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Abstract

Background: Prosthetic heart valves are the only treatment for most patients with
severe valvular heart disease. Mechanical valves, made of metallic components, are the
most long-lasting type of replacement valves. However, they are prone to thrombosis
and require permanent anticoagulation and monitoring, which leads to higher risk of
bleeding and impacts the patient’s quality of life.

Objectives: To develop a bioactive coating for mechanical valves with the aim to
prevent thrombosis and improve patient outcomes.

Methods: We used a catechol-based approach to produce a drug-releasing multilayer
coating adherent to mechanical valves. The hemodynamic performance of coated Open
Pivot valves was verified in a heart model tester, and coating durability in the long term
was assessed in a durability tester producing accelerated cardiac cycles. Coating antith-
rombotic activity was evaluated in vitro with human plasma or whole blood under static
and flow conditions and in vivo after surgical valve implantation in a pig’s thoracic aorta.
Results: We developed an antithrombotic coating consisting of ticagrelor- and
minocycline-releasing cross-linked nanogels covalently linked to polyethylene glycol.
We demonstrated the hydrodynamic performance, durability, and hemocompatibility of
coated valves. The coating did not increase the contact phase activation of coagulation,
and it prevented plasma protein adsorption, platelet adhesion, and thrombus formation.
Implantation of coated valves in nonanticoagulated pigs for 1 month efficiently reduced
valve thrombosis compared with noncoated valves.

Conclusion: Our coating efficiently inhibited mechanical valve thrombosis, which might
solve the issues of anticoagulant use in patients and the number of revision surgeries

due to valve thrombosis despite anticoagulation.
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1 | INTRODUCTION

Heart valve diseases are a growing public health concern worldwide.
Heart valve replacements of diseased cardiac valves by prostheses
(prosthetic valves [PVs]) is common and often lifesaving for patients
with significant valvular lesions, stenosis, or regurgitation [1,2]. PVs
are currently among the most widely used cardiovascular devices [3].
Approximately 300 000 PV implantations are performed every year
worldwide; the total number of valve replacements is projected to be
850 000 per year by 2050. Two types of PVs are in use today to fulfill
this growing demand, mechanical and bioprosthetic valves, each with
its inherent assets and drawbacks [4]. Mechanical PVs, made from
synthetic materials and with unnatural hemodynamics, are prone to
thrombus formation without anticoagulation therapy, which inevitably
increases the bleeding risk [5]. To date, issues related to the need for
lifelong anticoagulation with mechanical valves have not been
resolved. Vitamin K antagonist remains the only option, which ne-
cessitates constant monitoring with a huge impact on the patient’s
quality of life. The management of bridging anticoagulation before and
after invasive procedures is controversial, with excess risk of com-
plications. The advantage of biological PVs is their lower thrombotic
risk compared with that with mechanical ones, which typically does
not necessitate lifelong oral anticoagulation. The anticoagulation
requirement has been the key reason for the continuous decline of
mechanical valve use in patients aged 50 to 70 years over the past
decades in certain geographic areas [6,7]. Major advances in
transcatheter valve replacement approaches might have contributed
to this trend [8-11]. However, bioprosthetic valves are subject to
progressive structural valve deterioration, which hampers their per-
formance beyond 10 to 20 years [12], and leaflet thrombosis is less
negligible than initially thought [13-15]. Therefore, there is a need for
innovation in durable valves that would require minimal
anticoagulation.

We have developed a new polymeric bioactive coating for PVs
endowed with antithrombotic properties. We used a catechol-based
approach to produce a multilayer nanogel (NG) coating that adheres
to the entire valve prosthesis, ie, its metallic (pyrolytic carbon and
titanium) and polymeric (polyethylene terephthalate) constituents.
The desired biological activity of the coating was obtained by loading
the NGs with ticagrelor and by covalent binding of polyethylene glycol
(PEG) on top of the multilayer NG assembly through thiol/quinone
reactions. We demonstrated the hemodynamic performance, hemo-
compatibility, and thromboresistance of the bioactive surface-coated
PV in vitro and in vivo in a nonanticoagulated pig model of valve
implantation.

Essentials

* Mechanical valves are prone to thrombosis and require
permanent anticoagulation and monitoring.

» There is a need for innovation in durable valves with
minimal anticoagulation requirement.

« We report the development and antithrombotic efficacy
of a unique bioactive coating.

« Coating reduced valve thrombosis in nonanticoagulated

pigs and might improve valve durability.

2 | METHODS

2.1 | Materials

Mechanical valves (19-mm Open Pivot standard aortic heart valve)
were obtained from Medtronic. Minocycline was purchased from
Sigma-Aldrich. The antiplatelet drug ticagrelor was from Cayman
Chemicals. Sodium citrate vacutainer blood collection tubes (3.2%
sodium citrate) were from BD Biosciences. Staphylococcus aureus
was purchased from ATCC (#25904). Tryptic Soy Broth and agar
powder were from Sigma-Aldrich. 3,4-dihydroxy-L-phenylalanine
(DOPA) methyl ester hydrochloride was synthesized by reacting
SOCI2 with DOPA in dry CH3OH according to a previously
described procedure [16]. PEG PEG2 (methoxy-PEG-[CH,],-SH;
molecular weight [M,], 2000 g/mol) and PEG5 (methoxy-PEG-
[CHy]x-SH; M, 5000  g/mol),
Tris(hydroxymethyl)aminomethane, sodium chloride, and
poly(allylamine) hydrochloride (PAH; M,,, 15 000 g/mol) of the

highest grade were purchased from Sigma-Aldrich.

