with a built-in
inlet/outlet tubing. The new device would enable further investigations into lubricant depletion
mechanics with bumpy, textured TP coatings, similar to those formed on open, flat planar
substrate at various shear flow conditions. Furthermore, systematic studies into the dynamic
blood-TLP interactions on completely silanised, bumpy TP surfaces could be performed. The
development of the improved platform may allow for further elucidation of anti-thrombotic

mechanisms on TLP coatings (see below).
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Figure 6.1: New mesofluidic device design fabricated from a 3D-printed mold with an open-channel design,

allowing for complete silanisation and TP functionalisation of the channel for future lubricant depletion studies.

6.2.1.3. Microscopic Analysis for Medical Device Thrombosis

Recent advances in microscopy which overcome the technical limitations of conventional
microscopes present the opportunity to capture material thrombosis events under flow with
improved spatiotemporal resolution. To capture highly dynamic thrombotic events in flowing
blood, it is important to be able to acquire volumetric data at high speed with sufficient axial
resolution. For example, spinning disk confocal microscopy enables vastly improved imaging
speeds. In the study of blood flow on TLP coatings in Chapter 5, the acquisition speed of the
Leica SP8 laser confocal scanning microscope made the detailed visualisation of capturing
fibrinogen and platelet interactions with the TLP coating, at elevated shear rates, difficult.
Hence, a higher acquisition speed could be useful in better resolving the motion and adsorption
behaviour of platelets and fibrin at the lubricant-blood interface, under flow, particularly at
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elevated shear conditions. Furthermore, the combination of spinning disk confocal microscopy
and the DW-RICM technique may be able to yield enhanced visual and quantitative
information to carry out systematic lubricant depletion studies with significantly enhanced
image acquisition speeds.

In addition to advances in microscopy techniques, integrating microscopy with traditional flow
techniques can provide more detailed information. For example, placing an inverted
microscope under the baseplate of a custom cone-and-plate rheometer has previously been
employed to observe the differential responses of cells under shear stress.2*3” This method
could allow the simultaneous gathering of rheological information, such as changes in blood
viscosity and clot stiffness that could reveal dynamic insights into clotting mechanics,®® ° such
as the kinetics of clot growth and clot strength, similar to thromboelastography (TEG), which
was used to detect delayed and mechanically weaker clot formation on TLP coatings compared
to uncoated TEG cups.*® Cone-and-plate rheometry offers the added advantage of a wider range
of shear rates, compared to TEG, which could be useful when combined with real-time
visualisation blood clot formation on TLP and various other materials, under a range of applied

shear stresses.

Finally, developments in approaches to data analysis is another area which could further
complement and enhance the capability of microscopy techniques. Image processing
techniques utilising machine learning have been used recently to rapidly classify platelet
morphology in large data sets, and therefore determine their activation state.*! Similar
techniques could potentially be employed to monitor platelet response to material surfaces, for

instance. This type of automation saves time while reducing human error and bias.

