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Abstract A new family of poly(NIPAAm-co-2-acrylam-
ido-2-methyl-1-propanesulfonic acid) [P(NIPAAm-co-
AMPSA)] hydrogels was synthesized by incorporating
negative charged AMPSA to the backbone of the PNI-
PAAm-based hydrogel. The effect of polyelectrolyte (i.e.,
PAMPSA) on the thermosensitive property of PNIPAAm
hydrogels was investigated. It was found that P(INIPAAm-
co-AMPSA) hydrogels exhibited unique honey-comb-like
3D porous structure having rigid cell wall as well as en-
hanced mechanical property. The incorporation of AMPSA
into PNIPAAm backbones also led to a significant increase
in swelling capability at room temperature when compar-
ing to pure PNIPAAm hydrogels. In addition, the shrinking
rate upon heating was significantly improved if the AMP-
SA content in PINIPAAm-co-AMPSA) hydrogels was less
than 10 wt%.

Introduction

Hydrogels are hydrophilic, polymeric networks, capable of
imbibing large amounts of water or biological fluids [1-4].
A stimuli-sensitive hydrogel is able to respond to specific
external stimuli, such as temperature, pH, electric field, and
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antigen [5-9]. The stimuli-sensitive hydrogels exhibit
dramatic changes in their swelling behavior, network
structure, permeability and/or mechanical property over a
range of stimulus values; polymers having this unique
intelligent property have received extensive interest during
the last decade.

Temperature sensitive hydrogels are the most exten-
sively studied stimuli-sensitive materials. Poly(N-isopro-
pylacrylamide) (PNIPAAm) hydrogel is temperature
sensitive, which exhibits a lower critical solution temper-
ature (LCST) at around 33 °C [10]. In PNIPAAm polymer
chains, there exists an optimum hydrophilic/hydrophobic
balance between hydrophilic groups (amide, -CONH-) and
hydrophobic groups (isopropyl, -CH(CHj3),) [11]. Below
LCST, hydrogen bonding between water molecules and
hydrophilic segments (amide-, -CONH-) of the PNIPAAm
polymer chains becomes dominant, which leads to disso-
lution of PNIPAAm in water [12, 13]. At LCST, hydrogen
bonding between the polymer and water becomes unfa-
vorable compared to polymer-polymer interaction and
water-water interactions. Above LCST, the hydrophobic
groups in the polymer chains (isopropyl groups) aggregate
and become insoluble in water [12, 13]. This unique
temperature-induced phase separation of PNIPAAm also
appears in PNIPAAm-based hydrogels and has been used
in various biomedical fields, including protein-ligand rec-
ognition, drug controlled release, recovered and cultured
cells and immobilization enzymes [14—-19].

PNIPAAm is a class of non-ionic polymers, while
polyelectrolytes are a class of ionic polymers having po-
sitive or negative charges, which give rise to property
distinct from those of non-ionic polymers [20]. By binding
with oppositely charged materials, polyelectrolytes have
widely applications in biomedical technology, such as cell
adhesive and non-adhesive polymers [21, 22]. A strategy to
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modify cell adhesion to substrates is to impart an electric
charge to a network scaffold [23]. In addition, when an
external electric field is applied, the charged hydrogel
system has been utilized to fabricate chemomechanical
devices with various kinds of motion [24-26]. For exam-
ple, such a hydrogel may be used as an artificial muscle
since it is able to convert chemical energy to mechanical
energy; in other words, under a directed electric field, such
hydrogel systems can move with a worm-like motion [24].

Consequently, it is of particular interest to examine the
influence of incorporated polyelectrolyte segment on the
thermo-sensitive property of PNIPAAm hydrogels. In this
paper, we reported the synthesis of a new family of
poly(NIPAAm-co-2-acrylamido-2-methyl-1-propanesulf-
onic acid) [P(NIPAAm-co-AMPSA)] hydrogel by incor-
porating the negatively-charged AMPSA segment into the
backbone of PNIPAAm hydrogel. The effect of the feed
ratio of NIPAAm to AMPSA monomers on the property of
the resultant P(NIPAAm-co-AMPSA) hydrogels was
examined in terms of LCST via differential scanning cal-
orimetry (DSC), morphology via scanning electron
microscopy (SEM), mechanical property via compression
modulus measurement, and swelling profiles and kinetics.