dopamine  hydrochloride,

2.2 | NG formation

N-methacryloyl 3,4-dihydroxy-L-phenylalanine methyl ester
(mDOPA), synthetized according to available methods [17], was
polymerized into P(mDOPA) [18] and was used to prepare NGs, as
described in Supplementary Methods [19]. Drug-loaded NGs were
prepared as follows: oxidized Pox(mDOPA) (0.5 mg/mL) was solubi-
lized in the presence of 1 mL of ticagrelor solution (56, 112 or 256 pg/
mL in dimethylsulfoxide) or minocycline (0.5 mg/mL in water). After 1

hour at 6 °C, an aqueous solution of PAH (0.5 mL; 0.5 g/L) at pH 10
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was slowly added to the mixture under vigorous stirring. The solution

was left to react for one night at 6 °C under vigorous stirring.

2.3 | Coating process

Synthetic polymers (medical-grade polyurethane Carbothane 3575A
from Lubrizol, cell culture grade polystyrene CELLSTAR from Greiner
Bio-One) or PVs were modified by using a dip coating process in
successive coating solutions. Surfaces were rinsed with ultrapure
water after each layer. The first anchored layer was created with the
use of a dopamine solution (0.125 mg/mL in 10-mM Tris-HCI, pH 8.5)
followed by oxidation-induced polymerization (slow addition of NaOH
0.1M) for 3 hours, visualized by color changes to dark brown. The
coated surfaces were then processed for PAH ad-layer formation by
immersion in an aqueous solution of PAH (pH, >10) for 1 hour.
Multiple layers of NGs were added by alternate dipping in NG solu-
tions (6 hours per layer) and PAH solution (1 hour). PEG grafting on
the NG coating was then performed by dipping the coated materials in
a solution of thiol end-functionalized PEG (5 mg/mL in degassed Tris
buffer pH 8.0).

24 | Coating uniformity and integrity testing

Coating uniformity on mechanical valves and its integrity after dura-
bility testing and sterilization were assessed by time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) (ToF-SIMS V; IONTOF)
analysis of at least 10 random zones on the valve surface, as described

in Supplementary Methods.

2.5 | Ticagrelor release assay and content analysis

Polyurethane discs 8 mm in diameter were coated with 1 or multiple
layers of NGs loaded with ticagrelor or not. Drug release was analyzed
during 240 hours in a solution of phosphate-buffered saline containing
40% glycerol and 10% methanol (v/v) (dissolution medium). In brief,
discs were placed in a test tube with 1 mL of dissolution medium and
incubated at room temperature without agitation for up to 240 hours.
At indicated time points, the medium was aspirated and stored at -20
°C for later measurements, and a fresh solution was added to the test
tube for another period. Aliquots of 200 uL were transferred to a 96-
well polystyrene plate, and the absorbance of ticagrelor was measured
at 299 nm in a spectrophotometer. Quantity of ticagrelor was
determined by using a calibration curve with ticagrelor standard.
Ticagrelor content in coated discs was determined by high-
performance liquid chromatography on a Waters Acquity ultra pres-
sure liquid chromatography System consisting of a quaternary solvent
delivery system, an injector with adjustable injection volume, a
temperature-controlled autosampler, a column thermostat, and a
photo diode array detector. The assay method was developed ac-

cording to the ticagrelor monograph (European Pharmacopeia 10.4).

jth--
Briefly, the analytical column was an XBridge Phenyl, 150 x 4.6 mm,
3um (Waters) with the guard column Security Guard Phenyl, 3 x 4 mm
(Phenomenex). An injection volume of 50 pL was used at a flow rate of
1.0 mL/min at 40 °C (column temperature). Mobile phase A was
phosphate buffer (pH 3.0)-water-acetonitrile (1:89:10 v/v/v). Mobile
phase B was phosphate buffer (pH 3.0)-water-acetonitrile (1:29:70 v/

v/v). Detection wavelength was 300 nm (Supplementary Figure S1).

26 |
testing

Hemocompatibility and biological activity

For hemocompatibility and biological activity testing of coated ma-
terials, blood samples from healthy donors who did not take any
aspirin or anticoagulant in the last 20 days prior to the experiment
were used. Blood was drawn using a 21-gauge needle and citrate
vacutainer tubes (BD Biosciences). Platelet-rich plasma (PRP) was
prepared by centrifugation of citrate anticoagulated human blood at
100 x g for 15 minutes at room temperature within 60 minutes of
collection. Platelet-poor plasma was prepared by 2-step centrifugation
at 1500 x g for 15 minutes. The study was approved by the Ethics
Committee of the University Hospital of Liége, Liége, Belgium. An
informed consent was signed by the donors.

