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Here, we studied the mechanical properties of polyacrylic acid-co-polyacrylamide (pAAc/pAAm) and
polyacrylate-co-polyacrylamide (pNaAc/pAAm)-based hydrogels as a function of composition and total
polymer content. While both polyacrylate and polyacrylic acid are weakly-charged polyelectrolytes with
carboxylate side groups, they exhibit different behavior as copolymers with polyacrylamide. In swelling
studies the highest degree of volumetric expansion occurs in the polyacrylate-rich hydrogels. Rheological
measurements indicate that the shear storage modulus of the hydrogels typically increases with the
percentage of polyacrylamide for a given polymer volume fraction; however, the simultaneous
strengthening and embrittling effects of polyacrylamide as a copolymer are more dramatic for the
pNaAc/pAAm hydrogels.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels are used in bio-related applications ranging from
cellular supports [1e3] to matrices for electrophoretic separation
of biological macromolecules [4]. Hydrogels are typically water-
swollen networks of hydrophilic polymer [5] and thus exhibit
viscoelastic behavior of both a liquid and a solid. Polyacrylamide
(pAAm) is a particularly popular hydrogel material for cell-based
studies [6e11]. The hydrophilic and semipermeable nature of
pAAm is advantageous for mimicking the extracellular matrix
(ECM) surrounding cells and tissue; however, the application of
pAAM as an ECM mimic is limited by the relatively compliant
mechanical properties of this viscoelastic material. While reported
values for the elastic (Young's) modulus of biological tissue and
matrices can range from 0.6 MPa for elastin to 10 GPa for bone
[12], polyacrylamide, on the other hand, has a relatively low shear
elastic modulus value of w10 kPa or less [13]. In both acrylamide-
based as well as other hydrogel systems, a number of variables
have been explored to alter the modulus including cross-linker
concentration [13], chemical composition [14], polymer concen-
tration [15,16], and temperature processing conditions [13]. Vari-
ations in the hydrogel composition can be achieved through the
simultaneous copolymerization of different monomers or by
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forming interpenetrating networks of different homopolymer or
copolymer chains [2,17]. While techniques such as AFM can
provide local measures of stiffness [18,19], rheology is a well
known characterization tool that has been applied to a diverse
array of polymer systems [20,21] and that allows for careful
control of experimental variables such as temperature, shear
stress, and frequency. Additionally, one can load the initial liquid
phase of a monomer solution and monitor the changes in
mechanical properties before, during, and after polymerization
[13,22,23].

Here, we present a systematic study of the mechanical proper-
ties of acrylamide-based hydrogels as a function of polymer
composition and volume fraction using oscillatory rheology as our
primary characterization tool. Acrylamide was co-polymerized
with either acrylic acid or sodium acrylate to impart a net negative
charge on the hydrogel. The goal of this study was to explore the
range of stiffness values possible with hydrogel material alone. In
separate studies, we have employed these hydrogels as the matrix
for colloid-hydrogel composites in which positively-charged
colloidal particles act as an interactive filler to increase stiffness of
the hydrogels [24]. Additionally, the presence of carboxylate groups
on the anionic copolymer can serve as convenient functional
groups for coupling other molecules or macromolecules to the
hydrogel network. Since the hydrogel is polymerized in situ on the
rheometer stage prior to rheological characterization, separate
swelling and pH studies were also undertaken to better understand
the role that, for example, residual monomer may play in the
behavior of these hydrogels.
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2. Experimental methods

2.1. Materials

All chemicals for hydrogel preparation were purchased from
Sigma (St. Louis, MO) unless otherwise noted. N,N0-methylene-
bisacrylamide (BIS) and N,N,N0,N0-tetramethylethylenediamine
(TEMED) were used as-received as the cross-linker and accelerator
species, respectively. DIamond nanopure water (Barnstead Inter-
national) was used to prepare all initiator and buffer solutions.
Phosphate buffered saline (PBS) was diluted from a 10� concen-
tration to a 1� concentration. Sodium acrylate and acrylamidewere
dissolved in PBS to prepare either 30 or 40 wt%monomer solutions.
Acrylic acid was vacuum distilled (17 mbar) in an oil bath at
60e70 �C to remove the inhibitor, monomethyl ether hydroquinone
(MEHQ). Ammonium persulfate (initiator) was prepared as a 10 wt
% solution. For pH studies, 7 M NaOH buffer solution was prepared
using sodium hydroxide pellets from JT Baker (Phillipsburg, NJ).

