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ABSTRACT: A series of pH-thermoreversible hydrogels that exhibited volume phase
transition was synthesized by various molar ratios of N-isopropylacrylamide
(NIPAAm), acrylamide (AAm), and 2-hydroxyethyl methacrylate (HEMA). The influ-
ence of environmental conditions such as temperature and pH value on the swelling
behavior of these copolymeric gels was investigated. Results showed that the hydrogels
exhibited different equilibrium swelling ratios in different pH solutions. Amide groups
could be hydrolyzed to form negatively charged carboxylate ion groups in their hydro-
philic polymeric network in response to an external pH variation. The pH sensitivities
of these gels also depended on the AAm content in the copolymeric gels; thus the greater
the AAm content, the higher the pH sensitivity. These hydrogels, based on a temper-
ature-sensitive hydrogel, demonstrated a significant change of equilibrium swelling in
aqueous media between a highly solvated, swollen gel state and a dehydrated network
response to small variations of temperature. pH-thermoreversible hydrogels were used
for a study of the release of a model drug, caffeine, with changes in temperature. © 1999
John Wiley & Sons, Inc. J Appl Polym Sci 71: 221-231, 1999
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INTRODUCTION

Hydrogels are crosslinked, three-dimensional hy-
drophilic polymer networks that swell but do not
dissolve when brought into contact with water.
Hydrogels sometimes undergo a volume change in
response to a change in surrounding conditions,
such as pH,'® temperature,*® ionic strength,®
and electric field’—especially temperature and
pH, because those factors are variables that
change in typical physiological, biological, and
chemical systems.

Thermoresponsive hydrogel demonstrates a
volume transition and associated phase transi-
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tion from low temperature (a highly swollen gel),
to high temperature, (a collapsed gel near its
critical point).”'® Poly(N-isopropylacrylamide)
poly(NIPAAm) is one of the best thermotropic
polymers and exhibits a lower critical solution
temperature (LCST) behavior, collapsing and
shrinking above the LCST at 33°C.%'° The tem-
perature-induced collapse transition was ob-
served for hydrogel containing a hydrophobic
component in our previous study.!' Poly-
(NTPAAm) and its copolymers were studied in the
development of temperature modulate drug re-
lease systems. In these systems, increased tem-
perature above the polymer LCST results in in-
creased the transport of entrapped molecules
through the membrane.'? Poly(NIPAAm) hydro-
gels were recently reported in the field of con-
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13,14 and immobilization of

trolled drug delivery
enzymes'® and cells.'®

A polyelectrolyte gel is formed from crosslink-
ing flexible polymer chains to which ionizable
groups are attached. These ionizable groups com-
pletely dissociate in solution to form strong elec-
trolytic groups or partially dissociate to form
weak electrolytic groups along its chains. These
charged groups produce an electrostatic repulsion
force among themselves, which influences the ex-
pansion of a gel network.!” For example, in the
case of anionic polymeric networks containing
carboxylic or sulphonic acid groups, ionization oc-
curs as the pH of the external swelling medium
rises above the pKa of that ionizable moiety. The
polymeric network becomes more hydrophilic as
the degree of ionization increases.'® Thus, some
controlled drug release devices based on the pH-
sensitive swelling characters of polyelectrolyte
hydrogels have been developed.'?

The hydrolysis of polyacrylamide (PAAm) gels,
equilibrated in aqueous solution of high pH or
formed from an initial highly basic solution (with
pH of 11 or 12), led to extensive swelling of the
gels when placed in pure water.?’ Ilavsky re-
ported the presence of charges (due to the hydro-
lysis of the PAAm chain) in the collapse of PAAm
gels. %!

The purpose of this study is to develop a tem-
perature- and pH-reversible hydrogel. In this re-
spect, a series of copolymeric hydrogels with pH
and temperature reversibility were synthesized
from copolymerizing N-isopropylacrylamide and
acrylamide (AAm), in various molar ratios, in the
presence of an amount of 2-hydroxyethyl methac-
rylate (HEMA) and crosslinker. The degree of
equilibrium swelling of these gels was determined
at various pH values and at different tempera-
tures. The swelling reversibilities and release
characteristics of these gels were also investi-
gated at different pH values and temperatures.

