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Abstract: Biomimetic hydrogel made of poly(ethylene
glycol) and soy protein with a water content of 96% has
been developed for moist wound dressing applications. In
this study, such hybrid hydrogels were investigated by
both tensile and unconfined compression measurements in
order to understand the relationships between structural
parameters of the network, its mechanical properties and
protein absorption in vitro. Elastic moduli were found to
vary from 1 to 17 kPa depending on the composition,
while the Poisson’s ratio (&0.18) and deformation at break
(&300%) showed no dependence on this parameter. Fur-
ther calculations yielded the crosslinking concentration,
the average molecular weight between crosslinks (MC) and

the mesh size. The results show that reactions between
PEG and protein create polymeric chains comprising mole-
cules of PEG and protein fragments between crosslinks.
MC is three times higher than that expected for a ‘‘theoreti-
cal network.’’ On the basis of this data, we propose a
model for the 3D network of the hydrogel, which is found
to be useful for understanding drug release properties and
biomedical potential of the studied material. � 2007 Wiley
Periodicals, Inc. J Biomed Mater Res 83A: 88–97, 2007
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INTRODUCTION

Strong interest in the design and development of
novel biomimetic hydrogels can be attributed to the
unique combination of hydrophilicity, biocompatibil-
ity, and tissue-like properties of these materials.1–3

Hydrogels have been suggested for numerous appli-
cations, such as controlled delivery of drugs,4 artifi-
cial articular cartilage5 or vessels,6 contact lenses,7

wound dressings,8,9 and many other devices. Suitabil-
ity of a hydrogel for a particular application often
depends on the structural and mechanical characteris-
tics of the biomaterial. For example, poly(vinyl alco-
hol) (PVA)-based hydrogel used to replace damaged

articular cartilage has compressive moduli of 1–18
MPa,5 whereas photopolymerized poly(ethylene gly-
col) (PEG)-based hydrogel for vascular vessel replace-
ment is reported to be less stiff, with tensile moduli
between 20 and 230 kPa,6 depending on the molecular
weight of PEG.

Basic mechanical properties of hydrogels deter-
mined from either tensile mode6,10–12 or unconfined
compressive measurements5,13–15 usually include the
tensile or compressive modulus, the ultimate yield
and the deformation at break, respectively. Less fre-
quently the authors also present Poisson’s ratio, with
the exception of the reports of Takigawa et al.16 for
polyacrylamide-based hydrogel and of Urayama
et al.17 for PVA-based hydrogel. Parameters deter-
mined in mechanical tests are frequently used to
relate composition with structural organization of the
material.

The hydrogel studied in this work has been devel-
oped as a hybrid material made of poly(ethylene gly-
col) (PEG) and natural soy protein.2 The protein com-
ponent of the hydrogel contributes to the ‘‘tissue-like’’
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properties, whereas the bioinert polymer chains of
PEG are responsible for the hydrophilicity of the ma-
terial. This hydrogel contains up to 96% of water2,18,19

and is presently used as a moist wound dressing and
transdermal drug delivery device. Recent studies
demonstrated that the PEG-protein hydrogel is
inflammatory inert and accelerates wound closure
in vivo.20 Improved wound healing response is attrib-
uted to the moist environment provided by the
hydrogel in the wounds and the ability of the material
to interact predominantly with low-molecular weight
proteins at the site of injury.20

Selectivity of the protein absorption in vivo was
assumed to be governed by the pore size of the
hydrogel network, but quantitative characteristics
were unknown. Also, an influence of the individual
components of this hybrid system on the permeabil-
ity, water content, and elasticity of the biomaterial
remained obscure. Therefore, in this study, we syn-
thesized a series of hydrogels with different concen-
trations of soy protein and conducted a detailed char-
acterization of their mechanical properties. Since the
hydrogel reticulation appears due to formation of
covalent bonds between carbonate moieties of PEG
and amino groups of protein, it was expected that the
variation in the concentration of protein would lead
to the modification of the mechanical properties
of the PEG-protein network. Special attention was
devoted to the development of the hydrogel composi-
tion that would combine high water content with sat-
isfactory mechanical performance to fulfill the
requirements of stress resistance, durability, pliabil-
ity, and bioactivity of the wound dressing device.