For swelling studies, cell culture media was prepared using
bovine calf serum, trypsin/EDTA, penicillin/streptomycin, Dulbec-
co's Modified Eagle Medium (DMEM), and PBS purchased from
American Type Culture Collection (ATCC) (Manassas, VA). The
serum preparation is based on ATCC's “General Protocols for Serum
Use.” The bovine calf serum was heat inactivated by submersion
into a 56 �C water bath for 30 min and then separated into aliquots
for storage at �20 �C. The cell culture media was then prepared
with a composition of 90 vol% DMEM, 10 vol% bovine calf serum,
and 10 mL penicillin/streptomycin. The mixture was vacuum
filtered and stored at 4 �C.

2.2. Hydrogel synthesis

Polyacrylic acid-co-polyacrylamide (pAAc/pAAm) and poly-
acrylate-co-polyacrylamide (pNaAc/pAAm) copolymers were
prepared from either distilled acrylic acid or monomer solutions of
sodium acrylate and acrylamide at a fixed hydrogel volume. While
the ratio of monomers and the total polymer volume fraction were
varied in this study, the BIS cross-linker was fixed at a value of
0.24 vol% (based on total hydrogel volume and volume of pure BIS
liquid). For the polymerization step, 50 mL of 10 wt% ammonium
persulfate solution and 0.2 vol% TEMED were used per mL in the
acrylic acid-based hydrogels. For pure pAAm as well as pNaAc/
pAAm hydrogels, 10 mL of ammonium persulfate solution was used
per mL of pre-polymerized solution. After mixing the monomer
solutions with BIS cross-linker, the monomer and initiator solu-
tions were degassed separately via nitrogen bubbling (1 min and
5 min, respectively) to reduce oxygen content in the solutions. It
has been previously reported that oxygen scavenges the primary
radicals generated by the initiator reaction, but their inhibitory
effects on polymerization can be decreased by evacuating oxygen
from the system [25]. While still in liquid form, 0.140 mL of the
mixed solutionwas loaded onto the sample stage of the rheometer.
The cone was then lowered to a separation distance or gap setting
of 0.052mm and the sample was then enclosed by a Peltier thermal
hood with an evaporation blocker to minimize water loss. The
loaded sample was first heated to 50 �C for 20 min and then cooled
to 37 �C for another 15 min prior to measurement. Previous studies
have reported heating solutions to 50 �C in order to expedite acrylic
acid polymerization [26]. The polyacrylate-based hydrogels poly-
merized more readily at room temperature but were also heated in
the same manner for direct comparison. For rheology measure-
ments of pAAc/pAAm hydrogels of varying pH values, the synthesis
was carried out as described above with the exception that a pH
measurement of the mixture was taken before initiating
polymerization.
2.3. Rheology

Oscillatory rheology was used to characterize the mechanical
properties of the hydrogels. Frequency and strain amplitude
sweeps were performed on an Anton-Paar MCR 301 rheometer
(Anton-Paar USA). Frequency sweeps were conducted for a range of
0.1 rad/s to 100 rad/s at a fixed strain of 0.5%. Strain sweeps were
conducted at a frequency of 6 rad/s and a strain range of
0.001e3000% or 0.001e4500%, depending on the sample.
Measurements for each composition were done three times using
freshly-prepared samples and a cone and plate geometry of 25 mm
in diameter (CP-25).
2.4. pH and swelling studies

To determine the effects of polymerized hydrogels on
surrounding solution, hydrogels consisting of 100/0, 75/25, 50/50,
25/75, 15/85, and 0/100 monomer volume ratios were prepared for
both polyacrylic acid-based and polyacrylate-based hydrogels.
Samples for these studies consisted of a total hydrogel volume of
5 mL prepared in 50 mL centrifuge tubes. Prior to initiation, the pH
of the monomer mixture was measured with an Orion 3 Star pH
Meter (Thermo, Beverly, MA). Following the pH measurement,
initiator and TEMED were added and the solutionwas immediately
split into two tubes for a hydrogel volume in each tube of 2.5 mL.
The polyacrylic acid-based hydrogels were then allowed to poly-
merize for 30 min in a hybridizing oven set at 50 �C. Polyacrylate
hydrogels were polymerized in a hybridizing oven at a temperature
of 37 �C for 20 min. After polymerization, 10 mL of either cell media
or PBS was added on top of the hydrogel. The pH of either the cell
media or PBS supernatant above the hydrogel was measured once
every 24 h over a period of 10 days. After each daily measurement,
the supernatant was removed and replaced with 10 mL of cell
media or PBS.

