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ABSTRACT: Novel double-network (DN) hydrogels
with high mechanical strength have been fabricated with
two biocompatible polymers, poly(vinyl alcohol) (PVA)
and poly(ethylene glycol) (PEG), through a simple freezing
and thawing method. Some properties of the obtained
hydrogels, such as the mechanical strength, rheological
and thermodynamic behavior, drug release, and morphol-
ogy, have been characterized. The results reveal that in
sharp contrast to most common hydrogels made with sim-
ple natural or synthetic polymers, PVA/PEG hydrogels
can sustain a compressive pressure as high as several
megapascals, highlighting their potential application as
biomedical materials. In addition, a model for describing
the structural formation of PVA/PEG DN hydrogels is
proposed: the condensed PVA-rich phase forms microcrys-
tals first, which bridge with one another to form a rigid

and inhomogeneous net backbone to support the shape of
the hydrogel, and then the dilute PEG-rich phase partially
crystallizes among the cavities or voids of the backbone;
meanwhile, there are entanglements of molecular chains
between the two polymers. Moreover, a mechanism is also
proposed to explain the high mechanical strength of PVA/
PEG DN hydrogels. It is suggested that the free motion of
PEG clusters in the cavities of PVA networks can prevent
the crack from growing to a macroscopic level because the
linear PEG chains in the cavities effectively absorb the
crack energy and relax the local stress either by viscous
dissipation or by large deformation of the PEG chains.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 112: 3063-3070, 2009
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INTRODUCTION

In general, a hydrogel is a hydrophilic and cross-
linked polymer network with a great capacity for
water or biological fluids, and it can remain insoluble
in solution because of the presence of chemical cross-
links (junctions and tie points) or physical crosslinks
(crystallites and entanglements)."” A hydrogel
appears as a solid with a definite shape and nonfluid-
ity on the macroscopic scale and behaves like a solu-
tion on the molecular scale because water-soluble
molecules can diffuse in the hydrogel with different
diffusion constants dependent on the diffusant size
and shape.’ Over the past 2 decades, polymer hydro-
gels have attracted more and more attention from
researchers because of their special physicochemical
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properties, such as biocompatibility, responsiveness
to stimuli, and water permeability, and they have
many more applications, such as the controlled deliv-
ery of medicinal drugs, artificial muscles, sensor sys-
tems, and bioseparation.4 However, there still exist
some limitations in the mechanical properties, bio-
compatibility, and reactivity of these materials."®
The enhancement of the mechanical strength of
hydrogels is a very interesting topic and also a great
challenge. It is well known that both poly(vinyl alco-
hol) (PVA) and poly(ethylene glycol) (PEG) are per-
mitted by the U.S. Food and Drug Administration to
be used as biosafety materials in tissue engineering
for biomedical and pharmaceutical applications.
Therefore, we have chosen PVA and PEG to develop
a novel and simple approach to fabricate biocompati-
ble hydrogel materials with high mechanical strength.

Compared with most hydrogels derived from either
natural or synthetic sources that suffer from a lack of
mechanical strength, PVA is endowed with high
mechanical strength, good processability, and long-
term temperature and pH stability and is a suitable
candidate for artificial articular cartilage.7 Besides, it
is biocompatible, nontoxic, and minimally adsorptive
for cells and proteins."”® PVA hydrogels can be



3064

chemically crosslinked through crosslinking agents or
radiation, such as electron beams or y-radiation.””’
However, radiation crosslinking is unfavorable for
biocompatible materials because of bubble formation
in its processing procedure'® and the existence of
toxic residual chemical components such as initiators,
chain-transfer agents, and stabilizers, for the removal
of which undesirable time-consuming extraction
needs to be performed. Peppas and Merrill'' exam-
ined the partial crystallization of PVA through a pro-
cess of dehydration and annealing and found that
aqueous PVA solutions had unusually characteristic
crystallite formation in freezing and thawing cycles.
The crystalline regions essentially served as physical
crosslinks to redistribute external stresses. This
method facilitates biomedical applications because it
can avoid the toxicity issue by dispensing with the
presence of a crosslinking agent. Such physically
crosslinked materials also demonstrate higher me-
chanical strength than PVA gels crosslinked by tradi-
tional chemical or radiative techniques because the
mechanical loading can be distributed effectively
along the three-dimensional structured crystallites.

