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Abstract

Thermally responsive hydrogels bfisopropylacrylamide containing hydrophobic comonomers were synthesized by free radical poly-
merization in both toluene and water. Various hydrophobic monomers were used, i.e. methyl methacrylate, hexylacrylate, hexafluoroiso-
propylmethacrylate and hexafluorobutylmethacrylate. Also polymers containing hydrophilic methacrylic acid were synthesized. The
swelling properties of the polymers, as well as polymers containing 30 wt% ephedrine or ibuprofen were investigated in pure water at
temperatures from 2Q to 46'C. The swelling ratios of pure gels depended on the ratio of hydrophilic and hydrophobic structural units in the
polymer, as well as on the network structures of the gels. The hydrophilic drug ephedrine was bound to polyacid gels causing deswelling of
the gels due to electrostatic interactions. Ephedrine did not affect the swelling of the neural gels, however. Addition of hydrophobic ibuprofen
made all the hydrogels collapse at room temperature no matter whether the gels were neutral or acidic. Interactions between spin probes, 4-
benzoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (BZONO) and 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (amino-TEMPO), and the poly-
mer gels were studied using electron paramagnetic resonance spectroscopy. The hydrophobic probe BZONO resided in the gels below the
lower critical solution temperature (LCST) due to hydrophobic interactions, but dissolved, at least partially, in the agueous phase above the
critical temperature. The distribution of BZONO between the gel and the aqueous phase depended on the hydrophobicity of the polymer.
Also the hydrophilic probe amino-TEMPO was partially bound into the g&5999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction properties, as well as the swelling and shrinking behavior
of the gels, change in response to physical or chemical
Hydrogels are crosslinked polymer networks swollen stimuli, such as temperature, pH, ionic strength, solvent
with water. Because of their relatively high water contents composition and electric fields. Hence, these gels can be
and their soft, rubbery consistency, hydrogel materials expected to act as intelligent materials in drug release
resemble living tissue in their physical properties. There- [12—14], immobilization of enzymes and cells [15,16],
fore, experimental and theoretical study of synthetic hydro- and in separation of aqueous proteins [16,17].
gels has an important biological significance [1,2]. In order to design new synthetic macromolecular materi-
Poly(N-isopropylacrylamide) (PNIPAAM) hydrogels are als for controlled or targeted drug release systems, the
attracting more and more interest in biomedical applications studies on the interactions of various drugs with polymers
because they exhibit a well-defined lower critical solution have a fundamental importance. Recent experiments in our
temperature (LCST) in water around°8L-34C which is laboratory [18] have revealed that the interactions of ephe-
close to the body temperature. PNIPAAM hydrogels swell drine and iburofen with agueous polymer latices strongly
when cooled below LCST, and they collapse when heated depend on the hydrophobicity—hydophilicity of the drugs and
above the LCST. By finding the right balance of hydropho- the polymers. Polymer gels are excellent model systems for
bic and hydrophilic comonomers, and by adjusting the num- studying molecular interactions since a polymer network can
ber of electric charges in the chain as well as the degree ofbe regarded as a single giant molecule. A small change in
crosslinking, the structure and physical properties of PNI- certain interactions of a local part of the network can trigger
PAAM hydrogels may be changed [3—11]. Mechanical a noticeable change of the macroscopic size of the gel [3].
The measurements of the swelling and collapse of gels as
* Corresponding author. a function of temperature can clarify the role of various
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types of interactions for the generation of the biological TEMPO; Aldrich) was used as obtained. Water used for
functions of hydrogels [3]. Another way of studying the polymerizations, swelling tests and EPR measurements was
interactions between the polymer networks and moleculesdeionized in an Elgastat UHQ-PS purification system. The
with a low molar mass, applied in the present investigation, chemical structures of ibuprofen and ephedrine, as well as
is electron paramagnetic resonance (EPR) spectroscopythe nitroxides, are shown in Fig. 1.
Nitroxide radicals have been mixed with the polymers,
and their distribution between the gel and the surrounding 2.2. Syntheses of polymer gels
water has been estimated from the spectra. The spin probe
technique has often been used to study the mobility of the The polymers were prepared by radical crosslinking poly-
polymers into which the radicals are added. With this merization in both toluene and water. The preparation of the
method it is also possible to study specific interactions gelsintoluene was carried out af@using AIBN as initiator.
between the radicals and the host polymers in which they The polymers were a crosslinked homopolymerNsiso-
are dissolved [19-22]. propylacrylamide, TG1, and crosslinked copolymers TG2-
This report describes the synthesis and properties of aTG5 containing either MMA or HA as a hydrophobic
series of hydrogels based oMN-isopropylacrylamide comonomer, and MAA as a hydrophilic comonomer. The
(NIPAAM). The hydrogels were hydrophobically modified reaction was conducted in a closed beaker (diameter
using the following comonomers: methyl methacrylate 8 cm) equipped with a nitrogen inlet tube. NIPAAM
(MMA), hexylacrylate (HA), hexafluoroisopropylmethacry- (26.5 mmol), a correct amount of comonomers and 2 mol%
late  (HFIPMA), and hexafluorobutylmethacrylate of crosslinker EGDMA were dissolved in 18 ml of the sol-
(HFBMA). To some of the polymers, methacrylic acid vent. After a 30 min nitrogen purging, 4 mol% AIBN and
(MAA) was also added to give them polyelectrolytic proper- 1 mol% TEMED dissolved into 2 ml toluene were added
ties. The polymers were prepared by free radical polymer- into the monomer solutions. The reaction was allowed to
ization in both toluene and water and they were swollen to proceed for 4 h. The resulting gels were washed first with
equilibrium in pure water. By the swelling measurements, ethanol, then with various mixtures of ethanol and deionized
the effects of two drugs, ephedrine and ibuprofen, on the water, and finally with pure water, for 1 day in each liquid in
swelling and collapse of the gels were investigated. Ephe- order to remove all unreacted compounds. The transparent
drine is a water soluble substance whereas ibuprofen is onlygels were cut into discs (1 cm diameter) and dried first at
sparingly soluble. Two spin probes, hydrophobic 4-ben- room temperature for a week and then in vacuum overnight.
zoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (BZONO) and The syntheses of the gels in water have already been
hydrophilic 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl described in detail elsewhere [11]. The polymers were a
(amino-TEMPO), were used in complementary studies con-
ducted using EPR.

