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ABSTRACT: The effect of the topological structure; that is, the network heterogeneity, of
hydrophobically modified, slightly acidic hydrogels on the binding and release of low
molar mass drugs has been studied using ibuprofen and ephedrine as model compounds
with varying water solubility. The difference in the heterogeneity of the gels has been
produced by the choice of the hydrophobe copolymerized into the polymer network. The
effect of the drug loading on the release kinetics has been investigated as well. The
release of hydrophobic ibuprofen was slower from a strongly aggregated heterogeneous
gel than from a more homogeneous one, because of the strong hydrophobic interaction
between ibuprofen and the heterogeneous hydrogel. The release of hydrophilic ephed-
rine from the homogeneous gel with an initial drug content of 30 wt % of dry polymer
showed negative time dependence, indicating that during and after the swelling of the
gel, ephedrine started to bind to the polymer. However, the release of ephedrine from
a heterogeneous hydrogel increased with time. This shows that the heterogeneous,
aggregated polymer binds the hydrophobic substance more strongly than the homoge-
neous one does, and that the homogeneous network has higher affinity for the basic
hydrophilic substance than the heterogeneous one does. The loading contents of ibu-
profen and ephedrine affect the release rates in different ways because of the different
binding and release mechanisms. The number of binding sites accessible for ephedrine
inside the polymer network is assumed to change upon the swelling of the gel. © 1999
John Wiley & Sons, Inc. J Appl Polym Sci 73: 1031–1039, 1999
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INTRODUCTION

Poly(N-isopropylacrylamide) (PNIPAAM) hydro-
gels are attracting more and more interest in
biomedical applications, because they exhibit a
well-defined lower critical solution temperature
(LCST) in water, around 31–34°C, which is close
to the body temperature. PNIPAAM hydrogels
swell when cooled below the LCST, and they col-
lapse when heated above the LCST. By finding
out the right balance of hydrophobic and hydro-

philic comonomers and by adjusting the number
of electric charges in the chain as well as the
degree of crosslinking, the structure and physical
properties of PNIPAAM hydrogels can be
changed.1–9 Mechanical properties as well as the
swelling and shrinking behavior of the gels
change in response to physical or chemical stim-
uli, such as temperature, pH, ionic strength, sol-
vent composition, and electric fields. Hence, these
gels can be expected to act as intelligent materials
in controlled or targeted drug release,2,10–14 im-
mobilization of enzymes and cells,15,16 and in sep-
aration of aqueous proteins.16,17

In their studies on the drug release mechanism
of thermoresponsive PNIPAAM gel, Okano and
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coworkers2 observed that the drug permeability
through poly(NIPAAM-co-alkyl methacrylate) gel
membranes depends upon temporal structural
changes of the gels and that the swelling and the
shrinking behaviors of the gel change at several
temperatures, yielding different patterns of drug
release profiles. According to these authors, the
release profiles for indomethacin from a poly-
(NIPAAM-co-butyl methacrylate) gel exhibited
sigmoidal patterns with accelerating release
rates, following the swelling patterns below the
LCST. It was also shown that during the temper-
ature-regulated transition from “on” state (below
the LCST) to “off” state (above the LCST), a het-
erogeneous skin layer formed during the gel col-
lapse. Initially the skin prevented the drug re-
lease from poly(NIPAAM-co-alkyl methacrylate)
hydrogels. After a certain period, the drug was
again rapidly released through the skin bubbles
with the convective outflow of water caused by
accumulated internal pressure.13,18

Drug release from the homopolymeric and co-
polymeric PNIPAAM gels is affected not only by
temperature but also by the dimensions of the gel,
the hydrophobicity of the polymer, the topological
structure of the network, as well as by pH. With
increasing the thickness of the gel membrane, the
drug release rate decreases. Lim et al.14 have
studied the release of indomethacine from
PNIPAAM/polyurethane IPNs. It was shown that
with increasing the hydrophobicity of the gel, the
equilibrium drug release and the time to reach
the equilibrium decreased because of the decrease
of the drug loading and the equilibrium swelling
ratio. The release rate of indomethacin18 as well
as that of sodium dodecyl sulfate (SDS)19 from
hydrophobically modified PNIPAAM gels has
been shown to decrease because of the hydropho-
bic interactions between drugs and the network
chains. When acrylic acid was introduced to
PNIPAAM network,20 the release of indometha-
cin was observed to occur at a much higher rate at
pH 7.4 than at pH 1.4. The release rate decreased
at pH 7.4, but increased at pH 5.0 with increasing
poly(acrylic acid) (PAA) content in PNIPAAM/
PAA interpenetrating polymer networks14 be-
cause of the repulsion between the ionized
groups.