Hemolysis assays were performed in accordance with Interna-
tional Organization for Standardization (ISO) 10993-4 guidance and
others [20] upon incubation of coated and noncoated, 8-mm-diameter
discs of medical-grade polyurethane (Carbothane 3575A) with a
mixture of washed human red blood cells and phosphate-buffered
saline (Supplementary Methods). For complement activation assays,
coated and noncoated polyurethane discs (0.8 mm) were placed into
0.1% bovine serum albumin-coated wells of 24-well polystyrene plates
(Greiner Bio-One CELLSTAR) followed by incubation with 300 pL of
citrate anticoagulated whole blood for 60 minutes at 37 °C. Plasma
levels of activated complement (C5a) were determined by enzyme-
linked immunosorbent assay according to the manufacturer’s in-
structions (R&D Systems). Platelet adhesion on surfaces was analyzed
by p-nitrophenyl phosphate photometric assay. PRP was layered on
coated and noncoated polystyrene (Greiner Bio-One CELLSTAR
multiwell plate) or polyurethane (Carbothane 3575A) surfaces for 60
minutes at 37 °C. For experiments under flow, freshly drawn blood
samples were added in the cone and plate device Impact-R system
(Matis Medical) before applying a shear rate of 1800/s for 4 minutes.
Platelets that adhered to the surface were visualized with an optical
microscope and quantified using the Impact-R software, in terms of
surface coverage (SC; as percentage) and platelet aggregate size (AS;
square micrometer). Single platelet count was measured in collected
circulating blood (Cell-Dyn 3700, Abbott Laboratories). Clotting tests
were performed using the Stago STart 4 Hemostasis Analyzer and the
Nodia nonactivated partial thromboplastin time reagent. For these
tests, 120 pL of human plasma (Stago Standard Plasma) prewarmed at
37 °C was added in coated and noncoated wells of a 48-well poly-

styrene plate (Greiner Bio-One CELLSTAR multiwell plate) and
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——jth
incubated for 10 minutes at 37 °C. Platelet aggregation experiments
were performed with PRP in the presence of ticagrelor-loaded or
nonloaded NG solutions (10:1, v:v ratio) under stirring (1200 rpm) at

37 °C using light aggregometry (Chrono-Log Model 700 aggreg-

ometer, Kordia).

2.7 | Bacteria adhesion and biofilm formation
analysis

Experiments using S aureus were conducted in a biosafety level 2
room. One colony of S aureus was grown overnight at 37 °C in
Tryptic Soy Broth medium under agitation (220 rpm). The bacterial
culture was then diluted 100-fold in fresh medium, and bacterial
growth was monitored until reaching the exponential growth phase
(optical densitysgs, 0.5). Ten million colony forming units were
incubated for 24 hours at 37 °C in coated or noncoated polystyrene
24-well plates (Greiner Bio-One CELLSTAR multiwell plate). Biofilm

mass was analyzed by crystal violet staining.

2.8 | Ex vivo valve thrombogenicity testing

Thrombogenicity testing of coated and noncoated Open Pivot me-
chanical valves was performed in a homemade tester consisting of a
pneumatic pump with 2 diaphragms and 35-mm-diameter silicone
tubes. Valves were positioned in a silicone ring before filling the
system with 600 mL of 2-fold diluted porcine heparinized (Clexane, 3
IU/mL) arterial blood and applying pulsatile flow with a pressure
adjusted between 100 and 120 mm Hg for 4 hours. Blood from
different pigs was used for each tested valve. Arterial blood was
collected under anesthesia from the femoral arteries. The experiments
were conducted within 1 hour after blood collection. Blood was
analyzed on Cell-Dyn 3700 (Abbott Laboratories) equipped with a
veterinary software. Hematological parameters, including platelet

count, in each blood sample were in normal range.

2.9 | Pig model of valve implantation

All experiments were conducted in accordance with the European
guidelines for animal use in research upon approval by the institu-
tional committee for the ethical use of animals (file #1681). Coated or
noncoated, 19-mm-diameter PVs were implanted in the descending
thoracic aorta of pigs (Pietrain x Landrace crossbred, weight 110-150
kg) as described in Supplemental Methods. The animals were followed
up daily for 1 month. Blood samples were collected before and 2
weeks after the procedure and stored for D-dimers (porcine D-dimer
ELISA kit, MyBiosource) and complement C3a (porcine complement
3a, MyBiosource) dosage. After 1 month, valve explantation was

realized under general anesthesia (10 mg/kg ketamine, 0.07 mg/kg

detomidine, and 0.5 mg/kg midazolam) before proceeding to eutha-
nasia with sodium pentobarbital (intravenous, 140 mg/kg). The
explanted valves were washed in NaCl 0.9%. Clots of both sides of the
valves were gently detached and weighed. Valve surface was analyzed
by scanning electron microscopy, and clots were prepared for trans-
mission electron microscopy analysis, as described in Supplemental
Methods.

2.10 | Statistics
Data were reported as mean + SD or median with IQRs. Normality of
using the Shapiro-Wilk test. The

Mann-Whitney U-test was used to compare 2 samples. To determine

the data was assessed

whether differences existed among >2 samples, analysis of variance
with post hoc Tukey'’s test or Kruskal-Wallis with post hoc Dunn’s test
were used when appropriate. All tests were 2-sided, and a p value of
<.05 was considered significant. Statistical analysis was performed

using GraphPad Prism 8.2 Software.