0
OH Ho NH”
2. Experimental
2.1. Materials
N-isopropylacrylamide (NIPAAM) purchased from

Polysciences Inc. was purified by recrystallization in hex-
ane. The comonomers, hexafluoroisopropylmethacrylate
(HFIPMA; Polysciences), hexafluorobutylmethacrylate
(HFBMA; Polysciences Inc.), methyl methacrylate
(MMA; Fluka), hexylacrylate (HA; Polysciences), and o]

methacrylic acid (MAA; Polysciences) were used without @_/<
(o)

ibuprofen ephedrine

further purification, as were the initiators, potassium persul- NH;
fate (KPS; Merck) and azobisisobutyronitrile (AIBN;
Fluka). N,N’-methylene bisacrylamide (BA, Serva) and
ethyleneglycol dimethacrylate (EGDMA, Polysciences) N N
were used as crosslinkers, aNgN,N’,N’-tetramethylethy-
lene diamine (TEMED; Aldrich) as an accelerator. Low o] o
molar mass drugs ephedrine and ibuprofen were from
Sigma. Spin probe 4-benzoxy-2,2,6,6-tetramethylpiperi-

BZONO amino-TEMPO

dine-1-oxyl (BZONO) was prepared by esterifying 4-

hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl with benzoic Fig. 1. structural formulae of ephedrine, ibuprofen, BZONO and amino-
acid. 4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl (amino- TEMPO.
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Table 1
Monomer feed in the syntheses of the gels in toluene
Sample Component/mol ratio Component/mol ratio
NIPAAM MMA MAA EGDMA NIPAAM HA EDGMA
TG1 100 2
TG2 90 10 2
TG3 80 15 5 2
TG4 90 10 2
TG5 95 5 2

