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ABSTRACT: Poly(N-isopropylacrylamide) (PNIPAM)
hydrogels were simply prepared by free radical polymer-
ization in different methanol-water mixture. A scanning
electron microscopy study revealed that the freeze-dried
hydrogels were macroporous. The swelling ratios in water
at 20°C of the resulting hydrogels followed the order:
Xo.43>X021>Xo.76 ~ Xo.57>X051>X0.13>X0.06>Xo, Where X,
denotes a gel prepared in a methanol-water mixture with m
mole fraction of methanol (x,). Below the lower critical
solution temperature, the swelling ratio values of all of the
hydrogels gradually decreased with the increase in the tem-
perature. The complete collapse of the PNIPAM chain of all
the gels occurred at about 38°C, whereas the same was
observed at about 35°C for the conventional gel prepared in
water. The swelling ratio values of all the PNIPAM gels in

the methanol-water mixtures with different x,, values at
20°C passed through a minimum in the cononsolvency
zone. The deswelling rates of the hydrogels decreased in
the following order: Xg43> Xo31> Xoo1> Xos7> Xoge =~
Xo13> Xo.06> Xo. The reswelling rates of these hydrogels
decreased in the following order: Xo> Xo.31> Xo.06 = Xo.13 >
Xo.76> Xo57> Xo21> Xo.43. The release rates of the Tramadol
Hydrochloride drug at 37°C from the drug-loaded hydro-
gels were almost same for all of the hydrogels. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 125: 2000-2009, 2012
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INTRODUCTION

Poly(N-isopropylacrylamide) (PNIPAM) homopoly-
mer or its cross-linked gel undergoes volume phase
transition in water at around 33°C.' This tempera-
ture is known as its lower critical solution tempera-
ture (LCST). PNIPAM also undergoes volume phase
transition below its LCST due to the variation of the
composition of water in water-miscible good organic
solvents of PNIPAM like methanol, > ethanol,’ tet-
rahydrofuran (THF),%” dimethylsulphoxide,"” and
N,N-dimethylformamide (DMF),B’9 etc. This is due to
the cononsolvency phenomenon,'®"? where the mix-
tures of two good solvents behave as a poor solvent
for a linear polymer or its cross-linked gel.
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As for example, below its LCST, PNIPAM homo-
polymer shows the gradual collapse of the coiled
chain in changing the methanol content (x,,) of the
methanol-water mixture from 0.0 to 0.2. This is due
to the onset of cononsolvency, wherein the stronger
interaction between water and methanol gradually
predominates over that of their interactions with
PNIPAM.'! 1314 The globular state of PNIPAM in
methanol—water mixture is observed in the conon-
solvency zone of around x,, = 0.2-0.4, wherein the
stronger interaction between methanol and water
predominates over that of their interactions with
PNIPAM.'"!"131% Here, PNIPAM is still in slightly
swollen state, which contains almost around 80%
solvent in its hydrodynamic volume.'* With the
increase of the x,, value in the range of 0.2-0.4, this
globular state of PNIPAM swells slightly due to con-
onsolvency.'* On further increase of the x,, value in
the range of 0.4-0.5, the globular state starts redis-
solving in around x,, = 0.4 and becomes completely
dissolve around x,, = 0.5."* On further increase of
the methanol content (x,, > 0.5), solvency remains
almost constant.'*

The synthesis of porous PNIPAM hydrogels were
reported in different cononsolvent mixtures, e.g.,
water-DMF mixture,’>” water—ethanol mixture,'®
water—acetone mix’ture,lg_20 water-THF mixture,6
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TABLE I
Synthesis of Poly(N-isopropylacrylamide) Gels in the Presence of Different Composition of Methanol-Water Mixture®
Run ID
Xo Xo.06 Xo.13 Xo21 Xos1 Xo.43 Xos7 Xo.76

MeOH (mL) - 0.25 0.5 0.75 1.0 0.75 1.0 1.25
Water (mL) 1.25 1.0 0.75 0.5 0.25 0.5 0.25 -
Solution of TEMED (107 mmol/dm?) 0.5 0.5 0.5 0.5 0.5 - - -

in water (mL)
Solution of TEMED (107 mmol/dm?) - - - - - 0.5 0.5 0.5

in methanol (mL)
Conversion (%)° 95 95 90 88 72 85 95 84
Appearance Transparent Opaque Opaque Opaque Opaque Opaque Transparent Transparent
Swelling ratio (Ws/Wy) at 20°C¢ 11.4 15.0 16.3 26.2 16.7 28.4 19.9 20.5
Swelling ratio (Ws/Wy) at 40°C° 1.8 1.6 1.6 1.7 1.8 1.5 1.4 1.9

2 NIPAM = 160 mg, BIS = 8 mg, APS = 0.25 mL aqueous solutio of concentration 84 mmol/dm?®, polymerization tem-

perature = 5°C, polymerization time = 12 h.

