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ABSTRACT: The effect of incorporating a hydrophilic
monomer into poly(N-isopropylacrylamide) (polyNIPA)
hydrogels on the equilibrium swelling and the volume
phase transition temperature is reported here. A nonioniz-
able monomer (acrylamide) and three ionizable monomers
(itaconic acid, 2-ethoxyethyl monoitaconate, and 2,2-(2-ethox-
yethyl) monoitaconate) were studied. Hydrogels with larger
swelling capacity than that of the polyNIPA hydrogel were
obtained. With the exception of the hydrogel containing 2,2-
(2-ethoxyethyl) monoitaconate, which did not exhibit the de-

swelling phenomena, the rest showed a volume phase tran-
sition. The hydrogels containing 85 wt % acrylamide and 15
wt % comonomer presented the higher shrinking ratio. For
some compositions, the T, of the polyNIPA hydrogel was
within the desired temperature range (38-41°C) for con-
trolled-drug delivery in the human body. © 2008 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 108: 1792-1796, 2008
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INTRODUCTION

Volume phase transitions in polymer gels have
attracted much attention because of its scientific and
technological importance." Phase transitions in poly-
mer gels depend on temperature, pH, gel composi-
tion, solvent composition, and ionic concentration.>™®
Poly(N-isopropylacrylamide) (polyNIPA) gels show
a volume phase transition in water from a swollen
to a shrunken state by increasing temperature.*”
This phase transition takes place at a critical temper-
ature (T,) as a result of the dissociation of the hydro-
phobic interactions between NIPA segments and
water molecules caused by the presence of an upper
consolute critical transition.® Above T,, the hydrogen
bonds between the amide groups of the NIPA and
water molecules weaken or disappear and hydro-
phobic interactions are promoted.’

Hydrogels that have phase transitions in response
to surrounding conditions are being considered for
biomedical applications such as controlled drug
release.'”'? In some controlled drug release applica-
tions, it is desirable to have hydrogels with volume
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phase transitions between 38 and 41°C, which is the
temperature range of the human body in response to
some diseases. N-Isopropylacrylamide (NIPA)-based
hydrogels are excellent candidates to be used as con-
trolled drug release devices because of their good
biocompatibility.”> However, because the T, of poly-
NIPA is around 32°C,'* it is necessary to increase its
phase transition temperature.

One way to increase the transition temperature of
polyNIPA hydrogels and to modify its equilibrium
water swelling is by copolymerizing NIPA with an
organic acid or its salts.®” For instance, the transition
temperature and the equilibrium water intake of poly-
NIPA can be raised by incorporating increasing
amounts of sodium acrylate in the gel® and as the
amount of the sodium acrylate in the hydrogel is
increased, the transition changes from continuous to
discontinuous. Kawasaki et al. reported that depend-
ing on the pH of the solution, the transition could be
continuous or discontinuous in gels of poly(N-iso-
propylacrylamide-co-sodium acrylate).'”” Shibayama
et al. showed that the T, of poly(N-isopropylacryla-
mide-co-acrylic acid) hydrogels increases with
increasing acrylic acid content and that the higher
swelling degree occurs at a pH between 7.0 and 9.0.°
At higher pH’s (>9.0), produced by adding NaOH,
there is a lower water intake due to the ionic screen-
ing effect, whereas at lower pH’s, the hydrogel
becomes less hydrophilic because the degree of ioni-
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zation is very low. Erbil et al. studied the effect of
copolymerizing three organic acids (itaconic, acrylic,
and maleic acids) with NIPA and found that the
hydrogels containing maleic acid showed the largest
T, and largest equilibrium swelling.’

In this work, we present the effect of copolymeriz-
ing hydrophilic monomers with NIPA on the
amount of equilibrium water intake and volume
phase transition temperature. The following four
monomers were studied because it has been
reported that they have good biocompatibility'®'”:
acrylamide (AM), which is nonionizable, and ita-
conic acid (IA), 2-ethoxyethyl monoitaconate, and
2,2-(2-ethoxyethyl) monoitaconate, which are ioniz-
able.