The results of the mechanical tests are interpreted
in terms of crosslinking density (me), mesh size (n),
and average molecular weight between crosslinks
(MC). These structural parameters are related to the
component composition of the hydrogels, which
allowed us to propose a model of the structural orga-
nization of the hybrid PEG-protein material and
explain its behavior in topical in vivo application.

EXPERIMENTAL SETUP

Synthesis of hydrogels

The hydrogels for this study were synthesized by Bioar-
tificial Gel Technologies, Montreal, Canada. To obtain
hydrogels with different compositions, protein solutions
with mass concentrations (CProt) that varied from 8 to 14%
were mixed with a 22% solution of PEG. The details of the
hydrogel synthesis have been published elsewhere.2,18–21

In brief, hydrogel formation is achieved via a condensation
reaction between the amino groups of protein and carbon-
ate-activated PEG with subsequent release of p-nitrophenol
molecules. As a result of this reaction, stable urethane link-

ages between a biopolymer and PEG are formed. Hydro-
gels are then washed in a phosphate buffer solution (PBS)
at pH of 7.2–7.4 to remove unreacted components. During
purification, an equilibrium swelling of the hydrogel was
attained. PEG used for the synthesis has a molecular
weight of 8 kDa, as confirmed by 1H nuclear magnetic res-
onance analysis (data not shown). Hydrolyzed soy protein
has a relatively high polydispersity with one major compo-
nent possessing a molecular weight of 45 kDa, as charac-
terized by size-exclusion chromatography.21

Determination of the hydrogel composition

The determination of the protein concentration in the
hydrogels after synthesis and purification (CProt/HG) was
performed according to the following procedure. Samples
of hydrogel (approximately 500 mg) were hydrolyzed in
3 mL of 1.0M NaOH at 608C. After neutralization with
concentrated H3PO4, protein-containing solutions were
weighed and subjected to the bicinchoninic acid assay for
protein quantification. The latter relies on the formation of
Cu2þ-protein complex under alkaline conditions followed
by reduction of Cu2þ to Cuþ. A calibration curve for pro-
tein quantification was established using standard solu-
tions with a known concentration of hydrolyzed soy pro-
tein. The measurements were repeated in triplicate for
each hydrogel composition.

After weighing swollen samples (ms), the hydrogels
were dried at 508C for *24 h until a constant weight (md)
was reached. The volume fraction of polymer (crosslinked
network of PEG and soy protein) in the swollen hydrogel
(F2) and the water content (Wc) were determined from
Eqs. (1) and (2), respectively:

U2 ¼
md

qd
md

qd
þ ðms �mdÞ

qWater

ð1Þ

Wcð%Þ ¼ 100
ðms �mdÞ

ms
; ð2Þ

where qd and qWater represent the densities of dried hydro-
gel and water, respectively. To calculate qd, we measured
the thickness and the area of hydrogel samples using a mi-
crometer, and we used the values of md.

Knowing CProt/HG and WC, we calculated the concentra-
tion of PEG in the hydrogel (CPEG/HG) using the following
equation:

CPEG=HG þ CProt=HG þWc ¼ 100% ð3Þ

Evaluation of the mechanical properties

Unconfined compression mode

Mechanical properties of the hydrogels in the compres-
sion mode were measured using the Mach-1TM mechanical
testing system from Biosyntech, Montreal, Canada. The
testing chamber was designed for uniaxial unconfined
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compression, which allows for the expansion of the swol-
len tablet in the radial direction and expulsion or adsorp-
tion of PBS during compression. The system consists of
an actuator to precisely control the displacement with a
25 nm resolution and a load cell with a 10 mg resolution.