Materials and methods
Materials

N-isopropylacrylamide purchased (NIPAAm, Aldrich
Chemical, USA) was further purified by recrystallization in
benzene/n-hexane. 2-Acrylamido-2-methyl-1-propanesulf-
onic acid (AMPSA), N, N’-methylenebisacrylamide
(MBAAm), ammonium persulfate (APS) and N, N, N, N’-
tetramethylethylenediamine (TEMED) were purchased
from Sigma Chemical Company (St. Louis, Missouri,
USA). All the reagents used were of analytical grade, un-
less otherwise stated.

Hydrogel fabrications

P(NIPAAm-co-AMPSA) hydrogels were prepared in a
phosphate buffer solution of NIPAAm and AMPSA

Scheme 1 Chemical structures
and schematic preparation of
P(NIPAAm-co-AMPSA)
hydrogels

N-isopropylacrylamide
(NIPAAm)
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precursors in the presence of MBAAm crosslinker at room
temperature (22 °C). In brief, precursors NIPAAm and
AMPSA, crosslinker MBAAm and initiator APS were
dissolved in a phosphate buffer solution (PBS, pH 7.4 and
ionic strength 7 = 0.1) to make a clear precursor solution.
TEMED was subsequently added into the precursor solu-
tion and the reaction glass bottle was sealed for carrying
out the copolymerization/crosslinking reaction for 12 h at
room temperature (Scheme 1). After the reaction, the solid
hydrogels synthesized were washed with PBS solution at
room temperature and PBS solution was replaced with
fresh one every several hours to remove any unreacted
chemicals within the hydrogel matrix. The washed hydro-
gels were cut into disc-shape of approximately 12 mm in
diameter and 4 mm in thickness for the following charac-
terization study. The resultant P(NIPAAm-co-AMPSA)
hydrogels were labeled as Gel,, where x indicated the
AMPSA content (wt% based on precursors amount of
NIPAAm and AMPSA). The precursor feed composition
and preparation conditions of P(NIPAAm-co-AMPSA)
hydrogels were summarized in Table 1. Pure PNIPAAm
hydrogel was prepared in the same manner, except in the
absence of AMPSA and was labeled as Gely and used as
control.

Table 1 Feed compositions and sample ID of P(NIPAAm-co-AMP-
SA) hydrogels

Sample ID*

Gelo GelZAS Gels Gello Gell5
NIPAAm (mg) 200 195 190 180 170
AMPSA (mg) 0 5 10 20 30
MBAAm (mg) 5.0 5.0 5.0 5.0 5.0
PBS7.4 (ml) 2.0 2.0 2.0 2.0 2.0
10.0 wt% APS solution (ul) 10 10 10 10 10
TEMED (ul) 5 5 5 5 5
Conversion (%)° 883 87.8 883 91.8 90.7

* All reactions were carried out for 12 h at room temperature (22 °C)

 Weight percentage of the synthesized hydrogel from the monomers

H,C= CHCONH\
HZC—CHCONH/

PBS7.4 solution, RT
APS & TEMED

P(NIPAAm-co-AMPSA)
hydrogel
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LCST determination

Differential scanning calorimeter (DSC, TA model 2920)
was used to determine the LCST of P(NIPAAm-co-AMP-
SA) hydrogels. A known weight of an equilibrated swollen
hydrogel sample (~10 mg) in PBS solution was placed in a
hermetic aluminum pan and sealed by a hermetic alumi-
num lid. The sample was heated from 15 to 65 °C at a rate
of 3 °C/min in a nitrogen environment. The temperature-
induced collapse of the hydrogel at its LCST was recorded
by the appearance of an endotherm peak in a DSC ther-
mogram. TA universal analysis software was used for the
data acquisition and analysis.

SEM observation of interior morphologies

The P(NIPAAm-co-AMPSA) hydrogel samples prepared
above were first equilibrated in PBS solution (pH 7.4) at
room temperature to reach an equilibrium state. The
equilibrated hydrogel samples were quickly frozen in
liquid nitrogen and further freeze-dried under vacuum at —
45 °C for 4 days until the solvent was sublimed. The
freeze-dried samples were then fractured carefully and
their interior morphology was studied by using a scanning
electron microscope (Hitachi S4500 SEM, Mountain View,
CA). Before SEM observation, hydrogel specimens were
fixed on aluminum stubs and coated with gold for 30s
under vacuum.

