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Lay Abstract

The work presented in this research aims to create biofunctional lubnbased platforms

for medical implants. Promotirtgssue integratioand preventing clot formation and ron
specific adhesion of biospecieseawo of the main challenges that researchers aim to
overcome when designing interfaces for permanent btootactingimplants However,
limited success has been madel@velopingfunctionalcoatingsthat integrate both these
features on one platfornThe work in this thesislescribesnovel, straightforward and
effective surface coatingstrategiesfor developing biofuncional lubricantinfused
interfaceghat attenuate clot formation, prevent repecific adhesion and promote targeted
binding of cells.
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Abstract

Deviceassociated clot formation and poor targetedadfesiorare ongoing problems in
permanent blooecontacting medical implantd’he recent concept of lubricamtfused
surfaces has shown promising resultpiieventing norspecific adhesion and attenuating
clot formationon biomaterials However, the existing surface models do empress
biofunctional features, a crucial requirement when designing surface coatings for
permanent medical implants such as vaascgrafts stents and mechanical heart valves
The main objective of this thesis is to design and devetwel biofunctional lubricant
infused surface coatings that would simultaneously prevent dassmiatedhrombosis
andactivelypromote surface binteractions.

Three main approaches to incorporate biofunctionality into lubricdiged surfaces are
presentedh this thesis(1) Developing biofunctional lubricanibfused surface coatings by
creating seHassembled monolayers using fluoro and amiaons molecules. (2) Creating
nonfluorosilanizedbiofunctional lubricaninfused ePTFE vascular grafts by exploiting
the innate chemat properties of the ePTFE grafts and biofunctionalizingtineacesising
silanized bieinks. (3) Creating fluorinateldiofunctional lubricaninfused PET grafts with
fbuilt-ind functional groups using oxygen plasma treatmdsing these three modifigan
procedures, for the first time, we were able to generate lubidiitiaisied surfaceghat
expresedbiofunctional andargeteebinding featuresin the first modification technique,

by tuning the ratio between the fluorosilane and aminosilane moleewdesere able to
incorporate functional groups on the surfaces without compromising the lubritased
repellency prperties of the modified substrates. In the second modification technique, we
created no#fluorosilanizedbiofunctional lubricaninfused ePTFE grafts by eliminating

the need to chemically modifig the surface with silane molecules. Our designed surfaces
were further biofunctionalized usirayur developedilanized bieinks. Lastly, in order to
created fluorinated biofunctional lubricamfused PET grafts, we developed the third
modification process, kere fluorinated PET surfaces wengdroxykterminatedusing
oxygen plasma treatmemtnd biofunctionalized using silanized hiks.

The designed surfaces using the three proposed moidificatocedures had excellent
repellency properties by attenuating plasma and blood clot formation, thrombin generation
ard preventing nottargeted adhesion of proteins and cells. In addition, our developed
surfaces were biofunctional and were able to abtiypromote targeted binding of
endothelial cells.

With the new surface coatings created in this thesis, lubfrinhrged surfaces with
excellent repellency properties and biofunctional features can be achieved and applied to
blood-contacting medicalleviceswhere preventing neapecific adhesion and promoting
targeted binding are of immense importance.
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Chapter lintroduction anditerature review

1.1.Overview
Blood-contacting medical devices such as cathetergsulasgrafts and mechanical heart
valvesare widely used fovascular accesslrug delivery, revascularization and repair of
defective heart valvesiowever, all such devices trigger physiotad responses thaause
complications such as deviessociatd thrombosis and ultimatehgsult indevice failure.
Thrombus formation on medical devices osthrough a series of complex and integrated
pathways including, protein adhesion, platelet esitbn and activation and thrombin
generation[1]. The immediate adhesion and adsorption of plasma proteins such as
fibrinogen is known to be the initiating event, triggering the activaticthe coagulation
cascade and resulting in thrombin getiera(Figure 1.1) [2], [3].

Since foreign synthetic surfaces anmately thrombogenic, prophylactic treatments with
anticoaguhnt agents such as heparin and warfare requiredn order topreventthe
complications caused bgynthetic blooecontacting devices [4]i[6]. However the
administration of these reagents can resuifenthreateningside effects such as bleeding
and hromboembolism[6]i[9]. In a comprehensive studyonducted orpatients who
underwent mechanical heart valveplacement between 1988 and 2005, thromboembolic
and bleedingwere the twoleading causes ofalve-associated complicatiorfd0]. In
addition tothrombogenicity synthetic surfacessuffer from poor biofunctionalitand the
inability to promote tissue integratiomhis is criticalfor permanent medical implants such
as vasculagrafts and mechanical heart valygace improvingtissueintegrationand cell
infiltration at the site of implantationas shown toeduce the risk of posiperative device
failure ard rejection[11].

To combat the many issues caused by synthetic kdoothcting interfacesxtensive
research has been devoted to devalpmew surface coatings thatould enhance the
hemocompatibility and biofunctionality (in case of permamemiants such as stents and
vascular grafts) of these surfaces and avert the need for systemioagulant
administration.

1.2.Introduction
Cardiovascular diseags the global leading causeof mortality and morbidity,causing
aboutl17 million deaths every gar,nearly one thircdof all deathsvorldwide More than
50% of the deaths caused by cardiovascelamplications are causeldly ischemic
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cardiovasculadiseases such as periphexat coronarartery diseasq12], [13]. In often
casewvhere vessel occlusion has progressadjical intervention is inevitabénd ths has

led to performingmore than Inillion coronary revascularization surgeriegsheUSalone
making thisprocedureone of the mostommon medical interventigiprovided by the&JS
healthcare systefd4]. As a result of this prevalence, it has been predicted that the annual
global financial burden of cardiovascular diseagieexceed U® 1 trillion by 2030[15].
The surgicaltreatment of occluded arteriedten requires bypass surgery, wheas the
standaraf care autologous blood vessels such assdéyghenous vesymammaryor radial
arteres are harvested from thea t i e n tartd graftédatdhg desired sit¢l6], [17].
However,more tharB0% of the patients do not have availableappropriateresselg17],
[18], due toprior vascularcomplications such as pexisting vascular diseases or past
surgeries[19]i[21]. This insufficiency of viable autologous vessels h#d to the
development and utilization of synthetic graft alternatives.

Blood Flow

Protein ‘ Platelet adhesion - Clot formation

adhesion and coagulation
cascade activation

Figure 1.1 Schematic representationof the pathways involved in deviceassociated clot
formation. Unlike a healthy endothelium that has innate -tmtbmbogenic properties, once
synthetic surfacesuch as the inner surface of vascular grefime in contact with blood, they
actively induce irombus formation through a series of complex and integpatéiivays. Protein
adhesion on the surface induces platelet adhesidrthe activation of the contact pathwayhwf
coagulation cascadby activatingfactor (F) Xllandultimately resuling in deviceassociatedlot
formation.

Synthetic vascular grafts made of stable polymers such as expanded
polytetrafluoroethylene (ePTFEETeflon) or polyethylene terephthalattPET, Dacron)
suffer from low patency rates and haesv patient outcomesomparedto autologous
vesselq16], [17], [20], [22] This s mainly due to the thrombogenicity of the synthetic
graft surfaces which leads tbot formation and graft occlusiotn addition, hromhkus
formationon vascular grafts prevents the complete eapid coverage of the dace by
endothelial cells (ECs) andtimately thwarts the formation of a healthy endothel[@8].

This is troublesome since a healthy endothelium itself has innatéhemtbogenic
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propertieshy effectively decreang platelet and protein adhesion aactively prevening
clot formation[23], [24]. Moreover forming a healthy and confluent endelill layer is
critical to facilitate and accelerate the integration of the permgmesthesesnto the
nearby tissugl6], [20] and to prevent intimal hyperplasidigh may be caused by smooth
muscle cell proliferatiofi20].

To date, several surface modification techniques have been purposed to improve the
biocompatibility and biofunctionality of bloodcontacting medial devices. These
modification strategies mainly involve coating the surfaces with bioinert polyi2&}is

[28] or antithrombotic agen{9]i [34]. In addition, EC specifiantibodieg35]i [38] and
vascularendothelial growth factor89], [40] have been explored and applied to vascular
graft or stent surfaces to improve their-Egecific capturing featuredlthough extensive
resarch has been devoted to this area, creating a suitableadohel surface coating that
integrates both biofunctionality and hemocompatibility still remains a challérajae(

1.1) [40].

1.3. Surface coating strategies
1.3.1. Bioinert polymeric coatings
1.3.1.1. Poly (ethylene glycol) (PEG)coatings
PEG (also know aspolyethylene oxide (PEQ)is one of the most commorsynthetic
polymersusedfor coating blooecontacting medical interfac§®5], [41]. Methods used for
PEGsurface modication range from physicadsorption42], graft polymerizatiorj43]
and chemicahnd covalentoupling[44], [45]. Covalent grafting of PEG is the preferred
method since this modification procedure creates matabik coatings forlong-term
applicationg46]. The neutrally charged, hydrophilic PEG polymer brushes have the ability
to bind to water molecules and form a hydratiayer on the surface and as a result,
effectively resistnonspecificadhesion ofproteirs and cell§25], [41]. However,studies
have shown thahe biocompatibilityand repellencyproperties of the PEG coated surfaces
highly dependon the chain length and surface densit the graftedPEG polymer[41],
[47].

Kim et al. found thatby increasing the grafting density and chain length of RE@
polyurethane/polystyrenmterpenetrating polymer netwqrk bioconpatible interfae is
formed that decreasébrinogen and plateleidhesionn vitro [47]. Similar results were
foundin a study wher¢he adsorption of fibronectin in serum decreased by increasing the
PEG chain dengi up to 0.12 PEG chains/rfmand then slightly increased on surfaces with
0.29 PEG chains/nfij41]. PEG catings have also been applied ePTFE and PET
surfaces in order to improvbkeir surfacebiocompatibilityandthrombogenicityproperties

and similar to the previous studig¢sese studies hawdemonstratethat the PEG surface
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density andmolecular weightaffect the hemocompatibility of the coated surfagts],

[48], [49]. ePTFE surfaces modified with 3% weight/volume P&D Da had the best
biocompatibility properties compared to 1% and 5% PEG modified surfaces and increasing
the PEG surface density to more than 3% had an adverse effect on prepéatetes
adhesion[49]. Likewise, PET surfacesoated with PE&000 Da were more bloed
repellent and had significantly lowglatelet adhesion comparedth nontreated PET
substratesand PET surfaces treated with PE2G0,1000 or 10,000 Dg45]. The
inconsistencyseenin theoptimal PEG chain length and surface density required to obtain
anidealbiocompatible surfaceoatingcould be mainly attribied to the differencgzresent

in the experimental conditions, grafting methods, incubation times and physical and
chemical properties of the underlyingatedsurfaces

Although shoritermin vitro results obtained from PEG coated surfaces have showa som
success in preventing nonsfge adhesionjn vivo and clinical outcomes have not been
promising with this coating techniqyé8], [50]. One of the main issues seen with PEG
coated surfaces in lortgrmin vivo experiments is the degradation atepletion of PEG
chains causelly oxidation. The superoxide anions released by pedisent in arn vivo
environmentcan easily attack the ether linkage present on the PEG chain and generate a
peroxide bond. The peroxide bond can then decompose ancesgltareduce the chain
lengthand surface density of the PEG lageertime[51], [52]. These findings suggest that

PEG coated surfaces areainly suitable for shorterm singleuse blooecontacting
medicalapplicationg28].

1.3.1.2. Zwitterionic polymers

As an alternative to PEG coating strategies, ottwrel bioinert polymers have been
developedand investigatedfor medical applications[53]. Among these zwitterionic
structures mainly those that contaircarboxybetaind54] , phosphorylcholindg28] and
sulfobetaing55] have shown promising results in creating antifouind hemocompatible
surfacesZwitterionic polymersare neutrally charged polymers thaiveequal numbers of
anionic and catiort groups on theipolymer chainsnd this uniquecharacteristianakes
them highly hydrophili@nd resistant to nespecific adhesiofb6], [57].

The developméanof zwitterionic materiab was bioinspired by thenatural bio-inert
properties of theexternal surface otell membrang that are rich in phospholipids
containing zwitterion head groug88], which gives them thennate antifouling and
thrombogenic propertiefs9]. Among the zwitterionstructures developed for blood
contacting applications, phosphorylcholine (R@paring polymers have been the most
promising candidatgi60]. Althoughtheresults obtaineffom thefirst generatiorof PG
bearing polymerssedfor biomedical applicationwere promising, theow yield andpurity
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of the synthetized polymers were not satisfacfp8]; hence scientistsaimed tosynthetize

a new class of PC polymers using methacrylataoneerscalled2-methacryloyloxyethyl
phosphorylcholine (MPCand were able to optimize and simplify the synthesis conditions
and obtain sufficient amounts of MPC with high puli®l]. This achievement led to
considerable progress in \#doping various MPC polymers for bloabntacting
applicatons [62]1 [65].

Table 11 Different surface modification techniquefor enhanang hemocompatibility and
endothelial cell adhesiam blood-contactingbiomaterials

Surface Modification Cdll Outcomes Limitations
coating/substrate technique marker
Heparin/heparin  Layerby-layer  NA Reduced platelet Non-specific adhesion to
mimicking assembly adhesion and activatiol Heparin[66]
multilayers / Prolonged clotting Leaching, degradation,
Polyvinylidene times depletion and instability
difluoride Improved ECadhesion of the coating6], [54]
membrane[23] Not EC specific
Anti-CD34 Covalent Anti- Rapid Hemocompatibility was
antibody attachment CD34 endothelializatiornn not investigated
immobilization/  through peptide antibody vivo Grafts Stimulated intimal
ePTFE graft$36] linkages 95% coverage with hyperphsia
ECs after 28 days
Heparin and Electrostatic NA Lower hemolysis rate  Non-specific adhesion to
fibronectin films/  interaction and Prolonged blood the coatind66]
titanium surfaces co- coagulation time Leaching, degradation,
[67] immobilization Reduced platelet depletion of the coating
technique adhesion andctivation [6]
More EC adhesion and Thrombogenicity of
proliferation fibronectin[68]
Not EC specific
Poly(1,8 Chemical NA Maintained bioactivity Non-specific adhesio to
octanediolco- immobilization in vitro Heparin[66]
citrate}Heparin through Inhibited blood clot Not specific to ECs
coating/ePTFE carboxyl formation and plalet = Non-specific adhesion of
grafts[34] functional adhesion SMCs
groups Supported EC adhesio Coating degradation
Heparin/Collagen Layerby-layer  Anti- Prolonged blood Non-specific adhesion to
Multilayer assembly CD133 coagulation time heparin[66]
functionalized antibody Reducedlatelet Thrombogenicity of
with ant-CD133 adhesion collagen[69]
antibody/ePTFE ECs adher e Instability of the coating
grafts[40] the ePTFE coated [54]
surfacein vitro Low expression of
Rapid CD133 on ECs
endothelializatiornn circulating in the blood
Vivo stream[70]
Anti-CD34 Layerby-layer  Anti- Good Non-specific adhesion to
antibody assembly CD34 hemocompatibility heparin[66]
functionalized anibody Promoted cell Thrombogenicity of
heparincollagen attachment and growth collagen[69]

multilayer/316L
stainless steel
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stentg71] Rapid Instability and
endothelializationn degradatiorof the
Vivo coating[54]
Co Chemical Cell- Slightly reduced Non-specific adhesion of
immobilization of immobilization adhesive adhesion of platelets fibroblasts, and smooth
Heparin and Cell technique peptide  Decreased fibrinogen muscle cells (SMCs) to
Adhesive Peptide: adsorption the peptide$72]
/polyurethane Enhanced EC Non-specific adhesion to
grafts[72] attachnent heparin[66]
Leaching of the heparin
coating[6]
Not EC sgcific
Heparin release  lonic bonding NA Reduced platet Non-specific adhesion to
from between heparin adhesion heparin[66]
PCL/chitosan and chitosan Prolonged coagulation Leaching of the heparin
grafts[73] fiber time coating[6]
Promoted EC growth  Not EC specific
ChitosanHeparin  Layerby-Layer NA Improved Nonspecific adhesion to
coating / 316L assembly hemocompatibility heparin[66]
stainless steel Improved EC adhsion  Leaching of the heparin
stentg74] promote re coating|[6]
endothelializatiorin Instability of the coating
Vivo [54] Not EC specific
PEG and anti Covalent Anti- Reduced platelet Degradation and
CD34 antibody immobilization CD34 adhesion depletion of PEG chains
immobilization / antibody Improved ECadhesion caused by oxidatiofbl]
titanium surfaces Not suitable for long
[75] term applicationg28]
Heparin, Layerby-Layer VEGF Prolonged clotting time Non-specific adhesion to
fibronectin and deposition Reduced platelet heparin[66]
VEGF / titanium adhesion and activatioi Thrombogenicity of
surface468] Promoted EC adhesior fibronectin[68]
and proliferation Instability ofthe coating
[54]
Risk of tumor
development caused by
VEGF releas¢76]
VEGF Multistep VEGF Improved EC adhesion Hemocompatibility has
immobilization/  chemical and the formation of ar not been investigated
poly(L-lactide-co- immobilization endothelial layer Risk of tumor
Ucaprolactone) development caused by
elastomef77] VEGF releas¢76]
Heparin Chemical NA Antithrombogenic Non-specific adhesion to
immobilization on modification properties heparin[66]
plasma treated Higher patency ratéa  Leaching of the heparin
surface / Vivo coating|[6]

Polycarbonate
urethane (PCU)
grafts[78]

Formation of a more
confluent endothelial
layer

Not EC specific

The amount of protein adhering to blecdntacting devices depends on the fneder
fraction of the surface and less pintadsorbs to surfaces with a higher freater fraction
[79]. MPC polymers have extremely high levels of fvesger fraction and the PC groups
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present on the polymer chains effectively reduce the protein adsorption force at the
interface [60]. Chenet al, observed that coating ePTFE surfaces with MP©utin
physical absorption, significantly reduced platelet adhesion and neointimal hyperplasia
vivo and all implantedemoral artemvenous graftgnodified with MPC were patent at 4
weeks compared with control graf&0].

While the results obtained from these experimaevese promising, the stability of the
coating for longterm applications is questiable,sincethe MPC layer is not covalently
attached to the surface and could be removephysgiologicalshear stresseb order to
overcome this limitation, Chevallieet al, optimized the modification strategy and
investigated the biological performee of adichloro derivativePC-grafted ePTFE surface
by covalently attaching PC polymers to the substrate wathgfrequency glow discharge
ammonia plasma treatmdgtl]. Theblood compatibility of thé°C-graftedePTFEsurface
was investigatedby conductingin vitro tests such as thmboelastographyplatelet
adhesion anaheutrophil adsorptin. The results obtained from tve vitro experiments
showed that the R@odified ePTFE grafts significantly decreases thrombmegaion,
platelet and neutrophil adhesion compared with conRdHE graft{81].

Among the new geeration of MPC zwitterionic polymensoly(sulfobetaine methacite)
(polySBMA) has becomea popular candidate mainly because othe low cost and
simplicity in synthessing ths polymerandits ability to create a strongydrationlayeron

the coated gtace[55], [82]. Vascular catheters coated with a deaching polySBMA
surfaceusing agraft from redox polymerization processffectively reduced platelet
activation, protein and cells adhesion and prevented clot formatiombatio andin vivo

[83]. These polymers hawasobeen grafted on hydrogen plasma treated PTFE membranes
using atom transfer radical polymerization (ATRP) where tHe gtoupspresent on the
PTFE surfacevere usedainitiatorsfor the ATRP reactiofB4]. Coating the PTFE surface
with the polySBMA polymer significantly decreased the hydrophilicitytiod PTFE
substrateand the coated surfacewere highly protein (human fibrinogen) repellent
comparedwith control samples Studies haveshown that thdilm thickness and grafting
density of the polySBMAqgrafted surfaces can affect thiood and plasmarotein
repellencypropertied85]; thus,usinga controlled polymerization technique such as ATRP
for graftingthis polymer could bhighly bendcial since the molecular weight digiution,

molar mass ratios and the architecture of the grafted polymer could precisely be controlled
using this techniqus6].

1.3.2. Plasmasurface modificationtechniques
The hydrophobicity of bth ePTFE and PET vascular graftseventsEC adhesionand
growth and promotesplatelet activation and cldormation[19]. To make these surfaces
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more hydrophilic, plasma modification techniques are one of the neetisadl that allow
the surfaces tdoond with different atmospheric gases and as a remdtease the
hydrophobicity of the substratd21], [87], [88] In addition, plasma treatment also
increases the capacity of the synthetic vascular dgi@ftsiomoleculeimmobilization by
creatingappropriatechemical functional groupsuch & hydroxyl or carboxyl groupsn
their surface$89]. Moreover gudies have shown that plasma modification, isféective
way to modifyand funcionalizebiomaterialssuch as ePTFE, without altering theurface
bulk properties[89]. Depending on the plasmenergy and type of gas used, plasma
radiation only affects theurface of the substrate to a shallow depghving the bulk
properties bthe substrate inta¢®0].

Dekkeretal. investigated thaffect ofnitrogenplasma treatment of ePTFE surfaces@h
spreading ad adhesiofi87]. Depending on the plasma treatment time, the hydrophilicity
and wettabilityof the treéed surfaces chandewith surfaces that were exposed to higher
plasma timedeing more hydrophilic and havidgwer water contact anglesn addition,
plasma treamng ePTFE surfaces increased cell spreading and adhaikem6 hoursof
incubationand they had significantly larger number d&Cs adhered to their surfaces
compared tainmodifiedePTFE substratg87]. The affect of ammonia plasma tnewnt

of PET and PTFE surfaces &€ adhesiorhas also beeimvestigated91]. Both PET and
ePTFE surfaces significantly increased eglhesion(1.3-fold and 5.5fold respectively)
compared taunmodifiedsurfaces after 1 day anddaysof incubationandcell numbers
continued to grow on all surfaces, except for untreated PJHisStratesvhich was
conversely reduced by 41991]. Despite themproved EC adhesion on these surfaces,
further studies red to be conduetl in order to investigate their hemocompatibility
properties and their ability to prevent blood protein and platelet adhesiogll.

A number of studies fromaroch@® kb havefocused on using ammonia plasma treatment
as an initial ste in multistep finctionalization procedussf PTFE surfacef81], [92], [93]

In these studiesammonia plasma treatment was firged in order to reate amino
functional groups on the PTFE surface and subsequently the amino groupsiizeikto
covalently attach various biomolecules such as fibrond&@j, vascular endothelial
growth factor (VEGF]92] and also the zwitterionighosphorylcholingolymer[81]. The
main purpose of these studies waassestheblood compatiblity [81], biologicalactivity
[93], and endothelializatiof®2] of the modified PTFE surfaces compared witimodified
substratedn additionto ammoniaargon plasmadatment haalsobeen used to covalently
attach specific biactive moleculessuch as collagen IV andgstaglandin Ebn ePTFE
and PET surfaces in order to enhance their hemocompatibility, without significantly
modifying the graft structurf94]. As aresult of these coatingBbrinogen adsorption and
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platelet adhesiowere significantly reducedand the adhesion of thmoactive molecules
on these surfaces significantmproved the bocompatibilityof the vascular grafts

1.3.3. Antithrombotic agents

1.3.3.1. Heparin
Using antcoagulantagents alone or in combination with otH@pactive and bioinert
molecules has widely been investigated for creatirantithrombotic blood-contacting
surfaces[54]. Among these, hepariims the most widely anticoagulant agamed for
creating hemocompatible surfaces timdtibit platelet adhesion antthrombin generation
(Table 11) [21], [95]. As an anticoagulant, heparin binds to antithrondoid acts as a
catalyst, accelerating the antibinnbinrmediated inhibition of cliting proteasesush as
thrombin andactorX [96]. Severaimmobilization techniques such as caalattachment
[29], [34], [72], physical adsorptiof®7], [98], electrostatiattachment vidhe negativey
charged sulfate groupd heparin[99] andlayerby-layer deposition[23], [74] have been
used to graft hegrin on biomaterialsThe efficiency of the heparin coated layer in
preventingnonspecific adhesion angreventingthrombin generation depends on several
factors such as the qualignd stability of the heparirtoating and wather the heparin
molecule remains biologically active after thenodification process[89]. Physical
adsorption of heparin is or# the techniquesised to coat the surfaces abinaterials
however, this modification procedure results in creating unstable heparin coatings that
deplete overtimg100]. For examplesePTFE grafts coated with sitleparin though
physical adsorption have shown to lose 98% of heparin activity after 7 days of implantation
in vivo and due to the poor retentiaf the heparincoating on the ePTFE surfadbge
patency rates were not significantly different in hepaoated grafts compared with
control ePTFE surfacg&00].

In order to circumvent ik limitation, covalent immobilization of heparin is the preferred
methodfor creatingheparincoatedsurfacesThe mvalent immobilization stratggused to
attach the aparin molecul®en the surface plaan important role in the biological activity

of theimmobilizedheparin moleculeOne heparin molecule has multiple carboxylic acid
groups present on its surface. The free carboxyl groups coultk eredtiple covalent
linkages with ¢her functional groups such as amino or hydroxyl groups present on the
biomaterial and as a result robustly immobilize the heparin molecule on the surface.
Although nultiple covalent linkages could better stabilize tlepdrin molecule on ¢
surface, thisionspecific immobilization and linkage inhibits the free movement of heparin
molecules and ultimatellgindersthe natural configuration and biological activity of the
heparinlayer[54].
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In order to better understand this matt€ore et d., investigatedhow the heparin
immobilization techniqueaffects the hemocompatibility and protein resistant propesties
the coatedsurfacein humanwhole blood[96]. Endpoint attachment of heparin was
compared with other covalent attachmiechniquessuch as heparin immobilization using
carbodiimide crosslinking chemistwhich resuls in nonspecific linkage of thaeparin
molecule End-point immoblization of hgparin creates one single covalbondat the end

of the heparin chain and retaitiee natural configuration and biological activitf the
heparin moleculeThe results obtained from this study revealedréhiationship between
the immobilzation strategynd heparin antithrombotic activity whetee surfaces coated
using the engboint attachment technique had significantly better antithrombotic properties
and reduced platelet adhesion, activation and clomdtion compared with other
modification techniges[96]. The effectiveness of erabint immobilization of heparin in
creatingblood-compatiblesurfaces has beernp@ted by several other studies as W],
[101]i [103]. Begovacet al, investigatedhe thromboresistance efdpoint immobilizzd
heparincoatedGore Tex? ePTFE vascular grafin vivo[102]. Bothshortterm (1 week)
andlong-term(12 weeks) experiments showed significantlyheigpatency rate®(< 0.05)
andgreater thrombufree luminal surfacein heparircoatel ePTFE grafts compared with
unmodified control ePTFE surfaces amb significant difference was seen in heparin
bioactivity after 12 weeks of implantatig02].