6.2.1.4. Computational Modelling for Medical Device Thrombosis

Flow dynamics in medical devices and in vitro often involve various flow conditions including
pulsatile and turbulent regimes and stagnation regions.*>** Hence, computational fluid
dynamic (CFD) modelling, which have been employed to determine fluid slip behaviour on
LIS,? could prove important to better understand blood flow behaviour on TLP/LIS coatings.
Mathematical modelling of biological pathways resulting in thrombosis has been applied to
predict overall thrombus growth,* coagulation,*® platelet adhesion,*” platelet activation and
aggregation.#’-4°
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At the individual protein level, molecular dynamic (MD) simulations may prove to be an
effective tool in elucidating the mechanism of protein adsorption behaviour, conformation and
subsequent activity interacting with surfaces,>® °! such as TLP. The interaction between Factor
Xlla (FXIla) and the perfluorinated lubricant layer, for instance, could be useful to understand
initial stages of the intrinsic coagulation pathway activation by elucidating the adsorption
behaviour and conformation of FXlla, in contact with the lubricant. The specificity of this
interaction could be revealed by observing consistency in the orientation of the protein
interacting with the oil, possibly revealing interesting insights into the potential relationship
between FXlla conformation and activity, for example. Furthermore, the adsorption behaviour
of fibrinogen on TLP could be better understood with MD simulations. Previous experimental
observations have indicated minimal adhesion of fibrinogen on TLP when incubated in a static
system, consisting of isolated fibrinogen (suspended in buffer),>> %3 as well as those exposed to
the flow of human whole blood.> % Given fibrinogen can unfold upon adsorption to
materials,>* > which in turn, affects conformation and subsequent platelet binding behaviour,*
understanding fibrinogen conformation on TLP would be useful to determine if this is also a
mechanism that contributes to the anti-thrombogenicity of TLP, particularly in light of the fact
that platelet adhesion was also reduced on TLP.! These literature results were verified by the
work presented in this Thesis, which demonstrated the ability of TLP to effectively prevent
fibrin adhesion in in vitro assays and platelet adhesion, under flow. Altogether, this suggests
an inherent ability of the TLP surfaces to repel adhesion of fibrinogen and platelets under both
static and flowing conditions, which could be better understood with computational simulations
of protein adsorption behaviour. Such studies would undoubtedly lead to further advancements
in understanding the anti-thrombogenic mechanisms of TLP. These theoretical computational
models could be complemented with experimental studies such as with circular dichroism (CD)
spectropolarimetry which has previously improved the understanding of surface chemistry-
dependent albumin and fibrinogen conformation and platelet adhesion behaviour.>* > As an
example, FXlla conformation at the lubricant interface could be computationally modelled
with MD simulations and verified experimentally, through CD measurements. This could
prove powerful in better understanding the structure-function relationship of FXlla and its

implications for intrinsic coagulation pathway activity on TLP.

Hence, future directions for understanding thrombosis on TLP may combine CFD and MD
modelling with mathematical models of the biomechanical and biochemical pathways involved
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in thrombus formation that also incorporate sophisticated modelling of material properties,
such as those reported on LIS.?° Integrating aspects of both LIS material properties,?® and
blood, under flow, may prove to be challenging prospect, but an important aspect that might
be enabled by some intermediate level of coarse-graining. When utilised in conjunction with
experimental techniques, computational studies may present a valuable for future research to

understand interactions of pro-thrombotic proteins and the perfluorinated lubricant interface.
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Figure S1: TLP-coated mesofluidic device, after exposure to glycerol flow, characterised across different areas of the
channel showing: A) static contact angle value of 120 + 1° shown as the mean % S.D., obtained on both inlets of the
microfluidic device with corresponding B) AFM micrograph and C) line section showing height profile. Different
areas within the channel, chosen at random (areas 1-3) showing surface features through: D), G) and J) optical
micrographs with corresponding E), H), J) AFM micrographs and F), 1), L) line sections depicting the height profile,
respectively, after flowing 37% glycerol (v/v) at 2884 s1. Beginning of the line profile indicated on AFM micrographs

by a round circle, corresponding to the position at 0 pum on the height profile.

e Locations of the analysed lubricant and TP height is not the same. Furthermore, due to
the height of the TP being conveyed relative to the lowest height and not the glass
substrate, the height values for the TP coating may be underestimated. Unfortunately,
the exact height measurement of the TP coating, relative to the glass substrate was

unable to be obtained due to difficulty of scribing the small pieces of the channel.
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Al. Python code for lubricant thickness analysis from raw DW-RICM micrographs.

import numpy as np

from PIL import Image

import matplotlib.pyplot as plt
import matplotlib

from scipy.optimize import least squares

from scipy.ndimage import convolve
import glob

def process images(filenames, wavelengths,

ROI=None) :

win

imsize=256, crop=None,

Opens the images and turns them into an array. Downsizes the image to

imsize. Optionally crops the image if either crop or ROI is supplied.

win

imdict = 56

for fn, wvl in zip(filenames, wavelengths):
im = Image.open (fn)
im = im.resize((imsize, imsize)):;
im = np.array(im)
if len(im.shape) == 3:
im = im[:, :,0]
if crop:
xsize = im.shape[0]
ysize = im.shape[1l]
xhalf = int(xsize/2)
vhalf = int(ysize/2)
newxhalf = int (xhalf*cropl[l])

newyhalf

int (yhalf*cropl[0])

im = im[xhalf-newxhalf:xhalf+newxhalf,

newyhalf:yhalf+newyhalf]

elif ROI is not None:
roi = np.array(ROI)
roi[0] *= im.shape[0]
roi[l] *= im.shape[l]
roi = roi.astype (int)

print (f'Cropping to {roi}"')

im = im[roi[1][0]:rodi[1][1],

low, high = np.percentile(np.ravel (im), 1),

np.percentile (np.ravel (im), 99)
im = (im-low)/ (high-low)
imdict[wvl] = im

yvhalf-

roi[0][0]:roi[0][1]]