" Determined gravimetrically after drying under vacuum at 50°C for 72 h after dialysis.
¢ W, = Weight of the swelled gel at a specified temperature after 24 h swelling, Wy = weight of the dry gel.

etc. Very recently, we have reported the synthesis
and the study of the swelling properties and mor-
phology of PNIPAM hydrogels prepared in different
ethanol-water cononsolvent mixtures.”! In this con-
text, the study of the polymerization (crosslinking)
reaction of N-isopropylacrylamide (NIPAM) with
the crosslinker N,N’-methylenebisacrylamide (BIS) in
the different compositions of methanol-water mix-
tures will be very important in the understanding of
its cononsolvency effect on the properties of the
formed gel. Moreover, very recently, we have
reported the synthesis and study of the swelling
properties and morphology of the stereo-controlled
PNIPAM gels prepared in the presence of different
concentration of Lewis acid Y(OTf); in 1 : 1(v/v)
methanol-water binary solvent mixture.”> To under-
stand the effect the compositions of methanol-water
mixtures as synthesis media in the presence of Lewis
acid Y(OTf); on the properties of stereo-controlled
PNIPAM gels, it is important to explore the effect
the compositions of methanol-water mixtures as
synthesis media in the absence of Lewis acid
Y(OTf); on the properties of PNIPAM gels. Only
Erbil et al.® reported the synthesis of one cross-
linked PNIPAM gel sample in 60% (v/v) methanol-
water mixture and studied only its temperature
dependence of volume swelling ratios. So far, to our
knowledge, there was no report of the synthesis of
PNIPAM gels in the different compositions of meth-
anol-water mixtures and the study of their morphol-
ogy, swelling, deswelling, and reswelling properties.
Here, we have reported the synthesis of a series of
PNIPAM gels in the different compositions of meth-
anol-water mixtures, their morphology studied by
scanning electron microscopy (SEM), the variation of
their swelling ratios in water at different tempera-
tures, the variation of their swelling ratios in differ-

ent composition of methanol-water mixture at 20°C,
their deswelling and reswelling kinetics in water at
40°C and 20°C, respectively, and their drug release
behavior at 37°C using the model drug Tramadol
Hydrochloride.

EXPERIMENTAL
Materials

NIPAM (Aldrich, St. Louis, Missouri) was purified
by recrystallization from n-hexane. N,N’-methylene-
bisacrylamide (BIS, Aldrich, St. Louis, Missouri),
ammonium persulfate (APS, Loba Chemie, Mumbai,
India), N,N,N',N'-tetramethylethylenediamine (TEMED,
Aldrich, St. Louis, Missouri), Tramadol Hydro-
chloride (Tramadol HCIl) (Win Medicare Ltd, New
Delhi, India) were used as received. Methanol (Loba
Chemie, Mumbai, India) was dried and distilled
over anhydrous calcium oxide. Deionized water was
prepared by redistillation of the double distilled
water in an all-glass distillation apparatus.

Synthesis of poly(NIPAM) hydrogels

Three stock solutions were prepared: (i) a solution of
TEMED in water having concentration of 107 mmol/
dm?®, (i) a solution of TEMED in methanol having
concentration of 107 mmol/ dm?®, and (iii) a solution
of APS in water having concentration of 84 mmol/
dm?3. At first, the required amount (as specified in
Table I) of NIPAM, BIS, TEMED solution, and sol-
vents were taken in a small borosilicate glass tube (6
mm internal diameter x 100 mm length) fitted with
rubber septum. Both the pregel mixture (NIPAM,
BIS, and TEMED) and the APS stock solution in
water were purged with N, gas for 30 min. These
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two mixtures were dipped into an isothermal bath
maintained at 5°C * 0.1°C under N, atmosphere for
30 min. Then, the nitrogen-purged APS stock solu-
tion was added to the pregel mixture through rub-
ber septum by a degassed syringe, mixed immedi-
ately by tilting the reaction tube up and down, and
allowed to react at 5°C = 0.1°C for 12 h. The pre-
pared gels were cut into small disk type pieces of 3
mm thickness x 6 mm external diameter and dipped
into the deionized water for dialysis to remove the
unreacted chemicals, and water was changed twice
in a day until the conductance of water used in dial-
ysis became equal to the freshly distilled deionized
water. After the dialysis, the gels were dried under
vacuum at 50°C for 72 h. The conversion (%) was
determined gravimetrically.

