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Macroporous  semi-interpenetrating  polymer  networks  (semi-IPN)  composite  hydrogels  were  synthe-
sized by  cross-linking  polymerization  of  acrylamide  (AAm)  with  N,N’-methylenebisacrylamide  (BAAm)
in the  presence  of potato  starch  (PS)  or  an  anionic  polyelectrolyte  derived  from  PS (PA),  below  the  freez-
ing  point  of  the  reaction  solution  (−18 ◦C). The  composite  cryogels  have  been further  modified  by the
partial  hydrolysis  of  the  amide  groups  in  poly(acrylamide)  (PAAm)  matrix,  under  alkaline  conditions.  The
influence  of  the  entrapped  polymer  on  the  properties  of  the  composite  gels,  both  before  and  after  the
omposites
ydrogels

nterpenetrating network (IPN)
acroporous polymers

otato starch

hydrolysis,  has  been  evaluated  by  the  swelling  kinetics,  FT-IR  spectroscopy,  scanning  electron  microscopy,
and external  stimuli  responsiveness.  The  potential  of  the  anionic  composite  cryogels  as intelligent  hydro-
gels  has  been  evaluated  by the  investigation  of the  deswelling/reswelling  kinetics  as  a  function  of  solvent
nature,  ionic  strength,  and  environment  pH.  Cryogels  with  fast  responsivity  at  variation  of the  external
stimuli,  which  withstood  repeated  deswelling/reswelling  cycles,  have been  obtained  at  a  low  cross-linker

 80 m
ratio  (one  mole  BAAm  for

. Introduction

Considerable interest has been focused last years on the ionic
acroporous hydrogels due to the numerous applications in con-

rolled delivery of drugs and proteins and separation processes
f small ionic species (Baggiani, Baravalle, Giovanolli, Anfossi,

 Giraudi, 2010; Dragan, Cazacu, & Nistor, 2009; Hajizadeh,
irsebom, Galaev, & Mattiasson, 2010; Liu et al., 2011; Tekin,
zun, Ş ahin, Bektaş , & Denizli, 2011). For the preparation of such
aterials, some strategies have been widely used: cross-linking

olymerization in the presence of a pore-forming agent (Wu,
offman, & Yager, 1992), porogen leaching (Pradny et al., 2003;
erizawa, Wakita, Kaneko, & Akashi, 2002), cross-linking in the
resence of substances releasing porogen gases (Behravesh, Jo,
ygourakis, & Mikos, 2002; Kim & Park, 2004), lyophilization of
he hydrogel swollen in water (Dragan et al., 2009; Kang, Tabata,

 Ikada, 1999), and cryogelation (Burova et al., 2011; Kirsebom,
opggard, Galaev, & Yu Mattiasson, 2010; Lozinsky, Plieva, Galaev,

 Mattiasson, 2001; Orakdogen, Karacan, & Okay, 2011; Ozmen,
inu, Dragan, & Okay, 2007; Savina et al., 2011; Zhao, Sun, Lin,

 Zhou, 2010; Zhao, Sun, Wu,  & Lin, 2011). By cryogelation, the

ross-linking polymerization reactions are conducted below the
reezing point of the reaction solutions, when the most part of the
olvent (water, in the case of hydrogels) forms crystals, the bound

∗ Corresponding author.
E-mail address: sdragan@icmpp.ro (E.S. Dragan).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.08.082
oles  of  AAm)  and  a monomer  concentration  around  3 wt%.
© 2012 Elsevier Ltd. All rights reserved.

