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ABSTRACT: This work refers to the synthesis and
characterization of thermosensitive hydrogels based on
interpenetrating polymer networks (IPNs) of poly(N-iso-
propylacrylamide) (PNIPAAm) and calcium alginate in the
form of films. The influence of the crosslinking degree of PNI-
PAAm and alginate content on thermal, swelling, mechanical,
and morphological properties of hydrogels is investigated in
detail. Characterization of pure PNIPAAm hydrogels and IPN
hydrogels was performed by FTIR, DSC, DMA, and SEM. In
addition, the studies of equilibrium swelling behavior as well
as swelling, deswelling, and reswelling kinetics are performed.

The results obtained imply the benefits of synthesizing IPNs
based on PNIPAAm and calcium alginate over pure PNI-
PAAm hydrogels. The presence of calcium alginate contrib-
utes to the improvement of mechanical properties, the
deswelling rate of hydrogels, and the network porosity, with-
out altering the thermosensitivity of PNIPAAm significantly.
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INTRODUCTION

Hydrogels represent three-dimensional polymeric
networks capable of swelling in water or other bio-
logical fluid while retaining great amounts of liquid.
These polymeric materials may absorb from 10% to
20% up to thousands of times their dry weight in
water.1 What distinguish hydrogels from other poly-
meric materials are unique properties like soft and
rubbery consistency, low interfacial tension with
water or other biological fluids, and considerable
percentage of water in structure. These characteris-
tics make hydrogels an important class of biocom-
patible polymers.

At present, the greatest attention in research is put
on the class of hydrogels exhibiting considerable
changes in their swelling behavior, network structure,
permeability, or mechanical strength in response to
very slight changes in their environment.2 The stimu-

lus can be for instance pH, temperature, electric field,
or ionic strength. Among these environmentally-
responsive hydrogels, thermosensitive hydrogels
have found the broadest application, primarily
because of the fact that temperature is an operational
parameter that can be easily controlled. In addition,
this type of hydrogels does not require any chemical
stimulus, besides temperature to respond.
Among various biomedical applications of hydro-

gels,1 drug release systems represent a particularly
attractive field, with regard to the possibility of con-
trolling and modifying drug release profile.3 Hydro-
gels of thermoshrinking type4 are characterized by a
lower critical solution temperature (LCST) above
which they contract, which makes them suitable for
the drug release systems and arouses our interest in
their application. The most exploited hydrogel in
this group is crosslinked poly(N-isopropylacryla-
mide) (PNIPAAm), widely used in many fields
because of its convenient LCST, between 30�C and
35�C.5 PNIPAAm exhibits volume phase transition
as a result of the breakdown of delicate hydro-
philic/hydrophobic balance within polymer network
because of the presence of both hydrophilic amide
groups and hydrophobic isopropyl groups in its side
chains.6 At lower temperatures, hydrogen bonding
between hydrophilic segments of the polymer chain
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and water molecules dominates. At elevated tem-
peratures, hydrophobic interactions among hydro-
phobic segments become stronger whereas hydro-
gen bonds weaken and break. This leads to
deswelling (shrinking) of hydrogels due to interpol-
ymer chain association through hydrophobic
interactions.7

Our general aim is to develop thermosensitive
hydrogels as transdermal drug delivery matrices
combined with a heating textile, already described
by Koncar et al.8 Therefore, in this work, as a first
step of the broader research, we focused on synthe-
sis and detailed characterization of hydrogels com-
posed of PNIPAAm and calcium alginate (CA). CA
is a physical hydrogel that is not thermosensitive,
but it has been widely used in drug release studies
with regard to its biocompatibility and particularly
mild conditions of preparation.9,10 CA is typically
prepared by crosslinking of sodium alginate with
Ca2þ ions. Commercially available sodium salt of al-
ginate is biodegradable linear copolymer of (1-4)-
linked a-L-guluronic acid (G) and b-D-mannuronic
acid (M) that shows characteristic ion binding affin-
ity toward multivalent cations, resulting in gelling
and formation of a network.11

It is well known that limitations in application of
pure PNIPAAm hydrogels mainly come from their
poor mechanical properties. This could be overcome
by PNIPAAm copolymerization with other compo-
nents or by formation of full- and semi-interpene-
trating polymer networks.12–14 The formation of full-
interpenetrating polymer networks (IPNs) represents
the only way to combine crosslinked polymers. It
results in relatively dense hydrogel matrices featur-
ing stiffer and tougher networks with more widely
controllable physical properties.3 There are a number
of reports referring to linear alginate (sodium algi-
nate) in combination with crosslinked PNIPAAm
having structures of semi-IPNs,15–18 as well as to
IPN hydrogels containing crosslinked PNIPAAm
and CA.19–23 The reports on PNIPAAm/CA hydro-
gels do not show that in addition to mechanical
properties, IPN hydrogels could also feature
improved swelling behavior and better response to
temperature changes than pure PNIPAAm hydrogel.
The major part of the published studies character-
izes the IPN hydrogels with respect to pure CA
hydrogels. Therefore, in our research, we under-
lined the advantages of PNIPAAm/CA over the
pure PNIPAAm hydrogels. By this approach, it is
possible to synthesize specific PNIPAAm/CA
hydrogels with improved mechanical properties,
more porous structure, and faster deswelling rate
without affecting the LCST. This could be of great
importance for the development of thermosensitive
hydrogels as transdermal drug delivery matrices in
the next research step.