224



return imdict
def get neighbour mask (array) :

cmask = [[1,1,17,11,1,11,11,1,11]

not filled mask = array ==

# get everything that has a neighbour, so we don't loop through a whole
lot of empty space

neighbour mask = convolve (array, cmask) > 0

mask = np.logical and(neighbour mask, not filled mask)

return mask

def calculate nonzero pix average(array, X, Y):

minx, maxx = max([x - 1, 0]), min(array.shape[0]+1, x+2)
miny, maxy = max([y - 1, 0]), min(array.shape[0]+1, y+2)
local array = array[minx:maxx, miny:maxy]

local average = np.nanmean(local array[local array != 0])

return local average

def fit pixel (starting guess, pixel values, wavelengths=[488, 561],
attenuate factor=1, bounds=(70,2000)):

upper bound = min(starting guess+100, bounds[1l])

lower bound = max(starting guess-100, bounds[0])

if starting guess > upper bound:

starting guess = upper bound
elif starting guess < lower bound:
starting guess = lower bound

return least squares(residuals, starting guess,
kwargs={'Il exp':pixel values|[0],
'I2 exp':pixel values([l], 'wl':wavelengths[0], 'w2':wavelengths[1l],
'atten factor':attenuate factor},
bounds=(lower bound, upper bound))

def plot mapping progress (thickness map, iml, im2, mask=None, bounds=(20,
650)) :
fig, [axl, ax2] = plt.subplots(l,2, dpi=300,figsize=(6.3,2.3))

fig.subplots adjust (left=0.02, right=0.98, bottom=0.02, top=0.98,
hspace=0)

cmap = 'viridis'

norm = matplotlib.colors.Normalize (vmin=bounds[0], vmax=bounds[1])
mappable = plt.cm.ScalarMappable (norm=norm, cmap=cmap)

axl.imshow (thickness map, norm=norm, cmap=cmap)

if mask is None:
mask = np.zeros_ like(iml)
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cim = np.array([mask, iml, im2]).transpose((1,2,0))
cim[cim > 1] =1
cim[cim < 0] = 0

ax2.imshow (cim)

axl.axis ("off")
ax2.axis ("off")

cbar = plt.colorbar (mappable, ax=axl)
cbar.set label ('Thickness, nm')

return fig

def I func(h, w=530, n=1.31, atten factor=0.007):

Attenuation factor controls a sigmoid that reduces the intensity at low
thicknesses, presumably due to the roughness of the TP substrate coming
through at those thicknesses.

win

phi = 4*np.pi*h*n/w + np.pi
I val = 0.5 + 0.5*np.cos (phi)

# attenuate low thickness signals due to rougness
return sigmoid(h, 0.7,0,atten factor,0.3)*I val

def sigmoid(x, L ,x0, k, b):
y =L/ (1 + np.exp(-k*(x-x0))) + b
return (y)

def residuals(h, Il exp, I2 exp, wl=488, w2=561, atten factor=l):

# print (atten factor)

return (I1 exp - I func(h, wl, atten factor=atten factor))**2 + (I2 exp
- I func(h, w2, atten factor=atten factor))**2

def make squiggle(h arr, attenuation factor=1l, n=1.31):
I488 = I func(h arr, w=488, atten factor=attenuation factor, n=n)
I561 = I func(h arr, w=561, atten factor=attenuation factor, n=n)

return 1488, I561

def plot squiggle(h start, h _end, ax, attenuation factor=1l):
h arr ref = np.linspace(h start,h end, 1000)
I488, I561 = make squiggle(h arr ref,

attenuation factor=attenuation factor)
ax.plot (I488, I561, color='k'")

h marker = np.arange (h start,h end, 10)
for h m in h marker:

x = I func(h m, 488, atten factor=attenuation factor)
y = I func(h m, 561, atten factor=attenuation factor)
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ax.scatter(x, y, color="k",edgecolor = "k",
marker='o', s=2, alpha=0.8)