Mechanical property measurement

The mechanical property of the swollen P(NIPAAm-co-
AMPSA) hydrogel samples were measured by an Instron
tester model 1122 (Instron Corporation, Canton, Massa-
chusetts, USA) at 22 °C and 65% humidity. Before
mechanical property experiment, all samples were im-
mersed in PBS solution at room temperature for 3 days to
reach their equilibrium state. The uncompressed thickness
of the hydrogel was evaluated using a compressometer
(Frazier Instruments, Hagerstown, MD). The swollen
hydrogel samples were then placed onto the top surface of
a compression load cell (5 kg full load capacity) and
compressed between this cell and a cylindrical metal par-
allel probe (diameter = 6.0 mm) at a crosshead speed of
1.0 mm/min until failure or full load was reached. The load
and displacement were recorded. The compressive moduli
were calculated from the slope of the initial linear portion
of the curve. For each type of hydrogel, four samples were
used for the compression test and the average value of four
measurements for each sample was taken to represent the
hydrogel mechanical property.

Temperature dependence of swelling ratios

For the study of temperature-dependent swelling, hydro-
gel samples were first equilibrated in a PBS solution at a
temperature ranging from 23 (below LCST) to 80 °C
(above LCST). The samples were allowed to swell in a
PBS solution for at least 24 h at each predetermined
temperature controlled up to +0.1 °C by a thermostated
water bath (Grant Precision Stirred Bath, Grant Instru-
ments Ltd, Cambridge, England). After 24 h immersion
in a PBS solution at a predetermined temperature, the
hydrogel was removed from the water and blotted with a
wet filter paper to remove excess water on the hydrogel
surface and then weighted until a constant weight was
reached. After this weight measurement, the hydrogel
was re-equilibrated in a PBS solution at another prede-
termined temperature and its wet weight was deter-
mined thereafter. The dry weight of each sample was
determined after drying to a constant weight under vac-
uum at 60 °C for overnight. The average values among
three measurements were taken for each sample and the
equilibrium swelling ratio (ESR) was calculated as
follows,

Swelling ratio = W/Wy (1)

where W; is the weight of water in a swollen hydrogel at
each temperature (wet weight — dry weight) and Wy is the
dry weight of hydrogel.

Deswelling or shrinking kinetics

The shrinking kinetics of the hydrogels were measured
gravimetrically at 60 °C. This temperature was chosen
because it is well above LCST of PNIPAAm and would
show more significant temperature-induced deswelling
kinetics within a shorter time frame. The hydrogel sam-
ples were first immersed in a PBS solution at room
temperature till it reached equilibrium (about 24 h). The
equilibrated hydrogel samples were then quickly trans-
ferred into a water bath of 60 °C. At each pre-determined
time, the samples were removed from the hot water and
weighted after wiping off the excess water on surface
with a wet filter paper. Water retention was defined as
follows:

Water retention = [(W,—Wy)/W,] x 100 (2)

where W, was the weight of the wet hydrogel at time t and
60 °C, W, was the weight of water in swollen hydrogel at
time 0 at room temperature and Wy was the dry weight of
hydrogel.
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Swelling kinetics

The freeze-dried hydrogel samples were immersed in a
PBS solution at 22 °C and removed from water bath at
regular time intervals. After wiping off the water on the
surfaces of the samples with wet filter papers, the weights
of hydrogels were recorded and the water uptake is defined
as follows,

Water uptake = 100 x [(W; — Wq)/W,] (3)

where W, is the weight of the wet hydrogel at time t and
22 °C and the other terms are the same as defined in Eq. (1)
above.