water and the soluble substances (monomers, initiator, polymers)
being concentrated in a non-frozen liquid microphase, where the
gel is formed. Starting with Lozinsky et al. (Burova et al., 2011;
Lozinsky et al., 2001), numerous research groups such as Galaev
et al. (Kirsebom et al., 2010; Savina, Mattiasson, & Galaev, 2005;
Savina et al., 2011), Okay et al. (Bilici, Karayel, Demir, & Okay,
2010; Orakdogen et al., 2011; Ozmen et al., 2007), Zhao et al.
(Zhao et al., 2010, 2011) contributed to the fast development of
this type of hydrogels. It is already established that, by their inter-
connected pore structure, cryogels allow the unhindered diffusion
of solutes or even colloidal particles, making them very attrac-
tive in biomedicine and biotechnology including chromatographic
materials, carriers for the immobilization of molecules and cells,
matrices for cell separations, and cell culture (Baydemir et al., 2009;
Burova et al., 2011; Dispinar, Van Camp, De Cock, De Geest, & Du
Prez, 2012; Jain, Karande, & Kumar, 2011; Kathuria, Tripathi, Kar,
& Kumar, 2009; Lozinsky et al., 2001; Savina et al., 2007). The
mechanical properties and the diffusion of solutes in hydrogels
can be further modulated by the preparation of multicomponent
networks like semi-interpenetrating polymer networks (semi-IPN)
or full-IPN. The biocompatibility and biodegradability of these
multicomponent composite gels can be improved with biopoly-
mers like polysaccharides, as components of the gel architecture
(Baggiani et al., 2010; Jain et al., 2011; Kathuria et al., 2009; Liang,

Liu, Huang, & Yam, 2009; Orakdogen et al., 2011; Van Vlierberghe,
Dubruel, & Schacht, 2011).

Lately, much attention has been given to anionic multi-
component systems, these materials being appropriate for the

dx.doi.org/10.1016/j.carbpol.2012.08.082
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:sdragan@icmpp.ro
dx.doi.org/10.1016/j.carbpol.2012.08.082
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orption/delivery of cationic species. The anionic character can
e achieved either using preformed polyanions or copolymers of
nionic monomers (Jeon, Lei, & Kim, 2008; Kim & Shin, 2007; Kim,
a Flamme, & Peppas, 2003; Murthy, Mohan, Sreeramulu, & Raju,
006; Reis et al., 2008), or by partial hydrolysis of amide groups

n poly(acrylamide) (PAAm) (Dragan, Perju, & Dinu, 2012; Li, Zhao,
easdale, John, & Zhang, 2002; Zhao et al., 2010, 2011). Concerning
he last strategy, there is a lack regarding the influence of the poly-

er  trapped in a semi-IPN composite on the hydrolysis level of the
atrix and on the properties of the composite gel after hydrolysis.

n a previous work, it has been already shown that the semi-IPN
ydrogels containing potato starch (PS) as entrapped polymer had

 particular behavior in the sorption/desorption cycles of the model
ationic dye, methylene blue, comparative with the semi-IPN
ydrogels containing the polyanion (PA) resulted by the hydrol-
sis of polyacrylonitrile (PAN) chains grafted on potato starch
PS-g-PAN) as entrapped polymer (Dragan & Apopei, 2011). It was
bserved that the dye sorption capacity of the hydrogel containing
S monotonously increased with the increase of the regeneration
teps, the eluent being aqueous solution of 0.1 M NaOH, while the
omposite containing PA has been less influenced by the regenera-
ion steps. It was  assumed that a partial hydrolysis of amide groups
n the PAAm matrix occurred, more probable in the presence of PS
han in the presence of PA. This different behavior prompted us to
erform a systematic investigation of the gel properties, as a func-
ion of the polymer entrapped in the PAAm matrix, cross-linker
atio (molar ratio between N,N’-methylenebisacrylamide, BAAm,
nd AAm), and the polymer concentration in the gel, both before
nd after the hydrolysis. Moreover, macroporous composite gels
ill be prepared by cryopolymerization.