if (h m%50==0):
ax.text (x-0.02, y-0.04, h m, fontsize=7)

ax.set(ylim=(-0.1, 1.1), xlim=(-0.1, 1.1))

def plot image (imdict, axs=None, attenuation factor=1l, bounds=(50,600),
**kwargs) :

won

attenuation factor of 1 is (basically) no attenuation

win

if axs:
axl, ax2, ax3 = axs
fig = None
else:
fig, [axl, ax2, ax3] = plt.subplots(l,3, figsize=(9,3))

axl.imshow (imdict[488])

ax?2.imshow (imdict [561])

ax3.scatter (np.ravel (imdict[488]), np.ravel (imdict[561]), s=2,
alpha=0.02, color='r'")

plot squiggle(bounds[0], bounds[1l], ax3,
attenuation factor=attenuation factor)

return fig, [axl, ax2, ax3]

def find proximal values (im, value, attenuate factor=l):

win

Todo: make so this works with arbitrary wavelengths

guess_ideal pv = np.array([I func(value, 488,
atten factor=attenuate factor), I func(value, 561,
atten factor=attenuate factor)])

distance from ideal = np.sqrt((im[488]-guess ideal pv([0])**2 +
(im[561] -guess _ideal pv[1l])**2)

spmask = distance from ideal < 0.02

return np.array(np.where (spmask)).T

def propogate thickness map(im, thickness map, saveloc=None,
attenuate factor=1, bounds=(0,1000), **kwargs):

if saveloc:
i = len(glob.glob (f'{saveloc}/*.png"'))
print (f"starting from {i}")

else:
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i=0
for tolerance in [0.01,0.03, 0.06, 0.09, 0.12,0.2,0.4,0.8]:
cont = True
print (f'Tolerance: {tolerance}')
while cont is True:
mask = get neighbour mask (thickness map)

if np.any(mask) :
cont = True
else:
cont = False
for x,y in np.argwhere (mask) :
pix vals = (im[488] [x,y], im[561][x,Vv])

guess = calculate nonzero pix average (thickness map, %X, V)

if np.isnan(guess) :
thickness map([x,y] = np.NaN

else:
fitout = fit pixel (guess,pix vals,
attenuate factor=attenuate factor, bounds=bounds)
if fitout.fun[0] < tolerance/2:

thickness map([x,y] = fitout.x[0]

elif fitout.fun[0] < tolerance:
thickness map([x,y] = np.mean([fitout.x[0], guess])

else:
thickness map[x,y] = np.NaN

i+=1
if saveloc:
fig = plot mapping progress (thickness map, im[488],
im[561], mask)
fig.savefig(f'{saveloc}/{i}.png', dpi=300)
plt.close (fig)

thickness map[np.isnan(thickness map)] = 0

return thickness map

def calculate distance(calculated values, pixel values):

I488, I561 = calculated values
imr488, imr561 = pixel values
b I561 = np.broadcast to(I561, shape=(imr561.shape[0], I561.shape(0]))
b I488 = np.broadcast to(I488, shape=(imr488.shape[0], I488.shapel0]))

return np.sqrt((imr488 - b I488.T)**2 + (imr561 - b I561.T)**2)
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def fit all pixes(im, thickness map, thickness mask, attenuation factor=l,
bounds=(0,1000), tight bounds=None, **kwargs):
if tight bounds:
bounds = tight bounds

h = np.linspace (bounds[0], bounds[1], 100)
1488, 1561 = make squiggle (h, attenuation factor)

imr488 = im[488] [thickness mask]
imr561 im[561] [thickness mask]

b h = np.broadcast to(h, shape=(imr561.shape[0], h.shape[0]))

distance from ideal = calculate distance((I488, I561), (imr488,
imr561))

argmin = np.argmin(distance from ideal, axis=0)

thicknesses = np.take(b_h, argmin)

return thicknesses
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A2. Python code for automated lubricant thickness analysis and mapping of lubricant

distribution from raw DW-RICM micrographs.

