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ABSTRACT: In recent articles, our research group explored the use of crosslinked
Poly(methylmethacrylate-acrylic acid) and composites based on this copolymer for bone
implant applications such as suture anchors. The swelling response of this system was
studied first in vitro, using a 0.85 g/100-mL saline solution (chosen because it simulates
well the in vivo environment), and later in vivo by using samples implanted for various
time periods in the lateral femoral condyles of New Zealand white rabbits. It was found
that the swelling response of the crosslinked copolymer in vivo was much greater than
that in the saline solution. The present investigation was conducted to determine the
mechanism of excessive swelling in the in vivo tests. The approach used was to
establish the changes occurring in the chemical structure of the copolymer due to
immersion in serum. A number of hypotheses that can potentially explain the observed
excessive swelling in serum were investigated and are discussed in this article. The
results of this study indicate that the mechanism of excessive swelling in serum was the
neutralization of OCOOH groups in the copolymer to produce salts of acrylic acid,
which are known to result in greater swell due to their higher degree of dissociation
compared to free acid. It was also found that, for compositions containing the acrylic
salts (produced by preswelling in high pH solutions and drying), the swelling behavior
in serum was similar to that in saline solution, and more importantly, equilibrium
swelling was reached in a relatively shorter time period, which has several practical
advantages for bioimplant applications. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79:
1653–1664, 2001
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tironment

INTRODUCTION

The use of swelling materials in the body for
contact lenses and drug delivery applications is

already well established.1–6 In particular, poly-
meric and copolymeric materials based on poly-
(hydroxyethylmethacrylate) (HEMA), polyvinylpyr-
rolidone (PVP), and polyacrylic acid (PAA) have
been explored aggressively for these applications.
Attempts at developing swelling polymeric com-
posites for bone implant applications have, how-
ever, been relatively unsuccessful. A stringent
requirement for bone implant applications is ob-
taining good fixation strengths, which can only be
achieved by controlled swelling of the implant.
Excessive swelling of the implant causes a signif-
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kicant deterioration of the mechanical stiffness
and strength of the implant, and adversely af-
fects the fixation strength. The most promising
attempt at using swelling polymers for bone
implant applications was by Kamel and cowork-
ers in the late 1970s, who developed composites
comprised of a PAA matrix reinforced initially
with alumina particles and later with graphite
fiber braids.7–10 Their aim was to provide im-
plants that swell by absorption of body fluids, and
thereby achieve bone fixation, superior to conven-
tional metal implants, via an expansion fit mech-
anism. In vivo implantations using a canine
model showed good compatibility and implant an-
chorage, without inflammatory response. How-
ever, the implants achieved excessive swelling
(40 – 80%).

Recently, our research group explored the use
of crosslinked Poly(methylmethacrylate-acrylic
acid), hereafter denoted as P(MMA-AA), and com-
posites based on this copolymer for bone implant
applications such as suture anchors.11–13 The de-
gree of swelling of this system is controlled not
only by the amount of acrylic acid (AA), but also
by the amount of crosslinker, allylmethacrylate
(AMA). Higher AA content results in higher swell,
whereas higher AMA content results in lower
swell.

Various compositions of this system were re-
cently studied in vitro using a 0.85 g/100 mL
saline solution, and in vivo by using samples im-
planted for various time periods in the lateral
femoral condyles of New Zealand white rabbits. It
was expected that the swelling behavior in saline
solution would be similar to that in vivo. Instead,
we found that the swelling in vivo was much
greater than that in saline solution. This was
confirmed by in vitro swelling studies of the same
crosslinked system in serum. The present inves-
tigation was conducted to determine the mecha-
nism of excessive swelling in the in vivo tests. The
approach we used was to establish the changes
occurring in the chemical structure of the copoly-
mer due to immersion in serum. Once this was
established, these changes were related to the
composition of serum, and the swelling results
were rationalized based on the chemical modifi-
cations that had been affected. The final conclu-
sions were verified by chemically modifying the
original copolymer to the same structure postu-
lated after immersion in serum and checking the
effect on swelling behavior.

MATERIALS AND METHODS

Polymer Preparation

The P(MMA-AA) copolymer used in this study
was made from the monomers methylmethacry-
late (MMA) and acrylic acid (AA), and the
crosslinking agent allylmethacrylate (AMA). All
chemicals were purchased from Aldrich Chemical
Co., Milwaukee, WI, and used as received without
any further purification. The structure of the
polymer made from these monomers is depicted
in Figure 1.

