Cationic Fluoropolyphosphazenes: Synthesis and
Assembly with Heparin as a Pathway to

Hemocompatible Nanocoatings

Alexander Marin,* Jordan Brito,? Svetlana A. Sukhishvili,? Alexander K. Andrianov**
nstitute for Bioscience and Biotechnology Research, University of Maryland, Rockville, MD
2Department of Materials Science & Engineering, Texas A&M University, College Station, TX

KEYWORDS: fluoropolymers; polyphosphazenes; layer-by-layer; anticoagulant; hemocompatible

ABSTRACT: The development of state-of-the-art blood-contacting devices can be advanced through
integrating hemocompatibility, durability, and anticoagulant functionalities within engineered nano-scale
coatings. To enable all-aqueous assembly of nanocoatings combining omniphobic fluorinated features
with the potent anticoagulant activity of hydrophilic heparin, two fluoropolymers containing cationic
functionalities were synthesized - poly[(trifluoroethoxy)(dimethylaminopropyloxy)phosphazene], PFAP-O
and poly[(trifluoroethoxy)(dimethylaminopropylamino)phosphazene], PFAP-A. Despite a relatively high
content of fluorinated pendant groups — approximately 50% (mol) in each — both polymers displayed
solubility in aqueous solutions and were able to spontaneously form stable supramolecular complexes
with heparin, as determined by dynamic light scattering (DLS) and asymmetric flow field flow fractionation

(AF4) methods. Heparin-containing coatings were then assembled by layer-by-layer deposition in aqueous



solutions. Nano-assembled coatings were evaluated for potential thrombogenicity in three important
categories of in vitro tests - coagulation by thrombin generation, platelet retention, and hemolysis. In all
assays, heparin-containing fluoro-coatings consistently displayed superior performance compared to
untreated titanium surfaces or fluoro-coatings assembled using poly(acrylic acid) in the absence of
heparin. Short-term stability studies revealed the non-eluting nature of these non-covalently assembled

coatings.

INTRODUCTION

The development of advanced materials for blood-contacting medical devices faces challenges
associated with activation of blood defense mechanisms, such as triggering coagulation cascade,
activation of complement system and cellular inflammatory mechanisms.® Despite the fact that some
advanced materials are efficient in reduction of cell adhesion and protein adsorption, there are presently
no clinically available biomaterials which can entirely inhibit thrombosis under challenging physiological
environments, such as in a low-pressure venous system.?

Surface grafting of an anticoagulant drug - heparin - is one of the most viable and effective approaches
in reducing thrombosis and thromboembolic complications, which may be triggered by biomaterials. >
Approximately a dozen of commercially marketed medical devices with functionally active heparin
coatings have been developed with the absolute majority of them using covalent immobilization of the
drug.> ® Alternatively, heparin was also assembled at surfaces ionically using the layer-by-layer (Lbl)
technique, which enables all-aqueous deposition of nanocoatings of controlled thickness onto surfaces of
a variety of shapes and chemistries.” Using LbL deposition, heparin was immobilized on the surface of silk
with cationic poly(allylamine hydrochloride) as an ionic partner, yielding highly hydrophilic surfaces
displaying strong resistance to platelet adhesion.® Attempts to combine heparin-enabled antithrombotic

functionality with the durability and antibacterial properties of fluoro- surfaces®!! have been also



undertaken. However, preparation of such coatings has been only achieved via multi-step sophisticated
processes, such as fluoro-silanization of silicon surface with subsequent photo-initiated attachment of
azido-modified heparin!? or surface grafting of fluoropolymer using poly(acrylic acid) with covalently

attached heparin.B

We have previously introduced a family of water-soluble polyphosphazene polyanions, which contained
fluorinated side groups and have been successfully employed to produce nano-coatings from aqueous
solutions using LbL deposition technique.'**° These fluoro-coatings displayed remarkable biocompatibility
and bactericidal activity. Here, we aimed to additionally impart antithrombotic activity to this type of ionic
nano assemblies by including negatively charged heparin into such nanofilms. To that end, a new cationic

fluoropolymer capable of LbL assembly in aqueous solutions needed to be developed.

