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Study of the Structure of Hyperbranched Polyglycerol
Coatings and Their Antibiofouling and Antithrombotic

Applications

Eli Moore, Alexander J. Robson,* Amy R. Crisp, Michaelia P. Cockshell,

Anouck L. S. Burzava, Raja Ganesan, Nirmal Robinson, Sameer Al-Bataineh,

Victoria Nankivell, Lauren Sandeman, Markus Tond|, Glen Benveniste, John W. Finnie,
Peter J. Psaltis, Laurine Martocq, Alessio Quadrelli, Samuel P. Jarvis, Craig Williams,
Gordon Ramage, Ihtesham U. Rehman, Christina A. Bursill, Tony Simula,

Nicolas H. Voelcker, Hans J. Griesser, Robert D Short, and Claudine S. Bonder*

While blood-contacting materials are widely deployed in medicine in vascular
stents, catheters, and cannulas, devices fail in situ because of thrombosis and
restenosis. Furthermore, microbial attachment and biofilm formation is not an
uncommon problem for medical devices. Even incremental improvements in
hemocompatible materials can provide significant benefits for patients in
terms of safety and patency as well as substantial cost savings. Herein, a
novel but simple strategy is described for coating a range of medical materials,
that can be applied to objects of complex geometry, involving plasma-grafting
of an ultrathin hyperbranched polyglycerol coating (HPG). Plasma activation
creates highly reactive surface oxygen moieties that readily react with glycidol.
Irrespective of the substrate, coatings are uniform and pinhole free,
comprising O—C—O repeats, with HPG chains packing in a fashion that holds
reversibly binding proteins at the coating surface. In vitro assays with planar
test samples show that HPG prevents platelet adhesion and activation, as
well as reducing (>3 log) bacterial attachment and preventing biofilm
formation. Ex vivo and preclinical studies show that HPG-coated nitinol
stents do not elicit thrombosis or restenosis, nor complement or neutrophil
activation. Subcutaneous implantation of HPG coated disks under the skin of
mice shows no evidence of toxicity nor inflammation.

1. Introduction

All implanted materials elicit some level
of foreign-body-response and carry an as-
sociated risk, even where materials meet
current biocompatibility standards.l!! This
is particularly the case for blood-contacting
materials. The introduction of vascular
stents has provided surgeons with signif-
icant and meaningful tools in the fight
against the ever-increasing epidemic that
is cardiovascular disease (CVD).?] Indeed,
CVDs are the leading cause of death globally
causing an estimated 18 million deaths per
year (2019 numbers).>* The ability to phys-
ically reopen and maintain patency in dis-
eased and occluded vasculature has saved
countless lives. Furthermore, generational
refinements in design have resulted in sig-
nificant improvements in the safety and
patency of vascular stents.[’] However, two
significant challenges remain: i) exposure
of the stents to blood results in the rapid
adsorption and adhesion of proteins and
cells, initiating a cascade of events that can
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lead to stent thrombosis (ST); ii) In-stent restenosis (ISR), an
immune-triggered complication leading to vessel reocclusion.

ST can be a life-threatening complication, often requiring
emergency intervention, which can also lead to amputations or
death. The challenge is to prevent platelet adhesion, activation
and thrombus formation.l®) While the physiological processes
that give rise to thrombosis in stents are well understood and
have been documented for decades,!”! suitable material engineer-
ing solutions to mitigate these complex and highly evolved pro-
cesses have not been developed.

Current best practice following implantation of vascular
stents includes the long-term prescription of antiplatelet, blood-
thinning medications to reduce the likelihood of ST. As with
many pharmacological approaches, the administration of dual
antiplatelet therapy (DAPT) for durations of several months to
years can have serious side effects, including upper gastrointesti-
nal bleeding, ecchymosis, hematuria, and epistaxis, resulting in
greatly reduced quality of life for patients.[®] The ongoing use
of DAPT also makes follow-up and emergency procedures po-
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tentially fatal due to the high risk of increased bleeding during
surgery. However, patients who cease antiplatelet medications
early, e.g., to perform scheduled surgery, have an elevated risk
of ST and perioperative myocardial infarction.!1011]

ISR is an immune-triggered complication leading to vessel re-
occlusion, that develops over months, requiring further inter-
vention and possibly surgery.'>*] This is particularly evident
in peripheral arterial disease where reported rates of ISR have
been as high as 40% in some patient populations in the first 12
months after treatment with a stent.">'7] After initial vascular
injury resulting from stent insertion, inflammatory factors are
released by several cell types including platelets, macrophages
and lymphocytes.['®] These factors lead to the secretion of growth
factors that increases the proliferation and migration of vascular
smooth muscle cells into the intimal region, leading to intimal
hyperplasia and ISR.['%20]

Drug-eluting stents (DES) have been the industry’s solution to
this problem, with cellular proliferation put on hold for as long
as the drug continues to leach from the stent. This approach
has had varied levels of success, and is considered the gold
standard at present, but is limited by the finite therapeutic load a
device can deliver.”!l Exposed stent struts and polymer coatings,
that act as reservoirs for the drug, can also trigger late throm-
botic events after the therapeutic window has expired.[??] There
have also been reports of higher rates of all-cause mortality
and amputations in patients with peripheral arterial disease
treated with paclitaxel-coated devices, compared with uncoated
devices.[%]

Thrombosis and restenosis are challenges in a broader range
of blood contacting materials, including central venous catheters
(CVCs) where additional challenges arise from catheter-related
bloodstream infections (CRBSIs), which are difficult and costly
to treat as well as ultimately potentially lethal.[2®) CVCs are a
common route of systemic infection by bacterial strains, such
as Staphylococcus epidermidis that exist harmlessly on the skin
surface, but upon entering the blood stream result in device
colonization by forming biofilms.[”’} In clinical practice, the
occurrence of a CVC infection will worsen the patient’s prog-
nosis, reduce treatment options, and increase the patient’s
overall hospital stay. When a CVC infection involves a ma-
ture biofilm, the mortality rate becomes exponentially greater
because biofilms are 1000 times more resistant to antibiotic
treatment than planktonic derived infections.”®! Every year, in
the US, there are 250 000-400 000 reported cases of CRBSIs
with an associated mortality rate of 12%-15%.23% The National
Biofilms Innovation Centre (NBIC) report that as of 2019 $387
bn is spent globally dealing with the consequences of biofilms
in hospital acquired infections, of which $11.5 bn is estimated
to be due to CVC related infections.[*"]

In blood-contacting materials, the two primary challenges of
hemocompatibility and infection prevention have a common “so-
lution”: the prevention of cell attachment through minimization
of nonspecific protein binding.*2*! Initial protein adsorption to
the surface of an implantable material leads to complications,
such as chronic infection and thrombosis.?* In this context,
novel coating technologies have been intensively investigated to
provide new surfaces that prevent, or minimize, protein, and cell
binding, including organic polymers, inorganic films, and the
use of biological components.!3-38]

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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The main challenge in developing coatings for medical de-
vices lies in striking a balance between an implementable,
effective and scalable production method and achieving opti-
mal coating properties for the intended biological environment.
Polyethylene oxide (PEO)-like surfaces, which boast a repeat
C—0—C moiety, are one of the most common coatings used in
biomaterials because they are naturally antifouling, hydrophilic,
and nonbiodegradable.® These materials are widely accepted
and repeatedly demonstrated as nonfouling because they in-
crease surface hydrophilicity, which prevents proteins from dis-
placing preadsorbed water.[*0]

Polyethylene glycol (PEG) has long remained the gold standard
in nonfouling coatings for medical devices showing high bio-
compatibility and minimization of protein adsorption.*!l How-
ever, these coatings suffer low thermal stability and high lev-
els of oxidative degradation causing a reduction in nonfouling
capabilities over time.[***142] Hyperbranched polymer coatings,
such as hyperbranched polyglycerol (HPG) have been the source
of intense interest since 1990 due to their uniform surface cov-
erage, improved thermal, and oxidative stability, as well as en-
hanced protein repulsion.*!*35] These materials have applica-
tions that span from preventing implant failure, due to antifoul-
ing and anticoagulant properties, to drug delivery systems where
HPG is used to prevent nanoparticle coagulation.***8] HPG
has consistently been shown as highly biocompatible and resis-
tant to proteins.*’) Long-term storage stability of HPG coatings
has also been demonstrated, a vital requirement for industrial
application.3?!

Routes to HPG formation have been explored via both
cationic and anionic ring opening, using graft-to and graft-
from approaches to coat a myriad of materials from metal
and silicon to clinically relevant polymers.[*#35051 HPG is
accessible through a one-step synthesis using an anionic ring
opening mechanism.l>?] These approaches often evidence the
production of a HPG coating, using an initiator molecule, in
the range of 5-25 nm in thickness, on a single class of substrate
materials.[*153-%] The initiator attacks the glycidol monomer,
producing a secondary alkoxide, which in turn can attack further
glycidol monomers. Rapid proton exchange between different
chain ends (primary and secondary alcohols) results in the
formation of a branched structure, with the reaction continuing
until all monomer has reacted, or the process is terminated
by quenching the process to neutralize the alkoxides.[®! Wet
chemistry approaches are favored within the literature; however,
these methods are flawed by extensive and complex protocols
that require slow monomer addition to the catalyst/initiator
under a controlled environment, before washing and refining
the HPG product to affix to the desired material.*’! Graft-from
approaches rely on deprotonation of the target material surface to
promote self-initiation in glycidol which will lead to a covalently
bonded HPG coating.[*’] This approach naturally forms a more
uniform and consistent surface coating, arguably further reduc-
ing protein adsorption.>***] However, chemical deprotonation
techniques are inapplicable across a broad range of substrate
materials.[*]

An alternative approach using plasma activation, generating
an oxide layer to promote grafting, is applicable to a more diverse
range of materials without the production of chemical waste.[328]
Plasma has the distinctive advantage of being an immersive tech-
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nique, activating all surfaces of an object (e.g., a vascular stent)
within the plasma, as well as having proven scalability. A plasma
activation-based protocol was recently optimized by Burzava et al.
where polystyrene (PS) on Si was exposed to air plasma (100 W,
5 min) before immediate submersion in glycidol (100 °C, 24 h),
providing a coating of 24 nm thickness.[3?!

In spite of the extensive exploration of coating production
methods there is notably a distinct absence of chemical com-
positional characterization and frequently water contact angle
is the only evidence provided to prove the HPG coating has
formed.l>>%%%l Surface analysis is vital for antibiofouling coat-
ings because issues arise where a surface coating is not pinhole
freelol]

Herein, we report on the deposition, structure, and proper-
ties of a novel protocol to produce ultrathin HPG coatings on
a wide range of materials and demonstrate both antithrombotic
and antibiofouling properties (Figure 1). We show our protocol,
which utilizes plasma to rapidly and uniformly activate the sub-
strate, yields an ultrathin HPG coating that is tightly bound and
pin-hole free irrespective of the substrate. The various stages of
coating preparation are rigorously evaluated by X-ray photoelec-
tron spectroscopy (XPS) to better understand the process lead-
ing to coating formation and the resultant chemical structure.
Antibiofouling properties are explored through single protein
adsorption experiments and direct culture with several micro-
organisms commonly associated with device colonization. Using
XPS gas-cluster ion milling, we demonstrate that any attaching
proteins are held at the coating/biological interface and do not
penetrate the HPG coating. We have used the novel approach
of Fourier-transform infra-red (FTIR spectroscopy to show that
the HPG coating effectively prevents the transition of micro-
organisms from planktonic to biofilm. Ex vivo studies, using iso-
lated platelets and fresh human blood (allowing us to minimize
the amount of heparin added and therefore reduce pharmaco-
logical effects), demonstrate that our HPG coating is highly ef-
fective at preventing the binding and activation of platelets and
greatly reducing the thrombogenicity of a range of substrates in-
cluding nitinol stents. Using the gold standard apolipoprotein E
(ApoE) knockout atherosclerotic mouse model, we demonstrate
that HPG-coated stainless-steel (SS) stents exhibit significantly
reduced restenosis and remained patent after 28 days, while, in
stark contrast, a majority of control stents became completely oc-
cluded.

