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Effect of Ethylene Oxide Sterilization on Polyvinyl Alcohol
Hydrogel Compared with Gamma Radiation

Grace Pohan, MASc,1,* Sabrina Mattiassi, BASc,1,* Yuan Yao, MSc,1 Aung Moe Zaw, MBBS, PhD,1

Deirdre E.J. Anderson, PhD,2 Marie F.A. Cutiongco, PhD,3 Monica T. Hinds, PhD,2 and Evelyn K.F. Yim, PhD1,4,5

This study investigated the effects of terminal sterilization of polyvinyl alcohol (PVA) biomaterials using
clinically translatable techniques, specifically ethylene oxide (EtO) and gamma (g) irradiation. While a few
studies have reported the possibility of sterilizing PVA with g-radiation, the use of EtO sterilization of PVA
requires additional study. PVA solutions were chemically crosslinked with trisodium trimetaphosphate and
sodium hydroxide. The three experimental groups included untreated control, EtO, and g-irradiation, which
were tested for the degree of swelling and water content, and mechanical properties such as radial compliance,
longitudinal tensile, minimum bend radius, burst pressure, and suture retention strength. In addition, samples
were characterized with scanning electron microscopy, differential scanning calorimetry, X-ray photoelectron
spectroscopy, and water contact angle measurements. Cell attachment was assessed using the endothelial cell
line EA.hy926, and the sterilized PVA cytotoxicity was studied with a live/dead stain. Platelet and fibrin
accumulation was measured using an ex vivo shunt baboon model. Finally, the immune responses of PVA
implants were analyzed after a 21-day subcutaneous implantation in rats and a 30-day implantation in baboon.
EtO sterilization reduced the PVA graft wall thickness, its degree of swelling, and water content compared with
both g-irradiated and untreated PVA. Moreover, EtO sterilization significantly reduced the radial compliance
and increased Young’s modulus. EtO did not change PVA hydrophilicity, while g-irradiation increased the
water contact angle of the PVA. Consequently, endothelial cell attachment on the EtO-sterilized PVA showed
similar results to the untreated PVA, while cell attachment significantly improved on the g-irradiated PVA.
When exposing the PVA grafts to circulating whole blood, fibrin accumulation of EtO-sterilized PVA was
found to be significantly lower than g-irradiated PVA. The immune responses of g-irradiated PVA, EtO-treated
PVA, and untreated PVA were compared. Implanted EtO-treated PVA showed the least MAC387 reaction. The
terminal sterilization methods in this study changed PVA hydrogel properties; nevertheless, based on the
characterizations performed, both sterilization methods were suitable for sterilizing PVA. We concluded that
EtO can be used as an alternative method to sterilize PVA hydrogel material.
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Impact Statement

Polyvinyl alcohol (PVA) hydrogels have been used for a variety of tissue replacements, including neural, cardiac, meniscal,
cartilage, muscle, pancreatic, and ocular applications. In addition, PVA can be made into a tubular shape and used as a
small-diameter vascular graft. Ethylene oxide (EtO) is one of the Food and Drug Administration-approved methods for
sterilization, but its effect on PVA has not been studied extensively. The outcome of this study provides the effects of EtO
and g-irradiation of PVA grafts on both the material properties and the in vivo responses, particularly for vascular
applications. Knowledge of these effects may ultimately improve the success rate of PVA vascular grafts.
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Introduction

Hydrogels are a class of polymeric material with
water-absorbing capability and typically low elastic

moduli.1 Hydrogels are usually biocompatible with tissue-
mimicking properties. It is also relatively easy to incorporate
ligands that promote cell adhesion into these materials.2–4

Hydrogel materials are often used in the field of tissue en-
gineering. While many are still in the research stage and
aiming to enter preclinical and clinical studies in the fu-
ture,5–10 some have been commercialized in the form of
contact lenses,11,12 wound healing gel,13 and nerve con-
duits.14 Of particular interest are polyvinyl alcohol (PVA)
hydrogels, which have been widely studied due to their
nontoxicity, nonimmunogenicity, noncarcinogenicity, and
high biocompatibility.4,8,15–22 PVA hydrogels have been
used extensively for soft tissue engineering, including vas-
cular,8 neural,14 cardiac,23 meniscal,18 cartilage,24 muscle,25

pancreatic,26 and ocular applications.27

PVA can also be made into small-diameter tubes (<6 mm
inner diameter) to be used as small-diameter vascular grafts.
By varying the crosslinking method or agent, the mechani-
cal properties of PVA hydrogel can be tuned to mimic the
properties of native blood vessels. As a comparison, the
compliance of human brachial artery ranges between 1.3
and 3.3%/40 mmHg,28 while the compliance of PVA has
been engineered to compliances between 1.5 and 9%/
40 mmHg.8,21,22 With these properties, implanted small-
diameter PVA grafts in small-animal models have achieved
67% graft patency after 14 to 17 days of implantation.8