Polymerization was carried out in bulk using a
free radical mechanism with the initiator 2,29-
azobis 2,4-Dimethylvaleronitrile obtained from
E.I. Dupont de Nemours & Co., Wilmington, DE.
Varying ratios of MMA/AA monomers were mixed
thoroughly with desired amounts of the cross-
linker and the initiator. The amount of the initi-
ator used was fixed, in all cases, to 0.4 g/100 mL of
the total mixture. Table I lists the different com-
positions used in this study, along with the label-
ing system used that was used in our previous
studies.11–13 In this labeling system, the material
is referred by a set of three numbers as x/100-x/y,
and denotes that x mL of MMA, 100-x mL of AA,
and y mL of AMA were used for producing that
sample. The components were mixed and then
allowed to sit for several hours before polymeriza-
tion to ensure complete degassing. Polymeriza-
tion was conducted in glass test tubes, which were
tightly sealed and placed upright in a tempera-
ture controlled water bath. The course of the po-
lymerization was chosen so as to prevent the for-
mation of gas bubbles. The temperature was
gradually raised (3°C/h) over several days to 65°C
and kept at that temperature for 2 days. The
glass tubes were removed from the bath, allowed
to cool, and the polymer samples retrieved after

Figure 1 Chemical structure of the crosslinked
P(MMA-AA) copolymer used in this study.
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breaking the tubes. After this primary polymer-
ization stage was completed, the samples were
postcured to complete the crosslinking reaction
and to ensure that no free monomers still re-
mained. This was accomplished by placing them
in a temperature-controlled oven where the tem-
perature was raised slowly (1°C/min) to 150°C.
The samples were left at 150°C for a period of at
least 5 h, followed by overnight cooling. After the
postcuring stage, the samples were either ma-
chined to shape using a lathe or cut to shape
using a low-speed diamond saw, depending upon
the desired shape.

Swelling Measurements

Swelling measurements (described here as per-
centage weight changes) were carried out on sam-
ples containing MMA/AA/AMA in various ratios.
(Percentage weight changes can be realted to per-
centage volume changes in this system through
the densities of the solid and the fluid ab-
sorbed.11) Thin circular disks of the polymer, of
approximately 1 mm thickness and 13 mm in
diameter, were cut from the tube-shaped material
using a diamond saw and dried in an oven for 6 h
at 80°C. Subsequently, groups of each sample
type were fully immersed in different media at
25°C. The media used in this study included: (1)
distilled water; (2) 0.85% NaCl solution obtained
from Fisher Scientific, Fair Lawn, NJ; (3) fetal
bovine serum obtained from Atlanta Biologicals,
Norcross, GA; and (4) buffered pH solutions (from
pH 5 6 to 9), also obtained from Fisher Scientific.

At various time intervals the swollen discs
were weighed, after being surface dried, and the
percentage swell at any given time (% weight
gain, %W) was calculated as follows:

%W 5 @~Wt 2 Wo!/Wo!] 3 100 (1)

where Wt is the weight of the disk at time t, and
Wo is the weight of the disk in the dry state at
time zero. At least two samples were used in each
swelling study reported in this article. The mea-
surements were always very consistent between
the samples used for the same swelling study
(typically the differences are less than 1%), and in
the plots presented in this article, the average
value has been used.

It should be noted that, although the control
material (100% polymethylmethacrylate) is re-
ferred to as nonswelling, it does achieve a small
percentage of swelling (1.7%), inherent to many
polymers.

Titration Measurements

Titration techniques were used to measure the
carboxyl content in the dry and swollen copoly-
mers. Because titration requires the polymer
samples to be fully dissolved, this necessitated
that only uncrosslinked samples were used. For
this purpose, we chose two compositions: 80/20/0
and 100/0/0 (MMA/AA/AMA). After swelling for
various periods of time, the samples were dis-
solved in appropriate solvents and then titrated
with 0.1 M NaOH solution using phenolphtha-
lein, alcoholic 0.5%, as an indicator.

Toluene/acetone solvent in a ratio of 4 : 1 was
used to dissolve the pure PMMA (100/0/0) sam-
ples. Methylene chloride/ethanol solvent in a ra-
tio of 3 : 1 was used to dissolve the 80/20/0 co-
polymer before and after swelling in saline solu-
tion. However, the same copolymer after swelling
in serum required the use of dimethyl sulfoxide
for dissolution.

