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Abstract

Oxidative stress plays an important role in the limited biological compatibility of many
biomaterials due to inflammation, as well as in various pathologies including atherosclerosis and
restenosis as a result of vascular interventions. Engineering antioxidant properties into a material
is therefore a potential avenue to improve the biocompatibility of materials, as well as to locally
attenuate oxidative stress-related pathologies. Moreover, biodegradable polymers that have
antioxidant properties built into their backbone structure have high relative antioxidant content
and may provide prolonged, continuous attenuation of oxidative stress while the polymer or its
degradation products are present. In this report, we describe the synthesis of poly(1,8-octanediol-
co-citrate-co-ascorbate) (POCA), a citric-acid based biodegradable elastomer with native, intrinsic
antioxidant properties. The in vitro antioxidant activity of POCA as well as its effects on vascular
cells in vitro and in vivo were studied. Antioxidant properties investigated included scavenging of
free radicals, iron chelation and the inhibition of lipid peroxidation. POCA reduced reactive
oxygen species generation in cells after an oxidative challenge and protected cells from oxidative
stress-induced cell death. Importantly, POCA antioxidant properties remained present upon
degradation. Vascular cells cultured on POCA showed high viability, and POCA selectively
inhibited smooth muscle cell proliferation, while supporting endothelial cell proliferation. Finally,
preliminary data on POCA-coated ePTFE grafts showed reduced intimal hyperplasia when
compared to standard ePTFE grafts. This biodegradable, intrinsically antioxidant polymer may be
useful for tissue engineering application where oxidative stress is a concern.

© 2014 Elsevier Ltd. All rights reserved.

"Corresponding author. g-ameer@northwestern.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 2

1. Introduction

The biocompatibility of implantable materials has evolved in the past decades from simply
meaning inertness, via the lack of a deleterious response, to the current Williams’ definition
of “the ability of a biomaterial to perform its desired function without eliciting any
undesired effect, but generating a beneficial cellular or tissue response” [1]. Our increased
understanding of the biological responses to synthetic materials has led to this change of
viewpoint. An important component of a biomaterial’s response that can have an impact on
the performance of medical devices yet is often overlooked in the biomaterials science
community is oxidative stress. When a biomaterial induces an inflammatory response,
leukocytes release various cytokines and chemokines and generate reactive oxygen species
(ROS) (e.g., superoxide, hydroxyl radicals and hydrogen peroxide) [2]. Pro-oxidant
molecules and compounds react with and damage DNA, proteins and lipids, potentially
impairing the normal function of cells. Indeed, the detection of ROS is currently being used
to characterize the inflammatory host tissue response to biomaterials, both in vitro and in
vivo [3]. The induction or presence of oxidative stress is particularly relevant to
biodegradable polymers such as polylactides, as the local accumulation of polymer
degradation products generate ROS [4, 5]. In fact, excess ROS is a significant cause of
toxicity for many biodegradable materials [6-9].

Oxidative stress may also be a pathophysiological response due to an imbalance between the
production of oxidants and the antioxidant defense mechanism, resulting in a net increase in
ROS [10]. For example, oxidative stress has been implicated in the progression of
atherosclerosis [11, 12] and restenosis, the major cause of failure of vascular interventions
[13, 14]. Specifically, excessive ROS lead to overproliferation of vascular smooth muscle
cells [15-17]. Therefore, biomaterials that can counter the effects of oxidative stress and
inhibit excessive ROS generation in a sustained manner may be a useful tool for therapies
that target these medical problems.

Previous attempts to limit biomaterial-induced oxidative stress included synthesizing
polymers that lead to charge-neutral degradation products [18], which does not inhibit
oxidative stress induced by other factors, and conjugating antioxidant molecules to the
surface of the biomaterial to provide local antioxidant therapy [19-21]. Examples of the
latter include the conjugation of small molecule antioxidants such as superoxide dismutase
mimetics (mSOD), vitamin E, gallic acid, catechin, ascorbic acid and glutathione to ultra-
high molecular weight poly(ethylene) (UHMPE), poly(acrylic acid), gelatin, poly(methyl
methacrylate) and poly(ethylene glycol) [22—26]. Although this strategy has resulted in
some suppression of oxidative stress, it results in materials that have low relative antioxidant
mass. Biodegradable polymers with native intrinsic antioxidant properties may therefore
provide the benefit of relatively high antioxidant content and continuous local antioxidant
potential while the polymer is present. Recently such a polymer with intrinsic antioxidant
capacity was synthesized [27], but despite some inhibition of ROS generation in cells, no
specific effects on free radicals or excess metals, specifically iron were reported. Moreover,
the authors did not report in vivo evidence of a functional effect of their material.
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Our laboratory has previously described the synthesis and characterization of
polydiolcitrates (PDC), biodegradable non-toxic polyesters that have been shown to be
useful for several tissue engineering applications [28-31]. Herein we demonstrate that these
polymers can be easily engineered to have enhanced, biologically relevant antioxidant
activity by incorporating ascorbic acid (AA) into the polymer network (Figure 1). Ascorbic
acid is a safe and natural antioxidant that has several hydroxyl moieties that can participate
in a polycondensation reaction. Citric acid, a metal chelator, is a stabilizer of AA and was
expected to protect AA during the reaction conditions for the prepolymer synthesis [32-34].
The inclusion of metal-chelating citric acid is important as transition metals such as iron are
well-known factors in oxidative stress, particularly involved in the Fenton reaction and
implied in many ROS-related conditions [35, 36]. Moreover, ascorbic acid can act as a pro-
oxidant in the presence of free transition metals [37], highlighting the need for metal
chelating properties. We hypothesized that these degradable poly(diolcitrate-co-ascorbate)
polyesters would have both direct and indirect antioxidant properties due to the radical
scavenging ability of AA and iron chelation activity of citric acid and that the copolymer
would protect cells from oxidative stress conditions. Furthermore, we hypothesized that
inhibition of ROS would selectively inhibit vascular smooth muscle cell proliferation and
therefore result in the inhibition of neointimal hyperplasia.