EXPERIMENTAL

Materials

N-isopropylacrylamide (NIPAAm, 97%, from
1-Aldrich) was purified by recrystallization in n-hex-
ane before use. N,N,N0,N0-tetramethylethylenediamine
(TEMED, 99%), N,N0-methylenebis(acrylamide)
(MBAAm, 99%), sodium alginate salt (low viscosity)
were also supplied by Sigma-Aldrich, ammonium
persulphate (APS) by Prolabo, and calcium chloride
(CaCl2, 95%) by Panreac.

Preparation of hydrogel films

Two types of hydrogel films were prepared: pure
poly(N-isopropylacrylamide) (PNIPAAm) as well as
IPNs based on PNIPAAm and calcium alginate (CA).
The synthesis implied the polymerization of NIPAAm
by free-radical polymerization mechanism and chemi-
cal crosslinking with MBAAm. In the case of IPN
films, (sodium) alginate was crosslinked in the pres-
ence of two-valent calcium ions by means of ionic
interactions. In the following, all quantities in wt % are
based on the amount of monomer (NIPAAm) used.
Initially, an aqueous solution of 5 wt % NIPAAm

monomer and crosslinker MBAAm (2 and 3 wt %)
was prepared and purged with nitrogen for 30 min
and kept on a magnetic stirrer in an ice-water bath.
Afterwards, an initiator, APS (1 wt %), and a cata-
lyst, TEMED (1 wt %), were added. The synthesis of
IPNs based on PNIPAAm and CA was performed
according to the same principle, with a difference in
the first step, which implied dissolution of predeter-
mined amount of sodium alginate in distilled water
prior to adding NIPAAm and MBAAm.
In both cases, the final reaction solution (shortly

after addition of APS and TEMED) was injected
with a syringe in a glass mold composed of two
glass plates separated by a 1.5 mm thick gasket. The
molds were left for 24 h in refrigerator. Afterwards,
in the case of pure PNIPAAm, the films were
removed from the molds and placed in distilled
water. Concerning the IPN-hydrogel films, instead
of water, the molds were placed into 1.5 w/v %
aqueous solution of CaCl2, after removing gaskets,
for 24 h. Then the films were removed from the
glass plates and were placed into a fresh CaCl2 solu-
tion for another 24 h.
Finally, all synthesized hydrogel films were kept

in fresh distilled water with daily refreshment for a
week, with the purpose of purification and removal
of excess reagents. Eight different hydrogel films
were prepared: two pure PNIPAAm films (P-0-5-2
and P-0-5-3) and six IPN films based on PNIPAAm
and CA (IPN-1-5-2, IPN-2-5-2, IPN-3-5-2, IPN-1-5-3,
IPN-2-5-3 and IPN-3-5-3). Letters P and IPN in the
name codes describe pure PNIPAAm network and
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interpenetrating polymer network, respectively. The
first number stands for the weight fraction of
sodium alginate, the middle one defines the weight
fraction of the monomer NIPAAm, and the last one
represents the weight fraction of the crosslinker
MBAAm based on the weight of NIPAAm, all refer-
ring to the composition of the initial reaction
solutions.

Characterization methods

FTIR and elemental analysis

FTIR spectroscopy was used to analyze the chemical
structure of hydrogel films, and thus examine the
presence of both PNIPAAm and CA in the final 3D
network. Hydrogel film samples were first dried in
a vacuum oven at 60�C until reaching constant
weight. They were then ground into fine powder,
mixed, further ground with potassium bromide and
pressed into pellets. FTIR spectra were recorded in
transmission mode using a BOMEM spectrometer
(Hartmann and Braun) in the range 4000–600 cm�1

and with a resolution of 4 cm�1. Elemental analysis
of selected xerogels was performed on a VARIO EL
III elemental analyzer (Elementar).

DSC thermal analysis

A differential scanning calorimeter (2920 Modulated
DSC, TA Instruments) was used to determine the
lower critical solution temperature (LCST), as well
as glass transition temperature (Tg) of the hydrogels.
In both analyses, the scans were performed in
duplicates.

For determination of the first parameter, LCST, a
temperature ramp was performed on the sample,
from 20�C to 50�C, at a heating rate of 3�C min�1,
and under a nitrogen flow of 50 mL min�1. All runs
were conducted in hermetically sealed aluminum
pans, with distilled water used as a reference mate-
rial. Calibration was performed using high purity
indium as standard. Temperature of the endothermic
maximum was referred to as the LCST or volume
phase transition temperature.24

For determination of the glass transition tempera-
ture (Tg) the samples were dried under vacuum until
reaching a constant weight. Each sample was placed
in hermetically sealed aluminum pan, while the
reference pan was empty. The scanning procedure
involved initial heating from 20�C to 200�C at a rate
of 20�C min�1 for the removal of any thermal history
and residual moisture. Immediately afterwards the
samples were exposed to cooling down to 10�C at a
rate of 10�C min�1, and this was followed by reheat-
ing from 10�C to 200�C at a rate of 20�C min�1. The
scans were conducted under a nitrogen flow of

50 mL min�1 and calibration was performed using
high purity indium as standard. The Tg was deter-
mined as the inflection point of the endothermic
drift in the second heating curve of thermogram.