NIPAAM, N-isopropylacrylamide; MMA, methyl methacrylate; and HA, hexylacrylate; MAA, methacrylic acid; EGDMA, ethyleneglycol dimethacrylate.

crosslinked homopolymer d-isopropylacrylamide, WG1, were equilibrated for another 24 h at°@and a new
and crosslinked copolymers WG2 and WG5 with HFIPMA sample was taken. Before measuring the concentrations,
or HFBMA as hydrophobic monomers, and with MAA as a the aqueous samples containing ibuprofen were diluted
hydrophilic monomer. Homopolymer WG1 was polymer- with ethanol to prevent precipitation. Taking into account
ized in water, but the copolymers were prepared in aqueousthe swelling ratio of the gel, the total amount of the drug
solutions containing a few drops of ethanol. Tables 1 and 2 dissolved in water could be calculated.

summarize the monomers used in the synthesis of various

polymer networks, as well as the abbreviations used for 2.3.3. EPR spectra

various monomers and polymers. EPR spectra were recorded with a Varian E4 spectro-
meter equipped with a temperature controller. Samples of

2.3. Gel characterization dry polymer WG1 or WG3 were prepared that contained
10% or 20 wt% of the nitroxides of the mass of the polymer.

2.3.1. Swelling measurements The polymers were immersed in an excess amount of etha-

Three dry pieces of each polymer were weighted. One of nol for 1 day and dried by evaporating ethanol for 4 days at
them was swollen as such in pure water. Polymer samplesroom temperature. Approximately 1 mg of dried labeled
containing 30 wt% of ephedrine or ibuprofen were prepared polymers and 4@ deionized water were mixed in glass
by first dissolving the drugs into few drops of ethanol, and capillaries with 0.d. 1 mm. EPR spectra were measured
adding the ethanol solutions to the polymers. After drying in first at 20C, then at temperatures’®, 20C, 40C and
vacuum, the polymers loaded with drugs were swollen in 60°C. Samples were allowed to equilibrate for 1 day at
pure water. The samples were equilibrated at a certain fixedeach temperature. Samples used for EPR measurements
temperature for 1 day, removed from the solvent and are shown in Table 3.
weighted quickly after being wiped with filter paper to
remove excess water on the gel surface. Temperature was
increased stepwise from 2D to 46C. The swelling ratio 3. Results and discussion
was defined as the mass of swollen gel per mass of dry gel.

3.1. The interactions of ibuprofen and ephedrine with the
2.3.2. Drug concentration in the water phase hydrogels

Drug concentration in the water phase was measured by
UV spectroscopy. Gel particles loaded with drugs as 3.1.1. The gels synthesized in toluene
described earlier were allowed to equilibrate for 24 h ina  Fig. 2 shows the swelling ratios in water of the hydrogels
known volume of water at 2€. Then, 1 ml samples were synthesized in toluene, as a function of temperature (see
taken from the water layer above the gels. Next, the gels Table 1 for the composition of the polymers). The gel

Table 2
Monomer feed in the syntheses of the gels in water
Sample Component/mol ratio Component/mol ratio
NIPAAM HFIPMA MAA BA NIPAAM HFBMA MMA BA
WG1 100 4.9
WG2 90 10 5.4
WG3 80 15 5 5.6
WG4 90 10 5.4
WG5 80 15 5 5.6

NIPAAM, N-isopropylacrylamide; HFIPMA, hexafluoroisopropylmethacrylate; and HFBMA, hexafluorobutylmethacrylate; MAA, methacrylic acid; BA,
N,N’-methylene bisacrylamide.
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Table 3 the samples containing ephedrine and ibuprofen. Ephedrine

Samples for EPR measurements does not affect the swelling behavior of non-ionic gels TG2

Sample Probe content (wt%%) and TG5, but decreases the swelling ratios of anionic gels
BZONO amino-TEMPO TG3 and TG4. Ephedrine is a water soluble weak base.