One challenge in the translation of hydrogels to clinical
use is the determination of the appropriate sterilization
method because the sterilization process can impact the
hydrogel properties. A few studies have reported the effect
of g-radiation on PVA hydrogel properties,29–33 while other
studies reported an autoclave sterilization method or the
combination of autoclave and radiation for PVA steriliza-
tion.29,34,35 g and electron beam radiation methods offer a
promising hydrogel sterilizing capability because the ster-
ilization occurs at a relatively low temperature and is shorter
in duration. Also, both of these radiation methods are known
to have high penetration, an ability to break down DNA and
RNA, and to create reactive oxygen species that can damage
cellular components.36–38

However, a known drawback of the radiation method is
that the recommended dose of 25 kGy radiation can cause
scission of polymer chains, which may lead to the reduction
in polymer elastic modulus, and can cause crosslinking re-
actions, which would have the opposite effect of increasing
tensile strength and elastic modulus.39–41 Steam and dry heat
are high-temperature-based sterilization methods with good
penetration into the material. In particular, steam heat or
autoclaving destroys replication components of a microor-
ganism, while dry heat eliminates microorganisms through
direct heat and oxidation reactions.36 However, both of
these sterilization methods can cause structural changes and
degradation of hydrogels, which have structures similar to
PVA.42,43 This may be the reason why the autoclave step in
the previous studies was done before PVA crosslinking and
thus not terminal sterilization methods.29,34,35

The U.S. Food and Drug Administration (FDA) has ap-
proved three terminal sterilization methods for biomedical

devices, which include heat-based sterilization (steam/dry),
ethylene oxide (EtO), and radiation (g-radiation or electron
beam/E-beam). EtO sterilization has not been studied in the
PVA hydrogel. EtO sterilization effectively suppresses
metabolism and division of microorganisms or biological
agents through irreversible alkylation of cellular compo-
nents.36,44 However, a few studies have shown that EtO can
also accelerate polymer degradation and create toxic resid-
uals on the implant surface.45–47 In addition, EtO was found
to increase the crystallinity of poly(lactic acid) (PLA) fiber
scaffolds and reduce the overall scaffold size.40

To understand how EtO sterilization affects the material
properties and performance of PVA as a biomaterial, in
particular with the application of PVA as vascular graft, we
characterized the effects of EtO sterilization and compared
it with the g-irradiation sterilization on PVA hydrogel ma-
terials. We quantified the mechanical and surface properties,
endothelialization potential (with and without surface to-
pography), the thrombosis reactivity, and the in vivo bio-
compatibility. These properties are critical in small-diameter
vascular grafts (<6 mm) since a small thrombus, plaque, or
neointimal hyperplasia could dramatically impede blood
flow and cause graft failure.

Surface topographies are known to improve cell adhe-
sion,48 proliferation,49,50 endocytosis,51 and differentia-
tion.49,52 Among the different types of surface topography,
2 · 2 · 2mm grating topography is known to be the most
suitable for vascular graft application and therefore studied
herein. The 2 mm grating topography provides endothelial
cells an orientation for alignment and it improves cell adhe-
sion through alteration of surface apparent wettability.22,53

Considering all these, we hypothesize that EtO steriliza-
tion could alter PVA crystallinity, as was observed in PLA
fiber scaffolds.40 We also speculate that while EtO could
harden the hydrogel, g-radiation could cause polymer chain
scission and weaken the hydrogel. Furthermore, we hy-
pothesize that although the sterilization could cause changes
in PVA properties, the EtO-sterilized PVA hydrogel will
retain suitable properties for use as a small-diameter vas-
cular graft.

Materials and Methods

A 10% (w/v) solution of PVA was crosslinked with tri-
sodium trimetaphosphate (STMP) and sodium hydroxide,
and was used for dip coating of cylindrical molds to make
vascular grafts.22 The grafts were divided into three exper-
imental groups (untreated control, EtO, and g) and tested for
the degree of swelling and water content, and mechanical
properties such as radial compliance, longitudinal tensile,
minimum bend radius (MBR), burst pressure, and suture
retention strength. In addition, samples were characterized
with scanning electron microscopy, differential scanning
calorimetry (DSC), X-ray photoelectron spectroscopy
(XPS), water contact angle, X-ray diffractometry (XRD), and
Fourier-transform infrared (FTIR) spectroscopy measure-
ments. Cell attachment was assessed using the endothelial
cell line EA.hy926, and the sterilized PVA cytotoxicity was
studied with a live/dead stain. Platelet and fibrin accumula-
tion was measured using an ex vivo shunt baboon model.
Finally, the immune responses of PVA implants were ana-
lyzed after a 21-day subcutaneous implantation in rat and a
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30-day implantation in baboon with a hematoxylin and eosin
(H&E) and MAC387 antibody staining. The details of ma-
terials and methods can be found in the Supplementary Data
under the Detailed Materials and Methods section.