The samples were cut from hydrogel sheets using a 6-
mm diameter punch. The diameter and the thickness of
the samples were then measured using a micrometer. The
relative standard deviation in these measurements was
about 3%. Swollen hydrogel samples were placed on the
base of the testing chamber mounted on the actuator plat-
form. The contact between the sample and the compres-
sion post fixed to the load was precisely controlled by the
displacement of the actuator until a load of 0.2 g was
reached. The testing chamber was then filled with PBS so-
lution at pH ¼ 7.5.

For all of the measurements, the same load program has
been used: the hydrogel was equilibrated for 1 h in PBS,
followed by five compression steps of 10% of the sample
thickness with a relaxation period of 15 min between the
consecutive steps [Fig. 1(a)]. The compression rate was
fixed at 35 lm/s. Assuming an elastic behavior of hydro-
gel and uniform strain, the compressive stress (PC) and the
strain along the thickness (eZ) are expressed as:

PC ¼ F

A
ð4Þ

eZ ¼ DLz
Lz

; ð5Þ

where F is the force measured by the load cell, A is the
area of uncompressed hydrogel sample, Lz is the initial
thickness of the hydrogel sample, and DLz is the deforma-

tion along the thickness. The compressive modulus after
the relaxation period (EC) is defined as the ratio of the sta-
bilized stress over the strain:

EC ¼ PC

eZ
ð6Þ

At least three measurements were performed for each
hydrogel composition using three separate samples.

Tensile mode

The tensile mode measurements were performed under
ambient conditions using a slip-peel test instrument (Peel
Tester Instrumentors SP-103B-3M45) using a load cell of 0–
19 g and a displacement rate of 2.2 cm/min [Fig. 2(a)]. The
hydrogel samples were cut with a punch to ensure a re-
producible shape20 in the dumbbell geometry, according to
the D638-03 ASTM standard for the measurement of ten-
sile properties of plastics. The narrow central parts of the
samples were 4-cm long and 6-mm wide. The sample
thickness was measured using a micrometer.

Prior to measurements, markers were drawn on the
sample surface both in parallel and perpendicular to the
direction of stretching (X- and Y-axis), which allowed one
to measure dimension changes in both directions (Fig. 2).
During the test, the tensile force was recorded by the load
cell as a function of time. In addition, photographs were
taken with a digital camera in 30-s intervals. The images
were treated using the UTHSCSA Image Tool software,
resulting in the intensity profiles along and across each
sample. The markers were easily discernable as low-inten-
sity zones. Stretching was performed until a rupture
occurred, yielding the values of deformation at break (eu)
and ultimate yield (ru).

Figure 1. Typical load sequence used during the uncon-
fined compressive measurements (a) and resulting stress–
relaxation curves (b).

Figure 2. Experimental set-up for the tensile mode meas-
urements.
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Sample deformation (elongation along the X-axis and
shrinking along the Y-axis) was calculated as a ratio of the
measured and the initial distances between two markers.
Elongations of segments 1–3 [Fig. 2(b)], as well as the
changes in the whole central part, were evaluated for
method validation purposes.

The tensile elastic modulus (ET) and Poisson’s ratio (m)
were obtained from the following relations22:

ET ¼ PT

eX
ð7Þ

m ¼
�eX
PT
eY
PT

ð8Þ

where eX and eY represent the strains in the X- and Y-
directions, respectively, and PT is the tensile stress that is
calculated by dividing the tensile force by the section area
of the thinner part of the dumb-bell shape sample before
any deformation, as recommended by the ASTM stand-
ard.20 Four specimens were evaluated for each hydrogel
composition.