3 | RESULTS

3.1 | Bioactive coating development

We used dip coating to deposit successive coating layers. An anchored
layer of poly(dopamine) was first formed on the substrate before adding
an aqueous solution of PAH, followed by layers of NGs [19]
(Supplementary Figure S2). This coating could be attached on metallic
surfaces, including gold, pyrolytic carbon, and medical-grade titanium as
well as on synthetic polymers, including polystyrene and polyurethane
(see below). The coating mechanism involved covalent amine/quinone
bonds by Michael addition and/or Schiff base formation between qui-
nones present at the surface of the NGs and amine groups of poly(-
allylamine), which led to the formation of a highly stable coating made
of cross-linked NGs. PEG was then grafted on top of the NGs by dipping
the material in a solution of thiol end-functionalized PEG (Methoxy-
PEG-[CH,],-SH; weight-average M,,, 2000 or 5000 g/mol). The reaction
of the thiol end-group with quinones present at the surface of the NGs
provided a strong and covalent anchoring of PEG [19]. In agreement
with well-known PEG hydrophilic property [21], the contact angle
measured on surface coated with PEG-grafted NGs was equal to
34.11° + 4.41° (mean % SD).

Using quartz crystal microbalance coupled with dissipation, we
confirmed that all components were successfully deposited according
to the selected deposition protocol and redox/pH conditions and
remained on the substrate after rinsing with water (Figure 1A).

We then explored the possibility to load NGs with small molecule
pharmaceutical agents. To achieve potent antithrombotic activity and
prevent device infection, we chose the cyclo-pentyl-triazolo-

pyrimidine ticagrelor [22,23], an antiplatelet agent with antibacterial
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activity [24-29], and minocycline, a tetracycline antibiotic that has
previously been used for preventing bacterial infection in distinct
medical device applications [30]. Dynamic light scattering measure-
ment showed NGs with a higher diameter than nonloaded NGs (mean
diameter of NGs loaded with ticagrelor, 189.3 + 5.2 nm; ticagrelor plus
minocycline, 272.2 + 5.7 nm; nonloaded NGs, 119.3 + 1.9 nm; n = 3;
p < .001), confirming drug incorporation (Figure 1B). The poly-
dispersity index (P1) remained unchanged after NG loading (PI, 0.25 +
0.02; PI, 0.24 + 0.01; PI, 0.23 + 0.03).

3.2 |
activity

Coating hemocompatibility and biological

Our coating did neither cause hemolysis (Figure 2A) nor complement
activation (Supplementary Figure S3). We then tested plasma protein
adsorption at the surface of polystyrene wells coated or not with NGs
bearing or not PEG of different M,, (M,,, 2000 or 5000 g/mol). We
found that PEG grafting conferred plasma protein-repellent property
to the coated surface. PEG 5000 significantly inhibited plasma protein
adsorption compared with the noncoated surface (Figure 2B). Upon
incubation with human PRP, platelet adhesion on NG-coated poly-

styrene did not differ from that on the noncoated surface (Figure 2C).

Diameter (nm)

In this assay, coating grafting with PEG 2000 did not yield increased
platelet adhesion on NG-coated surface in contrary to PEG 5000. We
next measured contact phase-dependent clotting time in plasma
incubated with coated and noncoated materials (Figure 2D). Poly-
styrene coated with NGs decorated or not by grafted PEG did not
induce changes in clotting time, and thus, our coating did not cause
coagulation activation. Altogether, these data confirmed the hemo-
compatibility of the surfaces coated with PEG 2000-grafted NGs.

To mimic the flow conditions of the heart valve environment, we
studied
polystyrene wells under

shear-induced platelet adhesion and aggregation on
laminar flow. Material coating with
PEG-2000-grafted NGs inhibited platelet adhesion under flow, as
shown by reduced percentages of SC by platelets and AS compared
with that of noncoated surface (Figure 2E). The decrease in SC on NG-
PEG2-coated surface was not associated with a reduction in platelet
count in circulating blood (Figure 2E).

We then studied the antiplatelet activity of surfaces coated with
ticagrelor-loaded NGs, referred to as nanoreservoirs. To this aim, we
first verified that these NGs displayed the expected antiplatelet
activity. We determined the minimal concentration of ticagrelor for
NG loading required to achieve platelet inhibition. NGs were loaded
in the presence of increasing concentrations of ticagrelor before
being added to PRP. Platelet aggregation was then induced by
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FIGURE 2 Coating hemocompatibility. (A) Polyethylene glycol (PEG)-grafted nanogel (NG) coating is nonhemolytic. Hemolysis rate upon
3- and 24-hour incubation of human washed red blood cells with medical-grade polyurethane discs coated with NGs bearing PEG 2000 (NG-
PEG2) or not (NC). Spontaneous hemolysis observed after 24 hours in the absence of any discs is also shown. The dashed line depicts the 2%
limit for nonhemolytic materials. Data represent mean + SD of independent experiments performed on blood samples from 4 healthy donors.
(B) Analysis of plasma protein adsorption on polystyrene wells coated with NGs only (NG) or NGs grafted with PEG 2000 (NG-PEG2) or PEG
5000 (NG-PEGS5) or left uncoated (NC). Data represent mean + SD of 4 experiments performed on human plasma from different donors. *p <
.05, one-way ANOVA with post hoc Tukey’s test. (C) Platelet adhesion assay performed on platelet-rich-plasma from 4 different donors. Data
represent mean + SD. *p < .05, one-way ANOVA with post hoc Tukey’s test. (D) Clotting time measurement in human plasma upon incubation
with coated and noncoated polystyrene wells as indicated. Data represent mean + SD (n = 4). Statistical analysis: ANOVA, coated vs noncoated,
not significant. (E) Platelet adhesion under flow assessed after 4 minutes. Platelet count in circulating blood is also shown. Data represent

