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ABSTRACT: The swelling behavior of interpenetrating polymer networks(IPNs) composed of poly
(acrylamide-co-dimethylacrtlamide-co-butylmethacrylate) [p(AAm-co-DMAAm-0-BMA)] and poly(ac-
rylic acid) (PAAc) in water was studied and indomethacin release from the IPNs gels was perfor-
med. The IPNs were synthesized by a sequential IPN method in which crossliked PAAc chains
were formed inside of p(AAm-co-DMAAm-co-BMA) networks as initial gels. Positive swelling
changes were obtained with changes in temperature for IPNs gels containing higher AAm and
AAc contents. The positive temperature dependence was attributed to the formation and dissocia-
tion of hydrogen-bond complexes between AAm and AAc with changes in temperature. Stepwise
changes in swelling behavior of the IPN-0.8 gels was observed as a function of the temperature.

Indomethacin release from the [PN-0.8 at 53 C was larger than that measured at 37 TC.

Introduction

Hydrogel of stimuli sensitive polymers have pro-
mising potentials as intelligent materials which
show structural and physical changes to external
signals. Environmental stimuli factors include tem-
perature,’® pH,*7 electric field,*® light,'° ion or cer-
tain chemical species."! Among these, thermally se-
nsitive polymers receive much attention because
body temperature may increase when people get
an illness.

Much of the fundamental swelling behaviors of

the hydrogels has been investigated since Tanaka
et al. suggested the swelling theory with respect
to the change in temperature.’? The hydrogel could
be described as that containing either a negative
or positive temperature-sensitive system.

In a negative temperature-sensitive system, a
phase transition or a gel shrinking occurs at a cer-
tain temperature that is called a lower critical solu-
tion temperature(LCST). Poly(N-isopropyl acryla-
mide) (PNIPAAm) hydrogel is a well-known nega-
tive temperature sensitive polymer showing LCST
at 30~32 T.® Many attempts have been made to
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Table 1. The Feed Composition of Initial Gels

Sample DMAAm (g0 AAm (g) BMA (g MBAAm (g) AIBN (g9 DMSO (g)
INI(DMAAm-AAm)-0 2.8 0 1.2 0.0283 0.04 16
INI(DMAAm-AAm)-20 224 0.56 1.2 0.03 0.04 16
INI(DMAAm-AAm)-40 1.68 112 12 0.0317 0.04 16
INI(DMAAm-AAm)-60 112 1.68 12 0.0334 0.04 16
INI(DMAAmM-AAm)-80 0.56 2.24 12 0.0352 0.04 16
INI(DMAAmM-AAm)-100 0 2.8 12 0.0369 0.04 16

Table II. Feed Composition of IPNs Gels
Sample AAc (mol/100 g) AAc (g) MBAAm (g) AP (g water (g)
IPN-0 1.069X 10! 7.704 0.084 0.2 92.296
IPN-20 1.067 X 107! 7.688 0.084 0.2 92.312
IPN-40 1.238X107! 8.924 0.096 0.2 91.067
INP-60 1.397x 107! 10.068 0.108 0.2 89.932
INP-80 1.420X10°! 10.263 0.108 0.2 89.764
INP-100 1.984X10 ! 14.296 0.152 0.2 85.704

(BMA: 30 wt% in initial gel, [DMAAm+AAm]/[AAc]=1).

change LCSTs of the polymers in the aqueous sys-
tem through a variation in polymer-water interac-
tion and polymer-polymer interaction."