Cationic fluoropolymer systems have been gaining attention largely due to their ability to dramatically
enhance efficiency of intracellular gene and protein delivery.?>?2 Some fluorinated polyacrylates were also
used as surface coating agents and have been shown to enhance antibacterial activity and bacterial

antiadhesion compared to their non-fluorinated counterparts.?®> However, practically all reported
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polymers either bear relatively low content of fluorine or are not soluble in aqueous solutions.

Therefore, to date the use of cationic fluoropolymers in various applications has been limited to

nanomicelles and nanoparticles,?>?2 dendrimers,?® and solvent-cast films.? 2

Here, we introduce two novel water-soluble polyphosphazenes, which bear fluoro- and cationic
functionalities -  poly[(trifluoroethoxy)(dimethylaminopropyloxy)phosphazene], @ PFAP-O  and
poly[(trifluoroethoxy)(dimethylaminopropylamino)phosphazene], PFAP-A. Both polymers displayed
water-solubility and were able to assemble with heparin in aqueous solutions, with PFAP-O showing the
superior ability to form nanofilms using the LbL technique. In vitro thrombogenicity studies were

conducted to demonstrate antithrombotic activity and excellent hemocompatibility of nanofilms.

MATERIALS AND METHODS



Materials. 3-Dimethylamino-1-propylamine (Acros Organics, Morris Plains, NJ); 3-dimethylamino-1-
propanol; 2,2,2-trifluoroethanol; sodium hydride; bis(2-methoxyethyl) ether, diglyme; triethylamine;
heparin sodium salt from porcine intestinal mucosa; branched polyethyleneimine (750 kDa); poly(acrylic
acid) (450 kDa); titanium foil; nicotinamide adenine dinucleotide, reduced disodium salt hydrate - NADH,
sodium pyruvate, Triton X-100 (Sigma-Aldrich, Saint Louis, MO) were used as received. Boron-doped
silicon wafers were purchased from University Wafer, Inc. Polydichlorophosphazene (PDCP) was
synthesized as described previously?” and the same lot was used to synthesize both polymers.

Physico-Chemical Characterization Methods. *H NMR and 3'P NMR spectra were recorded using 400
MHz Ascend™ Bruker NMR spectrometer (Bruker Biospin Corp, Billerica, MA). Dynamic light scattering
measurements were conducted using Malvern Zetasizer Nano series instrument (Malvern Instruments
Ltd., Worcestershire, UK). Asymmetric flow field flow fractionation, AF4 analysis was carried out using a
Postnova AF2000 MT instrument (Postnova Analytics GmbH, Landsberg, Germany).

Synthesis of poly[(2,2,2-trifluoroethoxy)(3-dimethylamino-1-propyloxy)phosphazene], PFAP-O. All
reactions were carried out under an atmosphere of anhydrous nitrogen either using MBraun Labstar Pro
glovebox workstation (M. Braun Inertgas-Systeme Gmbh, Garching, Germany), or air-free laboratory
techniques. A suspension of 0.145 g (6.05 mmol) sodium hydride in 5 mL of diglyme was slowly added to
0.46 mL (6.25 mmol) of 2,2,2-trifluoroethanol dissolved in 10 mL of diglyme. The resulting salt was added
dropwise to 0.7 g (6 mmol) of PDCP in 25 mL of diglyme. The reaction was kept at ambient temperature
under stirring for 5 h. Then, a mixture of 4.26 mL (36 mmol) of 3-dimethylamino-1 propanol, 2.2 mL (15.6
mmol) of triethylamine, and 20 mL of diglyme was slowly added to the reaction flask. The reaction was
let to continue under stirring at ambient temperature for 3 days. The reaction mixture then was placed in
the freezer and kept overnight at —30 °C. The resulting precipitate was collected by centrifugation, rinsed
with acetone, and air dried. The material was then dissolved in deionized water, which was adjusted to

pH 5 with 1 N hydrochloric acid, dialyzed against water using Repligen biotech cellulose ester dialysis



tubing, 50 kDa molecular weight cutoff (Spectrum Chemical, New Brunswick, NJ), and then lyophilized.
Polymer yield - 0.75 g (51%).

'H NMR (400 MHz, methanol d4): & [ppm]: 4.2 ppm (br, 2H, -CH>-CFs); 3.3 ppm (br, 2H, -O-CH,-C); 2.9
ppm (br, br, 8H, -CH,-N(CHs),); 2.1 (br, 2H, C-CH,-C). 3P NMR (162 MHz, methanol-d4): (§ [ppm]: -4 ppm.