median and IQR obtained in 4 independent experiments with blood samples from 4 different donors. *p < .05, **p < .01 vs NC, Kruskal-Wallis
with post hoc Dunn’s test. Representative images of stained platelets adhered on the surface after a 4-minute assay. Platelets are aligned with

flow direction. AS, aggregate size; CTl, corn trypsin inhibitor; SC, surface coverage.

adenosine diphosphate (ADP) under stirring conditions and recorded
over time by light transmission aggregometry. NG-mediated platelet
inhibition was compared with the inhibition obtained by directly
adding ticagrelor to PRP. Data indicated that using a loading solution
of 112 pg/mL ticagrelor during NG formation yielded similar anti-
platelet activity as a solution containing 1.8 pug/mL ticagrelor (tica-
grelor inhibitory concentrationsy for in vitro inhibition of ADP-
induced platelet aggregation, 0.2 pg/mL) [31] (Figure 3A). In a tica-
grelor release assay, we further showed progressive drug release
from the coated surface (Figure 3B). Moreover, this assay revealed
that increasing the number of layers of cross-linked NGs from 1 to 5
significantly augmented the amount of ticagrelor released over time.
By high-performance liquid chromatography analysis, we evaluated
the total content of releasable drug of coated polyurethane discs to
be equal to 10.4 + 0.9 pg/cm? (mean % SD). NG loading with tica-
grelor significantly inhibited platelet accumulation on coated mate-

rial compared with nonloaded NGs (Supplementary Figure S4).

To protect devices against bacterial infection, we added NGs
loaded with minocycline to the coating. We found that a 2 to 3 ratio of
minocycline- to ticagrelor-loaded NGs in solution did not interfere
with the NG-mediated inhibition of ADP-induced platelet aggregation
(Supplementary Figure S5). We observed that a 5-layer assembly of
these NGs conferred potent anti S aureus biofilm activity to coated
surfaces (Figure 3C). We next evaluated the antiplatelet effect of this
5-layer assembly under flow. Since PEG-grafted nonloaded NGs
potently inhibited platelet adhesion by themselves under our experi-
mental conditions (Figure 2E), we set up an assay in which human
blood was preactivated with ADP. On the noncoated surface, this
preactivation step induced the formation of microaggregates in
flowing blood, as shown by a drop of single circulating platelets and
reduced SC compared with nonactivated conditions (mean platelet
count £ SD, 25.6 + 34.7 vs 144.0 = 35.6; mean percentage of SC + SD,
4.8 + 3.0 vs 15.2 + 0.4). We found that a 5-layer PEG 2000 grafted

ticagrelor and minocycline nanoreservoir coating decreased both SC
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FIGURE 3 Antiplatelet and antibacterial activity of the bioactive coating. (A) Light transmission aggregometry analysis of antiplatelet

activity of ticagrelor-loaded nanogels (NGs) in platelet-rich-plasma compared with ticagrelor solution and nonloaded NGs. Platelet aggregation
was induced by 10 mM ADP. Box and whisker plots are shown, the horizontal lines representing the median and IQR. Data are from 8
independent experiments performed on platelet-rich-plasma from different donors. ***p < .001 vs NG, #p < .01, Kruskal-Wallis with post hoc
Dunn’s test. Tica: ticagrelor. (B) Ticagrelor release over time from polyurethane discs coated with 1, 3, or 5 layers of ticagrelor-loaded NGs and
polyethylene glycol (PEG) 2000 as top layer (1L-NT, 3L-NT, 5L-NT). Data represent mean + SD from 3 independent experiments. (C) Analysis of
Staphylococcus aureus biofilm formation on coated and noncoated PS wells as indicated. Data represent mean + SD of 4 independent
experiments. **p < .01, ***p < .001 vs NC, one-way ANOVA with post hoc Tukey's test. (D, E) Platelet adhesion on various coated surfaces with
loaded (NTM) or nonloaded NGs, PEG 2000 (PEG2) or PEG 5000 (PEG5) and noncoated surface (NC) assessed under flow after 4 minutes.
Blood was preactivated with ADP (1 uM) for 2 minutes before starting the assay. Box and whisker plots are shown, the horizontal lines
representing the median and IQR. Data are from 6 independent experiments performed on blood from different donors. *p < .05, **p < .01,

Kruskal-Wallis with post hoc Dunn’s test. (F) Single platelet count measured in circulating blood after the assay. AS, aggregate size; SC,

surface cove rage.

and AS compared with noncoated surface (Figure 3D, E). The reduc-
tion of SC with platelets could not be achieved by grafting PEG 5000
instead of PEG 2000. Using PEG 5000 in addition to nanoreservoirs
reduced platelet AS in comparison with nonloaded PEG-grafted
coating, but this did not perform better than PEG 2000-containing
coating (Figure 3E). In addition, the ADP-induced drop of platelet
count was fully restored to normal levels by using the nanoreservoir
coating with PEG 2000 but not with PEG 5000 (Figure 3F). Altogether,
these data indicate that our nanoreservoir coating bearing PEG 2000
could achieve the intended antithrombotic activity through local
ticagrelor release.

