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Abstract
Hydrogels have been proposed as candidates for tissue replacement; however, current systems are often highly susceptible to hydrolytic degradation and have not been shown to mimic the viscoelastic behavior of the native tissue when subjected to dynamic loading
conditions. In the present work, 1,2-epoxy-5-hexene modiﬁed poly(vinyl alcohol) was crosslinked via photopolymerization to generate
non-degradable hydrogels with mechanical properties and network characteristics that could be modulated through variation in the type
and percentage of a monomeric additive. Complex shear moduli obtained from dynamic frequency sweeps in torsional shear were used to
exemplify the diﬀerences in the viscoelastic behavior of the materials, and the corresponding changes in crosslink density were determined
by rubber elasticity theory. Hydrolysis resistance was assessed by monitoring variations in the moduli of hydrogels submerged in Hank’s
balanced salt solution for progressively longer periods of time. Over the time-frame of the experiment, no change in the viscoelastic
behavior was observed. Direct contact assays and elution tests were used to demonstrate that the system was non-cytotoxic. This study
represents a successful attempt to generate a non-degradable hydrogel system with viscoelastic behavior that can be readily modulated to
match that of soft biological tissues for use in tissue replacement.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Hydrogels are currently being explored for a number of
biomedical applications, including space-ﬁlling devices,
vehicles for drug delivery and scaﬀolds for tissue engineering [1–4]. Those deigned to be used as permanent space-ﬁlling devices, i.e. for tissue replacement, must exhibit longterm stability in vivo and should mimic the viscoelastic
behavior of the native tissue when subjected to physiological loading. Unfortunately, most hydrogels designed to
date do not meet either of these requirements.
Due to the viscoelastic nature of most biological tissues,
comparative studies under dynamic loading are crucial in
identifying an appropriate material for tissue replacement;
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however, the majority of hydrogel systems have only been
evaluated under static or transient axial loading, i.e. creep
or stress relaxation. For example, despite evidence that the
nucleus pulposus behaves as a viscoelastic solid under
dynamic loading, in contrast to the ﬂuid-like behavior
exhibited at slow deformation rates [5], synthetic materials
designed for use as replacements have, for the most part,
only been evaluated under creep and static compression
[6,7]. The latter example exempliﬁes why dynamic loading
is crucial in comparing synthetic and natural tissues. A
material with mechanical properties that could be modulated to match those of soft tissues when subjected to a
physiological range of frequencies (0.1–20 Hz) could prove
useful in the realm of tissue replacement.
In contrast to compression and tension, simple shear
is an isochoric process; therefore, the disparities between
viscoelastic materials, including biological tissues, and
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simple liquids or solids are more perceptible under shear
than in axial loading [8]. In the absence of a volume
change, deformation occurs without interstitial ﬂuid ﬂow;
consequently, shear provides a convenient method of isolating the ﬂow-independent (intrinsic) viscoelastic properties. Torsional shear has provided insight into the
structure–function relationships of soft tissues, which are
typically bi- or multiphasic in nature [9–12]. For example,
modiﬁcations of the composition of articular cartilage in
a manner intended to mimic degradation have been correlated with changes in the dynamic shear modulus [12].
Therefore, dynamic torsional shear testing may be useful
in comparing the intrinsic viscoelastic properties of synthetic tissues to those of natural tissues.
In addition to shortcomings in mechanical evaluation,
the nature of most crosslinks in hydrogels designated for
long-term tissue replacement suggest that erosion may be
a future problem. Physical crosslinks that possess similar
mechanical strength to covalent crosslinks and avoid the
use of potentially toxic chemical reagents are commonplace, but are not resistant towards erosion under physiological conditions [13] and problems with wear resistance
have been encountered in some applications [14]. In the
short-term, chemical crosslinks lessen problems with erosion; however, many traditional crosslinking agents contain hydrolyzable bonds. Scission of the latter bonds will
eventually lead to polymer degradation, the primary process of erosion. The rate of hydrolysis can be altered by
changing the predominant bond type within the crosslinks
[15]. For hydrogels to serve as plausible tissue replacements, a composition must be found that can be matched
to that of natural tissues and that is relatively non-degradable under physiological conditions.