When PNIPAAM hydrogels are synthesized in
water at temperatures above the LCST, heteroge-
neous gels with macroporous structures are ob-
tained. These types of hydrogels usually have
higher swelling ratios below the LCST, and they
exhibit faster deswelling and reswelling rates

than the corresponding homogeneous gels pre-
pared either in organic solvents or in water below
the LCST. The heterogeneous gels allow the ab-
sorption of macromolecules plus rapid delivery in
response to temperature change through the
LCST because of a bicontinuous, interconnected
porous structure.12,21,22

Until now, macroporous PNIPAAM hydrogels
have mostly been obtained by polymerization in
water above the LCST. However, in our recent
study, it has been observed that the topological
structures of copolymeric PNIPAAM hydrogels
can also be affected by the choice of the hydropho-
bic comonomers, even though the hydrogels are
synthesized below the LCST.9 PNIPAAM gels
containing hexafluoroisopropyl methacrylate
(HFIPMA) are homogeneous, transparent ones.
The corresponding gel modified with methacrylic
acid swells more than the neutral one does and
has a higher storage modulus in pure water below
the LCST, showing the behavior typical of a poly-
electrolyte gel. However, PNIPAAM gels contain-
ing hexafluorobutyl methacrylate (HFBMA) are
heterogeneous, and the corresponding acidic gel
swells less than the neutral one does and has a
lower storage modulus in pure water below the
LCST, not showing the polyelectrolyte effect.9

The homogeneous gels have considerably higher
storage moduli G9 than the heterogeneous ones.
The differences in the gel structures may be at-
tributable to the larger size and flexibility of the
partially fluorinated n-butyl side chains when
compared to the protonated or fluorinated isopro-
pyl groups, monomer solubility, aggregation, and
different polymerization behavior in aqueous me-
dia. By using nitroxide radicals with varying po-
larity, it has been shown23 that the release of low
molar mass substances from the gels depends
upon the chemical structure of the network. We
have recently also observed23 that the interac-
tions of ephedrine and iburofen with the
PNIPAAM hydrogels containing fluorinated
comonomers strongly depend upon the hydropho-
bicity/hydrophilicity of the drugs and the poly-
mers.

This article describes the release kinetics of
hydrophobic ibuprofen and hydrophilic ephedrine
from terpolymer PNIPAAM hydrogels below the
critical temperature. The comonomers are those
mentioned above, that is, a hydrophobe (HFIPMA
or HFBMA), and methacrylic acid. Fluorinated
comonomers are known to cause much stronger
hydrophobic aggregation than the corresponding
hydrocarbon comonomers. It turns out to be nec-
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essary to compare the properties of the gels with
different topological structures, and, thus, the
purpose of this article is to show the important
effect of the network heterogeneity on the release
of the drugs.

EXPERIMENTAL

Materials

N-Isopropylacrylamide (NIPAAM) purchased
from Polysciences Inc. was purified by recrystal-
lization in hexane. The comonomers, hexaflu-
oroisopropylmethacrylate (HFIPMA, Polysciences),
hexafluorobutylmethacrylate (HFBMA, Poly-
sciences Inc.), and methacrylic acid (MAA, Poly-
sciences) were used without further purification,
as were the initiator, potassium persulfate
(Merck), crosslinker, N,N9-methylene bisacrylam-
ide (Serva), accelerator N,N,N9,N9-tetramethyl-
ethylene diamine (TEMED, Aldrich) and surfac-
tant, sodium dodecyl sulfate (SDS, Fluka). Low
molar mass drugs ephedrine and ibuprofen were
from Sigma. Water used for polymerizations and
UV measurements was deionized in an Elgastat
UHQ-PS purification system.