Introducing a hydrophilic spacer between the heparin molecule and the biahsatdace
has shown to be an effective wiycreate biofunctional, bioactive amgmaompatible
heparin coatings and frotect the heparin molecule from denaturafit®y]. PEG is one

of the mostcommonhydrophlic spacersusedfor heparin immobilizatio{72], [105],
[106]. Panet al.investigated the blood compatibility ai¢C adhesion of titanium surfaces
modified with heparifPEG[106]. Titanium surfaces were initially oxygen plasma treated
and subsequently rdied with heparirPEG using thearbodiimide couplinghemistry
The resulting hepartPEG modified surfaces significantly decreased plasma fibrinogen
and platelet adhegioandprolonged the activated partial thromboplastin ticoenpared
with control sufaces In addition, the negatively charged, hepaPiBG surfaces were cell
compatible and showed bettBC adhesion and spreading compared wittimodified
surfaceg106]. Similar to the PEG coating techniques discussed eaHechain length of
the PEG spacdras shown tde an importantfactorthatcould affectthe bioactivity level
and the antithrombotic propertiegthe heparin molecul¢107], [108] By increasng the
PEG chain densityhe bioactivity of heparin increases dEG with the molecular weight
of 1000 Da has shown to provide the optimusparindynamic motiorrequired to prevent
platelet adhesion and clot formation coated surfacgs2].
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In recent studies, emnmobilizing hepam with otherbiomolecules has been one of the
most popular methodssedfor generating hemocompatibieterfaces (Table 11), [67],
[68], [73], [109], [110] For example, minosilanized titanium surfaces were
biofunctionalized wittheparin andibronectin(Hep/Fn) which is one of thex¢racellular
matrix (ECM) proteins,and their blood compatibility and endotladization wasstudied
[67]. Blood experiments showed that-womobilization of Hep/Frprolonged the blood
clotting time, decreased fibrinogen adhesimmd platelet activation and aggregation
comparedvith unmodified titanium substratesn addition, theeC seeding and fibronectin
bioactivity experiments showed more cell attachment and proliferation on
biofunctionalized surfaces compared with control surf§&gés Intimal hyperplasi@aused
by smooth muscle cell prédéiration and migratiors one of the major reasons festenosis
aftercardiovascular interventid20]. Caiet al, explored tle Hep/Fn complex further and
investigated the inhibitorgffect of this coating on smooth muscle cell proliferafibhl].
The obtainedresultsfrom this studyrevealedthat Hep/Fn immobilization on titanium
surfaces inhibits smooth muscle cell proliferation up to 5 days compared witlolcontr
sanples.

In addition to fibronectin, dtagen is anotheECM protein that has been used to create
ECM inspiredheparinsurfacecodings[109], [112] In a recent stdy, ePTFE films were
biofunctionalized with a Hepollagen complexhat included aeC adhesive peptidand

the anticoagant axd EC adhesion properties were investigafe@d]. After modifying the
ePTFE filmswith the Hep/collagen multilayer, less platelet adhesion and aggregation was
observed, and the blood clotting time significantly increased compeatedunmodified
surfaces. In addition, the presenoéshe EC adhesive peptide positivelpfluencedeC
adhesion and proliferation, something that was not observed in control ePTEE film

Collagen and fibronectin are two of the most important proteins present in the ECM which
have shown to promote cell adienand improve cell compatibility on biomaterig],

[68], [113] However, hese ECM proteins also promote platelet adhesion and activation
and thrombus formation and the excessive use of tiighey thrombogenic materialsn

the surface of bloedontacting inplansthat have not yet been completely covered aith
endothelial Iger could be problematif68], [69]. Therefore, the ultimate antithrombotic,
EC-friendly complex developed using ECM protemsistbe precisely desigudeso that it
promotes endothelialization without compromising the antithrombotic properties of the
coating.

Overall, surface modification of biomaterials witheparin coatingsis an edablished
methodthat isusedto createhemocompatible substratd4owever, several limitations still

challenge tls modification technique Heparinds anytis dighlygul ant
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dependent on the attachment of amtithbin to heparin viaits active pentasiccharidg
sequencg96]. This could be problematic since tb@ncentratiorof antithrombindepends
on the velocity of blood and might decreasén occluded regionshat have a higher blood
velocity [114]. Further heparinbinding affinity is not specific tantithrombinandit can
bind to other biomoleculesuch as growth factof66]. This nonspecific interaction could
decrease the antiagubnt activity and ef€iency of the coatingLastly, heparincoated
surfacesreprone to degradation amlepletion over time, which coulésult inthegradual
lose oftheir bioavailability andanticoagulanpropertieq6], [7].

1.3.3.2. Other anticoagulant agents
In addition to heparin, otha@nticoagulant agentsith different mechanisms of actisuch
as corntrypsin inhibitor (CTI)[115], [116] direct thrombin inhibitos such ashirudin
[117], thrombomodulin (TM)118] or recombinant hunrathrombomodulin (rTM)119]
and nitric oxide (NO) releasing atings [120] have been investigatedto create
hemoconpatible bianterfacesCT]l is a protein, derived from corn kernels that is knoav
specifically inhibitFXIla and block the root cause of dewviassociated coagulatigh]. In
order © both inhibitFXIII activation and decrease plasma protein depositiesgarchers
have ceimmobilized CTI with PEG (PEGCTI) on biomaterials Surfaces coated with
PEGCTI conjugates have shown to inhildfiXIIl autoactivation, reduce fibrinogen
adheionandthrombin generation and prolong plasma clotting times comparechaith
coated surface$116], [121], [122] In addition,in vivostudies have shown that PEI |
modified catheterssignificantly prolong the time to catheter occlusidy 2.5fold
compared withunmodified catheters and cathetersdified with PEGonly [115].

Direct thrombin inhibitors such a8V are another class of anticoagulant agents tered
coating blooecontactingmedicaldevices TM is a membraneprotein expressed on the
surface oECs which binds to thrombin. The thrombimrombomodulin complex supresses
coagulation by promoting protein C activation which ultimately results in imgit
thrombin generatiofiLl23]. Several groups have inailizedTM alone[119], [124} [126]
or in combination with other anticodgmt agents such as hepafib27] to create
biocompatible surfaces that locally prevent coagulasind thrombin generatiomhese
surfaces have shown promising skerm results inreducingclot formation,thrombin
generation platelet adhesion and activati [124]i[127] and inhibiting mointimal
hyperplasig119]. One of the main disadvantages of the modificatemihniquesised in
these studies is theandom orientation andherentreduction inthe bioactivity of TMafter
the immobilization process. This is mainly due to ti@ttargetedconjugationand
immobilization of the proteinon thesubstratewhich leavedimited accessibility to the
activecatalyticsite and redugsthe anticoagulant prepties of the proteifil23]. In order
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to protectthe antithrombin activity d TM, severalsite-specific,targeted binding strategies
have beerdeveloped128]i [130]. For exampleQu et al, reportel a novel technique to
site-specifically immobilize active TM on ePTFE surfaces by usingnalecular
engineering and bioorthogonal chemistry apprdd@9]. In this technique, tman TM
fragments expressing a signat&minal azide moiety were synthetized and immobilized
ontothe luminal surface of fygurethane coated ePTREascular graftsising theStaudinger
Ligationreaction chemistryThe TMcoatedsurfaces were stabie vitro and significantly
reduced platelet adhesion and activatsord clot formationin vivo, over a 6@minute
perfusion period Despitethe promising resultsobtained from this studythe complex
synthesis procedurigw yield and scalability of the reactidimits the implementation of
this modification techniquén clinical applications.

Nitric oxide (NO) generating andeleasingsubstatesare another class of surface coatings
that havebeen exploredor blood-contacting surfacesNO is a signalling molecule
produced and released IBCs, which regulates severabiochemicalprocessesn the
vascular systerfiL31]. Most importantly, lie protective roleand anticoagulant properties
of the endothelium has mainly been attributed to the presence afindB has shown to
prevent platket adhesion and activatiorlptformation and SMC proliferatioji32]. Smith

et al, were the first to apply a N@leasingpolyethyleniminecoatingon PTFE surfaces
by incorporatingdiazeniumdiolag group[N(O)NQOJ") in polymeric matrices and testing
its hemocompatibility]133], [134] The NOreleasing,polyethyleniminecoatedPTFE
vascular graishowed potent antiplatelet activity and were signifigaiess thrombogenic
compared with untreated PERurfaces when testedvivo[133]. Moreover, sveralother
modification approaches have been developed for obtaidiageniumdiolate NO-
releasing functional surfacedjowever me of the main disadvantage of using
diazeniumdiolates as NO donors is that thant of NO released from these surfaces is
limited andit depletes over timéAs a result theoated substrates are prone to loosing their
anticoagulant properties long-term applicatios[135]. Because of these limitations, new
surface coatig techniqueswhich containcatalytic agents that convert endogendi3
donors such aS-nitrosoglutathiongS-nitrosocysteineand S-nitrosoalbuminto NO and
therdoy generag a sustainegourceof NO have been explorgd36]i [139]. These surface
coatings have shown to reduestenosiscollagenrinduced platelet activaticemdenhance
human umbilical veileC (HUVEC) adhesion

1.3.4. Surface coatingwith EC specificgrowth factors and antibodies
The endothelium consists of a monolayeEGE that lines and coves the interior lumen of
vessels andk in direct contact with bloadt is well understood that the endothelial layer
plays a crucial role imegulaing inflammation and clot formatiofi76]; therefore,the
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establishment of a healthy and confluent endothelial layer on newly implanted vascular
grafts stents ancheart valvesis crucial in order to prevent occlusion andothbin
generatiorandto retain the patency ohéblood-contacting medical devid@l], [76]. To
address this requiremeni the pasftew years, several research gpsithave investigated
in vitro EC seedingon synthetic vascular graftsigure 1.2), [140]i [142]. Althoughthese
studies have shown the effectiveness of teishnique in improving the patency and
performance of the graftthe implementation of this technique clinical applications is
still impractical.In vitro EC seeding requires harvestingautologous€Cs, ailturing and
expandingthemex vivoand furtter, seeding the cells on theminal surface of vascular
grafts prior to implantatiofFigure 1.2) [143]. This process isostly andime consuming
andrequiresextensiveculture timequp to 8 weekp[71] andthere is a high possibility of
contaminatiorand infecton of the coatingluring the procesg6], [143]. In addtion, the
stability of thepre-seededendothelial monolayeduring andafter implantation remains a
concern[76]. Due to theselrawbacksresearchers hawxplored alternativeptions such
as promotingn situin vivoendothelialization on vascular grafis.situendothelializatia
techniques aim to reconstruct a functional endothddigér after vascular grafts are
implantedin vivo [76]. These techniquemainly consist of immobilizing EC specific
biomarkers and cell adhesive molecuweasbiomaterial prior to implantation

Vein explant In vitro cell culture

4
Synthetic graft Seeding ECs on |n vitro cultivation until Implantation
the luminal forming a confluent
surface of the graft endothelial layer

Figure 1.2 Schematic representation ofin vitro EC seedingon synthetic vascular grafts ECs

are extracted from t lineitrgp@nteithe cells ére ready thay araseatiede x p a
on the luminal surface of the synthetic vascular grafts and cultured until a confluent and functional
endoheliallayse i s achieved. The EC seeded vascular gr
Adapted from AvciAdali et al.[144].
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1.3.4.1. Vascular endothelial growth factor (VEGF) coated surfaces
VEGF is well know for its key rolen vascular developmerangiogenesiandstimulating
the proliferationdifferentiationand migration oECs[145], [146] Surface immobilization
of VEGF, alone or in combination with other biomolecules has shown to prdaibte
adhesionproliferation, migration angrowthin vitro (Table 11), [39], [77], [147] In a
recent studyRandall Jet al, investigated the ability of VEGReparincoated suaces to
captureECs under flow condition$39], using a microfluidic devicandunder aseriesof
shear stresseangingfrom low to physiologicasheaistresgs The growth factor remained
biologically active after the immobilization process aw&lectively capture@Cs and not
other cell types such asiman dermal or mouse fibroblakt addition, these surfaces were
able to captur&Cs from complex biological solutions such as whole blood uinigérflow
rates[39]. In another approachpstead of coating the surface of the biomatevith free
VEGF, Xuet al, incorporated VEGHoadedpoly-lactic-co-glycolic acidmicroparticleson
ant-rCD34 antibody coatedsurfaces and investigatedhe effect of VEGF release on
endothelialization and hemocompatibil[@48]. Although he sustaned release of VEGF
decreased platelet activation, and significantly improved endothelial progenit(irR€El)
adhesion and proliferation, when compared with-ooated surfaces, a burst releand
high dose of this growth factor may lead to developmgature capillaries and tumors
[149]; thereforeits safe usage fopromotingin vivo endothelializationof biomaterials
should becloselyinvestigated

Despite the promising results obtained from vitro experimentsusing VEGF
immobilization in vivo experimats haverevealed that VEGF coated surfaces are not
specific to capturing endothelial cells andshesurfaces couldlso promote nospecific
adheson of other cell typedn vivostudies performed using ePTFE vascular grafts coated
with a VEGF/ECM[150] or fibrin/VEGF [151] complex have shown that, in addition to
increasing EC capre, these surface coatings also promote SMC adhesion and growth and
as a result increase nmptimal hyperpasiaand decrease the patency rates of the vascular
grafts overtimg150], [15].

1.3.4.2. Promoting endothelialization by immobilizing endothelial cell
targeting antibodies

EPCs are mononugdr cells that are mainly accumulated in the bone marrow and can be
found in low concentrations in the peripheral blood stream. After enterintptbek diream,
EPCs have the ability to differentiate into mature ECs and attain EC specific markers and
antigens.[70], [76]. Peripheral bl ood contains at | eas:s
populations, which are fundamentally different. Early EPCs also caltéahy forming
unit-endothelial cells (EU-ECs) have low proliferative capabilities and express
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hematopoietic and monocytic features in addition to endothelial cell characteristics. In
contrast to early EPCs, late EPCsadothelial colony forming cells (ECFCsave high
proliferative capacityexpresendotheliakell specific markers and phenotypat have no
hematopoietic or monocytic characteris{it8], [143]. In general, EPCs present in the bone
marrow express CD34, VEGFR and CD133 surfaces markers. However, EPCs
circulating in the bloodstream, loose CD133 expression and begin to exprese mor
endothelial cell specific markers such as-84tlherin (CD144andvon Willebrandfactor
(VWF) in addition to CD34 and VEGFR (Figure 13) [70]. Lately, immobilizing
monoclonal antibodies against these endothelial specific surface markers have been
explored as an effective techniquer foaguring circulating ECs and promoting
endothelialization on the surface of vascular implants.

Early circulating Late Circulating
EPCs EPCs
Bone marrow EPCs
CD133 *-
CD133 © CDh34 CD34
CD34 VEGFR-2 VEGFR-2
VEGFR-2 CcD31 CD31
CD144 CcD144
vWF vWF

[¥] Bone marrow

Figure 13 Schematic representation of the expression of different markers during the
differentiation and migration of EPCs frometbone marrow into the blood stream. Adapted from
Hristovet al.[70], and De La Puentet al.[152].

Anti-CD34 antibody is one of the mgsbpular enddtelial cellcapturingmarkes usedin
designingvascularstens [71], [75], [153] [158]. The Genou$" stents, designed rbus
Medical Technologie$Hong Kong) where the surface of the 316L stainless steel stents
are covalently modified with a polysaccharide layer and functionalidggdmonoclonal
antrhuman CD34 antibodigg6] arethe firstcommercially availale EPC capturing stents
[143]. The realts obtainedfrom the first clinical study conducted dihese stents,
investigating the shoterm safety and feasibility of these sudarevealed that the
bioengineeredEPC capturingtents are saf@ndpromote rapid endothelialization and no
stent tmombosis was seen 30 days or 6 months post implan{d®®i The use the EPC
capturing stents duringrimary percutaneous coronary interventiorpatients suéring

from acute myocardial infarction has also shown to be safe and feasible, with low rates of
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major adverse cardiavents 30 day&.2%)or 6 monthg5.8%)after the surgerj160].
Lastly, the clinical resultsobtained from the Xnonth followup of the e-Healthy
Endothelial Accelerated Lining Inhibits Neointimal Growii@HEALING) worldwide
registry revealed thaioconary stenting with the Gendiishioengineeredtent resuls in
promising clinical outcomes, Wi low stent thrombosis andepeat revascularisatio
incidences[161].

Lin et al, integrated antiCD34 antibody withartithrombogenic agents ardésigned a
heparincollagerant-CD34 antibodyfunctionalized multilayer to investigaé in situ
endothelialization and hemocompatibility of intravascular stgtits In additionto good
hemocompatibility, then vitro results obtained from the cell studies showed the targeting
features of amCD34 antibody functionalized daces towards ECs and not SMCs,
something that was not observed in heparin/collagen functionalized surfaces with- no anti
CD34 antibody immobilizadn. In addition, ECs adhateto antitCD34 antibody
functionalized surfacdsadbetter viability and metabolictivity compared to EQsresent

to norrantibody functionalized surfacdsastly, results obtained fronm vivo experiments
revealed thain contast to unfunctionalized and surfaces functionalized with heparin
collagen only,heparincollagen/antiCD34 aitiody functionalized surfaces significantly
inhibitedneointimal hyperplasi[71]. In a similar approach, Chen al, incorporatedPEG

into the coatingandstudied the biocompatibility and endothelialization of PEG/@&mB4
antibody functionalized titanium surfacg$]. In this technique3-(2-amino-ethylamino)
propyitrimethoxysilanewas used as the base coupling agent for grafting PEG polymer
chains and further, an€D34 antibodies were immobilized on the ®Hunctionalized
surfaces usingarbodiimide crosslinker chemistrifrhe results obtained fronm vitro
experinents confirmed the superior performance of PEG/a@b34 antibody
functionalized surfacesompared to control samples. These surfaigesficantly decrease
platelet adhesion, promedtargeted ECs adhesion and intebdiSMC adhesioii75].

In contrast to vascular stents, a@D34 antibody immobilization on synthetic vascular
grafts fas not yet beeffully investigated.In the limited studies performed on ePTFE
substrates, rdi-CD34 antibodymmobilizationhas shown to inhibit platelet adhesi¢38]
and simulate endothelializatiof36], [38] in shortterm applicationshowever, the long
term efficacy of these graftsd their capabilityo promotein vivo endothelializatiorand
hemocompatibilityis not yetfully understood

Although EPCs loose the engssion of CD133 as they differentiated enter the peripheral
blood steam (Figure 1.3) [143], a few studies havimvestigatedanttCD133 antilody
immobilization forcapturingECsas well[40], [162]i [164]. Stents coated with anED133
antibody have shown to improve endothelializatiowitro [162], [163} however, long
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termin vivo expeiments showed an increase of repecific adhesion afthercell types
and no significant difference in endothelial recovgr§2], [163]or neointima formation
[163] was seen when comparing tlesults with uncoated surfacést et al, coated ePTFE
synthetic grafts witha heparintollagen multilayer functionalized with ati-CD133
antibody, using a layeby-layer techniquend investigateth vivo endothelialization and
blood compatibility of the coated surfaces in a gignmon carotid arterjransplantation
model[40]. No difference was seen in threvitro blood compatibility and platelet adhesion
results when comparing the heparin/collagen coated suifaties presence or abserafe
ant-CD133 antibog. The results obtained from the SEM imaging &mstopathological
stainingof the explanted grafts indicated that the ®@10i133 coated grafts were able to
promote endothelial cell adhesion after seven daysonitrast, heparin/coligen modified
surfaces showed incomplete endothelialization and more platelet deposition on their
surfaceg40].

Mature and circulating ECs highly express VEGERalso know aginase insert domain
receptor(KDR) [70]; hence immobilizing antibodies against this receptor on the surface
of biomaterials is another technique used to promote EC adhesion and [@&JithL67].
However, these surfacesem to be less effective in promoting EC spreading, adhesion and
differentiation when compared with VEGF coated substifdié8], [169] To study this
phenomenon, Matsuds al.investigated the capture of EPCs on surfaces coated with either
VEGF or ant#VEGF receptorg168]. These biomarkers were covalently attached to
hydroxyl terminatedpoly (ethylene co-vinyl alcohol) surfaces and EC adhesion and
differentiation was studied. VEGF coated surfaces significantly increased cell
differentiation after 2 weeks and the numioé cells expressing VEGF receptors were
significantly higher on these surfaces compared with\BGFR coated surfaces, making
them a better candidate for EC capture.

1.4. Lubricant-Infused Surfaces

1.4.1. Design principals

Recently lubricantinfused surfacef.|S) have gaine@xtensive attentioas a unique and
promising approach for solving the ongoing problem of-gpecific adhesiom medical
and noamedical application§Figure 1.4). Inspired by the repellent and ngaticky liquid-
infusedsurfaceswhich arewidely present innature[170]i [173] , scientists have began
integratng liquids into their surfaceengineering designand investigating the unique
repellency properties of thesew types ofsubstratefl 74]i [178]. Thethin, lubricantlayer,
integratedwithin the solid substrate createsraobile liquid interface with new surface
behaviours that could repetganic,aqueoug179] andcomplex biological liquid$174],
[178] andprevent celbdhesiorandbiofilm formation[174], [180]
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The solid unddying substrate and th@mmobilized liquid layer are the two main
components present in the lubricéimused system that interact and work together to create
a stable yet dynamic liquidterface Most importantly, the underlying flat or porous/rough
solid substrate needs to have a high chemical affinity for the infiltrating lubricaniiage

a relatively low affinity for the contaminating liquidhis can be achieved by either
exploiiing the innate chemical properties of the solid surfagere 1. 4a) [175], [179]or

by chemically modifying the surfaceitw an appropriate functional monolay¢hat is
compatible with the desired lubricgigure 1.4bandc) [176], [178] Once the appropriate
conditionsare met, thesolid substratas able tofi | ei cnkd liquith kyer througha
combination ofvan der Waal and capillary forcesd as a result createstable highly
repellent and homogenolsricantinfusedinterface In otherterms the chemical affinity
and physichproperties of theinderlyingsubstrate most meet the requirements to create a
platformin which it is more enggetically favourable for the lubricant layer than for the
contaminating liquid tenfiltrate and wetthe solid substratgd 81].

}“g&%% Porous

surface
Chemical
modification

| Flat
surface

Lubricant
layer

Figure 1.4 Schematic representation of Lubricantinfused Surfaces prepared using different
modification procedures.(a) A lubricantinfused layer can be generated usingpeous surface

with appropriate surface chemical propertieat will interact with thedesiredubricant layer €.9.

ePTFE surfaces saturated with perfluorocarbased lubricants). lhricantinfused surfaces can

be generated by chemically modifying pordb¥ or flat (c) substrates with appropriate chemical
molecules & create substrates that possess appropriate chemical properties for stabilizing the
lubricant layer.
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1.4.2. Platforms and madification techniques
LIS have shown to be compatible witmumerous alid substratesused in medical
applicationssuch as glasg 82], [183] stainless ste¢ll74], [184] gold [185], aluminum
[186], [187] polyether amidg178], ePTFE[174], [175], [179] PET,polycarbonatgpoly
(methyl methacrylate) (PMMA)174] andpolydimethylsiloxane (PDMS]J188]. The first
reported slippery lubricant infused porous surfd&IPS) inspired byNepenthegitcher
plants were created usingepoxyresinbased nanostructuredubstratesand ePTFE
nanofibrous membranemnd infiltrated with perfluorinated libricants[179]. The porous
epoxyresinbasedsubstrates did not possesaface chemistry matching the chemical
nature of the perfluorinatedbricants;therefore, they were chemically modified using a
fluorosilanemonolayeiprior to adding the lubricamdyer. In contrast to the epoxy surfaces,
ePTFE membrane which are madffom asynthetic fluorocarbovased polymels4] did
not need furtherchemical modification steps, since they were porous and had the
appropriate surface chemical compositioninteracting with theerfluorinatedubricant
layer[179]. SLIPS created using both thes@faces had low contact angdigsteresig<
2.5°), were able to el various aqueowendorganic liquids and complesolutionssuch
as blood andvere able tdunction under high pressurda.a different study, Cheet al,
investigated the bacterial repellency properties of lubricdnsedePTFE substrateand
their ability to prevent medical device associated infectjdi5]. ePTFESLIPS were
highly resistant to biofilm famation and exhibited a 99% reductionSnaureusdhesion
in vitro.