Results and discussion
LCST behavior

During the phase separation in the P(NIPAAm-co-AMP-
SA) hydrogels upon heating, the transition temperature of
such a phase separation would be detected. Here, the LCST
of the P(INIPAAm-co-AMPSA) hydrogels was defined as
the onset temperature of the endotherms [27]. Table 2
shows the LCSTs of P(NIPAAm-co-AMPSA) hydrogels. It
was found that P(NIPAAm-co-AMPSA) hydrogels had
higher LCSTs than a pure PNIPAAm hydrogel. A differ-
ence as high as 13.7 °C (or 43% higher) was found
between Gely (31.8 °C) and Gel;q (45.5 °C), owing to the
presence of the AMPSA moiety, which provided a hydro-
philic contribution to PNIPAAm.

The LCST data also show that an increase in the content
of AMPSA in P(NIPAAm-co-AMPSA) hydrogel led to an
incresing LCST of the copolymer hydrogels. For example,
the LCST of Gel, 5 was around 33.9 °C, while the LCST of
Gels and Gel;o were around 36.8 °C and 45.5 °C, respec-
tively. When the AMPSA content reached 15 wt%, no
LCST of the hydrogel (Gel;s) was detected. Thus, the
introduction of AMPSA segment into PNIPAAm hydrogels
affected the LCST of PNIPAAm. A similar effect on LCST
was also found in our previous study, in which the incor-
porated hydrophilic Dex-MA segment into PNIPAAm

Table 2 LCSTs of P(NIPAAm-co-AMPSA) hydrogels from DSC
investigations

Hydrogel Gelyp Gel, 5 Gels Gel,o Gel;s
Content (wt.%)* 0 2.5 5 10 15
LCST (°C) 31.8 33.9 36.8 45.5 /®

% Weight percentage of AMPSA based on the amount of all mono-
mers in the feed composition

® No LCST was found

@ Springer

increased the LCST of resulting Dex-MA/PNIPAAm hy-
drogels, but the effect was significantly smaller (about 12%
increase) upon Y% feed ratio of Dex-MA/NIPAAmn than
our current AMPSA/NIPAAm system at 1/9 feed ratio
(Gelyp with 43% increase at 1/9 ratio) [28]. The larger
LCST increase in the AMPSA/NIPAAm system than the
Dex-MA/NIPAAm system may be attributed to a much
higher level ionization of the sulfonic group in AMPSA
than the carboxylic acid group in Dex-MA that could result
in more and stronger hydrogen bonds in the AMPSA/
NIPAAm system, i.e., require higher temperature to break
hydrogen bonds and hence higher LCST as observed.

Interior morphology

The interior morphology of swollen and freeze-dried
hydrogels is shown in Fig. 1. The SEM data clearly illus-
trate the influence of the AMPSA on PNIPAAm-based
hydrogel morphology. First, the introduction of AMPSA
into PNIPAAm has dramatically changed the porous matrix
from a round and shallow pores in a conventional
PNIPAAm hydrogel to a well-defined honey-comb-like
porous structure with rigid matrix wall in P(NIPAAm-co-
AMPSA) hydrogels. In addition, the pore size of these
honey-comb-like 3D structures increased with an increase
in AMPSA content in the P(NIPAAm-co-AMPSA)
hydrogel and reached the largest size in Gel;s, while Gely,
had the smallest pore size. Conversely, Gel, showed the
largest number of pores per unit area while the Gel;s had
the smallest number of pores.

The enlarged porous network from Gel, 5 to Gel;s was
attributed to the ionic hydrophilic property of the incor-
porated AMPSA moiety. When a pure PNIPAAm hydrogel
swells in water at room temperature (<LCST), there exist
hydrogen bond interactions between amide groups of
PNIPAAm chains and surrounding water. These interac-
tions may lead to the formation of cage-like structures
around hydrophobic groups, i.e. structured water molecules
surround the hydrophobic groups, which results in swelling
of PNIPAAm hydrogels in water [29, 30]. With the intro-
duction of AMPSA, P(NIPAAm-co-AMPSA) hydrogels
might exhibit special network structure due to the forma-
tion of two types of hydrogen bond that pure PNIPAAm
doesn’t have: hydrogen bond between SO3 and water and
hydrogen bond between amide and -SO3 groups. As a re-
sult, there is a competition for water in the P(NIPAAm-co-
AMPSA) hydrogels. In a pure PNIPAAm hydrogel, water
was attracted toward amide groups in PNIPAAm chains
and the attracted water molecules acted cooperatively to
form an iceberg-like structure of water at the molecular
level as mentioned above. With the introduction of AMP-
SA in P(NIPAAm-co-AMPSA) hydrogels, due to a much
higher ionization and stronger hydrophilic characteristic of
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Fig. 1 Effect of precursors’
feed ratio on the interior
morphologies of swollen
P(NIPAAm-co-AMPSA)
hydrogels (before the SEM
observations, freeze-dried
samples were fractured
carefully to exhibit their interior
morphologies.). Refer to