When added into the acidic gels, it obviously binds to the

wgigig ;8 polymer by interaction with the carboxylic groups. The bind-
WG3B10 10 ing of ephedrine thus reduces the repulsion between the nega-
WG3B20 20 tive charges of the chain, and the swelling ratio decreases.
WGIATI10 10 Polymers containing ibuprofen show very limited
WGSATIO0 10 swelling in water, if any. Ibuprofen is a weak acid and
awt% of the mass of the polymer. only sparingly soluble in water. Because of the hydropho-

o ) bic interaction between ibuprofen and the polymers, the
TG1 which is a crosslinked homopolymer of NIPAAM,  olymer chains are highly aggregated, this preventing the
displays a sharp change in the swelling behavior around yffysion of water into the gels. The only exception is the
31°C, and so does the gel TG2. Sample TG5, crosslinked pnjpAAM homopolymer, sample TG1, which swells
PNIPAAM with hexyl acrylate as the only comonomer, eyen when loaded with ibuprofen. There is no logical
shows practically no swelling over the temperature range explanation for this observation, however, and it may
studied. Gel TG4 deswells gradually with increasing tem- very well be due to the inhomogeneous distribution of
perature, which is typical for several ionic PNIPAAM deri- ibuprofen inside the polymer. As was noted already,
vatives. Below the LCST the swelling ratios decrease with 1G5 does not swell in water at temperatures aboiC20

increasing hydrophobicity of the polymers, in the order: gnq therefore, the effects of ephedrine and ibuprofen on
TG4 > TG1> TG2 > TGS. The swelling ratio of TG3is  {he gel TGS are not obvious.

lower than those of TG1 and TG2. This evidently results

from the high amount of methyl methacrylate used in the 3.1.2. The gels synthesized in aqueous solutions

synthesis, which compensates the effect of the acidic groups Fig. 4 shows the swelling ratios against temperature for

on the swelling. the gels synthesized in water. Samples of the homopolymer
The swelling ratios of the gels are replotted against tem- gel WG1 and the partially fluorinated gels WG2-WG5

perature in Fig. 3 and compared with the swelling ratios of all collapse when heated above the LCST. At elevated

50

——TG1
—a—TG2
—a—TG3
TG4
—%—TG5

Swelling Ratio

50

Temperature

Fig. 2. Swelling ratios of the hydrogels synthesized in toluene as a function of tempef&)ne pure water.
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temperatures, after the volume transition, all gels reach ais worth noting that ephedrine decreases the swelling ratio
stable state and the swelling ratios have a constant value. of the gel TG1, but does not affect that of the gel WG1, even
In our previous study [11], it has been observed that the though TG1 and WGL1 are both crosslinked homopolymers
network structure of the hydrogels WG2 and WG3 is homo- of N-isopropylacrylamide. This means that the binding of
geneous, but that of the gels WG4 and WG5S is heteroge-ephedrine into the gels WG1 and TG1 depends on the
neous. A heterogeneous gel is an opaque one with amethod used to prepare the gels. Ibuprofen affects the swel-
clustered network, whereas the polymer and the crosslinksling in a way very similar to that shown already in Fig. 3.
are more evenly distributed in a homogeneous gel. The However, the gels WG1-WG4 swell to a certain extent even
homogeneous acidic gel WG3 behaves as is typical to awhen loaded with ibuprofen.
polyelectrolyte gel; swelling more than the corresponding  The concentrations of ibuprofen and ephedrin in water
neutral one (WG2). This, however, is not the case with the around the gels were measured by UV spectroscopy after
heterogeneous acidic gel WG5 which at@wells slightly equilibrating the samples for 24 h first at°®0and then,
less than the corresponding neutral gel WG4. Below the another 24 h at 4&, respectively. It turned out that the
LCST, ephedrine does not affect the swelling of the non- gels bind most of the drugs at both temperatures. Ibuprofen
ionic gels WG1, WG2 and WG4. However, for the ionic naturally does not easily diffuse into water, and in 24 h at
gels WG3 and WGS5, the swelling ratios of the gels contain- 20°C, only 1-3 wt% of the initial amount was released from
ing ephedrine are smaller than those of the pure gels regardthe gel. At 48C, 2—6 wt% of ibuprofen left in the gel
less of the differences in the homogeneity of the networks. It was released. Also ephedrine was released slowly. In 24 h,
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Fig. 3. The effect of ephedrine and ibuprofen on the swelling of the gels synthesized in toluene. The top curves represent the pure polymersediogicurves
these, the polymers loaded with ephedrine. The lowest curves show the swelling ratios of the polymers containing ibuprofen. (Temp@jature in
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Fig. 4. The effect of ephedrine and ibuprofen on the swelling of the gels synthesized in water. Top curves, pure polymers; mid curves, the paymress cont
ephedrine; and the lowest curves, polymers containing ibuprofen. (Temperaf@g in