The carboxyl content in each sample was quan-
tified based on the original dry weight of sample
before swelling and the amount of NaOH required
to reach an end point in the titration.

RESULTS AND DISCUSSION

Effect of Polymer Composition on Swelling
Behavior

Figures 2–4 show the effect of polymer composi-
tion on swelling behavior in water, saline solu-

Table I Compositions of the Samples Used in
This Study

Sample
ID

% Volume

MMA AA AMA

100/0/0 100 0 0
100/0/10 90.91 0 9.09
95/5/10 86.36 4.55 9.09
90/10/10 81.82 9.09 9.09
85/15/10 72.27 16.64 9.09
80/20/0 80 20 0
80/20/5 76.19 19.05 4.76
80/20/10 72.73 18.18 9.09
80/20/15 69.57 17.39 13.04
80/20/20 66.67 16.67 16.67
70/30/10 63.64 27.27 9.09
60/40/10 54.55 36.36 9.09
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Figure 3 (a) The swelling behavior of the copolymer MMA/AA/AMA system in 0.85%
saline solution for different ratios of AA at fixed AMA content. (b) The swelling behavior
of the copolymer MMA/AA/AMA system in 0.85% saline solution for different ratios of
AMA at fixed AA content.
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Figure 4 (a) The swelling behavior of the copolymer MMA/AA/AMA system for
different ratios of AA at fixed AMA content swelled in bovine serum. (b) The swelling
behavior of the copolymer MMA/AA/AMA system for different ratios of AMA at fixed AA
content swelled in bovine serum.
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tion, and serum. In all media, the % swell consis-
tently increased as the concentration of acrylic
acid increased at constant crosslinked density
(represented by the AMA concentration); and de-
creased as the crosslink density increased at con-
stant acrylic acid content.

Effect of Swelling Medium on Swelling Behavior

Figure 5 shows the effect of medium on the swell-
ing behavior of an 80 MMA/20 AA/10 AMA com-
position. The % swell in saline solution was
roughly the same as the % swell in distilled water.
This behavior is unlike the established and
known trends of the swelling behavior of supera-
bsorbent polymers in the same solutions. It is well
known that the swellability of superabsorbent
polymers in saline solution is significantly lower
than that in distilled water,14–18 Figure 5 also
shows that swelling in serum is substantially
higher than swelling in saline solution. This is
despite the fact that both saline solution and se-
rum contain similar concentrations of sodium salt
(145 mEq/L in saline and 132 mEq/L in serum).
This finding was particularly surprising because
it was expected that the swelling behavior of the
material in saline solution would be similar to the

swelling behavior in the in vivo fluid. To deter-
mine the mechanism of excessive swelling in se-
rum, three hypotheses were formulated and in-
vestigated: (1) Hypothesis I—the crosslink den-
sity of the copolymer network decreased when
exposed to serum. (2) Hypothesis II—some of the
ester groups of the MMA and AMA components
were hydrolyzed resulting in an increase in the
OCOOH groups of the system. Hydrolysis of the
ester groups of AMA would additionally lead to a
decrease in crosslinking, and, thus, increase
swelling. (3) Hypothesis III—The OCOOH groups
in the copolymer were neutralized to give salts of
acrylic acid, which are known to result in greater
swell due to their higher degree of dissociation
compared to free acid.

Hypothesis I was based on previously estab-
lished results that showed an increase in swelling
with a decrease in crosslink density [Fig. 3(b)].
However, for this to take place, a cleavage of COC
bonds in the polymer network or hydrolysis of
some the ester groups of AMA would have to take
place. Cleavage of COC bonds was considered to
be very unlikely under the mild swelling condi-
tions used for these measurements. Further, if
hydrolysis of the ester groups of AMA was taking
place, the same should have happened to the

Figure 5 Comparison of the swelling behavior of the 80/20/10 (MMA/AA/AMA) co-
polymer in saline solution, serum, and distilled water.
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more abundant ester groups of MMA. In both
cases, one would expect an increase in the car-
boxyl group content, which is the premise of the
second hypothesis.