2. Materials and Methods

2.1 Reagents

All chemicals were purchased from Sigma and used without further purification except
where indicated otherwise.

2.2 Polymer synthesis

Poly(1,8 octanediol-co-citrate-co-ascorbate) (POCA) was synthesized by mixing 1,8-
octanediol, citric acid and ascorbic acid at a ratio of 5:5:1 and heated at 160°C for 10
minutes, followed by 140°C for an additional 60 minutes. Increasing the relative amount of
ascorbate further led to the formation of a viscous liquid rather than a solid elastomer, but a
viscous liquid that lacked structural integrity (data not shown). POC was synthesized as a
reference polymer by copolymerizing 1,8-octanediol and citric acid in equimolar amounts.
After prepolymerization, prepolymers were dissolved in ethanol and purified by
precipitation in 5x excess distilled water (MQ, Millipore, Billerica, MA). The resulting
purified prepolymer precipitate was lyophilized for 3 days. Prepolymers were subsequently
post-polymerized for 4 days at 80°C for all experiments. After post-polymerization,
polymers were gas sterilized with ethylene oxide gas according to manufacturer’s
instructions (Anprolene AN74i, Andersen Products, Haw River, NC). DMEM cell culture
media was added to sterilized polymers to leach out acidic products at 37°C, with
replacement of media upon yellow discoloration. When no more discoloration for at least
one day was observed, the polymer was rinsed 3x with phosphate buffered saline (PBS) and
used for cell culture experiments. For other in vitro experiments, polymers were washed
thoroughly with MQ water and lyophilized before use.
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2.3 Polymer characterization

Tensile testing was performed according to American Society for Testing and Materials
(ASTM) 412A on an Instron 5544 equipped with 500-N load cell (Instron, Norwood, MA).
Briefly, dumbbell-shaped samples were pulled to failure at a rate of 500 mm/min. Young’s
modulus and maximum loads were obtained from stress—strain data. The polymers’ density
p was measured using the liquid displacement test using ethanol as test liquid. The crosslink
density n was calculated using equation (1) [38]:

ne o _ P
3T A,

Where n represents the number of active network segments; M, the molecular weight

between crosslinks; R the universal gas constant (8.3144 J mol-1 K-1); T the absolute

temperature (K) and Eg the Young’s modulus.

The proton nuclear magnetic resonance (NMR) spectrum of prepolymers was recorded with
an Ag500 NMR spectrometer (Bruker, Billerica, MA) at ambient temperature, using
dimethylsulfoxide-d6 as solvent, and trimethylsilane as the internal reference. The spectra
were obtained with a free induction delay resolution of 0.157 Hz/point, corresponding to a
sweep width of 10.33 kHz, acquisition time was 3.17 s.

Fourier transform infrared (FT-IR) transmission spectra were recorded in attenuated total
reflectance mode on a Nicolet Nexus 870 spectrometer (Thermo Scientific, Waltham, MA)
by accumulation of 32 scans, with a resolution of 8 cm~1. Matrix-assisted laser desorption/
ionization (MALDI) was performed on POC and POCA prepolymer solutions, as well as
supernatants after several hours of incubation of polymer films in MQ at 37°C. For
supernatants, solutions were directly plated without use of a matrix using a matrix-free laser
desorption/ionization (LDI-MS) method. For prepolymer solutions, diluted solutions were
used in a matrix of cinnamic acid in tetrahydrofuran (THF) (10 mg/mL) at a 1:10 ratio, final
polymer concentration of 3 mg/mL. Spectra were collected with a 4800 MALDI-TOF/TOF
mass spectrometer (Applied Biosystems, Foster City, CA). A 355 nm Nd:YAG laser was
used as a desorption/ionization source, and all spectra were acquired with 20 kV
accelerating voltage using positive reflector mode. The weight-average and number-average
molecular mass of pre-POC and pre-POCA was measured by MALDI-MS. The peaks from
the main distribution and all the sub-distributions were taken in consideration in the
calculation of molecular weight of the pre-polymers. The intensity threshold for inclusion of
peaks was set to 1%, while spectra were corrected for matrix-specific peaks.

