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Abstract A series of N-isopropylacrylamide (NIPAAm)
copolymer gels with different hydrophilicities were pre-
pared from NIPAAm, hydrophilic acrylamide (AAm)
and hydrophobic butyl methacrylate (BMA). The swelling
and thermo-responsive properties of PNIPAAm P
(NIPAm-co-BMA) and P(NIPAm-co-AAm) copolymer
hydrogels were investigated. The drug loading and releas-
ing behaviors for two kinds of model drug with different
hydrophilicities were studied. The result shows that the
copolymer gels present negative thermo-sensitivities. The
lower critical solution temperature (LCST), equilibrium
swelling degree and the initial swelling rate increase as
the hydrophilicity of gels increases when the temperature
is below the LCST. With increasing gel hydrophilicity the
loading ratio for sodium salicylate increases, while for
salicylic acid, the reverse is observed. The initial drug
releasing rate of sodium salicylate and salicylic acid also
increase with increasing gel hydrophilicity. The initial
drug releasing rate of sodium salicylate is significantly
higher than that of salicylic acid. For salicylic acid which
is less hydrophilic, the equilibrium releasing ratio at high
temperature is lower than that at low temperature while
for sodium salicylate which is more hydrophilic, the equi-
librium releasing ratio at high temperature is almost the
same as that at low temperature. Equilibrium releasing
ratios of the three gels are significantly different from each
other for salicylic acid when the temperature is below
LCST while the equilibrium releasing ratios of the three
gels are all 100% for sodium salicylate.
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1 Introduction

Temperature sensitive hydrogel can respond and change
their shape and volume upon external stimuli. The swell-
ing/collapse transition alters the permeability of the gel net-
work therefore, these systems can be used to switch the
release on and off in drug delivery devices which can be
used in drug controlled release [1-7]. Thus, hydrogels, espe-
cially the temperature sensitive ones, have attracted extens-
ive interest due to their potential and promising
applications in many fields. Among the family of temper-
ature sensitive hydrogels, poly(N-isopropylacrylamide)
(PNIPAAm) hydrogel is one of the most widely studied
[8-11]. Tt exhibits a lower critical solution temperature
(LCST) at 33°C in aqueous solution and shows an abrupt
thermoreversible change in volume as external temperature
cycles around this critical temperature. The LCST can be
adjusted to the body human temperature by copolymeriza-
tion or interpenetration with other monomers. The hydro-
philic-hydrophobic interactions of hydrogels play an
important role in the structure and property of hydrogels.
To the best of our knowledge, there are only a few papers
on these hydrophilic-hydrophobic effects. When the stim-
uli-response of hydrophilic-hydrophobic semi-IPN hydro-
gels consisting of polyacrylic acid (PAAc)/poly(N-dodecyl-
4-vinyl pyridinium bromide) (QPVPD) took place under
the contact DC electric fields, the deswelling of the gel
was observed in the anode side of the gel, which was attrib-
uted to the hydrophobic interaction. Under non-contact
DC electric fields, the gel bars bend toward the cathode side
in a weakly alkaline solution and toward the anode side in a
weakly acidic solution. These properties of the gel are
related to the changes of both hydrophilic interaction and
hydrophobic interaction [12-14]. Drug loading capacity
and drug releasing rate tie up with the structure of hydrogel
and property of drug. A model was developed based on
drug release from swellable polymers [15]. To optimise the
performance of the stimuli-sensitive systems, a sound
understanding of the effects of hydrophilic interaction
and hydrophobic interaction of hydrogel on the swelling/
deswelling and temperature-sensitive properties as well as
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drug loading and release behaviors of different model drugs
is essential.

The aim of this study is to import hydrophilic acryl-
amide chain segment and hydrophobic butyl methacrylate
chain segment into N-isopropylacrylamide (NIPAAm)
copolymer gels. The effects of hydrophilic/hydrophobic
interactions in hydrogel on the temperature sensitive char-
acteristics, swelling and release behavior were examined.
In addition, the loading and release behaviors of two
model drugs, salicylic acid and sodium salicylate, with
different hydrophilicities on a series of N-isopropylacryl-
amide (NIPAAm) copolymer gels were investigated.