Results

Using the 1.5 mm molds, two types of grafts were made;
1.5 mm thin had 7 layers of PVA and an outer diameter of
2.1–2.2 mm and 1.5 mm thick had 12 layers of PVA and an
outer diameter of 2.5–2.7 mm. One type of graft was cast
using the 4 mm molds; the graft (4 mm) had 12 layers of
PVA applied and an outer diameter of 5.1–5.3 mm (Fig. 1).

Effect of sterilization method on structural integrity,
swelling, and mechanical properties

The opacity of the grafts was assessed as it is important
for the ease of graft installation and handling. The opacity of
grafts treated with g-irradiation was unchanged relative to
the controls; however, the EtO-treated grafts were less
opaque than the control. Both 1.5-mm-thin and 1.5-mm-
thick grafts treated with EtO were more translucent than
their control counterparts and their wall thicknesses were
found to be reduced (Fig. 2, p £ 0.05 for 1.5 mm thin, n = 4).
In all the treatment groups, the grafts retained their struc-
tural integrity, in which none of the samples collapsed in on
themselves when removed from solution.

The reduction in graft wall thickness prompted us to in-
vestigate the swelling and water content of the PVA grafts
before and after sterilization. PVA 1.5-mm-thin, 1.5-mm-
thick, and 4-mm groups showed a similar trend. In all graft
types, the average swelling percentage of EtO-treated PVA
grafts was reduced compared with the untreated controls
(Fig. 3A). This reduction was found to be significant for 1.5-
mm-thick and 4-mm groups ( p £ 0.05, n = 3). The swelling
percentage of g-irradiated PVA grafts was either similar to
or higher than the untreated control. A significant increase in
swelling percentage was observed in the 4-mm group
( p £ 0.05, n = 3). The water contents of 1.5-mm-thin and 1.5-
mm-thick grafts were shown to be significantly reduced
after EtO treatment ( p £ 0.05 and p £ 0.01, respectively),
while the 4-mm group showed similar water content after
EtO treatment compared with the untreated control (Fig. 3B).
A significant increase in water content was observed in the
g-irradiated 4-mm group ( p £ 0.0001, n = 3) compared with
the untreated group.

The mechanical properties, including compliance, MBR,
burst pressure, Young’s modulus, and suture retention
strength, have a significant impact on the overall perfor-

mance of the vascular graft and therefore were tested. Graft
radial compliance was significantly affected by both EtO
treatment and g-irradiation (Fig. 3C). EtO treatment de-
creased compliance, whereas g-irradiation increased com-
pliance, compared with the control. The compliance of the
1.5-mm-thin grafts decreased 14% after EtO treatment and
increased 24% after g-irradiation. The compliance of the 4-
mm grafts decreased 25% after EtO treatment and increased
71% after g-irradiation. Only g-irradiation had a significant
effect on the compliance of 1.5-mm-thick grafts, increasing
it by 163%, which is the largest change in compliance of all
the graft types and treatment groups.

The results of compliance testing indicated that EtO
treatments made grafts more rigid and g-irradiation treat-
ments made grafts more compliant. The difference in
compliance between EtO- and g-treated groups was also
statistically significant ( p £ 0.0001 for both thin and thick
samples, and p £ 0.001 for 4-mm samples). This was con-
firmed by tensile testing. Young’s modulus of samples along
the graft in the longitudinal direction showed the same
trend, in which EtO treatment increased Young’s modulus
indicating a more rigid graft and g-irradiation decreased
Young’s modulus indicating a more compliant graft, com-
pared with the control group (Fig. 3D). The only significant
change in Young’s modulus occurred in EtO-treated 1.5-
mm-thick grafts, in which the Young’s modulus increased
34% compared with the control.

The MBR of EtO-treated samples was decreased com-
pared with the control (Fig. 3E). A decreased MBR indicates
that the material had become stiffer and thus easier to bend
without kinking; an increased MBR indicates the opposite.
The only significant change in MBR occurred in EtO-treated
1.5-mm-thin samples, in which the MBR decreased 38%
compared with the control.

The samples treated with EtO tended to have a higher
burst pressure compared with the control group (Fig. 3F).
The only significant change was a 42% increase in the burst
pressure of EtO-treated 1.5-mm-thick grafts. The burst
pressures of g-irradiated and control samples were similar
with no statistically significant differences in these tested
graft types.