Structural properties of hydrogels

The theory of Flory for rubber elasticity allows one to
quantitatively determine the characteristics of the net-
work structure of the hydrogel. Each pair of units partici-
pating in the formation of a crosslink is selected ran-
domly, but it requires the partners to be in suitable prox-
imity at the moment of linkage formation.23 Using this
theory and assuming a Gaussian distribution of the chain
lengths, we calculated me (mol/m3) and the average mo-
lecular weight between crosslinks, MC, from the following
equations10,23–25:

E ¼ 3 meU
1=3
2 RT ð9Þ

qd
MC

1� 2MC

Mn

8
>:

9
>; ¼ meU

1=3
2 ; ð10Þ

where E is the elastic modulus, R is the ideal gas constant
(8.314 J K�1 mol�1), Mn is the number average molecular
weight of the linear polymer chain before crosslinking,
and T is the temperature in Kelvin.

The microstructural characteristics of hydrogels, such as
the mesh size (n), have been calculated, according to
Temenoff et al.26:

n ¼ U�1=3
2

�
r20
�1=2 ð11Þ

where r20 is the end-to-end distance of the polymer chains.
Here, the r20 parameter can be determined by considering
the characteristic ratio of the polymer (Cn):

Cn ¼ r20
Nl2

; ð12Þ

where l ¼ 1.47 Å is the weighed average bond length of
C��C and C��O bonds. We used Cn ¼ 4 for PEG, accord-
ing to Billmeyer.27 N is the number of bonds between

two crosslinks, which can be calculated from MC for
PEG:

N ¼ 3MC

MR
ð13Þ

where MR is the molecular weight of the repeating units of
the chain between two crosslinks.

Protein absorption in vitro

This experiment was conducted to demonstrate the mo-
lecular-weight dependent mechanism of the wound pro-
teins absorption by the PEG-protein hydrogel dressing.
Small round pieces of the cotton pad were moistened with
200 lL of the PBS solution. The pads were incubated in
the protein solution containing a mixture of fibrinogen
(molecular weight, MW ¼ 340 kDa), bovine serum albu-
min (MW ¼ 66 kDa), soybean trypsin inhibitor (MW ¼ 20
kDa), and aprotinin (MW ¼ 6.5 kDa). The pads were air-
dried overnight. Afterwards, the pads were covered with
round pieces of hydrogels preliminarily equilibrated in the
PBS overnight. Absorption of the protein from the pads
proceeded for 48 h at 328C. The samples of the hydrogel
were taken after 3, 7, 24, and 48 h of incubation for protein
extraction and analysis. The contact surfaces of the hydro-
gels were washed with PBS to remove surface-bound pro-
teins. Analysis of the absorbed proteins was done by
means of SDS electrophoresis (SDS-PAGE) of the extracts
of the hydrogels in PBS.

SDS-PAGE electrophoresis under denatured conditions
was done in Tris-HCl/SDS buffer on the 12% precast gels
from BioRad using a constant current of 25 mA. The gels
after electrophoresis were stained with Coomassie Brilliant
staining solution for 2 h and then destained until a neces-
sary degree of discoloration was obtained. Electrophore-
grams were converted into numeric form using the Sig-
maScan software (SPSS, Chicago, IL).

Figure 3. Compressive modulus (EC) as a function of the
level of compression for different CProt.
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RESULTS

Mechanical properties of the hydrogels

Typical stress–relaxation curves obtained in the
unconfined mode measurements are shown in Fig-
ure 1(b). Initially, the load increases rapidly to its
maximum value corresponding to the maximum of
deformation, followed by relaxation. The relaxation
time increases with the level of compression. For
example, for the first step, relaxation takes less than
200 s, while for the last step (50% of compression),
900 s are necessary for stabilization. Compressive
modulus EC was determined from Eq. (6) for each
compression step after a relaxation time of 900 s,
assuming that after this time the relaxation process
was complete.

Evolution of the compressive modulus EC as a
function of the compression level is shown in Figure 3
for the hydrogels synthesized with different CProt. For
all studied materials, EC increases exponentially with
stress:

EC ¼ EC;0 expðbxÞ ð14Þ

where x is the compression level. The compressive mod-
ulus at zero stress, EC,0, and the restructuring parameter
b related to the modifications of the network density
due to compression21 are determined by fitting the ex-
perimental data. The results of the analysis of the curves
in Figure 3 are summarized in Table I along with the
component composition of the studied materials.