EXPERIMENTAL

IA, NIPA, AM, and N,N-methylenbisacrylamide
(NMBA) all from Aldrich, were purified by recrystal-
lization. 2-Ethoxyethyl monoitaconate (EMI) and 2,2-
(2-ethoxyethyl) monoitaconate (EEMI) were prepared
in our laboratory with the procedure described else-
where.'® The initiator, potassium persulfate (KPS),
99.6% pure from J.T. Baker, was used as received.
Water was double distilled.

The hydrogels were prepared by the following
procedure. First, 2 g of a mixture of monomers
(NIPA /hydrophilic monomer) of the desired compo-
sition (100/0; 85/15; 70/30; 55/45 w/w) were dis-
solved in 7 mL of double distilled water; then the
crosslinking agent (2 wt % NMBA with respect to
monomers) and KPS (1 wt % with respect to mono-
mers) were added and the solutions were transferred
into 10 mL ampoules. These ampoules were sparged
with nitrogen for 3 min, sealed and transferred to a
water bath at 60°C where the polymerization was
carried out for 2 h to produce the hydrogels. Con-
versions higher than 96% were achieved in all cases.

The hydrogels were cut into 1 mm width discs.
The discs were immersed in distilled water for three
periods of 24 h to remove residual initiator and
monomers. Then, the disks were bloated with filter
paper and dried under vacuum at 40°C to constant
weight. The xerogels were put in sealed plastics
bags and stored in a desiccator jar with silica gel
until they were used.

The equilibrium swelling capacity of the hydrogels
was measured as a function of temperature as fol-
lows: first each dried disk was weighed (m;) and
then immersed in distilled water maintained at con-
stant temperature, T, with a thermostated bath; after
a certain period of time, each swollen disc was with-
drawn, bloated with a filter paper, and weighed.
This procedure was repeated until the weight of the
disc remained constant and equal to m.(T). The
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Figure 1 Ratio of the equilibrium swelling at a given tem-
perature to that at 30°C for hydrogels of NIPA/IA: (O)
100/0; (M) 85/15: (@) 70/30; (A) 55/45.

equilibrium swelling at the temperature T, Weq(T),
was calculated by:

Weq (T) =

Once the hydrogel reached its equilibrium swel-
ling at a given temperature, the temperature of
water was changed and the procedure described
above was repeated. Swelling experiments were car-
ried out at a pH around 6.0.

The criterion to determine the critical temperature
of de-swelling was the midpoint between the tem-
perature where the equilibrium swelling starts to di-
minish drastically and the temperature at which the
equilibrium swelling is practically constant.

RESULTS

Figure 1 shows the ratio of the equilibrium swelling
at a given temperature to that at 30°C, R [= Wy(T)/
Weq(30°C)], for hydrogels made by copolymerizing
NIPA with increasing amounts of IA. The tempera-
ture of 30°C was chosen as a reference because it is
below the volume phase transition temperatures of
all the hydrogels examined here. Two effects can be
clearly observed as the IA content increases. One is
that T, shifts to higher temperatures; the other is
that the swelling capacity as a function of tempera-
ture varies. In fact, with the highest IA content, the
equilibrium swelling of the hydrogel increases with
increasing temperature, in contrast to the equilib-
rium swelling behavior of the other three. Notice
also that the hydrogel with the lowest IA-content de-
swells more than the pure polyNIPA hydrogel.
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Figure 2 Ratio of the equilibrium swelling at a given tem-
perature to that at 30°C for hydrogels of NIPA/EMI: (O)
100/0; (M) 85/15: (@) 70/30; (A) 55/45.

Figure 2 displays R as a function of temperature
for hydrogels of NIPA copolymerized with increas-
ing amounts of EMI. Here, the de-swelling tempera-
ture also shifts to higher values and the de-swelling
becomes less sharp with increasing EEMI content. At
the highest EMI content, no de-swelling behavior is
observed.