In a positive temperature sensitive system, a
phase transition occurs at a temperature which is
called an upper critical solution temperature
(UCST). Al-Alaw et al.”® first reported on the posi-
tive temperature dependent pclymer gels showing
UCST based on IPNs from poly(acryl amide)
(PAAm) and poly(acrylic acid) (PAAc). It has been
used for drug delivery system. This phenomenon
is closely related to the polymer-polymer complex
between PAAm and PAAc through hydrogen bon-
ding. Recently, Jung et al. reported positive swelling
behavior of IPNs composed of poly(N-vinylpyrroil-
done-co-butyl methacrylate) and PAAc.*®

In this study, we wish to report on the swelling
behavior of IPNs composed of poly(acrvlamide-co-
dimethylacrylamide-co-butylmethacrylate) p(AAm-
co-DMAAm-co-BMA)] and PAAc and the release of
indomethacin as a model drug from the IPNs gels.
The new positive temperature dependent polymer
gels are expected by an incorporation of polydime-
thylacrylamide(PDMAAm) in the complex between
polyacrylamide(PAAm) and poly(acrylic  acid)

(PAAC).
Experimental
Materials. Acrylamide(AAm), dimethylacryla-

mide(DMAAm), butylmethyacrylate(BMA), acrylic

acid (AAc), dimethy! sulfoxide(DMSO) and ammo-
nium persulfate(AP) were purchased from Junsei
Chemicals Co. Methylenebisacrylamide(MBAAm)
and N,N-azobisisobutyronitrile(AIBN) were purcha-
sed from Tokyo Chemical Industry Co.(TCI). Indo-
methacin was purchase from Aldrich Chem. Co.
AAm was purified by recrystallization. AAc,
DMAAm, BMA and DMSO were distilled under re-
duced pressure before use.

Synthesis of P(AAm-co-DMAAm-co-BMA)
and PAAc IPNs. The IPNs were prepared by a
sequential method of IPNs synthesis. First initial
gel was synthesized and then swollen in another
monomer solution which contains a crosslinker and
an initiator. The swollen gel was heated to form
IPNs. P(AAm-co-DMAAm-co-BMA) gels and PAAc
gels were synthesized as initial gels and secondary
gels, respectively.

The feed compositions of initial gels are listed
in Table 1. AAm, DMAAm, BMA, MBAAm and
AIBN were dissolved in a certain amout of DMSQO.
The solutions were bubbled with dry nitrogen gas
for 10 mins and injeced between two glass plates
separated by a silicone rubber spacer measuring
lmm in thickness. The solutions were heated at
80 C for 30 hours. After cooling to room tempera-
ture, the initial gels obtained were separated from
the glass plates. At first the initial gels were imme-
rsed in DMSO at room temperature for five days
to remove any unreacted monomers. The gels were
further soaked in 75/25 and 50/50 DMSOy/distitled
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Figure 1. Swelling ratio of poly(DMAAm-co-BMA)
with various BMA content in distilled water.

water (V/V) solution for three days each, followed
by the final soaking in 100% distilled water for a
week. The initial gels were dried at room tempera-
ture for a day and then at 80 C under reduced
pressure for three days. Feed compositions of initial
gel are listed in Table II. Each initial gel was im-
mersed in AAc aqueous solution with concentration
of AAc monomer(Caa.) adjusted to that of AAm and
DMAAm (AAm+DMAAm) in each initial gel con-
taining MBAAmM(0.5 mol%) and AP(2 g/L) and then
further swollen for 24 h at 5 C. These initial gels
swollen in the AAc aqueous solutions were heated
at 50 C for 3 days to synthesize PAAc gels interpe-
netrated within the initial gels. After the synthesis,
IPNs were soaked in distilled water for a week
to remove any unreacted rnonomers.

Swelling Measurement. After an immersion in
20cc water at a desired temperature, the IPNs (1.5
X 15 cm?)were removed from water and tapped
with filter paper to remove any excess water re-
mained on the sample surfaces. The polymer samp-
les were weighed at a fixed temperature until hyd-
rated membrane reached a constant weight. After
equilibration at a certain temperature, samples
were reequilibrated at a higher temperature. The
weight ratio, W,/W,, was used to evaluate the swel-
ling ratio, where W, and W, are the weight of abso-
rbed water and dry polymer, respectively.