Therefore, the objectives of the paper were: (i) to prepare non-
onic and anionic macroporous semi-IPN composite hydrogels with
welling properties tailored by the controlled hydrolysis of the
emi-IPN cryogels based on PS or PA as polymers entrapped in

 matrix of PAAm; (ii) to investigate the sensitivity of the novel
nionic composite hydrogels at various external stimuli as a func-
ion of the nature of the entrapped polysaccharide and the post
ynthesis treatment. It is expected as the combination of PAAm and
S or its anionic derivative (PA) in the preparation of macroporous
omposite hydrogels to provide novel biocompatible composite
aterials with potential applications in biomedical fields. To eval-

ate the potential of the ionic composite cryogels for intelligent
rug delivery systems, the deswelling/reswelling kinetics of the
nionic cryogels as a function of solvent nature, ionic strength and
nvironment pH have been tested.

. Materials and methods

.1. Materials

Acrylamide (Fluka), BAAm, ammonium persulfate (APS),
,N,N’,N’-tetramethylethylenediamine (TEMED), all purchased

rom Sigma–Aldrich, were used as received. PS from Fluka, humid-
ty content < 10%, was used as received. AN has been distilled at
bout 77 ◦C and kept at low temperature before use. Stock solu-
ions of APS and TEMED were prepared by dissolving 0.2 g of APS
nd 0.625 mL  of TEMED each in 25 mL  of double distilled water.
tock solutions of BAAm were prepared by dissolving BAAm cal-
ulated for a certain cross-linker ratio in 25 mL  of distilled water,
t 30 ◦C, under magnetic stirring, and used for hydrogels synthesis
fter 24 h.
.2. Preparation of PA from PS-g-PAN

For the preparation of PS-g-PAN copolymer, the redox initiation
y Ce4+ ions has been adopted because it was demonstrated that the
rate Polymers 92 (2013) 23– 32

redox-initiated process of graft copolymerization onto the polysac-
charide backbone generates free radicals on the polysaccharide
backbone itself, a little space remaining for the homopolymeriza-
tion if the monomer and initiator concentrations are lower than the
critical concentrations, 2.0 M and 0.1 M,  respectively (Karmakar,
Rath, Sastry, & Singh, 1998; Qudsieh et al., 2008). In our experi-
ments, the concentrations of monomer and Ce4+ have been kept
lower than the critical concentrations. The details concerning the
synthesis of PS-g-PAN with Ce(SO4)2 with a concentration of 0.02 M
in 0.4 M H2SO4 have been previously presented (Apopei, Dinu, &
Dragan, 2012; Dragan & Apopei, 2011). It was found that, in the
synthesis conditions, PAN has been mainly grafted on the amy-
lose and less on the amylopectin. Polyanion PA has been obtained
by the alkaline hydrolysis of PS-g-PAN copolymer, the details con-
cerning the preparation and characterization methods being given
elsewhere (Dragan & Apopei, 2011). The content in carboxylate
groups of the polyanion PA has been determined by polyelectrolyte
titration with a standard solution of a strong oppositely charged
polyelectrolyte, poly(diallyldimethylammonium chloride), with a
concentration of 10−3 mol/L, using a particle charge detector PCD
03, Müteck GmbH, Germany (Mütek PCD-Titrator). The concentra-
tion of the negatively charged groups in the examined solution
was calculated from the amount of standard solution needed to
reach the zero value of the streaming potential. The content of
poly(sodium acrylate) (NaPA) in PA thus determined was  0.788 g
NaPA/g PA, which indicates a content of 7.44 meq COO−/g PA.

2.3. Preparation and characterization of semi-IPN composite
cryogels

Nonionic and anionic semi-IPN composite cryogels have been
prepared by free radical cross-linking copolymerization of AAm and
BAAm in the presence of gelatinized PS or hydrolyzed PS-g-PAN
(PA) as entrapped polymer in aqueous medium, at −18 ◦C. Gela-
tinized PS was prepared by heating the starch dispersion (1 wt%)
up to 80 ◦C, about 30 min, and used after cooling at room tempera-
ture. PA as aqueous solution with a concentration of 1 wt% has been
prepared by stirring at room temperature, one day before using.
The initial concentration of monomers (AAm + BAAm), C0, has been
either 3 or 5 wt% (Table 1). The redox initiator system consisted of
APS and TEMED, the initiator concentrations being kept constant
throughout the work.