Table 1 for the composition of
Gel label

the -SO3 group in AMPSA segments, this -SO3 group could
attract more water than the amide group in PNIPAAm
segments; and the water attracted to the AMPSA segments
might assemble into a better and more organized structure
than those waters attracted to the amide group of PNI-
PAAm segments. Thus, more water could be attracted
and contained in P(NIPAAm-co-AMPSA) than pure PIN-
IPAAm hydrogels, i.e., the swelling capacity of P(NIP-
AAm-co-AMPSA) hydrogels was much improved when
comparing to pure PNIPAAm hydrogels. Besides the effect
of stronger hydrogen bonds, there existed strong electro-
static repulsions between highly ionized -SO3 groups in
P(NIPAAm-co-AMPSA) hydrogels. This repulsion would
also facilitate the expansion of the hydrogel network, i.e.,
enlarged pores for a higher water uptake.

The presence of -SO3 group in P(NIPAAm-co-AMPSA)
hydrogels could also provide much stronger intermolecular
hydrogen bonds between hydrophilic amide groups in
PNIPAAmM segments and -SOj3 groups in AMPSA segments
due to the highly ionized nature of the -SO3 groups. These
strong intermolecular hydrogen bonds between amide
groups and -SOj3 groups facilitate the macromolecules to
assemble into a better and more organized matrix structure,
which may provide certain structural stability and thus lead
to the formation of well-defined honey-comb-like porous
structure with rigid cell wall as observed in Fig. 1.

The distinctive 3D honey—comb porous structure upon
swelling is also found in our previous study of PNIPAAm/
Dextran-maleic acid hybrid hydrogel system [28, 31]. In
those studies, upon swelling, distinctive ordered honey-
comb-like porous network structure was observed as
hydrophilic dextran-maleic acid (Dex-MA) segments were
incorporated into PNIPAAm via crosslinking. However, an
increasing hydrophilic Dex-MA content in a Dex-MA/
PNIPAAm hydrogel system led to a reduction in pore size

20 um

rather than the finding in the current study that an increase
in hydrophilic AMPSA content led to an increase in pore
size of AMPSA/PNIPAAm hydrogels. This observed dif-
ference between the PNIPAAm/Dex-MA system and our
current P(INIPAAm-co-AMPSA) system is mainly due to
the difference in crosslinking level. In a PNIPAAm/Dex-
MA hydrogel system, Dex-MA was used as the crosslinker
as well as the co-precursor since the crosslinkable groups
in Dex—MA are located along the anhydroglucose units of
dextran backbone chains. In the P(INIPAAm-co-AMPSA)
system, hydrophilic AMPSA was solely used as the co-
monomer (N, N'-methylenebisacrylamide as a crosslinker),
and hence an increase in AMPSA content would not
increase the crosslinking level as Dex-MA did in the Dex-
MA/PNIPAAm hydrogels.

Mechanical property

The mechanical property of swollen P(NIPAAm-co-
AMPSA) hydrogels (measured in terms of initial com-
pression modulus) as a function of the feed ratio of
AMPSA to NIPAAm is shown in Fig. 2. The data exhibit
that the compression moduli of the P(NIPAAm-co-AMP-
SA) hydrogels were reduced from a pure PNIPAAm hy-
drogel (Gelp, 5.4 KPa) when AMPSA was first
incorporated into PNIPAAm at a 5/195 feed ratio (Gel, s,
4.1KPa). However, a further increase in AMPSA/NIPAAm
feed ratio led to a significant increase in the compression
modulus of P(NIPAAm-co-AMPSA) hydrogels to about
9 KPa (Gels = 8.8 KPa, Gel;p = 9.0 KPa and
Gel;s = 9.2 KPa).