2. Results and Discussion

2.1. Surface Analysis of HPG Coating and Coating Process
2.1.1. XPS Analysis of Substrate Materials

Analysis of the HPG grafting process was performed on titanium
coated silicon wafer (TiSi), and polytetrafluoroethylene (PTFE)
substrates, selected due to their clinical relevance and ease of use
with surface analysis techniques. For each substrate, preliminary
XPS evaluation was carried out to determine the baseline chem-
ical composition.

To form the TiSi substrate, Si wafer was sputter coated with
Ti, forming a uniform coating of 40 + 5 nm. XPS of TiSi re-
veals carbon (C), oxygen (O), Ti, calcium (Ca), and nitrogen (N)

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Graphical overview of HPG coating process. a) Different materials were successfully coated with HPG. b) The first step of process is activating
the material with plasma followed by c) incubation in glycidol at 80-100 °C for 24 h leading to the d) growth of a nanometers-thin layer of HPG. e)
Successful HPG coating was confirmed by XPS. f) HPG is evidenced to resist whole blood adhesion and bacterial biofilms.

signals (Figure 2a). The amount of C detected (41.3% of the el-
emental composition) indicates the presence surface hydrocar-
bon (HC) contamination. The Ti 2p spectrum contains two peaks
at 458.66 and 464.28 eV, corresponding to the Ti 2p*? and 2p!/?
environments, respectively (Figure S1, Supporting Information).
The positions of these signals are consistent with Ti(IV) oxide
(TiO,), with a small contribution (13.3% of the Ti 2p signal)
from Ti metal, Ti(Il) and Ti(I1I).[%?] The O 1s (Figure 2c) reveals
three binding environments: two at 529.9 and 531.3 eV assigned
to Ti—O—Ti and Ti—O—H, respectively,!®] and a third at and
532.5 eV assigned to C—O. The absence of any signal from Si
indicates that the surface TiO, layer is thicker than the XPS sam-
pling depth.

PTFE was chosen as an example of a clinically relevant poly-
mer, widely used in medical devices.[*Y] XPS analysis of PTFE
wide scan spectra (Figure 3a) show predominantly C and F sig-
nals, with a low (<0.5%) amount of O, indicating negligible sur-
face oxidation. The C 1s core line spectrum (Figure 3b) shows a
strong signal at 292 eV, consistent with the CF, environment. A
further trace signal at 285 eV indicates a low level of HC contam-
ination. The O 1s core line spectrum (Figure 3c) is centered at
532.6 eV corresponds to C—O, likely due to surface HC contam-
ination.

2.1.2. XPS Analysis of Plasma Activated Substrate

The protocol for fabricating HPG coatings requires plasma ac-
tivation of the substrate with an air plasma for 20 min prior to

Adv. Healthcare Mater. 2024, 2401545 2401545 (4 0f23)

immersion in distilled glycidol. In order to better understand
the grafting process, substrates were analyzed with XPS after the
plasma activation step, but before exposure to glycidol.

In plasma-activated TiSi (Figure 2d-f; and Figure S1b, Sup-
porting Information), removal of HC contamination is clearly ev-
ident (C drops from 41.3% to 6.2%). Trace amounts of Si are de-
tected, attributed to contamination from the plasma reactor. O
can be seen to increase from 39.9% in the original TiSi wafer
to 64.5%, in line with the objective of incorporating reactive sur-
face moieties that facilitate the surface grafting of glycidol. The
Ti 2p!/? and 2p*/? binding energy positions remain relatively un-
changed (Figure S1, Supporting Information), with only minor
changes detected in the line shape, indicating a very slight in-
crease in Ti(IV) from 86.7% to 87.5% of the Ti2p signal. Com-
pared to the original TiSi substrate, the O:Ti ratio marginally in-
creases from 2.3:1 to 2.7:1 following plasma activation. Plasma
activation also resulted in an additional O 1s binding environ-
mentat 532.85 eV (Figure 2f), which, based on previous literature
and the removal of HC contamination, we postulate as Ti—O—O
dangling bonds.[%*] The Ti—OH and Ti—O—O moieties are poten-
tially highly reactive sites that would facilitate the radical grafting
of glycidol, initiating the polymerization process and growth of
HPG coatings.

Plasma activation of PTFE (Figure 3d—f; and Figure S2b, Sup-
porting Information) results in a small increase in O (from 0.4%
to 2.9%). C 1s peak fitting reveals a number of new carbon en-
vironments, clearly identifiable between 285 and 292 eV; these
are anticipated with the introduction of oxygen binding environ-
ments (such as C—0, C=0, etc.), as well as potential damage to

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. XPS spectra of TiSi substrate throughout the HPG grafting process. a—c) Clean TiSi wafer prior to the HPG process. d—f) TiSi substate after
plasma activation, but before HPG grafting. g—i) TiSi substate after HPG grafting. Wide scan spectrum displaying chemical composition of the coating
a,d,g). C 1s core line spectra b,e,h). O 1s core line spectra c,f,i). Associated Ti 2p spectra shown in Figure S1 (Supporting Information). Composition %

values shown in Table ST (Supporting Information).

the CF, backbone structure, resulting in a broad range of carbon-
fluorine-oxygen environments (potential binding environments
are labeled on Figure 3e). The O 1s spectrum centers around
535 eV, likely corresponding to O—C—F, environments.[®*] Simi-
lar to plasma activated TiSi, these O—C—F, environments are po-
tentially reactive sites which facilitate the HPG grafting process.

2.1.3. Analysis of HPG Grafting on Substrate

Following plasma activation of the substrate, substrates were im-
mersed in distilled glycidol and left to polymerize in an oven at
80 °C for 24 h. Polymerization was terminated by removing the
unreacted monomer solution and quenching the reaction by a
succession of methanol washes.

XPS analysis of glycidol grafted to the various (activated) sub-
strate materials reveals remarkably chemically similar HPG coat-
ings (Figures 2g—i and 3g-i). The XPS wide scan taken for
HPG on TiSi (Figure 2h) reveals an increased C signal (49.7%,
compared to 6.2% in plasma activated TiSi), indicating deposition
of a coating. Clearly identifiable Ti 2p peaks indicate the thinness

Adv. Healthcare Mater. 2024, 2401545 2401545 (5 0f23)

of the coating, less than the XPS sampling depth of 5-10 nm.[%¢]
The C 1s core line spectrum (Figure 2h) reveals a characteris-
tically high C—O signal (81.4% of the C 1s signal) at 286.4 eV,
indicative of the high C—O—C content and the successful for-
mation of HPG. Nevertheless, the “true” C—O—C content of the
HPG may be higher than measured by XPS, because the C—H/R
contributions, usually attributed to HC contamination, could in
this instance be located at the TiSi substrate (i.e., not removed by
plasma activation or contamination between plasma activation
and immersion in glycidol). Observation of this potential sub-
strate HC contamination is a result of the ultrathin nature of the
HPG coating. In the O 1s (Figure 2i), a strong peak emerges at
532.7 eV (67.6% of the O 1s signal) originating from C—0—C,
in correlation with the C 1s C—O peak, and potentially Ti—O—O
from the Ti—Si substrate.

The XPS spectra recorded for HPG coated PTFE (Figure 3g—i)
again show clear signs of HPG coating. The wide scan spectrum
(Figure 3g) shows a small increase in C compared to the plasma
activated sample (from 35.6% in plasma activated PTFE to 43.6%
in the HPG coated sample), but a much greater increase in O
(from 2.9% to 15.7%), again indicative of coating formation.
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Figure 3. XPS spectra of PTFE substrate throughout the HPG grafting process. a—c) Clean PTFE prior to the HPG process. d—f) PTFE substrate after
plasma activation, but before HPG grafting. g—i) PTFE substate after HPG grafting. Wide scan spectrum displaying chemical composition of the coating
a,d,g). C Ts core line spectra b,e,h). Note that while several potential environments are labeled, a range of other C/F/O environments may be present. O
1s core line spectra c,f,i). Associated F 1s spectra shown in Figure S2 (Supporting Information). Composition % values shown in Table S2 (Supporting

Information).

The F 1s signal in the wide scan remains high (at 38.9%),
again indicating the coating is thinner than the XPS sampling
depth.

In the XPS C 1s core line spectrum (Figure 3h) a strong signal
from the CF, group remains, alongside the new signal intro-
duced by the HPG at 286.5 eV indicative of the C—O—C moiety,
accounting for 35.0% of the C 1s signal. The presence of the CF,
(and other CF, and OCF, signals) indicates a thin HPG coating
less than the XPS sampling depth (<10 nm). Again, we would
expect the true C—O content of the coating to be higher than this
indicates, with a substantial portion of the C 1s signal arising
from the substrate. The O 1s signal (Figure 3i) shows the dom-
inant C—O—C character (75.6%) centered at 532.6 eV, indicating
HPG formation, alongside O=C, C—OH, and O—C—F,, binding
environments which come from the coating and underlying
PTFE.

To further compare the consistency of HPG coatings, HPG
was grafted onto Si and Al (Figures S3 and S4, respectively, Sup-
porting Information). These samples also display a characteristic

Adv. Healthcare Mater. 2024, 2401545 2401545 (6 0f23)

C—O peak in the C 1s spectra, accounting for 83.8% and 79.3%
of the C 1s signal for Si and Al, respectively, and indicate a thin
coating with substrate signals clearly detectable in the wide scan
spectra (Table S3, Supporting Information).

To further elucidate the likely structure of the HPG coating,
end group labeling was performed by derivatization with trifluo-
roacetic anhydride (TFAA) on HPG coated TiSi substrates. The
derivatization mechanism is shown Figure S5 (Supporting In-
formation). Likely end groups that terminate the HPG coating,
C—OH, C=0, and COOH, are all known to react with TFAA to
form —O—C(=0)—CF,.1”] By using XPS to measure fluorine con-
centration in the wide scan spectrum or CF; percentage compo-
sition in the C 1s core line spectrum (Figure S6, Supporting In-
formation), we can estimate the proportion of end groups in the
HPG coating using the following formulal®!

[CF;]

X = T00-2x [CF,]

- 100% (1)

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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where [X] represents the labelable end group concentration,
and [CF;] is the fraction of CF; carbon in the C 1s spectrum
groups.[®%1 While the derivatization introduces HC contamina-
tion, which is not uncommon, from the CF, and CO peak compo-
sitions in the C 1s spectrum, and the introduction of a correction
factor for HC contamination (by comparing the C—O/C—R ratios
of the spectra before and after TFAA labeling), we are able to cal-
culate that 5.5%—6% of carbons are end groups. It follows that
for every end group there are ~16-18 C—O—C repeats and from
protein adsorption data (Section 2.2.1), we speculate that HPG
chains are likely to pack in a regular and tight fashion across the
substrate surface.