Swelling behavior

Swelling behavior of hydrogels was studied through
the dependence of the equilibrium swelling ratios on
temperature, kinetics of swelling from the dried
state, kinetics of deswelling, and kinetics of reswel-
ling. The hydrogel samples were punched from the
films in the form of disks and further used in the
gravimetrical measurements of the swelling charac-
teristics in distilled water.
Equilibrium swelling ratio (ESR) of hydrogels over

a range of temperatures (from 25�C to 50�C) was
obtained after the incubation of hydrogels in ther-
mostated water until they reached equilibrium swol-
len state. ESR was calculated according to the
following formula:

ESR ð%Þ¼ Ws �Wd

Wd
� 100 (1)

where Ws represents the weight of equilibrium swollen
hydrogel disk at a given temperature and Wd the weight
of the dried gel (xerogel). The weight of the swollen
hydrogel was measured after blotting the excess surface
water with wet filter paper. The weight of the xerogels
was obtained after drying the samples under vacuum at
60�C until reaching constant weight.
Swelling kinetics was investigated when com-

pletely dried samples were immersed in thermo-
stated water at 25�C and their weight was measured
at predetermined time intervals. For the study of
deswelling kinetics, the hydrogels were allowed to
swell to equilibrium in water at 25�C, and then they
were transferred into thermostated water at 40�C,
and periodically weighed. Reswelling kinetics of
hydrogels was obtained by immersing preweighed
equilibrium swollen hydrogels at 40�C in thermo-
stated water at 25�C and weighing them at predeter-
mined time intervals. Swelling and reswelling
kinetics of hydrogels were interpreted through the
percentage of water uptaken (WU) over the dry
weight of hydrogel, using the following equation:

WU ð%Þ¼ Wt �Wd

Wd
� 100 (2)

where Wt is the weight of hydrogel at predeter-
mined time interval. Deswelling kinetics was pre-
sented using percentage of water retained (WR) over
the dry weight of hydrogel using the equivalent
equation. The values of ESR, WU, and WR were cal-
culated as the average of three measurements.
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Mechanical characterization

Mechanical testing was performed in compression
mode on a Dynamic Mechanical Analyzer (Q800, TA
Instruments). The storage and loss moduli of hydro-
gel disk samples below and above their LCST (at
30�C and 40�C, respectively) were examined. Fre-
quency sweeps from 1–100 Hz were performed on
swollen hydrogel disk samples under preload force
of 0.5 N and at a strain amplitude of 10 lm. The
hydrogel disks were around 13 mm in diameter and
they were blotted with wet filter paper before each
analysis. In addition, circular pieces of a thin non-
woven fabric were placed on top and bottom surfa-
ces of the circular clamps of the assembly for com-
pression testing to avoid the lubricant effect of water
layer between the hydrogel surface and steel clamp
surfaces.

Morphology analysis

The morphology of the freeze-dried hydrogels disks
was analyzed using a Scanning Electron Microscope
(JEOL 5800 SEM, JEOL). The aim was to obtain
information about the pore structure of hydrogels in
the swollen state below and above their LCST. Hence,
the samples were incubated in distilled water at 25�C
and at 40�C for 48 h before a treatment in a freeze-
dryer (GAMMA 1-16 LSC, Martin Christ) for 48 h.
Freeze-drying process included freezing at �30�C fol-
lowed by primary vacuum drying at �23�C and sec-
ondary vacuum drying at 20�C. Prior to SEM observa-
tion, cross section of the freeze-dried hydrogel disks

was coated with Ag-Pt-Pd alloy by sputtering for 30 s.
The average pore sizes of hydrogels were determined
using a software, SmartTiff Image Viewer V1.0.0.10
(Carl Zeiss SMT, Ltd), based on 70 analyzed pores per
image.

RESULTS AND DISCUSSION

FTIR and elemental analysis

The results of FTIR analysis are presented in Figure 1.
The samples of pure CA, based on 3 wt % sodium al-
ginate were also examined for comparison.
In the spectra of P-0-5-3, IPN-1-5-3, IPN-2-5-3,

IPN-3-5-3, characteristic absorptions of PNIPAAm
are observed, the amide I band at 1653 cm�1 (C¼¼O
stretching) and amide II band at 1543 cm�1 (NAH
bending) of the amide group.25 The bands at 1388
and 1367 cm�1 are assigned to CAH vibrations of
isopropyl group of PNIPAAm.12 Another character-
istic absorption band of PNIPAAm, clearly seen in
the spectra of all IPN samples, appears around 2974
cm�1 and is attributed to the CAH stretching vibra-
tion of ACHA bridges of PNIPAAm network.25

Thus, the successful polymerization of NIPAAm was
verified. This is supported by the fact that character-
istic peaks of this monomer are not present in the
corresponding spectra, primarily implying the bands
at 1617 cm�1 (C¼¼C), at 1409 cm�1 (CH2¼¼), as
reported elsewhere.26

The characteristic asymmetric stretching vibration
of COO� groups in CA network is manifested
through the peak 1635 cm�1.27,28 In the spectra of

Figure 1 FTIR spectra (characteristic peaks of PNIPAAm chains indicated by full lines and those of CA network by dot-
ted lines).
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IPNs, this peak is hidden by a broad amide II band
of PNIPAAm at 1653 cm�1, as noted earlier. The ab-
sorbance at 1082 and 1090 cm�1 in the spectra of CA
and IPNs, respectively, is a result of CAOAC
stretching of the pyranose ring in mannuronate (M)
and guluronate (G) residues.29 The band at around
1028 cm�1 in spectra of CA and IPNs is assigned to
OAH bending vibrations,29 as well as to CAO
stretching of alginate structural units.