When the innate surface chemical propeniethe underlying substrasee not suitable for
generatinga stable LIS this limitation can beresolvedby chemcally modifying the
substréewith compatible functionajroupssuch a®rganailanes. Silanization has become
one of the most popular and straightforward modification techniques used to enhance the
surface chemical properties of the substrate and caladiy preformedusing diffeent
surface modification techniques such as liquid phase depositiein) [174], [178] or
chemical vapour depositidi€VVD) [176], [178] In our recent studyChapter 2, weused
thetwo CVD andLPD modification techniqueanddeveloped slippery lubricaimfused
coronary cathetetsy creating setbssembled monolayers (SAM#)tridecafluorel,1,2,2
tetrahydrooctyl trichlassilane(TPFS)andinvestigatedhe antithrombotic properties the
modified cathetergFigure 15g) [178]. Although LPD is a welknow techniqueused for
producingSAMs of silaneq189], the result®btained from our studguggestha CVD is

a more efficient and effective method fereating LIS andrendering medical grade
polymeric catheters less thromboger@ne of the main drawbacks of the LPD method is
that the treated surfaces are directly exposed to the side products pratiesddased in
the liquid phased.g. hydrochloric acid, which may be harmful and damage theated
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surface$189]. This conceptwvassupportedvhen looking at th&€EM image®btained from
our study, whereatheters treated with LPD method exhibisedface roughness along with
etching and exposure d@finer layers something that was naeenin the CVD treated
sampleq178].

In addition to chemical properties, creating porosity and adding roughness on flatssurface
(e.g.incorporatingmicro or nano featurgdas shown to be aeffective techniquefor
stabilizing the lubricant layer andcreasng the repellency and omniphobic properties of
the LIS (Figure 15c, d, e, fandh) [181]. Thesesurface characteristics could be achieved
by applying diverseurface modification techniques such as ldyetayer deposition of
particles, organic and synthetic charged polyné&&6], [177], [190][192], surface
wrinkling [185], [193] UV initiated [183] andsupramoleculapolymerization[194]. LIS
generated using these techniques have shoeifetctivelyprevent infectiorf193], protein
[192], [193] bacterial[177], [183] and platelet adhesioi93] and attenua&tthrombus
formation[185], [190], [193] When creating porous structurésatochvil et al.,took an
interesting approach ancteated a dynamic LIS bicorporated antivirulencagents,
active againdPseudomonas aeruginosetheirmultilayer structurend studied the gradl
release of these molecules and their abilitgttenuatevirulence phenotypethrough non
biocidal pathways[177]. The quorum sensingnhibitor (QSI) agents loaded in the
lubricantinfused layr did not compromise the slippery angelency properties of the
surface and remained biologically active after the modification proeeablingthe QS+
loaded LISto both prevent bacteri@dhesion (through the slippery lubricantused
coating)andreducethe production of key virulencadtors in planktonic cultures of this
bacterium(Figure 1.5€).

1.4.3. Surface Stability
The gability of the lubricaninfused layer ioone of themportant factorghat needs to be
taken into consideratiomhendesigningLIS for medical applications. The dynamic liquid
layer present on the surface of medical implantsiasilumentsaneed to be able under
physiological shear stressand flow conditionswithstand the mechanical forces that
couldbe applied to the surfagenen implantingor inserting/ekractingthe medical device
andalsoresist evaporatiowhen placed in open environmenits addition, the designed
surfaces should be able to survive the standard sterilization procedures used in the hospital
settings suclas rinsingthe medical devicavith ethylene oxide and/or UV exposuii
investigate tb stability of the lubricant layeHowdl et al, studiedthe stability and
longevity of different immobilized lubricant layers under various flow conditions, both in
closed and open systei®5]. Krytox 103 perfluoropolyetheandperfluorodecalin (PFD)
were the two types of lubricants tested in the experiments, with the first one being favorable
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for industrially relevant applicationg96] and the later being suitablecandidate for
medical application§l74]. Medicalgrade, polyvinyl chloride (PVC) tubinggas used as
the base substrate and the lubricant loss was investigated on batirettlPVC surfaces
functionalized with perfluoroalkyl phosphate surfactamd flat substrateshat were
functionalized with a SAM of TPFS using LPResults obtained from these experiments
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Figure 15 Examples of different sibstrates and modification techniques used to create LIS

(a) Flat silicon tubes or polyurethane catheters were chemically coated with a silicon coating and
lubricantinfused with a compatible oil such as silicon oil to create slippery TuBes exhibited

low contact angles and antifouling properties. Reproducewh fMaccallumet al. [197]. (b)
Slippery lubricaninfused surfaces were created by coating medical devices with a SAM of
fluorosilaneusing LPD and further infiltrating them with a fluorocarHueised lubricant such as
perfluorodecalin. These surfaces were able to prevent device associated thrombosis and biofouling.
Reproduced from Lesliet al. [174]. (c) Nanoporous LIS were created by a lapg#ayer
deposition of charged nanoparticles and further functionalizing them with a SAM ofsflaoen

In order to complete the process, a fluorinated tamt layer is wicked on the porous surface.
Reproduced from Sunrst al.[192]. (d) SLIPS are created by nanopatterning glass substrates and
chemically modifying them witl fluorosilane and immobilizing perfluorinated lubricants on their
surfaces. These surfaces had excellent bacterial repellency properties. Reproduced froratEpstein
al. [180]. (e) Antifouling SLIPS were produced by creating nanoporous structures and loading
them with small anbacterial molecules that would be gradually released from the LIS. Reproduced
from Kratochvil et al. [177] (f) In this study, LIS were generated by creating rough wrinkled
surfaces, chemically modifying the surface with a perfluoro rmpely brush and ultimately
immobilizing a fluorocarbon based lubricant on the surface. These surfaces were able to prevent
thrombus érmation and infection. Adapted from Yuanal.[193] (g) The flat sufaces ofmedical

grade catheters were functionalizwith a fluorosilane SAM, using CVD or LPD modification
techniques and infiltrated with fluorifiased lubricants in order to create stable LIS. Reproduced
from Badvet al. [178]. (h) Non-fluorinated porous LIS were created onsglasubstrates using
chitosan, alginate and polyvinylpyrrolidone. The porous film was created usingblaigrer
deposition and crodmking chemistry and further lubricated with almond oil. Reprodufcech
Manadeet al.[190].
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indicated that botBtructured and flat LI®VC surfaces, treated with either of the lubricant
types were highly stable under physiological shears stresses and flow conditions only when
placed in a closed environment. Howegwehen these surfaces were exposed to an air/water
interface and placed in an open environment, there was a significant increase in the amount
of lubricant lost and removed from the surfgt85]. In another study, the stability and
thrombogenidly of LIS-acrylic surfaces coated with TPFS werdddsunder physiological

shear stresses using human whole blood and the results obtained from this study confirmed
that these surfaces remain functional aadtioue to effectively repel blooa@nd prevent

clot formationeven after being exposed to a constirear strain rate (1,063) for up to

16 hours[174]. Although these results look promising for skherm applications, more
investigation should be done in order to study the-kenign stability of the LIS under more
complex physiological conditions.

Evaporation of the lubricant layer could also be aceon, depending on the type of
lubricant applied orthe substrate and the conditions used to store the LIS prior to the
application. In a study preformed on lubricamused ePTFE surfaces, three types of
perfluoropolyether (PFPE), perfluoroperhydropheheene (PFPH), and PFIDbricants

with different ckemical properties and vapour pressures were tested and the stability of the
lubricant layer was investigated when surfaces were stored in either PBS or kept in open
air conditiong175]. All three lubricants showed high stability rates when immersed in PBS
for up to 1 week, however, after only 30 minutes of incubation in air, a significant decrease
in surface lubcant was seen in PFD treated samples (the lubricant used in medical
applications and thenost volatile lubricant whereas PFPE and PFPH lubricants displayed
greater stability with retaining more than 75% of the initial amount of lubricant after 120
minutes [175]. These results suggest that the high evaporation rate of mgoidal
lubricants such as PFD coulae httenuatedby storingthese surfaces in a compatible
aqueousbuffer such as PBS, prior to their use. Moreover, designing a surface with
vasculature features, inspired by natural-sgienishing surfaces, has shown to be an
effective technique to createlflubricating systems, capable of retaining the lubricant
layer for lorger periods of tim§L98].

1.4.4. Biomedical applications
Due to the extraordary performance of LIS and their excellent repellency properties, these
surfaces have gained extensive attention in biomedical applications where preventing non
specific adhesiorsicrucial. Device associated infection and clot formation are two of the
man concerns and challenges that surface engineers need to address when designing
platforms for biomedical purposes. LIS have shown ta pemisingcandidate to mitigate
these isses by effectively preventing the adhesion and proliferation of differdirtiypes
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and significantly reducing bacterial biofilm formation and thromb[isid], [177], [178],
[190], [197] Moreover, these surfaces have shown to outperform conmehsarface
blocking techniques such as PEGylatedovine serum albumirBSA) coated surfaces
[180], [182]

Taking into account the design flexibjliand surface material compatibility offered by
LIS, they can be applied in a variety of medical related applications such as, irfil&ihts
surgical equipmer{tL99], [200] point-of-care diagnosticel85] andmedical catheters dn
tubing[174], [178], [197] Medical cathetexrsuch asurinaryandcentral venous catheters
play asignificantrole indaily medical procedures preformed on patiefitee nteriorwalls

of thesetubes aresusceptible to fouling and clot formation once they come in contact with
biological fluidssuchas blood and urine. These complicatiangpair the performance of
the devicedelay andnterfere withthe treatmentand result ifurther device associated
complications such as mildr life-threateninginfection [201], [202] Work done on
medical catheters and tubing mibeld with a lubricantinfused layer, using different
modification techniques and various lubricants, have shown that these surfacgmhbte c
of supressinghrombn generation fibrinogen and platelet adhesigh74], [178] and
biofilm formation[164], [188]in vitro.

Although to date, most of the studies ggformed on LIS have focudeon in vitro
investigations, the fewnitial in vivo studiesconductedn these surfaces have showrt tha
the promising results obtained framvitro studies care translated to more complicated
biological settingsas well. For example, using @orcine &moral arteriovenous shunt
model| it has been shown that lubricanfusedPVC cardiopulmonary perfusion tubing
can remain paterdnd prevent blood cledssociated occlusion for up to 8 houwsthe
absence of$ystemic heparin anticoagulati¢ffigure 15b) [174]. In another study, ePTFE
surfaces infiltrated with differén fluorocabonbased lubricants and implanted
subcutaneously in a rat model, showed that lubricdosedimplants effectively resist
bacterialinfection andsignificanty redue local inflammatoryresponsgeven after being
exposed to higHevels of S. airews. Further, ePTFESLIPS were biocompatible and
reduced the thickness of tbellagen connectivessue formed around the implant by about
50%, compared with unmodified ePTFE implaiis5].

Despite the promising results obtained frim newLlIS that are peated using different
substrates and various modification techniques, these surface models all soffené&o
mutual drawback, and that is the lack of biofunctionality and the repulsion and exclusion
of all bio-interactions with the surfac&his limitation is troublesome for permanent
medical implants such as vascular grafthere tissue integration and dathelal cell
capture play a significant role in the performance and patency of the device. In our recent
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study, we intended tdackle this limitation by creating a new class of LIS where
biofunctionaity and targeted binding werecorporated in the lubrantinfused platform,
without compromising theepellency and blocking propertie$ the surfacChapter 3
[182].

Biofunctional lubricantinfused surfaces (BLIS) wegeneratedby creating SAMs of 8-
aminopropyltriethoxysilanAPTES-TPFS mixture using CVD and further, utilizing the
APTES coupling agda for biomarker immobilization. APTES was chosen as the silane
coupling agent since this molecule has extensively been used for cretding,
biofunctional interfacem the pasf203], [204] In our study, we investigated the repellency
properties of our designed surfaces by preforming blood and plasma clotting assays and the
biofunctionality and targetedinding features of the surfaces were investigated by
immobilizing endothkal cell specific biomarkerge.g.ant-CD34 antibody)on the BLIS

ard studying targeted endothelial eeipture from a complex biological system such as
human whole bloodThe designed BLIS surfaces had excellent blocking properties by
prevening clot formation and notspecific adhesion of cells and proteins. In additibese
surfaces were biofunctional and promoted targeted binding of endothelidlL82ls

In a further study(Chapter 4, we translated our neweveloped coatindgrom glass
substrates to medical grade vascular grafts amded to develp a new class of
biofunctional lubricaninfused ePTFE surfaces l®fiminating the need for chemically
modifying the ePTFE substrate with mixed silanes exploiting the innate chemical
properties of the grafts. In this approach, hydroxyl terminated eFsUBEtrates were
directly biofunctionalized using APTESlIanized antiCD34 antibodies and further
lubricated with a perfluorocarbevased lubricant, creating stable, biofunctional lubricant
infused ePTFE substrates. Similar to the previous study, owgngesePTFE substrates
were biocompatible andignificantly attenuatedhrombin generatiorand blood clot
formationand promoted targeted binding of endothelial cdllse results obtained from
our studesrevealedhatpromoting targetetbinding and prevamg nonspecific adhesion
on LIS arenot mutually exclusiveonceptsand thenew class olubricantinfused surfaces
can etain their repellency and blocking properties in the preserimefahctionalfeatures.
These surfaces could open new doorsrfedical applicationsvherebothpreventing non
specific adhesioandpromotingtargeted bindingf cells and biospeciemre of immense
importance

1.5. ResearchObijectives
Based on the demonstrated promise of inlreventing norspecific adhesion, the focus
and objective of this thesis was to develop and investigate novel bbkSfication
techniques, that would bettsuit medical devices and medical related applicatiohs
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particular, the thesis focuses on depéng strategiesand optimization procedures that
would integrate biofunctionality and targetbohding on lubricantnfused surfaces,
without compromising theunparalleledepellency properties. More specifically, the main
focus of the thesis was toeate biofunctional lubricasibfused surfaces that could be
applied to synthetic vascular grafts or permanent medigalnts,in orderto enhance
their biocompatibility and targetelindingfeatures

1.6. Thesis Qutline
This thesis s wr i t t en fomat andcinsistanofb whiapteins€hapter 1and
Chapter6 enclose relevant introductory and concludiegnarksespetvely andChapters
2 to 5 consist ofjournal articles that areitherpublished submittedfor publicationor in
preparation fosubmission

Chapter2 focuses on optimizing the surface modification procedure used to create LIS on
polymeric substrates. Sgécally, medical grade polymeric catheters were modified using
CVD or LPD techniques and their surface topography, surface cakegomposition,
repellency properties and their ability to attenuate clot formation was investiGatee
surface chemicand physical properties are of immense importance when designing LIS,
this investigatiomevealed thathe modification techniquesed to create LIS caifectthe
surface properties and ultimately tmepellency and blocking characteristics of the
modified surface

Chapter 3describes anovel modification procedure foimpregnatinglubricantinfused
platformswith biofunctional featuresvithout negativelyimpactingtheir repellency and
blocking propertiesAlthough LIS have shown outstanding results ircking surfaces and
preventing unwanted adhesion, they all lack the abilityrtonpte targetedinding and
biofunctionality, which are crucial requirements when designing interfacésoEgnsors
andpermanent medical implants such as vascular gifis. is the first description of a
methodto obtain a biofunctional lubricasihfused surface (BLIS) that promotes targeted
binding of cells andeffectively attenuates clot formation and prevents -specific
adhesion of blood proteins and cells.

Chapter 4describes the translation of the BLIS from a generic platform such as glass to
medical grade ePTFE vascular grafts doduses ordevelopinga novel(patent filed)

and simplified modification technique for creating BLIS using silanized-irks.
Preservinglie surface chemicaropertiesof the baseubstrate such as ePTFEIdical

in order to further infiltrate theuwsfacewith perfluorocarbonbased lubricants ant
create functional and stable Lithout the needor chemically modifying the surface
with appropriate functional groups. In order to do amovel method wsadeveloped
where silanized biomarkers wengroduced and directly immobilized on ePTFE
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substratesThebiofunctional lubricaninfused ePTFE surfaces (BLIP®greexamined

for their bload compatibility and abilityto capture endothelial cells from human ol
blood. This technique streamlines the modification procedure required to create
functional BLIPS and results in surfaces with excellent repellency properties and
targetedbinding fedures.

Chapter5 describes a novel methdpatent filed)to coatPET vascular grafts in order

to make their surfaces biofunctional and repellent. In this study, the modification
techniques used iGBhapters 23 and4 were integrated, tuned, optimized aayuplied to

PET substrates. Specifically, PET grafts weredified with a fluorosilane layer using
CVD, secondary oxygen plasma treated to créguiroxyl functional groups on their
surface and lastly, biofunctionalideising silanized binks. Compared tthe method
described irChapter 3for creating BLIS, this new method simplifies the modification
procedure where the required functional groups for biomolecule immobilization are
generated by applying a secondaryspta treatment on the fluorosilanizedfage and
therefore, the need to treat the surface with both amino and fluorosilane molecules in
eliminated. Similar to BLIPS, the biofunctional lubricanfused PET surfaces were
tested for their hemocompatibilitynd endothelial cell adhesion properties
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Chapter 2 An omniphobic lubricaninfused coating produced by
chemical vapor deposition of hydrophobic organosilanes attenuates
clotting on catheter surfaces

Preface

This chapter reports a nanvasive and straightforward method for ¢ne@LIS on medical

grade polymeric catheters usi@¥D. The reported method is compared to ottenmon
modification techniques used to credtlS such asLPD. This study investigatethe
compatibility of the purposed coating technique by performing reifie surface
characterization techniques. Further, the thrombogenicity of the coated catheters are
investigated by performing plasma clotting assays. This study demonstrates thatittge co
technique used to create LIS could negatively affect the suypfaperties of the underlying
substrate. In addition, this study reveals that catheters coated using the CVD method are
highly bloodrepellent and significantly attenuate clot formatsom platelet adhesion.
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2.1. Abstract
Catheter associated thrombosis is an ongoing problem. Omniphobic coatings based on
tethering biocompatible liquid lubricants eelfassembled monolayers of hydrophobic
organosilanes attenuate clotting on stefa Herein we report an efficient, nmvasive
and robust process for coating catheters with an antithrombotic, omniphobic Iubricant
infused coating produced using chemicabor deposition (CVD) of hydrophobic fluorine
based organosilanes. Compared witimcoated catheters, CVD coated catheters
significantly attenuated thrombosis via the contact pathway of coagulation. When
compared with the commonly used technique of lignndse deposition (LPD) of fluorine
based organosilanes, the CVD method was nf@ioeemt and reproducible, resulted in less
disruption of the outer polymeric layer of the catheters and produced greater antithrombotic
activity. Therefore, omniphobic coaj of catheters using the CVD method is a simple,
straightforward and nemvasive procedure. This method has the potential to not only
prevent catheter thrombosis, but also to prevent thrombosis on othercbioadting
medical devices.

2.2.Introduction
Blood-contacting medical devices such as catheters, heart valves and vasculargrafts a
widely used. All such devices are prone to thrombosis, which can lead to thromboembolic
complications and device failuf205]. Cancer patients often have central venous catheters
implanted for venous access and for pggeal delivery of chemotherapy, antibiotics and
nutrition. Catheter thrombosis mommon in these patients and can lead to -deap
thrombosis and pulmonary embolism; complications that often delay treatment, extend
hospital stay and increase healthcamsts[206]. Therefore, methods to reduce catheter
thrombosis are worthwhile.

Thrombosis on catheters and other bleodtacting medical devices is a mdtep process

that starts with adhesion of proteins and cells, and culminatesforin@tion of a platelet

fibrin mesh[1], [207]. Coagulation on these surfaces is activated via the contact pathway,
which is initiated by the adsorption and activation of factor (F) [X08]. Therefore,
attenuation of thrombosis on medical devices requires processes that prevent activation of
the contact pathway. Such processes can be active or passive. Active processes designed to
limit contact activation include surfaceatimg with heparif209] which inhibits multiple

steps in blood coagulation, or with corn trypsin inhibifpt5], a potent and specific
inhibitor of FXlla. Passive processes to retard contact activation include surface
modifications with synthetic or natural polymers and biomoled4&} [50], [210] such

as poly (ethylene oxigeg(PEO)[211]i[215] and polyethylae glycol (PEG)[25], [26],

[216], poly-suffobetaine[83], [217], poly-2-methoxyethyl acrylate (PMEAJ218], and
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albumin [219]i [224]. More recently, omniphobic lulmantinfused coatings e been
developed based on tethering biocompatible, perfluorocarbon lubricants-asssstibled
monolayers (SAMs) of hydrophobic organosilarfé§4], [179] Based onfluorous
chemistry, fluorous molecules can be physically adsorbed onto fluoomigining
surfaceg225]. The strong intermolecular interaction between the fluorinated lubricant and
the fluorosilane layer locks the lubricant liquid onto thdase, thereby creatinghaghly
stable, omniphobic lubricasmfused coatind179]. These surfaces outperform heparin
coated surfaces, as well as a range of hydrophilic cod@3jsleveloped to resist blood
clot formation. Furthermore, lubricamtfused omniphobic coatings have been more
effective than PEG or albumin for blocking nepecific adhesion of cells and bacteria
[181], [226] In addition to increasing bloecompatibility, these surfaces are stable and
durable when exposetb physiological sheastressin vitro [174], [195] Therefore,
lubricantbased omniphobic cday of biomedical device is a promising method for
preventing thrombus formation.

Lubricantbased omniphobic coatings are produced by applying SAMs of hydrophobic
organosilaned.qg. tridecafluorel,1,2,2tetrahydrooctyl trichlorosilane) onto the surface.
Liquid phase depositiofi.PD) is the main technique reported in the literature for producing
SAMs of fluorinebased silanes in order to obtain lubrieariised omniphobic coatings
[181]. However, the LPD method has several limitations. First, the high volofhses/ent
waste produed during the procedure are harmful to the environment, which restricts the
industrial viability of the procesf27]. Second, selpolymerization of silanes in the
solution phase may impair the formation of homogenous silane layers on the a&ce
Third, and most important, surfaces treated by LPD are exposed to thdtiespand side
products produced during the treatment process, which may compromise the material and
alter the bulk properties of its surfaf@?7]. Such alterations are particularly problematic
for materials used for biomedical applications.

To overcome the limiteons of LPD, we set out to develop a more robust, simplified and
clinically relevant chemical vapor deposition (CVD) method for creating a lubricant
infused omniphobic coating on FR&pproved catheters. The surface properties, chemical
composition and aithrombotic activity of catheters coated in this manner were compared
with those of uncoated catheters and catheters coated using the LPD method. We show that
the CVD method has less of an effect on the surface topography of catheters than the LPD
method ad endows them with greater antithrombotic activity.
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Figure 21 Schematic illustration of the treatment process and the purposed reactiom)
Schematic representation of catheters treated with trichloro (1H,1H,2b&H&aooctyl) silane
(TPFS) through chemical vapor deposition (CVD) and iqphiase deposition (LPDh) Chemical
structure of TPFS and surface functionalization steps of plasma treated catheters with TPFS.

2.3.Results

2.3.1. Producing omniphobiclubricant -infused catheters
Omniphobic coatings on coronary catheters, composed of a spétiped amide block on
the outer layer were produced using two different chemical modification techniques: 1) The
LPD technique, which is the most commonly usedhwme to create omniphobic slippery
surfacefl74], and 2) Our developed CVD method, which imore efficeént, norinvasive
and robust process for creatiagti-thrombogenic coatingen cathetergFigure 2.1a).
Catheter segments were oxygen plasma treatedilandzed with trichloro (1H, 1H, 2H,
2H-perfluorooctyl) silane (TPFS) using one of the techniques mentioned abiguee(
2.1b). In the final step, a biocopatible, FDA approved liquid lubricarduch as
perfluorodecalin (PFD) or perfluoroperhydrophenanthrene (PFPP) was added to complete
the modification process.

2.3.2. Assessment of surface chemical composition
To examine thehanges in the chemicabmposition of the catheters after oxygen plasma
treatment and after CVD or LPD surface modificatior@¥ photoelectron spectroscopy
(XPS) was performed-{gure 2.2). Oxygen plasma treateshd silanized catheters showed
a significant difference in chemical composition compared with controls. As expected, after
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oxygen plasma treatment, a high percentagexpgen (about 50 atom %) was detected on
the surface of the catheters, indicating thespnce of hydroxyl (OH) groups and consistent
with initial activation of the catheter surfaces.

Although fluorine (F) was detected after silanization with both the @e@LPD method,
the fluorine surface concentration was significantly higher with C\éatinent than with
LPD treatment (about 45 atom % and 15 atom %, respectively).

Bismuth, the filling used in catheters to render them radiop@f9, was detected on the
surface of cathetemubjected to LPD treatment ( > 15 atom %). In contrast, bismuth was
not detected on th surface of catheters coated using the CVD method.-ttédded
catheters also exhibited chlorine (> 10 atom %) on their surface, which was not present on
the surface o€VD-treated catheters.

2.3.3. Contact and sliding angle measurements
To investigate the reli@e hydrophobicity/hydrophilicity of the control and treated
catheters, contact and sliding angle measurements were performed using a 5uL droplet of
deionized water. Ténsliding angle was defined as the minimum tilting angle required for
the droplet to strt moving along the catheter surface. A sliding angle of 90 degrees was
assigned to droplets that failed to slide at angles of 90 degrees or higher. The static contact
angle measurements of the control and treated surfaces before adding the lubricant laye
are shown ifFigure 2.3a and b. Control catheters exhibited aagVely high contact angle
(dst = 107 = £) indicative of their hydrophobicity. After CVD treatment and before
lubricant addition, the water contact angle increasd@1ot 2. After the addition of PFD
or PFPP lubricant layers to the CVD treated catheters, the water contactvesrgléswer
(104.7 + 2° and 104.8 £ 2°, respectively).

In contrast to CVD treated surfaces, LPD surfaces had a lower static contactdargle (
83.6 + 7°) compared with control surfaces. After adding the lubricants onto these surfaces,
the water contactragles remaing low. Although the PFPP lubricant increased the contact
angle by about 7°, the difference was sgnificant,and the wettability of the surfaces
remained high.

Sliding angle measurements of the treated and control surfaces are stegumer?.3c.