2.4 Intrinsic antioxidant activity

2.4.1 Free radical scavenging—To test the free radical scavenging capacity of POC and
POCA, the scavenging of both a hydrophilic radical cation (2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid (ABTS)) and a lipophilic radical (1,1-diphenyl-2-
picrylhydrazyl (DPPH)) was monitored. For ABTS, a stock solution of 7 mM ABTS and
2.45 mM sodium persulfate in MQ water was prepared and left for 16 hours in the dark at
room temperature, after which the solution was sequentially filtered with 5, 1 and 0.45 um
filters. This working solution was then exposed to the polymers (50 mg/mL) and incubated
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at 37°C. At each time point, ABTS solution was sampled, diluted with MQ water 1:1 and
the absorbance measured at 734 nm. All measurements were performed in triplicate. The
antiradical activity was measured as % inhibition of free radicals by measuring the decrease
in absorbance compared to control solutions. For DPPH, a 400 uM solution of DPPH in
ethanol was prepared. Lyophilized polymers were placed in DPPH solution (50 mg/mL) and
incubated at 37°C. DPPH free radical content was me asured by monitoring the absorbance
changes at 517 nm at each time point. All determinations were performed in triplicate. The
antiradical activity was measured as % inhibition of free radicals by measuring the decrease
in absorbance compared to control solutions.

2.4.2 Iron chelation—The inhibition of iron chelation activity was assessed by incubating
polymers with 0.25 mM FeCl,44H,0 solution (50 mg/mL) at 37°C. Supernatants were
collected at each time point and reacted with 5 mM ferrozine indicator solution in a 5:1
ratio. Ferrous ions chelated by polymers will not be available for ferrozine reaction,
resulting in lower color development. Absorbance was measured at 534 nm.

2.4.3 Lipid peroxidation inhibition—The antioxidant activity of polymers was
evaluated using the B-carotene-linoleic acid assay with a few modifications described below
[39]. Briefly, tween 40 (4 g), p-carotene (4 mg) and 0.5 mL linoleic acid were mixed in 20
mL chloroform. After removing chloroform in a rotary evaporator, 30 mL of pre-warmed
Britton buffer (100 mM, pH 6.5) was added to 1 mL of the oily residue with vigorous
stirring. Aliquots (1 mL) of the obtained emulsion were added to polymers (50 mg).
Reaction mixtures were incubated at 45°C for 100 minutes. Spontaneous oxidation of
linoleic acid at 45°C leads to 3-carotene discoloration, which was monitored by the decrease
in absorbance at 470 nm, starting immediately after sample preparation (t = 0 min).

2.5 Cell viability and proliferation

To assess biocompatibility of polymers with vascular cells, 48-well plates were coated with
80 uL of polymer solution (30% w/w in ethanol), the ethanol evaporated and plates post-
polymerized at 80°C for 4 days, resulting in approximately 20 mg polymer/well. After gas
sterilization and acid leaching, plates were pre-treated with each cell type’s respective
growth media (EGM-2 for HUVECs and SmGM-2 for HASMCs, respectively). Human
umbilical vein endothelial cells (HUVECSs, Lonza, Walkersville, MD) and human aortic
smooth muscle cells (HASMCs, Lonza, Walkersville, MD) were then seeded in wells at a
concentration of 5000 cells/cm?. Cells of passage 4-8 were used for all experiments.
Viability of both cell types was assessed by staining with Live/Dead assay (Life
Technologies, Carlsbad, CA) according to manufacturer’s instruction after 5 days of culture.
For proliferation assessment, the total DNA content in each well was measured over time
with the commercial picogreen reagent (Life Technologies, Carlsbad, CA). At each time
point, cells were rinsed 3x with PBS, and 150 pL of PBS containing 1% Triton-X was added
to wells. After 15 minutes of lysing cells at 37°C, supernatant was collected and combined
in 1:1 ratio with picogreen. A standard curve was generated with cells in regular
maintenance culture. The standard curve was used to calculate number of cells based on
picogreen fluorescence.
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2.6 Oxidative stress in cells

To assess the reduction of cellular oxidative stress upon an oxidative challenge, HUVECs
were incubated with polymers for 2 hours at 37°C by placing the polymer into transwell
inserts. Then, inserts with polymers were removed, and cells were incubated with 5-
(and-6)chloromethyl-2’,7/dichlorodihydrofluorescein (DCF, 10 uM) for 30 minutes, washed
3x with warm Hank’s buffered saline solution (HBSS) and subsequently challenged with
hydrogen peroxide (200 uM in HBSS). Fluorescence development was monitored at EX/Em
485/535 nm.