In all analyzed spectra, a broad peak between
3600 and 3200 cm�1 is present because of OAH
stretching vibrations, primarily as a sign of moisture
absorption. Concerning CA and IPNs, this broad
peak arouses from hydroxyl groups in G and M resi-

dues of alginate chain, indicating the formation of
intermolecular hydrogen bonding.30 Furthermore, in
the case of P-0-5-3 and IPNs, there is contribution of
NAH stretching of the repeating units of NIPAAm in
the same range.25 Hence, FTIR analysis confirmed the
presence of both polymer networks, crosslinked PNI-
PAAm and CA, in IPN samples. Figure 2 is represent-
ing the probable reaction scheme for the formation of
crosslinked PNIPAAm in the presence of sodium algi-
nate (SA), the subsequent step of the crosslinking of
alginate by calcium ions according to the egg-box
model,32 and finally resulting IPN structure.
Results of elemental analysis of nitrogen per-

formed on selected samples are given in Table I. As

Figure 2 Formation of the IPN hydrogel structure: copolymerization/crosslinking of NIPAAm (Adapted from Ref 31,
with permission from Wiley) (a), crosslinking of alginate (b), and resulting PNIPAAm/CA IPN structure (c). [Color figure
can be viewed in the online issue, which is available at www.wileyonlinelibrary.com.]
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expected, nitrogen content decreases with decrease
in NIPAAm fraction. By comparing theoretical and
experimental % N it can be concluded that less
NIPAAm is incorporated in the polymer network
with an increase in alginate fraction.

Lower critical solution temperature

The results obtained by DSC (Fig. 3) show that all
hydrogel films exhibit the LCST values around 34�C–
35�C, i.e., the volume phase transition temperature is
not considerably influenced by the presence of CA
chains or by the degree of PNIPAAm crosslinking.

In comparison with pure PNIPAAm hydrogel
with lower crosslinking degree, formation of the IPN
structures based on 1 and 2 wt % alginate has not
resulted in change of the LCST, whereas IPN-3-5-2
exhibited slightly higher LCST [Fig. 3(a)]. Incorpora-
tion of CA network was expected to give prominent
rise to the LCST values of the final structures
because of greater number of hydrophilic groups of
alginate chains. However, close LCST values of
homopolymer hydrogels (P-0-5-2 and P-0-5-3) and
IPN hydrogels mean that the presence of alginate
chains in IPN hydrogels does not provide enough
interactions to influence the hydrophilic/hydropho-
bic balance of PNIPAAm chains. This could be
explained by the formation of a complex between
the carboxylic groups of alginate and the amide
groups of PNIPAAm, which is responsible for the
reduced hydrophilicity of the IPNs than expected in
comparison with alginate fraction.33 Furthermore,
the number of hydroxyl groups in alginate chains
that rises with increase in alginate fraction could not
induce proportional increase in number of hydrogen
bonds between them and water molecule because of
tighter network structure that could not accommodate
great amounts of water. Additional reason for negli-
gible differences in the LCST of analyzed hydrogels
might lie in relatively high monomer concentration
for the preparation of hydrogels. Similar study of
PNIPAAm hydrogel networks interpenetrated with
CA networks showed that only at low initial
NIPAAm monomer concentration (2.5 wt %), the
phase transition is favored at higher temperatures
because of easier motion of PNIPAAm chains.20 This
requires greater energy for driving hydrophilic–
hydrophobic transition, and hence it should result in

higher LCST. Also, DSC analysis indicated that the
structure of each network forming the IPN is retained
during the synthesis since the incorporation of CA
does not cause any significant deviation from the
LCST of pure PNIPAAm network.34

The obtained results also show that the PNIPAAm
crosslinker (MBAAm) content does not significantly
influence the LCST of the hydrogel, since increasing
its concentration from 2 to 3 wt % in the feed solu-
tion (i.e., molar ratio of NIPAAm and MBAAm is
decreased from 68.1 to 45.4) causes negligible rise
in the LCST values of corresponding IPN samples.
The highest difference in the LCST values (0.9�C) is
obtained for analogous samples based on 1 and
2 wt % of alginate.

Glass transition temperature

Literature values of the glass transition temperature
of linear PNIPAAm range between 85 and 130�C.35

With regard to crosslinked PNIPAAm, the results
obtained by Zhang et al.14 indicate a Tg of 131.4�C
for the PNIPAAm hydrogel based on 6.7 wt %
monomer solution with 2 wt % crosslinker MBAAm
(based on monomer), which is close to our results
for both P-0-5-2 and P-0-5-3 (Fig. 4).