[1]: | %matplotlib widget

[2]: Yload_ext autoreload
%autoreload 2

[3]: from InterferometryCode import fit_pixel, plot_mapping_progress,,
- process_images, plot_image, find_proximal_values, propogate_thickness_map,
—make_squiggle, calculate_distance, fit_all_pixes, plot_squiggle

[4]: | import numpy as np
import matplotlib.pyplot as plt
import matplotlib
import os
import tifffile
from PIL import Image, ImageSequence

from scipy.ndimage import gaussian_filter
ppi_to_ppum = 1/25400

[5]:|file_directs = {'Glass 1':{488:'Lubricant Depletion under Glycerol,

«Flow_test_Crop003_ch00.tif', 561:'Lubricant Depletion under Glycerol,
<~ Flow_test_Crop003_chO1.tif'},

'Glass 2':{488:'Lubricant Depletion under Glycerol
. Flow_test_Crop004_ch00.tif', 561:'Lubricant Depletion under Glycerol
<.Flow_test_Crop004_chO1.tif'},

'Glass 3':{488:'Lubricant Depletion under Glycerol
. Flow_test_Crop005_ch00.tif', 561:'Lubricant Depletion under Glycerol,
«.Flow_test_Crop005_chO1.tif'},

'"TLP 1 ROI1':{488:'10xDry_Duallnterf_2048_Zoom_ch00.tif', 561:
<, '10xDry_Duallnterf_2048_Zoom_chO1l.tif'},

'"TLP 1 ROI2':{488:'10xDry_Duallnterf_2048_Zoom_ch00.tif', 561:
<. '10xDry_DualInterf_2048_Zoom_chO1l.tif'},

'"TLP 2':{488:'10xDry_Duallnterf_Flow_Crop001_ch00.tif', 561:
<, '10xDry_DualInterf_Flow_Crop001_chO1l.tif'},

'"TLP 3':{488:'10xDry_Duallnterf_Flow_Crop002_ch00.tif', 561:
<. '10xDry_DualInterf_Flow_Crop002_chO1l.tif'},
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'"TLP 4':{488:'10xDry_Duallnterf_Flow_Crop003_ch00.tif', 561:
— '10xDry_DualInterf_ Flow_Crop002_chO1.tif'},
'"TLP 5 ROI1':{488:'10xDry_Duallnterf_Post-Flow_Zoom_ch00.tif',
—561:'10xDry_Duallnterf_Post-Flow_Zoom_chO1.tif'},
'"TLP 5 ROI2':{488:'10xDry_Duallnterf_ Post-Flow_Zoom_ch00.tif',
~561:'10xDry_DualInterf_Post-Flow_Zoom_chO1l.tif'}
}

imoptions = {'Glass 1':{'imsize':256,'ROI':[[0.5,1],[0.5,1]1]1},
'Glass 2':{'imsize':256,'ROI':[[0.5,1],[0.5,111},
'Glass 3':{'imsize':256,'ROI':[[0.5,1],[0.5,1]11},
'"TLP 1 ROI1':{'ROI':[[0.4,0.8],[0.5,0.9]], 'imsize':512},
'"TLP 1 ROI2':{'ROI':[[0.0,0.4],[0.0,0.4]], 'imsize':512},
'"TLP 2':{'ROI':[[0.3,0.7],[0.45,1]1], 'imsize':512},
'"TLP 3':{'R0OI':[[0.3,0.7],[0.45,1]1], 'imsize':512},
'"TLP 4':{'ROI':[[0.3,0.7]1,[0.45,11], 'imsize':512},
'"TLP 5 ROI1':{'ROI':[[0.48,0.88],[0.56,0.96]], 'imsize':512},
'"TLP 5 ROI2':{'ROI':[[0.1,0.5],[0.1,0.5]], 'imsize':512},

imdetails = {'Glass 1':{'umpp':2.271, 'attenuation_factor':0.025, 'bounds':
- (0,1000), 'guess_vals':[190, 195, 200, 2101},

'Glass 2':{'umpp':2.271, 'attenuation_factor':0.025, 'bounds':
- (0,1000), 'guess_vals':[190, 195, 200, 210]},

'Glass 3':{'umpp':2.271, 'attenuation_factor':0.025, 'bounds':
- (0,1000), 'guess_vals':[40]},

'"TLP 1 ROI1':{'umpp':0.071, 'attenuation_factor':0.012, 'bounds':
-, (65,450), 'guess_vals':[195]},

'"TLP 1 ROI2':{'umpp':0.071, 'attenuation_factor':0.012, 'bounds':
- (65,1000), 'guess_vals':[195]},

'TLP 2! :{'umpp':0.79, 'attenuation_factor':0.007, 'bounds':
, (65,1000), 'guess_vals':[195]},