Synthesis of PFAP-A. Synthesis of poly[(2,2,2-trifluoroethoxy)(3-dimethylamino-1-
propylamino)phosphazene], PFAP-A. The synthesis and purification of PFAP-A was carried out similarly;
however, 3-dimethylamino-1-propylamine was used instead of 3-dimethylamino-1-propanol. The
following amounts of reagents were employed. Partial substitution was conducted by adding sodium
trifluoroethoxide, which was prepared by combining 0.157 g (6.5 mmol) of sodium hydride in 5 mL of
diglyme with 0.5 mL (6.76 mmol) of 2,2,2-trifluoroethanol in 10 mL of diglyme, to 6.5 mmol (0.75 g) PDCP
dissolved in 25 mL of diglyme. Then, 4.56 ml (39 mmol) of 3-dimethylamino-1 propylamine and 2.4 mL
(16.9 mmol) of triethylamine in 20 mL diglyme were used to complete the substitution as described above.
Yield - 0.71 g (45%).

'H NMR (400 MHz, methanol d4): 6 [ppm]: 4.1 ppm (br, 2H, -CH,-CF3); 3.2 ppm (br, 2H, =N-CH,-C); 2.8
ppm (br, 8H, -CH.-N(CHs)s); 2.0 ppm (br, 2H, -C-CH»-C-); 1.1 ppm (1H, -NH-C). 3P NMR (162 MHz,
methanol-d4) & [ppm]: -6 ppm.

Layer-by-Layer Deposition. Films were deposited using the dip-deposition technique. To prepare for
LbL deposition, silicon wafers and titanium foil were cut into 1.2 x 1.2 cm pieces, cleaned by overnight
exposure to UV light, and soaked in a concentrated sulfuric acid bath for 40 min to clean and introduce
charged groups to the surface. Solutions of heparin, poly(acrylic acid), and PFAP-O were prepared by
dissolving in Milli-Q water (0.4 mg/mL) and adjusting to pH 7.5 by additions of 0.1 or 0.01 M NaOH or
HCI. As described elsewhere,?® substrates were primed with a monolayer of branched polyethyleneimine at

pH 9 for 15 minutes and rinsed with Milli-Q water. Then, layers of anion (poly(acrylic acid) or heparin)

and PFAP-O were alternately deposited on the wafer by soaking in solutions for 5 min, finally capping the



film with either poly(acrylic acid) or heparin. Each deposition cycle was followed by a water rinsing step

to remove excess material.

Spectroscopic Ellipsometry. The thicknesses and refractive indices of the LbL coatings on silicon were
characterized using a M-2000 automated-angle spectroscopic ellipsometer (J.A. Woollam Co., Inc.). Dry
film measurements were collected at four incidence angles: 45°, 55°, 65°, and 75°. To fit the ellipsometric
data, the dry LbL coating on silicon was treated as a Cauchy material of thickness d atop a silicon and native

oxide layer. Fitting coefficients and thickness d were fitted simultaneously as described previously.?

Thrombin Generation Assay (TGA). Thrombin generation was assayed using a fluorometric detection
method.3® Human citrated plasma was obtained by centrifugation of the whole blood (Innovative
Research, Inc., Novi, Ml) at 2,000 g for 10 min. Test articles (1.2x1.2 cm) were first incubated with 150 pL
of plasma at 37°C for 10 min. Thrombin formation was started by adding 50 pL of 15 mM calcium chloride
solution in PBS. Samples were incubated at 37°C for 5 min and 10 pL of plasma solution was transferred
to 250 plL 50 mM Tris buffer (pH 7.4) to stop the reaction. Then 20 uL of fluorogenic thrombin substrate
1l - Calbiochem (Sigma-Aldrich, Saint Louis, MO) solution (0.2 mg/mL in 90% 50 mM Tris buffer and 10%
DMSO) was added. Thrombin activity was determined by measuring fluorescence of solution (Aex 360 nm,

Aem 465 Nm) and expressed as intensity after 10-, 20-, and 30-min reaction time.