TABLE I
Elemental Analysis Results

Hydrogel
Nthe

(wt %)
Nexp

(wt %)
(Nthe � Nexp)/
Nthe � 100 (%)

P-0-5-2 12.49 12.15 2.72
IPN-1-5-2 10.47 10.12 3.34
IPN-2-5-2 9.01 8.57 4.92

Figure 3 DSC thermograms for determination of the
LCST of hydrogels with lower (a) and higher (b) crosslink-
ing degree of PNIPAAm.
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In the case of PNIPAAm crosslinked by gamma
radiation, noticeably higher values of the Tg were
reported,36 e.g., a Tg of 149�C was obtained for a
PNIPAAm hydrogel based on 10 wt % monomer
solution and irradiated at 70 kGy with a 60-Co
source, signifying stronger network in comparison
with a chemically crosslinked PNIPAAm. Our study
shows that the CA network considerably contributes
to the improved stability of the final IPNs, in con-

trast to pure chemically crosslinked PNIPAAm
hydrogel. An increase in fraction of the second net-
work (CA) results in the increase in Tg values, owing
to hindering of the chain mobility, with the excep-
tion of the sample IPN-1-5-2, whose Tg value is
unexpectedly higher.
The IPNs are characterized by strong interactions

among polymer chains, since a temperature above
153�C in the case of IPN-2-5-3 and IPN-3-5-3 is nec-
essary to promote the chain mobility [Fig. 4(b)]. This
Tg value can be compared to the Tg of 149.7�C
obtained for hydrogels composed of two interpene-
trating networks of PNIPAAm.14 Therefore, CA net-
work leads to the improvement in strength of the
interactions on a molecular level when it is com-
bined with PNIPAAm to form IPN.

Swelling behavior

Equilibrium swelling ratio of hydrogels

Thermosensitivity of synthesized hydrogels was
expressed through the values of equilibrium swel-
ling ratio (ESR) over the range of temperatures from
25�C up to 50�C. The swelling profiles in Figure 5
indicate that the ESR of the IPN samples at lower
temperatures (<31�C) is decreasing with increase in
alginate concentration because of reduced mobility
of PNIPAAm chains in these more compact hydro-
gel networks. Furthermore, there is a noticeable dif-
ference in the ESR at 25�C between the samples with
different crosslinking degree of PNIPAAm. Higher
concentration of crosslinks in PNIPAAm network of
IPN-1-5-3 resulted in around 18% lower ESR, in
comparison with IPN-1-5-2. The ESR value of pure
PNIPAAm hydrogels (2250% and 1983% for P-0-5-2
and P-0-5-3, respectively) is lower than those of IPN
hydrogels based on 1 wt % alginate (2450% and
2134% for IPN-1-5-2 and IPN-1-5-3, respectively),
which indicates the ability of the latter hydrogels to

Figure 4 DSC thermograms for determination of Tg val-
ues of hydrogels with lower (a) and higher (b) crosslinking
degree of PNIPAAm.

Figure 5 Equilibrium swelling ratio of hydrogels with lower (a) and higher (b) crosslinking degree of PNIPAAm as a
function of temperature.
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accommodate more water. This was confirmed by
SEM analysis and calculation of the average pore
size of the samples at 25�C (Fig. 13). More developed
porous structure of IPN-1-5-x than P-0-5-x (x ¼ 2, 3)
provided higher water swelling capacity. The analo-
gous conclusion could be deduced for the relation of
the ESR and the average pore size at 40�C.

The difference in ESR at lower temperatures
(25�C, 28�C) between two hydrogels with higher
fraction of alginate (IPN-3-5-2 and IPN-3-5-3) is only
slightly pronounced because of predominant influ-
ence of CA network. It probably masks the differen-
ces arousing from different crosslinking degree of
the other network (PNIPAAm) in IPNs. The concen-
tration of crosslinker MBAAm in hydrogels with the
same amount of alginate affects neither the general
shape of the curve, nor the LCST values that could
be determined from the inflection point of each
swelling curve. It is estimated that the LCST
increases depending on the presence and moiety of
CA in IPN hydrogels. The LCST of IPN hydrogels
based on 2 and 3 wt % of alginate are close to 37�C,
which is not in well agreement with the DSC results,
since the different methods of measurement can give
changes in this temperature of even 4�C.37

Obtained swelling profiles confirms known prop-
erty of pure PNIPAAm hydrogels to have weaker
response to temperature variations, as a result of the
formation of a skin layer.38,39 This dense skin layer
hinders the diffusion of water molecules out of the
gel during the deswelling process at higher tempera-
tures (>LCST). Addition of alginate as a hydrophilic
component, primarily because of hydroxyl groups,
reduces hydrophobic aggregation in the surface
layer of hydrogel and formation of the skin layer. It
reflects in higher rate of decrease of the ESR with
increase temperature of IPN hydrogels. The sharpest
volume phase transition exhibits hydrogel IPN-1-5-2,
whose ESR rapidly decreases once the LCST (34.5�C)
is exceeded and drops from 2011% down to 123%

between 34�C and 40�C, respectively, [Fig. 5(a)].
Hydrogels with higher fraction of alginate have
slower response rate than IPN-1-5-2 and IPN-1-5-3.
This could be explained by stronger interactions
(hydrogen bonds) between hydrogen of hydroxyl
groups of alginate and nitrogen of amide groups of
PNIPAAm, due to more compact and denser IPN
structures, and hence, weaker influence on the reduc-
tion of hydrophobic aggregation in surface layer.
An increase in alginate content in IPN hydrogels

leads to the reduced mobility of PNIPAAm chains in
these networks and consequently weaker water uptake
ability, as was also the case in similar systems.19 It is
shown that different concentration of alginate in the
feed mixture influences swelling properties of IPN
hydrogels. Degree of PNIPAAm crosslinking impacts
the ESR at lower temperatures. This is confirmed by
SEM analysis, and presented through the values of the
average pore size at 25�C and 40�C (Fig. 13). After
exhibiting phase transition, well above the LCST (at
50�C), the IPN hydrogels show relatively similar ESR
values, which indicates the transition of their network
into a similar tightly compact structure.