The 5uL water droplet did not slide on lubricated LPD catheters even with tilting angles
higher than 90°, suggesting that these surfaces do not have\sjppperties, which is a
major characteristic obmniphobic lubricantnfused surfaces. In contrast, with CVD
treatment there was a significant increase in liquid repellency compared with the control or
LPD catheters as demonstrated by sliding anglesowsals 3°. When sliding angle
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measurements on coat and coated catheters were repeated four months later, the results
were similar to those obtained on initial measurement (results not shown).
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Figure 22 The chemical composition (reported as the percentage atomic conceations) of

the catheter surfaces at different stages of surface modification determined by XF=allowing

oxygen plasma, an increase in the oxygen surface concentration was obsencadhetets
contained up to 50 atom % oxygen. Surfaces treated withHa@x significantly lower amount of
fluorine (about 15 atom %), compared with CVD treated catheters (about 45 atom %). In addition,
LPD treated samples showed a large surface concentrafi bismuth (>15 atom %) which
indicates this treatment method hasdified the bulk properties of the catheters. In addition to
bismuth, LPD treated catheters had up to 15 atom % of chlorine on their surfaces, an impurity that
was not seen on CVD tredtecatheters. Three samples from each group were analyzed and
measuremes where performed on four spots on each sample. *Significant difference between the
fluorine atom percent when comparing the CVD and LPD treated catheters (P < 0.001). The results
arepresented as means + S.D.

2.3.4. Sliding angle measurements with whole blood
To investigate cathetdrood interactions and the stability of the coatings, sliding angle
measurements were performed with whole blood on catheters that had been treated four
months arlier. As seen isupporting videos 13, similar to the results obtaed with water,
whole blood sliding angles on control and LIPBPP treated catheters were greater than
90°. In contrast, CVEPFPP treated catheters exhibited excellent blood repellency a

evidenced by sliding angles less thdraBd immediate sliding of éhblood dropleoff the
catheter surface.
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Figure 2.3 The sliding and contact angle measurements of the control and treated catheters.
(a) Static contact @e measurement of samples before surface modification (control)fiend a
silanizing the catheters and after adding
water droplet on the surface of the catheters before and after adding the #ubtiraicant
coating. (c) Sliding angle results of the surfaces aftieting the lubricant layer. The results are
presented as means + S.D.

2.3.5. Effect of catheter modification on plasma clotting times
Clotting assays were performed to compare the antithrombotivities of the various
coatings. After gently flattening the cater segments with a plastic roller, they were

shaped into rings, placed around the inner walls of the wells of\eB@late and saturated
with 150 pL of PFPP or PFD lubricant for alidl min. Empty wells and wells with only

lubricant were used as cools. Excess lubricant was removed from the wells and 100 pL
aliquots of citrated human plasma were added to wells that did or did not contain catheter
segments. The clotting assay wasf@ened as explained in the methods section. As seen
in Figure 24, the average clotting time in wells without a catheter and with no lubricant

t

was 1258 + 168 s. Empty wells containing PFD or PFPP lubricant had average clotting

times of 1239 £ 250 s and 1199 * 216 s, respectively.rGlocdtheters with no surface
modification significantly shortened the clotting time byoRl to 577 + 67 s. Catheter

silanized using the CVD method significantly (P < 0.001) prolonged the clotting time

compared with noitoated catheters to 935 + 115n6ld 031 + 123 s, using PFD or PFPP
lubricants, respectively. These catheters had the longest clotting times comiplatev
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experimental groupgFigure 24). Both LPDPFD and LPBEPFPP catheters slightly
prolongedthe clotting time (689 = 119 s and 636 + 87 s, respelgfivcompared with
control catheters, but the differences were not statistically significant. When comparing the
results with CVD and LPD catheters, clotting times were significaRtky 0.002) longr

with the CVD modification method than with the LPD mad Figure 2.4).
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Figure 24 Plasma clotting time when in contact with treated and no#ireated catheters and

when in blank plates Catheters were rolled and placed inv@é@iplates. After incubating the
catheters with the citrated plasma at 37 °C fat Binutes, clotting was initiatisby adding 100 pL

of CaCl2 solution. Absorbance was calculated over time and clotting time wasiidetbiat the

time to halfmax. The bars represent the means of at least nine repeats from each group. *Significant
difference between control catheters @/D treated catheters (P < 0.05). **, **Sjgnificant
difference when comparing the results fromtie different treatment types of CVD and LPD (P

< 0.05). The results are presented as means + S.D.

2.3.6. Identification of the coagulation pathway activated by nodified and
unmodified catheters

To identify the coagulation pathway involved in cath@teluced obtting, and to determine
the effect of the various coatings on such clotting, results from clotting assays performed
in control plasma were compared witthose in plasma depleted of FXI or FXIl, key
components of the contact pathway, or FVII, which is ¢hidcal component of the
extrinsic or tissue factor pathway of the coagulation cascade. Whereas control and modified
catheters shortened the clotting timeontrol or FVII depleted plasm&igure 2.5b), they
did not do so in plasma depleted of FXII or FXidgure 2.5a). This suggests that the
procoagulant activity of catheters is dependent on FXII and FXI, but not FVII. Similar to
the results in normal plasma, CVD treatechetdrs shortened the clottingng less than
LPD catheters in FVII depleted plasma.
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2.3.7. Protein adhesion and clot formation on the catheter surfaces
After coating the catheter surfaces with TPFS using either the CVD or LPD method and
after performing the clting assay in normal plasma ticater segments were subjected to
scanning electron microscopy (SEM) to examine the effect of treatment on the catheter
surface topography and to investigate their protein repellency properties. AsBggeman
2.6b, catheters treated with the CVD method had a smooth silane layer on their surface and
the surface morphology and roughness were similar to those of control catheters. In
contrast, with LPD treatment, there was no evideri@silane layer and roughnegsite
surface with etching and exposure of inner layers in some areas was seen under higher
magnification.

In addition, as illustrated iRigure 2.6a andb, a highly dense proteiayer was formed on
control and lubricated LPireated catheters. In contrast, lubricated Civéated catheters
exhibited significantly less protein deposition on their surfaces, consistent with the normal
clotting assay results.

2.3.8. Protein deposition and pldelet adhesion to catheters in whole blood
To assess the stability of the omniphobic slippery coating and the capacity of the coated
catheters to resist protein deposition and platelet adhesion, catheter segments that had been
treated four months earlievere incubated with whole human blood. Since the PFPP
lubricant was superior to PFD lubricant in the clotting assays, CVD and LPD catheters were
only lubricated with PFPP in the whole blood experiments. As seEgure 2.7, after
immersing catheter segments in whole blood for t¥sformation was evident on control
and LPDPFPP treated catheters. In contrasiclot formation wasobservedon CVD-
PFPP treated catheter segments. To further investigate the catbetkinteraction, blood
treated catheter segments were fixed in 4% formaldehyde and submitted for SEM imaging.
As seen in the SEM images presentedrigure 2.7, a highly dense protein layaras
formed on both camol and LPDPFPP catheters, whereas GVBPP catheters shedno
protein on their surface. Platelet adlbeswas also evident on the control and LPBEPP
treated catheters, but not on C\HB-PP catheters.
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Figure 25 Comparison between the clotting times in normal and FVII, FXII or FXI depleted
plasma.Similar to whole plasma clotting assay, catheters were rolled and placedvigi8iétes.

After incubating the catheters with depleted plasma at 37 °Q fominutesclotting was initiated

by adding 100 pL of CaCl2 solution. Absorbance was calculated over time and clotting time was
determined at the time to hatfax. @) Clotting assay in FXI and FXIl depleted plasma. Both
Control and treated catheters significantlglpng theclotting time in FXI or FXII depleted plasma

when comparing the results to normal plasrba.Qlotting assay in FVII depleted plasma. There

was no significant difference between the clotting times in FVII depleted plasma when comparing
the resuk to normaplasma. The bars represent the means of at least nine repeats from each group.
The results are presented as means £ S.D

2.4.Discussion and Conclusions
Thrombosis on bloodontacting medical devices is an ongoing problem. Therefore, there
remainsa need forsurface modification techniques that render such devices more
biocompatible[1]. Although LPD is a well described method for producing SAMs of
fluorine-based silane4227] and is the most widely used technique for producing
omniphobic coatings on biomaials [174], [181] the results of this work show that the
CVD method is more efficient and effective than tiRD methodfor rendering medical
grade polymeric catheters less thrombogenic.
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Figure 2.6 Scanning electron microscopy images of catheters before, after silanization, and

after plasma clotting assayControl @), LPD and CVD treated datters ) before and after the
clotting assay are shown. A uniform smooth silane layer is formed on trezezadiirfaces after

CVD treating them. In contrast, LPD treated catheters have a rough surface compared with the
Controls. Both Controlg) and LPDtreated catheterd) form a dense protein layer on their
surfaces, after the clotting assay, somethingithabt evident in CVD treated cathete3. (The
magnification bars are 10 um on the small images and 1 um on the larger images.

A major drawbaclof the LPD method is the direct exposure of the treated surfaces to the
side products produced and releasethe liquid solutiorj227]. Hydrochloric acid, which

is the main side product geaged during the hydrolysis step of TPFggUre 2.1b), may
damage the polymeric surface of the catheteush damage is evident from the XPS and
SEM resultsWith LPD treatment high atomic concentration bfsmuth (>15 atom %)

is evident on the surface of the cathetetsle with CVD treatmentno bismuh was
detected Bismuth is introduced to render thetlegters radiopaque so that they can be
visualized on xays during and after insertid229]. It is likely that hydrochloric acid
produced during the liquid treatment process partially degraded the outer polymeric layer
of the catheter, thus exposing the bismuth on the surfdge.concept is supported by the
SEM images, which reveal surface roughness under higher magnification along with
etching and exposure of inner layers in some areas in LPD treated but not in CVD treated
cathetersKigure 2.6b). Although CVD treated catheters were incubated with TPFS for a
longer period than LPD catheters (5 h and 1 h, respectivelyyithisot negatively affect
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the surface properties of CVD treated cathetaraddition to bismuth, chlorine (> 1@oan

%) was also present on the surfaces of LPD treated catheters; an impurity not seen on CVD
treated surfaces. The presence of chloringhese catheters could be due to the partial
hydrolysis of the SCI bonds and the unsuccessful formation of inneratemt bonds
between the silane moleculg80], suggesting that the LPD method is not as efficient as
the CVD method. After treatment with TPFS, the presence of fluorine (F) is expected as a
result of formation of the fluorosilane SAM on the catheter surfaces. Although fluorine was
detected on both LPD ar@@\D treated catheters, the fluorine atom concentration on CVD
treated samples was significantly higher than that on LPD treated samples4aladom

% and 15 atom %, respectively), indicating that the CVD method is a more efficient
technique for productn SAM layers of the organosilanghis is further supported by the
lower oxygen content on CVD treated samples compared to LPD treatedwygssting

that with the CVD method, more of the active OH groups were coated with fluorosilane.

Water repellency as greater with the CVD method than with the LPD method as
evidenced by | owean ¢ | @ tespedjlely. ThelC¥lssihigation O 5 A
step transformed the hydrophobic surface of the control catheters to a more hydrophobic
surface by increasg the static water contact angle from 107 + 4° to 121 + 2°, thereby
confirming the presence of the hydrophobic silane coating. In cognttB&) treated
surfaces had a lower contact angle € 83.6 + 7 °) compared with the control and CVD
treated cathets, confirming the fact that the catheter surfaces were not efficiently coated
with a hydrophobic silane layer. In addition, the hydrophobic surface properties were
disrupted with the LPD metidl due to the surface degradation caused by the side products
produced during the LPD modification step.

Although the static contact angles decreased in the CVD treated catheters after adding the
PFD or PFPP lubricant layer, they were highly water anddlapellant. In contrast,

sliding angels were significantly Higer wi t h t he LPD met hod (d
omniphobicity and lower water and blood repellerféigyre 2.3c, supporting videos 13).

This couldbe due tdhe etching of the catheter surfaoed theroughnessiathe outer layer

that occurs with the LPD method. In addition, there is less efficient formation of a SAM
layer with the LPD methiy which may limit the capacity of the lubricant to completely

wet and cover the catheter surface. Therefore, LPD treateeteest showed poorer water

and blood repellency compared with CVD treated catheters.
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Control LPD-PFPP CVD-PFPP

Figure 2.7 SEM images of catheters incubated with whole bloodilanized catheters were stored

at room temperature and four months afterthrface modification procedure, the blaxadheter
interaction was investigated. Control, C\HFPP and LPHBPFPP catheters werelsnerged in

whole blood for 15 s and images were taken afterwards. Further on, they were washed with PBS,
fixed in 4% formaldayde for 20 mins, and submitted for SEM imaging. Blotms were formed

on control and LPEPFPP treated cathetémsmediatelyafter being in contact with blood. However,

no blood clot formation was seen on C\HPPP treated catheters. In addition, platatétesion
(shown with white arrows) was evident on controdd PD-PFPP treated catheters, while no
platelets or protein adhesion was seen on (AAPP treated catheters. The magnification bars are
50 um

Both lubricants (PFD or PFPP) increased the antithatic activity of CVD treated
catheters as evidenced byrsigcantly longer clotting times compared with control or LPD
treated catheters. The enhanced antithrombotic activity of catheters coated using the CVD
method is due to reduced activation of tbatact system because this activity is evident in
plasma deleted of FVII, which is essential for the extrinsic pathway of coagulation, but
not in plasma depleted of FXI or FXII, key components of the contact system. Thus, the
findings from these experimem) suggest that modified catheters, similar to unmodified
ones, initiate coagulation through the contact pathway and have minimal effect in activating
the tissue factor pathway. In both the normal and FVII depleted plasma assays, clotting
times were long& with CVD-PFPP catheter segments. PFPP has shown to leestabie

than PFD[175] and has a lower vapor psese and greater viscosity. Although,
immobilized liquid layrs modified with PFPP are more durable in eperenvironments,

this is unlikely to have influenced our results because the lubricated samples were

immediately covered with plasma and were neamgd in a closed space.

SEM analysis of catheters incubadia plasma or whole blood reveals differences between
the CVD and LPD catheters. Due to the omniphobic slippery properties of the CVD treated
catheters, no clot formation or platelet adhesios w@en after incubation with whole
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blood. In contrast, proite deposition and platelet adhesion were observed on the control
and LPD treated catheters.

In summary, we reported a simple and biocompatible method for successful production of
omniphobic lubicantinfused polymeric medical catheter coatings using CWD
hydrophobic organosilanes. Catheters modified in this manner are less thrombogenic than
uncoated catheters and catheters modified using the LPD method.

2.5. Materials and Methods

2.5.1. Materials
Trichloro (1H,1H,2H,2Hperfluorooctyl) silane (TPFS), perfluoropertyophenanthrene
(PFPP) and perfluorodecalin (PFD) were purchased from Siggitiach (Oakville,
Canada). Human plasma depleted of FVII, FXI, or FXIl was purchased from Affinity
Biologicals (Ancaste Canada). Coronary catheters (Medtronic, Minneapolis, USA)
composed of a soft hydrophobic polyether amide block on the outer layer and a thin walled
polytetrafluoroethylene (PTFE) tube on the luminal $&&1] weregenerously provided
by S. GracieWhole bloodand pooled citrated plasma was generated from blood samples
collected from healthy donors as previously descrifgdAll donors provided signed
written consentAll procedures were approved by the McMaster University Research
Ethics Board.

2.5.2. Oxygen plasma treatment of catheter segments
Prior to silanizing the atheters, they were cut into 1.7 cm segments, a lengthrchose
enable placement in the wells of -@@ll polystyrene plates (Evergreen Scientific).
Segments were then vertically fixed on plastic petri dishes, placed in an oxygen plasma
cleaner (Harrick Risma Cleaner, PDQ02, 230V)and exposed to highressure oygen
plasma for 2 minutes to functionalize their surfaces and to enable reaction with TPFS.

2.5.3. Preparation of silanized catheters using CVD
After removing the oxygen plasnteeated catheters frorhé plasma cleaner, they were
immediately placed in a desi¢oaconnected to a vacuum pump and two droplets (200 pL)
of TPFS were added in a separate petri dish on th@fttle catheters. The vacuumnppol
was turned on and once a pressureéddd8 MPa wa achieved, the exit valve was closed
and CVD of the silanento the catheters was initiated. The silanization reaction was carried
out for 5 hours at room temperature. After the CVD step, catheters were removed from the
desiccator and placed in an over6@t°C for a minimum of 12 h in order to complete the
reacton. After removing the catheters from the oven, GviDdified catheters were placed
under vacuum for 30 mins with an open exit valve to ensure removal-diomoied silanes
from the surface.

41



PhD Thesis Maryam Badv McMaster UniversityBiomedicalEngineering

2.5.4. Preparation of silanized catheters using LPD
Catheters werexygen plasma treated as described above and then immediately incubated
in a 20 mL glass vial containingPFS in anhydrous ethanol solution (5% (v/v)). The
solution was stirred with a small magnetic bar for 1 h at room temperature. LRi@ated
cathetes were removed from the solution and then washed with 100% anhydrous ethanol
followed by deionized water and ultimately with 70% ethanol. Washed catheters were left
to dry at room temperature and th@aced in the oven at 60°C overnight. Similar to CVD
treated catheters, after removing the LPD treated catheters from the oven, they were placed
under vacuum for 30 mins with an open exit valve to ensure removal-diomated silanes
from the surface

2.5.5. Applying fluorinated lubricants on silanized catheters
As a final step, and before preforming different measurements, CVD and LPD treated
catheters were submerged into fluorinated lubricants in order to complete the surface
modification. Two types of fluorirtad lubricants were used:
perfluoroperhydophenanthrene (PFPP) and perfluorodecalin (PFD).

2.5.6. X-ray photoelectron spectroscopy (XPS)
XPS was used to assess the surface chemical composition of the catheters before and after
each treatment step. For each dtiod, three catheter segments were subgdo XPS
analysis, measurements were taken from four distinct sites orsegofent, and means
were determined. XPS spectra were recorded using a Physical Electronics (PHI) Quantera
Il spectrometer equipped witn Al anode source for-Kay generation aha quartz crystal
monochromator was used to focus the generateayX (Biolnterface Institute, McMaster
University). The monochromatic Al'KX-ray (1486.7 eV) source was operated at 50W
15kV with a system base pressure no higher than 1. ¥a0 andan operating pressure
that did not exceed 2.0 x®0rorr. A pass energy of 280 eV was used to obtain survey
spectra and spectra were obtaine a t 45¢e take off angles wus
compensation system for neutralization. The raw data were adalgegg the instrument
software and the atom percentages of carbon, oxygen, fluorine, bismuth, silicon and
chlorine were calculated.

2.5.7. Contactand sliding angle measurements
Contact and sliding angles of the treated andtnested catheters were measursthg a
droplet of deionized water (5uL). Water sessile drop contact angle measurements were
performed at room temperature before and afteh eaodification step using a Future
Digital Scientific OCA20 goniometer (Garden City, NY), which was calibratedr pia
each measurement. Sliding angles were measured using a -<¢coatiangoniometer.
Immediately prior to testing, silanized samples coati#d RFPP or PFD were placed on
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the calibrated goniometer. A droplet of deionized water (5uL) was placed on te¢ecath
surface and the sample was gently tilted until the droplet started to move. The sliding angle
was defined as the minimum tilting angexuired for droplet movement. A sliding angle

of 90 degrees was assigned to droplets that failed to slide at ah§l&degrees or higher.
Measurements were made in triplicate on three different catheter segments and means were
determined.

2.5.8. Antithromboti ¢ activity of modified catheters
Clotting assays were performed to compare the antithrombotic activities of tbasvar
coatings. After flattening the catheter segments with a plastic roller, they were shaped into
rings, placed around the inner walls o tiells of a 96well plate and saturated with 150
pL of PFPP or PFD lubricant for about 1 min. Excess lubricantremsved and 100 pL
aliquots of citrated human plasma were added to wells that did or did not contain catheter
segments. After incubating th@ate for 57 minutes at 37°C, clotting was initiated by
adding HEPES (100 pL of 20 mM, pH 7.4) containing G&0\W) to each well, yielding a
final CaChk concentration of 25 mM115], [232] Clot formation was assessed by
monitoling absorbance at 405 nm at-4€c intervals for 60 min in kinetic mode using a
SPECTRAmax plate reader (Molecul@evices). Clotting times were defined as the time
to reach halHmaximal absorbance as calculated by the instrument software from plots of
aborbance versus time. The same procedure was repeated in FVII, FXI, or FXII depleted
plasma, except that absorbangas monitored over 3 hours to account for the longer
clotting times.

2.5.9. Human whole blood experiments
Treated catheters were stored at roompmature and four months later, the stability of
their coating was investigated by performing sliding angle measms and catheter
blood interaction experiments using whole human blood. Sliding angle measurements with
blood were performed according toet procedure described above (contact and sliding
measurements).

To investigate cathetdrlood interactions, cordt and treated catheters were submerged in
whole human blood for 15 s. Catheters were then washed with PBS, fixed in 4%
formaldehyde for 20 m and stored at room temperature in PBS until SEM analysiag

SEM, the extent of clot formation and platelethasion on the catheter surfaces was
evaluated.

2.5.10.Scanning Electron Microscopy (SEM)
Catheter segments wanashed three times, fixed in 4% ioaldehyde in PBS for 2 hours,
washed with PBS (0.1 M) and sputtarated with a 4 nm thick platinum coating. SEM
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imaging (JSM 7000F) was performed in secondary electron image (SEI) mode with
voltages of 1.0 kV at 10,000x magnification or 2.0 kV at 10@@gnification.

2.5.11.Statistical Analysis
Data are presented as means = S.D. In the control and depleted plasntpadettys, each
experimental condition was repeated at least nine times. For all other studies, experiments
were repeated at least three tim@seway analysis of variance (ANOVA) followed by
post hoc analysis wusing Tu kisdical&ignifidarecs. For wa s
all comparisons, P values less than 0.05 were considered statistically significant
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Chapter 3 Lubricant-Infused Surfaces with Builh Functional
Biomolecules Exhibit Simultaneous Repellency and TunabléGledision

Preface

This chapter describes a novel method for incorporating biofunctionality and targeted
binding onto lubricaninfused platformsFor the first time, LIS with the ability to both
prevent norspecific adhesion and promote targeted bindirdesired antibodies and cells

is reported. The designed BLIS had excellent repellency and biofunctionality properties
and were able to attenuati®t formation, prevent nepecific adhesion of blood cells and
proteins and promote targeted endothelial cagliture and adhesion from whole blood.
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3.1. Abstract
Lubricantinfused omniphobic surfaces have exhibited outstanding effectiveness in
inhibiting nonspecific adhesion and attenuatsuperimposed clot formation compared
with other coated surfaces. However, such surfaces blindly thwart adhesion, which is
troublesome for applications that rely on targeted adhesion. Here we introduce a new class
of lubricantinfused surfaces that offeurtable bioactivity together with omniphobic
properties by integrating biofunctional domains into the lubricenfiised layer.These
novel surfaces promote targeted binding of desired species while simultaneously
preventing non specific adhesion. To dewgl these surfaces, mixed se#ssembled
monolayers (SAMs) of aminosilanes and fluorosilanes were generated. Aminosilanes were
utilized as coupling molecules for immobilizing capture ligands, and nonspecific adhesion
of cells and proteins was preventedibffitrating the fluorosilane molecules with a thin
layer of a biocompatible fluorocarbdrased lubricant, thus generating biotional
lubricantinfused surfaces. This method yields surfaces that (a) exhibit highly tunable
binding of antiCD34 and antCD144 antibodies and adhesion of endothelial cells, while
repelling nonspecific adhesion of undesirable proteins and cellsilyoihdouffer but also
in human plasma or human whole blood, and (b) attenuate blood clot formation. Therefore,
this straightforvard and simple method creates biofunctional -stixky surfaces that can
be used to optimize the performance of devices ssibioanedical implants, extracorporeal
circuits, and biosensors.

3.2.Introduction
The design, development and optimization of engegtarterfaces has been the subject of
intensive research because of their numerous applications in bioenginf38ig
Synthetc biointerfaces are often utilized in complex biological environments (vhole
blood) and thus their optimum perfoamce relies on their capability to prevent non
specific protein and cell adhesif?34], [235] This nonsticky behavior, however, must
often be paired withiofunctional features in order to promote specific and targeted binding
of desired biomolecules, thereby enhancing bi@compatibility of the biointerface.
Biofunctionality and preventing nespecific adhesion is of significant importance when
designingmedical implants such as vascular grafts and mechanical heart valves, however
limited success has been made in integgatboth blood biocompatibility and
biofunctionality on these surfacegl0]. When cell targeting is promoted through
immobilizing cell specific biomarkers on the surface, bi@compatibility of the device
decreases and when improving the antithrombotic activity, cell adhesion and growth is
mainly inhibited[67]. Hence, most studies have focused on improving one aspect of blood
compatibility or promoting targeted cell bind. Failure to design a targeted biofunctional
platform with protein and bacterial repellant properties may result in delayed recovery,
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thrombosis, biofilm formation and infection, which can all lead to impaired performance
or rejection of the implantecedtice[37], [75], [155], [236], [237]

Various strategies have lredeveloped to minimize nespecific adhesion of proteins and
cells to bioengineered surfacg33], [238]. Bovine serum albumin (BSA)/5], [153],
[236], [239], [240] heparin[29]i[34], zwitterionic polymers[241], [242] and poly
(ethylene glycol) (PEG])27], [75], [243], [244]are widely used to attenuate rgpecific
adhesion of cells, proteiyand bacteria. Although surfaces coated with these agents exhibit
improved early performance, their durability is limited because of degradation or
desorption of the coating over tirfZ84], [235], [245]

More recently, immobilized lubricant layers have been introduced as a highly effective
approach to decrease nspecific adhesiofl79], [181], [246] [248]. Such surfaceare
created by infiltrating a fluorinated layer with compatible fluorocarbased lubricants
[174], [179], [185], [188], [249] Lubricantinfused slippery surfaseexhibit antt
biofouling [175], [180], [249] antithrombogenid174], [178], [193] antricing and anti
frosting propertie196] and outperform PE@oated surfaces forrgvention of non
specific binding of bacteria and proteifi81]. The major shortcoming of omniphobic
lubricantinfused surfaces is that they blindly thwart adhesion. While highly advantageous
when operating in complex fluids such as whole blood, this blindsigm is troublesome

for applications that rely on targeted binding, or applications that benafit $pecific
adhesion such as implants, prosthesis, and extracorporeal devices. The main challenge in
integrating specific bioadhesion into omniphobic ldjuifused surfaces is designing a
chemistry that covalently inserts functional biomolecules on thedinfused surface,
without disturbing the lubricasibfused layer. We designed such chemistry by combining
the fluorinated SAMs with silane coupling ad® a method that has widely been used for
creating functional platforms for covalent attachmentbmmolecules and producing
biofunctional interfaceq250]i [253]. Aminosilanes (such as-&minopropyltriethoxy
silane, APTES) are among the most commonly used coupling aj@&aE [259] for
covalent immobilization of biomoleculd203], [258] and surfaces coated with APTES
have shown promising results in creating stable and durable biointef2833s[204],

[260]i [262].