For the swelling studies, 1 mL polyacrylic acid and polyacrylate
hydrogels were prepared in 10 mL graduated cylinders with 0.1 mL
graduations. The same compositions indicated above for the pH
studies were also used for this study. Polymerization was carried
out at 50 �C for 30 min for polyacrylic acid-based hydrogels and at
37 �C for 20 min for polyacrylate-based hydrogels. The pNaAc/
pAAm hydrogels polymerized more readily allowing for lower
temperatures to be used. Following polymerization, 1 mL of either
cell media or PBS was added to the hydrogels. Every 24 h, any
excess cell media or PBS supernatant was removed and a hydrogel
volume was recorded. Following each daily measurement, 1 mL of
cell media or PBS was then added.
3. Results and discussion

3.1. pAAc/pAAm and pNaAc/pAAm: pH studies

Hydrogel systems are popular as cellular substrate materials.
One concern with any synthetic polymer system in a biological
environment is the effect of residual reactants and polymerization
products on the physiological solution. Unreacted monomers are
often cytotoxic and can alter the pH of physiological solutions.
Conversely, the effects of the physiological solution on the prop-
erties of polymer networks are also an important consideration,
especially with regard to swelling in salt solutions [27]. To elucidate
these effects, a series of pH and swelling studies was carried out for
both the polyacrylic acid-co-polyacrylamide and polyacrylate-co-
polyacrylamide hydrogels using either cell culture media or PBS as
the solution media. Since the supernatant was changed daily
following each measurement, we expect the effects of leftover



B.A. Baker et al. / Polymer 51 (2010) 2207e2214 2209
monomer and soluble by-products to become less pronounced over
time with each wash step.

Plots of the supernatant pH as a function of time are shown in
Fig. 1a and b for the polyacrylic acid-co-polyacrylamide system at
varying compositions or ratios of the copolymers. The initial pH of
each mixture was taken prior to polymerization at day 0 while all
subsequent measurements were taken from the supernatant. As
shown in Fig. 1a and b for cell media and PBS respectively, all
mixtures containing polyacrylic acid initially exhibited a low pH of
2e3 compared to the pH of cell media alone (7.6 � 0.1), PBS alone
(7.5 � 0.1), or any supernatant derived from pure polyacrylamide
hydrogel (7.4). While the pH values of supernatant derived from
pure polyacrylamide (0/100 pAAc/pAAm) remained relatively
constant for the ten-day study, the pH of all the copolymer systems
increased steadily until day six when a plateau in pH values was
reached. This slow rise in pH is attributed to the gradual removal of
residual acidic monomer (acrylic acid) from the hydrogel network
and supernatant. Notably, for any given time hydrogels with
a higher percentage of pAAc had lower pH values, even at the end of
the study when the presence of residual monomer is less likely. A
separate, focused rheological study of the effects of monomer
solution pH on the mechanical properties of pAAm/pAAc hydrogels
showed no significant difference in the elastic storage modulus as
a function of pH (see Supplementary Information, Fig. S1).

The supernatant pH studies were also carried out for poly-
acrylate-based hydrogels as shown in Fig. 1c and d. Unlike the
relatively acidic polyacrylic acid-based hydrogels with high
hydronium ion content, the initial pH of polyacrylatemixture at day
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Fig. 1. pH of supernatants as a function of time following polymerization for pAAc/pAAm hyd
Hydrogel compositions varied as shown, but total polymer volume fraction remained fixed
0 is approximately 10.3. This higher pH value is attributed to Naþ

counterions from acrylate groups that effectively reduce the
concentration of Hþ ions in the supernatant. As residual sodium
acrylate monomer is removed during each wash and the system
approaches equilibrium, more hydronium ions are formed and thus
the pH is lowered. In contrast to the acrylic acid system, each
exchange of supernatant with either fresh cell media (Fig.1c) or PBS
(Fig. 1d) in the acrylate system results in a gradual drop in pH over
the first six days until a plateau is reached at pH 8 for cell media and
pH 7.5 for PBS. The initial pH values of hydrogels with higher
percentages of pNaAc are further displaced from neutral pH
conditions, similar to the pAAc system. This trend for both pAAc
and pNaAc-based hydrogels to steadily shift towards neutral pH
solution conditions indicates that unincorporated monomers are
gradually being leached from the polymer network and removed
from the system each time the supernatant is replaced. Compared
to the polyacrylic acid-based hydrogels, the initial pH values,
however, of the polyacrylate systemmore closely match that of the
cell media.