Contrary to the compression tests, stress linearly
increases with strain in tensile tests allowing one to
determine tensile elastic modulus ET. The method
showed good reproducibility with a standard devia-
tion below 10% for the ET, ru, and eu values. For the
Poisson ratio m, the standard deviation can reach 25%
since the measurement along both X and Y axes inevi-
tably increases experimental errors. In every case, the
hydrogel sample broke within the narrow part of the
dumbbell shape, which is a necessary condition to
validate the measurements. We note that the hydrogel
prepared from protein solutions with a CProt lower

than 9% were not sufficiently rigid to maintain the
dumbbell shape.

Variation of ET, EC,0, and m as a function of the pro-
tein concentration CProt in the polymerized solutions
are presented in Figure 4(a,b). As can be seen, two in-
dependent techniques provided comparable values of
elasticity modulus for all studied samples. Both ET and
EC,0 were found to vary between 1 and 17 kPa, showing

TABLE I
Protein (CProt/HG) and PEG (CPEG/HG) Concentrations in the Hydrogel, Their Molar Content (nProt, nPEG),Young’s
Modulus in Compression EC,0, and Restructuring Parameter b for Hydrogels With Different Composition (CProt)

CProt (%) CProt/HG (mg/g) CPEG/HG (mg/g) nProt (10
�6 mol/cm3) nPEG (10�6 mol/cm3) EC,0 (kPa) b

8 8.07 6 2.13 32.17 0.17 4.0 0.9 0.18
9 13.37 6 1.62 33.39 0.3 4.2 3.5 0.25

10 9.84 6 1.45 50.99 0.22 6.3 6.1 0.63
11 12.05 6 1.57 49.83 0.27 6.1 7.4 0.54
12 10.20 6 0.66 55.19 0.23 7.0 12.4 0.64
13 – – – – 7.6 0.51
14 8.60 6 0.66 52.67 0.18 6.6 6.1 0.37

Figure 4. Evolution of the tensile (ET) and compressive
(EC,0) elastic moduli (a) and the Poisson’s ratio, m (b) at dif-
ferent CProt.
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maximal values of ET ¼ 17 kPa and EC,0 ¼ 12.6 kPa for
a hydrogel prepared with the CProt ¼ 12% [Fig. 4(a)].
An increase of the CProt up to 14% does not improve
the mechanical properties of the material. It was found
that a solid hydrogel material could not be obtained
when the concentration of soy protein exceeds 14%.
Any attempts to polymerize more concentrated protein
solutions failed because of poor miscibility of highly
viscous solutions of both polymers.

The results of the content of the protein in the puri-
fied and completely swollen hydrogels CProt/HG are
reported in Table I. It is interesting to note that the
values appeared to be independent of the initial con-
centration CProt in the polymerization solution. In
contrast, the content of PEG CPEG/HG increases with
increasing CProt and reaches maximal value at CProt ¼
12%, similar to ET and EC,0.

The values of m vary between 0.15 and 0.20 and do
not show a clear dependence on CProt [Fig. 5(b)]. This
observation agrees with previous publications show-
ing that the polymer content of the networks has little
effect on m.17 The values of m are lower than those
expected for an incompressible rubber-like material
(mr ¼ 0.5). It is interesting to mention that close values
of m (0.15–0.35) were reported for biological tissues
such as articular cartilage.28,29

Analysis of the ultimate deformation (Fig. 5) reveals
that the deformation at break, eu, has the same value of
about 300% for all tested samples. As a consequence,
the evolution of the ultimate yield, ru, follows the
trend observed previously for ET and EC,0 with the
maximum value of 32 kPa at CProt ¼ 12% (Fig. 5).