EXPERIMENTAL

Materials

N-isopropylacrylamide (NIPAAm) (Fluka Chemical
Co., Buchs, Switzerland) was recrystallized in n-
hexane before use to remove the inhibitor, N,N’-
methylene-bis-acrylamide (NMBA) (SIGMA Chem-
ical Co., St. Louis, MO) as a crosslinker was used as
received. Acrylamide (AAm, mp 83-84°C) was re-
crystallized from reagent-grade benzene and vac-

uum dried at room temperature. HEMA (TCI Co.,
Tokyo, Japan) was further purified by vacuum dis-
tillation at 68°C/5 mmHg. N,N,N',N’-tetramethyl-
ethylenediamine (TEMED) (Fluka Chemical Co.)
was used as received as an accelerator. Ammonium
peroxodisulfate (APS) (Wako Pure Chemical Co.,
Ltd, Osaka, Japan) was further purified by recrys-
tallization and used as an initiator.

Caffeine as a model drug was obtained from
Fluka. All solvents and other chemicals were of
analytical grade.

Preparation of Hydrogels

Various ratios of NIPAAm and AAm and 0.2 g
HEMA with 7.1 mol % (44 mg) NMBA based on
total monomer contents were dissolved in 8 mL of
deionized water and ethanol (50 vol %). To this
solution, 1.7 wt % (6 mg) APS and 1 wt % (10 mg)
of TEMED as redox initiators were added, and
the mixture was immediately injected into the
space between two glass plates. The gel mem-
brane thickness was adjusted with a silicone
spacer between the two glass plates. Polymeriza-
tion was carried out at room temperature for 1
day. After the gelation was completed, the gel
membrane was cut into 10-mm-diameter disks
and immersed in deionized water for 1 week to
remove the residual unreacted monomer. Swollen
gels were dried at room temperature for 1 day,
and these samples were further dried in a vac-
uum oven for 2 days at 60°C.

Measurement of Swelling Ratio

The dried gels were immersed in an excess
amount of deionized water at different tempera-
tures until swelling equilibrium was attained.
The weight of wet sample (W,,) was determined
after the surface water was removed by blotting
with filter paper. Dry weight (W,;) was deter-
mined after the gel was dried in a vacuum oven
for 2 days. The swelling ratio (SR) based on W,
and W, was then calculated; this is defined as

SR =W, - Wy/W, (1)

Dynamic Swelling

The dried gels were immersed in excess buffer
solution at different pH values and different tem-
peratures. The SR was obtained by weighing the
initial and swollen samples at various time inter-
vals. The amount of water sorbed, M,, was re-
ported as a function of time, and the equilibrium
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Table I Characterization of the NIPAAM/AAm/HEMA Copolymeric Gels

Gel Swelling Ratio
NIPAAm HEMA Temperature (g H,O/g Dry
Sample (mol %) AAm (mol %) (mol %) Appearance* Transition (°C) Sample)

X0 0.452 g (72.73%) — 0.2 g (27.27%) 0 >80 11.32
X1 0.226 g (36.37%) 0.142 g (36.37%) 0.2 g (27.27%) t >80 12.61
X3 0.113 g (18.19%) 0.213 g (54.55%) 0.2 g (27.27%) t >80 13.14
X5 0.075 g (12%) 0.237 g (60.73%) 0.2 g (27.27%) t >80 14.12
X7 0.057 g (9.09%)  0.249 g (63.64%) 0.2 g (27.27%) t >80 15.67

20, opaque; t, transparent.

sorption at infinitely long time was designated
M... The following equation was used to calculate
the diffusion coefficient, D, for M,/M,. = 0.8:?2

M, 4\ (D X t\"?
m. ) @
© \‘ﬂ-

where ¢ is time and L is the initial thickness of the
dried sample.

Measurement of Swelling Ratios at Various pH
Solutions and Temperatures

The measurements of SRs for the copolymeric gel
in various pH solutions and temperatures were
the same as those in deionized water. Buffer so-
lutions were prepared by aqueous solutions of
HCl, KCI, KHCgH,0,, NaOH, KH,PO,, and
H;BO;.

Caffeine Deswelling Kinetics Experiments

The dried gels were equilibrated in 30 mg/10 mL
of caffeine solution at 25°C for 2 days to load
caffeine into the gels. The caffeine deswelling ki-
netic experiments were carried out by transfer-
ring previously incubated-drug gels into 10 mL of
deionized water at 50°C. The gels were repeatedly
removed and transferred into 10 mL of fresh wa-
ter at each fixed-time interval. The released caf-
feine was analyzed at 272 nm with a Milton Roy
UV-spectrophotometer (Spectronic Genesys 5).