In addition to XPS measurements, HPG coatings were studied
using contact angle measurements and atomic force microscopy
(AFM). Contact angle measurements made on Si, TiSi, and PTFE
(Table S4, Supporting Information) all show a reduction in water
contact angle between uncoated and coated samples, further indi-
cating that similar coatings have been formed on each substrate.

AFM was used to confirm the uniformity and pinhole free na-
ture of the HPG coatings on TiSiand Si, and to estimate the thick-
ness of the coating. After grafting of HPG onto TiSi, the morpho-
logical feature of the plasma activated substrate were not visible
(Figure S7, Supporting Information), indicating HPG forms a
uniform and pinhole free layer across the surface. Interestingly,
part of the HPG formed large agglomerates. Scratch tests were
performed which produce a line profile to indicate sample thick-
ness. Typically, the line profile should display a step, the height of
which can be measured to provide an approximate sample thick-
ness. From the representative scratch test performed on HPG
grafted onto TiSi the coating thickness is as low as 1.27 nm. How-
ever, we note that the RMS roughness of the coating inside the
scratched area (4.38 nm) is higher than the plasma activated sur-
face, suggesting the presence of a strongly bound HPG layer that
could not be removed. We therefore note that this value is a lower
bound for coating thickness. Analogously, the HPG coating on Si
is found to be uniform and pinhole free with a thickness as low
as 0.31 nm thick (again, as a lower bound). The thinness of these
films is corroborated by the clear visibility of substrate signals in
the XPS data.

2.2. HPG Resistance against Protein Adhesion and Biofilm
Formation

2.2.1. Protein Adsorption

HPG coatings on TiSi (and ethanol (EtOH) plasma polymers,
80 nm thick, used as a control experiment) were exposed to single
solutions of albumin (the most abundant blood protein)/”"! and
fibrinogen (an adhesive protein, implicated in cell binding),”!!
using an adapted protocol from Wu et al.l”?] After incubating for 1
h, samples were washed three times in phosphate buffered saline
(PBS) to remove loosely bound (termed “reversibly adsorbed”)
proteins. With further samples, after protein adsorption, washing
was repeated with a more rigorous protocol using sodium dode-
cyl sulphate (SDS) solution. Any remaining protein was deemed
to have irreversibly attached (“retained protein”).[”3]

XPS was used to detected protein using the unique N 1s sig-
nal. Figure S8 (Supporting Information) demonstrates that of the
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materials tested, the HPG coating exhibits the highest degree
of resistance to initial (reversible) protein adsorption (the N 1s
signal accounted for 1.4% and 4.5% of the atomic composition
when exposed to albumin and fibrinogen, respectively), and it is
the only coated sample tested where retained protein adsorption
was beyond XPS detectability (uncoated Si and uncoated PTFE
also showed no detectable retained protein adsorption). Previous
studies have shown that nitrogen content of around 1% corre-
sponds to 10-25 ng cm™2 of fibrinogen at the surface (though
this is substrate dependent and may also depend on the organi-
zation of the adsorbed protein layer).”* The level at which pro-
tein adsorption becomes detrimental for platelet attachment and
activation is believed to be c. 30 ng cm™2.17>7¢]

This result is consistent with earlier work, where a much
thicker HPG coating of 25 nm effectively resisted reversible pro-
tein binding and is termed “low fouling”, based on a low level
of protein detected by XPS (< 1%N) and secondary ion mass
spectrometry.??) Our study further exemplifies the remarkable
quality of HPG which does not permit irreversible attachment
of proteins, unlike other coated materials, which lends to the hy-
pothesis that HPG could be excellent for both hemocompatibility
and nonbiofouling applications. In the case of reversibly bound
protein, an interesting question is whether this protein is held
at the HPG surface, or whether it might conceivably have pene-
trated within the coating. To investigate these possibilities, XPS
ion milling was employed to etch the reversibly bound protein
and HPG coating.

XPS ion milling, using a gas cluster ion source (GCIS), allows
depth profiling of organic materials, removing polymer layers
with minimal damage to the underlying polymer structure.”’!
Prior to protein depth penetration measurements, GCIS milling
settings were tested on HPG on TiSi coatings, milling from
the air-interface, through the coating to the substrate-interface.
Reaching the substrate is evidenced by significant removal of car-
bon (Figure S9 (Supporting Information) shows wide scan spec-
tra before and after etching). The core line spectra for C 1s, O 1s,
and TiSi 2p were collected at 10 s etch steps, over a 1000 s total
etch time. Figure 4a—d shows the evolution of the C 1s spectra
as the HPG coating is removed, with the initially dominant C—O
environment gradually reducing over time. Plotting the atomic
composition (Figure 4e) shows that by 350400 s etch time, the
Ti 2p, O 1s, and C 1s signal plateau, indicating that the substrate
has been reached. Within the C 1s spectra, the removal of HPG
coating was defined as the time at which the C—O component
area (CPS eV) plateaued (Figure 4f). For HPG on TiSi substrate
this occurred at around 350 s. After this point the C 1s, O 1s,
and Ti 2p composition remained unchanged, suggesting that the
GCIS is only able to remove HPG and does not remove the un-
derlying substrate.

After establishing suitability of ion milling for depth profiling
HPG coatings, HPG on TiSi was exposed to albumin, washed
with PBS and then milled (initial and final wide scan data pre-
sented in Figure S10, Supporting Information). For each 10 s
etch C 1s, O 1s, Ti 2p, and N 1s core line spectra were collected
(Figure 5). The N 1s signal was observed to rapidly change over
the first 0-100 s of etching. The dominant N—C peak reduces by
over 50%, signifying the rapid removal of the protein. Figure 5a—f
shows the evolution of the C 1s and N 1s spectra during the ion
mill. Figure 5g shows the atomic composition against etch time,
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Figure 4. lon milling of HPG coating on TiSi substrate. a—d) C 1s core line spectra at a) 0 s milling, b) 100 s milling, c) 200 s milling, and d) 300 s milling.
e) Atomic composition (%) plotted against etch time (s). f) C 1s C—C/H and C—O component area plotted against etch time. C—O area plateaus by
350 s, indicating removal of the C—O based HPG coating. Smoothing applied to all ion mill spectra (Savitzky—Golay, quadratic, width 7). Corresponding

wide scan spectra available in Figure S9 (Supporting Information).

showing a clear reduction in C 1s and N 1s and corresponding
increase in Ti 2p and O 1s as both the protein and coating are
etched away through to the substrate.

As shown in Figure 5a—f)h, the etch rate of N—C (amide) and
C—O (HPG) are different, with the N—C plateauing to a mini-
mum value by 100-150 s, and the C—O continuing to reduce
until 350400 s etch time (similar to HPG without albumin in
Figure 4). While three distinct peaks can still be observed in the
N 1s spectra (Figure 5f), these are associated with the substrate,
and can also be identified at the HPG/substrate interface in HPG
on TiSi that has not been exposed to albumin (Figure S9¢c, Sup-
porting Information). A credible explanation that fits all these
data is that the HPG coating “holds” proteins at its surface, pre-
venting protein molecules from moving within the coating to
the TiSi interface. To strengthen this argument a control exper-
iment was carried out by depth profiling in an 80 nm EtOH PP
coating, following exposure to albumin (Figure S11, Supporting

Adv. Healthcare Mater. 2024, 2401545 2401545 (8 of 23)

Information). Within this sample, protein (from N1s signal at
400.19 eV) etches at the same rate as EtOH (from Cls C—O sig-
nal at 286.39 eV), and, while the substrate is still not reached after
1500 s etching due to the coating thickness, the continued pres-
ence of N—C throughout the mill indicates that some protein has
migrated within the coating rather than being held at the coating
surface.

2.2.2. Microbial Colonization and Biofilm Formation

The ability of HPG coatings to prevent bacterial colonization
and biofilm formation, in two Gram-positive and three Gram-
negative species, were tested independently in two laboratories
at the Centre for Cancer Biology, University of South Australia
(UniSA, Australia) and at the Royal Lancaster Infirmary (RLI,
UK). At UniSA, uncoated and HPG coated TiSi substrate was

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. lon milling of HPG coating on TiSi substrate exposed to albumin. a—f) show C 1s and N 1s spectra at points throughout the milling process: a)
Clsand b) N 1s at 0 s mill time. ¢) C 1s and d) N 1s at 150 s mill time. e) C 1s and f) N 1s at 300 s etch time. g) Atomic composition (%) plotted against
etch time (s). h) C 1s C—O and N 1s N—C component area plotted against etch time, showing the time at which N—C plateaus, indicating removal of
protein, is between 100 and 150 s. C—O area plateaus by 350 s, indicating removal of the C—O based HPG coating, indicating that protein is held at or
near the coating surface. Smoothing applied to all ion mill spectra (Savitzky—Golay, quadratic, width 7). Corresponding wide scan spectra available in
Figures S9 and S10 (Supporting Information). Positive control data (EtOH plasma coating) provided in Figure S11 (Supporting Information).
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Figure 6. Characterization of uncoated and HPG coated Ti a—c) or Al d,e) substrates following with 5 bacterial species (E. coli, S. aureus, P. aeruginosa,
A. baumannii, S. epidermidis). a) Representative bright-field microscopy images of crystal violet stained HPG and uncoated samples, after 24 h static and
rotary incubation with each strain. Area of surfaces exposed to bacteria were identical with a surface-area-to-volume ratio of 0.227. b) Summative graphs
displaying the number of bacteria adhering to the surface of each HPG coated (blue) and uncoated (pink) sample, after 24 h static and rotary incubation
with each strain. Bars represent the mean with dots of individual experiments, ****p < 0.0001, Student’s t-test. c) Summative graphs quantifying the
total area coverage (%) per sample, after 24 h static and rotary incubation with each strain. d) Fluorescence microscopy live dead stain demonstrated
exceptionally low colonization of HPG coated glass. €) FTIR spectroscopic analysis reveals unshifted amide | protein region on HPG coated aluminum,
suggesting the phenotype of the bacteria has not switched from planktonic to biofilm. Further evidence given in Figure S4 and Table S5 (Supporting

Information).

examined for the extent of colonization after 24 h of exposure
to cultures of E. coli, S. aureus, P. aeruginosa, and A. baumannii,
using standard microbiological methods (see the Experimental
Section). The CFU reflect the number of viable bacteria adhered
on to the surface of the wafers and crystal violet staining reflects
the biofilm and any other bacterial debris. Figure 6a—c provides
evidence of significantly lower bacterial attachment visibly ob-
served on the HPG coated surfaces (p < 0.0001), compared to
the uncoated surface. Furthermore, the number of live bacteria
adhering to the HPG was quantified, and was consistently re-
duced compared to the uncoated control, across all species. Most
promisingly, the colonization of A. baumannii was extremely low
under static and rotary conditions evidenced by both % area of
bacterial coverage and the number of bacteria adhering to the
surface, which remains below 10> CFU mL~'. This result is par-

Adv. Healthcare Mater. 2024, 2401545 2401545 (10 0‘F23)

ticularly significant because A. baumannii is extremely prevalent
in hospital acquired infections originating from the use of a wide
range of medical devices.[”®!