1.5-10 wt% of the initial ephedrine was dissolved in the mixture was equilibrated for 1 day at room temperature, a
aqueous phase at 2. At 46°C, the corresponding values part of the solid probe dissolved. The radical dissolved in the
varied between 2.5 and 16 wt%. It was not possible to find a aqueous phase shows a well-resolved triplet EPR spectrum, as
clear correlation between the chemical structure of the poly- is shown in Fig. 5. The spectrum is typical for a rapidly tum-
mers and the amount of the drug released. From this test onebling nitroxide. Next, fairly large amounts of BZONO (10 and
may conclude firstly, that the swelling tests described earlier 20 wt%) were mixed with polymers WG1 and WG3, and the
represent the situation where the drugs are mainly held polymers were allowed to swell in water. The purpose was to
inside the gels and secondly, the release tests need to be
done as a function of temperature and time in order to
find out the differences between the gels, preferably in
mixed solvents. Studies in this direction are in progress

and will be reported later.
25G

4. Binding of nitroxides into the gels

4-Benzoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (BZON-
O) radical is only sparingly soluble in water. When 1 mg Fig. 5. EPR spectrum of a saturated aqueous solution of BZONO at room
BZONO was added into 40l deionized water and the temperature.
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study the release of BZONO into the aqueous phase from twointeraction between the paramagnetic centers of the probe
gels with different chemical structures. molecules. In the present case, however, most of the

The EPR spectra of the WG1 sample containing 20 wt% nitroxide was bound to the polymer at room temperature.
BZONO (of the mass of the polymer) are shown in Fig. 6(a). The local spin concentration in the gel particle was very
The spectra were measured first at@0then at 5C, 20°C, high; radicals in the gel produced a strong singlet spectrum
40°C and 60C. The spectra are composite spectra with quite owing to the concentration broadening of the spectral lines.
an exceptional shape owing to the high radical concentra- Visual inspection of the samples proved that the nitroxide
tion. In a traditional spin labeling experiment, the radical indeed diffuses into the polymer; the gel samples were
concentration is kept as low as possible to prevent the evenly red coloured at low temperatures.

As may be seen from Fig. 6(a), the spectra measured at or
below 40C are composed of a singlet and a triplet. The
three line spectrum obviously arises from BZONO dis-
solved in water and the singlet line from BZONO trapped
inside the gel. When the temperature is decreased from 20 to
5°C, the intensity of the singlet line increases but decreases
again with increasing temperature. At°6) no separate
singlet line is observable. Its presence, however, is seen as
50C the unsymmetric shape of the three line spectrum.