2 Materials and methods
2.1 Materials

N-isopropylacrylamide (NIPAAm) was purchased from
Tokyo Chemical Industry CO., Ltd. and recrystallized
from hexane before use. Acrylamide (AAm), butyl metha-
crylate (BMA), N,N'-methylenebis(acrylamide) (BIS),
benzoyl peroxide (BPO), salicylic acid (SA) and sodium
salicylate (SS) were of analytical grade and used as
received. Acrylic acid (AAC) was chemical grade and
purified through reduced pressure distillation to be rid
of polymerisation inhibitors prior to use.

2.2 Preparation of N-isopropylacrylamide-based hydrogel

NIPAAmM monomers with different molar ratios of AAm
and BMA dissolved in water were co-polymerized with 5 wt
% BIS as a cross-linking agent in the presence of 3 wt%
BPO. Free radical polymerization was performed in a water
bath at 70°C and the polymerization reaction was continued
for 1.5 h. The resultant hydrogels were immersed in pure
ethanol to extract the unreacted chemicals for 7 days then
immersed in solutions with different ethanol/water ratios
The solutions were changed everyday. Finally the hydrogels
were immersed in water for 7 days. The crosslinked hydro-
gels were cut into small uniform pieces and dried in a
vacuum oven at room temperature to a constant weight.

2.3 Measurement of swelling ratio and water retention

A classical gravimetric method was used to measure the
swelling ratio and water retention of hydrogel. Dry hydro-
gel samples were immersed and swollen in distilled water
at constant temperature for a predetermined time. Then,
excess water on the swollen hydrogel surface was removed
using wet filter paper. The gel was then weighed. The
swelling ratio, Rs, is defined as follows:

Rs=(m;—mq)/mq (1)

In the equation, m, is the weight of the swollen hydrogel
at time t and my is the initial weight of the dry hydrogel.
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The water retention of PNIPAAm copolymer series
hydrogels was studied by immersing the swollen hydrogels
at room temperature in hot water at 40°C. At predeter-
mined time intervals, the hydrogel samples were taken out
from the hot water and weighed after blotting excess water
on the surface by wet filter papers. Water retention, W, is
defined by the equation

W=(Wlt*md)/(mco —myg) (2)

where, m is the weight of the wet hydrogel at time ¢ at the
temperature of 40°C, m.. is the weight of equilibrium swol-
len hydrogel and my is the initial weight of the dry hydrogel.

2.4 Measurement of drug loading ratio and drug
releasing ratio

Loading of the model drug into the dry hydrogels was
performed in water/ethanol mixture (80/20, V/V) with 10
% (WIW) salicylic acid or 10 % W/W) sodium salicylate
for 3 days at room temperature and washed with ethanol
on the surface then dried in a vacuum oven at room tem-
perature to a constant weight my'. Drug loading ratio is
defined as the weight of drug loading (m4:-my4) divided by
the weight of dry hydrogel (mq).

Dried loaded copolymer hydrogels were immersed in
1 L of water at constant temperature. The amounts of
drug released were determined spectrophotometrically
[16] in periodically taken 5 mL samples of medium. The
samples are returned to the vessel so that the liquid
volume remains constant. Drug releasing ratio is defined
as the weight of released drug divided by the weight of the
dry hydrogel (mg).

3 Results and discussion

3.1 The effect of hydrophilicity on temperature
sensitivity of hydrogel

Figure 1 presents the dependence of equilibrium swelling
ratio on temperature of NIPAAm series copolymer
hydrogels in water. The equilibrium swelling ratios of
hydrogels of different hydrophilicities all decreased as
the temperature increased.

The equilibrium swelling ratio of PNIPAAm series
copolymer hydrogels increased with increasing hydro-
philic chain segment content in the corresponding hydro-
gel when the ambient temperature is below LCST. There
are a lot of hydrogen bonds in water and the hydrogen
bond complex would restrict the movement or relaxation
of network chains. A compact hydrogel network would be
formed and thus, a lower swelling ratio was observed as
the hydrophilic chain segment content decreased. In addi-
tion, Fig. 1 also demonstrates that the equilibrium swell-
ing ratio of the temperature-sensitive hydrogel remains
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Fig. 1 Equilibrium swelling ratio as a function of temper-

ature for gels in water

almost constant as the temperature reaches LCST and
above.