3.2. pAAc/pAAm and pNaAc/pAAm: swelling studies

Hydrogels used in bio-related applications are typically sur-
rounded by excess liquid such as cell media. As shown by previous
studies [15,16], the mechanical properties of hydrogels are largely
dependent on the concentration of polymer or polymer volume
fraction of the hydrogel network. The polymer volume fraction in
a hydrogel, however, may be altered if the hydrophilic polymer
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network imbibes liquid over time. To examine this effect in pAAc/
pAAm and pNaAc/pAAm hydrogels, swelling studies were per-
formed in both PBS and cell media as shown in Fig. 2. With the
exception of the pure polyacrylamide hydrogel (0/100 pAAc/pAAm
and 0/100 pNaAc/pAAm), both systems exhibited noticeable
increases in hydrogel volume over time. Hydrogels with high
percentages of polyacrylamide generally showed the least amount
of swelling. For polyacrylic acid-based hydogels, there was not any
significant swelling for any composition until after day 2 as shown
in Fig. 2a and b for cell media and PBS, respectively. Even after
several days of supernatant exchange, hydrogel swelling of the
pAAc/pAAm system in PBS was relatively modest and did not
exhibit a strong dependence on hydrogel composition. At day 10,
the extent of swelling was more dramatic in cell media as shown by
the 1.4-fold volumetric increase in hydrogels comprised of 15%
pAAc or higher. Insight into this delay in swelling is gained by
considering the time-dependent changes in the supernatant pH
data shown in Fig. 1a and b for pAAc/pAAm systems since days 2
and 3 marked the onset of pH values meeting or exceeding the pKa
of w5.2 for polyacrylic acid in salt solutions [28] for all composi-
tions tested. Thus, as solution pH increases, the percentage of
dissociated carboxylate groups (COO�) increases resulting in more
electrostatic repulsion along the polymer chains as well as a more
hydrophilic hydrogel network that embibes more water.

Compared to the polyacrylic system, the polyacrylate-based
hydrogels generally showed more extensive swelling over time as
shown in Fig. 2c and d. The most dramatic swelling was observed
for the pure polyacrylate (100/0 pNaAc/pAAm) hydrogel with the
w2.5-fold increase in volume by day 10 in PBS. Swelling for pNaAc
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Fig. 2. Total hydrogel volume as a function of time following polymerization for pAAc/pAAm
(b, d). Hydrogel compositions varied as shown, but total polymer volume fraction remaine
hydrogels in either PBS or cell media occurred earlier starting on
day 1 (i.e. prior to the first wash) and continued to increase the next
two to nine days, depending on composition. A constant value in
hydrogel volume was reached more quickly as the percentage of
sodium polyacrylate decreased. Unlike the initially acidic condi-
tions of the polyacrylic acid, the relatively higher supernatant pH
values of the polyacrylate system are well above the reported pKa of
w4.8 for polyacrylate [29] indicating that largely ionized, hydro-
philic polyelectrolyte chains are consistently present under the
conditions examined here.