RESULTS AND DISCUSSION

The swelling behavior of the hydrogels depends
on the nature of the polymer and the environmen-
tal conditions. The polymer’s nature involves the
nature of the charge, the ionic content, and the

crosslinking agent content. The environmental
conditions include pH values and temperature of
solution.

The swelling behavior of NIPAAm hydrogels
has been studied by many researchers.*5%1° The
series of copolymeric NIPAAm/AAm/HEMA hy-
drogels (for hydrolysis of acrylamide) has not
been investigated in the literature. Therefore, the
effect of AAm on the SR of NIPAAmM/AAm/HEMA
copolymeric gels is studied here.

Characterization of NIPAAm/AAm/HEMA
Copolymeric Gels

Some characteristics of the NIPAAm/AAm/
HEMA copolymeric gels for various feed composi-
tions are shown in Table I. The results in the
table show that the appearance of all copolymeric
gels is transparent except for sample X0. The gel
transition temperatures exceed 80°C. The equilib-
rium SRs of the copolymeric gels are also in-
creased with decreasing molar ratio of NIPAAm/
AAm and are higher than that of NIPAAm/HEMA
(X0) gel. This study uses various molar ratios for
NIPAAm/AAm—1/1 (X1), 1/3(X3), 1/5(X5), and
1/7(X7)—to compare the different characters of
the gels with different amounts of AAm.

Nonionizable HEMA, which exhibits no effect
on the temperature characteristics of gels, was
added to the hydrogels to increase gel strength. In
addition, HEMA will result in less swellable gels
with lower equilibrium SRs.

Effect of Different Environments on Swelling
Kinetics for NIPAAm/AAm/HEMA
Copolymeric Gels

The SRs of gels will be different in various envi-
ronments of pH and temperature. Figure 1 shows
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Figure 1 Swelling ratios as a function of time for X1 (a), X3 (b), X5 (c¢), and X7 (d)
copolymeric gels at different environments (A) 25°C, pH 4; (<) 25°C pH 10.4; (O) 45°C,

pH 4; and (OJ) 45°C, pH 10.4.

the swelling kinetics of a series of hydrogels in the
separated condition. The results shown in this
figure indicate that the SRs of gels in the buffer
solution with pH 10.4 are larger than those in the
buffer solution with pH 4. This evidence shows
that the amide groups on the copolymeric gels
would be easily hydrolyzed to form carboxylate
groups under the basic condition. This phenome-
non was confirmed by Park and Hoffman.?® On
the other hand, due to the ionic repulsion of the
carboxylate ions (COO™), the SR at pH 10.4 was
larger than that at pH 4. Saito et al. and Tanaka
and Hirokawa'® have reported that polymeric
networks polymerized from monomer NIPAAm
would result in the phenomenon of network de-

swelling when the temperature exceeds its criti-
cal temperature.

Under a basic environment at high tempera-
ture (45°C and pH 10.4), the hydrolyzed reaction
of an amide group on the gel would be accelerated,
and the repulsive effect of the carboxylate ions on
the gels would be increased. Both events would
increase the SR higher and make the effect of
deswelling insignificant. However, under acidic
conditions, little repulsive effect of charges would
occur by hydrolysis of amide groups, so we can
easily observe decreased swelling behavior.

From the foregoing results, the SRs for the gels
are related to the external environment. The
amide groups of these polymers could become



Table II ASR for NIPAAm/AAm/HEMA
Copolymeric Gels Under Different Conditions

ASR,5 o5¢ ASRpm10.4-4
Sample pH 10.4 pH 4 25°C 45°C
X1 1.61 2.68 11.63 15.91
X3 6.68 1.55 12.19 20.41
X5 10.32 1.25 12.28 23.85
X7 11.33 0.73 13.24 25.3

more prone to hydrolyze into acid groups under
basic and high temperature conditions, increas-
ing the hydrophilicity of gels. This can account for
the increased SR.