The change in mechanical property with AMPSA/NIP-
AAm feed ratio could be attributed to the resulting mor-
phological structure of the (NIPAAm-co-AMPSA)
hydrogels shown in Fig. 1. The initial reduction in
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Fig. 2 Effect of precursors’ feed ratio on the initial compression
modulus of the swollen P(NIPAAm-co-AMPSA) hydrogels

compression modulus of Gel, 5 is attributed to the enlarged
porous structure when comparing to Gely. Generally, a
macroporous network would have a lower mechanical
property because polymer mass per unit volume is reduced.
The higher compressive moduli of Gels, Gel;q and Gel;s
were probably attributed to the very regular and relatively
more rigid cell wall structure. A similar effect of poly-
electrolytes on the improvement of mechanical property of
hydrogels was also reported by Philippova et al. [32]. In
their study of polyacrylamide hydrogel with embedded
synthetic polyelectrolyte, poly(4,4”-(disodium 2,5-di-
methyl-1,1":4",1”-terphenyl-3’,2”-disulfonate), it was
shown that the incorporation of the polyelectrolyte within
the uncharged polyacrylamide network improved the
mechanical strength of the hydrogel because electrostatic
attractions between polyelectrolytes and polyacrylamide
hydrogels made the hydrogel macromolecules more rigid,
and this presence of stiff elements in the hydrogel resulted
in higher mechanical property.

Equilibrium swelling ratios (ESR) at room temperature

Figure 3 shows the effect of AMPSA/NIPAAm feed ratio
on equilibrium swelling ratios (ESR) of P(NIPAAm-co-
AMPSA) hydrogels at room temperature. The data show
that the swelling ratio of hydrogels at room temperature
(below their LCST) increased linearly with the AMPSA
contents (from Gel, to Gel,s). For example, ESR of Gel, 5
(37) and Gel;5 (91) are about double and five times of the
one of Gely (19), respectively.

This increase in ESR with AMPSA contents in P(NIP-
AAm-co-AMPSA) hydrogels was attributed to the hydro-
philic nature of AMPSA in hydrogel network. It is
known that a hydrophilic/hydrophobic balance exists in the
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Fig. 3 Effect of precursors’ feed ratio on the equilibrium selling
ratios of P(NIPAAm-co-AMPSA) hydrogels at room temperature

PNIPAAM network because of its hydrophilic and hydro-
phobic segments. As additional hydrophilic AMPSA seg-
ments were introduced into the backbone of the PNIPAAm
hydrogel, the hydrophilic/hydrophobic balance of the
resulting hydrogel network was shifted toward more
hydrophilic, leading to an increasing in water content at
room temperature, i.e., higher swelling ratio than pure
PNIPAAm hydrogel. In addition, the increasing swelling
ratio from Gel, to Gel;s at room temperature is consistent
with their morphology observed (see Fig. 1). As described
above, an increase in the content of AMPSA moiety from
Gely to Gel;5 led to a more open and larger porous network
structure of the corresponding hydrogel, that is, an im-
proved swollen capacity or water uptake due to an
increasing void volume for accommodating more water.

The increasing swelling ratio at room temperature with
increasing AMPSA content in P(NIPAAm-co-AMPSA)
hydrogels is contrary to our prior findings in PNIPAAm/
Dex-MA hydrogels [28], where the swelling ratio of PNI-
PAAm/Dex-MA hydrogels decreased with an increase in
hydrophilic Dex-MA content. Such a difference in
hydrophilic moiety dependent swell ratio could be attrib-
uted to different crosslinking level. In PNIPAAm/Dex-MA
hydrogels, the hydrophilic Dex—-MA moiety also acted as a
crosslinking agent as previously discussed (interior mor-
phology and mechanical property). Hence an increase in
Dex-MA content in Dex—-MA/PNIPAAm hydrogels in-
creased the crosslinking density of the resulting hydrogels,
which could greatly limited the expansion of hydrogel
network, i.e., reduced swelling ratio at room temperature.
In the current study of PNIPAAm/AMPSA system,
hydrolytic AMPSA moiety was used as a co-monomer
solely, its hydrophilic property would improve the hydro-
philicity of the resulting P(NIPAAm-co-AMPSA) hydro-
gels, leading to increasing swelling ratios with increasing
AMPSA content.
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Fig. 4 Effect of precursors’ feed ratio on the temperature dependence
of equilibrium swelling ratios of P(NIPAAm-co-AMPSA) hydrogels
over the temperature range from 23 to 80 °C