To measure the polymers’ effect on cell viability upon an ROS challenge, cells were
cultured on POC and POCA-coated plates as before. Upon reaching confluence, cells were
treated with 50 UM menadione, known to induce rapid cell death due to excessive ROS
generation [40]. After exposure to menadione, cells were monitored over time with light
microscopy and stained with Calcein-AM to assess viability. Background autofluorescence
correction was performed during post-processing in ImageJ with rolling ball radius of 200.
All images were then equally adjusted to midtone level of 0.8 and highlight level of 50 using
Adobe Photoshop CS5. Viability was quantified by counting of percentage calcein-positive
cells.

2.7 In Vivo neointimal hyperplasia: guinea pig aortic interposition model

2.7.1 Fabrication of the POCA ePTFE Graft—POCA-ePTFE grafts were fabricated
from ePTFE grafts (Inner diameter: 1.52+0.05 mm, intermodal distance: 25£10 pm, wall
thickness:101.6+£25.4 um, Zeus Inc., Orangeburg, SC). ePTFE grafts were coated with a
10% w/w polymer in ethanol solution using infusion coating followed by ethanol
evaporation. This process was repeated once, after which coated grafts were post-
polymerized at 80°C for 4 days. This coating process, developed in our laboratory, leads to a
polymer-content of 20.1+3.8%, or approximately 1.4-1.6 mg ascorbic acid per 100 mg
POCA-ePTFE. This polymer coating does not significantly change the node-and-fibril
architecture of grafts or graft compliance (supporting data S8 and S9). Grafts were then gas-
sterilized and acid-leached. Prior to implantation, grafts were washed with 70% ethanol
(3%), the ethanol was evaporated and grafts kept in PBS.

2.7.2 Animal Surgery—All animal procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health (NIH Publication 85-23, 1996) and approved by the Northwestern University Animal
Care and Use Committee. An aortic interposition graft was performed on eight 10-12 week
old Adult male Hartley guinea pigs between 650 and 750 g. Animals were anesthetized with
isoflurane (1.5-5%) and treated preoperatively with carprofen subcutaneously 2 mg/kg for
pain control. Via a 3 cm midline incision the abdominal aorta was dissected just distal to the
renal arteries to the bifurcation of the iliac arteries. Heparin 400 u/kg was given
subcutaneously and allowed to circulate 20 minutes prior to cross clamping of the aorta.
After obtaining proximal and distal vascular control approximately 1 cm portion of the aorta
was removed and the graft implanted. The proximal and distal anastomoses were fashioned
utilizing a 9-0 ethilon suture via 12 interrupted sutures. Just prior to completion of the distal
anastomosis, the distal then proximal clamps were flashed to evacuate all clots and air and
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the graft was then flushed with 10 ml of 1% heparinized saline. After completion of the
distal anastomosis the cross clamps were removed, first distally then proximally. Surgicel
was utilized to obtain hemostasis. Graft patency was confirmed by presence of a pulse in the
distal aorta. Once hemostasis was achieved the abdomen was closed in 2 layers using 4-0
vicryl to close the abdominal wall and 4-0 ethilon to approximate the skin. Groups included
ePTFE and POCA-ePTFE. At 4 weeks the animals were anesthetized and euthanized via
bilateral thoracotomies. After in situ perfusion-fixation with PBS (500 ml) and 2%
paraformaldehyde (500 ml) via a cannula inserted into the left ventricle, the graft was
harvested en bloc along with 5 mm of the proximal and distal aorta.

2.7.3 Specimen Processing—The specimen was divided mid-graft into proximal and
distal sections which were cryopreserved with 30% sucrose and frozen. Specimens were
examined qualitatively for histologically evidence of neointimal hyperplasia using 5-ym
hematoxylin and eosin (H&E)-stained cross sections at the level of the graft. Digital images
of stained section were collected with light microscopy using a Zeiss Imager-A2 microscope
(Hallbergmoos, Germany).

2.8 Statistical Analysis

Statistical analysis was performed using Microsoft® Excel software and Graphpad Prism 5.0
(Graphpad Software Inc., USA). Data from independent experiments were quantified and
analyzed for each variable. Comparisons between two treatments were made using student’s
T-test (two tail, unequal variance) and comparisons between multiple treatments were made
with analysis of variance (ANOVA), with Bonferroni post-hoc analysis. A value of p < 0.05
was considered to be statistically significant.

3. Results and Discussion

3.1 Polymer characterization

The Young’s moduli, polymer density and molecular weight between crosslinks did not
differ significantly between POC and POCA and were in good agreement with previously
published values for POC (Table 1) [41, 42]. Moreover, the incorporation of ascorbic acid
did not significantly alter the available free carboxylic acid groups or polymer hydrophilicity
(supplemental data S1). The hydrolytic degradation rate also was not affected by
incorporation of ascorbic acid, with polymer discs losing structural integrity after 2 months
of incubation in PBS at 37°C, when approximately 25% mass loss had occurred
(supplemental data S1). The substantial equivalence between POCA and POC is important
to note, since POC has been shown to have favorable properties for both in vitro and in vivo
compatibility of devices, as well as tissue engineering applications [28, 29, 31, 41].