Platelet Adhesion. Retention of platelets on surfaces was assayed by measuring the enzymatic activity
of lactate dehydrogenase (LDH) released after surfactant-induced cell lysis.?® Specifically, test articles
were incubated with 150 yL of platelet rich plasma (PRP) obtained from whole human blood (Innovative
Research, Inc., Novi, Ml) by centrifugation (100 g, 20 min) at 37°C for 45 min and then rinsed with PBS (pH
7.4) to remove any unbound platelets. Lysis of surface-adhered cells and the release of LDH was induced
by adding 100 pL of 1 % (w/v) aqueous Triton X-100 solution to rinsed samples. After 5 min of incubation,
50 plL of lysate was collected and 200 pL of an aqueous mixture of 0.28 mg/mL NADH and 0.17 mg/mL

sodium pyruvate in 80 mM Tris buffer containing 200 mM sodium chloride (pH 7.2) was added to the



lysate. LDH activity was measured photometrically at 340 nm for 60 min and expressed as NADH
consumption in the enzymatically catalyzed conversion of pyruvate to lactate. The number of adherent

platelets was proportional to consumed NADH or LDH activity of the lysate.

Hemolysis. Hemolysis of diluted human blood on coated and uncoated titanium samples was evaluated
using a modified American Society for Testing and Materials (ASTM) method, which monitors the released
amount of hemoglobin.3! Specifically, whole human blood in sodium citrate (Innovative Research, Inc.,
Novi, Ml) was diluted with PBS 50-fold. Test articles (1.2 x 1.2 cm) were incubated with 1 mL of diluted
blood at 37 °C for 4 h. The suspensions were then centrifuged for 5 min (14 000 rpm) and the
concentration of hemoglobin in the supernatant was analyzed by UV-VIS spectrophotometry using
hemoglobin calibration curves obtained at 380, 415, and 450 nm (Multiscan Spectrum microplate
spectrophotometer, ThermoFisher Scientific, Waltham, MA). Total hemoglobin concentration in samples
before incubation was determined assuming that 100 % lysis was achieved by 100-fold dilution of samples
with ultrapure water. The percent of hemolysis was calculated as a ratio between the hemoglobin
concentration in samples after and before incubation of blood with test articles. All samples were analyzed

in triplicate.

Stability Studies. Stability of coated samples was evaluated by incubating them in PBS (pH 7.4) at 37°C
for up to three weeks and measuring their anticoagulation activity using TGA, as described above. Samples
(1.2x1.2 cm) were submerged in PBS for various periods of time, then washed with deionized water, dried
by compressed air and incubated with Human plasma to analyze their activity by TGA. The maximum slope
on the “fluorescent intensity vs time” graph was used to compare anticoagulant activity of heparin-

containing samples. Analysis was conducted in duplicates.

RESULTS AND DISCUSSION



Synthesis and Characterization of Cationic Fluoro-Polyphosphazenes. Fluoropolymers containing
cationic functionalities were designed to include tertiary amino groups linked to phosphazene backbone
either via oxy- (PFAP-O) or amino- (PFAP-A) bridges (Scheme 1). This two-pronged structural approach
was primarily dictated by previously reported challenges in the synthesis of non-fluorinated
polyphosphazenes with either dimethylaminoethylamino?® or dimethylaminoethoxy3? side groups.
Furthermore, to minimize the possibility of synthetic difficulties associated with suggested side group
rearrangements, which allegedly involved dimethylaminoethyl derivatives,? dimethylaminopropy! side

groups were chosen.

Scheme 1. Synthetic pathways for PFAP-O and PFAP-A.
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Synthesis of polymers was conducted via a macromolecular substitution route by sequential
modification of PDCP with 2,2,2-trifluoroethanol followed by reactions with either 3-dimethylamino-1-
propanol, or 3-dimethylamino-1-propylamine (Scheme 1). This order of reagent addition, which provided
the same partially fluoro- substituted PDCP as a precursor for the synthesis of both polymers, was chosen

to achieve similar side group substitution patterns.

Structures of both polymers were confirmed by *H NMR (Figures S1-S2) with the 1:1 molar ratio
between fluorinated and amino groups (Table 1). 3P NMR spectra revealed unresolved broad peaks for
either polymer (Figures $3-S4), which is consistent with previously reported observations for water-
insoluble polyphosphazene copolymers containing dimethylethylamino groups (reported broad peaks,
centers of peaks between 5 and 7.5 ppm).?®