Effect of Different Environments on Difference in
Swelling Ratios (ASR) for NIPAAm/AAm/HEMA
Copolymeric Gels

The differences of SRs (ASR) under the same con-
ditions but in different environments are shown
in Table II. The results show that the ASR values
at 45 and 25°C under pH 10.4 increase with in-
creasing AAm content (X7 > X5 > X3 > X1). This
is because the amide groups become more prone
to hydrolyze under basic and high temperature
conditions, which causes the SRs of copolymeric
gels to be higher at 45°C than at 25°C. In addi-
tion, this phenomenon is also observed for ASR at
pH 10.4 and pH 4 at 45°C. The higher the AAm
content, the larger the ASR under these condi-
tions. Moreover, a similar phenomenon can be
found at 25°C for different pHs. Comparing the
ASR values between 25 and 45°C, all values at
25°C are smaller than those at 45°C. This implies
that increasing temperature would promote the
amide groups to hydrolyze to form carboxylic acid
groups, enhancing hydrophilicity of the copoly-
meric gels and causing the gels to absorb more
water. The greater the hydrophilicity of the gels,
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the stronger the affinity of the hydrogel toward
water, and the larger the SR. According to these
results, ASR is controlled mainly by the AAm
content in the gels.

On the other hand, the effect of NIPAAm con-
tent on the ASR at different temperatures under
pH 4 for the NIPAAm/AAm/HEMA gels is shown
in Table II. The ASR values under pH 4 at 25 and
45°C decrease with decreasing NIPAAm content
(X7 < X5 < X3 < X1). The samples prepared with
more NIPAAm (X1) exhibited a greater change in
SR than those prepared with less NIPAAm (X7).
This suggests that the temperature-sensitive
character of this copolymeric gel series is influ-
enced mainly by the amount of NIPAAm in the
networks.

Effect of Different Environments on Initial Swelling
Rate for NIPAAm/AAm/HEMA Copolymeric Gels

The effect of different environments on the initial
swelling rate for the copolymeric gels listed in
Table III indicates that the initial swelling rates
increase with increasing AAm content in all of the
environments except deionized water. This is be-
cause the amide groups would attract ions in the
buffer solutions to increase the charges in the
copolymeric networks. This action promotes wa-
ter molecule penetration into the polymeric net-
works through the difference of ion osmotic pres-
sure during the initial swelling periods. This is
why the initial swelling rates of the X7 gel are the
largest. But when the gels are immersed in the
deionized water, the initial swelling rates are
larger than those in the buffer solutions and de-
crease with increasing AAm content. This result
implies that the elastic recovery force of the gels
is greater than the swelling force and increases
with increasing AAm content in this condition.
For samples at the same temperature and in
different pH environments, such as at 25 or 45°C
under pH 4 and pH 10.4, the results shown in

Table III Initial Rate (g/min) for NIPAAm/AAm/HEMA Copolymeric Gels in Different Environments

Sample 25°C in Deionized Water 25°C, pH 4 25°C, pH 10.4 45°C, pH 4 45°C, pH 10.4
X0 8.3 X 1072
X1 8.0 X 1072 2.9 X 1072 3.3x 102 2.1 X 102 5.1 X 102
X3 7.5 % 1072 3.1x10°2 3.6 X102 2.6 X 1072 5.2 X 1072
X5 7.1 x 1072 3.5 %102 4.0 X 1072 3.3 X102 5.6 X 1072
X7 6.6 X 1072 3.8 % 1072 4.2 %1072 3.6 X 1072 7.3 X 1072
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Figure 2 Swelling ratios as a function of pH for var-
ious NIPAAm/AAm/HEMA copolymeric gels at 25°C.

Table III indicate that the initial swelling rates
are greater at high pH. It suggests that an in-
crease in the effect of hydrolysis would increase
the swelling driving force during the initial pe-
riod. A similar phenomenon can be found by com-
paring the initial rate values of 25°C, pH 10.4 and
45°C, pH 4. The results also show little difference
in initial swelling rates between 25 and 45°C
under pH 4. These results imply that the initial
swelling rate for these gels will be not be signifi-
cantly affected by temperature in a low-pH envi-
ronment.

Effect of pH on Swelling Ratio for NIPAAm/AAm/
HEMA Copolymeric Gels in Buffer Solutions

Figure 2 shows the pH dependence on the gel
equilibrium SR for our synthesized poly-
(NIPAAmM/AAM/HEMA) gels at 25°C. The AAm
groups will hydrolyze into carboxylic acid groups,
which will promote an increase in SR (see Fig. 2).
The higher the AAm content, the more the amide
groups are hydrolyzed, so it would be proportional
to SR. The anionic polymeric networks containing
carboxylic acid groups will be imidized as the pH
of the external swelling medium increases,® and
meanwhile hydrophilicity will be increased to en-
hance the SRs.