The synthesis procedure used in the preparation of semi-IPN
composite cryogels is briefly presented below, for X = 1:60. Typi-
cally, 0.4825 g AAm, 7 mL  PS or PA solution (1 wt%), 1 mL BAAm
and 1 mL  TEMED stock solutions were first mixed in a gradu-
ated flask of 10 mL.  The solution was  cooled at 0 ◦C in ice-water
bath, purged with nitrogen gas for 20 min  and then, 1 mL  of APS
stock aqueous solution has been added, and the whole mixture
has been further stirred about 20 s. Portions of this solution, each
1 mL,  were transferred into syringes of 5 mm in diameter, in order
to prepare gels in the shape of rods, and after that immersed in
a thermostated bath at −18 ◦C, and the polymerization was con-
ducted for one day. After polymerization, the gels were cut into
pieces of about 10 mm in length. All gels were immersed in large
volumes of Milli pore water to wash out any soluble polymers,
unreacted monomers and the initiator, changing the washing water
each 4 h. Cross-linked PAAm cryogel without PS or PA (PAAm.40.5,
Table 1) has been prepared as reference, according to the proto-
col described above. Thereafter, the swollen gel samples have been

stepwise dehydrated in water–acetone mixtures, the acetone con-
tent being 20% (3 h), 40% (3 h), 60% (3 h), 80% (3 h), 100% (12 h).
In this way, the porosity of the gels in the dried state has been
preserved.
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Table 1
Samples code and feed composition of semi-IPN composite cryogels.

Sample BAAm:AAm molar ratio Polymer concentration, wt%  Entrapped polymer

Code Content, wt%

PAAm40.5 1:40 5 – –
PAAm/PS80.5 1:80 5 PS 12.28
PAAm/PS80.3 1:80 3 PS 12.28
PAAm/PS60.5 1:60 5 PS 12.28
PAAm/PS40.5 1:40 5 PS 12.28
PAAm/PA80.5 1:80 5 PA 12.28
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PAAm/PA80.3 1:80 3 

PAAm/PA60.5 1:60 5 

PAAm/PA40.5 1:40 5 

.4. Hydrolysis of PAAm under controlled conditions

Aqueous solution of 0.5 M NaOH has been used as hydrolysis
gent in all experiments performed throughout the study because,
rom the previous investigations concerning the controlled hydrol-
sis of amide groups attached to the PAAm matrix, it was  found that
he hydrolysis level was  increasing with the NaOH concentration
p to 0.5 M,  and remained almost constant irrespective of NaOH
oncentration up to 2 M (Dragan et al., 2012). After washing at neu-
ral pH, the gels have been stepwise dehydrated in water–acetone

ixtures as it has been shown above.

.5. Characterization methods

.5.1. FTIR analysis
The structure of semi-IPN composite cryogels, either before or

fter hydrolysis, has been investigated by FTIR spectroscopy. The
ried samples have been first frozen in liquid nitrogen, and then
roken in a mortar to get the samples as white powder. FTIR spectra
ere recorded with a Bruker Vertex FT-IR spectrometer, resolution

 cm−1, in the range of 4000–400 cm−1 by KBr pellet technique, the
mount of the sample being about 5–8 mg  in each pellet.

.5.2. Morphological characterization
Surface morphology and internal structure of the dried com-

osite gels were observed by an Environmental Scanning Electron
icroscope (ESEM) type Quanta 200, operating at 20 kV with sec-

ndary electrons, in low vacuum mode. The cross-sections of the
amples were performed using a sharp blade to revel the internal
tructures. The average diameter of pores was determined from the
EM photographs using the image analyzing program ACD Photo
ditor v3.1, the sizes of 40 pores being averaged.