For NMR analysis, except for the peaks at 2.5 ppm (-CH»- from citric acid) and multiple
peaks at 1.2 ppm (-CH,CH,CH>- from octanediol) of POC prepolymer, the presence of the
characteristic peaks at 3.6 ppm (-CH,OH from 6), 3.8 ppm (-CHO- from 8) and 4.1 ppm (-
CHOH from 7) in the 'H NMR spectra of POCA confirms the successful incorporation of
ascorbic acid into POCA prepolymer (Figure 2 insert). Based on H NMR peak ratios, H
NMR indicated that the final POCA product contained approx. 7-8 w/w% ascorbic acid, in

Biomaterials. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

van Lith et al.

Page 8

close agreement with the feed ratio of 9.4 w/w% of the reaction. We can not exclude the
possibility that some ascorbic acid degraded during the initial prepolymerization step as per
some visible browning of the polymer. Nonetheless, most of the ascorbic acid is preserved
as indicated by the presence of a strong ascorbate-specific peak and the absence of ascorbate
degradation products’ (e.g. furan and methylfuran) peaks in pre- and post-polymerized
POCA MALDI spectra. Ascorbic acid-specific peaks are absent from prePOCA MALDI
(figure 3), but LDI-MS performed on short-term releasates from POCA shows a strong peak
at 176 m/z, absent from POC releasate (Supplemental data S3). Moreover, free ascorbic acid
released from POCA over time only accounted for less than 6% of the incorporated amount
(Supplemental data S2). These data together indicate that ascorbic acid is incorporated as
part of the polymer backbone and not present in its free form in the final, acid-leached
product.

MALDI spectra further confirmed the low-molecular-mass of POC and POCA pre-polymers
(Mw 915 and 917 Da, Mn 836 and 828, PD 1.09 and 1.11, respectively), in good agreement
with previous results [28, 29, 41]. Characteristic spacing between clusters of peaks exist of
128 Da, 174 Da and 302 Da, corresponding to the addition of an octanediol (D), citric acid
(C) or C1D; segment to oligomers, respectively, with evidence of pre-polymer oligomers of
up to CsDs length present in the prepolymer mixture (Figure 3). Moreover, peaks could be
identified of cyclic oligomers, e.g. showing a shift of =18 Da from 645.8 Da corresponding
with linear [CoDo+Na*] to 627.8 Da, corresponding with cyclic [CoDo+Na™]. Finally,
POCA appears to show a higher intensity of Na* adducts than K* adducts, which may in
actuality indicate replacement of citrate segments by ascorbate, causing a shift of =16 Da,
making the prePOCA+K™* peaks coincide with prePOC+Na™* peaks (Figure 3). The limited
release of free ascorbic acid over time, despite substantial polymer degradation, also
indicates that ascorbic acid is released to a large extent as co-oligomer with citric acid and
octanediol.

FTIR spectra show minor differences between POC and POCA as expected. Peaks at
wavelengths of 1730 cm™1 (polyester C=0 stretch) and 1190 cm™ (C-O) in the IR show the
formation of polyester bonds. The broad peak around 1450 cm~1 in POCA is indicative of
asymmetric C=C-C in ascorbic acid, while the small peak at approximately 1650 cm~1 was
assigned to the C=C ring stretching of ascorbic acid (Figure 4) [43]. The lactone C=0 in
ascorbic acid overlaps with and is obscured by the strong polyester peak at 1730 cm™1.
Overall, FTIR spectra are indicative of ring structures of ascorbic acid still being intact upon
incorporation into the backbone.

3.2 Antioxidant Properties

POC and POCA show significant direct and indirect antioxidant capacity, although POCA
was stronger. POCA, as expected by virtue of its incorporated ascorbic acid, showed rapid
free radical scavenging activity as per DPPH (lipophilic) and ABTS (hydrophilic) assays
(Figure 5A and B) with 100% radicals scavenged within 24 hours. Free ascorbic acid
typically scavenges both ABTS and DPPH radicals instantaneously (supplemental data S4),
while scavenging by POCA increases gradually during the first 24 hours, indicative of
ascorbic acid being slowly released from POCA. Interestingly, the POC itself also showed

Biomaterials. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

van Lith et al.