From these results, we can determine the sen-
sitivities of gels to pH, and find that the greater
the acrylamide content, the higher the SR for the
gels under the basic condition. Thus, the SRs of

gels would have a negative correlation to the ratio
of NIPAAm and AAm under the higher pH condi-
tion.

Effect of Temperature on Swelling Ratio for
NIPAAm/AAm/HEMA Copolymeric Gels

The effect of temperature on the SRs of a series of
NIPAAmM/AAm/HEMA copolymeric gels in buffer
solution (pH 7.4) and deionized water are shown in
Figures 3 and 4. The results show that the poly-
meric networks exhibit a deswelling behavior at
higher temperatures. This is because the amido
group of NIPAAm in the polymer forms an intermo-
lecular hydrogen bond with surrounding water at
low temperature, which would turn into an in-
tramolecular hydrogen bond over its gel transition
temperature (32°C). This phenomenon causes
makes the gel’s hydration capability to decrease. At
the same time, the hydrophobicity of isopropyl
groups of the NIPAAm gel increase. These two re-
sults make the state of water molecule in the gel
change from bound water to free water and make
the SR of the gel decrease over its gel transition
temperature (32°C). But the results shown in Fig-
ures 3 and 4 show a gradual collapse with increas-
ing temperature. The SR decreases significantly
with increasing NIPAAm content (X1). These re-
sults conform to those of our previous studies of
N-ethoxypropylacrylamide/acrylamide (NEPAAm/

)
2 g
-4
2]
6 L
—o0—X1
4L —a—X3
——X5
2 L —-X7
0
0 10 20 30 40 50 60 70

Temperature ( C)

Figure3 Swelling ratios as a function of temperature
for various NIPAAm/AAm/HEMA copolymeric gels in
pH 7.4.
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Figure4 Swelling ratios as a function of temperature
for various NIPAAm/AAm/HEMA copolymeric gels in
deionized water.

AAm) and N-tetrahydro-furfurylacrylamide (NTH-
FAAm)/AAm hydrogels.!!

Generally, the gels containing hydrophilic
groups will affect deswelling. The results shown
in Figures 3 and 4 also indicate that the greater
the AAm content, the higher the SR for the
NIPAAm/AAm/HEMA copolymeric gels. From the
results, we could find that hydrophilic groups had
more influence when more AAm was incorporated
into the gels at the same temperature. This influ-
ence makes the more hydrophilic characteristic of
the gels and the profiles of SR increase (X7 > X5
> X3 > X1). Therefore, we could find that the gels
with different AAm content have different char-
acteristics, and the gels with more AAm content
are more hydrophilic. This result does not cause
the gel to shrink sharply as the temperature in-
creases.

Figure 4 shows that the swelling ratios of X3,
X5, and X7 increase at the temperature of 65°C.
The swelling behaviors of the gels exhibit the
specific characteristic behavior of HEMA gel
when the composition of NIPAAm is less than
HEMA in the copolymeric gels (X3, X5, X7); that
is, the SR of HEMA gel has a minimum value at
55°C, then increases with increasing temperature
above 55°C.%% This behavior was observed in our
previous reports.?* This specific phenomenon was
not observed in the X1 gel, because the NIPAAm
content is greater than the HEMA content in the
gel. This may be because the hydrophobic effect is
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greater than the hydrophilic effect contribution
from the HEMA under higher temperature.

Effect of Reversibilities on Swelling Ratio for
NIPAAM/AAm/HEMA Copolymeric Gels

Thermoreversible polymers would bring about a
soluble—insoluble transition. The water-soluble
behavior depends on weak hydrogen-bonding or
amide groups that are transferred from a fully
soluble polymer to a phase-separated insoluble
polymer. Figure 5 shows the change in SRs for
this series of gels when they were immersed in
deionized water at 25 and 50°C. The gels can
swell and deswell when temperature is recycled
periodically between higher temperature (50°C)
and lower temperature (25°C). As seen from these
curves, the SR is lower at 50°C, but higher at
25°C. Moreover, the SRs of samples X1, X3, X5,
and X7 can be deswelled from 8.5 to 4, 14 to 11, 16
to 14, and 19 to 18 when gels are immersed at
50°C. Then these copolymeric gels can reswell to
8.5, 14, 16, and 19 when reimmersed at 25°C.
Therefore, these gels exhibited a reversible
change in SR between 25 and 50°C. From the
foregoing results, the more NIPAAm in the gel,
the more obvious the thermosensitive effect, and
the greater the range of reversibilities.