Swelling kinetics

When dried PNIPAAm and IPN gels are immersed
in water at 25�C, they all show similar swelling
trend (Fig. 6). The rates of swelling are high during
the first hour and than gradually decrease until the
equilibrium swelling is reached. The difference
between the osmotic pressure in the bulk water and
in the swelling samples is the highest at the begin-
ning of the process and it decreases with time. The
first hour of swelling was characterized by high
water uptake rate that is governed by the diffusion
of water molecules into the dry sample. This is fol-
lowed by the relaxation of the hydrated polymer
chains and finally expansion of the hydrogel net-
work.40 Therefore, all given profiles are marked by

Figure 6 Swelling kinetics of dried hydrogels with lower (a) and higher (b) crosslinking degree of PNIPAAm at 25�C.
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slow second phase of swelling. After the initial 30
min of swelling, the highest increase in water uptake
in comparison with the equilibrium state showed
pure PNIPAAm hydrogels (45%) and after them IPN-
1-5-2 (41%), reaching WU close to 1000%. These sam-
ples have the least compact dried structure with the
lowest polymer chain per unit volume, which enables
easier water penetration into the gel. Increased pres-
ence of alginate network affected slower swelling
process so that WU of IPN-2-5-2 and IPN-3-5-2
equaled 1515% and 1061% (respectively), in compari-
son with 1666% of P-0-5-2 after the second hour of
swelling. Measurements of the swelling kinetics up to
48 h indicated that the equilibrium swelling time is
slightly shortened when the fraction of alginate in
IPNs is raised. The impact of crosslinking degree of
PNIPAAm is negligible for the IPN samples with
high alginate concentration and it is the most pro-
nounced for IPN based on 1 wt % alginate.

Deswelling kinetics

The kinetics of water loss from hydrogels at elevated
temperature, displayed in Figure 7, clearly indicates
rather slow shrinking rate of pure PNIPAAm hydro-
gels in comparison with other samples. In general,
formation of IPN structures considerably enhanced
the deswelling rate of the hydrogels. The percentage
of water retained of P-0-5-2 and P-0-5-3 decreased
around 9% and 19% (respectively) after 2 h of desw-
elling at 40�C compared with the initial state at
25�C. As opposed to them, IPN hydrogels based on
1 and 2 wt % alginate showed considerably higher
deswelling ability within the same period. Decrease
in WR was more than 80% in 2 h for IPN-1-5-2 and
IPN-1-5-3. As already noted, the incorporation of CA
network weakens the hydrophobic interactions
among isopropyl groups of PNIPAAm in the surface
layer. Thus, the formation of dense skin layer (which
blocks the outflux of entrapped water from the

hydrogel network) is weakened, leading to a higher
deswelling rate of IPNs. Rapidly structured skin
phase of P-0-5-2 and P-0-5-3 does not allow the
water molecules inside these hydrogels to be easily
squeezed out. Hence, the equilibrium state is
achieved slowly. Pure PNIPAAm hydrogels reach
equilibrium at 40�C after 48 h, whereas IPN hydro-
gels needs around 4 h. The given deswelling profiles
near equilibrium state correspond to the pore struc-
ture of hydrogels at 40�C, i.e., their average pore
size that decrease in the order P-0-5-x > IPN-3-5-x >
IPN-2-5-x > IPN-1-5-x (Fig. 13).
When comparing deswelling behavior of IPN

hydrogels with different fraction of alginate net-
work, it is observed that increased concentration of
alginate chains slows down the shrinking process.
According to the obtained results, after first 30 min of
deswelling process, the percentage of water retained
over the dry weight of IPN-1-5-3 equals 465%, while
that of IPN-2-5-3 is almost doubled [Fig. 7(b)]. This
lower response rate might be caused by more com-
pact and denser structure of IPNs with higher content
of CA because of the additional crosslinking of algi-
nate by calcium ions. As a consequence, mobility of
PNIPAAm chains in these networks is reduced, and
it affects a decrease in the intensity of hydrophobic
interactions among isopropyl groups. Hence, the
release of entrapped water is the most retarded at
hydrogels based on the highest fraction of alginate in
comparison with other IPN hydrogels, in spite of
strong prevention of skin layer formation. Obtained
deswelling curves indicate that the difference in the
crosslinking density of PNIPAAm network in IPNs is
too low to have a substantial impact on deswelling
kinetics of analogous hydrogels.