Indomethacin Release. Indomethacin release
experiments were conducted in one ml phosphate
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Figure 2. Swelling ratio of poly(DMAAm-o-BMA)/
PAAc IPNs with various BMA content in distilled wa-
ter [DMAAm]/[AAc]=1

buffered saline(PBS) (pH=7.4) in a shaking water-
bath at 10 T and 60 C, respectively. The concent-
ration of the samples were determined by UV spec-
trophotometer (Shimadzu Model UV-2101PC) at 266

nm.
Results and Discussion

Temperature dependence of equilibrium swelling
of poly(DMAAm-co-BMA) gels is shown in Figure
1. Samples are designated as INI(DM)-X, where X
represents the wt% of BMA in the copolymer. Gels
showed a negative swelling behavior with increa-
sing temperature. The slope of swelling vs. tempe-
rature curve slightly decreased as BMA content in-
creased attributed to the hydrophobicity of BMA.
DMAAm homopolymer showed a negative swelling
behavior and LCST. This result may be regarded
that heat of dilution of PAAm in water is endother-
mic whereas those of N-substituted polymers are
exothermic. PAAm residues require separation of
the amide dipoles for hydration. The N,N-dimethyl
substituted structure in PDMAAm does not pro-
mote dipole interaction or intramolecular complexa-
tion and the two terminal methyl groups maintain
only minimal mobility."”"

In general PAAc is known to increase the swel-
ling degree with temperature. Therefore, poly(DA-
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Figure 3. Swelling ratio of poly(AAm-co-DMAAm-co-
BMA) with various AAm content in distilled water.

MMm-co-BMA)gels were used for preparing IPNs
with PAAc. Figure 2 illustrates the temperature de-
pendence of equilibrium swelling degree of poly
(DMAAm-co-BMA)/PAAc IPNs. Samples are desig-
nated as IPN(DM)-X, where X represents the wt%
of BMA in the copolymer. However, the effect of
PAAc in IPNs systems was not seen as was expec-
ted and the swelling degree did not increase with
temperature. The reason might be that the hydro-
gen bonding between poly(DMAAm-~0-BMA) and
PAAc was not disturbed much with increasing tem-
perature owing to the powerful hydrogen bond ac-
ceptor of the dimethylamide group.’* However, the
swelling ratios of these gels at low temperatures
are much lower than those of their respective initial
gels due to the formation of hydrogen bonding in
DMAAm-AAc complex at low temperatures.

AAm was incorporate into poly(DMAAm-co-BMA)
gels because of the appearance of the negative swe-
lling changes with increasing temperature. Poly
(AAm-co-DMAAm-co-BMA) was anticipated to show
positive swelling changes with increasing tempera-
ture after an introduction of AAm in the poly
(DMAAm-0-BMA). Figure 3 represents the tempe-
rature dependence of swelling in poly(AAm-o-
DMAAm-0-BMA) crosslinked gels. AAm content
was varied and the BMA content was fixed to 30
wt% to the total monomer ccntent. Samples are
designated as INI-X, where X represents ((AAm]X
100)/LAAm+DMAAm]. The swelling degree of the
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Figure 4. Swelling ratio of poly(AAm-co-DMAm-co-

BMA)/PAAc IPNs with various AAm content in distil-

led water. (BMA: 30 wt%, AAm content [AAm+
DMAAmJ/[AAc]=1).

gels containing AAm was not much changed in
comparison with the previous gels. The slope of
the swelling vs. temperature curve, however, de-
creased as the AAm content increased. This is att-
ributed to the fact that the relative amount of di-
methylamide group content decreases as AAm con-
tent increases. This was due to the weak positive
thermosensitivity of PAAm in swelling.