To describe the relative changes in the line intensities,
simple parameters are used as defined in Fig. 6(b). The
intensities of the low field line of the tripletT[in Fig.
6(b)] and of the singlet line§in Fig. 6(b)] were measured.
The ratioT/S gives an approximate estimate of the ratio of

20°Cb the radical concentration in water to the concentration inside
the gel particle. The ratiofSmeasured at various tempera-
tures for the gels WG1 and WG3 containing either 10 or

20 wt% BZONO are shown in Fig. 7. Below the LCST, no
changes in the rati®/S of the gel WG1 are observed. How-
40°C ever, theT/Sratios of the gels WG3 decrease with decreas-
ing temperature from 2C to 5°C and then start to increase
ﬁ again with increasing temperature back td@Q0but does
not reach the original values. When the temperature is

increased to 4@ and 60C (see Fig. 7), thd/Sratios of
all four samples suddenly start to increase.

60 °C From Fig. 7 it is seen that for the same polymer gel at a
constant temperature, the ralfits decreases when increas-
ing the content of BZONO from 10 to 20 wt%. This shows

that the aqueous phase is saturated with BZONO and
increasing the radical concentration increases only the sing-
let line. It can also be seen that, excluding the first measure-
ment conducted at 2G, theT/Sratios of WG3 samples are
equal or lower than those of WG1 samples. Comparison of
the results obtained in the three consecutive measurements
at 20C, (2CCb in Fig. 7), 40C and 60C shows that the
ratios are almost equal for the two polymers at room tem-
_______ B perature, but differ noticably at 80. The conclusions are as
follows. The solubility of BZONO in water increases with
temperature. The polymer WG3 is acidic and swells more at
room temperature than homopolymer WG1, in spite of its
hydrophobic fluorinated substituents. At room temperature
the nitroxide is distributed between the polymer and the
aqueous phase in a similar way in both polymer samples.
Above the LCST, the hydrophobically modified polymer
Fig. 6. (a) EPR spectra of the gel WG1 containing 20 wt% of BZONO at binds more BZONO than the PNIPAAM homopolymer does.
various temperatures. (b) Low field line of the EPR spectrum measured at  These conclusions are further supported by the
(a), showing the definition of parametdrands. experiments conducted using a water soluble nitroxide,

WG1B20

(b)
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30
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TIS 15-

10

WG1B10
WG1B20

WG3B10

WG3B20
Fig. 7. The ratiol/S (see text) for gels WG1 and WG3 containing 10 or 20 wt% BZONO at various temperatures.

amino-TEMPO. The nitroxide was mixed with polymers been prepared by free radical polymerization in aqueous
WG1 and WG3, and the EPR spectra were measuredsolutions and in toluene. Various hydrophobic comonomers
below and above the LCST. The spectra of the samplesare used to prepare neutral polymers. Corresponding
containing 10 wt% amino-TEMPO (of the mass of the poly- charged polymers are produced by adding methacrylic
mer) are shown in Fig. 8. All the spectra are triplets, i.e. no acid into the polymerization mixture.

separate singlet line is observed. However, in this case the The introduction of the various comonomers affects the
presence of a singlet line may also be deduced from the asym-ocal environment of the NIPAAM chains and influence the
metric shape of the three line spectra & @speciallyinthe  swelling of the gels. The gels synthesized in toluene behave
case of the polymer WG3. Further, it may be seen that the as expected: hydrophobic monomers decrease the swelling
spectral lines broaden with increasing temperature; this ratios to varying extent and carboxylic monomer increases
would not be the case if the radical was solely dissolved in

the aqueous phase outside the gel. It may be concluded that the

EPR spectra in this case are also due to radicals located both

inside and outside the gel. Increasing the temperature above 20°C 20°C

the LCST makes the polymer shrink, and the local nitroxide

concentration inside the spectrometer cavity increases. In

the case of amino-TEMPO itis not possible to simply describe

the differencesin the radical distribution between water and the

polymer. However, the strongly unsymmetric spectrum of

amino-TEMPO in the gel WG3 probably indicates that the 40°C 40°C
probe binds more strongly to the polymer WG3 than to
the PNIPAAM homopolymer.
25G
5. Conclusions (2) WG1AT10 (b) WG3AT10

Fig. 8. EPR spectra of the gels WG1 and WG3 containing 10 wt% of amino-
Hydrophobically modified PNIPAAM hydrogels have TEMPO at 26C and 46C.
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