At the RLI, HPG coatings were tested against a rapid biofilm
forming strain of S. epidermidis. Figure 6d shows fluorescence
microscopy live dead staining of S. epidermidis, demonstrating ex-
ceptionally low colonization of HPG coated glass. While standard
microbiological characterization can demonstrate low bacterial
attachment, they are unable to define the biofilm phenotype.l””]
A novel FTIR spectroscopy technique was used to determine
whether attached microorganisms were in the planktonic or
biofilm state.®%] Figure 6e shows the result from this FTIR analy-
sis of uncoated and HPG coated aluminum after 4 h bacterial ex-
posure. Aluminum substrates were used due to the incompatibil-
ity of Si substrates with FTIR (evidence of HPG coatings on Al is
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shown in Figure S4, Supporting Information). FTIR allowed eval-
uation of the protein composition of a sample, which can be used
to monitor the phenotypic switch from planktonic to biofilm. For
S. epidermidis, the centroid of key protein region (amide I) ap-
pears at 1634 (+ 2) cm™! (when analyzed on aluminum foil sub-
strates) for planktonic samples. The amide I peak is markedly
shifted in biofilm samples to 1644 cm™!, signifying a chemical
change coincident with the phenotypic switch to an adherent cell
population.!®] On 4 h incubation, a peak shift to 1644 cm™! was
recorded for uncoated samples. In contrast, on the HPG coated
sample, no shift in the protein peak position was observed, in-
dicating that even where bacterial colonization has occurred, a
biofilm has not formed.

Overall, there is a consistency in results from both institutions
revealing a markedly reduced level of bacterial colonization on
HPG coated surfaces, and longer-term ability of HPG to pre-
vent biofilm formation on the surface when examined with single
species models.

2.3. HPG Interaction on Blood Contact

To study HPG - blood interactions, HPG coatings were applied
to nitinol and SS sheets and stents (as shown in Figure 1). The
coatings obtained were identical to those discussed earlier.

2.3.1. Platelet Adhesion and Activation

For blood-contacting materials, platelet binding and activation is
one of the first defenses in the foreign-body-response, ultimately
leading to thrombosis.l”! We began testing the hemocompatibil-
ity of HPG-grafted materials by investigating the interaction with
freshly isolated human platelets.

In line with our previous work,*2 HPG was grafted onto PS
that had been spin-coated onto a silicon wafer to allow for easy
chemical (see XPS analysis in Table S5 and Figure S12, Support-
ing Information) and biological analysis of the flat and pure sub-
strate. Isolated platelet suspensions from human volunteers were
incubated on the surfaces for 1 h, washed and stained. Platelets
were found to bind in abundance to the plasma-activated PS con-
trols, as seen in Figure 7a. This was not unexpected as these sur-
faces are analogous to tissue culture PS and highly susceptible
to cell attachment. Conversely, the HPG-grafted PS was found to
be extremely resistant to platelet binding, which was reduced by
>99.99%, with respect to the PS control (p < 0.0001) (Figure 7a,b).

Multiple morphologies were observed for the bound platelets
that ranged from small and rounded through to large and spread
with pseudopodia. For analysis, the platelets were categorized
into three distinct subpopulations and partitioned by visual as-
sessment from the fluorescent micrographs, as summarized in
Figure 7b. These morphologies are a reliable indicator of the state
of activation of the platelets, with greater cell spreading associ-
ated with greater activation.®'#2] Small rounded platelets are con-
sidered to be in a nonactivated resting state.[®*] The PS controls
consisted of ~84% of platelets that were completely spread, ~6%
that were starting to spread (dendritic morphology) and ~10%
that remained round. It is our contention that a vast majority
of the platelets bound to the PS were activated and would be
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Figure 7. Platelet binding. a) Platelets isolated from human blood bind
to plasma-treated PS but not HPG-coated surfaces. b) Quantification of
platelets (spread in green, starting in red, and round in blue) bound to
PS and HPG surfaces. Data represent mean + SEM,**** = p < 0.0001
unpaired Student’s t-test. Examples of spread (green hollow arrowheads),
starting to spread (white hollow arrowheads), and round (blue solid ar-
rowheads) morphologies. c) Human platelets bind to a SS mesh (left) but
not to HPG-coated SS mesh.

contributing to thrombus formation in a whole-blood system.!84]
There were no spread platelets found on the HPG-coated sam-
ples. These data suggest that the HPG coating almost completely
prevented platelet attachment and activation in this isolated sys-
tem.

Flat substrates are often necessary to validate the performance
of a medical coating, but they do not present the technically
challenging aspects associated with 3D and multifaceted devices,
such as stents. Moving toward a more geometrically complex
model system, SS mesh, with 90 um thick woven wires, was
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chosen to represent a more stent like architecture. HPG mod-
ification of SS mesh followed the same process as for flat PS
and yielded the characteristic etheric carbon peak expected for
a suitable HPG coating (Table S5 and Figure S12, Supporting In-
formation). Following incubation with isolated platelets, washing
and staining, the control SS mesh was clearly visualized by flu-
orescence microscopy due to the abundance of bound platelets
(Figure 7c). Once again, it was not unexpected that large quanti-
ties of platelets would bind to the uncoated control samples since
this is a known limitation of clinical-grade SS stents.[®] On the
other hand, the HPG-grafted SS mesh exhibited very few platelets
(99.8% reduction over control, calculated by fluorescent area over
equivalent fields of view), despite the increased complex geome-
try and potential places for the platelets to lodge. Notably, the few
bound platelets on the HPG-coated SS mesh were not associated
with any particular feature of the woven mesh, such as the cross-
over joints, as might have been expected. Achieving this very low
binding of platelets on a substrate with much greater geometric
complexity and on a material of clinical relevance demonstrates
the robustness and potential of the HPG coating to provide bene-
fits to existing endovascular devices. The result also confirms the
uniformity of our HPG coating process, able to protect the more
hidden surfaces at the cross-over joints.

2.3.2. HPG Prevention of Stent Thrombosis Ex Vivo

Building on the reduced platelet binding on SS mesh, the HPG
coating was further challenged on clinical-grade nitinol stents us-
ing whole blood under conditions of shear flow (Figure 8). Here,
we investigated ST in HPG-grafted nitinol stents exposed to fresh
human blood, using a modified Chandler loop assay.[!*#”] For
these studies, commercially available 6 mm diameter stents were
cut into sections consisting of 4 struts and coated with HPG fol-
lowing the same process as previous substrates. Successful HPG
grafting was again confirmed by a characteristic etheric carbon
peak in the high resolution XPS spectra (Table S5 and Figure S12,
Supporting Information).

A typical Chandler loop assay consisted of one bare (control)
stent section and up to four HPG-grafted stent sections inserted
into separate loops, which were then filled with fresh human
blood. Simulated blood flow was maintained in each loop at
~5 dyn cm=? at 37 °C for 2 h. A representation of the outcome
of these assays is presented in Figure 8b and shows a signifi-
cant difference in performance between bare nitinol and HPG-
grafted nitinol stent sections. Every bare nitinol control was com-
pletely occluded by the completion of the assay, however, clots
varied in size and weight between donors. In stark contrast, the
HPG-grafted stent sections consistently appeared free from any
clot formation and weighed significantly less than the controls
(Figure 8c).

To interrogate further and identify any cellular interactions
that might be occurring at the surface, scanning electron mi-
croscopy (SEM) images of the stent samples were analyzed. As
expected, the control stents were completely covered in large net-
works of fibrin strands containing trapped erythrocytes, which
were absent from HPG-grafted stent sections (Figure 8d). This
was consistent with the reduced platelet binding on HPG-coated
surfaces and supports the hypothesis that the prevention of
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Figure 8. HPG-coated stents prevent platelet binding. a) Schematic of a
stent made from nitinol struts coated with HPG. b) HPG coating prevents
blood from clotting in a Chandler loop. ¢) Comparison of combined weight
of clot and stent of a control stent versus an HPG-coated stent after 2 h
in a Chandler loop. Data represent mean + SEM, n = 12 independent ex-
periments, ** = p < 0.01, Student’s i-test. d) Magnified images of control
and HPG stent, and electron microscope images of platelets and fibrin
networks bound to them. e) Cells predominantly bind to strut areas that
are perpendicular to the blood flow. f) Fluorescence microscopy images of
lobulated mononuclear cells consistent with neutrophils bound to HPG-
coated stent struts. Cells were stained with CFDA SE Cell Tracer in green
and DAPI in blue.
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platelet binding reduces thrombosis on HPG-grafted stents. The
SEM micrographs did however uncover the presence of a popula-
tion of cells lining, almost exclusively, the area of the stent struts
that lay perpendicular to the direction of blood flow (Figure 8e).
These areas are known to create eddies in the flowing blood
and potentially cause the blood to stagnate at these locations.®®!
While platelets and erythrocytes could be ruled out due to the size
and shape of the cells, SEM analysis does not allow the nature of
these cells to be determined. However, fluorescence microscopy
revealed the population consisted of lobulated mononuclear
cells (Figure 8f), consistent with neutrophils. Furthermore,
our previous studies have determined that neutrophils are a
select population of blood cells that can bind to HPG under
static conditions.*?] This likely reflects the difference in binding
between high and low shear force for these cells.

Further analysis of the HPG coating was designed to es-
tablish suitable robustness and stability to survive packag-
ing, sterilization, and long-term storage at ambient conditions
(Figures S13-S20, Supporting Information). Packaging for niti-
nol stents involves high mechanical forces to first compress
the stent, then slide it into the polymer sheath that keeps it
compressed until deployment. The long-term stability of HPG-
grafted nitinol stent sections was assessed over a 12-month pe-
riod using the Chandler loop assay to test stored samples every
3 months (Figure S17, Supporting Information). Preliminary re-
sults indicated that the HPG coating on stents retained its abil-
ity to prevent thrombosis for up to 12 months, when stored un-
der ambient conditions. In a further study, full-length clinical
grade stents (6 mm X 40 mm) were HPG-grafted, packaged, ethy-
lene oxide-sterilized, and stored under ambient conditions. Once
again, stability of the coating was tested every 3 months for up
to 12 months (Figure S18, Supporting Information) and again
at 44 months (Figure S20, Supporting Information). The Chan-
dler loop assay results in this repeat study confirm that the HPG
coating is robust and able to retain its antithrombogenic proper-
ties throughout the packaging and sterilization process and re-
mained stable at room temperature for up to 44 months. Similar
results were observed for much larger diameter HPG-grafted ve-
nous stents (14 mm X 60 mm) which were also packaged and
sterilized (Figure S20, Supporting Information).

Following on from this encouraging demonstration of the
HPG coating providing significant benefits to blood-contacting
devices by reducing their thrombogenic potential, further inves-
tigations were necessary to determine if the HPG coating elicited
any downstream effects, through activation of other pathways,
above the level commonly seen for current implants.

2.3.3. Complement and Neutrophils are not Activated by HPG

The activation of complement and neutrophils on HPG-grafted
stents was investigated using the Chandler loop assay followed by
testing of the blood from the loops, using an accredited commer-
cial pathology testing laboratory. For these experiments, blood
was collected in lithium heparin Vacuette tubes to delay clotting
during testing. HPG-grafted stents were compared to uncoated
nitinol stents. Two additional control samples were analyzed:
blood that was added to a loop without any device present; and
blood that had not been exposed to the Chandler loop assay. The
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experiment was repeated with blood from five healthy donors.
Results, summarized in Figure 9a, indicated no detectable loss
of complement components for any of the tested samples. Com-
plement component levels remained consistent across the sam-
ples within each experiment with only small variations seen be-
tween donors, with respect to the reference serum composed of
pooled human samples. This analytical technique is highly sen-
sitive to the loss of complement components that would indicate
activation of the complement pathway. It was evident from these
results that neither the uncoated control stents nor the HPG-
grafted stents had activated the complement pathway, corroborat-
ing previous findings.!*"! Furthermore, there was no significant
difference between the samples with respect to reactive oxygen
species (ROS) detection (measured by the dihydrorhodamine-123
oxidative burst assay), which is an indicator of neutrophil acti-
vation (Figure 9b). All tested samples remained two orders of
magnitude lower than the artificially activated sample that repre-
sented a serious clinical event. Therefore, it was concluded that
neutrophils were not activated through transient contact with ei-
ther the control or HPG-grafted stents under flow.