Page 9

significant radical scavenging capacity, although this was not the case for the POC releasate
(supplemental data S5). Free radical scavenging activity of POC might be caused by the
citric acid in its backbone structure. Although citric acid has previously been shown to
scavenge radical cation N,N-dimethyl-p-phenylenediamine [44], it is not a typically reported
property. Nonetheless, citric acid consistently showed scavenging activity in the DPPH
assay, yet not in the ABTS assay (supplemental data S4). There may be another factor
conferring radical scavenging properties to POC. The chemical structure of POC oligomer is
similar to that of triglycerides [45], which have been reported to potentially have antioxidant
properties. This chemical resemblance may play a role in POC’s capacity to scavenge
radicals [46]. Moreover, prepolymer MALDI data are indicative of cyclic oligomer species
(Figure 3), which may also confer radical scavenging properties, as the ring structures in
combination with pendant hydroxyl groups have been identified to confer radical scavenging
properties in flavonoids. Further research is needed to confirm the exact mechanism behind
POC’s radical scavenging capacity. The data suggest that the additional radical scavenging
ability of POCA over POC is due to ascorbic acid being released through hydrolytic
degradation.

As expected, both POC and POCA show strong iron chelation properties due to their citric
acid content (Figure 5C). Interestingly, POCA showed increased metal chelation over POC,
despite the equal contents of citric acid. Although ascorbic acid has limited iron chelation
potential itself [47], the incorporation of ascorbic acid might increase the accessibility of
citric acid’s carboxylic and hydroxyl groups for iron coordination bonds, leading to a
synergistic effect.

Lipid peroxidation was strongly inhibited by POCA as assessed by the -carotene bleaching
assay (Figure 5D). After 100 minutes of heating at 45°C, exposure to POCA led to almost
complete abolishment of lipid peroxidation. POC, in contrast, showed only modest
prevention of lipid peroxidation (Figure 5D). The known role of iron in lipid peroxidation
[39] explains why POC, as an iron chelator, partially inhibits lipid peroxidation.

Since these polymers are biodegradable and the antioxidant activity is expected to be a
lasting attribute of their backbone structure, we evaluated whether partially degraded POC
and POCA retains antioxidant capacity. Indeed, after 1 month of incubation in PBS at 37°C,
both POC and POCA retain ed most of their iron chelating and free radical scavenging
capacity. The inhibition of lipid peroxidation, on the other hand, although still present, was
decreased to 14.7+1.1% and 21.9+5.8% of that measured using pristine POC and POCA,
respectively, at 100 minutes (supplemental data S6).

3.3 Cell viability and proliferation

Culture of both HUVECs and HASMC:s did not result in any significant cytotoxic effect, as
per high cell viability (Figure 6, top) and spreading observations. As observed before,
HUVECs tended to exhibit a more elongated phenotype on both POC and POCA [30].
HASMC proliferation was significantly lower on both polymers, with a 18.1+3.2% and
52.3+7.2% reduction at 3 days and a 15.6+£0.9% and 40.5+3.5% reduction at 5 days for POC
and POCA, respectively (Figure 6, bottom). The significant reduction of cell proliferation on
POCA particularly is a highly desirable effect when considering the potential use of POCA
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as a coating in vascular grafts to prevent neointimal hyperplasia. These results corroborate
the in vitro antioxidant activity found for both polymers, and, as expected, the reduction of
ROS inhibits HASMC proliferation [15, 17]. We previously reported that ascorbic acid can
also lead to increased proliferation of smooth muscle cells at concentrations of 0.5-1 mM
[48], likely due to a pro-oxidant effect at those concentrations [49]. Current results also
confirm that the ascorbic acid levels present in POCA are low enough to not lead to an
increase in HASMC proliferation. Further, the chelation of transition metals by POCA will
also prevent the potential pro-oxidant effect of low levels of ascorbic acid. HUVEC
proliferation, on the other hand, was not hampered and even slightly increased at 5 days on
POC and POCA. These results are also consistent with the work of Ulrich-Merzenich et al.,
who previously showed the opposite effects ascorbic acid has on human vascular ECs and
SMCs [50].

3.4 Oxidative stress in cells

Exposing cells to hydrogen peroxide increases intracellular levels of ROS, leading to
increased oxidative stress as measured through DCF fluorescence (Figure 7) [51, 52]. Cells
were cultured on TCP and exposed to the polymers for two hours through transwell inserts,
after which cells were stimulated or not with hydrogen peroxide. In non-stimulated cells,
oxidative stress remains low over time, as expected (Figure 7A). There was a slight
reduction in basal levels for POC and POCA (P=0.012 and 0.008 for ePTFE vs. POC and
ePTFE vs. POCA, respectively), suggesting not just a protective effect from oxidative
challenges, but also a basal oxidative status-modulating effect of both polymers. No
difference in basal ROS was observed between POC and POCA (P=0.151). The observed
reduction in DCF fluorescence in non-stimulated cells is consistent with previous
observations by others whereby basal levels of oxidative stress in endothelial cells in culture
were increased due to insufficient concentrations of ascorbic acid [53]. For cells exposed to
hydrogen peroxide, oxidative stress increase relative to baseline values is minimal for both
POC and POCA groups (Figure 7B). In contrast, cells exposed to ePTFE demonstrated
increased oxidative stress levels relative to baseline within five minutes and relative to POC
and POCA groups (P=0.013 and 0.007 for ePTFE vs. POC and ePTFE vs. POCA,
respectively). The rapid increase of oxidative stress within the first 10 minutes as measured
through DCF fluorescence upon hydrogen peroxide exposure is consistent with previous
reports [52].