PEG is a common hydrophilic and crystallizable
polymer. Studies on PEG in solution have shown that
PEG typically binds two to three water molecules per
ethylene oxide unit.'”> Because of both the high flexi-
bility of the backbone chain and the binding of water
molecules, the PEG molecule volume acts as if it were
5-10 times as large as a soluble protein of comparable
molecular weight, and this is believed to be the reason
for its ability to precipitate proteins, exclude proteins
and cells from surfaces, reduce immunogenicity and
antigenicity, and prevent degradation by mammalian
cells and enzymes.'® Recently, nontoxic high-molecu-
lar-weight PEG has been widely applied in food, cos-
metics, and pharmaceuticals.”> However, to form
three-dimensional networks, the formation of a PEG
hydrogel must be exposed to some chemical proc-
esses, which sometimes are toxic.'*%°

Gong and coworkers'®"® induced a double network
(DN) in a hydrogel structure and obtained a hydrogel
with an especially high mechanical strength. As for the
DN structure, the molar ratio of the first network to
the second network and their crosslinking density are
the crucial parameters. A gel with very high strength
can be obtained when the first network is highly cross-
linked and the second is slightly crosslinked or even
not crosslinked.> When the second network has a
crosslinking density of 0 mol % (i.e., without crosslink-
ing), the highest fracture strength and strain can be
obtained for poly(2-acrylamido-2-methyl-1-propane-
sulfonic acid) /polyacrylamide DN gels.'

Inspired by these results, we attempted to fabricate
a biocompatible hydrogel with high mechanical
strength through a combination of PVA and PEG with
simple cycles of freezing and thawing. The designed
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PVA/PEG hydrogel structure is formed by a PVA-
rich first network and a PEG-rich second component,
in which noncrosslinking or just hydrogen bonding
exists. It is noted that the adsorption of proteins and
deposition of cells in blends of PVA and PEG can be
regulated for biomedical and pharmaceutical applica-
tions. As a result, interest has been focused on the
characterization of polymer—polymer interactions,
phase separation, low-weight molecular diffusion, the
immobilization of PEG onto a PVA matrix, and the
tailoring of its degradation.””***> On the other hand,
it is well accepted that the freezing and thawing
method is an environmentally friendly, effective, effi-
cient, and benign manufacturing process for building
complex composites.**** To our knowledge, few stud-
ies concerning hydrogels composed of PVA and PEG
and fabricated through a novel and simple freezing
and thawing approach and, in particular, the mecha-
nism of hydrogel formation have been reported to
date. In this study, we attempted to prepare a PVA/
PEG DN hydrogel with high mechanical strength
through a novel and simple approach and to charac-
terize its structure and properties.

EXPERIMENTAL
Materials and sample preparation

PVA (>97.0% hydrolyzed, average degree of poly-
merization = 1750 £+ 50) was purchased from Pekin
Yili Chemical, Ltd. (Beijing, China), and PEG (weight-
average molecular weight = 7500) was purchased
from Wako Pure Chemical Industries, Ltd. (Japan).
Both were used as received and without further puri-
fication. Pure water was treated with Millipore Biocel.
The drug cefazolin sodium was purchased from
North China Pharmaceutical Group Corp.

Preparation of the PVA/PEG hydrogels

A PVA aqueous solution with a desired concentration
was obtained by the dissolution of a certain amount
of PVA in ultrapure water under 90°C with stirring
for about 6 h; then, the solution was divided into four
shares, and a different amount of PEG was added to
each solution. The mixture that formed was stirred for
2 h more. The solutions were cast into polytetrafluoro-
ethylene molds of the desired sizes for different meas-
urements later. All samples were exposed to repeated
cycles of freezing at —20°C for 8 h and thawing at
room temperature for 4 h.

Tests and measurements

Mechanical measurements

The measurements of the tensile and compressive
stress and strain for water-swollen gels were
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performed on a tensile compressive tester (WDT-10,
Shenzhen Kaigiangli Instruments, Ltd., Shenzhen,
China). For tensile stress—strain measurements,
dumbbell-shaped gel samples (65 x 5 x 2 mm®)
were fixed with two tensile clamps at each end and
elongated at a speed of 5 mm/min. For compressive
stress—strain measurements, cylindrical gel samples
with a diameter of 25 mm and a thickness of 25 mm
were set on the lower plate and compressed by the
upper plate at a strain rate of 5 mm/min.