Here we report for the first time, the development of biofunctional lubricfmed
surfaces (BLIS). By creating SAMs of organosilanes with mixed ratios of APTES and
trichloro (1H,1H,2H,2Hperfluorooctyl) silane (TPFS), using chieal vapor deposition
(CVD) or liquid phase deposition (LPD) we achieved simultaneous targeted adhesion and
nonspecific repellency. We further demonstrate control over the degree of antibody and
cell adhesion by varying the ratios between the two APTES &%S molecules and shio
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t hat our <creat-edoBtapt wie hl fdpands are cap:
adhesion while preventing coagulation and -spaecific adhesion with superior
performance compared with previously reportedibterfaces.

3.3. Results and discussion

3.3.1. Design and fabrication of biofunctional lubricant-infused surfaces
Immobilized lubricant layers (on fluorinated SAMS) can be used to creatsticiy
biointerfaces that repel micro/nano solids as well as organic and aqueous [Ad&Hs
[181]. Here for the first time we demonstrate that replacing a proportion of the fluorosilanes
with different SAMs provides ancherfor bioconjugation without compromising the
repellency of the surface. The BLIS were produced by LPD or CVD of mixed ratios of
APTES and TPFS as explained in the methods sedtgure 3.1). APTES provided
amine groups for conjugating biomolecules and TPFS served as the substrate for
immobilizing a fluorocarboibased lubricant on the surface. The following three ratios
were selected for preparing the SAMS% APTES:5% TPFS, 75% APTES:25%HF3
and 50% APTES:50% TPFS. Samples treated with 100% APTES or 100% TPFS were used
as positive and negative controls, respectively (Figure 1a and b). For protein and cell
adhesion experiments, APTES was utilized to irbitiwe the celspecific aniCD34 or
ant-rCD144 antibodies using carbodiimide crosslinker chemistry and TPFS was used to
immobilize the perfluoroperhydrophenanthrene (PFPP) lubricant, which prevents non
specific adhesion. Samples were also incubatedhwitian umbilical vein endothelial cegll
(RFRHUVECS) in media or in human whole blood allowing the functionalized surfaces to
specifically capture HUVECS, while repelling other biospecies.

3.3.2. Surfacechemical composition of fluorinei presence of TPFS
X-ray plotoelectron spectroscopy (XPS) wasfpemed to confirm the presence of the
TPFS molecule on the silane treated glass surfaces and the fluorine atom % was quantified
for each sample treated with different ratios of APTES: TRHR§uU(e 3.2a). In the CVD
treated samples, there was a correlation between the atom % of fluorine and the volume %
of TPFS used in the modification process. Samples treated with 10B%0hER the highest
atom % of fluorine (51.9 + 3.4 atom %), and the atom % of fluorine decreasledi®asing
the volume % of TPFS, with samples treated with 5% TPFS (95% APTES) having the
lowest amount of fluorine (12.3 + 9.5 atom %) compared with otitérst In contrast to
CVD treated samples, LPD treated samples showed no defined relationsreerbéte
fluorine atom % and the different silane ratios used in the rea8igp(ementary Figure
3.1a).
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a) Biofunctional Surface b) Lubricant-Infused Surface c) Biofunctional Lubricant-Infused Surface
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Figure 3.1 Schematic representation of creating (a) biofunctional, (b) lubricattinfused, and

(c) biofunctional lubricant-infused surfaces using chemical vapadeposition (CVD) or liquid

phase deposition (LPD) of silanes(a) Surfaces are treated with 100% APTES molecule.
Therefore, nonspecific adhesion of antibodies, cells, and bibspecies is observed on these
surfaces even when applying conventional hioglstrategies.i) Omniphobic lubricaninfused
slippery surfaces are generated by modifying the surfaces of the oxygen plasma treated samples
with 100% TPFS using either CVor LPD and, subsequently, adding the PFPP lubricant layer.
These surfaces act Bocked surfaces with no biofunctional properties and prevent antibodies and
cells from adhering to the surface) By creating mixed SAMs using different ratios of APTES
andTPFS molecules, biofunctional lubricanfused surfaces (BLIS) are createde$h surfaces
simultaneously prevent nonspecific adhesion and promote targeted cell adhesion

3.3.3. Quantification of amine groups on the mixed silane SAMs
Amine groups on the glassréaces treated with the CVD or LPD technique were quantified
using fluorescencémaging after labelling the surfaces with FITC, an amine reactive
fluorophore Figure 3.2b andc). The treated surfaces were imagedgs fluorescence
microscope and the green fluorescence intensity was quantified using ImageJ. In the CVD
treated group, samples modified with 106RTES had the highest fluorescence intensity
compared with other groups. The FITC fluorescence intensitgdsed as the amount of
APTES used in the reaction decreased. In contrast to CVD treated samples, with LPD
treated samples, the FITC intensity diok correlate with the ratio of APTES used in the
reaction Supplementary Figure 3b andc).

3.3.4. Sliding and contact angle measurements
To evaluate the omphobic slippery properties of the treated samples, sliding and contact
angle measurements were performed using a 5 pL droplet of deionized (DI) water, as
described in thenethods section. Similar to surfaces treated with 100% TPFS, CVD and
LPD samples traad with mixed ratios of APTES and TPFS had sliding angles as low as
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5° (Figure 3.2d and Supplementary Figure 3d). This finding suggests that mixing
APTES with TPFS does not compromise the slippery properties of the surface. In both
CVD and LPD treated groups, the droplet did not slide on samples thatreages with

100% APTES (sliding arlg >90 °).

The static contact angle measurements of the control and treated glass surfaces (prior to
adding the lubricant layer) are showrHigure 3.2e andf andSupplementary Figure 3e

andf. Similar to surfaces treated with 100% TPFS, CVD and LPD samples with mixed
silanes had mean static contact angles above 100°. Results obtained from the water sliding
and contact angle @asurements confirm that surfaces treated wikethSAMSs retain their
omniphobic slippery properties and the presence of a minimum amount of TPFS during the
modification step (as low as 5 volume %) is sufficient to preserve the omniphobic slippery
characeristics (contact angle >100° and sliding andl@%. In an effort to find the lower

limit, we tried TPFS ratios lower than 5% (down to 1%), none of which showed slippery
properties which could mainly be due to not having enough fluorine groups onfamesur

in order to lock in the lubricant layer.

3.3.5. Immobilization of anti-CD34 antibody
The omniphobic slippery surfaces were further functionalized with Alexa Fluor 488
conjugated artCD34 antibody. Antibody immobilized surfaces were imaged using
fluorescencenicroscopy and the fluorescence intensity ofsiméaces was quantified using
ImageJ. As seen iRigure 3.3a andb, in the CVDtreated samples, the amawi antr
CD34 antibody attached to the surfawereases by increasing the amount of APTES in the
reaction. @mples treated with 100% APTES showed the highest amount of antibody
binding (78.74 + 9.42 a.u.), while those treated with 95% and 75% APTESitedhib
progressively less binding (53.35 + 14.45 a.u. and 36.89 + 16.53 a.u., respectively). There
was minimal ati-CD34 antibody immobilization on surfaces treated with 50% APTES.
With LPD-treated surfaces, there was no correlation between the amount obiimed
antibody and the percentage of APTES used in preparing the mixed SApldementary
Figure 3.2). Similar to CVD treated samples; there was maliranttCD34 antibody
immobilization on surfaces treated with 50% APTES using LPD.
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Figure 3.2 Assessing the chemical composition and the onphobic slippery properties of the

produced surfaces(a) The presence of fluorine was confirmed and quantified using XPS analysis

for samples treated with different ratios of APTES and TPFS. In the{td&Del samples, the atom

% of fluorine increased dhe ratio of APTES to TPFS decreasds). The presence of APTES on
surfaces coated with mixed APTESTTPFS or 100 9%
fluorescence microscopy after labeling them with a FEBGjugated amine targeting dye. There

was a cleararrelation between the FITC fluorescence intensity and the amount of APTES used in

the modification step.cj Representative fluorescent images of Haeled surfacesd] Sliding

angle and € contact anglaneasurements were performed in order to evaltlee omniphobic

slippery properties of the treated surfaces. Samples treated with 100% TPFS or mixed ratios of
APTES and TPFS had sliding angles as low as 5 degrees and contact angles higher than 100 degrees
(f) Representative contact angle images 6fae L wat er dropl et on treat
adding the lubricant coating. In all graphs, error bars show the means + SD of at least three samples.
The scale bars on the fluorescence images represgnt £t0Om.

3.3.6. RFP-HUVEC attachment and surface cell regllency properties i
short-term experiments

The biofunctionality of developed surfaces was evaluated by incubating endothelial cells
(RFRHUVECS) with the antCD34 antibody functionalized surfaces. Endotiegell
attachment was investigated 24 houteratell seeding and the average cell number per
mm?was calculated after imaging the samples. As seEigimre 34a, in the CVD treated
samples, there were more adherent cells on surfaces treated with 100% ARTES (5
cells/mnt) than on those treated with 95% or 75% APTES (28 + 6 and 26 + 9 cefls/mm
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respectively). Samples treated with 50% APTESdigdificantly fewer adherent cells (10
+ 8 cells/mnd) compared with higher APTES ratios. Samples treated with 1TDRFS
exhibited no cell attachment after 24 hours. In the LPD treated group, similar to CVD
treated surfaces, samples treated with 100% TP&$® well repellent and 100% APTES
treated samples had the highest number of cells (61 + 19 ceflskpmpared to 5%
APTES, 75% APTES and 50% APTES treated surfaces (29 + 11, 19 + 10 and 13 + 4
cells/mnt, respectively) $upplementary Figure 3).
d b
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100%APTES 95%APTES 75%APTES S0%APTES 100%TPFS
(5%TPFS)  (25%TPFS) (50%TPFS)

Figure 3.3 Anit-CD34 antibody immobilization on treated samples.(a) Surfaces treated with
100% APTES and miusirg€VDAVere fnstionalzdd Sith fluorescently labeled
anttCD34 antibody. By decreasing the amount of APTES used in the modification step, the
fluorescence intensity of the immobilized antibodyrdased. Samples treated with 100% TPFS

(no amine groupsshowed no antibody attachmerii) Representative fluorescent images of-anti
CD34-functionalized surfaces. Error bars show the means + SD of at least three samples. The scale
bars on the fluoresceec i mages represent 100 & m.

To further demonstrate superiblocking properties of BLIS, cell adhesion and repellency

of different blocking agents were compared with the 100% TPFS treated saRigies (

3.4c and d). Samples blocked using 100% TPFS, BSA or fAEG (poly (L:lysine)poly
(ethylene glycol)) were incubated with cells for 24 hours and cell adhesion and growth were
monitored. As seen ifrigure 34c andd, lubricantinfused surfaces (100% TPFS) had
significantly fewer adherent cells compared with samples blocked with BSA ePEQ,

both of which showed low repellency compared with the lubricant infeiggdces (LIS).

To study the potentiah vitro cytotoxicity of thetreated surfaces, cultured RIFRIVECs
were exposed to silanized surfaces for 48 hours and cell viability was assessed. There was
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no significant decrease in cell viability suggesting thesé surfaces are not toxic
(Supplementary Figure 3l).

a C
70 . HUVEC count-24 H HUVEC count - 24 H
140 *
60 120 |
(3]
NE 50 | £ 100 [
£
E 0 ~ 80 |
= =
E 30 8 60 |
20 a
10 20
0 0 _
100%APTES 95%APTES 75%APTES 50%APTES 100%TPFS
(5%TPFS) (25%TPFS) (S0%TPFS) BSA blocked PEG blocked Glass

95%APTES 75%APTES 50%APTES
100%APTES {S%TPFS) {25%TPFS) (50%TPFS) 100%TPFS BSA blocked  PEG blocked Glass

Figure 34 Investigating the RFRHUVECs adhesion andinteraction with silanized, anti-
CD34-functionalized surfaces(a) Treated surfaces were incubated with RIRBPVECSs for 24 h,

and the cell adh&mn and growth was investigated. All surfaces treated with TPFS were lubricated
prior to the experiments. Celltathment was decreased by decreasing the APTES:TPFS ratio. Cell
count per surface area was highest in 100% APTES samples, which correspibagsésence of

a higher density of an€D34-antibody on these surfaces. 100% TPFS samples showed a minimum
amount of cell attachment, confirming the repellency and omniphobic slippery properties of these
surfaces.lf) Representative fluorescent imageswffaces incubated with RFHUVECS for 24 h.

(c) The cell repellency properties of lubricanfused surfaces (5) were compared to BSA or

P L LT Pbc¢ked substrates. LIS showed significantly less cell attachment compared to BSA or
PL LT Pblbcked surfaes. (d) Representative fluorescent images of surfaces incubated with
RFPHUVECSs for 24 h. Error bars show the meat SD of at least three samples. *Significant
difference when comparing the results from 100% TPFS blocked surfaces with surfaces blocked
ushg ot her techniques (P < 0.001). The scale ba

3.3.7. Selecting the optimized tratment method and APTES:TPFS ratio
Overall, the CVD treatment method yielded more consistent results than the LPD method,
and the surface cheaal composition and the amount of TPFS and APTES present on the
surface were better controlled with the CVD methAlthough LPD is a widely used
technique for creating SAMs of silang227], results obtained from the surface
characteristic measurements show that the surface chemical composition and the amount
of TPFS and APTES preseah the surface could be better controlled using the CVD
techniqgue whereas controlling the silane depositionthe surface proved to be more
challenging when using the LPD methddgure 3.2 and Figure 3.3). Previous studies
have also shown that CVD is more effective and reproducible than LPD in generating
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homogenous silanized laydis/8], [227],[263]. This is likely due to selpolymerization
of the silanes in the liquid phase, and as a result the formation of multilayers on the surface
[264].

With CVD treated samples, there was no significant difference between samples treated
with 95% and 75%APTES in terms of biofunctionality and repellency. In contrast,
treatment with 50% APTES reduced biofunctionality. Therefore, in order to better evaluate
the biofunctionality and omniphobic properties of the designed surfaces, we conducted
further experimets on CVD treated samples with 7826% APTESTPFS ratio in plasma

and human whole blood and the results were compared with samples treated with 100%
APTES, 100% TPFS, or other control samplesrder toconfirm that our designed BLISs
provide a generiplatform compatible with other antibodies, we functionalized our surfaces
with unconjugated anttD144 antibody, another endothelial cell specific antibody and
investigated the cell growth, viability and endothelial function over a perioddafys.
Live/dead cell viability assay was also performed on these surfaces after 6 days of cell
culture. The repellency properties of our designed substratiesfuvther investigated by
performing additional blood experiments and platelet and FiBithogen adhesioassays

and the results were compared to the control samples.

3.3.8. Sliding and contact angle experiments using human whole blood
Surfaces treated with 100% or 75% APTES, or with 100% TPFS were lubricated with PFPP
and a droplet of human blood wieen added tthe surface. Surfaces were tilted and the
movement and sliding of the blood droplet was monitored. As se&upplementary
movie 1 similar to the results obtained from water sliding angle measurements, samples
treated with mixed silanes aith 100% TPIS exhibited excellent slippery properties as
evidenced by low sliding angles and immediate sliding of the blood droplet. The
omniphobic slippery properties of samples treated with a mixture of APTES and TPFS
were found to be comparable to opimbbic lubri@ntinfused surfaces created using 100%
TPFS reported in other studigisr4], [178], [179] In contrast, the blood droplet did tho
slide on smples treated with 100% APTES and these samples did not exhibit blood
repellency properties. After removing the blood droplets from the surfaces, a visible layer
of blood remained on the 100% APTES treated samples. In contrast, signifieastiydod
remained on the surfaces of samples treated with 100% TPFS or 75% APt (
3.5a).

We also monitored the morphology of the blood droplet in contact with the treated surface.
As seen irFigure 3.5a, blood droplets remained spherical aradi la significantly higher
contact angle on samples treated with 75% APTES or 100% TPFS than on samples treated
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with 100% APTES. On the latter surfaces, the blood droplets no longer remaieedaiph
but spread to cover the entire surface area.
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Figure 3.5 Investigating the blood and protein interaction with optimized biofunctional

lubricant -infused surfaces(a) Photographs (top) and SEM images taken from samptebated

with human whole blood indicate that samples treatgd mixed silanes or 100% TPFS have
excellent blood repellency properties, and no clot or blood cell adhesion was observed dn)them. (
Plasma clotting assay results show no significant diffszdetween the clotting times of samples

treated with 75% APTE (25% TPFS) and those treated with 100% TPFS. In addition, both treated
groups had significantly higher clotting times compared to untreated glass slides and glass slides
treated with BSA.€) Samples were incubated withRFPUVE CT bl ood mi xture for
adhesion was investigated. These results indicate that biofunctional |uimfceseid surfaces

remain functional, retain their repellency properties in complex biological envirosnagick are

able to capture the target cells from human whole blood. Error bars show the means + SD of at least
three samples. *Significant difference when comparing the results from different groups (P <
0.001). The scale barei mage20dnd mso@Onemmhen fi her

3.3.9. Plasma clotting assay
Plasma clotting assays were performed on BLISs (75% APTES, 25% TPFS) to investigate
their antithrombotic activity compared with samples that were blocked with BSA, or 100%
TPFS Figure 3.5b). Samples were covered with a 100 pL aliquot of citrated human plasma
and incubated at 37 °C for 10 min prior to initiating clotting as explained in the methods
section. As seen in Figure 5b, clotting times with sampledeidewith mixed silanes or
100% TPFS were significantly longer than those with untreated glass slides or glass slides
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treated with BSA (706 + 123, 706 £ 124, 205 = 8 and 314 * 33 sec respgclierefore,
treatment with mixed silanes (BLIS) attenuatdotting to a similar extent as treatment
with the previously reported lubricamfused surfaces (100% TPH3)Y8].

3.3.10.Protein and blood cell attachment to treated surfaes in human whole
blood-blood clotting assay experiment

To investigate the surfaeblood interaction, samples were incubated with citrated human
whole blood and the blood clotting was initiated by adding €#&Cthe solution. After
fixing the samples in% formaldehyde, they were imaged using SEM to assess protein an
blood cell adhesion. As seen kigure 3.5a, there was significantly less blood cell
accunulation and blood clot formation on samples treated with 100% TPFS or 75% APTES
than on samples treated with 100% APTES.d\mificant difference was seen in blood
repellency properties when comparing the results from samples treated with 75% APTES
and 1@% TPFS, suggesting that the blood repellency properties of biofunctional lubricant
infused samples treated with mixed sdarare comparable to those entirely blocked using
lubricantinfused surfaces (100% TPFS).

3.3.11.Specific cell capture in human whole blod
Targeted binding and the capability of the blamshtacting surfaces to capture the desired
biomolecules from a complexddogical environment such as blood is crucial in biomedical
implants[54]. The capacity of BLIS to capture target cells from a RFfFPVEC and blood
mixture was investigated={gure 3.5c). RFRHUVECSs spiked into human blood were
incubatedwith the surfaces for 24 hours, during which cell adhesion and cell growth were
monitored. As seen in Figure 5c, more cells adhered to samples treated with 100% APTES
than to samples treated with mixed silanes. However, there was significantlycetiore
adhesion to samples treated with 75% APTES than to samples treated with 100% TPFS.
BSA-blocked surfaces did not show cell repellency properties. The surfaces treated with
100% TPFS or mixed silane also outperformed conventional blocking agents 6 a
and PEG Figure 34 and Figure 3.5). While the 5% APTES (25% TPFS) surfaces
showed biofunctional features by capturing RIRBVECSs from blood, they were resistant
towards blooctells Figure 3.5a) and &hibited excellent targeting characteristigre
3.50).

3.3.12.Platelet repellency properties of biofunctional lubricant infused
substrates
Human platele repellency properties of functionalized and control surfaces
investigated Substrates were incubated with activated human platelets for 1 hour, fixed
with 2% formaldehydeand conjugated with FIT®AC1 antibody (plateleactivated
marker) and plateleddhesion was studied using fluorescence microscopy. As seen in
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Figure 3.6aandc, 75% APTES (25% TPFS) treated samples significantly prevented non
specific adhesion of platelets and there was no significant differsgen when comparing

the results with 100% TPFS blocked samples. In contrast, 100% APTES treated samples
were na platelet repellent and had significantly more platelets adhered to their surfaces.
Supplementary Figure & shows the flow cytometry results confirmingetbinding of
FITC-PAC1 antibody to activated platelets. Resting platelets did not bind to the platelet
activated marker.

3.3.13.FITC -fibrinogen adhesioni plasma clotting assay
The antithrombotic and repeticy properties of the optimized BLISs were further
investigated and directly visualized by performing the clotting assay using plasma
containing FITCfibrinogen. Samples were incubated with citrated plasma containing
FITC-fibrinogen and the clotting assaas initiated as previously described. After washing
and fixing the samples, they were visualized using a fluorescence microscope and the
fluorescent intensity of the adhered FHiBrinogen was calculated. As seenkigure
3.6b andd, 75% APTES (25% TPFS) treated substrates prevented clot and fibrinogen
adhesion to the same extend as 100% TPFS treated samples and no significant difference
was observed between these two groups. In contrast, a dense layer-GbFiiggen was
formed o 100% APTES treated samples, covering the entire surface and these surfaces
did not show antithrombotic properties and had significantly more protein adhered to their
surfaces compared with 100% TPFS and 75% APTES (25% TPFS) treapd.grhese
resultswere in line with results obtained from the plasma and human whole blood clotting
experiments.
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Figure 36l nvestigating FITCifibrinogen and@pl atel
Representative fluorescence images of activated platelets adhered to different treated substrates.
Biofunctional lubricaninfused surfaces treated with 75% APTES (25% TPFS) std@axcellent

platelet repellency properties, and no significant difference was seen compared with 100% TPFS
lubricated samples. 100% APTESeated substrates had significantly more platelets adhered to

their surfaces compared with other treated groups.R@presentative fluorescent images of

FI TCifibrinogen attached to treated substrate
excellent protein repellency properties, to the same extent as 100%trEREs samples. In

contrast, a dense fibrinogen layersifarmed on 100% APTESreated samplesc) Number of
platelets/mm2 adhered to surfaced) ( Fl uorescence intensity of F
treated substrates. Error bars represent means + SD of at least three samples. *Significant difference

when @mparing the results from different groups (P < 0.005).

3.3.14.Long-term cell adhesion and viability studies and the investigation of

surface compatibility with anti-CD144

To demonstrate stability of the developed surfaces as well as their performance a a gener
platform independent of the applied functional ligands, @mm cell study experiments
with surfaces treated with unconjugated &34 or antiCD144 antibodies were
performed and HUVEC adhesion and cell compatibility of the surfaces with endothelia
cell specific antibodies was investigated over a period of 5 days. Cells were further fixed
and stained using Alexa Fluor 488njugated anti CD144 (\\Eadherin) antibody (green)
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and Hoechst 33342 (blue) and were imaged using a confocal microZags SM510
confocal laser scanning microscope)order to better visualize their morphology and
confluency (unconjugated antibodies were used for surface coating and Alexa Fluor 488
conjugated arCD144 antibody was used for immunofluorescent staining f& V
cadherin). Both aCD34 and antCD144 B.ISs promoted endothelialization and cell
growth and no significant difference was seen in the cell confluency and viability in 75%
APTES (25 % TPFS) treated surfaces compared with 100% APTES treated samples afte
5 days. Thepositive staining for Alexa Ebr 488conjugated VEcadherin confirmed the
HUVEC phenotype for adherent cedfisd demonstrated the tight junctions formed between
the endothelial cells and the successful formation of the endothelial layersensurfaces
(Figure 3.7a andb). In contrast to 75% APTES (25% TPFS) and 100% APTES treated
surfaces, the 100% TPFS treated samples had significantly less cells adhered to their
surfaces and theyiscessfully preveted cell adhesion and growth and the lubrigafised

layer remained effective and successfully preventedspewgific adhesion of HUVECs
during the 5 day cell experiments. The formation of cell junctions was not observed in
100% TPFS wated sample&imilar to previously reported studies which used-a@ii34

or anttCD144 as endothelial cell specific mark¢i8], [38], [75], [265] our antibody
coated surfaces showed rapid endothelialization and significantly increased endothelial cell
capture andahesion.

Live/dea cell staining assay was performed after 6 days of cell culture to evaluate the
cytocompatibility of the treated surfaces. As seerigure 3.8, 75% APTES (25% TPFS)
samples functionalized with both ai®@D34 or ati-CD144 showed excellent compatibility
with HUVECSs,with live cell population being greater than 90%. No significant difference
was seen when comparing the results with 100%E$treated samples. The 100% TPFS
treated samples blocked the surface andfeadto no number of cells adhered to their
surfaces.