Relation between the mechanical properties and
the microstructure of the hydrogel

The structural parameters of the PEG-protein hy-
drogels, including dried hydrogel density, qd, poly-
mer volume fraction, F2, crosslinking density, me, etc.
are reported in Table II. In view of the fact that the
elasticity moduli of the hydrogels are found to be
very close in both tension and compression [Fig. 4(a)],
average values between EC,0 and ET, denoted as E,
were used for the calculations (Table II). The cross-
linking density me varies as a function of the CProt and
has a maximal value at CProt ¼ 12%, similar to EC,0

and ET. Using the values of structural parameters me,
qd, and F2, we calculated molecular weight between
crosslinks MC and the mesh size of the network (n).
The results are reported in Table III and Figure 6,
which compare evolutions of n and the water content
WC in the hydrogels prepared with different CProt.

The calculated me values are lower than those
reported in other studies. For example, Lou and Van
Coppenhagen30 obtained me between 4 3 10�5 and
5.16 3 10�4 mol/cm3 for different 2-hydroxylethyl
methacrylate (HEMA) gels, while Wang and Wu
reported values from 10�4 to 1.4 3 10�3 mol/cm3 for
different copolymeric gels based on HEMA and ep-
oxy methacrylate (EMA).25 Comparison of the data
published for different hydrogels with the parameters
E and F2 determined in the present work is given in
Table III.

When comparing the calculated me values with the
molar content of PEG, it appeared that the density of
effective crosslinks is lower than expected by consid-
ering the amount of the crosslinking agent (in our
case, PEG) present in the hydrogel. For the hydrogel
synthesized using the 12% protein solution, for exam-

Figure 5. Evolution of the ultimate yield (ru) and the
maximum deformation (eu) as a function of CProt.

TABLE II
Values of Average Elastic Modulus (E), Dried Hydrogel Density (rd), Volume Fraction of the Polymer

in the Swollen Hydrogels (F2), Crosslinking Density (ne), Average Molecular Weight Between
Two Crosslinks (MC), and Mesh Size (j) for the Studied Hydrogel

CProt (%) E (kPa) qd (g/cm3) F2 me (10
�6 mol/cm3) MC (kDa) n (nm)

8 1.00 6 0.16 1.42 6 0.16 0.03 0.39 22.5 37.6
9 3.60 6 0.09 1.35 6 0.11 0.04 1.4 22.3 32.4

10 6.70 6 0.57 1.64 6 0.22 0.04 2.6 22.2 33.5
11 8.60 6 0.65 1.21 6 0.09 0.07 2.8 22.0 28.0
12 15.70 6 0.46 1.42 6 0.12 0.05 5.4 21.8 30.9
13 8.70 6 0.08 1.17 6 0.09 0.04 3.3 22.0 32.1
14 7.20 6 0.36 1.61 6 0.26 0.04 2.8 22.2 32.8
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ple, 1.4 3 1017 protein molecules per cm3 are found to
be bound to 4.2 3 1018 PEG molecules (Table I),
whereas the density of the crosslinks yields only 3.2
3 1018 crosslinks/cm3. Further calculations reveal
that for a total of 31 PEG molecules bound to the pro-
tein, 12 molecules are involved in the 3D elastic net-
work, whereas 19 remaining molecules of PEG act as
dangling ends and do not contribute to the elasticity
of the material (Table IV). Analysis of the data pre-
sented earlier allows us to develop a microstructural
model for the PEG-protein network, as schematically
shown in Figure 7.

Interactions with protein in vitro

Previous in vivo studies have demonstrated that the
PEG-protein wound dressing selectively absorbs
small proteins from the wound bed.20 In this work, in
vitro protein absorption experiments were performed
using fibrinogen (MW ¼ 340 kDa), soybean trypsin
inhibitor (MW ¼ 20 kDa), bovine serum albumin
(MW ¼ 66 kDa), and aprotinin (MW ¼ 6.5 kDa) as
model compounds with known hydrodynamic di-
mensions. The results of this test are presented in Fig-
ure 8. After 3 h of incubation [Fig. 8(a)], serum albu-
min, trypsin inhibitor, and aprotinin were detected in

the hydrogel. The concentration of the proteins
extracted by the biomaterial increases with time [Fig.
8(b–d)]. Under denatured conditions of SDS-PAGE
used here, subunits of fibrinogen should migrate with
apparent molecular weights of 63.5, 56, and 47 kDa.31

However, no bands were detected between 66 and
20 kDa, indicating that native fibrinogen used in the
diffusion experiment could not penetrate into the
PEG-protein matrix.