To further assess the protective effect of POCA against excessive ROS with cells directly
cultured on the polymers, HUVECs were exposed to menadione. Menadione leads to rapid
intracellular ROS generation and subsequent cell death due to excessive ROS [40, 54].
When menadione was added to confluent cell layers cultured on the polymers, HUVECs on
TCP showed reduced viability after 30 minutes and cells started to detach, with markedly
reduced viability and considerable cell detachment after 1 hour (Figure 8) However, cells on
POC and POCA preserved their morphology, with only minor cell detachment after 60
minutes. The percentage of viable cells after 60 minutes was significantly different between
TCP and POC (p=0.031) and TCP and POCA (p=0.002), but not between POC and POCA
(p=0.714). It has been previously described that ascorbic acid levels between 50-350 uM
reduce oxidative stress levels in cultured endothelial cells [55]. Moreover, in our experience,
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free ascorbic acid concentrations of 125-500 uM prolongs viability of cultured HUVECs
after exposure to 50 UM menadione for 1 hour (supplemental data S7). With a POCA
content of 20 mg/well, maximum ascorbic release rate of 0.47 pg/mg/day (supplemental data
S2) and 500 pL of media/well refreshed every 1 or 2 days, this would lead to maximum
ascorbic acid concentrations of 107-214 uM, within the range reported to reduce oxidative
stress. An additional mechanism that may be at play is metal chelation, as it has been shown
that chelating iron can reduce oxidative stress [56—59] hence the polymer network itself also
may contribute to cellular protection by limiting free iron.

3.5 In vivo neointimal hyperplasia: guinea pig aortic interposition model

Excessive ROS and accompanying oxidative stress are an important part in the etiology of
atherosclerosis and restenosis [11-14]. Therefore, antioxidant therapy might be a useful
strategy to inhibit these processes. Oral supplementation of antioxidants has been attempted
for many years, yet clinical trials results have been conflicting or largely unsuccessful [60,
61]. However, the majority of trials utilized systemic administration, where reaching
clinically effective concentrations may not be possible due to compound inactivation or
absorption limits. However, localized administration of antioxidants has led to positive
results, for example of sucinobucol after balloon angioplasty [62] and of tetradecylthioacetic
acid from stents [63]. Local, targeted antioxidative gene therapy has also shown promising
results [64—66]. Therefore, localized prolonged antioxidant activity through biodegradable
polymers with backbone intrinsic antioxidant activity may reduce neointimal hyperplasia by
decreasing initial ROS generated upon injury. Due to its superior antioxidant properties as
well as strongest antiproliferative effects on vascular SMCs, POCA was used for a
preliminary assessment of the in vivo functionality of antioxidant polymers. ePTFE grafts
coated with POCA were used in a guinea pig aortic graft interposition model to assess
effects on neointimal hyperplasia formation. Non-coated ePTFE grafts, which are used in
standard care, were used as a reference for comparison. The guinea pig was chosen, because
like humans they do not have the capability to synthesize their own ascorbic acid, contrary
to all other animals except for bats and primates [67]. Moreover, ascorbic acid has been
shown in both humans and guinea pigs to have an inhibiting effect on vascular SMC
proliferation, depending on concentration [50, 68]. Polymer-coated grafts retained their
typical node and fibril structure and graft compliance was not affected by the coating
process (supplemental data S8 and S9). POCA also inhibited platelet adhesion, a beneficial
property that was expected to improve graft thromboresistance (supplemental data S10).
Neointimal hyperplasia was evident in POCA-ePTFE and ePTFE grafts, but was
qualitatively reduced in POCA-ePTFE grafts only (Figure 9). Although there is a significant
difference in surface hydrophilicity between POCA-ePTFE and ePTFE grafts, this
difference does not account for the reduction in neointimal hyperplasia as separate
experiments using POC-ePTFE grafts did not show a reduction in neointimal hyperplasia
(supplemental figure S11). The hydrophilicity of POC and POCA is similar (supplemental
data S1). These results are a preliminary confirmation that the intrinsic antioxidant capacity
of POCA observed in vitro may translate into a desirable therapeutic outcome such as the
reduction of neointimal hyperplasia in a vascular graft. In addition to antioxidant effects of
POCA due to incorporated ascorbic acid, it should be noted that there is also the possibility
of additional vasoprotective effects via the liberation of nitric oxide (NO) from circulating
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S-nitrosoglutathione due to catalytic effects from ascorbic acid in POCA. These biological
effects are currently the subject of ongoing investigation.