In order to facilitate comparison of swelling behavior of the two
copolymer systems, the percentage of hydrogel swelling in cell
media between days 0 and 10 is plotted as a function of percentage
polyacrylamide in Fig. 3. In comparing the polyacrylic and poly-
acrylate systems, it is evident that the polyacrylate-based hydro-
gels exhibited more extensive swelling and a stronger dependence
on composition as shown by the continual decrease in percent
swelling with increasing percentage polyacrylamide. While
previous studies have investigated swelling of polyacrylate-based
hydrogels [30,31], Okay et al. specifically examined the role of the
sodium counterion in the swelling behavior of poly(acrylamide-co-
sodium acrylate) hydrogels cross-linked with BIS [30]. Naþ coun-
terions serve to screen the negative charges along polyacrylate and
reduce the range of electrostatic repulsion between chains. Results
by Okay indicate that increasing the concentration of pNaAc in
these hydrogels results in an increase of mobile Naþ ions inside the
hydrogel relative to the supernatant. The ion concentration
difference may create an osmotic driving force to dilute the
effective Naþ concentration in the hydrogel by imbibing more
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liquid resulting in network swelling [30]. The swelling properties
of hydrogels are also dependent on the charge state of the polymer
chains [31] which, in turn, can be affected by salt conditions [32].
Subsequently, the ready dissociation of the acrylate into nega-
tively-charged side groups on polymer chains must also contribute
to the enhanced swelling behavior observed. In fact, the most
important contributor to the swelling may arise from the highly
basic conditions of the polyacrylate-co-polyacrylamide hydrogels.
Tanaka and coworkers used highly basic conditions (pH 12) and
0.4% by volume of TEMED to hydrolyze acrylamide side groups into
acrylic acid [33]. Okay et al. also used basic solution conditions and
TEMED during their hydrogel preparation [30]. Thus, in the current
study acrylamide hydrolysis may have provided additional ionic
groups within the hydrogel network resulting in the extensive
swelling observed. Unlike the polyacrylate system, the polyacrylic
acid-based hydrogels are less likely to be highly charged immedi-
ately after polymerization due to the initial acidic conditions. As
the supernatant is replaced, however, the pH eventually surpasses
the pKa of polyacrylic acid. Thus, over time the polyacrylic acid
groups are likely to dissociate causing repulsive interactions
between polymer chains and promoting the swelling of the
hydrogel network.
3.3. Rheological studies

As a first step in characterizing the hydrogel stiffness, frequency
sweeps were conducted for a range of hydrogel compositions to
determine any frequency dependence of the shear modulus values.
For all compositions studies the elastic modulus was significantly
higher than the loss modulus (see Supplementary Information,
Fig. S2 and Fig. S3). Our results for the one component hydrogels
also agree with previous reports for pure polyacrylamide and pure
polyacrylate hydrogels using BIS as the cross-linking agent [16].
Since the shear storagemodulus, G0, is the dominant contribution to
the complex modulus, G*, for both the pAAc/pAAm and the pNaAc/
pAAm systems in these frequency sweep studies as well as in all our
strain amplitude sweep studies, the loss modulus data will not be
included in subsequent figures. For strain amplitude sweep studies
that followed, the angular frequency was set at an intermediate
value of 6 rad/s.
In order to further examine the effects of hydrogel composition
on shear storage modulus values, strain amplitude sweeps were
performed for hydrogels with a total polymer volume fraction of
0.1, but varying volume percentage ratios of polyacrylic acid to
polyacrylamide (pAAc/pAAm) and polyacrylate to polyacrylamide
(pNaAc/pAAm). Fig. 4 shows representative strain sweeps for
polyacrylic acid and polyacrylate-based hydrogels. Both systems
exhibited an increase in G0 values in the linear viscoelastic regime
with increasing volume percentages of polyacrylamide; however,
the polyacrylate-based hydrogels exhibited stronger composition
dependence as indicated by the wider range in G0 values. For all
hydrogels co-polymerized with acrylic acid in Fig. 4a, a slight rise in
G0 followed by a sudden drop occurs at 102 percent strain, inde-
pendent of the volume percentage of polyacrylic acid. Past studies
with stiffer hydrogel systems have attributed this rise in G0 values
near the upper limit of the linear viscoelastic regime to strain
hardening [14]. In sharp contrast, as shown in Fig. 4b for hydrogels
co-polymerized with acrylate, the steady drop in G0 values at
intermediate strain values is not preceded by a rise in G0. Addi-
tionally, this drop in G0 occurs at progressively lower strain values
as the percentage of polyacrylamide in the hydrogels increases.
Thus, while polyacrylamide has a more dramatic strengthening
effect in pNaAc-based hydrogels, it also makes these hydrogels
more brittle causing them to fracture at lower strain values.