DISCUSSION AND CONCLUSION

In the present study, we compared the mechanical
properties (elasticity moduli, Poisson’s ratio, ultimate
tensile yield, and deformation at break) of the PEG-
protein hydrogels prepared from the solutions con-
taining different concentrations of soy protein (CProt).
It was found that the evolution of the elastic modulus
and the ultimate tensile yield depends on the concen-
tration of soy protein in the polymerized solution,
though the protein content of the swollen hydrogels
was rather unaffected by CProt (Table I). Elasticity of
the material increases with increasing CProt from 8%
to 12%. The data show that the polymerization of the
12% soy protein solution produces the strongest
hydrogel (Table I). The elastic modulus and the ulti-
mate tensile yield of this composition were found to
be 15.7 and 32 kPa, respectively, at a deformation of
300%. For the hydrogels synthesized with CProt >
12%, ET and EC,0 decrease due to low efficiency of the
polymerization reaction. This interpretation is sup-
ported by the finding that the number of PEG mole-
cules involved in the elastic network with the CProt ¼
14% is significantly smaller than that calculated for
the CProt ¼ 12% (Table IV). Indeed, when the CProt

becomes high, the solution of soy protein exhibits a
high viscosity, which limits its miscibility with the
PEG solution and favors formation of protein aggre-
gates. In this situation, accessibility of the individual
protein molecules for crosslinking with PEG is lim-
ited, leading to a lower efficiency of network forma-
tion, and consequently, to poorer mechanical proper-
ties [Fig. 4(a)]. One may observe that both the me-
chanical properties and the composition of the

TABLE III
Comparison of Data Illustrating the Influence of Both the Elastic Modulus (E) and the Volume Fraction of

Polymer in the Swollen Hydrogel (F2) on the Crosslinking Density (ne)

Hydrogels E (kPa) F2 me (10
�6 mol/cm3) Reference

HEMA/EMA copolymer 290–1097 0.52–0.80 600–16 25
Oligo(poly(ethylene glycol)fumarate) 20–100 0.30–0.35 10 26
Polyacrilamide 80 – 1400–1700 17
Poly[(acry acid)-co-(itaconic acid)] 8–20 0.04–0.09 3–6 16
Poly(2-hydroxyethyl methacrylate) 80–1110 0.55–0.68 40–5000 28
PEG/soy protein 1–16 0.03–0.07 0.4–6 This work

Figure 6. Effect of CProt on the mesh size (n) and the
water content (WC) in the hydrogels.
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hydrogel prepared using the 14% soy solution are
comparable with those observed for the sample with
CProt ¼ 10% (Table I).

The structural properties determined from the me-
chanical measurements allowed us to propose a
model for the hydrogel microstructure in which PEG
is present in two forms: (i) PEG molecules bound to
proteins by their two extremities to create a 3D elastic
network, and (ii) PEG molecules bound only by one
end acting as a dangling end. The proportion of dan-
gling ends formed by PEG molecules ranges from 60
to 95%, depending on the protein concentration in the
polymerized solution (Table IV). It appears from our
data that the chain of molecular weight MC (around
22 kDa) is by far larger than a molecule of PEG with a
MC of 8 kDa (Table II). This means that the chain of
MC in our hybrid hydrogel is formed by PEG mole-
cules and fragments of the protein chain(s). In other

words, a macromonomer unit of the network repre-
sents a conjugate of PEG and protein, as presented in
Figure 7. As the polymerization reaction proceeds,
the initially formed PEG-protein macromonomers