Figure 4 illustrates the temperature dependence
of swelling of poly(AAm-co-DMAAm-co-BMA)/PAAc
(BMA=30 wt%, [AAm+DMAAm]/[AAc]=1).
Sample designation is the same as in INI-X. These
gels containing 80 and 100 wt% AAm show positive
swelling changes with increasing temperature
whereas the IPNs gels containing less than 80 wt%
AAm exhibit negative swelling changes although
the slope of the swelling vs. temperature curve is
smaller than that of their respective initial gels.
For the IPNs gels containing less than 80 wt%
AAm, dissociation of DMAAm and AAc complex
units may not occur as the temperature is increased
owing the the powerful hydrogen bond acceptor of
DMAAm. For IPNs containing 80 and 100 wt%
AAm, some AAm-AAc complex units start to disso-
ciate by breaking hydrogen bonds when the tem-
perature is increased. Therefore, the interaction be-
tween AAc and water increases and the swelling
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Figure 5. Swelling ratio of poly(AAm-co-DMAAm-co-
BMA)/PAAc IPNs with various AAc content in distilled
water. ((AAm]/[AAm+DMAAm]=06, BMA 30 wt
%).

degree increases. Also, LCST to UCST may have
occured.

AAc content was varied using INI-60(BMA: 30
wt%, [AAm]/[AAm+DMAAmM]=0.6) to prepare
various IPNs. Figure 5 represents the temperature
dependence of swelling of these IPNs. The number
after IPN represents [AAc]/({AAm+DMAAm]+
[AAc]) in mole fraction. Depending upon the AAc
contents, these IPNs showed a temperature of mi-
nimum swelling degree indicating a transition from
LCST to UCST. For the IPN-0.2, transition from
LCST to USCT was a marked observation. Only
a small amount of AAc may have participated in
the hydrogen bonding so that the swelling degree
was large. However, at an elevated temperature,
the interaction between the polymer chain and wa-
ter was reduced to decrease the swelling degree.
At a much higher temperature, their interaction be-
tween the chain and water may play a role again,
resulting in an increase of the swelling because
of the presence of AAc. The transition temperature
from LCST to UCST depends on the content of
AAc in IPNs. As the AAc content increased, the
transition temperature was lowered. A possible rea-
son for this is that only a certain amount of AAc
may participate in the hydrogen bonding and the
rest of the AAc may swell to lower the UCST.

Figure 6 shows a stepwise swelling behavior of
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Figure 6. Step-wise swelling behavior of IPN-0.8 at
pH 7.

| S s U e N M ey
" 37°C

o
-
T

Drug Release(mg/1)

\
\

1/

00 1 1 1 A 1 " 1
0 40 20 120 160 200
Time(min.)

Figure 7. Release of indomethacin from IPN-0.8.

IPN-0.8 measured at pH 7. The temperature was
changed from 10 C to 60 T for every two hours.
The swelling degree of IPN-0.8 is high at 60 T
while it is low at 10 C and this trend is reversible
by changing the temperature. The total swelling ra-
tio increased as time goes on. This is attributed
from the fact that the hydrogen bonding may have
broken during the experiment. However, the swel-
ling behavior showed similar patterns.

The release of indomethacin through IPN-0.8 was
measured as a function of temperature and shown
in figure 7. A marked difference in the indometha-
cin release amount was observed between 37 T
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and 53 C. The release of indomethacin from the
IPN-0.8 at 53 C is larger than that at 37 C because
of positive swelling changes of IPNs gels with inc-
reasing temperature. From the above results, it may
be expected that drug release from the IPNs gels
can be controlled by an on-off system.

Conclusions

The swelling behavior of interpenetrating poly-
mer networks composed of poly(acrylamide-co-di-
methylacrylamide) and poly(acrylic acid) showed
positive changes in swelling as temperature increa-
sed for IPNs gels containing higher AAm and AAc
contents. The positive temperature dependence was
attributed to the formation and dissociation of the
hydrogen bond between AAm and AAc. A stepwise
swelling experiment using IPN-0.8 showed that a
reversible change in swelling ratio as temperature
changed from 10 to 60 T for every two hours. Re-
sults on indomethacin release from IPN-0.8 showed
that the release amount measured at 53 C was lar-
ger than that at 37 T and the release pattern was
reversible with temperature changes.
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