The results obtained from the complimentary plasma clotting assay and cell studies, verify
the successful integration ofdbinctionality and specific targeting features on the surfaces
created by themiimized ratio of mixed silanes.
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Figure 3.7 Long-term cell experiments conducted on antiCD34- and anti-CD144treated
samples and thanvestigation of cell phenotype and cytocompatibility of the treated surfaces.
Samplesvere functionalized witha) ant-CD34 and If) antiCD144 antibodies and incubated with
HUVECSs for 5 days. The positive immunofluorescence staining for Alexa Fluecetg§8gated
VE-cadherin confirms the HUVEC phenotype for adherent cells. Both endotbelisipecific
antibodies promoted cell adhesion and endothelialization. The 100%- Ti¥i8ated samples
inhibited the nonspecific binding of cells and had signifigafgwer adherent cells after 5 days
compared to other treated substrates. The scalsbaar e 100 & m.

3.4.Conclusion
In summary, we have reported a method for successfully creating surfaces that are both
biofunctional and lubricarhfused and are capablemieventing norspecific adhesion of
biomolecules and cells while capturing target sgén complex fluids such as blood.
Different ratios of TPFS and APTES were used in this study in order to obtain the optimized
surface properties where modified substsaremained omniphobic and slippery while
having biofunctional domains integrated oieir surfaces. Both methods of CVD and
LPD treatment showed promising results, however the results obtained using the CVD
method were more consistent and we were tblbeetter control the chemical properties of
the modified surfaces obtained using tt@shnique. Overall, the proposed technique is a
straightforward and simple method that could be used to create biofunctional, lubricant
infused surfaces for different pipcations such as medical implants and biosensors, where
both biofunctionality and pxention of norspecific adhesion are key and required features
when utilizing these devices.
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Figure 3.8 Live/dead cell population on 100% ARTES, 75% APTES (25 % TPFS) and 100%
TPFS treated surfaces.Samples treated witha) unconjugated amCD34 or p) unconjugated
antiCD144 antibody were incubated with HUVECs for 6 days and cell viability was assessed. The
live cell population wagyreater than 90% for both biofunctional lubricamfused and 100%
APTES treated surfaces fuimtalized with either arMCD34 or antiCD144 antibody ¢ andd).

Green: live cells, Red: dead cells. Error bars represent means + SD of at least three Saahgdes.
bars on representative fluorescence images are 200 pm.

3.5. Materials and methods

3.5.1. Materials
Trichloro (1H,1H,2H,2Hperfluorooctyl) silane (TPFS),-8minopropyltriethoxysilane
(APTES), Triton X100, phosphate Buffered Saline (PBS), bovine Serum AlbuB8A],
PLL-PEG, perfluoroperhydrophenanthrene (PFPP);(3H0imethylaminopropyhN Nj
ethylcarbodimide (EDC), NHydroxysuccinimide (NHS), sodium bicarbonate(N2
Morpholino)ethanesulfonic acid (MES), FITC were purchased from Sigidach
(Oakville, Canada).Red Fluorescent Protein Expressing Human Umbilical Vein
Endothelial Cells (RFMHUVEC) were geerously provided by Dr. P. Ravi
Sel vaganapathyodos | ab at Mc Ma s2 Belletkilyand v er s i
trypsin neutralizing agent where purchased foadarlane (Burlington, Canada). Trypsin
EDTA (0.25%), phenol red and the MTT cell proliferatiassay kit, unconjugated mouse

61



PhD Thesis Maryam Badv McMaster UniversityBiomedicalEngineering

antthuman CD34 antibody, Alexa fluor 4&®njugated mouse artiuman antCD34
antibody, unconjugated mouse amtiman CD144 (VEcadherin) antibody, Alexa fluor
488-conjugated mouse artiuman CD144 (VEcadherin) antibodysloechst 33342 nucleic

acid stain, cell viability imaging kit and methasicde formaldehydevere purchased from
Thermo Fisher Scientific (Waltham, United StateB)TC mouse amnthuman PAC1
antibody was purchased from BD Biosciences (New Jersey, UniteesStRIain glass
slides were purchased from VWR (Radnor, United States). Whole blood and pooled
citrated plasma was generated from blood samples collected Heafthy donors as
previously describefB]. All donors provided signed written consent. All procedures were
approved by the McMaster University Research Ethicsdoa

3.5.2. Initial activation of the surfaces using oxygen plasma treatment
Plain microscope glass dés were used as main substrates throughout the experiments.
Prior to starting the surface modification process, glass slides were cut into small squares
(about 0.5x0.5 cm?2) using a carbide handheld glasscutter, washed with fit%6l,e
sonicated for 10 mutes and dried under nitrogen flow. Glass substrates were then put in
plastic petri dishes, placed in an oxygen plasma cleaner (Harrick Plasma Cleaner, PDC
002, 230V) and exposed to higinessure oxygen plasma for 5 minutesunctionalize
their surface with hydroxyl groups.

3.5.3. Producing mixed SAMs of silanes using Chemical Vapor Deposition
(CVD)

After removing the oxygen plasnrtieeated glass slides from the plasma cleaner, they were
placed in a desiccator and droplets of TPF8/@nAPTES were added iregarately,
reaching a total volume of 200 pL and placed beside the glass samples. After adding the
proper amount of the silanes, the vacuum pump was turned on and the outlet valve of the
desiccator was c¢| oG&Bawasreaehedan @umio €xsttheaCV® of 1
process. Samples with three different ratios of 95% APTES (5% TPFS), 75% APTES (25%
TPFES), and 50% APTES (50% TPFS) were prepared and samples containing 100% APTES
or 100% TPFS were used as controls. The zi#éiun reaction was cardeout for 2 hours
at room temperature. After the CVD step, glass slides were removed from the desiccator
and placed in an oven at 60 °C for a minimum of 12 hours in order to complete the reaction.
Further, in order t@nsurethe emoval of norcovalently #tached silane molecules from
the glass surfaces, they were sonicated for 10 minutes (VWR SympHony-83©43
ultrasonic cleaner) and subsequently placed in a vacuum desiccator for 30 mins.

3.5.4. Producing mixed SAMs of silanes using Ligid Phase Deposition (LPD)
Glass slides were oxygen plasma treated as described above and then immediately
incubated in a 50 mL plastic tube containing TPFS and/or APTES in anhydrous ethanol
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solution (5% v/v). Similar to the CVD modification method, thaiferent ratios of
APTESand TPFS were prepared and samples made with 100% APTES or 100% TPFS
were used as controls. The silane solutions containing the glass samples were stirred for 1
hour at room temperature and then the glass samples were removetthdrsoiution,
washed witHL00% anhydrous ethanol and deionized water and ultimately 70% ethanol was
used to complete the washing step. After drying the samples at room temperature, they were
placed in the oven at 60°C overnight for at least 12 hoursla®itmiCVD treated samples

after removing the LPD treated glass slides from the oven, they were sonicated for 10
minutes and placed under vacuum for 30 mins in order to remove theowalently
attached silane molecules.

3.5.5. X-ray photoelectron spectroscopy¥XPS)
XPS was used to meare the surface chemical composition of the treated glass samples
after CVD and LPD treatment. Three glass segments were used for each condition and
means were determined. A Physical Electronics (PHI) Quantera Il spectromepgreequ
with an Al anode sage for Xray generation was used to record the XPS spectra

(Biolnterface Institute, Mc Master Univer si
angles with a pass energy of 280 eV. The atomic percentages of carbon, oxygere fl
and siliconwascalul at ed wusing the instrumentdos soft

3.5.6. FITC labeling
Samples modified with the mixed silanes were further incubated with FITC in order to
investigate the presence of APTES on the treated surfaces. A solution of 0.001 mg/mL
FITCin carbonated buffer wasepared and 300 uL of the solution was added to each glass
slide. Prior to adding the FITC solution on the glass samples, lubricant was added on
samples that were prepared with both mixed ratios of TPFS and APTES in ordeetu prev
physical adhesion ohe FITC to the hydrophobic regions on the surface. Glass samples
were incubated with the FITC solution overnight and they were washed with PBS and water
after the incubation period. Samples were imaged using a Zeiss inverteesdiemtr
microscope (AX10) ad the fluorescence intensity of FITC was quantified using ImageJ.

3.5.7. Water contact and Sliding angle measurements
In order to investigate the omniphobic slippery properties of the modified and control
samples, their contact anddstig angles were measuresing a 5 pL droplet of deionized
water. Water sessile drop contact angle measurements were performed at room temperature
using a Future Digital Scientific OCA20 goniometer (Garden City, NY). The contact angle
goniometer was calfiated prior to each measument.

Sliding angles were measured using a digital angle level (ROK, Exeter, UK). Prior to
starting the measurements, silanized samples lubricated with PFPP were placed on the

63



PhD Thesis Maryam Badv McMaster UniversityBiomedicalEngineering

calibrated level and a 5uL droplet of deionized watas placed on the glassriace. The

level was gently angled until the droplet would start to move on the glass slide and the
sliding angle was defined as the minimum angle required for droplets to start sliding on the
glass substrate. For samples thatdhoplet failed to slidat angles of 90 degrees or higher,

a sliding angle of 90 degrees was assigned. Measurements were performed on three
different glass segments and means were determined.

3.5.8. Sliding angle and repellency measurements using human wholeobd
The slippery and blab repellency properties of the optimized silane modified surfaces
were measured using whole human blood. In this experiment, surfaces modified with 100%
APTES, 75% APTES (25% TPFS), and 100% TPFS were tested and the resulesdobtain
from these surfaces wercompared together. Initially, the surface area of the glass
substrates was covered with a droplet of human blood and they were slowly tilted in order
to force the blood droplet to slide off the glass substrates. In order &iigate the blood
repellerty properties and platelet adhesion, treated glass samples were incubated with
citrated human whole blood and after initiating the clotting by adding L#@y were
fixed in 4% formaldehyde and scanning electron microscope (Std)performed and
the blapd clot formation and blood cell attachment on these surfaces was investigated.

3.5.9. Surface functionalization using anttCD34 or anti-CD144 antibodies
In order to make the silane modified surfaces biofunctional, samples with SAMzsexf
silanes or APTES werfunctionalized with arfCD34 or aniCD144 antibody using the
carbodiimide crosslinker chemistry. Antibody solutions were prepared in 0.1 M MES
buffer (1:500 dilution) and 2 mM EDC and 5 mM NHS was added in order to initiate th
carbodiimide crosslinkig reaction. Treated glass samples were placed inside the wells of
a 48 well plate and in order to minimize the rspecific binding of the antibody, all
samples that were modified with both TPFS were saturated with PFPP |ulpricarto
adding the antibady solution. After removing the excess lubricant, each sample was
incubated with 300 pL of the antibody solution for 2 hours at room temperature and later
on incubated at 4 °C overnight. Samples were washed with PBS and DInvatder to
remove the notwovalently attached antibodies and later on stored in PBS. Albadti
experiments were performed in the biosafety cabinet and samples were kept sterile.

3.5.10.Short and longterm cell experiments
After modifying the glass surfacestivunconjugated arttD340r anttCD144 antibodies,
their biofunctionality and repellency properties were evaluated by investigating endothelial
cell growth and attachment. Glass substrates that were placed in 48 well plates were
incubated with 300 uL cRFRHUVECS in cell media th a density of 1.5 x faells/mL.
Cell containing plates were placed in a 5%:@@ubator at 37 °C and samples were taken
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out after 24 hours incubation time for shtetm studies and after 5 days for letegm cell
studies. h shortterm cell studiescells were washed with PBS x2 and imaged using a
fluorescence microscope. In lotgrm cell studies, after washing the cells with PBS,
adherent cells were fixed, permeabilized, blocked and stained with Alexa Fluor 488
conjugatedvE-cadherin andHoechst 3342 and imaged using a confocal microscope as
further explained in the following sectioite potency of each surface for cell attachment
and cell repellency was evaluated. Surfaces blocked using BSAPE or 100% TPFS

with no lubricant were also invéigated in shorterm studies as controls and the results
obtained from these surfaces were compared with other treated surfaces. Cell adhesion was
also investigated in human whole blood. Modified surfaces were incubated with a
cdl/blood mixture for 24 hars and the same procedure as described above was used to
evaluate the biofunctionality and repellency properties of the surfaces and their ability to
capture cells from the blood/media mixture.

3.5.11. Plasma clotting assay with/without~ITC -fibrinogen
Plasma atting assay with/without FIT@brinogen was performed on glass substrates
treated with the mixed silanes in order to investigate their anticoagulant properties and to
see whether mixing the APTES and TPFS will compromise theoagulant properties of
these surfaces. Based on the results obtained from initial experiments, 75% APTES (25%
TPFS) was chosen as the optimized ratio between the two silanes and clotting assays were
performed on this group of samples. The clotting tiresults and FIT&ibrinogen
adhesion obtained from this group was compared totmeated glass slides, samples
treated with 100% TPFS and control substrates.

Treated and control glass slides were horizontally placed on the bottom of a 96 well plate
and 1@ pL aliquots of citratechuman plasma were added to each well. In fibrinogen
experiments, prior to adding the plasma to the samples, FITC conjugated fibrinogen (50
pg/ml) was added to the plasma solution and samples were incubated with plasma
containing fbrinogen. Samples treatedith TPFS were lubricated prior to adding the
clotting media. After adding the citrated plasma to the wells, the plate containing the glass
samples was incubated at 37 °C for 10 minutes and clotting was initiated by adding 100 pL
of 20 mM HEPES (pH 7.4)antaining 1M Ca(l yielding a final CaGlconcentration of

12.5 mM. Clot formation was assessed by monitoring absorbance at 405 nmsat 10
intervals for 60 min using a SpectraMax plate reader (Molecular Devices). Clotting times
were defined as the time reach halmaximal absorbance and calculated by the instrument
sdtware from plots of absorbanaersustime. In fibrinogen studies, after the clotting
assay, samples were washed with PBS x2, fixed with 4% formaldehyde and imaged using
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a fluorescence rmroscope. The fluorescence intensity of the Ffill@inogen adheretb
the substrates was calculated using ImageJ.

3.5.12 Platelet adhesion on modified surfaces
Platelet adhesion was investigated using fluorescence imaging. Substrates were incubated
with humanplatelets (L1 mLof 1 x fop| at el et suspensimthein Ty
platelets were activated by adding 0.2 U/mL human thrombin in 2 mM.C&&mnples
were incubated with the platelet solution for 45 minutes, washed with PBS x2 and fixed
with 2% formaldehydein PBS prior to imaging. Later, activated, adherent pleteiere
stained using FIT@AC1 antibody (plateledctivated marker, green), and platelet
adhesion was directly visualized using fluorescence microscopy and the number of
platelet/mnd wasquantified using ImageJ.

3.5.13.Immunofluorescence staining with VEcadherin and Hoechst 33342
nucleic acid staining

After incubating the ariCD34 and antCD144 functionalized surfaces with HUVECs for
5 days, surfaces were washed twice withhwpeemed PBS anéixed with 4% methanel
freeformaldehyddor 20 minutes. After remong theformaldehydesolution and washing
the cells with PBS, adherent cells were permeabilized with 0.1% Triton in PBS for 15
minutes and blocked with BSA in PBS for 30 minutes to prewenspecific binding.
Subsequently they were stained with Alexadfl488conjugated VEcadherin (green) and
Hoechst 33342 nucleic acid stain (blue). After finishing the staining process, samples were
washed with PBS and imaged using a confocal micres@giss LSM510 confocal laser
scanning microscope)

3.5.14 Live/Dead cellviability assay
Cell viability was assessed using the live/dead cell viability assay kit after 6 days of cell
cul ture. According to the manuf atkctheuiveer 6 s i
(NucBlue® Live reagent) and dead (NucGreen® Dead répgtains for 15 minutes and
imaged using a fluorescence microscope. Cell viability was calculated by counting total vs
dead cells using ImageJ.

3.5.15.In vitro cytotoxicity against RFRHUVECs i MTT assay
RFRHUVECs were grown in cell media and seeded witteasity of 1.5 x 19cells/mL
in a 96 well plate. After 48 hours of culture, 300 pL fresh media and 30 pL of 12 mM MTT
solution in PBS was added to each well and the well plate was incdbatdadditional
4 hours at 37 °C. Subsequently, 150 pL DMSO added to 75 pL of each well to dissolve
the formazan crystals. Absorbance was measured at 570 nm wavelength on a SpectraMax
plate reader. All measurements were repeated in triplicate.
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3.5.16.Statistical analysis
All data are presented as means + S.D. Each ewpeticondition was repeated at least
three times. To access statistical significance between different groupsagranalysis

of variance (ANOVA) f ol | owedgltestwas ppriorsned. Fh o c
values less than 0.05 were consideredssizdlly significant for all comparisons.
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3.6. Supplementary Information
TheSupportingnovies referenced in the main body of the chagtesvailable on the ACS
Publications website at DOI: 10.1021/acsnano.8b03938.
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Supplementary Figure 31 Assessing the chemical composition and the omniphobic slippery
properties of the modified surfaces using LPD.d) Samples treated with differematios of

APTES and TPFS were analyzed using XPS and the fluorine atom % was calculated. In the LPD
treated samples, no relationship was seen between the amount of TPFS used in the reaction and the
atom % of fluorine meased by XPS(b) The presence &APTES on surfaces treated with APTES

and TPFS or 100% APTES was evaluated using fluorescence microscopy after labeling them with
FITC. Inthe LPD treated samples, there was no correlation between the FITC fluorescence intensity
and the amont of APTES useth the modification steg(c) Representative fluorescent images of

FITC labeled surfacegd) Sliding angle ande) contact angle measurements were performed in
order to evaluate the omniphobic slippery properties of the treated suSaoegles treatedith

100% TPFS or mixed ratios of APTES and TPFS, had sliding angles as low as 5 degrees and contact
angles higher than 100 degre@sRepresentative contact angle images of a 5 uL water droplet on
treated glass surfaces before addirgyltibricant coatig. Bars show the means + SD of at least
three samples. The magnification bars on the fluorescence images are 100 pm.
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Supplementary Figure 32 Anit-CD34 antibody immobilization on LPD treated samples(a)

Sampls treated with 100% APTES, mixed APTES and TPFS using the LPD method were
biofunctionalized using fluorescently labeled &34 antibody. Similar to the results obtained
from the FITC ldeling experiments samples treated with 50% APTES (50% TPFS) dithawet
surface functionality compared to other samples treated with mixed silanes. Samples treated with
100% TPFS prevented napecific adhesion of the antibodip) Representative fluoresnt images

of anttCD34 functionalized surfaces are shown. Barsasktite means + SD of at least three
samples. The magnification bars on the fluorescence images are 100 pm.
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Supplementary Figure 33 Investigating the RFRHUVECs adhesion and interaction with

LPD silanized, anti-CD34 functionalized surfaces(a) Treated surfaces were incubated with
RFP-HUVECS for 24 hours and the cell adhesion and growth was investigated. All surfaces treated
with TPFSwere lubricated prior to starting the experiments. Cell attachment wesaded by
decreasing the APTES:TPFS ratio. Cell count per surface area was highest in 100% APTES
samples. 100% TPFS samples showed minimum amount of cell attachment, confirming the
repellency and omniphobic slippery properties of these surfémeRepreentative fluorescence
images of surfaces incubated with RHBVECSs for 24 hours. Bars show the means + SD of at
least three samples. The magnification bars on the fluorescence mna@spum.
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Supplementary Figure 34 In vitro cytotoxicity of silanized glass substrates incubated with
RFP-HUVECSs for 48 h. The cytotoxicity of the CVD and LPD treated surfaces was evaluated
using the MTT assay after 48 hours of incubating the treated surfaces withIlRAECs. No
deaease in cell viability was observed upon exposingRIER/ECs to the silanized and control
sampes. Bars show the means = SD of at least three samples.
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Supplementary Figure 35 Flow cytometry results of activded and resting platelets(a) and
(b) show theFSC&SSC comparison of resting and activated Plat€lgt®iD binding to resting
and activated Plateletsd)(FITC-PAC1 binding to resting and activated platelets. FFAC1 did
not bind to resting plateletsd only activated platelets were conjugatethéoantibody
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Chapter 4Lubricantinfused vascular grafts functionalized with silanized
bio-inks suppress thrombin generation and promote endothelialization

Preface

This studyfocuses on developing novel and simplified modification technique for
creating BLISon ePTFE vascular graftssing silanized bionks. This study reports a
technigue that streamlines the modification procedure required to create functional BLIS
and resuk in surfaces withyeellent repellency properties and targebedding features.

The createdBLIPS were examinedfor their blood compatibility and abilityo capture
endothelial cells from human whole bloodthe designed BLIPS were able to attenuate
thrombin generation, blabclot formation and prevent protein and bacterial adhesion. In
addition, the reported surfaces were able to effectively promote targeted binding and
capture of endothelial cells from human whole blood
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Note to Reader:

A supplementary section containing the addiabfigures and information referenced in
the chapter is included at the end of the chapter.
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4.1. Abstract
The ongoing problemvith the thrombogenicity and poor tissue integration of synthetic
vascular graftsdemandsthe design of new surfacesthat simultaneoug suppress
thrombosis and promote endothelialization. Lubridgafised surfacesxhibit outstanding
performancen preventing clot formatigrhowever their innate ability to completely block
the surfae, averts targeted binding of desired biomolecllés.report a new class of
lubricantinfused expandeg@olytetrafluoroethylendéePTFE vascular graftshat prevent
blood coagulation and concurrently promote endothelial cell adh&hanis achieved by
direct silanization of endothelialspecific ligandsand subsequent conjugatioof the
silanized ligandsto the ePTFE surfacelherefore,unlike conventional methodsye
eliminatedthe need to chemically modify the ePT&iEface with a coupling agerind &
a resultpreservedhe nnate surface properiof the ePTFE substrate. This is crucial for
infiltrating the fluorinebased ePTFE substrate with a biocompatible lubricant and
ultimately creating a functional and stable lubriemfised layer Compared to
commercially available grafts and the ones coatadgusonventional methogsour
developed grafts significantly attenuate thrombin generatiand promote
endothelializationn human wholélood.

4.2. Introduction
Cardiovascular disease, including heart attack and stroke, is the number one cause of death
and dsability worldwide, accounting for at least etérd of all deaths each ye§34],
[266], [267] Ischemic cardiovascular diseasasch as coronary angeripheralartery
diseass, caused bytherosclerosigplaque buildup insiderterie$, are responsible for
more than half of these deafi2] Expanding atherosclerotic plaques compromised
flow and plague rupture and superimposed thrombosis causes arterial ocf2é&pn
Maneuves to open blocked arteries include angioplasty and stenting, or endovascular or
surgical bypass gfting[265]. Although the use of autologous vessels remains the standard
of care, more than onéitd of the patients do not have available or suitable veEs4ls
[18], due to pe-existing vascular diseases or prior vascular surgéties [21]. This
shortage in viable autologous vessels has led to the development and utilization of synthetic
graft alternéives constructed frommynthetic polymers such aBTFE[17], [268]. Vascular
grafts especially those aimall diaméer, are prone to occlusion becaus¢hwbmbosis and
neointimal hyperplasigl6], [77]. Thrombosison the luminal surface ofvascular gra
compromises blood flow and hindersverage by endothelial cg[l18]. Such coverage is
critical for longterm graft patency because of the antithrombotic properties of endothelial
cells [16], [267] Hence, the developmerdf ePTFE vascular graftthat are both
antithrombotic anghromote endothelial celldhesion androwthis of great interest
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Anticoagulant, blood compatible vascular prosthesetiave been developed with
immobilized heparin [29]i [34], syntheticor naturalpolymers such as poly (ethylene
glycol) (PEG)[25]i [27], zwitterionic polymer$241], [242] poly-sufobetaind83], [217],
bovine serum albumin (BSA]R40] and humanalbumin [221]. These surfaces show
promising results busuffer from limitatons such as depletion, degradation and loss of
anticoagulant properties over tinf&3], [181]. Furthermore,te excessive hydrophilicity

of some othesecoatings has shown to limit the formation ofeardothelial laye[54].

Immobilized lubicantinfused layergrovide a highly effective and stablapproachfor
eliminaion of non-specific adhesion of proteins and celféo surfaceg§174], [175], [177],
[178], [181], [182], [185], [188] Suchsurfaces arsynthesizedy chemically modifying
the substrate with a perfluorosilangonolayer and infilating the silane layer witla
biocompaible perfluorocarbonubricant [174]. The strong intermolecular teractions
betweensurfacefluorine molecules and the lubricant layereatesa stable slippery
omniphobic lubricantnfused substratd174], [179], [249] Substrates ofePTFE a
synthetic fluorocarbotvased polymecomposedf tetrafluoroethylene (§4) monomer
chaing[54], eliminate the need for@erfluorosilane monolayemdcan be saturatesith a
fluorinated lubricant such gerfluoroperhydrophenanthrene (PFRPyeneratdubricant
infusedsurface that resist notspecific adhesion and repel bacteria, thereby reducing the
risk ofdeviceassociated infectiofi 75]. Despite the advantageslobricantcoatecePTFE
surfaces in preventing nespecific adhesion, theguffer fom the same drawback of other
repellent surfaces anblindly preventall biomolecules from interacting with the surface
and as a result avert targeted bindingodothelial cellsThis is problematic for ePTFE
vascular grafts since promoting endotheliall @adhesion is crucial in ordéo prevent
thrombosis and to accelerate endothelialization and tissue integration of the ifB@]ant
[67]. Therefore additional surface modification steps are requiregtmlemnon-silanized
ePTFE surfaces both biocpatible and biofunctionah terms of promoting endothelial
cell depositionwithout interrupting the lubricanibfused layer

Limited progresshas been made in integrating both blood biocompatibility and
endothelializationon lubricantinfused surfaceg40]. Generating SAMs using silane
couplng agents such as&ninopropyltriethoxysilane (APTES]35], [37], [67], [74]and
utilizing the functional terminal for covalent bondin§ lmomoleculesis a widely used
method for creating biofunctional platforms[75], [250]. However, this chemical
madification technique results in coating the entire binding surface with the silane coupling
agent and ultimately changing the surface chemical properties of the sUi@&}atéis is
particularly troublesome for creating neitanized, lubricaninfused ePTFE substrates,
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since the presence of the surface fluorine layer is crucial to stabilize and kbekliquid
lubricant onto the surface.