Rheological measurements

Dynamic viscoelastic measurements of the hydrogel
samples were conducted on a Rheometrics ARES
stress-controlled rheometer (Rheometric Scientific,
Inc., United States) in a parallel-plate mode to mea-
sure the dynamic storage modulus, the dynamic loss
modulus, and the loss tangent. The diameter of the
plates was 25 mm, and the gap between the two
parallel plates was adjusted to 1.0 mm. All measure-
ments were carried out at 25°C from an initial fre-
quency of 0.05 rad/s to a final frequency of 100 rad/s.
The linear viscoelasticity for the hydrogel samples
was checked before the measurements of the elastic
and viscous moduli were started.

Observation of the morphologies

The morphologies were observed with scanning elec-
tron microscopy (SEM; S-4300 field emission scan-
ning electron microscope, Hitachi, Japan) at 15 kV.
The hydrogel samples were frozen under —20°C and
freeze-dried (FD-1-55, Pekin Boyikang Laboratory
Apparatus, Ltd., Beijing, China) to preserve the mor-
phologies of the PVA/PEG hydrogels, and then they
were broken off in liquid nitrogen to obtain frac-
tured sections. The samples that were obtained were
affixed to aluminum stubs with electroconductive
adhesive tape, and the sample surfaces were sputter-
coated with Pt.

Thermal analysis

The crystalline nature of the PVA/PEG hydrogels
prepared by the freezing and thawing process was
examined with differential scanning calorimetry
(DSC; model 822°, Mettler-Toledo, Switzerland) to
determine the degrees of crystallinity of samples
with different concentrations of PEG. The difference
in the heat flow between a sample and an inert
reference was measured as a function of time and
temperature. The hydrogels were frozen under
—20°C and vacuum-freeze-dried before being mea-
sured. The measurements were conducted at a scan-
ning rate of 5°C/min from 20 to 250°C under
nitrogen gas.
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Drug release tests

For drug release experiments, the drug-loaded hydro-
gels were formed by the dissolution of 0.05 wt % cefa-
zolin sodium in aqueous solutions of PVA and PEG to
ensure a homogeneous dispersion throughout the
hydrogel matrix, and then the solutions were treated
with three cycles of the freezing and thawing process.
The cefazolin sodium concentration was measured
in situ with a UV spectrophotometer (UV-1600, Insti-
tute of Chemistry, Chinese Academy of Sciences,
China) at the maximum absorbance wavelength of
cefazolin sodium (265.0 nm), and the data-collection
interval was 300 s. The release mechanism of cefazolin
sodium could be described by the Peppas equation as
follows:*®

M;/M., = Kt" 1)

where M;/M is the fraction of drug released, K is a
kinetic constant dependent on the system, t is the
release period, and # is the diffusion exponent indic-
ative of the release mechanism for matrices of vari-
ous shapes and swelling of nonswelling systems. For
a cylinder, n = 0.45 represents Fickian release, and a
value between 0.45 and 0.89 is indicative of anoma-
lous transport, in which there must be some influ-
ence of swelling and/or erosion. n = 0.89 indicates a
case II relaxation mechanism involving stresses and
state transitions that occur in the swelling.

RESULTS AND DISCUSSION

Hereafter, the hydrogels are labeled P;-xi-y/1/Py-xo-
Y2, where P;, x;, and y; (i = 1 or 2) are the abbrevi-
ated polymer name, weight concentration, and num-
ber of freezing and thawing cycles, respectively. In
stark contrast to most common hydrogels made by
simple natural or synthetic polymers, which are eas-
ily broken either by pressing with a finger or pulling
with the hands, the obtained PVA/PEG hydrogels
can sustain a compressive pressure as high as sev-
eral megapascals. Figure 1 presents photographs
demonstrating how a PVA/PEG DN gel sustains
high compression. The PVA-6-1/PEG-4-1 hydrogel is
so tough that it can resist strong compression and
reverse to its original shape after being treated with
a single cycle of freezing and thawing, even if it con-
tains a 90 wt % concentration of water. Moreover,
this hydrogel exhibits both high values and good
reproducibility with respect to the mechanical
strength.