To directly compare composition effects for these two hydrogel
systems, G0 values are plotted as a function of percentage poly-
acrylamide in Fig. 5. The average storage modulus values from at
least three measurements were taken from the linear viscoelastic
regime at strains of approximately 0.40% for the polyacrylic acid-
based system and 0.34% for the polyacrylate-based system. In
comparing the one component hydrogels first, pure polyacrylate
hydrogels have the lowest G0 value of w1 kPa which is about an
order of magnitude less than that of the pure polyacrylic acid
hydrogels (G0 w 8 kPa). Pure polyacrylamide has a relatively high
storage modulus value (w20 kPa), though the error bars span the
widest range of all hydrogel compositions studied here.

Prior studies [15,16] on the polymerization process and struc-
ture of these three pure (i.e. single polymer component) hydrogel
systems reveal reasons for the differences in mechanical properties
observed in the current work. Polyacrylamide reportedly forms
networks with dense regions of acrylamide and cross-linker
spanned by more open chain regions due to the more favorable
reaction between acrylamide monomers and BIS cross-linker than
between acrylamide monomers. Initially, cross-linking competes
with polymerization to generate regions rich in BIS. Once depleted
of BIS, the remaining polymerization reactions form either links
between the denser microgel domains or result in dangling ends
[13,15,22]. More open network structures, on the other hand, have
been reported in pure polyacrylic acid due to the slower cross-
linking reactions [15]. Once polymerized, repulsive Coulombic
interactions can affect the mechanical properties of poly-
electrolyte-based hydrogels as demonstrated in previous studies
involving the adjustment of the charge density of polyacrylic acid
gels [34]. Though the acidic pH values for supernatant studies in
Fig. 1a and b suggest that the degree of ionization is small in the
polyacrylic acid system, even small variations in the degree of
ionization can affect properties in these weakly-charged poly-
electrolytes. The extended conformation reported for polyacrylate
chains is also attributed to repulsive charge interactions [16].
Copolymerization with acrylamide alters the mechanical behavior
of these hydrogels.

For both copolymer systems, increasing the concentration of
pAAm generally resulted in a continual increase in storagemodulus
until a plateau occurs atw75% pAAm. Of the two hydrogel systems,
however, the polyacrylate system showed amore dramatic increase
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in storage modulus with percentage polyacrylamide. Since pure
polyacrylate and polyacrylamide hydrogels represent the weakest
and strongest hydrogels respectively, the marked change in
modulus is attributed to copolymerizing acrylate with acrylamide.
Here, including polyacrylamide as a copolymer may allow for more
spatial separation of charged acrylate groups between stretches of
uncharged chains resulting in a denser hydrogel which is also less
subject to swelling compared to pure polyacrylate. The stiffening
effects of acrylamide on polyacrylic acid are also apparent though
less dramatic than for the polyacrylate system. Based on superna-
tant analysis shown in Fig. 1a and b, the polyacrylic acid chains are
already partially neutralized under the relatively acidic polymeri-
zation conditions. Thus, spatial separation of the fewer charged
acrylic acid groups is less pronounced with the addition of
uncharged acrylamide copolymer and results in more modest
stiffening effects for the pAAc/pAAM system compared to the
pNaAc/pAAm system.

We next examined the effects of the total hydrogel volume
fraction on the shear elastic modulus for a fixed composition. Three
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Fig. 5. Average shear storage modulus as a function of the percent polyacrylamide
(pAAm) for hydrogels with either polyacrylic acid or polyacrylate serving as the
copolymer. The modulus values were taken at a strain of approximately 0.40% and
0.34% for pAAc/pAAm and pNaAc/pAAm hydrogels, respectively from strain sweep
measurements. The total polymer volume fraction for each hydrogel was 0.1.
hydrogel compositions were chosen for the polyacrylic acid-based
system, namely, 25/75, 50/50 and 100/0. These compositions were
tested across a range of polymer volume fractions (fp) from 0.02 to
0.25 using strain amplitude sweeps ranging from 0.001% to 4500%
at a fixed frequency of 6 rad/s. Fig. 6 shows representative strain
sweeps of hydrogels with either a 50/50 pAAc/pAAm or pNaAc/
pAAm composition. For pAAc/pAAm hydrogels shown in Fig. 6a, an
increase in total polymer volume fraction results in a higher solids
content and a corresponding increase in the shear storagemodulus.
It is also important to note that similar to the G0 behavior shown in
Fig. 4, all polymer volume fractions except the lowest (fp ¼ 0.02) in
Fig. 6a exhibit nearly identical critical strain values marking the
transition from a constant G0 value to a sharp decrease in G0. Thus,
for the pAAc/pAAm hydrogels, one can effectively stiffen the
hydrogels by increasing either the polyacrylamide content or the
total polymer volume fraction without embrittling the hydrogels.