According to Hypothesis II, hydrolysis of some
of the ester groups during immersion in serum
could result due to the presence of certain en-
zymes acting as catalysts. This hypothesis was
motivated by the observation that an increase in
carboxyl content has been shown to result in in-
creased swelling [Fig. 3(a)]. To check the validity
of this hypothesis, changes in carboxyl content of
the polymers were followed by titration studies
before and after swelling according to the proce-
dures described in the Materials and Methods
section. Both the 100/0/0 dry and swollen sam-
ples, and 80/20/0 dry samples were used as test
controls to establish the titration technique. The
100/0/0 control sample solutions consistently
turned red upon the addition of the first drop of
sodium hydroxide solution, indicating no carboxyl
groups, as expected. The 80/20/0 dry and saline
swollen sample solutions showed the presence of
14.6 and 11.32%, respectively, which closely cor-
responded to the acrylic acid charge in the poly-
merization (Table II). However, the titration of
80/20/0 serum swollen sample solutions resulted
in an unexpected decrease in carboxyl groups,
depending upon the degree of swelling. At the
higher percentages of swell, the number of
OCOOH groups was substantially reduced.

If Hypothesis II was the likely explanation of
increased swelling in serum, then we would have
expected an increase in the carboxyl content of
the polymer. However, based on the fact that we
observed a decrease in carboxyl content, Hypoth-
esis III was the most likely explanation for the
increased swelling in serum and the observed de-
crease in carboxyl groups. According to this hy-

pothesis, the carboxyl groups in the copolymer
were neutralized by a monovalent cation in the
serum to form a salt, such as OCOONa. It has
been well established in the polyacrylic acid su-
perabsorbent technology that, when the carboxyl
groups are converted to monovalent salts, this
results in greater swell due to their higher degree
of dissociation compared to the free acid.14–18

The swelling behavior of the 80/20/10 MMA/
AA/AMA system was also studied in buffered so-
lutions at varying pH values. The % swell in-
creased dramatically as the pH was increased
from 6 to 9 [Fig. 6(a)]. This result is consistent
with the hypothesis described above. It is ex-
pected that a higher pH level promotes the disso-
ciation of carboxyl groups and their conversion to
the monovalent salts, and therefore, results in a
higher % swell. It is also worth noting that the pH
of saline solution used in this study is about 6.5,
and that the swelling behavior in the saline solu-
tion falls between the swelling responses in buff-
ered solutions at pH levels of 6 and 7 [Fig. 6(b)].
Further, the pH of the serum is about 7.3, and the
swelling response in serum is quite close to the
swelling response measured in the buffered solu-
tion at a pH of 7.4 [Fig. 6(b)].

Reswelling Behavior of Converted MMA/AA/AMA
Systems

Hypothesis III implies that if theOCOOH groups
in copolymer (80/20/10 MMA/AA/AMA) are con-
verted to salts (i.e., OCOONa), this converted co-
polymer (80/20/10 MMA/salts of AA/AMA) will
have higher equilibrium swelling in saline than
the unconverted copolymer (80/20/10 MMA/AA/
AMA). To confirm the above, copolymers (80/20/10
MMA/AA/AMA) were preswollen in NaOH solu-
tion (0.1 M) to equilibrium swelling levels (to en-

Table II Summary Table of Titration Results

Sample Swelling
Medium

Average Amt.
of Swelling

Achieved (%W) Solvent

Average
Expected %

COOO (wt %)

Average
Actual %

COOO (wt %)

80/20/0 dry control 0 3 : 1 methylene chloride/ethanol 13.18 14.57 (n 5 6)
80/20/0 saline solution 17.94 3 : 1 methylene chloride ethanol 13.18 11.32 (n 5 2)
80/20/0 serum 48.31 DMSO 13.18 6.85 (n 5 3)

300 DMSO 13.18 3.52 (n 5 1)
100/0/0 dry control 0 4 : 1 toluene/acetone 0 0
100/0/0 saline solution 1.80 4 : 1 toluene/acetone 0 0
100/0/0 serum 2.22 4 : 1 toluene/acetone 0 0
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Figure 6 (a) The swelling behavior of the 80/20/10 (MMA/AA/AMA) copolymer in
different pH buffered solutions. (b) Comparison of the swelling behavior of the 80/20/10
(MMA/AA/AMA) copolymer in saline solution, serum, and pH buffered solutions.
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sure conversion to acrylic salts), dried out com-
pletely, and reswollen in saline. The swelling be-
havior of converted copolymer (80/20/10 MMA/
salts of AA/AMA) in saline is shown in Figure 7(a)
and is denoted as “converted by NaOH, reswollen
in saline.”