Temperature dependence in swelling ratios

Figure 4 demonstrates the classical temperature depen-
dence of swelling ratios (SR) of P(NIPAAm-co-AMPSA)
hydrogels over a temperature range from 23 (<LCST) to
80 °C (>LCST). The data show that all the hydrogels
exhibited a temperature-induced reduction in swelling
ratio, a classical characteristic of PNIPAAm-based mate-
rial; but the incorporation of the AMPSA moiety into
PNIPAAm backbone improved the magnitudes of the
thermo-induced shrinkage. For example, as temperature
changed from 23 to 70 °C, the swelling ratio of a pure
PNIPAAm hydrogel (Gely) reduced from 18.7 to 1.7, with
a A swelling ratio of 17 (= SR,3 .c—SR 79 -c). Over the same
temperature range, A swelling ratios of Gel, s, Gels, and
Gel;y were 37, 45, and 61, respectively. The A swelling
ratio, however, decreased to 50 in Gel;s.

The increasing magnitude of A swelling ratio observed
in P(NIPAAm-co-AMPSA) hydrogels appears to be
attributed to the macroporous structure and initially larger
amounts of water content at 23 °C. As a result, when
immersed in hot water at 70 °C, more water could be
extruded, i.e., higher magnitude of A swelling ratio. As to
Gels, its reduced magnitude of A swelling ratio from Gel,(
could be due to a weakened thermo-responsive capability
from higher amounts of thermo-nonresponsive AMPSA
moiety which could dilute the thermo-responsive capability
of PNIPAAm. As a result, the shrinkage of Gel;s was not
complete and certain amounts of water still remained in the
large porous Gel;s network at 70 °C.

Shrinking kinetics

The shrinking kinetics of P(NIPAAm-co-AMPSA) hydro-
gels upon temperature change from 22-60 °C were shown

100
80
S
g 60-
=
Q
2
5 407
s
B
20
0 T T T T T T T T T T T
0 50 100 150 200 250 300
Time (min)

Fig. 5 Effect of precursors’ feed ratio on the shrinking kinetics of
P(NIPAAm-co-AMPSA) hydrogels in PBS solution at 60 °C

in Fig. 5. The shrinking data show that the shrinking rate of
P(NIPAAm-co-AMPSA) hydrogels were faster than pure
PNIPAAm hydrogel (Gely) when the AMPSA content was
not high (i.e., Gel, 5 and Gels). For instance, Gel, 5 or Gels
had their water retentions reduced from 100% to nearly
13-14% within 50 min, and 5-6% within 290 min
respectively. During the same time interval, Gely, however,
showed deswelling to only 36% (50 min) and 18%
(290 min). This advantage of faster deswelling rate at
Gel, 5 and Gels disappeared as the AMPSA contents in-
creased further (i.e., Gely or Gel;s), and their deswelling
rates were slower than the pure PNIPAAm control.

The improved shrinking rate of Gel,s or Gels was
attributed to the macroporous structure of P(NIPAAm-co-
AMPSA) hydrogels as seen in Fig. 1. It is well known that
in a PNIPAAm system, macroporous network structure
exhibits faster temperature-induced response rate because
freed water could diffuse out quickly and timely [33-35].
In the P(NIPAAm-co-AMPSA) hydrogels, their macro-
porous structure appeared to have larger pores than pure
PNIPAAm (Fig. 1) which led to higher initial swelling
ratio at 22 °C. When external temperature was altered from
22 to 60 °C, hydrogen bonds were broken, and more water
in P(INIPAAm-co-AMPSA) hydrogels were freed quickly
due to the hydrophobic interactions between isopropyla-
mide pendant groups. Consequently, more freed water
was extruded, that is, P(NIPAAm-co-AMPSA) hydro-
gels exhibited faster shrinking rate at 60 °C than pure
PNIPAAm.