TABLE IV
Network Characteristics of the Hydrogel With Different CProt Expressed as the Number of

PEG Molecules Bound to a Molecule of Soy Protein

CProt (%)

Number
of PEG

Molecules

Number of PEG
Molecules Present

in the Elastic
Network

Number of
PEG Molecules

Present as
Dangling Ends

Percentage of PEG
Molecules Present

in the Elastic
Network (%)

8 22 1 21 4.8
9 14 2 12 16.4

10 29 6 23 20.5
11 23 5 18 22.8
12 31 12 19 38.3
14 35 7 27 21.2

Figure 7. Microstructural model of the PEG-protein
hydrogel network.

Figure 8. SDS-PAGE of the proteins (bovine serum albu-
min, MW ¼ 66 kDa, soybean trypsin inhibitor, MW ¼ 20
kDa, aprotinin, MW ¼ 6.5 kDa) extracted from the samples
of the PEG-protein hydrogel prepared with CProt ¼ 12% af-
ter 3 h (a), 7 h (b), 24 h (c), and 48 h (d) of protein absorp-
tion in vitro.
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further crosslink with bifunctionalized PEG, thus
forming hydrogel structure with relatively large pores
(Fig. 6).

Relatively low values of me characterize PEG-pro-
tein hydrogel as a loosely crosslinked material, which
is highly swollen in aqueous solution owing to the
hydrophilic nature of both components. The values of
F2 (Table III) and WC (Fig. 6) demonstrate that the
studied PEG-protein hydrogel contains up to 96% of
water at equilibrium. Such highly swollen structures
are generally known to possess very poor mechanical
resistance. In this study, however, we demonstrated
that high water content could be further combined
with improved mechanical properties via optimiza-
tion of the polymerization reaction, as found in the
hydrogel prepared with CProt ¼ 12% (Fig. 4). A good
balance between structural integrity, mechanical per-
formance, and water content in this material predeter-
mines its suitability for wound dressing applications.

It is known that material-tissue interactions are
mediated through the so-called opsonisation mecha-
nism comprising deposition of the protein layer on the
material surface.32 Because of the high water content,
the PEG-protein hydrogel represents poor substrate
for protein adsorption. In this study, we showed that a
primary contact of the hydrogel with a protein-rich
surface leads to in situ dissolution of the proteins on
moist surface of the hydrogel, followed by diffusion of
the small solutes in the hydrogel matrix. This observa-
tion is consistent with the previously published
results showing that lightly-crosslinked PEG hydro-
gels hinder the absorptions of the opsonins, which
render these biomaterials inflammatory inert.33

Comparison of the mesh size of the network with
molecular dimensions of the proteins revealed that
the diffusion is strictly molecular-size dependent. Se-
rum albumin with the hydrodynamic size of 14.1
nm34 penetrates easily 30-nm wide pores of the PEG-
protein network (Table II), whereas fibrinogen
(hydrodynamic size of 47 nm)35 could not be detected
in the hydrogels even after 48 h of the experiment
(Fig. 8). The agreement observed between structural
parameters of the network and the mechanism of the
protein diffusion confirms validity of the model pro-
posed for the microstructural organization of the
hydrogel (Fig. 7). Also, these findings support the ob-
servation of the selective absorption of the relatively
low molecular weight proinflammatory cytokines, i.e.
IL-1b, IL-6, etc. under the conditions in vivo.20

In conclusion, the study performed on the mechani-
cal properties of the PEG-protein hydrogel provided
valuable information on the structural peculiarities
and associated biological effect of this material in vivo.
Evaluation of the influence of the PEG concentration
on the structural parameters of the network can be
considered as another step towards optimal design of
this material for wound dressing applications.

The authors are thankful to Professor Michael Busch-
mann for helpful discussions and to Mr. Guillaume Plouffe
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(R.S.) acknowledges the scholarship from the Belgian
National Fund for Scientific Research (FNRS).
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