Figure 6 presents the effect of cycling pH on
the swelling behavior for these gels. The pH of the

e e N

SR (g/g)

20 L 1 I 1 1

0 5 10 15 20 25 30
Time(hr)

Figure 5 Swelling ratios of various NIPAAm/AAm/

HEMA copolymeric gels as a function of time repeated

abrupt change of temperature between 25 and 50°C.
(O) X1; (A) X38; (O) X5; (©) XT.
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Figure 6 Swelling ratio of various NIPAAm/AAm/
HEMA copolymeric gels as a function of time repeated
abrupt change of pH between pH 6.05 and pH 9.69 at
25°C in buffer solution. () X1; (A) X3; (O) X5; () X7.

buffer solution was changed from 9.69 to 6.05,
and the same cycle was repeated several times.
The first swelling time at pH 9.69 was a period of
swelling equilibrium followed by 8 h at pH 6.05
and then 8 h at pH 9.69. During the first swelling
time, some amide groups of gels hydrolyzed into
carboxylate ions (COO7), enhancing the SRs.
When the gels were transferred to low pH (6.05),
the carboxylate ions protonated to carboxylic acid
groups (COOH), which led to a decrease in the
electrostatic repulsive force between the changes
on networks and promoted decreased SRs. The
higher the AAm content in the gels, the larger the
ASR. Therefore, the SRs and ASRs of gels were
larger for samples X7 and X5 than for samples X3
and X1. Moreover, the gels did not lose their elas-
ticity in these systems.

Effect of Temperature on Swelling Kinetics for
NIPAAm/AAm/HEMA Copolymeric Gels in
Deionized Water

The SRs as a function of time for NIPAAm/AAm/
HEMA (a)-(d) and NIPAAm/HEMA (e) copoly-
meric hydrogels in deionized water are shown in
Figure 7. The results indicate that the SRs in-
crease with increasing AAm content. According to
Flory’s swelling theory,?® the following equation
is given:

Q% =[/2V S + (1/2 — x)/vl/(v/V,) (3)

where i/V, is the concentration of fixed charge
referred to an unswollen network; S is the ionic
concentration in the external solution, (1/2
— x/v, is the affinity of the hydrogel toward
water; and v,/V, is the crosslinked density of the
hydrogel. It is known that the SR is related to
ionic osmotic pressure, crosslinked density, and
the hydrogel’s affinity toward water from the
above equation. The total fixed charge was zero,
and the crosslinked density was fixed in a series
of NIPAAm/AAm/HEMA hydrogels, so the influ-
ence of the SR of the hydrogel is only the affinity
with water. Because AAm is a hydrophilic mono-
mer, the higher the AAm content, the greater the
affinity of the gels toward water and the higher
the SR of the hydrogel.

The effects of temperature on SR for the copoly-
meric gels in deionized water are shown in Figure
7. The SRs decrease with increasing temperature.
On the other hand, the SRs of (Xo) are all lower
than those of the gels containing AAm (X1-X7),
because of the hydrophilicities of the gels.

Investigation of Water Diffusion in Xerogels

Swelling kinetics can be generally described in
two terms: the diffusion rate of imbibing solvent
into the gels and the relaxation rate of the poly-
meric networks. As the charge density of gel ma-
trix rises, the driving force for swelling also in-
creases.”®

To elucidate the transport mechanism of the
nature of the sorption kinetic in the copolymeric
gels, the initial swelling data were fitted to the
exponential heuristic equation®”2®

M‘—Kﬂ 4
Mo ¢ 4)

where K is a characteristic constant of the gel and
n is a characteristic exponent of the mode trans-
port of the penetrant. Values of n and K were
calculated from the slopes and intercepts of the
plot of log(M,/M.,) against log(¢) at various tem-
peratures. In addition, eq. (2) was used to calcu-
late the diffusion coefficient D from the slope in
the plot of (M,/M.) at different temperatures.
Table IV shows the diffusion coefficient D, the
index n, and the constant K for a series of
NIPAAmM/AAm/HEMA copolymeric gels at vari-
ous temperatures. The results indicate that the n
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Figure 7 Swelling ratios as a function of time for various NIPAAm/AAm/HEMA
copolymeric gels: X1 (a), X3 (b), X5 (c), and X7 (d), and NIPAAm/HEMA copolymeric gel
(e) in deionized water at 20°C (), 25°C (<), 35°C (A), 45°C (X), and 55°C (+).
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Table IV Initial Diffusion Coefficients of
Water (D) and Kinetic Exponents (rn) and
Characteristic Constants (K) of Water
Penetrated Through NIPAAm/AAm/HEMA
Copolymeric Gels at Various Temperatures