As mentioned, the hydrophilicity of AAm is stronger
than that of BMA. Consequently, the hydrophilicity of
resultant P(NIPAAm-co-AAm) hydrogels should become
higher compared with that of the P(NIPAAm-co-BMA)
hydrogel. That is, from P(NIPAAm-co-BMA),
PNIPAAm to P(NIPAAm-co-AAm), the hydrophilicity
becomes stronger gradually, resulting in increasing equi-
librium swelling ratios of the corresponding hydrogels
which can be attributed to the existence of more hydrogen
bonds between the hydrophilic chain segment and water
molecules. When more hydrogen bonds exist in the hydro-
gel, more energy is needed to cause the dehydration of the
gel structure as the external temperature is increased.
Eventually, dehydration may lead to the aggregation of
polymer chains and consequently the shrinkage of the
hydrogel and extraction of freed water.

3.2 The effect of hydrophilicity on swelling and
deswelling

To understand further the temperature sensitivity, the
swelling ratio and deswelling rate of PNIPAAm series
copolymer hydrogels were investigated. The swelling
curves at 25°C for a series of PNIPAAm copolymer
hydrogels are shown in Fig. 2. These initial swelling rates
and equilibrium swelling ratios Rs.. became stronger as
the hydrophilicity increased. The main factor responsible
for the phenomenon is a physical cross-linking caused by
the formation of hydrogen bonds between the amide
groups of the hydrogels and water molecules.

The higher hydrophilicity of a hydrogel makes the
water molecules penetrate into the hydrogel more easily.
Thus, this results in P(INIPAAm-co-AAm) hydrogels hav-
ing the highest swelling ratio and the fastest initial swelling
rate.

Figure 3 illustrates the deswelling kinetics of different
hydrogels with different hydrophilicities at 40°C. It is also
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Fig. 2 Swelling curves of different hydrogels at 25°C

of interest that the hydrophilicity does not noticeably
affect the deswelling behavior of those interpenetrated
gels. The equilibrium water retention (W.) rises slightly
as hydrogel hydrophilicity increases. Among the three
hydrogel samples, the hydrophilicity of P(NIPAAm-co-
AAm) is the highest. Thus, the initial deswelling rate is
least and the time to reach equilibrium swelling is the
longest. PNIPAAm and P(NIPAAm-co-BMA) have dif-
ferent hydrophilicities but their deswelling curves are
almost the same. Compared with P(NIPAAm-co-AAm),
the difference in initial deswelling rates and the time to
reach equilibrium swelling may be connected with the dif-
ference in their deswelling mechanisms.
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Fig. 3 Deswelling curves of different hydrogels at 40°C

It was found that, in the initial deswelling process there
were lots of bubbles on the surface of PNIPAAm and P
(NIPAAm-co-BMA) copolymer hydrogels when the
ambient temperature was above LCST. Hydrophobic
interaction on the surface resulted in a dense and thick
cortex which prevented extrusion of freed water from the
inside of the hydrogel. The inner pressure accumulated
until the bubble broke causing the water molecule to burst
out from the shrinking hydrogel [17]. The hydrophilic



Swelling and drug releasing properties of poly(N-isopropylacrylamide) thermo-sensitive copolymer gels

moiety which was incorporated into PNIPAAm to form
the P(NIPAAm-co-AAm) hydrogel enhanced the hydro-
philicity and weakened hydrophobic aggregation. Hence,
no bubble was observed.

3.3 The effect of hydrophilicity on drug loading and
drug releasing

The loading ratio for sodium salicylate increases with
increasing gel hydrophilicity while for salicylic acid, the
reverse is observed as can be seen in Table 1. The inter-
action between gel and model drug is stronger for sodium
salicylate than salicylic acid with the increase in gel hydro-
philicity. The swelling ratio is directly related to the
hydrophilicity of copolymer monomer as can be seen from
Fig. 1.

Table 1 Salicylic acid and sodium salicylate loading ratios of
PNIPAAm copolymer gels

sample code drug loading ratio/%

SA SS
P(NIPAAm-co-BMA) 56.3 51.9
PNIPAAM 53.6 632
P(NIPAAm-co-AAm) 487 66.2

The hydrophilic interaction between aqueous soluble
model drug sodium salicylate and hydrogel is becomes
stronger with the increasing hydrophilicity of the gel so that
the drug loading ratio increases with an increase of mono-
mer moiety hydrophilicity. For the aliphatic drug salicylic
acid, however, the reverse is true. P(NIPAAm-co-AAm)
hydrogel showed a great affinity for SS and the drug load-
ing ratio was more than the 66% of the drug in solution.

Drug release behavior has been investigated for three
hydrogel samples with different hydrophilicities: P
(NIPAAm-co-BMA), PNIPAAm and P(NIPAAm-co-
AAm). The equilibrium cumulative release R.. and the
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initial release rate v’g (defined as the mean release rate
at the first 35 min) can be calculated from Fig. 4 and
Fig. 5 and the results are shown in Tables 2 and 3.