Suture retention strength increased after EtO treatment
and remain unchanged after g-irradiation (Fig. 3G). In 1.5-
mm-thick grafts, suture retention strength of EtO-treated
samples was 21% greater than that of the control. There was
no significant change in suture retention strength of 1.5-mm-
thin EtO-treated samples and no significant difference in the
suture retention strength of untreated and g-irradiated sam-
ples in both graft types tested. In summary, the mechanical
tests showed that EtO-treated grafts exhibit stiffer, higher

FIG. 1. Cross-sectional views of
the various types of PVA grafts used
in this study. Scale bar indicates
1 mm. PVA, polyvinyl alcohol.
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burst pressures, and higher suture retention properties than
untreated PVA grafts, while g-irradiated grafts were more
compliant and the other material properties were unchanged
compared with the control.

Effect of sterilization method on polyvinyl alcohol
surface properties and crystallinity

Experimental results of surface and crystallinity testing
indicated that both treatments altered the chemical proper-
ties of the PVA hydrogel. FTIR was performed to determine
if a noticeable change in crosslinking occurred or if any new
functional groups were introduced after treatment. Neither
new peak formation nor peak loss was observed after either
treatment, indicating no addition or loss of functional groups
(Supplementary Fig. S1).

Changes to the fractional crystallinity due to EtO treatment
were observed in DSC (Fig. 4). EtO treatment significantly
increased the fractional crystallinity of 1.5-mm-thin grafts.
The fractional crystallinity of EtO-treated grafts was 18%
greater than that of the untreated samples, while g-irradiation
did not cause significant change to fractional crystallinity. To
confirm the change in crystallinity, XRD of untreated and

treated PVA films was measured. However, the crystalline
peaks across the three experimental groups remained the
same, suggesting that samples’ molecular architectures re-
mained the same irrespective of the sterilization method
(Supplementary Fig. S2).

While neither treatment resulted in the change of surface
patterning and texture, it was noted that g-irradiation
changed surface composition (Fig. 5A–D). XPS showed that
the %-atomic concentration of oxygen (O s1) on the g-
irradiated samples was significantly lower than that of the
control ( p £ 0.01). Furthermore, the %-atomic concentration
of carbon (C s1) on the g-irradiated samples was signifi-
cantly higher than that of the control ( p £ 0.01). The hy-
droxyl peak area on the PVA surface was reduced and the
C-H and C-C peak area was increased after g-treatment
(Fig. 5C, D), while there was no significant difference be-
tween the surface compositions of EtO-treated films and
control films (Fig. 5A, B).

Contact angle testing was also performed to determine if
this change in surface composition caused significant
changes in surface hydrophilicity. The g-irradiation signifi-
cantly increased the water contact angle on PVA, indicating
that the surface had become more hydrophobic after

FIG. 2. (A) Physical appearance
of 1.5-mm grafts before and after
treatment; EtO-treated samples be-
came more translucent after treat-
ment for both thin and thick grafts.
Scale bar indicates 5 mm. Quanti-
fication of change in (B) thin and
(C) thick graft wall thickness due
to sterilization. The wall thickness
of EtO group was significantly
lower than both untreated and g
groups for thin graft, as well as g
group for thick graft. *Represents
statistical significance with
p £ 0.05, **p £ 0.01, n = 4. EtO,
ethylene oxide.

‰

FIG. 3. The effect of EtO and g irradiation on the (A) swelling percentage, (B) water content, (C) radial compliance, (D)
Young’s modulus (longitudinal direction), (E) minimum bend radius, (F) burst pressure, and (G) suture retention strength of
PVA 1.5-mm-thin, thick, and 4-mm grafts before and after sterilization. EtO-treated grafts showed lower swelling per-
centage and water content, and more rigid mechanical properties compared with untreated control and g groups. The data
are presented as the average of n = 3 samples – SE for swelling percentage and water content, and as the average of n = 4
samples – SE for all the other data sets. *Represents statistical significance with p £ 0.05, **p £ 0.01, ***p £ 0.001, and
****p £ 0.0001.
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treatment (Fig. 5E, F). Meanwhile, EtO-treated films did not
show significant change in water contact angle.

Enhancement of in vitro cell adhesion and proliferation
to PVA films after c-irradiation

The effect of sterilization on microtopography patterning
was assessed to determine if either treatment affected sur-
face texture or patterning. We observed that the surface
roughness of the unpatterned PVA was visibly similar be-
tween the treatment groups (Fig. 6A). Moreover, the fidelity
of 2 mm gratings (2 mm linewidth, spacing, and height) was
not affected by any of the treatments (Fig. 6B).