Similarly, five compositions of the polyacrylate-based hydrogels
were chosen for volume fraction studies: 0/100, 15/85, 25/75, 50/
50, and 100/0 and the total polymer volume fractions ranged from
0.02 to 0.25. Strain amplitude sweeps were used to measure the
storage modulus and ranged from 0.001 to 3000%. Fig. 6b depicts
a representative strain sweep of a 50/50 pNaAc/pAAm composition.
As expected, an increase in total polymer volume fraction, corre-
sponding to an increase of elastically active polymer chains, results
in an increase in shear storage modulus. Unlike pAAc-based
hydrogels, however, the critical strain values (preceding the steep
downturn in G0) decreased as the polymer volume fraction
increased. This trend in critical strain values is similar to the
behavior observed in Fig. 4b for the polyacrylate-based hydrogels in
which copolymer ratios were varied, but the total polymer volume
fraction was fixed. Collectively, Figs. 4 and 6 demonstrate that
increasing either the polyacrylamide content or the polymer
volume fraction results in a simultaneous stiffening and embrit-
tlement of pNaAc/pAAm hydrogels.

To facilitate comparison of composition effects on the shear
storage modulus, the average modulus values at a strain of w0.34%
from strain sweeps are plotted in Fig. 7a as a function of volume
fraction for both polyacrylic acid and polyacrylate-based hydrogel
systems. For all compositions, an increase in polymer volume
fraction results in a continuous increase in shear storage modulus,
but the pure polyacrylate hydrogels are consistently the most
mechanically compliant hydrogels at all polymer volume fractions.
Consistent with results shown in Fig. 5 for one fixed polymer
volume fraction of 0.1, increasing the concentration of
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Fig. 6. Representative strain sweeps showing shear storage modulus as a function of percent strain for hydrogels with a 50/50 fixed composition of a) pAAc/pAAm or b) pNaAc/
pAAm, but varying total polymer volume fractions, fp.
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polyacrylamide in the hydrogel generally results in higher storage
modulus values at any given hydrogel volume fraction. Moreover,
the strengthening effects of copolymerizing with pAAm become
more pronounced with volume fraction as shown by the increasing
divergence in modulus values with hydrogel volume fraction,
particularly for the polyacrylate system.

Similar to previous studies [35,36] we then explored correlating
the elastic modulus with volume fraction for the polyacrylate-
based hydrogels since these hydrogels exhibited the widest range
in composition-dependent modulus values. To elucidate scaling
behavior, data from Fig. 7a was plotted as a logelog plot in Fig. 7b.
Slopes of 3.2 and 3.5 were determined for the pNaAc/pAAm
copolymer hydrogels and for pure pNaAc, respectively. These values
deviate from de Gennes' power law of 2.25 for elastic modulus as
a function of concentration [37,38]. This deviation may stem from
the fact that in real polymer systems, such as our hydrogels,
dangling polymer chain ends contribute to the polymer volume
fraction, but not to the elasticity of the hydrogels [36,37,39]. Our
scaling values do, however, agree closely with the more recent
experimental work of Meyvis et al. who report a scaling relation-
ship of 3.4 for hydrogels that reach a state of equilibrium swelling
[36]. Notably, the in situ polymerization conditions within the
confined gap geometry on the rheometer stage would not allow the
hydrogels to reach swelling equilibrium prior to modulus
measurements in our system. Despite these differences in experi-
mental approaches, good agreement in scaling relationships exists
between our current system and that of Meyvis.

4. Conclusions

In summary, we have investigated the effects of composition
and polymer volume fraction on the stiffness of pAAc/pAAm and
pNaAc/pAAm-based hydrogels. We found that the stiffening effects
of polyacrylamide as a copolymer were more dramatic for the
polyacrylate-based hydrogels. While both swelling and stiffening
effects were more modest in polyacrylic-based hydrogels, these
hydrogels did not exhibit the embrittlement evident in poly-
acrylate-based hydrogels with either increasing polyacrylamide
content or polymer volume fraction.
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