Table 2 presents the release profiles of SS and SA from
the copolymer hydrogel at 25°C and 40°C. As seen clearly
from Table 2, the initial release rates of the model drugs
from hydrogels depends on the hydrogel structure and on
the temperature. Compared with P(NIPAAm-co-AAm),
the initial release of SS and SA for PNIPAAm shows
lower release rate while higher than P(NIPAAm-co-
BMA) both at 25°C and 40°C. The main factor respons-
ible for the phenomenon is the hydrophilicity of hydrogel
structures which enhances the initial swelling rate by pro-
viding the drug molecule more and bigger channels to
diffuse into. All hydrogels swell at 25°C which is below
LCST whereas they shrink at 40°C and lead to a lower
initial release.

All release ratios of hydrogels increased with increase in
gel hydrophilicity for SA regardless of whether the ambi-
ent temperature was below or above LCST. Swelling ratio
and water retention rate of NIPAAm series copolymer
hydrogels increase with an increase in gel hydrophilicity
which indicates a swelling-dependent pattern for those dry
loaded copolymer hydrogels. The release ratio is mainly
affected by swelling characteristics. The higher the swell-
ing ratio, the higher the drug release ratio will be. The
release ratio of SS (more soluble than SA) will also
increase with the enhancement of gel hydrophilicity when
ambient temperature is above LCST and cumulative
release is 100% for all SS loaded hydrogels at ambient
temperature below LCST.

For SA, as can be seen in Fig. 4 and Table 3, the hydro-
philicity is relatively weak and the cumulative release at
high temperature is distinctly less than at low temperature.
Such a system can be used in pulse release to control drug
delivery. On the other hand, for sodium salicylate (with
relatively higher hydrophilicity ), PNIPAAm copolymer
loaded-drug gels exhibit only small differences in drug
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Table 2 Initial release rate of PNIPAAm copolymer gels at dif-

ferent temperatures vz’/min !

drug code P(NIPAAm-co-BMA) PNIPAAm P(NIPAAm-co-AAm)

25°C 40°C 25°C 40°C 25°C 40°C
SA 0.274 0.181 0.442 0.317 0.741 0.578
SS 0.921 0.399 1.61 1.06 1.96 1.90

Table 3 Equilibrium releasing ratio of PNIPAAm copolymer gels
at different temperatures R../%

drug code P(NIPAAm-co-BMA) PNIPAAm P(NIPAAm-co-AAm)

25°C 40°C  25°C 40°C 25°C 40°C
SA 24.2 13.7 62.2 239 92.1 41.3
SS 100 689 100 819 100 93.0

release characteristics at high and low temperature. The two
kinds of models with different hydrophilicities are different
in cumulative release and initial release rate at different
temperatures. The cumulative release ratio and initial
release rate of SS at both high and low temperatures were
higher than SA because the hydrophilic drug diffuses faster
in swollen hydrogels as well as in solution.

The cumulative release ratios are almost 100% for all SS
loaded but are different for SA loaded hydrogels with differ-
ent hydrophilicities when ambient temperature is below
LCST. This is due to the strong hydrophobic interaction
between SA and the hydrogel network which leads to a
restraint on the hydrophobic drug molecules. The interaction
becomes weak as the hydrophilic/hydrophobic ratio of hy-
drogel network increases which results in the increase in the
drug release ratio for SS. The faster diffusion of SS in swollen
gel networks and in solution is also an important factor.

4 Conclusions

(1) NIPAAm copolymer series hydrogels present nega-
tive thermo-sensitivities. The equilibrium swelling degree

and initial swelling rate increase as the hydrophilicity of
the gels increases when the temperature is below the
LCST. The water retention slightly increases.

(2) With enhancing gel hydrophilicity the loading ratio
for SS increases, while for SA the reverse is observed. The
release ratio of SS is higher than SA.

(3) The initial drug releasing rates of SS and SA increase
with increasing gel hydrophilicity. The initial drug releas-
ing rate of SS is significantly higher than that of SA. The
release ratio of SS increases with the enhancement of
hydrogel hydrophilicity when ambient temperature is
above LCST. For SA which is less hydrophilic than SS,
the equilibrium releasing ratio at high temperature is less
than that at low temperature while for SS, the equilibrium
releasing ratio at high temperature is almost the same as
that at low temperature.
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