Table I lists the tensile and compressive properties
of PVA/PEG hydrogels at room temperature. It is
obvious that the addition of PEG to PVA can
remarkably enhance the mechanical strength of the
obtained hydrogels. The elastic modulus increases
from 0.03 MPa for the pure PVA-6-3 hydrogel to

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Photographs demonstrating how a PVA/PEG DN gel sustains high compression: (A) the pure PVA-6-1 hydro-
gel and (B) the PVA-6-1/PEG-6-1 DN hydrogel (compressed stress for the pure PVA-6-1 hydrogel = 1.21 MPa, com-
pressed stress for the PVA-6-1/PEG-6-1 DN hydrogel = 10.06 MPa). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

0.11 MPa for the PVA-6-3/PEG-2-3 hydrogel under
tensile testing and from 1.49 MPa for the former to
15.6 MPa for the latter under compressive testing.
On the other hand, with an increase in the amount
of PEG, the elastic modulus increases remarkably.
However, the enhancement will level off as phase
separation occurs. It should be noted that biocom-
patible and mechanically strong DN gels can be
obtained by a suitable physical combination of PVA
and PEG through cycles of simple freezing and
thawing. Hence, it is believed that these biocompati-
ble hydrogels have great potential applications as
biomedical materials.

Figure 2 depicts the evolution of the dynamic stor-
age modulus and loss modulus with the frequency
for the pure PVA hydrogel and PVA/PEG DN
hydrogels containing different concentrations of PEG.
The dynamic storage modulus increases as the
amount of PEG in the hydrogels increases, and this
indicates the promotion of the elastic property of
the hydrogels.

Previous research has revealed that the microcrys-
tals in PVA hydrogels play an important role in phy-
sical crosslinking and form a three-dimensional
network, which results in their relatively high
mechanical strength.2 On the molecular level, the

TABLE 1
Effects of the PEG Concentration in the Feed on the Fracture Stress (6,,,,), Fracture Strain (A,,), and Elastic
Modulus (E) of the Pure PVA Hydrogel and PVA/PEG DN Hydrogels in Compression and Elongation Measurements

Elongation Compression
Sample Omax (MPa) Amax (Mm/mm) E (MPa) Omax (MPa) Amax (Mm/mm) E (MPa)
PVA-6-3 1.51 43417 0.03 3.03 89.67 1.49
PVA-6-3/PEG-2-3 412 324.56 0.11 12.76 96.04 15.60
PVA-6-3/PEG-4-3 5.15 320.99 0.12 23.82 97.26 29.95
PVA-6-3/PEG-6-3 6.10 307.15 0.16 25.15 95.11 29.71

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Storage modulus (G') and loss modulus (G”) as
a function of frequency for the pure PVA hydrogel and
PVA/PEG DN hydrogels with different concentrations of
PEG.

crystallites of PVA can be described as a double-lay-
ered structure held together by hydroxyl bonds while
weak van der Waals forces operate between them,
and less crystallinity appears to be due to intramolec-
ular hydrogen bonding. According to Inamura and
coworkers,”?® a PVA and PEG aqueous solution can
separate into two phases over a certain concentration,
that is, a condensed phase with a high PVA concen-
tration and a dilute phase with a high PEG concen-
tration. We propose a novel model dealing with
structural formation for a PVA/PEG DN hydrogel
having high mechanical strength; that is, in the phase-
separated system, high crystallization appears in the
condensed PVA-rich phase first, and then the micro-
crystals bridge with one another to form a net back-
bone to support the shape of the hydrogel. Moreover,
the dilute PEG-rich phase partially crystallizes among
the cavities or voids of the backbone. Also, there exist
entanglements of molecular chains between the two
polymers. The addition of PEG to a PVA aqueous
solution leads to more distinct phase separation as the
interaction of water with PEG is stronger than it is
with PVA, as PEG can typically bind two to three
water molecules per ethylene oxide unit.'">?” The PVA
condensation induced by PEG results in an increase
in the apparent degree of crystallization for PVA,
which has been validated by our DSC results. The
degree of crystallinity based on the dry gel is calcu-
lated by the division of the corrected AH (change of
the enthalpy) value by the heat required for melting a
100% crystalline PVA sample (138.6 J/mol).* Figure 3
shows that the apparent degree of crystallization of
PVA in the hydrogel is 45% for the pure PVA-6-3
hydrogel and approaches 57% for the hydrogel with
the addition of an equal percentage of PEG. The sharp
peak at approximately 230°C represents the melting
of PVA, and the peak at 50-60°C is the melting point
of PEG. When the content of PEG is less than 2 wt %,
the peak is single, and the maximal point appears
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around 50°C. However, as the content of PEG
increases, a second peak at 60°C appears and enlarges
with an increase in the amount of PEG; this is the
same as the melting point of pure PEG. On the basis
of the DSC results, we assume that the PVA chains
can inhibit the PEG crystallization process and that
the interface between PVA and PEG acts as a crystal
nucleus for PEG crystallinity; this is called heteroge-
neous nucleation-induced crystallization. When the
amount of PVA is insufficient for the nucleation as the
concentration of PEG increases, homogeneous nuclea-
tion-induced crystallization occurs in the rest of the
PEG and is similar to that in the pure PEG matrix. We
believe that this multicrystallizability possibly facili-
tates the interaction of the two crystal polymers,
resulting in increased mechanical strength of the
obtained hydrogel.