2.3.4. HPG-Grafted Materials do not Elicit Inflammatory Responses
In Vivo

To explore potential adverse immune reactions triggered by the
HPG coating once implanted into tissue, a preclinical rodent tox-
icity study was undertaken. HPG-grafted and bare nitinol disks
implanted subcutaneously under the back skin of mice, for 1 or
5 weeks, were used to investigate potential acute and chronic in-
flammation, respectively. Histology on the explanted back skin
that sat directly above the implanted disks indicated there was
no significant alterations to overall thickness between the con-
trol disk, HPG-grafted disks, and nontreated normal back skin
after 1 or 5 weeks (Figure 10b). When each of the four layers,
epidermis, stroma, muscle, and fat were measured separately
(Figure 10d,e), both the control disks and the HPG-grafted disks
at 1 week showed a statistically significant increase in fat layer
thickness, with respect to untreated back skin. However, there
was no difference between fat layers of the control disks and the
HPG-grafted disks. Furthermore, at 5 weeks the skin from the
HPG-grafted disks had a significantly thinner fat layer than the
normal untreated skin, while the uncoated control disk had re-
turned to the same thickness as the normal untreated skin. While
it was not expected that the bare nitinol disks would illicit an in-
flammatory response, this analysis confirms that the addition of
an HPG coating does not induce an acute or chronic inflamma-
tory reaction.

2.3.5. HPG-Grafted Stents Reduce Restenosis in ApoE~/~ Mice

Finally, we tested the effect of the HPG-coating on ISR using an in
vivo model. We used the carotid inter-position grafting model in
ApoE~/~ mice in which a stent is deployed into a donor descend-
ing thoracic aorta before grafting into the carotid artery of a recip-
ient mouse (Figure 11a).3%1 The study compared HPG-coated SS
stents with bare SS stents over a period of 28 days. Analysis of the
explanted stents, following fixation and sectioning, indicated that
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Figure 9. HPG-coated stents do not show any loss of compliment components nor trigger neutrophil activation. a) There is no significant difference
between the control stent and HPG stent compared to the pooled human reference serum. b) The detected (ROS) are significantly lower in the controls

significant.

all control stents had become completely occluded (restenosed),
largely by proliferating vascular smooth muscle cells, with
resulting neointimal formation (Figure 11b). In stark contrast,
HPG-coated stents had a large, fully patent lumen with mini-
mal neointimal hyperplasia (Figure 11e). Neointima thickness
measurements were taken to the center of the occluded control
stents (500 um) and found to be completely occluded along the
entire length of 5 out of the 8 control stents. The average area of
restenosis for the control stents was 0.84 mm?. The HPG-coated
stents averaged a neointima thickness of 209 pm (measured
from behind the stent strut to the edge of the new lumen), giving
an average restenosis area of 0.55 mm? and, except 2 out of 8
HPG-coated stents that completely occluded, remained patent
along the entire length, resulting in a significant reduction in
restenosis over the bare control stents. Area of restenosis in
HPG samples was measured by tracing the highly conserved
tunica media (Figure 11f,g) and subtracting the area of the new
lumen (Figure S21, Supporting Information). Area of restenosis
for controls was measured from behind the stent struts but the
original vessel wall had to be estimated due to severe degradation
of the tunica media in all samples (Figure 11d,e).

3. Discussion

HPG-grafted substrates have already demonstrated very effective
resistance to surface adhesion of a range of proteins and cells
by these authors and others.333445535459] Furthermore, the bio-
compatibility and hemocompatibility of HPG in solution have
been previously documented, with in vitro and in vivo assays in-
dicating HPG has no adverse effects on complement activation
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and platelet activation.[**°92] Despite the promising evidence for
clinical application, the biocompatibility, hemocompatibility, and
durability of HPG on vascular devices, have not been extensively
tested. This has been in part due to the considerable limitations
with previous methods of achieving a commercially viable HPG
coating on materials, which were complex, costly, and involved
the use of hazardous chemicals.[3*°6:609394 We sought to over-
come these limitations with a novel coating process that is sim-
ple, environmentally friendly and commercially viable.

Our HPG coating process involves plasma activation of the
substrate prior to immersion in glycidol. While we have previ-
ously demonstrated this process on polystyrene on Si,*? here
we demonstrate that the process can be applied to a wide range
of substrates, including Si, Ti, Al, steel, nitinol, PTFE, and PS,
and can be applied to both 2D substrates and 3D stents. XPS
analysis of substrates before and after plasma activation shows
an increase in oxygen content and the formation of an oxygen
rich surface, featuring highly reactive sites that facilitate the gly-
cidol grafting process. The subsequently formed HPG coating
is characterized by a strong etheric (C—O—C) component, typi-
cally accounting for 65%-85% of the C 1s signal. End group la-
beling with TFAA suggests that the coating is primarily formed
of etheric chains, with c. 6% of carbons as end groups. XPS and
AFM analysis of HPG coated show that the coating formed is ul-
trathin (a few nm thick), conformal and pinhole free.

Adhesion of proteins to surfaces is a key step in foreign body
response, cell attachment and biofouling processes. Minimizing
protein absorption is therefore a major goal of low/nonfouling
coatings. Our data indicate that in addition to reduced protein
adsorption, the reversibly bound protein is held at the coat-
ing surface, rather than migrating throughout the coating and
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Figure 10. HPG coating does not elicit an inflammatory response in vivo. a) Schematic of cross section through murine back skin. b) Analyzed full skin
thickness following 1 and 5-week time points with uncoated (red) and HPG-coated nitinol disks (blue) compared to back skin of mice which received
no disk (black). Data represent mean + SEM, n = 3-15 mice, * = p < 0.05, ** = p < 0.01 unpaired Student’s t-test. c) Representative images of sections
stained with H&E after 1 and 5 weeks. Scale bars indicate 250 um. d,e) Analyzed thickness for each individual skin layer for 1 and 5 weeks, respectively.
Data represent mean + SEM, n = 3-15 mice, * = p < 0.05, ** = p < 0.01 one-way ANOVA.
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Figure 11. HPG-grafted stents reduce restenosis in ApoE~/~ mice. a) Graphical overview of mouse surgery. A SS stent (without or with HPG coating)
was inserted retrograde up the thoracic aorta of an ApoE~/~ donor mouse. The aorta was harvested and ligated into the carotid artery of a recipient
ApoE~/~ mouse. After 28 days of chow diet, the blood vessels containing the stents were removed, fixed, resin embedded, and sections stained with
Toluidine blue and Fuchsin. b) In 5 out of 8 controls, stent lumen is completely occluded by neointimal, largely smooth muscle cells, hyperplasia and
struts are surrounded by a significant epithelioid macrophage and multinucleated giant cell (foreign body granulomatous) reaction (n = 8). By contrast
e) the HPG-coated stents have a large patent lumen with minimal neointimal formation. The granulomatous reaction to the struts is greatly reduced
compared to controls (n = 8). Black structures within the vessels are stent struts. Scale bars indicate 200 um in images on the left b,e), and 100 pm in
the magnified images c,d,f,g). h) Statistical analysis comparing percent occlusion of control and HPG-coated groups, mean + SEM, n = 8 independent

experiments. *p < 0.05, Student’s t-test.

through to the coating/substrate interface (as is the case with
EtOH plasma polymer coatings).

Bacterial biofilm formation is the primordial reason for the
contamination of medical devices. Biofilms are not only resis-
tant to antibiotics and disinfectants, but also facilitate bacteria
to evade immune defense mechanisms, such as phagocytosis by
macrophages resulting in the persistence of bacteria in the sys-
tem. Chronic bacterial infections are difficult to treat, which may
lead to multiorgan dysfunction and development of cancer. Test-
ing with a range of Gram positive and Gram negative bacteria,
including E. coli, S. aureus, P. aeruginosa, A. baumannii, S. epider-
midis, shows that the HPG coating provides a significantly lower
degree of bacterial attachment compared to uncoated substrates.
FTIR data also show that, even where bacterial colonization oc-
curs, there is a delay in biofilm formation. The data further cor-
roborate the hypothesis that HPG coatings could be highly suit-
able for hemocompatibility and non/low-biofouling applications.
To further test the applicability of our coating in these areas, we
applied HPG to vascular nitinol stents.

Platelet adhesion and activation on implanted stents play a key
role in ST and ISR. We were able to show that our HPG coating,
when applied to various substrates, significantly reduced platelet
binding by >99%. This was confirmed using platelets isolated
from fresh human blood on both simple, flat surfaces as well
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as more complex structures, in a static model. Using the Chan-
dler loop model to simulate blood flow, we showed that when ap-
plied to sections of a commercial nitinol stent, the HPG coating
dramatically reduced the formation of clots on the stents com-
pared to the uncoated sections. This was consistent across multi-
ple experiments using different donor blood. When the surfaces
were examined under high power magnification the lack of any
attached and activated platelets or a fibrin network on the HPG-
coated stent struts supported the lack of platelet binding observed
in the initial static experiments.

Downstream effects of implanted materials that do not mani-
fest at the site of the device are more difficult to correlate with a
foreign-body-response but still pose a great risk to patients.!”]
Two such effects are the activation of complement and neu-
trophils. The complement pathway can lead to thrombosis at the
site of the device but can also trigger downstream effects through
the generation of activated soluble factors that cause inflamma-
tory responses in multiple organs with the kidneys being par-
ticularly susceptible to injury.®® Similarly, neutrophil activation
leads to the release of large quantities of ROS that can have dev-
astating effects, such as vascular inflammation, atherosclerosis,
and even neurodegeneration.’-’l When fresh human blood ex-
posed to the HPG-coated stents was further analyzed for evidence
of activation of complement or neutrophils, the results showed
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our HPG coating could meet these hemocompatibility require-
ments.

Another key element to the foreign-body-response is in-
flammation, both acute and chronic, driven by the response of
inflammatory cells, such as monocytes and neutrophils, to im-
planted device.l'®] Migration of immune cells and fibroblasts to
a wound site is a normal and necessary part of healing. However,
implanted materials often disrupt this cycle of tissue repair lead-
ing to an imbalance of cell signaling factors and the continued
influx of immune cells. Long-term effects may entail fibrous
encapsulation of the device if matrix remodeling fibroblasts re-
ceive cues due to the presence of the implant. This is particularly
problematic with synthetic polymers, even those commonly used
in modern day surgical procedures, such as polypropylene mesh
for hernia repair,['°! and silicone for breast implants.!'%?! To this
end, it is critical to establish if the addition of the synthetic HPG
coating triggers acute or chronic inflammation when implanted
into tissue. This broader biocompatibility of the HPG coating
was assessed using subcutaneously implanted nitinol disks that
were coated and left for up to 5 weeks. The lack of any gross or
microscopic evidence of an inflammatory response to either the
bare nitinol or HPG-coated nitinol further illustrated the safety of
this coating to the surrounding tissue. The same HPG polymer
has been shown to be very safe in acute and chronic systemic
toxicity studies in small rodents, which has been summarized
in several recent reviews.[**1%3] Our results confirms that HPG
grafted onto surfaces displays similar positive attributes of
bio- and hemocompatibility when exposed to human blood,
€x Vvivo.