FTIR spectra of the dried gels

FTIR spectra of the freeze-dried hydrogel samples
were taken in the 4004000 cm ' range by making
the pellet with KBr.

Surface morphology

Gels were swollen in deionized water at 20°C for 24
h to reach the equilibrium swelling condition. These
equilibrium-swollen gels were freeze-dried under
vacuum to remove water completely. The surface
morphology of the freeze-dried samples were ana-
lyzed with FEI-SEM Quanta 200F (Philips) at an
accelerated voltage of 5 kV.

Swelling ratios at different temperatures

Swelling ratios of the different gels at 20°C, 22.5°C,
27.5°C, 30°C, 32.5°C, 35°C, 38°C, and 40°C tempera-
tures were measured gravimetrically. The pre-
weighed dried gels were immersed in deionized
water for 24 h at the desired temperature in order to
get the equilibrium-swollen gels. These equilibrium
swollen gels were then taken out, the surface water
was soaked with moistened filter paper, and their
weights were taken. The swelling ratio (W;/W,) was
calculated as the ratio of the weight of the equilib-
rium-swollen gel (W;) to that of the dried gel (W,).

Swelling ratios in different methanol-water mix-
tures at 20°C

Swelling ratios of the different gels in the methanol-
water mixtures with the x,, values of 0.05, 0.1, 0.15,
0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.8, and 1.0
at 20°C temperature were measured gravimetrically
using the method as described above.
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Deswelling kinetics at 40°C

Deswelling kinetics in water at 40°C of the equilib-
rium-swollen gels obtained after immersing in water
at 20°C for 24 h were measured gravimetrically. The
preweighed equilibrium-swollen gels at 20°C were
immersed quickly in the water at 40°C. At the defi-
nite time intervals, the gels were taken out, the sur-
face water was soaked with moistened filter paper,
their weights were taken, and then the gels were
quickly immersed back in the water at 40°C. Water
retention (%) was calculated as the weight percent-
age of the water retained (W; — W,) by the swollen
gel (W,) at any definite time interval (f) with respect
to that (W,-W,) by the equilibrium-swollen hydrogel
(Wq) at 20°C.

Reswelling kinetics at 20°C

Reswelling kinetics in water at 20°C of the equilib-
rium-swollen gels obtained after immersing in water
at 40°C for 24 h were measured gravimetrically. The
preweighed equilibrium swollen gels at 40°C were
immersed quickly in the water at 20°C. At the defi-
nite time intervals, the gels were taken out, the sur-
face water was soaked with moistened filter paper,
their weights were taken, and then the gels were
quickly immersed back in the water at 20°C. Water
uptake (%) was calculated as the weight percentage
of water absorbed by the swollen hydrogel at any
definite time interval t (W; -W,;) with respect to
that by the equilibrium-swollen hydrogel (W, — W,)
at 20°C.

Drug release experiments with model drug
tramadol hydrochloride at 37°C

Dry gels were immersed in a 3 mL 10% (w/w) solu-
tion of Tramadol Hydrochloride in water for 48 h at
10°C to reach their equilibrium drug uptake
capacity. Then, the gels were taken out and their
surfaces were washed with deionized water care-
fully to remove the drugs attached on the surface.
The drug-loaded gels were dried under vacuum at
room temperature for 72 h to get the constant
weight. The percentage (%) of drug loading was cal-
culated by using the following equation:

Drug Loading(%) = 100(W; — W,)/Wy

where W; is the weight of the loaded gel and W; is
the weight of the dry gel. Drug release kinetics was
monitored spectrophotometrically at 215 nm wave-
length using UV-visible spectrophotometer (JASCO
V, 670, Japan) by immersing the loaded gels in 1 L
deionized water at 37°C. At the definite time inter-
vals, 3 mL solution was taken out, placed in the
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quartz cell to record the UV-vis spectrum to mea-
sure the drug release rate, and after measurement,
returned back to the bulk solution to keep the total
volume of the solution constant. The spectra were
recorded at 15, 30, 60, 120, 180, 240, 360, and 480
min time intervals. A calibration curve was made by
comparing the intensity of the peak at 215 nm of all
of the spectra of a series of known different concen-
trations (107*~10"° M) of the drug in water. The cu-
mulative drug release (%) was analyzed by compar-
ing the intensity of the peak of the drug at 215 nm
at particular time with the calibration curve of the
standards. By plotting the cumulative drug release
(%) against the time, we got the relative rate of the
drug release of the hydrogels.