.5.3. Swelling ratio and swelling kinetics
Swelling properties were studied using conventional gravimet-

ic procedure (Dragan & Apopei, 2011; Murthy et al., 2006). The
welling behavior of dried hydrogels was determined by immersing
he completely dried hydrogel samples in double-distilled water at
5 ◦C. Swollen gels were weighed by an electronic balance, at pre-
etermined intervals, after wiping the excess surface liquid by filter
aper. Based on the swelling experimental results, the swelling
atio, SR, equilibrium swelling ratio, SReq, and equilibrium water
ontent, EWC, were calculated by Eqs. (1)–(3),  respectively (Dragan

 Apopei, 2011; Murthy et al., 2006):

R = Wt − Wd

Wd
, g · g−1 (1)

Weq − Wd
Req =
Wd

, g · g−1 (2)

WC  (%) = Weq − Wd

Weq
× 100 (3)
PA 12.28
PA 12.28
PA 12.28

where Wd, Wt and Weq are the weights of the sample in dried state,
swollen state at time t and swollen at equilibrium, respectively. The
measurements were performed in three replicates and average data
were used for calculation of the swelling ratio.

3. Results and discussion

3.1. Preparation of semi-IPN composite cryogels

Semi-IPN composite cryogels as rods were prepared by the
radical cross-linking copolymerization of AAm with BAAm in the
presence of PS or PA, under the freezing point of the solvent
(−18 ◦C). The ice crystals act as porogen during gelation, leading
to a superporous structure by melting at the end of the gel prepa-
ration (Dinu, Perju, & Dragan, 2011; Kirsebom et al., 2010; Lozinsky
et al., 2001; Orakdogen et al., 2011). The feed composition and the
samples code of the composite gels are presented in Table 1. The
general code of semi-IPN composite cryogels is PAAm followed by
PS or PA for potato starch or polyanion used as entrapped polymer,
respectively, and two  numbers, separated by dots: the first one rep-
resents the mole number of AAm per one mole of BAAm and the
second one represents the concentration of monomers.

It was expected as the gels properties like swelling kinetics and
morphology to be influenced by the composition of the gels and
also by the post-treatment consisting of the controlled hydrolysis
of the composite gels under alkaline conditions. From the litera-
ture and our previous investigations it is known that the amide
groups in PAAm easily hydrolyze in alkaline conditions generating
COO− groups (Ilavsky, Hrouz, Stejskal, & Bouchal, 1984). The alka-
line hydrolysis of PAAm is self-retarded by the effect of the already
formed neighboring carboxylate groups (COO−), which reject the
OH− groups, the rate of hydrolysis decreasing with the increase
of the hydrolysis degree (Dragan et al., 2012; Zhao et al., 2010,
2011). However, the influence of the entrapped polysaccharide in
a matrix of PAAm on the hydrolysis level has been not pointed
out yet. Therefore, in a preliminary investigation, the influence
of the hydrolysis duration with NaOH 0.5 M on the equilibrium
swelling ratio (SReq), and on the diameter of the PAAm/PS40.5 and
PAAm/PA40.5 composite cryogels (Dsw), compared with PAAm40.5
taken as a reference, has been evaluated, the results being plotted
in Fig. 1.

As can be observed from Fig. 1, the SReq values (Fig. 1A) and Dsw

(Fig. 1B) abruptly increased after 2 h of hydrolysis, and remained
almost constant up to 4 h of reaction, for all samples of cryogels. The
SReq of PAAm40.5 cryogel, used as reference, increased from about
25 g/g, measured before hydrolysis, up to about 64 g/g, after 4 h of
hydrolysis in 0.5 M aqueous solution of NaOH, at 25 ◦C (Fig. 1A).
At the same time, the diameter of the cylinder in swollen state,