Figure 4 presents SEM images of PVA/PEG hydro-
gels with different contents of PEG. On the micro-
scale, the morphological structure of the PVA/PEG
hydrogels with different contents of PEG is distinctly
diverse. For the pure PVA hydrogel fabricated by the
freezing/thawing method, the microstructure of PVA
is a three-dimensional network supported by crack-
like and thin crystal PVA walls. However, for PVA/
PEG hydrogels with different ratios of PEG, only a
limited porous structure composed of close-gained
thick walls of polymer blends can be found. On the
other hand, the greater the amount of PEG is, the
more compact the wall matrix is, and this can be
attributed to the formation of a thicker supporting
wall due to the accumulation of PEG around the PVA
backbone and the cavities of the network. Hence, it is
reasonable for us to believe that the porous structure
that is formed may be a key to the high mechanical
strength of the PVA /PEG hydrogels.

m
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—— PVA-6-3/PEG-6-3

12 -
C
T v T v T v T v T
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Figure 3 Thermograms for pure PVA and PVA/PEG
samples exposed to repeated cycles of freezing and
thawing.
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Figure 4 SEM images of PVA/PEG hydrogels with different contents of PEG: (A) 0, (B) 2, (C) 4, and (D) 6% (larger scale

views are inset, and the bar represents 100 pm).

In general, there is an increase in the degree of
physical crosslinking with an increasing number of
freezing/thawing cycles for the pure PVA hydrogel.”
Table II presents the effect of the number of freezing
and thawing cycles on the mechanical strength for the
pure PVA hydrogel and PVA/PEG DN hydrogels in
compression testing. The influence of the number of
freezing and thawing cycles on the PVA/PEG DN
hydrogel is more pronounced in comparison with the
pure PVA hydrogel. Moreover, as the number of
freezing and thawing cycles increases, the increase in

the elastic modulus for the PVA/PEG DN hydrogel is
more remarkable than that for the pure PVA hydro-
gel. This suggests that the spatial obstacle of the PEG
molecular chain may affect the crystallization process
of PVA. It has been noted that PEG chains have
hydrophilic and hydrophobic segments, which can
result in its dissolvability in both water and organic
solvents.® From this point of view, PEG can behave
like a lubricant for the PVA crystallization process
and can promote crystallizability. However, some-
times this spatial obstacle may also hinder the

TABLE II
Effects of the Number of Freezing and Thawing Cycles in the Feed on the Maximal Load (F), Fracture Stress (6,ax),
and Elastic Modulus (E) of the Pure PVA Hydrogel and PVA/PEG DN Hydrogels in Compression Testing

Compression Compression
Sample F (N) Omax (MPa) E (MPa) Sample F (N) Omax (MPa) E (MPa)
PVA-6-1 7.208 0.015 0.120 PVA-6-1/PEG-4-1 42.943 0.087 0.676
PVA-6-3 87.992 0.179 0.811 PVA-6-3/PEG-4-3 142.371 0.290 2.035
PVA-6-5 104.690 0.213 1.194 PVA-6-5/PEG-4-5 352.648 0.718 7.156

Journal of Applied Polymer Science DOI 10.1002/app
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crystallization, and the formation of hydrogen bond-
ing presents as temporary crosslinks. Therefore, it is a
complex result for the effect of PEG chains on PVA
crystallization.”*

The drug release ability of cefazolin sodium in the
PVA/PEG hydrogel is similar to that of the pure
PVA hydrogel (Fig. 5). In other words, the addition
of PEG has no significant effect on the drug release
behavior of the PVA hydrogel. Diffusion exponent
n is 0.5 (lower than that of 0.89) for both the pure
PVA and PVA/PEG hydrogels, implying a case I
relaxation mechanism in which anomalous transport
of cefazolin sodium exists in the pure PVA and
PVA/PEG hydrogels instead of a case II relaxation
mechanism involving the stresses and state transi-
tions that occur in the swelling.