Apart from ST, ISR can also reduce long-term stent patency.
Restenosis is primarily caused by an inflammatory response as a
result of stent deployment that stimulates the over-proliferation
of medial (vessel wall) smooth muscle cells.['>141920] DES have
significantly helped to overcome this clinical problem and are ef-
fective at reducing ISR, however limitations of DES have been
documented over the years.[?"1%41%5] For example, in peripheral
arterial disease, the benefits of drug coated devices have not been
as dramatic as in coronary arterial disease, with the incidence
of ISR in DES beyond 12 months returning to levels similar to
bare metal stents.['®] Recent reports also suggest an increased
risk of late all-cause mortality and amputations in patients treated
with paclitaxel-eluting devices.[?>?%] With platelets playing a cru-
cial role in ISR,"*! our results with reduced platelet binding
on HPG surfaces strongly suggested that our coating could also
help prevent the onset of restenosis. In the established mouse
model of ISR, we showed a substantial reduction in neointimal
restenosis within the stented vessels of the HPG stent. While bet-
ter understanding the mechanism of action is an area of ongoing
research, the result is strongly suggestive of the benefit of our
HPG coating to substantially reduce or prevent the cascade of
inflammatory responses triggered by the insertion of stents that
can lead to ISR.

We note a number of limitations to our study. While we have
used XPS to compare the substates before and after the HPG
polymerization process, we have not explored the specific chemi-
cal reactions that are involved during the polymerization process
itself. For further information as to the expected chemical reac-
tions involved in the coating process, we refer back to a number
of comprehensive studies in the literature.1:52106]
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Our AFM data is limited to Si and TiSi substrates (AFM of the
coating on rougher substates proved difficult to quantify). While
the biological data corroborate the evidence suggesting coatings
are uniform and lack gaps or delaminations across a wider range
of substrates, we cannot confirm that this would be the case
across every substate, and it is possible that some fragile poly-
mer substates may not stand up to the plasma activation step of
the coating process, or the subsequent polymerization process
at 80-100 °C. However, plasma processes are broadly accepted
to produce pinhole free coatings,[1”] so we expect that the HPG
coating process would produce similar results across a majority
of materials.

Based on our measurements, we cannot determine whether
the protein adsorbed to the surface during single protein adsorp-
tion experiments is a monolayer or aggregate. However, based on
the reversibility of protein on HPG, it is most likely in the form
of conformationally intact polymers. Our single protein studied
are inevitably not as complex a process as would be encountered
in vivo or even in ex vivo testing; our experiments therefore do
not account for redistribution of proteins via the Vroman effect,
where we would expect abundant serum proteins to absorb ini-
tially, followed by a redistribution of proteins dependent on each
protein’s affinity for the surface. However, the both the platelet at-
tachment and chandler loop results indicate that, even in much
more complex ex vivo conditions, protein attachment is low.

Finally, our in vivo stent model is one that predominantly
assesses inflammation-induced neointimal hyperplasia. The in
vitro and ex vivo data show that the HPG coating reduces blood
clotting and does not increase inflammation. While the ability
of the HPG coating to reduce platelet activation is a pathway
to reducing inflammation, we note that there are many more
inflammatory pathways that contribute to in-stent neointimal
hyperplasia.

In summary, HPG coated vascular stents exhibit greatly im-
proved biocompatibility and hemocompatibility when compared
to bare metal substrates. Providing innate compatibility onto ex-
isting medical devices could alleviate dependence on pharma-
cological intervention that currently accompanies all device im-
plantations. Furthermore, such properties could extend the ef-
ficacy of devices used in the treatment of peripheral arterial dis-
ease, for which current devices suffer high failure rates. This non-
bioactive, antithrombogenic, coating could open a new category
of stent which maintains the affordability of bare metal stents
yet provides superior performance that could rival or outperform
DES over the long term. As the polymer is covalently bound to
the stent surface this alleviates issues with delamination encoun-
tered by dip and spray coating techniques.[1%]

4. Conclusion

We have developed a simple, environmentally friendly and com-
mercially viable HPG coating process that is applicable to a wide
range of materials via a plasma-activation process. We demon-
strate that the coating resists irreversible protein binding and re-
duces bacterial colonization and biofilm formation. We show that
HPG coated vascular stents exhibit greatly improved biocompat-
ibility and hemocompatibility compared to bare metal stents. In
addressing the viability of our HPG coating, we investigated the
robustness and stability of the coating on commercial stents. The
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initial results strongly suggest that our HPG coating can be ap-
plied uniformly to the surface of commercial metal stents in a
reliable and consistent manner. The coating can withstand the
normal manufacturing processing of a commercial stent, from
coating through to the final sterile, packaged product. Further-
more, the coating has demonstrated stability up to 44 months,
which suggests that a finished product with our coating would
have adequate shelf-life stability to meet industry requirements.

The use of bare metal and drug-eluting stents has revolution-
ized the treatment of cardiovascular and peripheral vascular dis-
ease. Even so there remain significant unmet needs in the use of
stents for delivering safe and durable relief for patients with vas-
cular occlusions. The industry continues to advance stent tech-
nology, seeking new approaches that can promote reendothelial-
ization and avoid restenosis without the need for cytotoxic agents.
Similarly, the use of short and long-term implantable devices
like catheters and orthopedic, trauma and dental implants are
plagued by the formation of bacterial biofilm on their surfaces.
Once formed, such biofilms contribute to chronic periprosthetic
infections that are difficult to treat and lead to eventual failure of
the implant, with increased morbidity and mortality. HPG coat-
ing on implantable devices and on tubing used in medical de-
vices is a promising way to prevent hospital acquired infections.
It could also be used in industrial settings to prevent microbial
contamination.

Collectively, these complications reduce a patient’s quality
of life and add considerably to national healthcare budgets.
Through rigorous testing we have demonstrated in laboratory
tests that our novel HPG coating has the qualities and properties
of a truly biocompatible coating with tremendous potential to im-
prove the performance, safety and durability of a broad range of
devices.

5. Experimental Section

HPG Sample Preparation—Coating of HPG Coated Substrates for Study
of Coating Process: For studies of the HPG coating process, as well as
protein adsorption and S. epidermidis microbiology work, HPG-grafted Si,
TiSi, PTFE, Al, and glass, fixed to 1 x 1 cm?, and nitinol stents, fixed to
1x 1x 1cm?, were prepared as follows. Substrates were gently agitated
in 100% isopropanol (Thermo Fisher Scientific) for three 5 min washes.
Substrates were then dried under a stream of N, and activated with air
plasma in a Diener Electronic Zepto plasma cleaner. Plasma activation
was carried out under application of continuous LF power of 100 W for 20
min, with 4 sccm flow rate of air. Following plasma treatment, the vacuum
chamber was backfilled with air and the substrates immediately immersed
in distilled glycidol and left to polymerize in an oven at 80 °C for 24 h. Poly-
merization was terminated by removing the unreacted monomer solution
and quenching the reaction by a succession of three 5 min washes with
methanol under light agitation. HPG-grafted substrates were dried under
a stream of N, and stored under ambient conditions until use.

Coating of HPG Coated PS Substrates for Biological Analysis:  For HPG-
grafted PS samples, silicon wafers were cut into 1cm? pieces, and cleaned
using the Radio Corporation of America (RCA) critical process guidelines.
Samples were treated for 30 min at 70 °C with a 1:1:5 ratio of ammonium
hydroxide, hydrogen hydroxide, and MilliQ water, respectively. They were
then washed twice with MilliQ water before being immersed and soni-
cated for 5 min in ethanol followed by acetone. Clean silicon wafers were
stored in acetone before use. Before doing the spin coating, a solution
1.75% of PS by weight was made by dissolving PS beads in toluene at
50 °C for 2 h. Silicon wafers were dried with a stream of N,. Each sample
was subsequently coated with 100 uL of the PS solution using a spin coater
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at the rate of 3000 rpm for 40 s. PS-coated silicon pieces were then acti-
vated with air plasma in a custom-built reactor similar to the one described
previously.[10%]

Plasma activation of PS was carried out under application of continu-
ous RF power of 100 W for 5 min, with air pressure during treatment at
3 x 1072 mbar. Samples were immediately immersed in distilled glycidol
after plasma activation and left to polymerize in an oven at 100 °C for 24 h.
Polymerization was terminated by removing the unreacted monomer so-
lution and quenching the reaction by a succession of three 5 min washes
with methanol under light agitation. Before further analysis, samples were
thoroughly washed with PBS (every 15 min for 3—4 h). An additional wash-
ing with MilliQ water was performed for another 2 h and samples were
dried with a stream of N, if they were to be studied for surface analysis.

Coating of HPG Coated TiSi, SS Mesh, Nitinol Stents, Nitinol Sheet, and
SS Mouse Stents for Biological Analysis: Except where indicated, HPG-
grafted TiSi, SS mesh, nitinol stents, nitinol sheet, and SS mouse stents
were prepared as follows. Substrates were gently agitated in 100% iso-
propanol (Thermo Fisher Scientific) for three 5 min washes. Substrates
were then dried under a stream of N, and activated with argon plasma in
a Diener Femto plasma cleaner. Plasma activation was carried out under
application of continuous LF power of 100 W for 20 min, with argon pres-
sure during treatment at 6 X 1072 mbar. Following plasma treatment, the
vacuum chamber was backfilled with argon gas and the substrates imme-
diately immersed in distilled glycidol and left to polymerize in an oven at
100 °C for 24 h. Polymerization was terminated by removing the unreacted
monomer solution and quenching the reaction by a succession of three 5
min washes with methanol under light agitation. HPG-grafted substrates
were dried under a stream of N, and stored under ambient conditions un-
til use. Samples prepared in this manner were used for all blood contact
work, in vivo mouse studies and E. coli, S. aureus, P. aeruginosa, and A.
baumannii microbiology work.

Plasma Polymerization of Ethanol: Plasma polymerization (PP) was
conducted in a clean glass barrel reactor connected to a vacuum pump
(maintaining 0.38 Pa base pressure) and a 13.56 MHz radiofrequency
(RF) generator (Coaxial Power System Ltd, UK). To coat Si with ethanol,
monomer (5 mL) was pipetted into a round bottom flask connected to the
plasma chamber. A piece of substrate (Si) was placed in the glass cham-
ber and the whole system was brought to base pressure. By opening the
monomer inlet valve, the pressure of the plasma reactor was increased
to 10 Pa, at which point the RF power was switched on and maintained
at 30 W when the plasma ignited. Conditions were maintained (4.67 sccm
flow rate) for 15 min to allow plasma deposition. Once complete, RF power
was switched off and the chamber allowed to stabilize for 1 min after which
the chamber was returned to atmosphere and the coated substrate re-
moved.

XPS:  XPS was performed using two separate spectrometers at Lan-
caster University (UK) and the University of South Australia. XPS in Sec-
tions 2.1 and 2.2 (at Lancaster University), for the study of the coat-
ing process and protein adsorption work, was performed using a Kratos
AXIS Supra spectrometer (Kratos Analytical Ltd, Manchester, UK), using
monochromatic Al Ka radiation (hv = 1486.7 eV). Samples were mounted
on sample holder using double sided Kapton tape and an internal flood
gun was used to reduce charging effects. Spectra were recorded using an
acceleration voltage of 15 keV at a power of 225 W. Samples were mea-
sured in triplicate with a take-off angle of 90°. Wide scan survey spectra
were collected in three locations per sample with a pass energy of 160 eV,
a step size of 1 eV, a sweep time of 120 s and an analysis area of 300 X
700 um?. High-resolution core line spectra were obtained in 3 locations
per sample using a 20 eV pass energy, a step size of 0.1 eV, a sweep time
of 120 s, and an analysis area of 300 x 700 um?.