RESULTS AND DISCUSSION

The synthesis conditions of PNIPAM hydrogels and
their characterization data are included in Table I.
The observed yields (%) are within 72-95%. The
appearance of the as-prepared hydrogels changes
from transparent (run Xp) to opaque (runs Xgoe,
X0.13, Xo_21, X0.31, and Xo_43) and then Changes back to
transparent (runs Xpsy; and Xgzs). The observed
transparency of the gels prepared at x,, = 0 (run Xp),
0.57 (run Xgysy), and 0.76 (run Xg7) is due to the
highly solvated coiled conformation of PNIPAM
chain segment in the gel owing to the strong interac-
tion of water/methanol-water mixtures with the
PNIPAM chain segment. On the other hand, the
observed opacity of the gels prepared at x,, = 0.06,
013, 021, 031, and 0.43 (runs XO.06/ X0_13, X0‘21, X0.31,
and X3, respectively) is due to the formation of
less solvated aggregated globular PNIPAM chain
segment owing to the cononsolvency of such metha-
nol-water mixtures toward the PNIPAM chain seg-
ments of the gel.

The FTIR spectra of all of the freeze-dried hydro-
gel samples are shown in the Figure 1. All spectra
are almost same. This confirms that all the gels are
of same chemical composition.

The SEM images of all the freeze-dried hydrogels
are shown in the Figure 2. The magnification of all
the SEM images is 6000x. The gel prepared in water
(x, = 0) (run Xp) is macroscopically homogeneous
[Fig. 2(a)] as evident from the absence of any appa-
rently visible pores. Other gels have macroporous
fibrillar type morphology. The porosity of the gels
increases gradually with increase in the x,, value
from 0 [Fig. 2(a), run X,] to 0.06 [Fig. 2(b), run Xo 6]
to 0.13 [Fig. 2(c), run Xg13] in the synthesis solvent
mixture. This is due to (i) the increase in the poly-
merization rate in the presence of methanol owing
to the faster decomposition of ammonium persulfate
initiator” and (ii) the gradual decrease in the sol-
vency of the PNIPAM chain segment owing to the
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Figure 1 FTIR Spectra of the dried PNIPAM hydrogels
synthesized in 0 (run Xp), 0.06 (run Xge), 0.13 (run Xg13),
0.21 (run Xg»1), 0.31 (run Xg31), 0.43 (run Xg43), 0.57 (run
Xos7), and 0.76 (run Xg75) mole fraction of methanol in
water mixtures.

proximity of the cononsolvency. With a further
increase of the x,, value to 0.21 (run Xg5,;), there is a
significant increase in the porosity of the gel [Fig.
2(d)]. This may have been due to the complete col-
lapse of the PNIPAM chain segment into its globular
state in the cononsolvency zone (x,, = 0.17-0.40)."
With a further increase of x,, to 0.31 (run Xg31), the
resulting gel [Fig. 2(e)] showed a macroporous mor-
phology with thick-walled cross-linked network
structure with a smaller pore size. The higher viscos-
ity of this methanol-water mixture®* and the very
weak interaction of the methanol-water complex to-
ward the PNIPAM segments present in the gel
owing to their strong interactions among themselves
may have significant roles apart from its formation
through the solid (swollen) phase polymerization at
the almost middle of the cononsolvency zone. As a
result, polymer—polymer chain interaction increases
and eventually leads to the formation of a thick-
walled cross-linked gel network. With a further
increase of the x, value to 043 (run Xgg43), the
obtained gel is also macroporous with larger pore
size having freely terminated PNIPM chains [Fig.
2(f)] owing to the solid (swollen) phase polymeriza-
tion in the cononsolvency zone. With a further
increase of the x,, value to 0.57 (run Xgs;), the result-
ing gel [Fig. 2(g)] shows a macroporous morphology
with a smaller pore size. This may have been due to
the increase in the solvency (redissolution) of the
PNIPAM chain segment in the methanol-rich zone
(x;; > 0.50). Thus, all these images confirm the for-
mation of highly porous structures of the hydrogels

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 SEM images of the hydrogels synthesized in (a) 0, (b) 0.06, (c) 0.13, (d) 0.21, (e) 0.31, (f) 0.43, and (g) 0.57 mole

fraction of methanol in methanol-water mixtures.

prepared in methanol-water mixtures. Moreover, the
pore-sizes of the gel become maximum in the conon-
solvency zone (at x,, = 0.21, 0.31, and 0.43) (runs
Xo.21, X031, and Xg 43, respectively).