Accordingly, we propose a structural model for
describing PVA/PEG DN gels with high mechanical
strength. Figure 6 presents a schematic representation
of the structural model and the mechanism for pre-
venting crack development in PVA/PEG DN hydro-
gels. The network of the PVA component is rigid and
heterogeneous, and some large cavities exist because
of the specific freezing and thawing treatment. Except
for the PEG chains interpenetrating the PVA network,
the rest enter the cavities of the PVA network and act
as energy dissipaters. As a result, partial entangle-
ment of PEG with the PVA network can absorb crack
energy and relax the energy through molecular chain
movements. If we consider the highly crosslinked net-
work of PVA, which has a high Young’s modulus but
is brittle, it is easy to understand that the dramatically
enhanced mechanical strength results from an effec-
tive relaxation of stress by the loosely crosslinked
second component. Furthermore, because of the
free motions of PEG clusters in cavities of the PVA
network, PEG in the cavities effectively absorbs the

0.6
054
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014 O Pure PVA-6-3
® PVA-6-3PEG-4-3
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Figure 5 Cefazolin concentration measured in situ with a
UV spectrophotometer at the maximum absorbance wave-
length of cefazolin (265.0 nm).
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Figure 6 Schematic representation of the structural model
and mechanism to prevent crack development in PVA/
PEG DN hydrogels.

crack energy either by viscous dissipation or by large
deformation of its chains, preventing the cracks from
growing to a macroscopic level. Therefore, the incor-
poration of a second polymer component with a
higher crosslinking density will result in substantial
lowering of the mechanical strength of the DN gel. In
other words, the increased mechanical strength of the
DN gel results from the effective relaxation of locally
applied stress and the dissipation of the crack energy
through diffusive vibrations of the PEG (cluster). It is
suggested that the part of PEG entangled with the
PVA network could act as an anchor, and PEG with a
high molecular weight may stretch significantly and
rupture during the fracture process, leading to con-
sumption of the crack energy. It is worth emphasizing
that the structural model proposed here is different
from the conventional interpenetrating polymer net-
work and semi-interpenetrating polymer network
structural models, which usually are equimolar in
composition and can hardly exhibit substantial
improvements in the mechanical strength.?!

CONCLUSIONS

A novel and simple method for preparing hydrogels,
that is, the treatment of polymer aqueous solutions
with cycles of freezing and thawing, has been pro-
posed, and a biocompatible DN PVA/PEG hydrogel
with excellent high mechanical strength has been
prepared. Besides mechanical measurements, rheo-
logical and thermodynamic properties, morphologi-
cal structures, and drug release properties have also
been determined to illuminate the special properties
of the PVA/PEG DN hydrogel. The PVA/PEG
hydrogel can sustain a compressive pressure as high
as several megapascals; this is in stark contrast to
most common hydrogels made by simple natural or
synthetic polymers. The hydrogel formation process
can be divided into two stages: first is the formation
of a three-dimensional rigid and inhomogeneous
network backbone composed mainly of the micro-
crystals of the condensed PVA-rich phase, which

Journal of Applied Polymer Science DOI 10.1002/app
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bridge with one another to support the shape of the
hydrogel, and second is the partial crystallization of
the dilute PEG-rich phase among the cavities or
voids of the backbone. It is believed that the entan-
glement of molecular chains between these two
polymers acts as an anchor for the PEG chains to the
PVA backbone. A mechanism has also been pro-
posed to explain the high mechanical strength of the
PVA/PEG DN hydrogel. The reason for the effective
relaxation of locally applied stress and the dissipa-
tion of the crack energy through viscous dissipation
or large deformation of the PEG chains is proposed
to be the combination of the rigid and inhomogene-
ous first component network with the tough and
freely movable second component in the cavities of
the network. It is suggested that this biocompatible
hydrogel with excellent high mechanical strength
may have great potential in biomedical applications.