XPS in Section 2.3 (at University of South Australia), for samples pre-
pared for biological testing, was performed with a Kratos AXIS Ultra DLD
spectrometer, using monochromatic Al Ka radiation (hv = 1486.7 eV). The
system is equipped with a magnetically confined charge compensation
system (low energy electrons are confined and transported to the sample
surface by magnetic field). Spectra were recorded using an acceleration
voltage of 15 keV at a power of 225 W. Wide scan survey spectra were col-
lected with a pass energy of 160 eV and an analysis area of 300 x 700 um?.
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High-resolution core line spectra were obtained using a 20 eV pass energy
and an analysis area of 300 x 700 um?.

Data analysis was performed with CasaXPS software (version 2.3.22,
Casa Software Ltd, Devon, UK). All binding energies were referenced to
the low energy C 1s peak at 285.0 eV. Core level envelopes were curve-fitted
with the minimum number of mixed Gaussian—Lorentzian component
profiles. The Gaussian—Lorentzian mixing ratio (typically 30% Lorentzian
and 70% Gaussian functions) the full width at half-maximum, and the po-
sitions and intensities of peaks were left unconstrained to result in a best
fit.

XPS Depth Profiling:  XPS ion milling was performed with an Axis Supra
spectrometer, using an argon gas cluster source with 2000" cluster size
and 5 keV energy. Over a 4 mm raster, 100 etches were milled with pre-
etch, etch, and post-etch time each fixed at 10 s. Samples were rotated 90°
between each etch step. Core-line spectra (C 1s, O 1s, N 1s, Si 2p, and
Ti 2p) were collected, where relevant, using a 110 um slot size, an accel-
eration voltage of 15 keV, emission current of 25 mA (operating power =
375 W), pass energy of 40 eV, step size of 0.1 eV, and a 60 s sweep time.

End Group Labeling: Samples were placed inside a vacuum chamber
and pumped to the base pressure (0.5 Pa). TFAA, (>5 mL) was pipetted
into a round bottom flask which was attached at the monomer inlet of the
chamber. The inlet valve was opened and the TFAA was heated to 40 °C in
a water bath to increase the pressure inside the reactor chamber to 700 Pa.
Samples remained in the chamber for 1 h before closing the monomer in-
let valve and maintaining system pumping for a further 30 min, to remove
surplus TFAA. Samples removed and stored under vacuum until XPS anal-
ysis.

AFM: AFM images were collected using a Bruker Multimode 8 AFM
equipped with a Nanoscope V controller operated in the PeakForce mode
at ultralow noise facility at Lancaster University, IsoLab. NuNano Scout
70 probes were used with a nominal resonant frequency of 70 kHz, 2 N
m~! cantilever stiffness, and less than 10 nm probe radius. The AFM was
calibrated using atomic steps on highly oriented pyrolytic graphite and Au
(111). To measure the polymer thickness, the coating was scratched in
contact mode in a 500 nm X 500 nm area. The thickness was estimated
from the difference in the height inside and outside the scratched area
using a line profile and height histogram analysis.

Protein Adsorption Test:  Samples were placed in a well plate and prehy-
drated in phosphate buffer saline (PBS, 0.01 m, 1 mL), for 30 min. Albumin
and fibrinogen (2 mg mL™") were added individually to sample wells, be-
fore incubating (static, room temp.) for 1h. Samples to measure reversibly
bound protein were washed with PBS (three times, 1 mL) following incuba-
tion. To determine irreversibly bound protein samples were first incubated
in SDS solution for a further 72 h before the standard PBS wash (three
times, 1 mL). After simple or SDS washing and sample drying, the samples
XPS measurements were collected. The nitrogen content on the surface
was used as a measure of adsorbed protein. To allow direct comparison
between results, N counts were normalized to Au counts measured on a
gold standard (Au on mica) on each day of data point collection.

Microbiology and Biofilm Testing—E. Coli, S. Aureus, P. Aeruginosa, and
A. Baumannii:  Bacterial strains (P. aeruginosa (ATCC 27 853), S. aureus
(ATCC 29213) E. coli (ATCC 25922), and A. baumannii ACICU) were
streaked onto a Luria—Bertani (LB) agar and incubated for 24 h at a 37 °C
incubator. For each experiment, 3 single colonies were picked and inocu-
lated into 3 mL Luria—Bertani (LB) broth. The cultures were grown aerobi-
cally for 16-18 h at 200 rpm at 37 °C using a rotary shaker. The overnight
cultures were diluted to 0.1 ODgy in LB broth, and 1 mL of the culture was
added on top of the uncoated and HPG-coated TiSi wafers in a Falcon 24
Well Clear Flat Bottom. Wafers exposed to bacteria were identical in size
(10 mm x 10 mm) and surface area. This resulted in a surface-area-to-
volume ratio of 0.227. The culture plates were incubated at 37 °C standard
incubator for static and in a rotary shaker for the rotary culture studies for
24 h.

Standard crystal violet staining was used to analyze the biofilm growth.
Static and rotary cultures were removed from the wafers and washed
5 times with sterile distilled water to remove loose and weakly bound
biofilms. Then the biofilms were fixed and stained in 0.5% Crystal Violet
blue in 20% methanol for 30 min at room temperature. The excess stain
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was washed off with water and air-dried overnight at room temperature
prior to imaging with bright field microscopy.

The biofilm mass was analyzed by DAPI staining for bacterial nuclei.
Static and rotary cultures were removed from the wafers and washed 5
times with PBS to remove loose and weakly bound biofilms. The biofilms
were fixed with 4% Paraformaldehyde in PBS for 20 min at room tempera-
ture. The fixing solution was removed, and the wafers were washed three
times with PBS. Finally, the wafers were mounted with Prolong Diamond
containing DAPI using a coverslip and air-dried overnight at room tem-
perature in the dark. The DAPI-stained biofilms were analyzed using Zeiss
LSM 800 confocal microscope, and images were analyzed in Image).

The amount of viable biofilm on wafers was analyzed by standard CFU
assay. In brief, the static and rotary cultures were removed from the wafers
and washed 5 times with sterile distilled water to remove loose and weakly
bound biofilms. Then the wafers were transferred to a fresh 24-well dish,
and 1 mL sterile distilled water was added. The biofilms were scraped
from the wafers and flushed vigorously into the 1 mL water. The wafer was
stained with crystal violet to ensure effective removal of biofilm from the
wafers. The samples were serially diluted (from 10° to 10°), and 100 pL of
each dilution was spread plated on LB agar aseptically. The media plates
were incubated overnight at 37 °C. Colony-forming units (CFUs) were
recorded and plotted using Graph pad PRISM.

S. Epidermidis:  Surface biomass was evaluated after 24-72 h of incu-
bation with S. epidermidis (ATCC 35984), starting with a bacterial con-
centration of 3 X 107 CFU mL~". Following incubation, a serial dilution,
Miles and Misra, was performed to quantify the biomass on the surface. A
novel application of FTIR was also applied to define whether a biofilm had
formed on the sample and control surfaces. Following incubation to grow
bacteria, samples removed from solution and transferred to an isolated
desiccant chamber for 30 min. Samples analyzed with FTIR immediately
following drying. Planktonic samples analyzed as a control in a similar way
by looping onto clean sample and isolating for 30 min in desiccant cham-
ber before spectra collection.

Fluorescence Microscopy Live Dead Stain (S. Epidermidis): Samples
(HPG on glass slides) were incubated in bacterial culture media and
biofilm formation of S. epidermidis was facilitated as described above. Fol-
lowing 4 h incubation samples were removed from culture media and
washed with PBS (1 mL). To produce staining mixture, combine calcofluor
white (1.5 uL per 1 mL PBS, 1 g L™', Fluka analytical), propidium iodine
(1.5 uL per T mL PBS, 0.1 mg mL™", Life technologies), and Syto9 (1.5 uL
per 1 mL PBS, 5 mm, Invitrogen). Add dye mixture (35 pL) to each sam-
ple and cover with glass coverslip. Incubate in the dark for 30 min. Re-
move coverslip and wash cells with PBS (1 mL, three times) then add 4%
paraformaldehyde (50 pL), cover with a coverslip and incubate in the dark
for 15 min. Once ready to complete the imaging, remove sample from
coverslip and mount in a new 6-well plate on a drop of BacLight mounting
medium (Invitrogen). Image sample with Invitrogen EVOS M5000 micro-
scope x40 objective (calcofluor white (blue filter), Syto9 (green filter), and
propidium iodide (red filter)).

FTIR of Biofilm Formation: A desktop Summit PRO FTIR spectrometer
(Nicolet, Thermo Scientific, UK) with iD1 transmission sampling appara-
tus was used for all analysis. Data was collected using OMNIC Paradigm
software (Thermo Scientific, UK). Data acquisition was performed at 4
cm™! resolution, accumulating 64 scans over a spectral range of 4000
800 cm~". Each sample was repeated in triplicate. Data analysis was con-
ducted using OMNIC software in the first instance. Each spectrum was
processed in the same way, completing normalization followed by a base
line correction.

SEM: Fixed stents were dehydrated (80% EtOH 24 h, 90% EtOH
24 h, 100% EtOH 24 h) and dried (50:50 solution of EtOH and Hex-
amethyldisilazane (HDMS, Sigma-Aldrich) for 20 min and finally 100%
HMDS for 20 min prior to air drying) prior to sputter coating with 10 nm
platinum in a Cressington 208 HR sputter coater (Cressington, Watford,
UK) using an Argon (BOC, North Ryde, Australia) plasma and platinum
sputter target (ProSciTech, Thuringowa Central, Australia). Samples were
examined under a SEM (Crossbeam 540 with GEMINI Il column, Carl
Zeiss, Oberkochen, Baden-Wurttemberg, Germany) equipped with a
field emission gun operated at 3 kV, a 100 pA probe current applied and
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secondary electron images recorded with an Inlens Secondary Electron
detector.

Ethics:  The collection of peripheral blood from healthy individuals was
approved by the Human Research Ethics Committees (HREC) of the Royal
Adelaide Hospital (#130308 and #201 187), the University of South Aus-
tralia (#200 585) and the University of New South Wales (HC14108). An-
imal studies were approved by animal ethics committees of SA Pathol-
ogy & University of South Australia (#18-16) as well as the South Aus-
tralian Health and Medical Research Institute (SAHMRI, #SAM422.19).

Isolated Platelet Assays:  Platelet assays on flat PS were performed with
the help of Dr Jelena Rnjak-Kovacina and Kieran Lau at the University
of New South Wales (UNSW) and were approved by the ethics board
(HC14108) of UNSW (Australia).