In this study, we introduce a new class of ePTFE vascular grafts developed osieg a
step, topdown approach to creaveofunctional lubricaninfused ePTFE surfaces (BLIPS).

This is achieved by first, functionalizing thedenthelial cell specific protein (4rCD34
antibody) with the APTES coupling agent in solution, followed by purification of the
produced APTESrotein complex and then covalently attaching silanized-GD84
antibodies (CD3APTES) to the hydroxyterminaed ePTFE surface. This approach
simplifies the currently available surface modification techniques and obviates the need for
chemically modifying the entire ePTFE substrate with a coupling agent and/or other
adhesive polymers in order to covalently attduh biomarker. As a result, theoposed
method retains the surface chemical properties of the ePTFE surface, which is crucial for
stabilizing the lubricant layer and creating a biofunctional lubrigeinsed ePTFE
substrate. Further, the physical andermlical properties, biofunctionalityand
hemocompatibility of the BLIPS were evaluated and compared with lubricated (L) and non
lubricated (NL) control ePTFE (Contrbl and ControiNL respectively) and CD34
functionalized, lubricated and ndmbricated ePTE surfaces modified using the
conventional technique. Compared with these surfaces, BLIPS exhibit significantly
enhanced capacity to suppress thrombin generation and effectively promote endothelial cell
adhesion in whole blood

4.3. Results

4.3.1. Creating biofunctional lubricant -infused ePTFE substraes (BLIPS)
To create BLIPSKigure 4.1d), medicalgradeePTFE vascular grafts wefiest oxygen
plasma treated to generate hydroxyl functional groups on their surticésnctional
ePTFE substrates wetleencreaed by incubating the hydroxyl activated ePTFE substrates
with APTESsilanized anHCD34 antibodysolution (CD34APTES).In contrast to existing
methods for creating biofunctional substrates, in which the substrate is entirely coated with
one or several cqling agents, in our novel approach, the focus was shifted to the antibody
and the carboxyl grogp(COOH) present on the antibody were functionalized with the
APTES coupling agent by the carbodiimide crtisker chemistryFor comparisorePTFE
substratesvere also biofunctionalized using conventional modification techsitigure
4.1c) wheren APTESSAMswerecreated on the oxygen plasma treated ePTFE substrates
using chemical vapour deposition (CVD) and activatesing EDC/NHS carbodiimide
crosslnking chemistry The antiCD34 antibody washenimmobilized on the APTES
treated ePTFE substrgiePTES SAM-CD34). Surfaces from both groups were lubricated
with PHPP lubricant prior to use and results were compared witihonlubricated
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biofunctional surfaes and lubricated and ndubricated control ePTFE substratégure
4.1a andb).

Oxygenplasmatreated surfacesxhibited asignificantly highei(P = 0.003) oxygemtomc
percemage (at%)compared with control ePTFE substrates &.@.9 and 0.1+ 0.1 %
respectively), as confirmed b¥-ray photoelectron spectroscopyRS) (Figure 4.2a and
b). Oxygen plasma treatmengsulted in anon-significant reduction in the fluorine at%
compaedwith control (66.7+ 0.6 and 50.& 2.5respectively)ln contrastAPTESSAM
treated ePTFE surfacetowedsignificantly lowerfluorine at%on their surface (17.%
6.7) compared with control substrates] oxygen plasma treated surfac®<0.03) The
fluorine/carbon E/C) ratio was significantly lowe(P < 0.02) onAPTESSAM treated
surfaces (0.4 0.2) than on control (2.0 £ 0.1) or plasma treated samples (1.2 £ 0.1).

The ePTFE substrates with tiF~PPlubricant exhibited a significant decreaseshding
anglesover the bare ePTFE surface, showangaverage sliding angle 4.2+ 1.9 degrees
(Figure 42c). After oxygen plasma traeaent, the ePTFE substrates slidirapgles
increased t@6.5+ 5.1 degreedroplets did not slde on lubricant infused APTESAM
surfaces and these surfaces did not show slippery propéiitesg 4.2c), similar tonon
lubricated control ePTFE sampleBoth control andoxygen plasma treated surfaces
exhibited hydrophobic properties and had static contact angles higher than 100 degrees
(115.4+ 2.8 and 105.2 7.1 respectively). In contrast, APSESAM treated surfaces, were
hydrophilic and exhibited aaverage static contact angle of 7£4.2 degreesHigure

4.2d).

Biomoleculesilanization proceduraasoptimized andevaluate usingBSA as amodel
protein and APTES conjugation was assessed using mass spegstrivitet. Silanized
BSA-APTES molecules were preparedialyzed and lyophilized As illustrated in
Supplementay Figure 4.1, the mass spectra obtained from standard and silanized BSA
APTES powder showed a shift in neollar mass with silanized BSAPTES compared
with nonmodified BSA (68105 m/z and 67010 m/z respedy), which indicates
successful covalent attachment of APTES molecules to BSAnilar procedure was then
used for silanizing CD34 antibody and cregti€@D34APTES functionalized ePTFE
surfacesTo evaluatethe stability of the biofunctionalized suckss CD34 treated surfaces
were subje@dto multiple washing steps in 1%is-buffered saline tween (TBST) over a
2-week period. The fluorescence imagevealed the presence and stability of the-anti
CD34 antibody on both APTESAM-CD34 and CD34APTES teated samples after 2
weeks of incubation in 1% TBS@&nd ro significant decrease in fluorescence intenseg
observed on these rdaces However, there waa significant decrease in the fluorescence
intensity of samples coated with the antibody througsal adsorptionR < 0.05,Figure
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4.2f). Control, APTESSAM-CD34,andCD34APTES treated surfaceshibitedsimilar
surface topography and structune SEM analysisandthere wereno obviousdifferences
between treated surfaces and control ePTFE santpipe¢ 4.2€).
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Figure 4.1 Schematic represetation of the different modification steps on the ePTFE surface.

(a) Control ePTFE graftdJntargeted biospecies attachuomodified ePTFE surfaces and these
surfaces do not show anticoagulant or blocking propertigd.ubricantinfused ePTFE grafts.
When lubricating the ePTFE control substrates, a lubricdnsed surface can be obtained that
both prevents specific and mgpecific adhesion of cells and biospecie3 APTESCVD treated
surfaces biofunctionalized with af@D34 antibody. The ePTFE sades are functionalized using

the conventional technique were the substrate is completely coated with APTES (the coupling
agent) using CVD and further, the CD34 antibody is immobilized on the surface. These surfaces
promote endothelial cell adhesion butrdit have blocking propertiesd)(Biofunctional lubricant

infused ePTFE substrates (BLIPS). ePTFE surfaces are oxygemdieated and functionalized

with CD34APTES antibodies and infiltrated by a lubricant layer. The BLIPS preverspexific
adhesio and promote specific binding of endothelial cells.

4.3.2. ePTFE-induced thrombin generation
To investigate the anthrombdic propertiesof the biofunctional and/or lubricaintfused
surfacesthrombin generation was performed in the absence (backgrountgsempe of
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lubricated and non-lubricated controland lubricated and neuobricated APTESSAM-

CD34 andCD34APTEStreatedePTFE samplesHigure 4.3a andb). Lubricantinfused

ePTFE substrates, functionalized with sileed antiCD34 antibody (CD3APTESL)

significantly prolongd the lag time and time to peak thromld<(0.001)and significantly
reduced peak thrombin, velocity index amtlogenous thrombin potent{&8TP) compared
with nonmodified control, APTESSAM-CD34L and APTESSAM-CD34NL, and

CD34APTESNL treated surface@ < 0.001). Infact, biofunctional lubricantnfused
CD34APTESL surfaces suppressed thrombin generation to backgréewels In

contrast, all other treated groups and control samptgsfisantly increasedthrombin
generatiorabovethe background.

a b Atomic Surface Chemical Composition
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Figure 4.2 The surface chemical composition and the physical properties of the control and
modified surfaces. (a)A representative grapdind(b) the correspondiptable of the surface at%

of differentelements present on the ePTFE substrate before and after each modificatibfiestep.
oxygen plasma treating the ePTFE grafts for 5 minutes, the at% of the oxygen increased
significantly compared with control ePTREP=0.003), which indicates the preserutehydroxyl
functional groups on ePTFE grafts. No significant difference was seen in the fluorine at% of oxygen
plasma treated surfaces when comparing the results with the control ePTFE grafts. In contrast, when
addng the APTES monolayer, the amount afface fluorine significantly decreased compared

with control and oxygen plasma treated surfac®s<(9.03). The at% of nitrogen (N) and silicon

(Si) confirm the presence of APTES on the surface. In addition, thedfb was significantly

lower in APTESSAM surfaces compared with control and oxygen plasma treated subsiates (
0.02). (c) Sliding angle andd) contact angle results of unmodified, oxygen plasma treated and
APTES treated surfacese)(Fluorescencenicroscopy and SEM was performed on &34

treated surfaces in order to confirm the binding of the antibody to the ePTFE surfaces and to
investigate the morphology of the surface after each modification step. Scale bars are 100 pm on
both fluorescent ahSEM images.f] The stability and covant attachment of the CD34PTES
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and APTESSAM-CD34 was confirmed by washing the substrates and incubating them with 1%
TBST for up to 2 weeks. In contrast to CBDBRTES and APTESAM-CD34 surfaces, the
fluorescencéntensity of physiosorbed antibodiegificantly decreased during the washing steps
(*P<0.05).

The potency of the lubricant layer in reducing thrombin generation was observed when
comparing the lubricated and ntubricated results in CD3APTES treaéd groups.
CD34APTESL samples signifiantly prolonged the lag time, time to peak thrombin and
reduced peak thrombin and ETP compared with nonlubricated @B3£S sampledn
contrast, thrombin generation witlhibricated and nonlubricated APTERAM-CD34
treated samptewas similaFigure 4.3a andb).

a 500
450 300 == Control-NL
400 Control-L
. 300 4 “00 — APTES-SAM-CD34-NL
Z 350 = APTES-SAM-CD34-L
£ 300 4 200 — CD34-APTES-NL
£ — CD34-APTES-L
-E 250 - 100 == Blank plate
S 200 - 0 -
£ 20 40 60 80
— 150 - Time (min)
100 -
50 A
0
0 90
b Time (min)
Parameter/Condition |Lag Time (min) |Peak Thrombin (nM) | Time to Peak Thrombin (min) | Velocity Index (nM/min) ETP {nM.min)
Control-NL 8.2+0.9%49°| 4432 1+ 3.6+ 1¥° 14.9+2.5%%° 74.9+25.3%1¥°  7190.1 + 561.6%%
Control-L 129+ 1.9% | 357.91+36.4%F 21.3 +5.8%¢ 45,0 +17.9%+ 6877.1+658.2%%
APTES-SAM-CD34-NL | 13.4+4.3%t | 337.8+90.3*% 25.0£11,5%F 48,2+ 34,1%¢ 6340.2 + 718.8l1F
APTES-SAM-CD34-L | 19.8+4.0%% | 300.1+39.5%% 33.3 +10.2*%% 33.6+22.2" 6379.6 + 715.5/1F
CD34-APTES-NL 14.8+3.3*F | 330.8180.6** 27.8+8.8%t 34.9+21.1" 6601.2 + 716.3*F
25.6+4.7 195.4+53.4 49.5+12.6 11.3+7.4 5410.2 & 627.0
Blank Plate 274457 165.9+34.7 48.9+7.8 83430 4185.6 % 604.7

Figure 43 Effect of different modification techniques on ePTFEnduced thrombin
generation. (a) A representative thrombin vs. time pl@ shown. §) Thrombin generation
parameters were determined in empty wells or wells containing control or modified ePTFE
surfaces Values represent means + SD of at least 12 samples.-SPBEBSL treated surfaces
significantly suppressed thrombin genesatcompared to control and other treated grotips:

0.001 andP < 0.05 compared with CD3APTESL. ¥ < 0.001 and P< 0.05 compared with Blank
plate.*P < 0.008 andP < 0.05 compared with Control + EP < 0.005 compared with APTES
SAM-CD34 L, NL and CD34APTESNL.

In addition to the lubricant, the ar@D34 anibody with or without the lubricant layer
significantly suppressed thrombin generation compared with nonlubricated control
samples. Samples functionalized with B34 antibody significantly reduced peak
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thrombin and velocity indexA(< 0.005)and signifcantly prolonged the lag time and time
to peak thrombin compared with ContidL samples P < 0.005) Figure 4.3a andb).

4.3.3. Blood cell and bacterialrepellency properties of control and modified
ePTFE surfaces

The rellency and blocking properties of the control and coated surfareswestigated
by incubating the ePTFE substrates witltaécifiedhuman whole bloodr Staphylococcus
aureusMW?2 (Figure 4.4). In the blood clding experimentshasedn visual investigation
and changes in sample weight€D34APTESL samplesinducedthe leastblood cbt
formationcompared with control and other treated grotpgure 4.4a andb). In additon,
based orSEM analysisthere wasless protein and blood cell adhestorCD34APTESL
than to theothersurfacegFigure 4.4c). In contrastprotein and blood clot deposition on
ControbNL samplesvas greater thathat onControlL andlubricated and notfubricated
CD34APTES and APTESSAM-CD34 samples and the SEM images revealed the
formation of a dense clot layeiith adherence of largemounts of blood cellsn Control
NL surfacesIn keeping withthe thrombin gnerationdatg the addition of the lubricant
layer did not significantly affect the anticoagulant and repellency properties of APTES
SAM-CD34 samplesor did it affecthe clot massr blood cell adhesion. However, when
comparirg the lubricated and neanbricated samples from the control and CBATES
treated groups, adding the lubricant layer significantly decreased clotandpsytein and
blood cell adhesion on these surfaces. In additiorprdsence of thant-CD34 antbody
significanty reducedblood clot formation and cell adhesion. Samples treated with the
antibody using both modification techniques had significantly less blood clot and blood
cells adhered to their surfaces when compared to CeMtraglamplesigure 4.4).

Addingalubricant layer significantly decreased bacteasidghesion compadwith the non
lubricated samples in the control groypPTFE with no APTES or CD34rigure 4.4d).
Coating the ePTFE siaces with the CD3MAPTESL layer created surfaces that were
essentially bacterieepelent, showing no bacterial attachment and, upon longer incubation,
no biofilm formation However lubricatingePTFE surfaces that were coated VWBATES
SAM-CD34 complegely compromised bacterial repellency aghificantly more bacteria
adheré to thosesurfaces compared witlibricated or nodubricated ePTFE or lubricated
surfaces coated withiD34-APTES Figure 4.4d), demonstrahg another superior propg
offered by our novel surface functionalization method.

4.3.4. Short-term cell studies- Bioactivity and endothelial cell capture
In shortterm studies, iman umbilical vein endothelial cells (HUVEGsere incubated
with cells for 24h and cell capture and adhesion were investigated. As séajuie 4.5,
ControlL samples blocked the ePTHErfacessignificantly inhibited cell adhesion and
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growth compared with ContrdL samples (0.& 0.5 andd.6+ 1.6 cell/mn? respectively
P =0.006. ControlNL ePTFE surfaces showed significantly less cell adhesion compared
with lubricated and nottubricated CD34APTES surfaces and lubricated APTFEAM-
CD34 surfacesAs seen in the fluorescence and SEM iesafrigure 45a andb), cells
were individually adherg to the ControlNL surfaces andissumed a&phericalshape
whereascells adherent toant-rCD34 functionalized surfacesere elongatedand well
spreadAddition of the lubricant layeenhancedell spreadingnthe CD34 functionalized

APTESSAM-CD34L and CD34APTESL surfaces compared with notubricated
surfaces.
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Figure 4.4 Blood clot formation and bacteria and blood cell adhesionn modified and control
ePTFE surfaces. (a)lmages of blood clot formation and adhesion on ePTFE vascular grafts
incubated with human whole blood)(Human whole blood clot mass attached to modiaed
control ePTFE grafts. BLIPS had significantly Iédsod clot adhered to their surfaces compared
to other treated and control groups. $EM images of ePTFE grafts, after the human whole blood
clotting experiment.d) SEM images of bacteria adhesi&md biofilm formation studies on control

and treated eFHE surfaces. Bars show means + SD of at least three saniple€.05and **P <
0.005
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Figure 45 Short-term endothelial cell studies on control and CD34 modified surfaces. (a)
Representative fluorescence images of the-RBRWECs adhered to the ePTFE samplagated
and control surfaces were incubated with RIRBPPVECs for 24 hours and cell adhesion was
investigated.(b) SEM images of the cell treated ePTFE surfacesCell count per mmwas
significantly lower in ContreL and ControlNL when compared to CD34 treated surfaces. Control
L samples blocked the surface and had significantly less cellsatechpo ContreNL samples.
Bars show the means + SD of at least three sami#es0.05 and *P < 0.001.

4.3.5. Long-term cell studies in human whole bloodi Investigation of cell
phenotype, cytocompatibility and endothelialization

BLIPS (CD34APTESL) were ncubated with a ceblood mixture for 4 days and cell
capture from blood and the formation of a confluemd functionakndthelial layer was
investigatedFigure 4.6a). As srownin both confocal and SEM images kigure 4.6b,
CD34APTESL surfaces were capable of capturing HUVECs filmaman wholeblood
after 4 days of incubatiolhe positive staining for VEcadherin (green) confirmed the
HUVEC phenotype of adheanecellsand provided evidence of tight junctions between cells
consistent with the formation of a confluent monolayer. The porous morphof the
ePTFE substrates influenced the orientation of the adherent cells. Thus, endothelial cells
aligning along he dense features present on the ePTFE surfagerd 4.6a and b).
Compared with nomodified control ePTFE sutrates, BLIPS had significantly more
cells adherent to their surfaces than control ePTFE samples, which showed scattered cells
and negative staining for \\Eadherin. In contrast to CD34PTESL and nonlubricated
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control samples, lubricarmifused controePTFE substrates showed excellent-specific
adhesion properties and prevented adhesion of HUVECs after 4 days which is
advantageous for preventing coagulation but a significant drawback for endothéializat
and tissue integration.

4.4.Discussion
Preventng nonspecific adhesion of biomolecules and concurrently promoting
endothelialization are two critical and inseparable features required for the optimal
performance of synthetic vascular graf®]. Due to the thrombogenicity and poor
endotheliization of synthetic vascular grafts, thereaipressing need for designing new
surface coatings that would improve both the hemocompatibility and biofunctionality of
the medical implants. Although extensive research has been devoted to this ar@dinigtegr
these two essential features on a sindgéfgrm still remains a challendd0]. Here, we
report for the first time a novel method for creating biofunctional lubricdnsed ePTFE
grafts that prevent thrombin generation and clot formation and promote endothelial cell
adhesion. In thisechnique, ePTFE sutbates were biofunctionakd with a novel method
using silanized arCD34 antibodiegsilanized bieinks) andsubsequentljubricated with
a fluorocarborbased lubricant, creating a Hiargeting interface with excellent repellency
properties. This novel surfaceodification nethal preserved the surface chemical
properties of the ePTFE substrate, allowing the lubricant layerfitvate the ePTFE
surface angas a resujcreating a stable, lubricamtfused layerln addition, theantrCD34
antibody preserved its innate functias an endotheliatell specific marke{38], [75],
[265], onceimmobilized onePTFE surfaceand coated with lubricant, as indicatedtbg
high degree of celtell interactionexhibited by thdubricated biofunctionalized surfaces
This indicates thathe presence of the lubricant layer does otk the antibody and
prevent the cells from begncaptured by theell captuing ligand. This was also observed
in our previous study where ai@@iD34 antibody functional lubricaimfused surfaces were
generatd by creating a SAM using a mixture of TPFS and APTES molecules on glass
substrate$182]. In contrast to our previous work where APTES anchorsemteon the
TPFS/APTES SAM were utilized for arfiD34 immobilization, in this work, we
eliminated the need for modifying the substrate with coupling agentsienpiified the
biofunctionalization process by silanizing the &DB34 antibodies and directly
conjugating them to hydroxyl terminated ePTFE substrates.
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Figure 46 Long-term cell studies in blood on BLIPS andlubricated and non-lubricated
control samples.(a) Schematic representation of endothelial cell capturadhdsion from whole
blood and the alignment of cells along the dense features present on théARDBSL ePTFE
surface(b) Fluorescent and SEM irgas obtained from lontgrm cell experiments. ePTFE grafts
were incubated with RFRAUVECS for 4 days and éothelial cell adhesion and the formation of a
confluent endothelial layer and cell phenotgpéhe treated surfacess investigatedihe positive
immunofluorescence staining for Alexa Fluor 48thjugated VEcadherin (green) confirm the
HUVEC phenotypédor adherent cells. In contrast to control and lubrigafised ePTFE surfaces,
the optimized BLIPS promoted cell adhesion and the formation afftueat endothelial layer was
observed on these surfaces. The Costremples inhibited the nespecificbinding of cells and
had significantly fewer adherent cells after 4 days compared to other treated substrates.

When looking at the results obtainedm the XPS measurements, it was evident liyat
modifying the ePTFE surface using the conventional metiuete the surface is entirely
coated with an APTE$ayer using CVD the surface fluorinet® and the F/C ratio
significantly decreased. The optimaérformance of slippery lubricamfused surfaces
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relies on the strong fluoriaguorine interactions indeed between the liquid lubricant and
the fluorine molecules present on the subs{ii5t8], [269] Coating the ePTFE lay with

a SAM of APTES, prevesthe intermoleculamteractiorbetween thePTFEsurface and
the lubricant layer, therefore, these surfamesunable to lockn the lubricant layer and
create lubricaninfused surfacedn addition, generating uniform silane monolayers using
silane coupling agents are dealging and difficult to establisf270] and since not all
silanecoupling molecules present on the coated sarfaitl be utilized for biomolecule
immobilization, the remaining nereacted moieties could act as active sites for- non
specific adhesiof271]. This is mainly troublesomia synthetic vascular grafts and other
medical implants where preventing nspecific adhesion of biomolecules and cells is
critical.

Lubricantinfused slippery surfaces are bestoiwn for their outstanding ability in
preventing norspecific adhesion obiomolecules and cellgl74], [178], [179] In our
experiments, lubcantinfused surfaces exhibited significantbyver thrombin generéon
and norspecific adhesion of HUVECs and bactereampared with notubricated control
ePTFE substrateas expectedn addition to the lubricant layer, the a@iD34 antibody
potentates the antiirombotic propertieshbecauseePTFE substrategeated withboth
CD34APTES and thdPTESSAM-CD34significantly reduced thrombin generation and
blood adhesion compared with rorodified control ePTFE surfacéSontrokNL). This
phenomenon lgalso been observed in other studies whereGiD&4 antibody is used as
an endothelial cell specific marker to increase endothelial cell capture and adBBkion
[153]i [155]. Thosestudies repoedincreasediemocompatibilityand less platelet adhesion
on surfaces coated with aitD34 antibody marker.

4.5. Conclusion
In summary, we have reported a novel method for creating BLIPS using silanized anti
CD34 antibodies. This method simplifies currently available surface modificati
techniques for immobilizing biomolecules, reduces the steps requredbtin a
biofunctional surface and eliminates the need for coating the surface of the biomaterial
substrate with a coupling agent for attaching the biomolecule. Our -BB3&ES
immohilized, lubricantinfused ePTFE substrates blocked specific adhesionof
proteins, bacteria and cells and promoted endothelialization, the two main characteristics
required to maximize the patency of permanent medical implants. This modification
technique can be applied to other biomarkers, using different coupling agehtaarbe
tailored towards different biomedical applications where biofunctionality and targeted
binding are of importance.
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4.6. Experimental Section

4.6.1. Materials
Perfluoroperhydrophenanthrene (PFPRan3nopropyltriethoxysilane (APTES), N3-
Dimethylaminopropl)-N Mgthylcarbodiimide (EDC), NHydroxysuccinimide (NHS), 2
(N-Morpholino) ethanesulfonic acid (MES), spegb@a floatalyzer G2 dialysis tubes
were purbased from Sigmaldrich (Oakville, Canada). Alexa Flugt88 conjugated
mouse anthuman CD34 antikdy and trypsifEDTA (0.25%), Alexa Fluor 488
conjugated mouse artiuman CD144 (VEcadherin) antibody, Hoechst 33342 nucleic acid
stain and methandtee famaldehyde were purchased from ThermoFisher Scientific
(Massachusetts, United StgteRed Fluoresad Protein Expressing Human Umbilical
Vein Endothelial Cells (RFHPIUVEC) were generously donated by Dr. P. Ravi
Sel vaganapat hyds | abCelamediavkit ME&SMZ BelletkiYand v e r s i t
trypsin neutralizing agent where purchased from Cedarlandir{@ion, Canada)The
thrombindirected fluorescent substrate-Gly-Gly-Arg-AMC, was purchased from
Bachem (Bubendorf, Switzetand). ePTFE vascular graftwere kindly provided by
Hamilton Health Sciences (Hamilton, OMjuman whole bloodnd pooled citited plasma
was generated from blood samples collected from healthy donors as previously described
[3]. A signed written consent was collected from donors angtadledures were approved
by the McMaster University Research Ethics Board.