The effect of g-irradiation and EtO treatment on the en-
dothelialization of unpatterned and 2 mm grating PVA films
was studied via in vitro cell adhesion and toxicity studies
using EA.hy926 cells (Fig. 6C–E and Supplementary
Fig. S3). Of the samples tested, the largest cell count was
observed on the g-irradiated 2 mm grating (2mGG) PVA
films. After 13 days, cells on these films reached 80–90%
confluency and clearly showed alignment in the parallel
direction of the gratings (Fig. 6D 2 mGG), while cells on g-
treated unpatterned (UPG) PVA showed a more cobblestone
shape and were randomly oriented (Fig. 6C UPG). The
EA.hy926 cells on untreated and EtO-treated PVA did not
proliferate as fast and had a rounder morphology compared
with the cells on g-irradiated PVA. Moreover, those seeded
on untreated and EtO-treated 2 mm grating PVA films did

not show a clear alignment as observed in the g-irradiated
2 mm grating PVA films. While the g-irradiated unpatterned
PVA film still showed qualitative improvement in cell ad-
hesion (Fig. 6C, UPG), the cell proliferation of untreated
and EtO groups (Fig. 6C–E) did not improve. In agreement
with the observed cell adhesion on the g-irradiated 2mm
grating PVA films, the cells on these films showed the
highest cell attachment, compared with other experimental
groups ( p £ 0.0001). These results demonstrate that g-
irradiation is nontoxic and enhances the endothelialization
of the PVA. No cell death was observed after 13 days of
culture in any group.

Ex vivo analysis on hemocompatibility

Platelet and fibrin activation data were obtained through
an ex vivo shunt study using a nonhuman primate model.
The platelet accumulation data (Fig. 7A) showed a steriliza-
tion treatment effect with p = 0.0001; however, Bonferroni-
corrected post hoc tests showed no specific differences
between various PVA samples ( p = 1). Significant differ-
ences were seen for the ANOVA test (F = 4.967, p = 0.022)
of fibrin accumulation between g- and EtO-treated samples
(Fig. 7B). Specifically, fibrin accumulation levels were sig-
nificantly greater on g-irradiated samples than EtO samples
(Tukey’s post hoc, p = 0.018). Untreated PVA was not sig-
nificantly different from either g- (Tukey’s post hoc,
p = 0.260) or EtO PVA (Tukey’s post hoc, p = 0.559). Both

FIG. 4. Change in (A) heat of
fusion and (B) fractional crystal-
linity as determined by differential
scanning calorimetry, (C) heating/
cooling curves of 1.5-mm-thin-
walled PVA grafts post-treatment.
All data are presented as the aver-
age of n = 3 samples – SE
(*p £ 0.05).
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untreated and EtO grafts showed low platelet and fibrin
activation, indicating good hemocompatibility.

In vivo analysis on biocompatibility

In vivo studies were performed to examine any change
that the sterilization could make to PVA biocompatibility
and immune response in the wound healing process (Sup-
plementary Fig. S4). The subcutaneous implant in the rat
model was excised and stained with H&E and immuno-
stained with MAC 387 antibody (Fig. 8). The appearance of
the graft/tissue interface between the untreated and g-group
remained similar after 3 weeks of implantation where there
was no tissue infiltration observed. Meanwhile, from the
immunostaining, it was found that only 50% of g-irradiated

PVA grafts were reactive for rat tissue growth around the
grafts, compared with 100% of untreated PVA grafts. There
were significantly less MAC 387+ cells in the surrounding
tissues of the subcutaneously implanted g-irradiated PVA
grafts compared with the untreated/nonradiated PVA grafts
in the rat studies. When comparing the macrophage acti-
vation on the baboon tissue surrounding g- and EtO-treated
grafts after 4 weeks of implantation, the implanted EtO-
treated PVA showed significantly less MAC 387+ cells
compared with g-irradiated PVA.

Discussion

While the effects of g-radiation on PVA hydrogels for tissue
engineering application have been studied,29–32 the effects of

FIG. 5. Surface atomic concentrations (%At) of (A) oxygen (O s1) and (B) carbon (C s1) on PVA films. (C) C s1 spectra
of untreated films and (D) g-irradiated films showed reduced surface –OH group after g treatment. (E) Representative
images of the water contact angle on PVA surfaces, and (F) average contact angle shown as a bar chart. The data are
presented as the average of n = 3 samples – SE for surface atomic concentration measurements (A, B) and n = 4 samples – SE
for water contact angle measurements (F) (*p £ 0.05, **p £ 0.01).
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EtO sterilization, as one of the FDA-approved terminal ster-
ilization methods, on PVA hydrogel properties were unknown.
The PVA surface is known to be unfavorable for cell attach-
ment22; however, previous studies showed the PVA materials
exhibit excellent biocompatibility and hemocompatibility.4,18