Figure 3 depicts R as a function of temperature for
the hydrogels made of NIPA and varying amounts
of 2,2-(2-ethoxyethyl monoitaconate). In this case, in
contrast to the polyNIPA hydrogel, the equilibrium
swelling of all the hydrogels containing EMI aug-
ments with increasing temperature.

The R versus temperature behavior of hydrogels
made with NIPA and AM is shown in Figure 4. In
all cases, the equilibrium swelling of the hydrogels
decreases with increasing AM content. However,
only the hydrogel containing 15 wt % AM shows a
discontinuous de-swelling at a temperature higher
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Figure 3 Ratio of the equilibrium swelling at a given tem-
perature to that at 30°C for hydrogels of NIPA/EEMI: (O)
100/0; (M) 85/15: (@) 70/30; (A) 55/45.
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Figure 4 Ratio of the equilibrium swelling at a given tem-
perature to that at 30°C for hydrogels of NIPA/AM: (O)
100/0; (M) 85/15: (@) 70/30; (A) 55/45.

than that of the polyNIPA hydrogel. The other
hydrogels containing higher amounts of AM show a
monotonic decrease in their equilibrium swelling
with temperature.

The values of the critical temperatures as well as
the absolute values of the equilibrium swelling at
the reference temperature, W, (30°C), for all hydro-
gels examined are reported in Table I

DISCUSSION

NIPA is a monomer with low hydrophilicity, whose
polymer exhibits a T. around 32°C.'* It has been
reported that the equilibrium swelling as well as the
volume phase transition temperature of polyNIPA
hydrogels can be modified by the incorporation of
more hydrophilic monomers.®®*

In this work, four hydrophilic monomers of differ-
ent chemical structure were used to modify the T.
and the equilibrium swelling of polyNIPA hydro-

TABLE I
Equilibrium Swelling Temperature at 30°C and Critical
Temperature of the Hydrogels

Weq (30°C)

Hydrogel composition (g water/g xerogel) T. (°C)
100/0 (NIPA/Copolymer) 7.8 34
85/15 (NIPA/IA) 16.4 36
70/30 (NIPA/IA) 27.9 41
55/45 (NIPA/IA) 28.0 -
85/15 (NIPA/EMI) 24.4 38
70/30 (NIPA/EMI) 22.9 41
55/45 (NIPA /EMI) 29.8 -
85/15 (NIPA/EEMI) 13.8 -
70/30 (NIPA /EEMI) 229 -
55/45 (NIPA/EEMI) 40.0 -
85/15 (NIPA/AM) 26.9 38
70/30 (NIPA/AM) 36.3 -
55/45 (NIPA/AM) 46.1 -
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gels. The monomers were IA, which has two acid
groups, 2-etoxyethyl monoitaconate (EMI) and 2,2-
(2-etoxyethyl) monoitaconate, which have only one
acid group, and AM, which is a nonionizable hydro-
philic monomer.

For many thermo-sensible polymeric hydrogels,
especially for those produced by the polymerization
of two or more monomers, it has been reported that
the phase transition is not discontinuous, since there
are always present composition inhomogene-
ities”'®!” Because in many cases the transition
occurs in a range of 4-9°C, the T, is commonly cho-
sen as the middle point of the transition. To obtain a
more accurate value of T, Katime et al. used the
maximum of the derivative of the curve of swelling
degree versus temperature20; however, it is necessary
to obtain many experimental data points with high
accuracy to use this method. This is difficult since
experimental errors can occur because the hydrogel
may be contaminated or some material may be lost
during weight measurements; also when measuring
volume changes by optical methods, errors can be
introduced due to asymmetrical volume variations."

To facilitate the determination of T. as well the
comparison of the swelling behavior among the
hydrogels studied here, the ratio, R, of the equilib-
rium swelling volume at a given temperature to that
at 30°C is plotted as a function of temperature.