In order to evaluate the molecular masses of copolymers, gel permeation chromatography (GPC)
analysis was undertaken, but the apparent strong interactions of these polymers with the resin of the
column prevented its elution. Attempts to resolve the issue by varying composition of the mobile phase

and column priming were unsuccessful. This is consistent with prior reports that GPC analysis of



hydrophobically modified cationic polymers, which have a tendency for aggregation and flocculation, has
been notoriously difficult.3* 3* Therefore, the molecular weights were assessed by alternative methods —
dynamic light scattering (DLS) and asymmetric flow field-flow fractionation (AF4) measurements using
water-soluble polyphosphazene standards, which were characterized as described previously.3> Note that
hydrodynamic dimensions of polymers determined by DLS were earlier successfully correlated with their
molecular masses determined using GPC with static light scattering detection or analytical
ultracentrifugation.3® 3’ Here, the DLS molecular masses were evaluated from the diameter-molecular
mass calibration curves using z-average hydrodynamic diameters (Figure S5) and are shown in Table 1.
Furthermore, the analysis of molar masses was conducted using an AF4 method. This method is similar to
GPC as it allows separation of macromolecules on the basis of their molecular dimensions. However,
compared to GPC, interactions with the stationary phase are further minimized as separation is achieved
by applying a cross-flow of a mobile phase against the surface of a semi-permeable membrane.®® The
applicability of this method to the molecular mass analysis of polymers has been also successfully
demonstrated previously.3* % Figure S6 shows AF4 fractograms of both fluorinated polymers along with
representative profiles of the molecular standards and the calibration curve. AF4 results were in
agreement with DLS measurements indicating that the molecular masses of both polymers were in excess
of 100 kDa and the molecular mass of PFAP-O was somewhat higher than that of PFAP-A (Table 1).
Nevertheless, molar masses obtained by AF4 analysis were higher than those determined by DLS. The
approximately two-fold difference is likely due to the delayed elution of polymers due to interactions with
the semi-permeable membrane. This is consistent with some ‘tailing’ visible on the left side of fractograms
of both polymers (Figures S6A and S6B) and is in line with the ability of these polymers to strongly interact

with the stationary phase, which was observed by GPC analysis.

Table 1. Physico-chemical characterization of cationic fluoropolyphosphazenes.
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PFAP-O PFAP-A

Composition,* ,CH; 50 -
p /o\ 9H2\ /N
% mol CH; CH; ‘cu,
,CH; - 49
NH H: N
d CHZ CHZ \CH3
O, _CF 50 51
7 CH; 3
Solution dimensions  Dy**, nm 41 (+/- 4) 28 (+/-2)
Pdi*** 0.4 (+/-0.03) 0.6 (+/-0.15)
Molecular Mp, kDa (AF4) 510 210
Masses**** M,, kDa (DLS) 310 120

* calculated on the basis of 'H NMR analysis; ** Dy, - z-average hydrodynamic diameter; *** Pdi -
polydispersity index (Dn and Pdi are determined by DLS; 50 mM phosphate buffer; pH 7.4, 1 mg/mL
polymer; standard deviation is shown in parenthesis; n=5); **** M, - peak average molar mass
determined by AF4 and DLS methods

Water-soluble Fluoropolymers Show Differences in pH-Dependent Solution Behavior. Despite a high
content of hydrophobic trifluoroethoxy side groups, both PFAP-O and PFAP-A formed clear solutions in
aqueous media in a wide pH range (conditions tested: pH 3-9; 0.05 to 5 mg/mL polymer concentration,
50 mM acetate and phosphate buffers), enabling their use as materials for LbL nanoassembly. However,
DLS studies revealed some distinct differences in the solution behavior of these two polymers in response
to pH changes. PFAP-O was characterized by an essentially monodisperse size distribution with a peak
hydrodynamic diameter and polydispersity index of approximately 60 nm and 0.4, correspondingly, when
analyzed in phosphate buffer in the pH range of 4-7.4 (Figure 1, solid lines). Further increase to pH 8
resulted in a detectable shift towards larger sizes with a peak diameter in the excess of 100 nm. This
reveals some reversible agglomeration in the system, which is expected for a polymer with a large content
of hydrophobic trifluoroethoxy groups and can be attributed to the loss or significant reduction of charges

under basic conditions.
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Figure 1. DLS profiles of PFAP-O (solid lines) and PFAP-A (dashed lines) in aqueous solutions of various pH
(1 mg/mL polymer; 50 mM phosphate buffer).