A comparison between our previous findings in PNI-
PAAm/Dex-MA system [28] and the results in this research
(PNIPAAm/AMPSA system) suggests that incorporating
either Dex-MA or AMPSA ionic moiety into PNIPAAm
system might result in a similar effect on response rate of
the PNIPAAm-based copolymers, i.e. faster shrinking
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dynamics. However, there are also some differences be-
tween these two systems. One of the main differences is the
different ionization degree of ionizable groups between
Dex-MA and current AMPSA moieties. As we know,
maleic acid in PNIPAAm/Dex-MA system is a weak acid,
while the sulfonic acid in the current PNIPAAmM/AMPSA
system is a strong acid. Because of this difference in
acidity strength between maleic acid and sulfonic acid, the
ionization degree of maleic acid is much sensitive to pH
changes of the swelling medium than sulfonic acid. For
example, PNIPAAm/Dex-MA hydrogels were reported to
have a high pH sensitivity in the pH range from 3 to 7 [28,
31]. In the case of P(INIPAAm-co-AMPSA) hydrogels, our
unpublished preliminary testing of the effect of pH (3.0—
10.0) on the swelling capability at room temperature
indicated that there was no obvious difference in equilib-
rium swelling ratio within the pH range studied.

The deswelling rate of PNIPAAm-based hydrogels also
depends on the nature of the skin layer formed upon the
collapse of network structure. Figure 6 shows the SEM
images of the surface of two P(NIPAAm-co-AMPSA)
hydrogels and a pure PNIPAAm control collapsed at
60 °C. Gely and Gels showed dense and smooth surface
with few pores; Gel,s , however, showed a far more open
porous surface structure, an indication of less complete
structural collapse at 60 °C. Such a less complete collapse
at 60 °C would provide additional void volume for
accommodating water, i.e., a slower shrinking rate of Gel;s
at 60 °C. Beside this morphological reason, the slower
deswelling rate of the P(NIPAAm-co-AMPSA) hydrogels
having higher AMPSA contents (Gel;, and Gel;s) could
also attributed to the more dilution of the thermo-respon-
sive capability of PNIPAAm at such high AMPSA
contents. Such a dilution would also reduce the thermo-
responsive rate.

Swelling kinetics

The swelling kinetics of P(NIPAAm-co-AMPSA) hydro-
gels at 22 °C were shown in Fig. 7. It is clear that an
increasing AMPSA content in P(NIPAAm-co-AMPSA)
hydrogels resulted in a higher swelling or hydration rate at
22 °C. This relationship suggests that water can diffuse

Fig. 6 Surface morphologies of
P(NIPAAm-co-AMPSA)
hydrogels after shrinking in hot
water (60 °C) for 24 h
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Fig. 7 Effect of precursors’ feed ratio on the swelling kinetics of
P(NIPAAm-co-AMPSA) hydrogels in PBS solution at 22 °C

into P(NIPAAm-co-AMPSA) hydrogel networks faster if
the hydrogel had more AMPSA contents. In the case of a
pure PNIPAAm hydrogel (Gely), it absorbed about 8%
water within first 5 min, and about 47% at the end of
140 min. However, Gel, 5 and Gel; s absorbed about 26 and
56% water within 5 min, and about 82 and 97% within
140 min, respectively. The improved swelling rate was
attributed to the hydrophilic and highly ionized nature of
incorporated AMPSA moiety in P(NIPAAm-co-AMPSA)
hydrogels. In addition, the larger porous network of
P(NIPAAm-co-AMPSA) hydrogels is also a crucial factor
to accelerate the swelling rate during the hydration process
at 22 °C.

Conclusions

A new family of P(INIPAAm-co-AMPSA) hydrogels was
synthesized and characterized. The influence of polyelec-
trolyte moiety (AMPSA) on the thermosensitive property
of PNIPAAm hydrogels was investigated. The incorpora-
tion of AMPSA co-monomer into PNIPAAm backbone
resulted in a honey-comb-like porous network structure
with rigid cell wall structure. The mechanical property of
P(NIPAAm-co-AMPSA) hydrogels was strengthened due
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to

the rigid cell wall as well as well-organized ordered

porous structure. Because of the hydrophilic and strong
ionic nature of the AMPSA segment, the LCST, swelling

ca

pability at room temperature and shrinking rate upon

heating of P(INIPAAm-co-AMPSA) hydrogels were also
significantly altered.
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