Poly(vinyl alcohol) (PVA) based hydrogels have
received widespread attention as a result of their excellent
biocompatibility, high elasticity, inherently low toxicity
and propensity to swell considerably when submerged in
water. Through variation of polymer molecular weight
and degree of hydrolysis, materials with a wide range of
physical properties can be obtained [13]. Crosslinking
through the use of bifunctional reagents has been successful [16–18]; however, there is a reluctance to use these
hydrogels for biomedical applications due to concerns over
possible entrapment of residual toxic reagents within the
network [13]. Physical crosslinks can be formed by freezing
and thawing an aqueous solution of PVA repeatedly
[13,19–21]. Although the resultant network does initially
show strength and elasticity that is analogous to that of
covalently crosslinked hydrogels, with time, dissolution of
the chains occurs and some of the crystallites begin to
‘melt’ out [21]. The latter instability precludes their use in
any long-term devices. PVA can also be modiﬁed with a
group, such as glycidyl acrylate or methacrylate, that is susceptible towards radical attack and is subsequently crosslinked via photopolymerization [22–24]. Networks based
upon covalent bonds can thereby be generated with a minimal use of potentially toxic crosslinking agents. Unfortu-

nately, as discussed above, the ester-based linkages are
still susceptible to hydrolysis.
In the present study, hydrogels with non-labile etherbased crosslinks were generated by photopolymerization
of 1,2-epoxy-5-hexene-modiﬁed PVA, and the intrinsic viscoelastic properties were modulated through the use of a
monomeric additive. Speciﬁcally, dynamic frequency
sweeps were performed under torsional shear, and complex
shear moduli and phase shift angles were used as parameters for comparison. Rubber elasticity theory was used as
the foundation for network characterization to account
for the diﬀerences in mechanical properties between hydrogels. Hydrolytic susceptibility was assessed by monitoring
the change in viscoelastic behavior with time when samples
were submerged in physiological solution. Direct contact
assays and elution tests were performed to ensure that
the hydrogel system was non-cytotoxic.
2. Materials and methods
2.1. Materials
1,2-Epoxy-5-hexene and PVA with 98–99% hydrolysis
and a molecular weight of 85–124 K were purchased from
Aldrich Chemical Company and used as received. N-Vinylpyrrolidone (NVP), 2-hydroxyethyl acrylate (HEA), N,Ndimethylacrylamide (DMAA) and acrylic acid (AA) were
obtained from Aldrich Chemical Company and puriﬁed
by passing through a column of neutral alumina. All
monomers were either used immediately following puriﬁcation or stored in an amber glass bottle at 4 °C to prevent
spontaneous polymerization. Photoinitiator 2-hydroxy-1[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, I2959) was provided by Ciba Specialty Chemicals. All other commercial reagents were purchased from
Aldrich Chemical Company and used without further puriﬁcation. Hank’s balanced salt solution was prepared with
DI water following a known protocol [25].
2.2. Analytical data
Proton (1H) NMR spectra were recorded with a Bruker
400 (400 MHz) or a Bruker 300 (300 MHz). Proton (1H)
chemical shifts, reported in parts per million (ppm), were
referenced using internal D2O. Coupling constants (J) are
reported in Hertz (Hz). The following abbreviations for
multiplicities are used: singlet, s; doublet, d; doublet of
doublets, dd; multiplet, m. Carbon (13C) NMR spectra
were recorded on a Varian (500 MHz). Carbon (13C) chemical shifts, reported in ppm, were referenced to external
DMSO.
Fourier tranform infrared (FTIR) data was recorded
with a Bruker Equinox 55 infrared spectrometer at a resolution of 4 cm1. Absorption spectra were obtained by
averaging 32 scans from 600 to 4000 cm1. A spectrum
of water obtained under identical conditions was subtracted from the hydrogel spectra as background.
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