Reswelling kinetics

Reswelling kinetics of IPN hydrogels was studied in
water at 25�C, after they reached equilibrium state at

Figure 7 Deswelling kinetics of hydrogels with lower (a) and higher (b) crosslinking degree of PNIPAAm at 40�C.
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40�C (Fig. 8). Reswelling profiles of P-0-5-2 and P-0-
5-3 hydrogels are not given since it was difficult to
manipulate them because of their fragile structure.
In the first period of incubation, all analyzed hydro-
gels have similar trends of reswelling. What is
noticeable after 1 h is weaker water uptake ability of
hydrogels with higher crosslinking density of PNI-
PAAm and the same alginate concentration [Fig.
8(b)]. At that time, IPN-1-5-2 has around 26% higher
percentage of water uptaken than IPN-1-5-3. Stron-
ger hydrophobic interactions within hydrogel with
higher crosslinking degree of PNIPAAm influence
the resistance against the influx of water, but only in
the first period of reswelling. This is in accordance
with the results of other authors who reported that
increase in concentration of the crosslinker MBAAm
decreases the rate of swelling of the PNIPAAm
hydrogels, in case the crosslinker concentration is
below 5 wt %.41

The IPN hydrogels with lower fraction of alginate
feature looser networks enabling increased mobility
of polymer chains during rehydration. This leads to a
better exposure of hydrophilic segments of polymer
chains to water and its easier penetration into the
matrix, i.e., rate of water uptake. Hence, after the first
hour of reswelling, IPN-1-5-x showed around 80%
increase in water uptake in comparison with initial
equilibrium state at 40�C, whereas this increase
was around 60% and 40% for IPN-2-5-x and IPN-3-5-
x, respectively, (x ¼ 2, 3). IPN hydrogels based on
1 wt % alginate kept the highest rate of water uptake
over other IPN hydrogels until the end of the
observed period. After the second hour of reswelling
all hydrogels exhibited slowing of water uptake rate,
governed by the expansion of polymer chains into
the solvent that is more restricted in denser hydrogel
matrices.42 Hydrogels reached equilibrium swollen
state after almost 30 h of incubation at 25�C, although
the greatest part of swelling capacity is demonstrated
after the initial 6 h of reswelling.

Dynamic mechanical properties

The DMA curves in compression mode for different
IPN hydrogels are presented in Figures 9–11. The
pure PNIPAAm hydrogels have not been analyzed
because they were too fragile for adequate manipu-
lation, indicating their mechanically weak structure.
Figure 9 shows the loss and storage moduli as a

function of frequency for hydrogel films at 30�C.
The storage modulus (G0) accounts for an elastic
‘‘solid-like’’ behavior, while the loss modulus (G00) is
in relation with viscous properties. In all cases, G0 is
higher than G00, indicating that elastic properties pre-
vail in all tested hydrogels. Moreover, an improve-
ment in mechanical properties is observed when the
alginate content rises, as a result of the increase in
overall crosslinking density of hydrogels.
According to Figure 10, an increase in the cross-

linking degree of PNIPAAm slightly decreases loss
and storage moduli of hydrogels. This confirms that
the difference in crosslinking density of PNIPAAm

Figure 8 Reswelling kinetics of hydrogels with lower (a) and higher (b) crosslinking degree of PNIPAAm at 25�C.

Figure 9 DMA results for IPN hydrogel films below
LCST (30�C): influence of alginate content.

THERMOSENSITIVE HYDROGELS BASED ON PNIPAAM AND CA 899

Journal of Applied Polymer Science DOI 10.1002/app



does not influence the mechanical properties of
resulting networks. These results might be also con-
sidered as a consequence of the network imperfec-
tions. In comparison, the increased concentration of
alginate observed above has more emphasized
impact on the improvement of dynamic compressive
properties (Fig. 9). Analogically, it contributes to a
decrease in ESR, as shown earlier (Fig. 5). These
phenomena are in agreement with the theory of rub-
ber elasticity which could be applied on hydrogels.43

Another set of experiments was done at 40�C. The
G0 results are compared to those obtained at 30�C
for three IPN samples (Fig. 11). At the LCST, ana-
lyzed thermosensitive hydrogels undergo volume
phase transition and become hydrophobic. Accord-
ing to the results, a large increase in elastic modulus
is observed for all hydrogel samples above the
LCST, primarily because of the collapse of polymer
chains. This phenomenon leads to the formation
of a more compact and tight network structure, giv-
ing improved mechanical properties. The relative
increase in G0 is the highest for sample IPN-1-5-3
and the lowest for IPN-3-5-2.

Hydrogel morphology

The pore structure of hydrogels was examined by
SEM. Figure 12 shows the SEM micrographs of differ-
ent hydrogel films with lower crosslinking degree of
PNIPAAm, below and above the LCST. The depend-
ence of the interior morphology on hydrogel composi-
tion and their thermosensitivity could be clearly seen.