The mechanical properties of the PVA material have been
shown to be able to mimic the mechanical properties of native
blood vessel,8,21 which compelled us to study the effect of
these sterilization methods on the PVA vascular graft prop-
erties. Indeed, synthetic vascular grafts with small diameters
(<6 mm) currently face many challenges to achieve high pa-
tency rates in vivo. There are at least three major factors that
could determine graft success when implanted in vivo: vas-
cular graft mechanical properties, graft endothelialization, and
blood compatibility. We hypothesized that the EtO steriliza-

tion would not detrimentally affect PVA properties and, as
such, the EtO-sterilized grafts would still be suitable for vas-
cular graft applications. In this study, autoclaving was done to
rapidly dissolve PVA powder in the deionized water to make a
homogeneous 10% (w/v) PVA solution, as is commonly
done.54–57 It is not considered part of sterilization because the
subsequent steps were performed in a nonsterile environment.
Autoclaving also helped to prevent fabrication inconsistencies
due to solution inhomogeneity. Earlier studies from our
group,58 showed that PVA films fabricated without autoclav-
ing showed slightly lower Young’s modulus, 0.43 to 0.65 MPa,
while Young’s modulus with autoclave step reported in this
study is 1.4 to 3.7 MPa. The high Young’s modulus seen in this
study implies that sufficient crosslinking happens through the
activation of the hydroxyl function, indicating that autoclaving

FIG. 6. The effect of ster-
ilization on cell adhesion and
proliferation to unpatterned
and patterned PVA films.
SEM was performed on (A)
unpatterned and (B) 2mm
grating PVA films before and
after sterilization treatment.
There was no noticeable dif-
ference in the texture of un-
patterned surfaces of treated
and untreated hydrogels.
Gratings were also not af-
fected by either g or EtO
treatment. Cells were seeded
on these substrates and
stained with live/dead assay
after being cultured for
13 days; live cells were
stained in green and dead
cells were stained in red (no
dead cells were found). (C)
Unpatterned film: untreated
control (UPUT), g irradiated
(UPG), and EtO treated
(UPE). (D) Two micrometers
grating film: untreated con-
trol (2 mGUT), g irradiated
(2 mGG), and EtO treated
(2 mGE). White arrows indi-
cate the parallel orientation
of the microgratings. Scale
bars represent 25mm for
SEM images and 150 mm for
fluorescence images. (E) The
effect of sterilization on
the proliferation of cells as
measured with CyQUANT
assay. Quantification was
performed after 13 days of
culture. All data are pre-
sented as the average of n = 5
samples – SE except for UPG
and 2 mGUT where n = 4.
****Represents statistical
significance with p £ 0.0001.
SEM, scanning electron
microscopy. Color images
are available online.
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is not negatively impacting the crosslinking ability of PVA. It
has been reported that autoclaving could cause degradation of
gelatin-methacrylate and hyaluronic acid due to peptide bond
hydrolysis and splitting of (C-O-C) glycosidic bonds, respec-
tively.59 However, the PVA backbone mainly consists of
highly stable C-C bonds, which are unlikely to be disrupted
through the autoclaving process. Furthermore, PVA graft
storage conditions for g-irradiation and EtO sterilization were
different because EtO sterilization must be performed on dried
samples to allow efficient release of excess EtO from the grafts
during the aeration step, since EtO is a carcinogenic substance,
while g-irradiation on dried PVA samples would impede PVA
rehydration. Moreover, unlike EtO sterilization, the dehydra-
tion step is not required for g-radiation since no toxic residual
could be formed and the sterilized hydrated grafts can be im-
mediately used without the need of an additional hydration
step with sterilized water. As such, the different storage con-
ditions exemplified practical terminal sterilization consider-
ations for hydrogel materials.

The mechanical testing results of the PVA grafts, treated
with EtO and g-irradiation, were compared against the un-
treated control grafts. The thick and thin (both having 1.5 mm
diameter) and the 4-mm PVA grafts with similar thickness to
the thick had changes in mechanical properties due to the
treatment, yet the burst pressure values of all the grafts tested
were at least five times higher than physiological resting blood
pressure.60 As shown in Figure 3, the compliance of the thick
graft was significantly lower than that of the thin graft. How-
ever, Young’s modulus of the thick and thin was not signifi-
cantly different. While these properties both describe the elastic
deformation of the grafts, compliance of tubular grafts can be
affected not only by the material elasticity but also by the
geometry such as inner tube diameter and wall thickness.61,62

Previous studies showed that compliance is inversely propor-
tional to wall thickness. Therefore, although the Young’s
moduli of thick and thin grafts were not significantly different,
the compliance of the thin grafts being significantly higher than

the compliance of thick grafts can be attributed to geometrical
differences. The compliances of the g-irradiated thin grafts and
the g-irradiated 4-mm grafts were also found to be significantly
different, with the g-irradiated 4-mm grafts having the highest
average compliance among all other groups. The burst pres-
sures of thin, thick, and 4-mm samples were all significantly
different from one another. The least compliant group, thick,
had the highest burst pressure and the most compliant group,
4 mm, had the lowest burst pressure. This is in accordance with
previous studies showing that vascular grafts with lower
compliance have higher burst pressures.63,64