'TLP 3 :{'umpp':0.79, 'attenuation_factor':0.007,
< 'guess_vals':[195]},

'TLP 4' :{'umpp':0.79, 'attenuation_factor':0.007,,

< 'guess_vals':[195]},
'"TLP 5 ROI1':{'umpp':0.071, 'attenuation_factor':0.025, 'bounds':
- (65,550), 'guess_vals':[195]},
'"TLP 5 ROI2':{'umpp':0.071, 'attenuation_factor':0.015, 'bounds':
- (75,1000), 'guess_vals':[195]},
}

[6]: imdicts = {}
for key, file_direct in file_directs.items():
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print (key)

imdict = process_images(file_direct.values(),
file_direct.keys(),
**imoptions [key])

# 4f 'TLP' in key:
# plot_image(imdict, **imdetails[key])

imdicts[key] = imdict

Glass 1

Cropping to [[128 256]
[128 256]]

Cropping to [[128 256]
[128 256]]

Glass 2

Cropping to [[128 256]
[128 256]]

Cropping to [[128 256]
[128 256]]

Glass 3

Cropping to [[128 256]
[128 256]]

Cropping to [[128 256]
[128 256]]

TLP 1 ROI1

Cropping to [[204 409]
[256 460]]

Cropping to [[204 409]
[256 460]]

TLP 1 ROI2

Cropping to [[ 0 204]
[ 0 204]]

Cropping to [[ 0 204]
[ 0 204]]

TLP 2

Cropping to [[153 358]
[230 512]]

Cropping to [[153 358]
[230 512]]

TLP 3

Cropping to [[153 358]
[230 512]]

Cropping to [[153 358]
[230 512]]

TLP 4

Cropping to [[153 358]
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[71:

[10]:

[230 512]]

Cropping to [[153 358]
[230 512]]

TLP 5 ROI1

Cropping to [[245 450]
[286 491]]

Cropping to [[245 450]
[286 491]1]

TLP 5 ROI2

Cropping to [[ 51 256]
[ 51 256]]

Cropping to [[ 51 256]
[ 51 256]]

key = 'Glass 1'

imdet = imdetails[key]

im = imdicts[key]

guess_vals = imdet['guess_vals']

if not os.path.isdir(key):
os.mkdir (key)

for wvl, imtosave in im.items():
saveim = Image.fromarray(imtosave*254)
saveim = saveim.convert('L')
saveim.save(f"{key}/image_{wvl}.png")

fig, [axl, ax2, ax3] = plot_image(im, **imdet)

startpoints = []
pix_vals = []
fit_vals = []

for guess_val in guess_vals:
sps = find_proximal_values(im, guess_val,,
<,attenuate_factor=imdet['attenuation_factor'])

for startpoint in sps:
startpoints.append(startpoint)

pv = [im[488] [tuple(startpoint)], im[561] [tuple(startpoint)]]
pix_vals.append (pv)

fit_val = fit_pixel(guess_val, pv,
<,attenuate_factor=imdet['attenuation_factor']) .x[0]
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fit_vals.append(fit_val)

for startpoint, pv in zip(startpoints, pix_vals):
axl.annotate('”', (startpoint[1], startpoint[0]), zorder=100, color='r',,
—~ha='center', va='top')
ax2.annotate('”', (startpoint[1], startpoint[0]), zorder=100, color='r',,
~ha='center', va='top')
ax3.scatter (*pv, color='b')

fig.savefig(f"{key}/startpoints.png", dpi=300)

0 50 100 0 50 100 T T y

0.1 Start Fitting

[11]: animation_name = f"{key}/animationi"
if not os.path.isdir(animation_name):
os.mkdir (animation_name)

[12]: thickness_map = np.zeros_like(im[488])
error_map = np.zeros_like(im[488])

for startpoint, fit_val in zip(startpoints, fit_vals):
thickness_map[tuple(startpoint)] = fit_val

[13]: thickness_map = propogate_thickness_map(im, thickness_map,,
<,saveloc=animation_name, **imdet)
np.savetxt (f"{key}/thickness_map.npy", thickness_map)

starting from 396
Tolerance: 0.01
Tolerance: 0.03
Tolerance: 0.06
Tolerance: 0.09
Tolerance: 0.12
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[14]:

[181:

[21]:

[22]:

Tolerance: 0.2
Tolerance: 0.4
Tolerance: 0.8

0.1.1 Refit the thin areas to the closest pixel value (no duplicate solutions possible)

ubound = 200
thickness_refit_mask = gaussian_filter(thickness_map,2)<ubound

new_thickness_map = thickness_map
new_thickness_map[thickness_refit_mask] = fit_all_pixes(im, thickness_map,,

< thickness_refit_mask, tight_bounds=(65,ubound+20), **imdet)

smooth_thickness_map = gaussian_filter(new_thickness_map,1)
fig = plot_mapping_progress(smooth_thickness_map, im[488], im[561])

600
500
100

0.1.2 Make tiff stack, so that its easy to view the map against the interferometry
data in imagelJ

w
o O
o o
Thickness, nm

N
o
o

thickness_map = new_thickness_map

max_thick = np.max(thickness_map)
imlist = [Image.fromarray((thickness_map)), Image.fromarray(im[488]+*max_thick),,
<. Image.fromarray(im[561]*max_thick)]
imlist[0] .save(f"{key}/stack.tif", bitdepth=16, save_all=True,
append_images=imlist[1:])

saveim = Image.fromarray((thickness_map))
saveim.save (f"{key}/thickness_map.tif")

0.2 Open file in imageJ and fix

This needs to be done manually - will be required for thicker regions
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[54]: imfromfile = Image.open(f"{key}/thickness_map_edit.tif")
# amfromfile = Image.open(f"TLP 2/t[hickness_map.tif")

imfromfile= np.array(imfromfile)
imfromfile=gaussian_filter(imfromfile, 1)

[55]: fig = plot_mapping_progress(imfromfile, im[488], im[561], bounds=(0,1000))

1000
800
600

400

Thickness, nm

200

[656]: thickness_map = imfromfile

[57]: np.savetxt(f"{key}/thickness_map.npy", thickness_map)

1 Fit every pixel to the closest local thickness

[58]: bounds = np.array([0.8, 1.2])

imr488 = np.ravel(im[488])
imr561 = np.ravel(im[561])
thickness_r = np.ravel(thickness_map)

h = np.linspace(bounds[0], bounds[1], 200)
b_h = np.broadcast_to(h, shape=(imr561.shape[0], h.shape[0]))
b_h = b_h.T*thickness_r

b_I488, b_I561 = make_squiggle (b_h.T,
<, attenuation_factor=imdet['attenuation_factor'])

thicknesses = []
for idx in range(len(imr488)):
b_wvl_ratio = b_I488[idx]/b_I561[idx]
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im_wvl_ratio = imr488[idx]/imr561[idx]
distance_from_ideal = (b_wvl_ratio-im_wvl_ratio)**2

# distance_from_ideal = np.sqrt((imr488[idz] - b_I488[idz])**2 +,
o (imr561 [idz] - b_I561[idx])**2)

argmin = np.argmin(distance_from_ideal, axis=0)

thickness = np.take(b_h.T[idx], argmin)
thicknesses.append (thickness)

thicknesses = np.array(thicknesses)
# print (thickness_r[idz])
print (thicknesses.shape)

new_thickness_map = np.reshape(thicknesses, thickness_map.shape)
smooth_thickness_map = gaussian_filter (new_thickness_map,1)

(16384,)

/var/folders/jw/dq3v5g7109x47p9qy7vvvIfw0000gp/T/ipykernel_42228/1608385777.py:1
5: RuntimeWarning: invalid value encountered in true_divide

b_wvl_ratio = b_I488[idx]/b_I561[idx]
/var/folders/jw/dq3v5g7109x47p9qy7vvvIfw0000gp/T/ipykernel_42228/1608385777.py:1
6: RuntimeWarning: divide by zero encountered in double_scalars

im_wvl_ratio = imr488[idx]/imr561[idx]

[59]: fig = plot_mapping_progress(thickness_map, im[488], im[561], bounds=(0,1000))
fig = plot_mapping_progress(new_thickness_map, im[488], im[561],
< bounds=(0,1000))
fig = plot_mapping_progress(smooth_thickness_map, im[488], im[561],,
<, bounds=(0,1000))

1000
800
600

400

Thickness, nm

200

1000

800

600

400

Thickness, nm
Thickness, nm

200
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