4.6.2. Preparing APTES functionalized anttCD34 antibodies (CD34APTES)
Anti-CD34 antbodies were silanized with APTES usitige EDC/NHS carbodiimide
crosslinker chemistryThe antiCD34 antibody solution was prepared with a 1:100 ratio
(5 pg/mL) in0.1 M MES buffer (pH 5.5). In order to initiate the crosslinking chemistry,
EDC and NHS solions were added to the antibody mixture, leading to a concentration of
1mM EDC and 3 mM NHS. Whil¢he mixture was being stirred APTES (1% v/v) was
added to the solution. The CD2®PTES solution was mixed for 2 hours and further
transferred to floag-lyzer dialysis membranesnplecular weight cut off 3:5 kDa) for
purification. The solution was dialgd for a minimum of six cycles.

4.6.3. Initial activation of ePTFE surfaces using oxygen plasma
Prior to modifying the ePTFE surfaces using the two techniquespxy functional
groups were created on their surfaces using an oxygen plasma machine (Harnek Plas
Cleaner, PDE02, 230 V). ePTFE samplesre exposed to highressure oxygen plasma
for 5 minutes. The hydroxyl groups generated the ePTFE substrates were used to
covalently attach APTES or CD3¥PTES molecules onto the surface.
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4.6.4. Creating anti-CD34 antibody functionalized ePTFE surfaces using
CVD of APTES

After removing the hydroxyl functionalized ePTFE substrates fronplisma machine,
they were placed in a vacuum desiccator and a droplet of 200 pL of APTES was added on
a glass slide and placed mksthe ePTFE samples. The vacuum pomp was turned on and
after reaching a pressure 0085 MPa, the outlet valve was closad the CVD of the
APTES was initiated. The silanization was carried out for 4 hours at room temperature.
Once the silanization egp was completed, the APTES functionalized ePTFE substrates
were removed from the desiccator and placed in an oven set @tf60 22 hours. After
removing the APTES functionalized ePTFE samples from the oven, they were glued to the
bottom of the wells of 96 well plate using a medical grade silicon adhesive (Silbione,
Bluestar Silicones, Burlington, ON). Further, the subsératere biofunctionalized with
the antitCD34 antibody using the carbodiimide crosslinker chemistry -&B84 antibody
solution wih a concentration of 5 pg/mL in 0.1 M MES buffer (pH 5.5) was prepared and
1 mM EDC and 3 mM NHS was added to the antibodytsmi in order to initiate the
EDC/NHS reaction. The solution was added to the APTES treated ePTFE substrates and
the samples werencubated with the antibody solution overnight. After removing the
solution, samples were rinsed with PBS in order to remibxee physically bonded
antibodies from the surface. CD34 attachment was investigated using a fluorescence
microscope (Zeiss Primoxteupright fluorescent microscope) and the green fluorescence
intensity was quantified using ImageJ. The stability of the-@bB84 antibody coated
surfaces was investigated by washing the surfaces with 1% TBST several times and
incubating the modified sskrates with the buffer up to 2 weeks. Surfaces were imaged
after each washing step and the fluorescence intensity was tadousang ImageJ. Results
obtained from the stability experiments were compared with surfaces that were coated with
the antibodytirough physical adsorption.

4.6.5. Creating biofunctional ePTFE surfaces using APTES silanized anti
CD34 antibody

In this techniquepxygen plasma treated ePTFE surfaces were functionalized with APTES
treated antibodies (CD34PTES). Oxygen plasma treated ePTkBstrates were incubated
with the purified CD34APTES solution overnight at 37 °C. After removing the antibody
solution, ePTFEubstrates were washed with PBS in order to remowédonded antibodies
from the surface. The CD34 attachment and the stabfiithe coating was investigated as
described above.
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4.6.6. X-ray photoelectron spectroscopy (XPS)
XPS was used to assess the surfdesmical composition of the ePTFE surfaces before
and after each modification technique. Three ePTFE substrates were subjeid to
analysis for each condition and means were calculatedm&Surements were performed
by Biolnterfacelnstituteat McMaser University The raw data were analyzed using the
instrument software and the atom percentages of carbon, oxygen, fluoroos, silrogen
wascalculated

4.6.7. Contact and sliding angle measurements
The contact and sliding angles of the treated and ca®DFE surfaces were measured in
order to investigate their lubricamtfused properties before and after each modification
step. A Future Digital Scientific OCA20 goniometer (Garden City, NY) was used to
measure water sessile drop contact angles of thstrates(Biolnterface Institute,
McMaster University. Sliding angles were measured using a digital angle level (ROK,
Exeter, UK) Prior to starting thesliding anglemeasurements, ePTFE samples were
lubricated with PFPP and a 5uL droplet of deionizedewatas placed on their surface.
The sliding angle was defined as the minimum angle required for droplets tmatant
on the stfaceonce the level was tilted. If the droplet failed to slide at angles of 90 degrees
or higher, a sliding angle of 90 degeewas assigned to that samplieasurements were
performed in triplicates and the means were calculated.

4.6.8. Scanning electron microsopy (SEM)
SEM was performed on ePTFE samples in order to investigate the endothelial cell and
bacteria adhesion, bloextll interaction and clot formation on control and modified
surfacesSamples were fixed iB8% glutaraldehyde (2% v/v in 0.1M sodium cdglate
buffer) overnight. The samples were rinsed twice in buffer solution;fpxest in 1%
osmium tetroxide in 0.1M sodiunacodylate buffer for 1 hour and then dehydrated through
a graded ethanol serie®vhile the samples were immersed in 100% ethathely were
transferred to the chamber of a Leica EM CPD300 critical point dryer (Leica Mikrosysteme
GmbH, Wien, Austria).The dried samples were mounted onto SEM stubs with double
sided carbon tapeThe samples on stubs were then placed in the chamlaePolaron
Model E5100 sputter coater (Polaron Equipment Ltd., Watford, Hertfordshire) and
approximately 4 nm of gold was deposited onto the sam@asiples were then removed
from the sputter coater and SEM imaging (3SMI00 F) was performed at 10 kxk% and
1 kx magnification.

4.6.9. Thrombin generation assay
A fluorogenic thrombin generation assay wagdiso compare the effect of different
modification techniques on ePThiaduced thrombin generation. Control atr@ated
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ePTFE substrates wereut into 6 mm discs using a biopsy punch (Integkéiltex,
PlainsboroNJ) and glued to the bottom of the uncoa8&l well flatbottom plates
(Evergreen ScientificRancho Dominguez, QAusing a medical grade silicon adhesive
(Silbione, Bluestar Silicones, Burlington, @N'o wells with or without the ePTFE discs,

80 pL of plasma and 20 pL of 0.02 M HEPES buffer wadeald After incubating the plates

for 10 minutes at 37 degrees, 100 pL aliquots of 1 mi@I-Gly-Arg-AMC in HBS
containing 25 mM CaGlvas added to each weThe substrate hydrolysis was monitored
using a FlexStation 3 fluorescence plate reader (Mole@dsices, Sunnyvale, CA) at 1
minute intervals for 90 minutes at excitation and emission wavelengths of 360 and 460 nm,
respectively, and the emission -@ft filter of 455 nm. Thrombin generation results were
analysed using Technothrombin TGA evaluatioftare (Vienna, Austria) and the assay
was calibrated with the Technothrombin TG,
instructions (Technoclone). Peak thrioin (nM), time to peak thrombin (min), lag time to
initial thrombin generation (min), the area undbe curve or endogenous thrombin
potential (ETP, nM.min), and velocity index (nM/min) were determined using the
instrument software.

4.6.10.Assessing the bioactity of ePTFE grafts - Endothelial cell adhesion
and growth

The bioactivity, endothelial cethdhesion and the ability of the surfaces to create an
endotheliallayer was investigated by incubating the control and modified surfaces with
endothelial cellsdr short (24 h) and lonterm (4 days) periods. Control and aBiD34
antibody treated ePTFE rdaces were cut into 6 mm disks, a size chosen to cover the
bottom of 96well plates and glued to the bottom of the wells. To each well p156f
RFRHUVEC soldion with a concentration of 2 x 1075 cell/mL was added. In the-long
term cell studies the sates were incubated with a eblbod mixture. Prior to adding the
cell solution, samples that required lubricant were infiltrated with PFPP for 10 minutes.
Further, the ePTFBluscell containing plates were placed in an incubator at 37 °C and 5%
CO for the required incubation time. After taking out the samples from the incubator,
surfaces were washed with psarmed cell media (3x) in order to remove the-adnered
cells, fixed with 4% methanol frdermaldehydeand imaged using a confogalcroscope
and SEM. In the longerm cell study experiments cells were staineagigilexa Fluor
488-conjugated anti CD144 (\‘Eadherin) antibody (green) and Hoechst 33342 fhktue
order to studgell phenotyp®f the treated surfaceshe number cadherentells/area and
the potency of the surfaces to create an endothelial layanwestigated.
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4.6.11.Blood clot formation and blood cell repellency properties in human
whole blood

The blood repellency and aiotting properties of the control and modified ePTFE
surfaces were accessed usingateifiedhuman whole bloodePTFE grafts wereut into
7 mm thick rings, preveighed and placed around the walls of a 48 well plate, ledveng
center of the well unobstructed. Lubricated and-lutmicated ePTFE samples were used
as controls. To each well, 2QQ of citrated whole blood was addeddsfurther, the blood
was recalcified by adding 20QuL of 20 mM HEPES (pH 7.4) containing 1 ®aCb,
yielding a final CaCGl concentration of 12.5 mM. The grafts were incubated with re
calcified blood for 2 hours at room temperature. The blood clot camga@P TFE grafts
were gently removed from the wells briefly blotted on an absorbent benchghacmhed.
The blood clot mass was calculated by subtracting the initial and final weighs of the ePTFE
grafts. Further, ePTFE grafts were fixed in 4% formaitid aubjected to SEM imaging in
order to assess the clot adhesion and blood cell repellenaripespof the surfaces.

4.6.12.Bacterial adhesion experiments
StaphylococcuaureusMW?2 biofilms were grown on control and treated ePTFE surfaces
for 48 hours under afgition at 37C in TSB enriched with 0.2% sodium citrate, 0.6% yeast
extract, and 0.5% glucose. Treated and control ePTFE vascular grafts were cut into 6 mm
discs and glugto the bottom of the wells of a 96 well plate to keep them submerged. After
incubaton, the substrates were removed and washed once with PBS, fixed and dried for
SEM imaging.

4.6.13.Statistical analysis
Data are presented as means + i8.Bll Figures Data wee statistically analyzed byne-
way analysis of variance (ANOVA) followed by postchanalysis using@onferronis test
in Figure 3b, Figure 4b and5c andunpaired, twetailed ttestfor Figures 2b and 2f. P
values less than 0.05 were considered statilstisignificantfor all comparisons
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4.7.Supplementary Information
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Supplementay Figure 4.1 Mass spectrometry (MS) results of nommodified and APTES
silanized BSA (BSAAPTES). BSA was silanized with APTES using thEDC/NHS
carbodiimide crosslinker chemistrfhe BSA solution was prepared ki concentration of 5
mg/mL in 0.1 M MES buffer (pH 5)5In order to initiate the crosslinking chemistry, EDC and
NHS solutions were added to the antibody mixture, leading to a concentration of 1mM EDC and 3
mM NHS. While the mixture was being stirredPBES (1% v/v) was added to the solution. The
BSA soluti;n was mixed for 2 hours and further transferred to dialysis membranes (molecular
weight cut off 3.85 kDa) for purification. After a minimum of 6 cycles of dialyzing, the BSA
APTES solution was transfred to 50 mL falcon tubes and lyophilized until a dided purified
powder was obtained. The obtained BBRTES powder was dissolved in a
H.O/Acetonitrile/formic acid solvent (0.1 mg/mL) and subjected to M mass spectra obtained
from nonmodified and BSAAPTES powder showed a shift in molecular mash giilanized BSA
APTES compared with nemodified BSA (68105 m/z and 67010 m/z respectively). This indicates
successful covalent attachment of APTES molecules to BSA. The results also show the
monodisgrsity of the BSAAPTES solution.
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Chapter SFluorinatedbiofunctional lubricantinfused PET grafts with built
in functional groups prevent nespecific adhesion and promote
endothelialization

Preface

In this chapter fluorinated biofunctional lubricanfused PET surfaces are created using a
novel method where hydroxyl groups are first generated on fluorosilanized PET substrates
using a secondary plasma treatment technique and then biofunctionalizgdABIES
silanized bieinks. The hemocompatibilityra biofunctionality of our developed surfaces
were testedy performingthrombin generation, blood clot formation and endothelial cell
adhesion studies and the results were compared to control PET Qraftdeveloped PET
vascular grafts were able to pesx thrombin generation and blood clot formation and
promote endothelial cell adhesion and growth.

Relative Author Contributions

| prepared the samples, performed all experiments and analyzed th&hgamaanuscript
was drafted by myself and subsequeptlited by my academic supervidar. Didar. XPS
measurements were done at the Biolnterface Institute at McMaster UnivErgtsEM
was carried out at the Electron Microscopy Facility in the Healtler8ei Centre at
McMaster university. Marcia Reid frothe Electron Microscopy Facility at McMastisr
acknowledgedor her great help and guidance in preforming the SEM imaging

Note to Reader:

This manuscript is under preparation and will soon be sutmititta pereviewed journal.
M. Badv, J. |. WeitzT . F . FDaoridated hiofurictional lubricasibfused PET grafts
with  built-in  functional groups prevent nepecific adhesion and promote
endothelialization
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5.1. Introduction
Syntheticvascular graftsnade of biostable polymers such as ePTFE and EWidely
usedas alternatives to autologous vesselsdpiadng obstructedr diseased arterig21],
[72]. Despite their prevalencthese grafts suffer from low patnrates because aheir
thrombogenicity and poor biofunctionality, leading to gradtlusionand explantation
[77], [81], [132] In order to overcome these limitatiomecent research has focused on
designing new surface coatings that increase the henpatimiity and cell interaction on
these surfaces. These modification techniques mainly involve coating the surfaces with
syntheti¢ bioinert polymers[25]i[28], natural poteins [75], [153], [236], [239]and
antithrombotic agents such as hepd#a]i [34]. In addition,coaing the surfaces with
endothelial cellspecific markers[35]i [38] and vascularendothelial growt factors[39],
[40] have also been explored to improve theidothelial celspecific capturing features.
Despite heextensive research devoted to this adeajgningasuitablesurface cating that
integrates both hemocompatibilignd endothelial cell captun a single platform still
remains a challenge.

The recent concept of lubricamfused surfaces Bagainal extensive attention as
potential surface coating for biomaterials atabld-contacting deviced 74], [179], [246].
Surfacescoated using this modification techniqpessess excellent repellency properties
and haveébeensuccessfullyapplied as surface blockers to prevent nonspecificsioinef
cells and biospecid¢$74], [175], [178] The solid surface and the infiltratihgbricantlayer

are the two main components present in a lubricdnsed system that interact andnk
together to create stable yet dynamic and repellanterface More specifically in order

to successfullreate such surfacdbe underlying substrate needs to have a high chemical
affinity for the lubricartinfused layer [272], [273] Fluorinebased lubricaninfused
surfacescreated by exploiting the strong intermolecular interactions betweeluthmé
atomspresenbn fluorinatedsubstrateandpeffluorocarbonbased lubricastare one of the
most common lubricaritfused systems that have been explored for biomedical
applicationg178], [185] Thesesurfacecoatingscan be achieved by either exploiting the
innate chemical properties fifiorine-basedsolid surface such as eRFE [175], [179] or

by chemically modifying the surface withflaorosilane based se##ssembled monolayer
[176], [178]

Despite the promising results obtained from thlricantinfused surfacessubstrates
modfied using this techniquall suffer from one mutual drawback, and that is the lack of
biofunctionality andtronglypreventingall biomolecules froninteractngwith the surface.

This limitation is troublesome for permanent medical implants such aslaaggafts,
where tissue integration and endothelial cell capture play a significant role in the
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performance and patency of the device. In our receniesfuwee intended tovercomehis
limitation bydesigninga new class of LI$hatbiofunctionality andargeted binding were
integrated in the lubricaninfused platform, withoutcompromising the repellency
properties of the surfad&82]. In our first study, fluorindbased functional lubricant
infused surfaces (BLIS) were generated by creating SAMs of 34
aminopropyltriethoxysilanédAPTES) Trichloro (1H, 1H, 2H, 2Hperfluorooctyl) silane
(TPFS mixture using CVD and further, utilizing the APTES coupling agents for biomarker
immobilization. APTES was chosen as the silane dmgp agent for biomolecule
immobilization since this moleculénas extensively beeased forgeneratingfunctional
interfacesfor biomolecule immobilizationn the pas{203], [204] In our second study
(unpublished: Badet al, Lubricantinfused vascular grafts functionalized with silanized
bio-inks supprestrombin generationral promote endothelialization, s u b AHM, t ed t c
Manuscript ID:adhm.201900753we took this challenge further and creHbéofunctional
lubricant infused ePTFE surfaces by exploiting the innate chemical properties of the ePTFE
surfa@ and eliminating theneed for chemically modifying the substrate with silane
molecules. In this study, the fluorine atoms present on the ePTFE surface were utilized for
stabilizing the fluorocarbon lubricant layer and biofunctional features were added by
functionalizing the f#droxyl terminated ePTFE surfaces with APT&®&nized
biomarkersBoth surfaces created using these two technigpuesaledexcellent repellency

and biotargeting features.

PET vascular grafts have shown satisfactory results whemogedpin large diametr
vessels, however, due to their thrombogenicity and poor cellular infiltration, they exhibit
low-patency rates and poor patient outcomes when utilized in-diaaleter vesse[§9],

[95]. The hydrophobicity of PET surfaces, hinders endothelial cell interaction and growth,
which leads to platelet adhes and clot formatio [19], [21]. To combat these sses,
extensive reseeh has been devoted to developing new surfaces coatings that would
improve cell interaction and hemocompatibility on these surfaces, however limited success
has been made in designing straightforward, stable and durable coatingsotiet
integrate bothhese requirements on one platform.

Here, we report a new class of biofunctional lubrigafised PET surfacegeneratedby
combining and tuning the two modification techniques used in our previous studies.
Fluorinated biofunctiondlbricant infused PE$urfaces (FBLIS) were created by initially
adding the appropriate chemigabupsonto the PET surfaceia creating a SAM of TPFS

and furthey generating functional groups on the fluorinated surface by exposing the
fluorinated PET sdaces to a brief seadary oxygen plasma treatment. Moreover, the
fluorinated hydroxylterminated PET surfacewere biofunctionalized by covalently
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attaching the APTES silanized afD34 antibody bianks (created usingarbodiimide
crosslinker chemistrysingN-(3-Dimethylaminopropyl}N Nghylcarbodiimide (EDCand
N-Hydroxysuccinimide (NHS)to hydroxyl groups generated on the surface and the
modification procedure was completed by infiltrating the surfaces with a fluoroearbon
based lubricant. In this technique \itather smplified our modification procedure by
circumvening the needfor mixing the two fluoro and aminosilane molecules to our
surfacesThe developed PEbased FBLIS graftsvere tested for hemocompatibility and
biofunctionalityby performing thrombin generatipblood clot adhesion and endothelial
celladhesiorstudies and the results were compawvét control PET and lubricanhfused

PET surfaces.

5.2.Results and Discussion
In order to create FBLIS={gure 5.1), a SAM of TPFS was creat®n hydroxyl terminated
PET surface$PET-FS)as explained in methods
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Figure 51 Schematic representation of creatingfluorinated, biofunctionalized lubricant-
infused PET surfaces (FBLIS) using silanized CD3APTES antibodies PET surfaces were
initially oxygen plasma treated and further CVD treated udinghloro (1H,1H,2H,2H
perfluorooctyl) silane (TPFSA secondary oxygen plasmadtment was applied on the TPFS
treated surfaces in order to partially etch the TPFS lagdrgenerate hydroxyl groups on the
surface (PETIFS-OH). Further, premade, CD3¥PTES functionalized antibodies were covalently
attached to the hydroxyl functionaltzd PFS treated surfaces using EDC/NHS chemistry. In the
final step, biofunctionalized siaces were blocked by addimmerfluoroperhydrophenanthrene
(PFPP) lubricant to the surfaces &BLIS were generated.
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Later, fluorinated PET surfaces were briefly exposed to a secondary oxygen plasma
treatment in order to partially etch the fluorosddayer and induce hydroxyl functional

groups. Further, fluorinated, hydroxyl terminated PET surfaces -GF&DH) were
biofunctionalized using premade, APTES silanized-@R34 antibodies. In contrast to our
previously reported technique for creating BUISB2], in this method we significantly

simplified the coating process by eliminating the need fortpeating the surface with a

mixture of amino and fluorosilane moleculgsough creating fluorinated surfaces with
Abuind hydroxyl functional groups by briefl
to a secondary plasma treatment. In addition, the -P&DH surfaces were
biofunctionalized by immobilizing prsilanizedbio-inks on their surface@npublished:

Badv et al, Lubricantinfused vascular grafts functionalized with silanized-ibks

suppres thrombin generation and promote endothelialization s u b mAHM{ e d t o
Manuscript ID:adhm.201900753

In order to confm the presence of the initial fluorosilane monolayer added to the surfaces
and the efficiency of the secondary plasma treatmenicpod performed to partially etch

the fluorosilane layerX-ray photoelectron spectroscof)XPS) measurements were
conduc¢ed oncontrol, fluorosilanized and secondaoxygenplasma treated samples and
the atomic percentage (at%) of fluori(t®, carbon(C) and oxygenO) was assesseathd

the F/O ratio was calculated for each sampseseen ifrigure 5.2a, thesignificantincrease

(P <0.001) in the F/O ratio after performing the CVD treatment on PET samples confirms
the presence dahe fluorosilane layer on PERS surfacesin addition, he significant
decreasdP < 0.001) in the F/O ratioafter performing the secondary plasma tresit

(from 0.96 + 0.04 to 0.46+ 0.04 respectively) confirms the partial removal of the
fluorosilane layer andthe formation of hydroxyl functional groups onPET-FS-OH
surface.

Plasma modification is one of tineostcommon, straightforward areffective techniques

used to change the surface properties of different biomaterials such as ePTFE B8].PET
This technique allows the surfaces to bind wiififierent atmospheric gases and as a result
alters the surface chemical properties of the biomaf@d§l[87], [88]. In addition, studies

have shown that by tuning the plasma power and typgasf used in the plasma
modification procedure, the modification could be applied to a shallow déttté surface,
leavingthe bulk properties of the substrates unaltered, something that should be considered
when modifying the surfaces of bloadntactig deviceq489], [90], [178]
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Figure 5.2 The surface chemical compason and the contact and sliding angle measurements

of control-PET, PET-FS, PET-FS-OH and FBLIS surfaces. (a)The at% of fluorine and oxygen
was assessed using XPS. The presence of fluorine after CVD treating the substrat@®®jth
confirms the formatin of the fluorosilane setissembled monolayer AM) on the PET surfaces.
After conducting the secondary oxygen plasma treatment oRERd-S surfaces, thé&/O ratio
decreasedignificantly (*P < 0.001) Thisconfirms thepartial removal of the fluorosihe layer and
formation of the hydroxyl groups on the surfaf® Sliding and contact angle measurements on
control, lubricantinfused andFBLIS confirm the slippery properties of the substrates. Samples
treated with TPFShad significantly higher contaeingles compared to control PET surfage.
The watersubstrate interaction was investigated at different time points after adding a 5 ul droplet
on the surfaces and the contact angle was measured. In contrast to thieRihtsurfaces, the
water dropét was not absorbed onto the surfaces of-PETPETFSOH andFBLIS substrates
even after 120 seconds.

PET-FS

PET-FS-OH

FBLIS

Sliding and contact angle measurements were performed on control PEFSRPET

FS-OH andFBLIS surfaces to test thewater repellency and slippepyoperties. As seen

in Figure 5.2b and c, control PET surfaces did nagvealslippery properties and the water
droplet was pinned to the surface (did not slide) and started to get absorbed onto the surface
after 5 seconds. lnontast, PETFS, PEFFS-OH andFBLIS surfaces had slippery and

water repellency properties by exhibiting low sliding angles{¥8 24+ 3 and 46+ 6

degrees respectively) and high contact angles £1485128+ 3 and 12Gt 5 respectively)
andwere abldgo mantain the water droplet on their surfaces even after 120 seconds. When
comparing the results with PEAS samples, the water repellency properties of-P&T
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OH andFBLIS surfaces decreasetlheincrease in the sliding angle and decrease in the
contactangke after plasma treatingnd biofunctionalizing the PEFS substrateswith
silanized antiCD34 antibodycould be attributed to the presence of hydroxyl graans
hydrophilic biomolecule®n thePET surface. Hydroxyl groups are strongly hydrophilic
and polar functional groups and their presence affects the physiodhceproperties
(sliding and contact angle properties) of the subsfpai4)].

Thrombin generation was performed on control and modified PET surfaces in order to
investigate their antithrombogenicityigure 5.3a and b). All fluorosilanized samples wer
lubricated prior to performing the tekubricated PETFS surfacesignificantlyprolonged

lag time and time to peak thrombif © 0.001) and signifiantly reduced thrombin
generation and velocity inde® (00.001) when compared with unmodified contRET
surfaces. These results confirm that fluorinated, lubricdosed PET surfaces express
excellent blocking properties, and the coating significamlyances the hemocompatibility

of the grafts, similar to previously reported LIS coatifigst], [178]

Figure 5.3 Investigating thrombin generation and clot formation on modified and control
surfaces. (a)A representative thrombin vs. time plot is sho@m.Thrombin generation parameters
were determined in empty wells or wells containing control or modified PET surfaBesS
treated surfaces signifindy suppressed thrombin generation compared withraoPRET and PET
FS surfaces. Values represent means + SD of 12 samples0.0001 andP < 0.05 compared
with FBLIS."PO 0. 001 c oPEPRSr ed wi t h
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