3.3 | Coating of mechanical valves, hydrodynamic
performance, thromboresistance, and coating
durability

Clinically used 19-mm mechanical valves (Open Pivot Bileaflet Heart
Valve, Medtronic) were coated as above by dipping in a solution of

dopamine, followed by successive dipping in solutions of PAH and a

mixture of minocycline- and ticagrelor-loaded NGs (2:3 ratio), and
PEG 2000 as a top layer. The hydrodynamic performance of coated
mechanical valves in aortic position was verified by using an ISO-
compliant left heart model tester (pulse duplicator, VivitroLabs).
Regurgitation fraction and effective orifice area were measured under
normotensive (70 beats per minute, systolic duration 35%, cardiac
output of 5 L/min), hypotensive (45 beats per minute, systolic duration
30%, cardiac output of 5 L/min), and hypertensive (120 beats per
minute, systolic duration 50%, cardiac output of 5 L/min) conditions.
All measured parameters complied with the 1ISO 5840 recommenda-
tions, and they did not differ from those of noncoated valves
(Figure 4). Next, valve thrombogenicity was evaluated in the presence
of heparinized pig blood in a homemade tester reproducing pulsatile
flow of beating heart (Figure 5). We tested 3 coated and 3 noncoated
valves. Macroscopic examination revealed the presence of blood clots
on the surface of at least one side of all noncoated valves whereas
only 1 coated valve out of 3 showed a small clot on one side of the
prosthesis. Scanning electron microscopy analysis further confirmed
the presence of platelet- and fibrin-rich thrombi on noncoated valves,

whereas the surface of coated valves remained free of thrombi
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FIGURE 4 Preserved hydrodynamic performance of coated
mechanical valves. (A) Valve effective orifice area (EOA). (B)
Regurgitant fraction. (C) Transaortic mean pressure. Data
represent means + SD obtained with 4 coated, 2 noncoated Open
Pivot mechanical valves by using a pulse duplicator as described in
Methods. Two coated valves that were placed in a durability tester
for 80 million cycles were also included. Between 3 and 6
measurements per valve were performed. I1SO, International
Organization for Standardization.

(Supplementary Figure Sé). Platelet count measured in blood at the
end of the experiments did not differ between coated and noncoated
valves. These results underscored the antithrombotic efficacy of our
coating on the mechanical valves.

Coating durability was assessed by use of the ISO-compliant
HiCycle valve durability tester (VivitroLabs) for 80 million cycles of
heart beats, which corresponds to approximately 2 years of human
life. Figure 4 shows that valve hydrodynamic performance remained
unchanged compared with freshly coated valves. Coating integrity was
analyzed by ToF-SIMS combining surface spectroscopy and the depth
profile analyses. Spectra in positive and negative mode indicated that
the surface chemistry for the 2 coated valves tested after 80 million

cycles was kept intact and comparable to freshly coated valve

(Supplementary Figure S7). The detection of S” in negative ion mode
on the 3 samples confirmed the presence of grafted PEG-SH on the
coated valves. Negative depth profile analysis of C,H™, CN™, C¢H™, and
C4Hs05™ ions indicated that the overall coating assembly remained
unchanged. The profiles of C,H307, C,H30,7, and C4HsO5™ ions
further confirmed intact PEG grafting. Before proceeding to preclini-
cal testing in animals, the same technique was used to assess the
resistance of our coating to gamma irradiation sterilization. Coated
valves were sterilized by applying a conventional dose of 25 kGy. ToF-
SIMS analysis indicated that the overall chemical structure and the
thickness of the assembly were both preserved after sterilization

(Supplementary Figure S8).

3.4 | In vivo preclinical testing

To analyze the antithrombotic efficacy of coated valves in vivo, coated
or noncoated, 19-mm-diameter PV (Open Pivot Bileaflet Heart Valve,
Medtronic) were implanted in the descending thoracic aorta of pigs.
The prosthesis was sutured in a 22-mm-diameter 3-cm long vascular
graft (Gelsoft Plus gelatin impregnated knitted vascular prosthesis,
Terumo), before suturing the graft end-to-end in clamped aortas of
heparinized animals (Figure 6A). Pigs were kept nonanticoagulated for
1 month after valve implantation. A total of 9 pigs were implanted
with noncoated valves, whereas 4 pigs received a coated prosthesis.
During follow-up, none of the pigs showed clinical signs of thrombo-
embolism or of valve dysfunction. We did not detect systemic effects
of valve implantation in any of the tested samples. D-dimer levels
remained unchanged after valve implantation, and no complement
activation was detected (Supplementary Figure S9). Macroscopic
analysis of explanted valves revealed much smaller thrombi on the
surface of coated valves than on noncoated ones (Figure 6B), which
was confirmed by weighing detached clots (Figure 6C). Scanning
electron microscopy of the metallic valve surface revealed firmly
attached fibrin-rich thrombi on noncoated valves, whereas the coated
valves were mainly covered by agglutinated red blood -cells
(Figure 6D). Histological analysis of clot sections and transmission
electron microscopy revealed very dense thrombi on the aortic side
(backward) of noncoated valves that were composed of large fibers of
cross-linked fibrin in between platelet aggregates and leukocyte in-
filtrates (Figure 6E). In contrast, clots from both sides of the coated
valves displayed features of young red blood cell-rich clots with only
few platelets and little thin fibrin fibers (Figure 6E). Overall, these data
demonstrate in vivo antithrombotic efficacy of our coating.