The swelling ratios in water at different tempera-
tures of all the hydrogels prepared in the different
methanol-water mixtures are shown in the Figure 3.
Below the volume phase transition, the equilibrium
swelling ratios of the gel prepared in water (x,, = 0,
run Xp) are smaller than those of all of the other gels
prepared in different methanol-water mixtures
(Table I). This is due to the formation of a macropo-
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Figure 3 Equilibrium swelling ratios of all PNIPAM
hydrogels in water at 20°C, 22.5°C, 27.5°C, 30°C, 32.5°C,
35°C, 38°C, and 40°C temperatures.
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rous cross-linked gel in methanol-water mixture as
per discussion in the Morphology Study section; this
eventually leads to an increase in the porosity and a
water uptake tendency in the gel. The plot of the
swelling ratio of the hydrogels in water at 20°C
against the x,, value of the synthesis solvent (vide
Table I) is shown in the Figure 4. The equilibrium
swelling ratio of the hydrogels in water at 20°C
increases gradually from 11.4 through 15.0 to 16.3
with the increase in the x,, value of the synthesis sol-
vent from 0 (run Xp) through 0.06 (run Xgge) to 0.13
(run Xg13), respectively, because of the gradual
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Figure 4 Plot of the Swelling ratio of the hydrogels in
water at 20°C against the mole fraction of methanol (x,,) of
the synthesis solvent.
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increase in the porosity as per discussion in the Mor-
phology Study section. The swelling ratio again
increases significantly to around 26 for the gel pre-
pared at x,, = 0.21 (run Xo21). This is due to the for-
mation of a very less cross-linked (i.e., larger pore
size) gel through the solid (swollen)-phase polymer-
ization owing to the complete collapse of the PNI-
PAM chain segment into its globular state within the
cononsolvency zone (x, = 0.17-0.40).""'"* How-
ever, the swelling ratio decreases significantly to
16.7 for the gel prepared at x, = 0.31 (run Xg31).
This may have been due to the formation of the
phase-separated aggregates of macroporous gels
through very fast and highly solid-(swollen) phase
polymerization. The very weaker interaction of the
methanol-water complex structure with the PNI-
PAM chain segments owing to their very strong
interactions among themselves may have significant
role here.'* The high viscosity of the methanol-water
mixture®* may also have some role. It is to be men-
tioned here that a very weak gel is also formed at x,,
= 0.25 and the resulted gel also shows the low swel-
ling ratio value of 16.4 (result is not included) like
the gel prepared at x,, = 0.31 (run Xp31). The swel-
ling ratio again increases significantly to 28.4 for the
gel prepared at x,, = 0.43 (run Xo43). This is due to
the formation of a very less cross-linked (i.e., large
pore size) gel through the solid (swollen)-phase po-
lymerization like run X1 owing to the same reason.
Then, the swelling ratio decreases significantly to 20
for the gel prepared at x,, = 0.57 (run Xg57). This is
due to the formation macroporous gel with a smaller
pore size as discussed in the Morphology Study sec-
tion. The swelling ratio remains almost constant
with a further increase to x,, = 0.76 (run X, 7¢) owing
to the formation of similar solvated coiled state of
the PNIPAM chain segment, as is observed for the
gel prepared at x,, = 0.57 (run Xgs7). In general, the
equilibrium swelling ratio in water at 20°C of all of
the PNIPAM gels varies in the following order:
X0.43>X021>Xo76 ~ Xo.57>X031>X0.13>X0.06>Xo. The
swelling ratio in water at 40°C for all of the gels is
more or less close to 2 (see Table I and Fig. 3). This
is due to the complete collapse of the coiled confor-
mation of the PNIPAM chain segment into its
slightly solvated globular form at this temperature.
In general, below LCST, the swelling ratio values
gradually decreases with increasing temperature
because of the release of water due to the gradual
collapse of PNIPAM chain segment in the gel. Simi-
lar types of results have also been reported in the lit-
erature for mixtures of water and other water-misci-
ble solvent systems.®???'2>2  Moreover, the
swelling ratio values of all of the gels except the one
prepared in water (run X,) are observed at a mini-
mum (~ 2) at about 38°C, whereas the same for the
gel prepared in water (run X,) is observed at around
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Figure 5 Equilibrium swelling ratios of all PNIPAM
hydrogels in 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5,
0.55, 0.6, 0.8, and 1.0 mole fractions of methanol in water
mixtures at 20°C.

35°C. This is due to the formation of macroporous
cross-linked gel in the methanol-water mixtures.
This eventually leads to the higher retention power
of water within the gel matrices. Therefore, higher
temperature is required to release most of the water
molecules out of the gel matrices.