In contrast, the DLS profiles observed for PFAP-A showed bimodality and had a significantly larger
polydispersity index of 0.5-0.8 (Figure 1, dashed lines). Broad, pH-dependent variations in the diameter
of the larger peak (100-400 nm) and varying ratios between the intensities of two peaks suggest reversible
agglomeration of this polymer in solution, rather than the presence of chemically cross-linked microgels.
The observed differences in solution behavior of the two polymers indicate that although both

fluoropolymers form visibly clear solutions in aqueous media, PFAP-A is more susceptible to
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agglomeration than PFAP-O. These dissimilarities between the two macromolecules can be either
associated with their structural differences or caused by distinctions in their microtacticity. Although care
was taken to select a synthetic pathway in which amino groups were only introduced in the last step of
the macromolecular substitution, side group exchange reactions in polyphosphazene chemistry have been
previously reported,* and precise control of substitution patterns remains challenging.

Interactions of Fluoropolymers with Heparin in Aqueous Solutions. The ability of fluoropolymers to
spontaneously self-assemble with heparin was studied in aqueous solutions by DLS. Composition-
dependent changes in hydrodynamic diameter of heparin-polymer formulations, along with
representative DLS profiles, are shown in Figure 2A. It is seen that both polymers undergo agglomeration
in the presence of heparin, indicating formation of complexes. However, the onset of agglomeration for
PFAP-A was observed at a lower concentration of heparin, likely due to greater susceptibility of this
polymer to agglomeration mentioned above. The formation of heparin-polymer complexes was further
analyzed by the AF4 method by monitoring concentration of unbound heparin in the system. AF4
fractograms and resulting isotherms of binding confirm the formation of complexes and reveal similar
profiles for both polymers, although PFAP-O appeared to uptake more polysaccharide (Figures 2B and
S7). The assessment of dissociation constants was conducted on the basis of a simplified binding model
by determining concentration of heparin at a half-saturation of polymers.*! The values in the micromolar
range (3x10® and 7x10® for PFAP-A and PFAP-O, respectively) suggest high stability of the complexes.
Note that biologically important non-covalent interactions usually range from picomolar/nanomolar for
the tightest interactions, to millimolar for the weakest, with micromolar values typical for binding of

signhaling protein to a biological target.*
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Figure 2. (A) Hydrodynamic diameters of heparin-polymer formulations vs their compositions as
monitored by DLS (relative changes in diameter (D/Do) shown: D - z-average hydrodynamic diameter of
formulation; Do - z-average hydrodynamic diameter of the polymer; insets show DLS profiles by intensity
for formulations indicated by dashed arrows: 0.025 and 0.038 for heparin-to-polymer weight ratios for
PFAP-A and PFAP-O, correspondingly); (B) isotherms of binding for heparin-polymer systems calculated
from measurements of unbound heparin concentration in the system by AF4 method (10 mM phosphate

buffer; pH 5; error bars indicate standard deviation).

Preparation and Characterization of Heparin-Containing Fluoro-Coatings Using LbL Nanoassembly.
Because PFAP-O appeared to be less susceptible to agglomeration in solution and uptake more heparin in
complexes, we selected PFAP-O for further LbL nanoassembly with heparin. LbL coatings of PFAP-O and
heparin were assembled on silicon wafers at pH 5, 7.5, and 8 to compare their assembly at surfaces to
their complexation in solution. The thicknesses of the dry films were monitored up to five bilayers using
spectroscopic ellipsometry, as shown in Figure 3A. In this Figure, the growth of (PFAP-O/Heparin) coatings
from pH 7.5 solutions appears to be nearly linear, indicating strong, stable interactions between the anion

and polycation layers. In contrast, the growth at pH 8 shows random growth and loss, possibly due to the
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reduced charge on PFAP-O leading to agglomeration and eventual desorption of the weakly bound layers.
Furthermore, at pH 5, the coatings appeared to stay at a constant thickness, indicating a lack of adsorption
of the heparin and PFAP-O during subsequent depositions. At pH 5, the increased density of positive
charge on PFAP-O may increase the hydrophilicity of the PFAP-O+heparin complexes, ultimately favoring
complex formation in solution above the surface rather than at the surface and therefore leading to a lack

of film growth.