4. Conclusion

In conclusion, we have successfully synthesized and characterized an ascorbic acid
containing polydiolcitrate with intrinsic, direct and indirect antioxidant properties. POCA
exhibited strong metal chelating, free radical scavenging and lipid peroxidation inhibition
properties, which are retained after 1 month of incubation in physiologic fluid. Moreover,
POCA protects cells from oxidative stress effects and maintains the high viability of
vascular cells, while selectively inhibiting the proliferation of smooth muscle cells. Finally,
ePTFE grafts coated with POCA decrease neointimal hyperplasia in preliminary data of a
guinea pig aortic graft interposition model. This new intrinsically antioxidant, biodegradable
polyester may also be useful for tissue engineering applications where cellular oxidative
stress is a concern.
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Figure 1.

Proposed structure and scheme of poly(1,8-octanediol-co-citrate-co-ascorbate) (POCA). In

case of R=H, the copolymer is poly(1,8-octanediol-co-citrate)(POC).
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Figure 2.
1H NMR spectra of poly(octanediol-co-citrate-co-ascorbate) (POCA) and poly(octanediol-

co-citrate) (POC) (insert) in DMSO-d
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Iu Structure Expected m/z Measured m/z
1 CyclicC;D; +Na* 499.43 499.85
> C;D;+Na’ 517.44 517.65
3 CyclicC;D; +Na"  627.64 627.88
s C;D;+Na’ 645.65 645.82
5 CyclicC;D; +Na” 755,86 756.07
g CiD3+Na’ 773.87 773.99
7 CyclicCsD; +Na*  801.75 802.12
g C3D,+Na’ 819.76 819.89
g CyclicC;D; +Na™ 929,97 930.15
10 C3D3+Na' 947.98 948.05
11 C3Da+Na' 1076.19 1076.22
12 CaD3 +Na’ 1122.09 1122.12
13 CaDq +Na’ 1250.3 1250.29
14 CiDs +Na' 1378.52 1378.63
15 CsDq+Na' 1424.41 1424.53
16 CsDs+Na’ 1552.63 1552.73
17 CiD1A; K 517.54 517.65
18 CiD2A; +K’ 645.76 645.82
19 CDsA; +K* 819.87 819.89
C.D A stands for co-oligomers of n segments of citrate (C),
octanediol (D) and Ascorbic acid (A).

MALDI spectra of poly(octanediol-co-citrate) (POC, top left) and poly(octanediol-co-
citrate-co-ascorbate) (POCA, bottom left) prepolymers. Table, right, shows identified

oligomer peaks and clusters.
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Figure 4.

900 700

FTIR spectra of poly(octanediol-co-citrate)(POC) and poly(octanediol-co-citrate-co-
ascorbate) (POCA) polymers, using attenuated total reflectance FTIR on polymer films.
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Figure 5.

DPPH (A) and ABTS (B) assay show free radical inhibition by both POC and POCA,
whereas PLLA and ePTFE have no radical scavenging activity. POC and POCA bhoth
chelate iron ions, with POCA exhibiting stronger chelation (C). POC and POCA both inhibit
lipid peroxidation, while ePTFE and PLLA do not have any effect on lipid peroxidation.
N=3, Mean + SD. *p<0.05 **p<0.01, ***p<0.001
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Top: POC and POCA are compatible with vascular cells, showing high viability after 5 days
of culture on polymer-coated TCP plates. Note: ethidium homodimer stain omitted due to
strong adherence of fluorophore to polymer substrates. Bar=100 um. Bottom: POC and
POCA both support HUVEC proliferation, while POC and to a larger extent POCA inhibit
HASMC proliferation. N=3, Mean + SD. *p<0.05 **p<0.01, ***p<0.001
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Figure 7.

HUVECs exposed to POC and POCA are resistant to oxidative stress. A) Without H,0,
challenge, POC and POCA both reduced basal oxidative stress levels in HUVECS (P=0.012
and 0.008 for ePTFE vs. POC and ePTFE vs. POCA, respectively). B) After H,0,
challenge, both polymers provided protection from increasing levels of oxidative stress
(P=0.013 and 0.007 for ePTFE vs. POC and ePTFE vs. POCA, respectively). N=3, Mean £
SD.
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Figure 8.
HUVECs cultured on top of POC and POCA showed prolonged survival upon menadione

stimulation for 120 minutes. POC and POCA provided protection from excessive ROS-
induced cell death. A) Combined overlap image of contrast light microscopy with
fluorescent image shown. Green indicates calcein AM stain for live cells. Bar=200 um. B)
Quantification of percentage of calcein AM positive cells after 120 minutes relative to
unchallenged cells. N=4, Mean + S.D., ** P<0.01.
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POCA-coated ePTFE grafts show reduced intimal hyperplasia compared to regular ePTFE
grafts in a guinea pig aortic graft interposition model after 4 weeks of implantation. Bar=200

um.
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