The changes in the swelling ratio values of all of
the PNIPAM gels in the methanol-water mixtures
having different x,,, values at 20°C are shown in Fig-
ure 5. With the increase of the x,, value from 0 to
0.2, the swelling ratio values of all of the hydrogels
decreases sharply because of the onset of the conon-
solvency and becomes almost equal to the minimum
value of about 2 at around x,, = 0.2. After this point,
the swelling ratio values of all gels, except the one
prepared at x,, = 0.31 (run Xg31), increases slightly
with increasing x,, value from 0.2 to around 0.35,
and the observed swelling ratio values are almost
same for all of the hydrogels in these solvent compo-
sitions. This indicates that the PNIPAM chain seg-
ments of the collapsed gels in the cononsolvency
region are in the same molecular conformational
state. Their swelling ratio values increase very
slowly because of the very slow redissolution of the
aggregated PNIPAM chain segment with increasing
methanol content within the cononsolvency zone.
Moreover, this behavior is only due to the molecular
interaction of the solvent and the polymer, not to
other factors, such as cross-linking density, extent of
aggregation of PNIPAM chain segments, or extent of
formation of free PNIPAM chain segment, etc. With
the further increase in the x,, value from 0.35 to 1,
the swelling ratio values of all of the hydrogels
gradually increase, and this reswelling trend is
almost like the deswelling trend observed in the x,,
region of 0-0.2. Finally, the observed swelling ratio

Journal of Applied Polymer Science DOI 10.1002/app
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values of all of the hydrogels in methanol are lower
than that in water. This is due to the lower density
or larger molecular volume of the methanol with
respect to that of water. In this regard, PNIPAM
hydrogels prepared at x,, = 0.31 (run Xy31) showed
slightly higher swelling ratio values than the other
hydrogels in the cononsolvency zone. This again
confirms that the chain conformation of this gel is
slightly different than other gels, as mentioned dur-
ing the discussion of morphology and swelling ratio
values in water at 20°C. Thus, the swelling ratio val-
ues of all of the PNIPAM gels in the different x,, val-
ues at 20°C pass through a minimum in the conon-
solvency zone. Similar type of results have also been
observed in ethanol-water mixture for the PNIPAM
gels prepared in different ethanol-water mixtures."
The deswelling rates of all of the hydrogels in
water at 40°C are shown in Figure 6. This rate is
slowest with the hydrogel prepared in water (x,, =
0) (run Xo). It gradually increases for the hydrogels
prepared in the synthesis solvent containing higher
X, values (0.06 and 0.13) (runs Xggs, and Xgi3,
respectively). With a further increase in the x,, value
from 0.13 (run Xg13) to 0.21 (run Xg»q), the deswel-
ling rate of resulting hydrogel becomes drastically
faster. With the further increase in the x,, values
from 0.21 (run Xg»q1) to 0.31 (run Xg31) to 0.43 (run
Xo.43), the deswelling rates of the resulting gels
increase gradually and becomes fastest with the gel
prepared at x,, = 0.43. After this, the deswelling rate
of the hydrogel prepared at x,, = 0.57 (run X 57) sig-
nificantly decreases and comes between those of the
gels prepared with the x, values of 0.13 and 0.21
(run Xp13 and Xgpi1, respectively). With a further
increase in the x, value to 0.76 (run Xg7), the
obtained hydrogel shows a slower deswelling rate
than that prepared with a x, value of 0.57 (run
Xo.s57), but faster than that prepared with a x,, value
of 0.13 (run Xpi3). In general, the deswelling rate
depends on the rate of the ejection of water from
the polymer matrix. This ejection rate depends on
the porosity, the extent of aggregation of PNIPAM
chain segment in the gel, and so on. The larger the
porosity is, the faster the deswelling rate is; the
higher the extent of aggregation of PNIPAM chain
segment is, the faster the deswelling rate is. The
observed gradual faster deswelling rate with the gels
prepared in the higher x,, values in the range of 0-
0.13 (runs Xy, Xo.06, and X153, respectively) is due to
the formation of a larger pore-size cross-linked gel
and also to the formation of more aggregated globu-
lar PNIPAM chains in the formed gel because of the
gradual collapse of the PNIPAM chain segment due
to the onset of the cononsolvency. The drastically
faster deswelling rate of resulting hydrogel prepared
at x,, = 0.21 (run Xg»1) is due to the formation of the
macroporous cross-linked gel with a larger pore size
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Figure 6 Deswelling kinetics of the PNIPAM hydrogels
Synthesized in 0 (run X()), 0.06 (run X0.06)r 0.13 (run X0'13),
0.21 (run Xp»1), 0.31 (run Xg31), 0.43 (run Xg43), 0.57 (run
Xos7), and 0.76 (run Xg7) mole fractions of methanol in
water mixtures.