Syntheses of Polymer Gels

The polymer gels were prepared by radical
crosslinking polymerization in water below the
LCST. The syntheses have been described in de-
tail elsewhere.11 The product crosslinked poly-
mers are abbreviated as HGNIM and HGNBM,
containing either HFIPMA or HFBMA as a hy-
drophobic monomer and MAA as a hydrophilic
monomer. The mole ratios of the monomers were:
NIPAAM : HFIPMA : MAA 5 NIPAAM : HFBMA
: MAA 5 80 : 15 : 5.

Drug Loading and Release

Dried polymers were cut into disks with approx-
imate dimensions of 1 mm (diameter) 3 1 mm
(thickness). The mass of the disks was 0.6–0.8
mg. The cylindrical gels were equilibrated at 20°C
for 2 days in excess ethanol solutions containing a
proper amount of ibuprofen or ephedrine. The
amount of ibuprofen or ephedrine dissolved in
ethanol was 10, 30, and 60 wt %, respectively, of
the mass of the dry gels in the case of HGNIM,
and 30 wt % for the gel HGNBM. Then, ethanol
was evaporated at room temperature for 1 week.

Gel particles loaded with drugs were placed in
quartz cuvettes containing 3 mL aqueous SDS
solutions (100 mg/mL). The released amount of
drugs was measured from the aqueous phase with
a UV spectrophotometer (UV-1201, Shimadzu
Co., Japan), at 222.7 nm and 208.0 nm wave-
lengths for ibuprofen and ephedrine, respectively.
The majority of the UV measurements were car-
ried out at 20°C. Some tests were also conducted
at 50°C. The measurements were conducted as
functions of time, and the results are given in
relative units Mt/Mp and Mt/M`, where Mt is the
instantaneous mass of the drug released at time t,
Mp is the mass of the dry polymer, and M` is the
total mass of the drug released at equilibrium.

RESULTS AND DISCUSSION

Swollen polymer gels are always more or less
heterogeneous.24 The gels used in this work,
chemically differing from each other only by the
structure of the hydrophobic comonomers, are for
simplicity called homogeneous (HGNIM) and het-
erogeneous (HGNBM) gels. The purpose is to em-
phasize the difference in the heterogeneity of the
polymer networks, observed not only as their dif-
ferent visual appearance but also as differences in
their swelling behavior, as well as in their me-
chanical properties.9 The LCST and the degree of
swelling of NIPAAM-based copolymer gels may be
altered within a wide range by the choice of the
comonomers. For example, the LCST of the gels
HGNIM and HGNBM are around 38 and 42°C,
respectively.

Hydrophobic drug ibuprofen is a weak acid
slightly soluble in water, and it binds into the gels
through the hydrophobic interactions. Ephedrine
is a water soluble, slightly basic substance, and it
has specific interactions with polyacid gels
through electrostatic interactions.23 In this arti-
cle, the focus is on the varying network topologies
of the gels, thus, we discuss the release of the two
drugs from the polymers swollen in equilibrium.

Release of Ibuprofen from the Gels

Figure 1 shows the time dependence of the release
of ibuprofen from a unit mass of gels HGNIM and
HGNBM, both having the same initial drug load-
ing of 30 wt %. The time needed for both samples
to reach equilibrium is similar around 6 h, but the
equilibrium release from the gel HGNIM is sig-
nificantly higher than that from HGNBM. The
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fractional ibuprofen release from the gels HGNIM
and HGNBM is shown against time in Figure 2.
Before the equilibrium, the release rate of ibupro-
fen is faster from HGNIM than from HGNBM.

HGNIM gel, containing hexafluoroisopropyl
methacrylate as a hydrophobe, has a relatively

homogeneous network structure; whereas, the
HGNBM gel with hexafluorobutyl methacrylate
as a hydrophobe is heterogeneous. In pure water,
the swelling ratio of HGNIM is higher than that
of HGNBM below the LCST.9 The differences be-
tween the gels seen in Figures 1 and 2 are impor-

Figure 1 The release of ibuprofen per unit mass of the homogeneous gel HGNIM and
the heterogeneous gel HGNBM as a function of time. The initial drug loading content
of both gels was 30 wt %.