References

1. Hassan, C. M.; Peppas, N. A. Adv Polym Sci 2000, 153, 37.

2. Tanaka, Y.; Gong, J.; Osada, Y. Prog Polym Sci 2005, 30, 1.

3. Ricciardi, R.; Mangiapia, G.; Celso, F. L.; Paduano, L.; Triolo, R.;
Muriemma, F.; Rosa, C. D.; Lauprétre, F. Chem Mater 2005, 17,
1183.

4. Park, J.; Park, J.; Ruckenstein, E. ] Appl Polym Sci 2001, 82,
1816.

5. Kim, S. Y,; Shin, H. S.; Lee, Y. M,; Jeong, C. N. ] Appl Polym
Sci 1999, 73, 1675.

6. Mansur, H. S.; Oréfice, R. L.; Mansur, A. A. P. Polymer 2004,
45, 7193.

7. Ossipov, D. A.; Hilborn, ]J. Macromolecules 2006, 39, 1709.

8. Hassan, C. M.; Stewart, J. E.; Peppas, N. A. Eur ] Pharm Bio-
pharm 2000, 49, 161.

Journal of Applied Polymer Science DOI 10.1002/app

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.
25.
26.
27.
28.
29.
30.

31.

ZHANG ET AL.

. Li, W.; Xue, F.; Cheng, R. Polymer 2005, 46, 12026.
. Millon, L. E.; Mohammadi, H.; Wan, W. K. J Biomed Mater

Res B 2006, 79, 305.

Peppas, N. A.; Merrill, E. W. ] Appl Polym Sci 1976, 20, 1457.
Roberts, M. J.; Bentley, M. D.; Harris, J. M. Adv Drug Delivery
Rev 2002, 54, 459.

DiRamio, J. A.; Kisaalita, W. S.; Majetich, G. F.; Shimkus, J. M.
Biotechnol Prog 2005, 21, 1281.

Stringer, J. L.; Peppas, N. A. ] Controlled Release 1996, 42,
195.

Kushibiki, T.; Matsuoka, H.; Tabata, Y. Biomacromolecules
2004, 5, 202.

Gong, J.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Adv Mater
2003, 15, 1155.

Yasuda, K.; Gong, J.; Katsuyama, Y.; Nakayama, A.; Tanabe,
Y.; Kondo, E.; Ueno, M.; Osada, Y. Biomaterials 2005, 26, 4468.
Nakayama, A.; Kakugo, A.; Gong, J.; Osada, Y.; Takai, M,;
Erata, T.; Kawano, S. Adv Funct Mater 2004, 14, 1124.

Na, Y.; Kurokawa, T.; Katsuyama, Y.; Tsukeshiba, H.; Gong, J.;
Osada, Y.; Okabe, S.; Karino, T.; Shibayama, M. Macromole-
cules 2004, 37, 5370.

Masaro, L.; Zhu, X. X.; Macdonald, P. M. Macromolecules
1998, 31, 3880.

Llanos, G. R.; Sefton, M. V. Macromolecules 1991, 24, 6065.
Martens, P. J.; Bryant, S. J.; Anseth, K. S. Biomacromolecules
2003, 4, 283.

Guo, K.; Chu, C. C. ] Polym Sci Part A: Polym Chem 2005, 43,
3932.

Lozinsky, V. I; Bakeeva, I. V.; Presnyak, E. P.; Damshkaln, L.
G.; Zubov, V. P. ] Appl Polym Sci 2007, 105, 2689.

Debille, S.; Saiz, E.; Nalla, R. K.; Tomsia, A. P. Science 2006,
311, 515.

Khare, A. R.; Peppas, N. A. Biomaterials 1995, 16, 559.
Inamura, I; Toki, K.; Tamae, T. Polym ] 1984, 16, 657.
Inamura, I. Polym J 1986, 18, 269.

Hassan, C. M.; Peppas, N. A. Macromolecules 2000, 33,
2472,

Peppas, N. A.; Hilt, J. Z.; Khademhosseini, A.; Langer, R. Adv
Mater 2006, 18, 1345.

Zhao, S.; Ma, D.; Zhang, L. Macromol Biosci 2006, 6, 445.