Blood was collected from a healthy donor, put in vacutainers containing
3.2% trisodium citrate as an anti-coagulant (Becton Dickson, Macquarie
Park, NSW, AU) and used straight away. The upper platelet-rich plasma
was aspirated after a 160 g centrifugation for 15 min and centrifuged again
at 340 g for 15 min. The platelet pellet was then resuspended in Tyrode’s
buffer (Sigma-Aldrich, St Louis, MO) with 0.1 U mL~" apyrase. Particular
care was given to limit any shear stress and agitation in order to prevent
platelet activation during the isolation process. Platelets were seeded at
5 x 10° platelets per well onto each sample material and incubated for 1h
at 37 °C. Platelets were fixed with 4% paraformaldehyde solution with 1%
sucrose for 15 min, and then permeabilized with 300 mwm sucrose, 50 mm
NacCl, 3 mm MgCl,, 2 mm HEPES, 0.5% Triton X-100, pH 7.2 for 5 min at
4 °Cand blocked in 1% BSA in PBST (PBS containing 0.05% Tween-20) for
1 h at room temperature. Two PBS washes were performed between each
of the above steps. Samples were stained with rhodamine phalloidin (Life
Technologies, Carlsbad, CA) at 1:200 dilution ratio for 1 h at 37 °C. Finally,
samples were rinsed twice with PBST, before being fixed onto a glass slide
with a droplet of Fluoromount aqueous mounting medium covered by a
glass coverslip deposited on each sample. Samples were stored in the dark
before imaging.

Platelet assays on SS mesh was performed with the help of Dr. Carmela
Martini (University of South Australia). Blood from healthy donors (aged
18-65 years, nonsmokers and aspirin/NSAIDs free for at least 1 month)
was collected into acid-citrate dextrose (ACD, pH 4.5) anticoagulant and
platelets purified as described elsewhere.['1%] Briefly, blood was collected
from single donors, rested at RT for 15 min prior to 180 g centrifuga-
tion, the platelet-rich-plasma was then centrifuged at 1100 g for 15 min
and the platelet pellet was resuspended gently with Tyrode’s platelet wash
buffer (137 mm NaCl, 2.7 mm KCl, 1 mm MgCl,.6H,0, 12 mm NaHCO;3,
0.4 mm NaH,PO,.H,0, 3.7 mm HEPES, pH 7.4) containing 1.78 U mL~!
Apyrase (BD Biosciences, San Jose, CA). The platelet suspension was in-
cubated at 37 °C for 5 min, centrifuged at 1100 X g for 15 min then re-
suspended in Tyrode’s platelet resuspension buffer (Tyrode’s wash buffer,
3 mm CaCly) containing 0.178 U mL~" Apyrase. Platelets were counted
using a Sysmex XE-5000 differential analyzer (Sysmex Corporation, Kobe,
Japan) and validated for purity and low-level activation via flow cytomet-
ric analysis. Platelets were stained with anti-CD42b and anti-CD62P or
isotype-matched control antibody (all BD Biosciences, Ann Arbor, MI) for
15 min with samples processed by a BD Accuri C6 flow cytometer with
subsequent analyses performed on FCS Express 6 cytometry software (De
Novo Software, Glendale, CA).

Platelets were seeded at 3 x 10° platelets per well, in platelet sus-
pension buffer, onto each sample material and incubated for 2.5 h at
37 °C. Samples were then washed lightly once with PBS and fixed with
paraformaldehyde (4% in PBS) for 15 min at room temperature. Three
PBS washes were performed following fixing of the samples then adhered
platelets were stained with CFDA SE cell tracer (Thermo Fisher Scientific)
at 1:2000 dilution ratio for 20 min at 37 °C. Finally, samples were rinsed
three times with PBS and three times with MilliQ water then stored in the
dark before imaging.

Chandler Loop Assay: Nonpackaged stent sections, both control and
HPG-coated were rinsed in RO water three times for 5 min each and then
sterile PBS three times for 5 min each in a biosafety cabinet. Washed
samples were removed from the PBS and placed individually into lengths
of Tygon ND-100-65 tubing. Crimped, packaged and ethylene oxide (EO)
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sterilized full-length stents were stored at room temperature for up to 44
months prior to being deployed directly into the Tygon tubing from the
catheter in a biosafety cabinet. The tubes were sealed in a loop using an
out cuff that held the two ends firmly together. Sticky tape was also applied
to the ends of the cuff to ensure it did not come apart. Each tube was slid
over a plastic container that acted as the drum of the rotator and taped in
place. A 19G and 26G needle were placed into each tube to enable blood
to be injected in (19G) while allowing air to escape (26G).

50 mL of healthy human blood was collected in the lab into a syringe
preloaded with Heparin (0.5 U mL~" blood) diluted into 1 mL PBS. The
blood was injected into the loops within 2 min of collection, leaving an
~2 cm long air bubble at the top of each loop. Needles were removed from
the loops and tape was applied over the puncture sites to prevent leakage.
The loops were rotated at 175/s (=5 dyn cm~2) for 2-4.5 h, at 37 °C. At the
conclusion of the assay, loops were cut open and the contents of each was
collected. Clots in stents was blotted on paper to remove liquid blood and
placed in preweighed tubes. Stents with little or no clot were dipped in PBS
5 times to remove unbound blood before being blotted dry on paper towel
and placed in preweighed tubes. The weight of each stent and associated
clot was recorded. Stents were then cut away from protruding clots and
all devices were fixed in PFA over night at room temperature. Following
fixation, stents were washed once with PBS, once with RO water and then
placed in ethanol (80% V/V).

Complement and Neutrophil Activation: Complement and neutrophil
activation assays were performed by SA Pathology as a fee for service
following accredited protocols outlined in internal documents PRC-IMI-
020-REV2 and PRC-IMP-157, respectively. In short, complement activity
was measured from healthy donor serum collected fresh for this assay
and compared to a reference sample of pooled serum provided by SA
Pathology using the CH50 assay. Neutrophil activation was measured
from isolated cells using the dihydrorhodamine-123 oxidative burst assay
with phorbol myristate acetate (PMA) added to one sample as a positive
control. For each of 5 healthy donors, of various age and sex, 5 X 9 mL
blood was collected in Vacuette lithium heparin tubes. One tube of blood
was retained as a native blood control that had not been subjected to the
Chandler loop conditions. The remaining four tubes were combined, and
10 mL of heparinized blood loaded into 3 prepared loops as described
above for the Chandler loop assay. One loop contained no stent sample
and acted as a control for activation via handling, exposure to the tube
material and flow conditions. The two remaining loops contained either a
bare control stent or a HPG coated stent. All three loops were sealed and
run as described previously for 1 h. Following exposure for 1 h, the blood
was collected from the loops and taken, at room temperature, for testing.
All testing was performed within 2.5 h of collection from donors.

In Vivo Inflammatory Response Model: Female Balb/c mice aged 6-8
weeks were sourced from the Animal Resource Centre (Perth, Australia),
and housed under conventional conditions. A T cm incision was made
in the skin along the midline of the back and blunt dissection was used
to create a pocket under the skin on each flank for disk. Each mouse re-
ceived an HPG-coated and bare uncoated nitinol disk 5 mm in diameter
under the skin of each flank with sides randomized. For the coated disks
the coating side was placed facing the skin. After checking disk placement,
the midline incision was closed with 4.0 chomic gut sutures (Dynek, Hen-
don, SA, Australia). Disks remained embedded for either 1 or 5 weeks. At
the endpoint, the skin above each disk was inspected for signs of inflam-
mation and the disk was removed along with the skin in contact with the
disk, %10 x 10 mm?. Skin sections were fixed in 10% buffered formalin
(Bio-Strategy Ltd, Auckland, New Zealand) and paraffin embedded.

Formalin fixed paraffin embedded skin sections were cut to 8 um, de-
waxed and stained with hematoxylin and eosin to show skin morphology
and signs of inflammation. Stained slides were scanned on a NanoZoomer
2.0-HT (Hamamatsu, Japan) and blinded before analysis with NDP.view
software (Hamamatsu). Measurements were taken of the width of the Epi-
dermis, dermis, muscle, and adipose layers along with the full skin thick-
ness at two separate points on the section for 24 separate sections of skin
per mouse. Results were analyzed and graphed in Prism (Graphpad, CA)
and compared to back skin from normal Balb/c mice that did not receive
a disk or surgery.
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Carotid Interposition Graft Model of Stenting: The surgical procedure
was performed as previously described.[8%111] In chow-fed, 10-to 14-week-
old male ApoE~/~ donor mice, a SS stent (2.5 x 0.6 mm; Brivant Ltd.,
Galway, Ireland) was crimped onto a 1.25 x 0.6 mm balloon angioplasty
catheter (Medtronic, Milwaukee, Wisconsin). This was inserted retrograde
up the thoracic aorta of the donor mouse through a small transverse ar-
teriotomy made marginally superior to the diaphragmatic outlet and the
balloon inflated to an atmospheric pressure of 12 Pa for 30 s. The aorta
(=10-15 mm in length) was harvested by sealing the intercostal branch
vessels with electrocautery. The harvested aortas did not exceed a total
ischemic time of 15 min and were stored in PBS.

In the recipient mouse, the right common carotid artery was ligated
and divided between 7-0 silk ties at its midpoint. Polyethylene cuffs (0.65
mm diameter) were placed over each end and anchored by clamps. The
artery was everted over the cuffs and secured with 8-0 silk sutures. The
donor aorta was then interposition-grafted by sleeving its ends over the
carotid artery cuffs and secured using 8-0 silk sutures. Vessel patency was
checked by removing the clamps and restoring blood flow to the vessel.
Mice received aspirin (10 mg kg™' day™") in drinking water for 1 week
before surgery and postsurgery for 28 days to reduce the risk of in-stent
thrombosis.

Resin Embedding of Stented Vessels: Stented vessels were harvested
28 days after surgery and perfused in situ with 4% phosphate-buffered
paraformaldehyde, then excised and embedded into |B-4 (glycol methacry-
late) resin (ProSciTech, Thuringowa Central, Australia) according to the
manufacturer’s instructions for histomorphometry and immunohisto-
chemistry analysis. Transverse sections (5 pm) of the stent were cut using
a tungsten-carbide blade on an automatic microtome.

In-Stent Neointimal Hyperplasia Quantification

For histomorphometric analysis, resin-embedded samples were
stained with Toluidine blue and Fuchsin then imaged on a Hamamatsu
Photonics NanoZoomer whole slide imaging microscope. The total
neointimal area was quantified in NDP.view 2 software on 5 stented sec-
tions/vessel by taking the area inside the internal elastic lamina, minus,
the lumen. An additional measurement was performed that looked at the
stent strut to the edge of the lumen distance (4-6 measurements per
section).

Statistical Analysis:  XPS data throughout are presented as the mean of
three measurements (three separate sample locations on each sample) +
standard deviation. For XPS CPS values for protein work (Section 2.2.1.,
and Figure S8, Supporting Information), N counts were normalized to Au
counts measured on a gold standard (Au on mica) each day of data point
collection. Data displayed in Figure 6b: Bars represent the mean with dots
of individual experiments, ****p < 0.0001, Student’s t-test. CFUs recorded
and plotted using Graph pad PRISM. Data displayed in Figure 7b: Data rep-
resent mean + SEM,**** = p <0.0001 unpaired Student’s t-test. Analyses
performed on FCS Express 6 cytometry software (De Novo Software, Glen-
dale, CA). Data displayed in Figure 8c: Data represent mean + SEM, n =12
independent experiments, ** = p < 0.01, Student’s t-test. Data displayed
in Figure 9: Data represent mean + SEM, n =5 independent donors, ** =
p <0.01, unpaired Student’s t-test. Data displayed in Figure 10b: Data rep-
resent mean + SEM, n = 3-15 mice, * = p < 0.05, ** = p < 0.01 unpaired
Student’s t-test. Data displayed in Figure 10d,e: Data represent mean +
SEM, n = 3-15 mice, * = p < 0.05, ** = p < 0.01 one-way ANOVA. Data
displayed in Figure 11: data represent mean + SEM, n = 8 independent
experiments. *p < 0.05, Student’s t-test. Data quantified in NDP.view 2
software.
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