Figure 2 Time dependence of the fractional ibuporfen release from the gels HGNIM
and HGNBM.
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tant. The heterogeneities (aggregates) in the
HGNBM structure enhance the hydrophobic in-
teraction between HGNBM and ibuprofen, and,
therefore, retard the release of the drug. Conse-
quently, the equilibrium release content and the
release rate are affected by the topological struc-
ture of the gels.

As seen from Figure 2, during the initial stages
of the swelling of the gels, ibuprofen release from
both gels has a maximum. This indicates that
when the gels are immersed in aqueous SDS, a
certain amount of ibuprofen from the surface
layer of the particles is quickly solubilized; how-
ever, upon further swelling of the gel and there-
after, part of the solubilized ibuprofen diffuses
back to the polymer. The drug reuptake is prob-
ably because of the competition between the bind-
ing of the drug into SDS micelles and into the
polymers. A clear difference is seen in the swell-
ing rates of the gels containing ibuprofen. The
heterogeneous gel HGNBM swells more slowly
than the homogeneous one. An opposite behavior
has been observed when pure polymers were
swollen in deionized water,9 which, again, shows
that the aggregated polymer network binds hy-
drophobic molecules more strongly than the ho-
mogeneous network does. A possibility remains
that ibuprofen is not in equilibrium inside the gel.
The effect of the drug loading conditions on its
release is subject to further studies. Polymeriza-

tion of the gels in the presence of dissolved drug
and its subsequent release would perhaps serve
as a useful comparison for these loading ques-
tions.

The effect of the loading level on the release of
ibuprofen from unit mass of the gel HGNIM is
shown in Figure 3. As expected, the equilibrium
drug release content increases with drug loading.
However, the release is not directly proportional
to the initial loading at higher drug contents. This
implies that with increasing the amount of ibu-
profen in the hydrophobically modified polymers,
the mechanism of the binding of the drug
changes. Most probably, at high loading, the drug
forms insoluble clusters in the polymer. The frac-
tional drug release rates for samples with varying
ibuprofen loading are shown in Figure 4. Al-
though the amount of the drug released is depen-
dent upon its initial concentration, the kinetics of
the release is only slightly affected.

Release of Ephedrine from the Gels

The release of ephedrine differs considerably from
that of ibuprofen. Figure 5 shows the time depen-
dence of the release of ephedrine from a unit mass
of the homogeneous HGNIM and the heteroge-
neous HGNBM, both having the same initial drug
loading of 30 wt %. Both curves in Figure 5 show
an initial maximum; in this case, the rates of

Figure 3 Effect of the initial drug content on the release of ibuprofen per unit mass
of polymer.
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swelling of the gels seem to be closely identical.
Although the initial maximum value of the re-
lease is higher in the case of the homogeneous gel
HGNIM, the equilibrium release from the homo-
geneous gel is much lower than that from the
heterogeneous gel HGNBM. An even more strik-

ing difference between the samples is that the
amount of ephedrine released from the homoge-
neous HGNIM decreases with time; whereas, the
amount of the drug released from the heteroge-
neous gel increases. This difference is seen more
clearly in Figure 6, showing the time dependence

Figure 4 Effect of drug loading on the fractional ibuporfen release from HGNIM.