Table I shows that when increasing the IA content,
the equilibrium swelling at 30°C increases. This
increase is because IA is more hydrophilic than
NIPA and so, stronger hydrogen bonding interac-
tions between the hydrogel and water molecules are
promoted. Erbil et al. reported similar results for
NIPA /IA hydrogels with IA content up to 10%.”

Table I and Figure 1 show that T, raises from 36
to 41°C as the amount of TA is increased. Then,
hydrogels with compositions between 15 and 30 wt %
IA should have the desired T. range, i.e., 38-41°C.
At the highest IA content (45%) studied, the hydro-
gel does not shrink upon increasing temperature.
The phase transition temperature, T, is a result of
the competitive balance between the repulsive forces
(electrostatic interaction between the charges of the
same kind) and the attractive forces (van der Waals,
hydrophobic interactions, hydrogen bonding, and
ionic interactions between charges of opposite
kind).”*® The replacement of hydrogen bonds by
van der Waals hydrophobic interactions of the NIPA
is the cause of the shrinking of the hydrogel above
the phase transition temperature. However, as the
amount of the hydrophilic monomer is increased,
the hydrophobic interactions decreases and, as a
consequence, the volume phase transition can com-
pletely disappear. Figure 1 also shows that with 15
wt % IA in the hydrogel, the shrinking ratio is
higher than that of polyNIPA. In as much as hydro-

gels with a high shrinking ratio are desired for effi-
cient drug release, this type of material may be of in-
terest. However, by increasing the IA content above
15 wt %, the shrinking ratio now decreases because
the hydrophobic interaction diminishes.

Because EMI and EEMI are both much more
hydrophilic than NIPA, the equilibrium swelling vol-
ume of the hydrogels augments by increasing either
of these esters content (Table I). Figure 2 and Table I
show that T, increases when the content of EMI
increases. However, at the highest EMI concentration
studied here, the collapsing of the hydrogel does not
occur. The T, obtained by the copolymerization of
NIPA with 15 or 30 wt % EMI is within the desired
temperature range (38-41°C). When 15 wt % EMI is
used in the synthesis of the hydrogels, a large
increase on the shrinking ratio is obtained. However,
higher concentrations of this monomer produces a
decrease in the shrinking ratio and, at the highest
EMI concentration used, the hydrogels swells with
temperature instead of collapsing because a decrease
in the hydrophobic interactions, as discussed above.

The hydrogels of NIPA and EEMI do not de-swell
even at the lowest concentration studied; instead
they swell more when increasing temperature
because the long hydrophilic ester chain of this
comonomer prevents the hydrophobic interactions of
the NIPA (Figure 3).

AM, being a more hydrophilic monomer than
NIPA, produces an increase in the equilibrium swel-
ling capacity of the hydrogel at all compositions ex-
amined (Table I). The hydrogel containing 15 wt %
AM shows a T. equal to 38°C, which is in the
desired temperature range and a large increase in
shrinking ratio (Table I and Figure 4). Hydrogels
with higher AM concentration show only a slight
decrease in the swelling capacity of the hydrogel
with temperature and even at the highest tempera-
ture studied, the collapsing of the gel did not occur.
The decrease on swelling capacity with temperature
indicates that hydrophobic interactions are high and
that probably T. for these compositions is above
46°C.

CONCLUSIONS

In all the cases studied here, the copolymerization of
NIPA with more hydrophilic monomers produced
hydrogels with a larger swelling capacity than the
polyNIPA hydrogel. For some compositions, the T,
of the polyNIPA hydrogel was increased within the
desired temperature range (38-41°C) for human
body applications. With the exception of the hydro-
gel containing EEMI, which did not present the de-
swelling phenomena, the hydrogels with 85/15 com-
position presented the higher shrinking ratio. It is

Journal of Applied Polymer Science DOI 10.1002/app
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noteworthy that the hydrogels made of NIPA and
the comonomers employed here are potentially
attractive for controlled drug delivery in the human
body inasmuch as they are biocompatible and the
volume phase transition of the hydrogels can be set
at the desired range.
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