and highly aggregated PNIPAM chain segment
through the solid (swollen)-state polymerization
because of the cononsolvency of the methanol-water
mixtures. The observed gradual increase in the desw-
elling rate of the gels prepared at x,, = 0.31 and 0.43
(run Xoz1, and run X4z, respectively) within the
proximity of the cononsolvency zone may have been
due to the gradual increase of the both or either one
of the same reasons as mentioned in case of the gel
prepared at x,, = 0.21 (run Xg2;1). The considerably
slower deswelling rate of the gel prepared at x,, =
0.57 (run Xps57) is due to the formation of relatively
smaller pore size macroporous (cross-linked) gel mor-
phology [Fig. 2(g)] containing less aggregated PNI-
PAM chain segments in the methanol rich region (x,,
> 0.50) beyond the cononsolvency zone. The
observed slower deswelling rate of the gel prepared
at x,, = 0.76 (run Xo7) with respect to the gel pre-
pared at x,, = 0.57 (run X 57) is due to the formation
of a gel containing relatively less aggregated PNI-
PAM chain segments in the higher methanol-rich
region outside the cononsolvency zone. Thus, the
deswelling rate of these hydrogels decreases in the
fOHOWil’lg order: Xo.43> Xo31> Xoo1> Xos7> Xoge ~
Xo0.13> Xo.06> Xo. Similar type of observation has also
been reported for the PNIPAM gels prepared in
different ethanol-water mixtures.”!

The reswelling rate of all the hydrogels at 20°C is
shown in the Figure 7. This rate is fastest with the
hydrogel prepared in water (x,, = 0, run X). This is
followed by the hydrogel prepared at x,, = 0.31 (run
Xo31). The reswelling rate is slowest and almost
comparable with the gels prepared at x,, = 0.21 and
0.43 (run X0.21, and X0.43, respectively). It increases
slightly for the gel prepared at x,, = 0.57. It further
increases significantly for the gel prepared at x,, =
0.76 (run Xgze). It further increases slightly and
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Figure 7 Reswelling kinetics of the PNIPAM hydrogels
synthesized in 0 (run Xp), 0.06 (run Xge), 0.13 (run Xg13),
0.21 (run Xp»1), 0.31 (run Xg31), 0.43 (run Xg43), 0.57 (run
Xos7), and 0.76 (run Xg7) mole fractions of methanol in
water mixtures.

becomes almost comparable with the gels prepared
at x,, = 0.13 and 0.06 (runs Xo13, and X6 respec-
tively). The reswelling rate generally controls by the
rate of diffusion of water into the polymer matrix.
Apart from porosity, the rate of diffusion depends
on the state of the polymer chains in its matrix. The
reswelling rate is faster when the polymer chains are
in a loosely aggregated coiled structure. The rate is
slower when the polymer chains are present in a
highly aggregated globular structure. On gradual
addition of methanol to water, because of the onset
of the cononsolvency of methanol-water synthesis
solvent mixture toward PNIPAM chain segment, the
coil conformation of the PNIPAM chain segment
gradually turns into an aggregated globular state up
to around x,, = 0.17.191%13 Therefore, the observed
decrease in the reswelling rate with increasing meth-
anol content from x,, = 0 to 0.06 to 0.13 (runs X,
Xo.06, and Xg 13, respectively) is in conformity with
the previous explanation. With a further increase of
the methanol content (x,,) from 0.2 to 0.43 (in the
cononsolvency zone), PNIPAM chain segment
expectedly presents in the highly aggregated globu-
lar state. Therefore, the reswelling rate would be
slowest with such gels prepared within the proxim-
ity of the cononsolvency zone. The observed slowest
reswelling rate for the gels prepared at x,, = 0.21
and 0.43 (run Xp»1 and Xo.3, respectively) is in con-
formity with the previous explanation. The almost
comparable reswelling rate of these two gels (run
Xo21 and Xp43,) may have been due to similar and
highly aggregated globular states of the polymer
chains in the gel matrices. The observed faster
reswelling rate for the gel prepared at x,, = 031
(run Xp31) may have been due to its less cross-
linked, thick-walled network type macroporous gel
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morphology. A slight increase in the reswelling rate
for the gel prepared at x,, = 0.57 (run Xy s;7) is due to
relatively less aggregated PNIPAM chain in the gel
formed at the higher methanol content (x,, = 0.57)
medium outside the cononsolvency zone (x,, = 0.2-
0.43) because of the higher solvency of the PNIPAM
segment. The observed faster reswelling rate for the
gel prepared at x,, = 0.76 (run Xozs) is due to the
formation of a loosely aggregated (highly solvated)
coiled structure of the PNIPAM chain segment in
the gel matrix. The almost comparable reswelling
rate of this gel with that prepared at x,, = 0.13 (run
Xo13) may have been due to the similar loosely
aggregated coiled structure of the polymer chain in
the gel matrix. Thus, the reswelling rates of these
hydrogels decreases in the following order: Xo>
Xo.31> Xo.06 = Xo.13 > Xo.76> Xo.57> Xo.21~ Xo.43- Simi-
lar type of results has also been reported for the
PNIPAM gels prepared in different ethanol-water
mixtures.”!