Figure 5 Release of ephedrine per unit mass of the homogeneous gel HGNIM and the
heterogeneous gel HGNBM as a function of time. The initial drug loading content of
both gels was 30 wt %.
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of the fractional ephedrine release from the gels
HGNIM and HGNBM. The release of ephedrine
from homogeneous HGNIM first rapidly reaches a
maximum during the initial swelling of the gel
but then starts to decrease. The swelling of the gel
continues after the observation of the first maxi-
mum. SDS micelles and the polymer compete for
binding ephedrine molecules, but the drug is
drawn into the gel because of two factors. First,
the diffusion of water into the polymer matrix
favors convection of ephedrine to the polymer.
Second, the polymer containing strongly hydro-
phobic as well as acidic substituents offers more
favorable binding sites for the drug than SDS
micelles do. However, the release of ephedrine
from heterogeneous HGNBM shows different ki-
netics. There are four stages of drug release. At
first, ephedrine release increases linearly (initial
swelling of the gel), then after a slight decrease, it
increases rapidly again, after which the release is
slow but nearly linear. These kinetics probably
result from the large pore size of HGNBM gel
structure, which totally changes the mechanism
of the gel swelling. The most important conclu-
sion from Figure 6 is that in a homogeneous gel,
the hydrophobic, slightly acidic binding sites are
evenly distributed through the polymer and are,
thus, acceptible for the water-soluble basic ephed-
rine. However, in a heterogeneous network, this
is not the case, because part of the binding sites

are trapped in the aggregates. The effect of the
network heterogeneities on the binding of drugs is
totally different, depending upon the bacicity and
water solubility of the drug. In Figure 6, the first
maximum of the ephedrine release from the ho-
mogeneous HGNIM has a surprisingly high value
of the fractional release Mt/M`. This is because
the value used as the equilibrium release value is
that measured after 20 h, and checked after fur-
ther 24 h.

The effect of the loading level of the drug on the
release of ephedrine from a unit mass of the gel
HGNIM is shown in Figure 7. Logically, the re-
lease is highest from the sample with the highest
ephedrine content. However, the release from
both of the samples with the loading either 10 or
30 wt % is of the same order of magnitude. Fur-
thermore, the release shows negative time depen-
dence only in the case of 30 wt % loading. As is the
case with ibuprofen, we suppose that the mecha-
nism of binding of ephedrine changes with chang-
ing drug loading. Clearly, the binding sites in the
polymer containing 60 wt % ephedrine are all
saturated, and ephedrine may freely diffuse into
the aqueous SDS. The difference between the
samples having the ephedrine contents of 10 and
30 wt % is interesting and may be understood by
assuming that the polymer with higher drug con-
tent is on the limit of saturation and that the
swelling of the gel reveals more accessible binding

Figure 6 Time dependence of the fractional ephedrine release from the gels HGNIM
and HGNBM.
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sites than there are in the dry state or during
the initial swelling. This hypothesis is simple
enough to be accepted at this stage but needs
verification in further experiments. That the
sample with 30 wt % loading behaves totally
differently from the other two, is clearly seen in

Figure 8, which shows the fractional release of
ephedrine from the samples with varying load-
ing. The result is in accordance with the hy-
pothesis suggested above. Finally, it is neces-
sary to point out that after the release measure-
ments conducted at 20°C, no more release was

Figure 7 Release of ephedrine per unit mass of the homogeneous gels HGNIM with
varying drug contents.

Figure 8 Effect of drug loading on the fractional ephedrine release from HGNIM.
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observed when the temperature was increased
above the LCST at 50°C.

CONCLUSIONS

The above described tests have revealed several
important factors that affect the release of drugs
from hydrophilic, hydrophobically modified
crosslinked polyelectrolytes. The water solubility
of the drug, as well as the specific interactions of
the drug with the polymer are the key factors
affecting the release. However, the heterogeneity
of the network has been shown to have a notice-
able effect on the interactions. The hydrophobic
interactions between the polymer and the drug
increase with increasing heterogeneity of the gel;
that is, the aggregated polymer network binds
hydrophobic molecules more effectively than the
network with more homogeneous structure does.
The opposite is seen to be true with the hydro-
philic drug ephedrine, which binds to the polymer
not only by hydrophobic interactions but also by
acid-base interactions. In this case, the drug
shows higher affinity toward a homogeneous than
a heterogeneous gel, thus indicating that in the
former one, the acidic groups are more easily ac-
ceptible for the drug.

The amount of the released drug is not linearly
dependent upon the initial drug loading of the
polymer. We assume that the mechanism of bind-
ing of the low molar mass substances to the poly-
mers changes with increasing drug loading, and
that the number of accessible binding sites in the
polymer network changes upon the swelling of the
gel.
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