4 | DISCUSSION

Synthetic polymer coatings have attracted interest in modern medi-
cine to improve biomaterial-related tolerance and performance
[32-36]. Self-polymerized catechols, more precisely dopamine, have
proven to strongly anchor to different surfaces including metals (eg,

Au, Ag, stainless steel) and synthetic polymers (eg, polystyrene,



LANCELLOTTI ET AL

FIGURE 5 Ex vivo antithrombotic property
of coated mechanical valves. Three Open Pivot
mechanical valves coated with 5 layers of
ticagrelor and minocycline-loaded nanogels and
polyethylene glycol 2000 as top layer and 3
noncoated valves were put in contact of
porcine heparinized blood under pulsatile flow
conditions for 5 hours in a homemade pulsatile
flow tester. Macroscopic surface analysis was
performed. Yellow arrows depict thrombi on
backward and forward sides of the valves.

Non-coated Coated

polyethylene terephthalate, polyurethanes), making them attractive crosslinking a polymethacrylamide containing oxidized catechols (ie,
organic primers for secondary polymer grafting/adhesion [37]. Pox[mDOPA]) with a polyamine (PAH) [19]. However, exploiting the
Catechol-based chemistry can also be used for NGs formation by properties of catechols to attach NGs on the surfaces of clinically
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FIGURE 6 In vivo antithrombotic property of coated mechanical valves. (A) Coated and noncoated Open Pivot mechanical valves were

implanted in the thoracic aorta of nonanticoagulated pigs by use of a vascular graft as described in detail in Methods. (B) Valves were explanted
after 1 month. Images are representative of 9 noncoated and 4 coated valves. (C) Total clot weight for coated and noncoated valves. Box and
whisker plots are shown, and the horizontal lines representing the median and IQR. **p < .01, Mann-Whitney U-test. (D) Scanning electron
microscopy analysis of valve surface. (E) Histological analysis of clots detached from coated and noncoated valves. Left panels, hematoxylin
eosin staining; right panels, martius scarlet blue staining (yellow: red blood cells, red or purple: fibrin, gray: platelets). Representative images are
shown. BW, backward (aortic side); FW, forward (ventricular side). (F) Transmission electron microscopy analysis of clots detached from coated

and noncoated valves.
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lllustration of the bioactive coating approach to prevent thrombotic complications of mechanical heart valves. (A) Valve

replacement remains the sole treatment of aortic stenosis. Mechanical valves require lifelong anticoagulation with vitamin K antagonist (VKA)
and are still associated with thrombotic complications themselves resulting in high mortality rate. (B) Drug-loaded nanogels are formed by
mixing 2 polymers, Pox(mDOPA) and polyallylamine hydrochloride, in the presence of a bioactive compound (ie, ticagrelor). Deposition of
nanogels and polyallylamine hydrochloride on valve surface results in a cross-linked multilayer assembly of nanogels. Polyethylene glycol (PEG)
grafting on top of the coating produces a valve surface that is repellent for plasma proteins and does not activate coagulation. Locally released
ticagrelor prevents platelet accumulation and thrombosis on the valve surface. (C) In vivo demonstration of antithrombotic activity of coated

valve upon implantation in nonanticoagulated pigs. LBL, layer by layer.

used mechanical PV made of pyrolytic carbon-coated titanium and
polyethylene terephthalate is unique. In addition, none of these NGs
have ever been designed to encapsulate antithrombotic and antimi-
crobial agents.

The present innovative coating technology relates to a catechol-
based approach to produce a multilayer coating consisting of cross-

linked NGs loaded with ticagrelor (antithrombotic) and minocycline
(antibiotic) and covalently linked to PEG (Figure 7).

PEG is a neutral, highly hydrophilic, and flexible polymer that has
the remarkable ability to prevent protein adsorption thanks to both
steric repulsion and chain mobility [38]. PEG has already been used for
coating medical devices and proved to be hemocompatible by
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reducing material-induced activation of intrinsic coagulation cascade
and platelet adhesion [39-41]. Our study confirmed and extended
these previous results but also demonstrated that the optimal M,, of
PEG to prevent platelet adhesion was 2000 g/mol whereas PEG 5000
g/mol favors some. It has long been known that the more the surfaces
are hydrophilic, the more paradoxically they promote platelet activa-
tion by reducing the contact angle [42]. Therefore, although PEG 5000
reduced plasma protein adsorption, conversely, it increased platelet
adhesion. Moreover, coating comprising PEG 2000 grafted NGs
significantly inhibited platelet adhesion under laminar flow.