T D x 108
Sample (°C) n K x 10 (cm?/s)
X0 25 0.68 2.71 0.97
35 0.62 2.43 2.51
45 0.51 1.85 3.53
55 0.52 3.72 4.20
X1 25 0.65 1.93 2.24
35 0.52 3.10 5.52
45 0.51 2.33 6.12
55 0.47 2.14 6.68
X3 25 0.74 4.37 1.89
35 0.59 2.26 3.41
45 0.61 1.29 5.37
55 0.54 2.67 6.81
X5 25 0.67 1.78 3.25
35 0.66 2.82 4.38
45 0.53 2.89 4.59
55 0.47 141 7.27
X7 25 0.58 1.95 2.79
35 0.61 4.64 5.16
45 0.54 3.11 5.51
55 0.47 2.36 6.49

values for X1, X5, and X7 at various temperatures
decrease from 0.65 to 0.47, 0.67 to 0.47, and 0.61
to 0.47, respectively. This evidence indicates that
the swelling transport mechanisms will be trans-
formed from non-Fickian (1.0 < n < 0.5) to
Fickian transport (n = 0.5) with increasing tem-
perature; but for X0 and X3, they show a non-
Fickian to a near-Fickian transport.?’ The data
for the diffusion coefficients in Table IV also indi-
cate that the diffusion coefficients for various
NIPAAmM/AAm/HEMA copolymeric gels increase
with increasing temperature.

Effect of Hydrogel Composition on Fraction
Release of Caffeine

A common application of poly(AAm) hydrogels is
in drug-release systems.'? The drug-release sys-
tem of these copolymeric gels occurs through vari-
ation in the SR. In this experiment, we observe
the relationships between the release of caffeine
and time. The release profiles of caffeine in
NIPAAM/AAm/HEMA copolymeric gels at 50°C
are shown in Figure 8. The release amount of
caffeine increases with release time. Moreover,

the amount of NIPAAm in the gels also controls
the ASR between 25°C and 50°C and then affects
the amounts of caffeine in the release.

The results in Figure 8 indicate that the lower
the NIPAAm content in the hydrogel system, the
lower the caffeine release, which is due mainly to
the lower ASR as the gels deswell. The results
also show that the fractional release (M,/M..) of
caffeine does not reach 1.0. This implies that the
caffeine is not completely released and some por-
tions are entrapped within the gel. This effect
supports the idea of water pocket formation in the
collapse gel. Caffeine dissolves only in the free
water. Thus, caffeine molecules located in the po-
rous region of the gel may be squeezed out quickly
or trapped in water pockets as the gel collapses.?°
This phenomenon was also observed and ex-
plained in our previous report for NEPAAm/butyl
acrylate (BA) and NTHFAAm/BA copolymeric
gels,'! and in some other papers.31=33 Therefore,
the greater the ASR of gels between low and high
temperature, the more caffeine molecules are
squeezed out in the release system.

CONCLUSIONS

A significant result obtained in this article is the
hydrolysis of acrylamide at high pH and high
temperature that causes the hydrophilicity of gels
to increase. The SRs of NIPAAm/AAm/HEMA co-

]

Mt/M..

—-0—X1
—2—X3
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—-X7

0 50 100 150 200
Time (muin)
Figure 8 Effects of various NIPAAm/AAm/HEMA co-

polymeric gels on caffeine release profile during de-
swelling (50°C).



polymeric gels increase with increasing AAm con-
tent. In addition, the higher the AAm content in
the copolymeric gels, the greater the affinity of
the gel toward water. The pH-sensitive character
also increases with increasing AAm content. In
diffusion, the results indicate that the diffusion
coefficients for all NIPAAm/AAm/HEMA copoly-
meric gels increase with increasing temperatures.
According to the results of this study, the
monomer NIPAAm in the gels obviously affected
their thermal sensitivities and the SR change of
thermoreversibilities. In pH-reversible charac-
ters, the greater the AAm content, the greater the
SR change with pH change. Finally, the higher
NIPAAm content in this hydrogel system exhibits
a greater caffeine release, which is due to the
greater gel volume change at high temperature.
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