It is seen that the equilibrium swelling level of
converted copolymer (80/20/10 MMA/salts of AA/
AMA) swollen in saline is about 190% [Fig. 7(a)],
while the equilibrium swelling of the unconverted

copolymer (80/20/10 MMA/AA/AMA) in saline
was only about 9% [Fig. 3(a)]. Thus, the conver-
sion of acrylic acid groups to acrylic salts did have
a strong influence on the equilibrium swelling in
saline. As discussed earlier, this is expected as a
consequence of Hypothesis III, and provides ad-
ditional corroboration to this hypothesis.

It is also seen in Figure 7(b) that the converted
samples reached equilibrium swelling levels in
about a day during reswelling, whereas the un-

Figure 7 (a) Reswelling behavior of converted (80/20/10) samples (by preswelling in
NaOH solution) in saline solution and serum. (b) Reswelling behavior of converted
(80/20/10) samples (by preswelling in different pH buffered solutions) in serum.
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converted samples took about 60 days or more to
reach equilibrium swelling levels [see Fig. 6(a)].
The faster kinetics of the swelling behavior of the
converted samples is also consistent with the as-
sumed changes in the chemistry and polymer
structure brought on by the dissociation and con-
version of the carboxylate groups. This is partic-
ularly useful for the intended application, be-
cause it means that it is possible to speed up the
swelling and the fixation process in the in vivo
conditions by using a sample that is already pre-
swollen in a high pH medium (to facilitate the
conversion of the acrylic acid groups to salts).

For the bone implant applications we are ex-
ploring, it was therefore important to investigate
the influence of the media used during preswell-
ing on the reswelling behavior in both saline and
serum, and note especially any differences in the
reswelling behaviors in saline and serum. For this
purpose, the reswelling measurement shown in
Figure 7(a) in saline was repeated in serum (i.e.,
the samples were preswollen in 0.1 M NaOH so-
lution to their equilibrium swelling levels as be-
fore, dried completely, and reswollen in serum).
The results are also presented in Figure 7(a).
Comparing the two plots in Figure 7(a), it is seen
that the medium used in reswelling has a strong
influence even though the samples were initially
converted in the same solution to the same equi-
librium level.

An interesting feature of the sample reswollen
in serum is a decrease in the % swell from about
180 to 115%, following the initial abrupt increase
in % swell from the dry condition. Because serum
had a lower pH of about 7.3 compared to the high
pH of the initial NaOH swelling medium, this
could result in a reversion of the carboxylate ions
to carboxyl groups (i.e., OCOONa 1 H1 3
OCOOH 1 Na1), and thus helps explain the de-
crease in the equilibrium swelling observed.

Based on this theory, it should be expected that
the transient observed in the reswelling in serum
is dependent on the difference in the pH level of
the medium used for initial preswelling (i.e., con-
version to acrylic salts) and the pH of the medium
used for reswelling. This is validated in the mea-
surements shown in Figure 7(b), where the pH
level of the medium used for preswelling was
changed from 7.4 to 9.0. Indeed, when the pH
level of the medium used for preswelling was
close to the pH of serum (pH 5 7.3), the transient
in the reswelling behavior disappeared.

The results presented in Figure 7(a) also show
that reswelling of the converted samples in saline

solution did not show the transient behavior
shown in serum, despite the fact that the pH of
saline solution is about 6.5. This observation in-
dicates that the reversion (i.e.,OCOONa 1 H13
OCOOH 1 Na1) of converted copolymer was re-
stricted in saline due to the lack of a source of H1

ions. The bovine serum, however, acts as a buffer
in which the H1 ions can be produced again. This
notion was confirmed by measuring the behavior
of a sample initially converted in NaOH solution
and then reswollen in a pH 5 6 buffered solution.
In this case, the % swell showed a decrease after
the initial abrupt increase from the dry condition
similar to the transient response seen for a simi-
larly converted sample that was reswollen in se-
rum.

CONCLUSIONS

In the present study, swelling and titration anal-
ysis were performed to determine the mechanism
of excessive swelling of the crosslinked P(MMA-
AA) copolymer in serum. Based on titration stud-
ies, which showed a decrease in the number of
OCOOH groups, the excessive swelling phenom-
enon was attributed to the conversion of the car-
boxyl groups to a salt of acrylic acid. This result
was confirmed by performing swelling studies on
MMA/AA/AMA samples in which the OCOOH
groups were neutralized to OCOONa groups.
This study suggests new approaches to achieving
similar swelling in serum and saline solutions
with significantly faster kinetics compared to
those that were obtained in previous studies.
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