Ticagrelor (a cyclo-pentyl-triazolo-pyrimidine) is a potent anti-
platelet agent (a direct and reversible platelet ADP P2Y12 receptor
antagonist) that is widely used in the treatment of acute coronary
syndrome [43]. As a first step, we were able to incorporate ticagrelor
into the NGs and found that using a loading solution of 112 pg/mL
ticagrelor during NG formation produced antiplatelet activity like that
of a solution containing 1.8 pg/mL ticagrelor corresponding to
approximately 10-fold the 1Csq of the drug for platelet aggregation
inhibition [31]. Moreover, we found that increasing the number of
layers of cross-linked NGs from 1 to 5 significantly augmented the
amount of ticagrelor released over time.

Similarly, a 5-layer assembly of these NGs in the presence of
bacteriostatic antibiotic minocycline also conferred antibiofilm activity
to coated surfaces, as assessed in vitro. The 5-layer PEG 2000 grafted
nanoreservoir also appeared to be the best coating for reducing
platelet adhesion when the coated surface is in contact with flowing
whole human blood in vitro. As such, multilayer assembly of NGs
increased the amount of loaded and releasable bioactive molecules.

Mechanical PVs, made from synthetic materials and with unnat-
ural hemodynamics, are prone to thrombus formation without anti-
coagulant treatment, which increases the risk of bleeding [7]. The discs
of clinically used mechanical valves are made of titanium covered with
pyrolytic carbon, which is the last revolution in the field of mechanical
valves [44].

As an innovative experimental step, we used the developed
catechol-based technology to successfully coat all the components of
a mechanical bileaflet PV, including its metallic (pyrolytic carbon, ti-
tanium) and polymeric (polyethylene terephthalate) constituents, us-
ing a dip coating process with solutions of dopamine, PAH, 5 bilayer of
PAH and NGs containing minocycline and ticagrelor (2:3 ratio) and
PEG 2000 as top layer.

The coating does not alter the hemodynamic performance of a 19-
mm mechanical valve, the regurgitation fraction (presence of a back-
flow), the pressure gradient (presence of a functional stenosis) and the
effective orifice area (degree of the disc opening) were not signifi-
cantly modified regardless of the hemodynamic conditions.

The coated mechanical valves were also less prone to thrombosis
when brought into contact with pig blood in a tester replicating the
pulsatile flow of the beating heart. The 3 uncoated valves had surface
blood clots on at least 1 side, whereas macroscopic examination of the
coated valves revealed only a small clot on one side of 1 of the 3

coated valves.

When we talk about medical equipment, durability is at the heart
of the debates. This is even more legitimate for a coating. Using a
dedicated PV durability tester producing accelerated cardiac cycles,
we found that the chemistry of our coating remained unaltered for a
period equivalent to 2 years of human life (80 million cycles of heart
beats). Also, hydrodynamic performance of the PV, as assessed by the
regurgitation fraction, the pressure gradient, and the effective orifice
area after 2 years, which represent major data, remained unchanged
compared with the freshly coated or uncoated valves.

Another important point is the possibility of sterilizing the coating
without altering it. Several methods exist and, here, the use of gamma
radiation (25 kGy), the conventional method for mechanical valve
sterilization, has proven effective without altering the chemical
structure of the coating.

As a final ground-breaking experimental step, the in vivo
demonstration of our coating hemocompatibility and antithrombotic
activity was obtained upon surgical implantation of coated and un-
coated mechanical PVs in pigs. Although none of the implanted ani-
mals received anticoagulation during the 1-month follow-up, our
coating led to impressive reduction of valve thrombosis. The thrombi
on the coated valves were smaller, and mostly made up of a few
clumped red blood cells with only a few platelets and few thin fibrin
fibers (ie, like young clots). Conversely, on the uncoated valves, the
thrombi were very compact, firmly fixed, and made up of large, cross-
linked fibrin fibers between the platelet aggregates and the leukocyte
infiltrates.

In conclusion, the ideal valve substitute should have excellent
hemodynamics, long durability, high thromboresistance, and excel-
lent implantability. Unfortunately, this ideal valve substitute does
not exist yet, and all the currently available prosthetic mechanical
valves have inherent limitations due to their thrombotic and hem-
orrhagic risks, notwithstanding proper anticoagulation. The present
research project led to the development of a revolutionary, inno-
vative, hemocompatible, and unique bioactive coating capable of
firmly adhering to mechanical PVs and providing a powerful
antithrombotic action while maintaining their hemodynamic perfor-
mance (Figure 7). Our solution could reduce the need for antico-
agulant in patients with mechanical valve, and the number of
revision surgeries due to valve thrombosis despite anticoagulation.
This new biocoating technology could further be extended to other
implantable cardiovascular devices or materials to enhance their
long-term performance. Further development will be required to
properly assess the industrial transferability of our technology. We
need to determine the amount of drug in the coating and how much
of it can be released over time. The duration of drug release will
depend on the amount of drug loaded in NGs and on the number of
NG layers in the coating. However, the optimal drug content will
need to be defined for each coating application. In future develop-
ment of our coating technology for prosthetic heart valves, it will
also be useful to include a group where the pigs will be given sys-
temic antithrombotics or anticoagulation to be compared to the local

drug release effect.
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