6 25
VN  PFAP-O: Heparin B pH 7.5
H7.5
5 P
~ 2 PFAP-O : Hepay
£ E )
£ E I
8 @ .
e a
£ £ 15
L2 o
£ £
£ E
b = 10
§ E
5
L L L L L o (o L L L L L
0 1 2 3 4 5 0 2 4 6 8 10
Number of bilayers Number of bilayers

Figure 3. (A) Thickness as a function of number of bilayers for PFAP-O and heparin LbL coatings (PFAP-O :
Heparin) deposited from pH 5, 7.5, and 8, as measured by spectroscopic ellipsometry. (B) Film growth
curves up to 10 bilayers for PFAP-O assembled with heparin or poly(acrylic acid), i.e. (PFAP-O : Heparin)

or (PFAP-0O : PAA), from solutions at pH 7.5, as measured by spectroscopic ellipsometry.

Using the optimal pH 7.5 deposition conditions, PFAP-O was assembled with heparin or poly(acrylic
acid), PAA on silicon and titanium substrates. The thicknesses of the coatings were measured every two
bilayers using spectroscopic ellipsometry, as shown in Figure 3B. In this Figure, both (PFAP-O/Heparin)
and (PFAP-O/PAA) coatings were shown to grow linearly up to 10 bilayers, averaging ~2 nm growth per

bilayer. The growth results on the titanium substrate were similar, which is consistent with previous
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findings.> All coatings were terminated with either heparin or poly(acrylic acid) for further
thrombogenicity testing. Additionally, the static water contact angle of the heparin-capped coatings
increased from 17° at 5 bilayers to 30° at 10 bilayers even though the highly hydrophilic heparin was
present at the solid-liquid interface (Figure S8). This increase in hydrophobicity with film thickness is an
important factor that may be used to design the surface wetting of a film regardless of the capping layer,
achieving a specific wettability needed for biomedical devices.

In Vitro Thrombogenicity Evaluation of Coatings — Heparin-containing Fluorinated Nanofilms Display
Reduced Thrombin Formation and Platelet Adhesion, While Maintaining Low Hemolytic Activity. The
thrombogenicity of a surface remains one of the main reasons for the failure of blood-contacting implants
and devices' % * and the examination of material-induced thrombosis is an important requirement under
a guidance developed by the International Organization for Standardization (ISO 10993-4).% %2 Therefore,
the key test categories for in vitro evaluation of biomaterials with fresh human blood usually encompass
assessment of hemolysis, adhesion and activation of platelets, and initiation of intrinsic coagulation

pathway by contact activation.>* **

Thrombin generation assay (TGA), which measures enzymatic activity of thrombin photometrically or
fluorometrically, is noted to be the most direct and reproducible test for evaluating activity level of the
coagulation system.* % Thrombin is a key protease in the coagulation cascade, which cleaves plasma
protein fibrinogen into fibrin monomers eventually leading to the formation of polymerized fibrin clot,
and also serves as a platelet activator promoting their local aggregation.> * > Because the activity of
thrombin is regulated by an antithrombin—heparin inhibitory mechanism,” #* this assay can be also

informative on the availability of heparin in the coatings.

The evaluation of heparin-containing fluorinated surfaces was carried out using LbL coatings deposited
on titanium wafers. Test articles were incubated with citrated plasma obtained from whole Human blood

and the activity of thrombin was measured at discrete time intervals using a fluorogenic substrate.®® The
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results were benchmarked against those for a non-heparinized fluorinated coating assembled using PAA
and an uncoated titanium sample (Figure 4A). As seen from the Figure, the sample with a heparinized
coating displayed dramatically lower thrombin generation activity, which is consistent with the availability

of this indirect thrombin inhibitor on the surface of this material.
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Figure 4. (A) Enzymatic activity of thrombin generated on the surface of titanium wafer and the same
material coated with PFAP-O : heparin and PFAP-O : PAA vs sample incubation time (citrated Human
plasma, 37°C, thrombin formation induced by calcium chloride; n=2; errors represent standard deviation);
(B) NADH consumption on the same materials, which is proportional to LDH activity of surfaced retained
and then lysed platelets (platelet rich plasma from whole human blood; 37°C, lactate dehydrogenase

assay; n=2; errors represent standard deviation).