At room temperature, IPN hydrogels with the
lowest fraction of alginate feature the most porous
structure, even more porous than corresponding
pure PNIPAAm hydrogel. High porosity of these
IPN samples can be partly explained by the prepara-

tion procedure. The initial phase of hydrogel synthe-
sis encompassed 24-h-polymerization and crosslink-
ing of PNIPAAm in the presence of sodium alginate.
During this period, electrostatic repulsions among
carboxylate anions of alginate chains contribute to
the expansion of forming network.17 This is the case
with the samples with the lowest concentration of
alginate. In contrast, the structures of IPN samples
based on 2 and 3 wt % alginate are more compact
than pure PNIPAAm because of the predominant
influence of crosslinking of alginate with calcium
ions as the last step in their preparation. Hence,
these hydrogels feature smaller average pore sizes
than pure PNIPAAm hydrogels at 25�C (Fig. 13).
This was reflected through the values of ESR at
lower temperatures (below the LCST) as well as the
results of swelling kinetics (Figs. 5 and 6).
According to given SEM micrographs, IPN matri-

ces become denser and of more emphasized nonuni-
formity at room temperature with rise in alginate
content. It is also clear that the structures of hydro-
gels become more compact and far less porous after
the incubation at 40�C. This can be ascribed to the
strong hydrophobic interactions among hydrophobic
segments of PNIPAAm, which prevail above the
LCST. As a result, the collapse of the polymer chains
and restructuring of the hydrogel matrix occurs. Fur-
thermore, it is reported elsewhere that probable for-
mation of the complex between carboxylate groups
of CA and amide groups of PNIPAAm is favored at
temperatures higher than the LCST.33 The reason for
this can be found in the orientation of apolar iso-
propyl groups toward the surface of the pores, thus
decreasing the interaction with water molecules.
The pore sizes of hydrogels, equilibrium swollen

below (25�C) and above (40�C) their LCST are pre-
sented in Figure 13. Existence of smaller pores in the

Figure 10 DMA results for IPN hydrogel films below
LCST (30�C): influence of crosslinking degree of
PNIPAAm.

Figure 11 Comparison of DMA results for IPN hydrogel
films below and above LCST.
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structure of IPN hydrogels based on higher alginate
content is understandable because of the higher possi-
bility of the intermolecular association for formation of
junction points.44 The most pronounced influence of
PNIPAAm crosslinking density is noticed for IPN
hydrogels based on 1 and 2 wt % alginate. High stand-
ard deviations of pore sizes, as a measure of
heterogeneous interior morphology might be the result
of steric hindrances45 caused by higher concentration

of alginate chains in the system during free-radical pol-
ymerization process of NIPAAm. In addition, inhomo-
geneous distribution of PNIPAAm crosslinks through-
out the hydrogel sample could be induced by this
microphase separation. Since MBAAm crosslinker has
two vinyl groups, its molecules are incorporated into
the growing polymer chains faster then NIPAAm mol-
ecules. Hence, network regions formed earlier are
more crosslinked are than those formed later.46

Figure 12 SEM micrographs of hydrogel films: comparison of interior morphology below and above LCST.
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The pore size values and SEM micrographs are in
accordance with the swelling abilities of hydrogels.
The higher is the average pore size of the network
the higher is the swelling ratio (Fig. 6). At tempera-
tures above the LCST, pure PNIPAAm hydrogels
have the largest pores, which is in accordance with
the results of deswelling kinetics. As previously
mentioned, the strongest collapse of polymer chains
when temperature is raised from 25�C up to 40�C
(deswelling) is observed in the case of IPN-1-5-2,
corresponding to over 97%-decrease in the average
pore size (from around 87 lm down to 2 lm).

Taking into account these results, the IPN hydro-
gels synthesized in this work could be regarded as
supermacroporous or macroporous since they are
characterized by pores of micrometer sizes.47 This
macroporosity could be attributed to the impact of
the low temperature of NIPAAm polymerization,
causing water to remain in the gel phase throughout
the polymerization and thus the formation of
expanded polymer network.48

CONCLUSIONS

The work presented in this article deals with the
synthesis and detailed characterization of thermo-
sensitive hydrogels potentially applicable as trans-
dermal drug delivery matrices. Thermal, swelling,
mechanical, and morphological properties demon-
strated the advantages of IPN hydrogels composed
of crosslinked PNIPAAm and CA over pure PNI-
PAAm hydrogels. The presence of alginate network
in IPN hydrogels has no considerable influence on
the LCST values (34�C–35�C). CA considerably con-
tributes to the improved strength of the interactions
on a molecular level of the IPNs, as indicated by Tg

values. The swelling studies showed that increase in
alginate content significantly lowers the equilibrium
swelling ratios of IPN hydrogels, in particular at
temperatures below the LCST. However, IPN hydro-
gels based on 1 wt % of alginate show better swel-
ling capacity than pure PNIPAAm hydrogels at
below the LCST. They also have the most rapid
response to temperature increase from 25�C up to
40�C in comparison with other studied hydrogels.
The pure PNIPAAm hydrogels exhibit the lowest
rate of deswelling because of the formation of dense
skin layer. Different crosslinking densities of PNI-
PAAm have slight impact on the swelling behavior
of analogous IPN hydrogels. Higher alginate content
contributes to the improved mechanical properties
of IPN hydrogels. The same effect is observed when
the temperature is increased above the LCST, result-
ing from the formation of tighter network structures.
The IPN hydrogels based on 1 wt % of alginate fea-
ture more porous network comparing to pure PNI-
PAAm hydrogels at 23�C. IPN hydrogels with 1 wt %
of alginate also exhibit the greatest changes in pore
size values in response to temperature increase. The
proper thermosensitivity of IPN hydrogels is a good
base for additional study on their combination with
heating textiles as a part of drug delivery system for
transdermal applications.
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