EtO grafts were generally stiffer than the untreated con-
trol as shown in multiple mechanical property tests such as
compliance, Young’s modulus, burst pressure, suture re-
tention strength, and MBR. The EtO grafts were also visu-
ally more transparent than the other two groups. These
observations agreed with the significant increase in EtO-
treated PVA graft crystallinity, as was measured using DSC,
causing a reduction in the graft wall thickness. However,
when using PVA films and the XRD method to measure
crystallinity, the XRD spectra did not show any change in
the crystalline peak after sterilization. However, our data
also showed that bidirectionally dip cast untreated PVA
films showed higher degree of crystallinity than solvent
casted films based on the XRD spectra. This could explain
the difference in crystallinity change between DSC and
XRD results. Indeed, a bidirectional movement of the cast
polymer has been reported before to induce higher polymer
crystallinity.65 The increase in crystallinity of the EtO group
could be a result of increased temperature and pressure
during sterilization treatment. This change in crystallinity
caused by EtO sterilization was interestingly observed by
other groups when sterilizing PLA fibers and was speculated
to be caused by an annealing effect during the sterilization
process.40 The thinner graft walls of the EtO group could
result from the dry condition of PVA grafts during EtO
treatment, which could cause polymer chains to be in close

FIG. 7. (A) Platelet accumulation and (B) fibrin accumulation data are displayed as average – SD for PVA samples.
Collagen and ePTFE controls are illustrated as means only and were not included in the statistical comparison due to low
sample size. No significant differences were observed between the various PVA samples for the platelet data; however, PVA
samples had significantly more fibrin on g-treated PVA than EtO-treated PVA. (*represents statistical significance with
p = 0.022, F = 4.967, n = 4–8). ePTFE, expanded polytetrafluoroethylene.
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FIG. 8. Histology of untreated versus g-irradiated PVA films and EtO- versus g-treated PVA grafts after being implanted
subcutaneously on the dorsal side of a rat for 21 days and at the abdominal aorta iliac bifurcation of baboons for 28 days,
respectively. H&E staining of (A) unimplanted film, (B) implanted film in rat, and (F) implanted graft in baboon. H&E and
immunostaining with MAC387 antibody of (C) rat tissue surrounding the film implant, 50 · magnification, with area chosen
for higher magnification bounded with rectangle and arrows pointing to the graft/tissue interface, (D) 200 · magnification of
(C), with inserts showing the zoomed in images of the stained macrophages. Scale bar of inserts: 10mm. (E) The total
number of rat MAC 387+ macrophages per 10 high-power fields (200 · ) in the surrounding tissues of untreated and g-
irradiated grafts. H&E and immunostaining with MAC387 antibody of baboon tissue surrounding the graft implant with (G)
8 · , (H) 40 · , and (I) 200 · magnification. Area chosen for higher magnification was bounded with rectangles. (J) The total
number of baboon MAC 387+ macrophages per 10 high-power fields (200 · ) in the surrounding tissues of EtO- and g-
irradiated grafts. Statistical significance was calculated with unpaired t-test (*p < 0.05; p = 0.0346). Brightness adjustment
was performed using ToupView software. H&E, hematoxylin and eosin. Color images are available online.
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proximity to one another and compacted even further after
the treatment. This may contribute to the decrease in
swelling and water content percentage of EtO-treated PVA.
It was suspected that a change in crosslinking may have
occurred after g-irradiation and that the addition of an eth-
oxy group (ethoxylation reaction) may have occurred after
EtO treatment as there is a known reaction between EtO and
the -OH functional groups of uncrosslinked PVA.66 How-
ever, the EtO treatment did not cause an ethoxylation re-
action as confirmed by the FTIR spectra.

The mechanical properties of g-irradiated grafts were
maintained, except for a significant increase in compliance.
Hence, the g-irradiated grafts were slightly more elastic than
the untreated controls but still within the requirements of an
arterial vascular graft.21 Knowing that there was no signif-
icant difference in the DSC and the FTIR spectra of the g-
irradiated grafts compared with the untreated controls, the
increase in compliance could be caused by scissions at some
point along the polymer chains as previously observed in
other polymers.41,67,68

Another important factor to maintain graft patency is the
ability to promote endothelialization while maintaining
blood compatibility. Surface modifications caused by either
sterilization treatment could affect these factors and were
investigated in this study. Previously, our group has shown
how the 2 mm grating topography could improve en-
dothelialization on PVA while maintaining good blood
compatibility.4,22 Therefore, we investigated the effect of
the sterilization treatments on this topography compared
with the unpatterned PVA. The fidelity of our 2 mm gratings
was not affected by any of the treatments possibly because
the aspect ratio of our grating topography was low (width:
height = 1:1); the disruption of surface topography may be
more prominent in a higher aspect ratio. The surface
roughness of the unpatterned PVA was visibly similar
among all the treatment groups. Nevertheless, g-irradiation
changed the surface chemistry of PVA. The treatment dis-
rupted surface of the –OH functional groups as it was shown
that the %O s1 was significantly lower compared with un-
treated control. The decrease in –OH group percentage on
the surface may at first appear to contradict the increase in
water content in the g-irradiated 4-mm group (Fig. 3B).
However, as observed in another study,47 g-radiation could
indeed create a more porous polymer, which means more
room for water to be absorbed by the polymer. A similar
observation regarding the increase in water uptake of g-
irradiated PVA was also reported before.30