Another important key to understanding thrombogenicity of a biomaterial is the way its surface
interacts with platelets, which, along with fibrin, constitutes one of the two main components of
thrombi.>* This parameter appears to be particularly important for fluorinated materials, as the failure of
polytetrafluoroethylene (PTFE)-based vascular grafts has been largely associated with platelet-mediated
thrombosis.*® To reduce platelet adhesion, studies have been reported on chemical modification of

fluoropolymers with peptides, polysaccharides, and hydrophilic polymers.* 46

17



The number of platelets retained by surfaces of tested materials was evaluated on the basis of
enzymatic activity of lactate dehydrogenase (LDH), which is released after surfactant-induced lysis of
surface-adhered cells.3>%” NADH consumption in LDH-catalyzed conversion of pyruvate to lactate in this
assay is proportional to platelet retention on the surface. Figure 4B shows that the non-heparinized PFAP-
O+PAA coating is characterized by LDH activity (NADH consumption), which is similar to that for the
uncoated titanium. In contrast, enzymatic activity of lysate obtained using PFAP-O+heparin surface is

significantly lower, which indicates reduced counts of platelets retained by the heparin-functionalized

coating.
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Figure 5. (A) Hemolysis of diluted human blood on the surfaces of coated and uncoated titanium samples
(37°C; 4 h; n=2; errors represent standard deviation); (B) Anticoagulant activity of heparin-coated titanium
samples after their incubation in agueous solutions as assessed by TGA (37°C, pH 7.4, PBS; anticoagulation
activity of samples, which were not exposed to PBS (time = 0), is shown as 100%; n=2, average values

shown, error bars represent standard deviation).
Material surfaces in contact with blood can cause hemolysis - rupturing of red blood cells with release
of intracellular molecules. Released hemoglobin can in turn lead to a number of undesirable outcomes,

such as platelet activation, conversion of prothrombin to thrombin, as well as expression of adhesion



molecules resulting in vessel obstruction and tissue hypoxia.? Therefore, hemolysis assays constitute one
of the most important categories in testing biomaterials with free hemoglobin in diluted human plasma
considered to be a classical analyte.?® Hemolysis of diluted human blood on coated and uncoated titanium
samples was evaluated at 37°C for 4 h using a modified American Society for Testing and Materials (ASTM)
method.3! Although, once again, the results for non-heparinized fluorinated surface and uncoated
titanium were similar, the percent of hemolysis for heparin-containing sample was lower (Figure 5A).

Development of non-eluting heparin coating technologies is an important approach to conferring long-
term surface thromboresistance.” To that end, permanent immobilization of heparin appears to be
preferred, as, contrary to coatings allowing for the release of polysaccharide over time, non-eluting
coatings are not expected to impact clotting in the bulk therefore preventing systemic anticoagulant
effects.”> Thus, heparin-containing polyphosphazene coatings were assessed for stability in a near-
physiological environment. Their anticoagulant activity was evaluated after various periods of exposure
to PBS (pH 7.4) using a TGA assay. No noticeable changes in anticoagulant activity of coatings were
detected, which indicates that heparin maintained its association with the coating for at least a three-
week period (Figure 5B). These results are also consistent with the high stability of heparin-polymer
complexes determined on the basis of isotherms of binding (Figure 2B) and suggest that fluoropolymer-
based LbL assemblies provide an alternative option for the development of non-eluting heparin-
containing coatings.

CONCLUSIONS

The development of effective and safe material surfaces, which can eliminate device thrombogenicity,
remains one of the prevailing challenges in the field of biomaterials. Due to their omniphobic properties
and high durability, fluoropolymers present some of the optimal and highly desirable choices for designing
blood-contacting biomaterials. However, due to their insolubility in water, the absolute majority of

polymers containing fluorinated groups are not compatible with aqueous based anticoagulants, such as
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polysaccharides (heparin, fondaparinux), peptides (hirudine, lepirudin), or proteins (antithrombin).
Water-soluble fluorinated polyphosphazene polyelectrolytes, such as PFAP-O introduced in the present
paper, enable the development of all-aqueous formulations with such agents and allow their assembly
into coatings using a LbL technique. In vitro thrombogenicity studies demonstrated that non-covalent
incorporation of heparin into the LbL assembled fluorinated nanocoatings resulted in a dramatic reduction
of antithrombotic activity while maintaining excellent hemocompatibility. It is envisioned that this simple
approach, which avoids sophisticated pathways for covalent attachment of heparin to material surface
and allows for precise control of nanocoatings, can be applied to a wide spectrum of therapeutically

important ionic molecules.
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