Drug release behavior has been investigated using
a water-soluble drug Tramadol Hydrochloride. The
plot of drug loading (%) of different gels against the
mole fraction of methanol (x,) of the methanol-
water mixtures used for the synthesis of the corre-
sponding gel is shown in the Figure 8. The trend of
the drug loading is almost identical with the change
of the swelling ratios in water at 20°C with the vari-
ation of the value of x,, (Fig. 4). All these results are
in conformity with the discussion related to the
swelling ratio values of different gels at 20°C in
water. The rates of cumulative drug release (%) at
37°C against time are shown in Figure 9. It is clear
from the figure that there is not much difference in
the rates of cumulative drug release of all of the
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Figure 8 Drug loading percentage of the PNIPAM
hydrogels synthesized in 0 (run X;), 0.06 (run X ), 0.13
(run X0‘13), 0.21 (run XO.Zl)/ 0.31 (run X0_31), 0.43 (run X0‘43),
0.57 (run Xg57), and 0.76 (run Xg7¢) mole fractions of meth-
anol in water mixtures.
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Figure 9 Drug release kinetics of the PNIPAM hydrogels
synthesized in 0 (run X;), 0.06 (run Xg06), 0.13 (run Xg13),
0.21 (run Xgz1), 0.31 (run Xgp31), 0.43 (run Xg43), 0.57 (run
Xos7), and 0.76 (run Xg7¢) mole fractions of methanol in
water mixtures at 37°C.

gels. Almost 80-95% drugs are released from the
corresponding drug-loaded gel within about 60 min.
This behavior has similarity with “burst effect,”
where a large volume of drug quickly releases. This
effect depends on several factors like cross-linking
ratio of gel, drug loading concentration, aggregation
state of gel, pore diffusion of the drug, surface de-
sorption rate, etc. Here, the observed behavior may
be due to the fact that the experimental temperature
is well above the LCST value of PNIPAM and all the
gels turns into a highly globular state at this temper-
ature, and the interaction between the PNIPAM
chain segment of all the gels and the incorporated
drug are of similar type, and the molecular dimen-
sion of drug molecule is quite smaller than that of
the pore size of all the gels, and there is a lack of a
diffusion front barrier to regulate the diffusion pro-
cess in all gels. As a result, the drug comes out with
almost similar rate during the contraction of the
polymer network. Thus, all the gels show almost
identical drug release rate.

CONCLUSIONS

PNIPAM hydrogels have simply been prepared by
free radical polymerization in different methanol-
water mixtures. SEM study reveals that the resulting
hydrogels are macroporous. The swelling ratios of
the resulting hydrogels in water at 20°C follow the
order: Xo43> Xo21> Xoze~ Xosr> Xozi> Xoiz>
Xo0.06> Xo. Below the LCST, the swelling ratio values
gradually decrease with increasing temperature
because of the release of water due to the gradual
collapse of the PNIPAM chain segment in the gel.
At 20°C, the swelling ratio values of all of the PNI-
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PAM gels with different x,, values pass through a
minimum in the cononsolvency zone. Moreover, the
swelling ratios of all of the gels in pure water are
higher than those observed in methanol. The deswel-
ling rates of the hydrogels decrease in the following
order: Xo43> Xoz1> Xo21> Xosr> Xoze ~ Xo13>
Xo0.06> Xo. Thus, we have systematically varied the
deswelling rate of the hydrogels by simply varying
the composition of the methanol-water mixture used
as synthesis solvent, and the fastest rate occurs at x,,
= 0.43. The reswelling rates of these hydrogels
decrease in the following the order: Xo> Xg31> Xo.06
~ Xo1z > Xoz6> Xos7> Xoo21> Xo43- All the gels
show almost identical release rate of Tramadol
Hydrochloride drug at 37°C. All of these swelling,
deswelling, and reswelling, properties are explained
on the basis of the variation of the cross-linking den-
sity (porosity), polymer chain and solvent interac-
tion, and due to the cononsolvency behaviour of the
methanol-water mixture toward the PNIPAM chain
segment in the PNIPAM hydrogels and the extent of
solution or solid (swollen)-phase polymerization
with gradual changes in the composition of the
methanol-water mixture.

The authors acknowledge Prof. B. Mishra, Department of
Pharmaceutical Engineering, Institute of Technology, BHU
for providing Tramadol Hydrochloride (Tramadol HCI)
drug as gift.
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