This XPS result was further confirmed through the increase
in surface hydrophobicity, which in turn led to improved
protein adsorption to the surface through hydrophobic/
hydrophobic interaction. Knowing that g-irradiation was
found to increase graft mechanical compliance, the in-
crease in surface hydrophobicity further strengthened our
speculation that g-irradiation could have caused chain
scissions in the PVA grafts. Scissions at the main polymer
chain would expose more polymer alkyl end groups, which
are more hydrophobic compared with the –OH functional
group. The relationship between surface wettability and
cell adhesion has been previously shown.69 Hydrophobicity
promotes cell adhesion due to improvement in protein ad-
sorption to the biomaterial surface through hydrophobic/
hydrophobic interaction.

Based on the endothelial adhesion study, it was evident
on both the live/dead imaging and CyQUANT measurement
that endothelialization on the 2 mm grating topography g-
irradiated samples was improved significantly. There were
no dead cells detected at 13 days, and the cell morphology
was more elongated because of the topographical influence,
compared with those on unpatterned g-irradiated samples,
which showed a more cobblestone shape. However, the
morphology of cells on untreated films and EtO-treated
films was similar to one another. In addition, from the live/
dead imaging, we observed that cell populations on the
unpatterned g-irradiated samples were patchy with some
cells having larger cell areas compared with cells on 2 mm
grating topography g-irradiated samples. These observations
may explain the large difference in the cell density between
2 mm grating topography and unpatterned, both g-irradiated,
samples quantified with CyQUANT assay (Fig. 6E).

It should also be noted that to avoid contamination in cell
culture of the untreated PVA, all samples were pretreated
with penicillin/streptomycin solution incubation, followed
by 10 washes in phosphate-buffered saline (see the Detailed
Supplementary Materials and Methods section). To ensure
this did not affect cell viability, proliferation assays, in-
cluding Alamar blue and the live/dead assay, were done. It
was found that pretreatment with penicillin/streptomycin did
not affect cell viability (Supplementary Fig. S5).

Due to the enhancement in hydrophobicity and en-
dothelialization, and changes in PVA surface functional
groups of the g-irradiated PVA, we hypothesized that the he-
mocompatibility of the material may be impacted after g-
radiation. The hemocompatibility quantification of treated
PVA grafts showed a significant increase in fibrin accumula-
tion of g-irradiated PVA grafts, while the platelet data did not
show statistical significance between the treatment groups.
These differences should be tempered with the knowledge that
significant animal variability was found in these data, but since
the different graft samples were tested in the various animals it
was difficult to develop a statistically valid way to control for
this variability. Individual animal data are shown in Supple-
mentary Data, Supplementary Fig. S6.

Another group has previously shown the excellent bio-
compatibility of PVA, which was sterilized with 70% (v/v)
ethanol, where there was little foreign body reaction ob-
served after 3-month implantations at rabbit knee joints.70 In
this study, we found that in a subcutaneous rat model, the
biocompatibility of g-irradiated PVA was better than the
untreated PVA control, while the EtO-treated PVA was even
better than g-irradiated PVA, as there were significantly
fewer M1 expressing macrophages in the surrounding rat
tissues around the PVA implant after 3 weeks, and in the
surrounding baboon tissues after 4 weeks, respectively. The
results from the rat study are interesting as g-irradiated PVA
was expected to induce more protein adsorption during the
early stages of hemostasis than the untreated PVA control.
Nevertheless, the baboon study showed a significant increase
in the number of M1 expressing macrophages for g-irradiated
samples compared with EtO, which supports our hypothesis.

Conclusions

Terminal sterilization of an implant is important to prevent
infectious agent buildup, which could lead to graft failure.
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Because sterilization can cause changes in material properties
of hydrogels, it is necessary to quantify these before preclinical
implantations and eventual clinical studies. Herein, we studied
how EtO sterilization affected the properties of PVA vascular
grafts in comparison with the g-irradiation method. Both EtO
and g-radiation affected PVA in different ways and were shown
to have different advantages and disadvantages. While EtO
treatment changed PVA graft mechanical properties by making
grafts stiffer and reduced PVA swelling and water content
percentage, g-radiation caused PVA to become more compliant
and increased its surface hydrophobicity. The latter was also
shown to cause improvement in graft endothelialization and
immune response. However, EtO-treated grafts had decreased
fibrin accumulation from whole blood compared with g-
irradiated grafts. Through this study, we showed that both EtO-
and g-sterilized hydrogel-based grafts remained suitable for
small-diameter vascular graft applications.
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