Dsw (Fig. 1B), increased from about 5 mm,  the diameter measured
before the hydrolysis, up to about 7.3 mm,  after the hydrolysis.
As Fig. 1 shows, the SReq and Dsw values found for the semi-IPN
composite gels have been strongly influenced by the nature of
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ig. 1. Equilibrium swelling ratio, SReq (A) and swelling diameter, Dsw (B) of the co
t  25 ◦C.

he entrapped polymer, being significantly higher in the case of
AAm/PS40.5 compared with the reference PAAm40.5, and much
igher than those of the gels containing PA (PAAm/PA40.5), irre-
pective of the hydrolysis duration. The hydrolysis duration of the
ryogels investigated in the paper has been 3 h, because, accord-
ng to Fig. 1, no significant changes of the SReq and Dsw occurred at
onger durations.

.2. Characterization of semi-IPN composite cryogels

.2.1. FTIR analysis
The structural changes after the hydrolysis of PAAm/PS and

AAm/PA composite cryogels were supported by the FTIR spec-
roscopy. The FTIR spectra of the PAAm/PS40.5 and PAAm/PA40.5
ryogels, before and after the hydrolysis in NaOH 0.5 M,  3 h, are
resented in Fig. 2.

It has been already shown that it is difficult to demonstrate the
resence of polysaccharides (chitosan, for example) in a matrix of
AAm, because the characteristic bands of amide groups screen
any of the characteristic bands of the entrapped polymers in

emi-IPN composite gels (Dragan et al., 2012). Therefore, as Fig. 2
hows, in the spectra of the pristine semi-IPN composite cryogels,
he characteristic bands of the PAAm matrix are the most visible.
hus, the peaks located at 1653 cm−1 and 1616 cm−1 (spectrum A)
nd at 1661 cm−1 and 1611 cm−1 (spectrum C), have been assigned
o the stretching vibrations of the C O bond in amide group, amide

 band, and to the deformation vibrations of the N H bond, amide
I band, respectively; the peak at 1319 cm−1 (spectra A and C) has
een assigned to the C N stretching (amide-III band); the peaks

ocated at 1120 cm−1, in the spectrum of PAAm/PS40.5 (spectrum
) and at 1118 cm−1, in the spectrum of PAAm/PA40.5 (spectrum
) have been assigned to the C N stretching in secondary amide

rom BAAm in PAAm matrix. Even if in the FTIR spectrum of PA
he characteristic peaks of the anhydroglucose ring (1155 cm−1,
081 cm−1, and 1024 cm−1), and for the COO− groups (1553 cm−1,
ssigned to stretching vibration of COO− groups, and 1404 cm−1

ssigned to the symmetric stretching of C O in COO− groups)
ave been clearly observed (Dragan & Apopei, 2011), they are not
isible in the spectrum of PAAm/PA40.5 composite gel. Therefore,
o support the strong influence of PAAm matrix on the character-
stic bands of PA, the spectrum of a physical mixture PAAm:PA,
:1 (wt/wt) (PAAm:PA ratio being lower than in semi-IPN cryo-
els, which, according to Table 1, is around 7:1) has been recorded
not included in Fig. 2). Only the band at 1032 cm−1, assigned to
he stretching vibration of the C O bonds in anhydroglucose ring,
as been more intense than in the PAAm/PA cryogels. The other

haracteristic bands of PA have been screened by those of PAAm.

However, the spectra of the composite cryogels, after the con-
rolled hydrolysis (spectra B and D), clearly support the partial
ydrolysis of amide groups by the peaks located at 1560 cm−1, and
te gels as a function of the hydrolysis duration in aqueous solution of NaOH 0.5 M,

−1 −1 −1
4000 3000 2000 1000

Wavenumber (cm-1)

Fig. 2. FTIR spectra of PAAm/PS40.5 (A and B) and PAAm/PA40.5 (C and D)  before
(A  and C) and after the hydrolysis in NaOH 0.5 M,  3 h (B and D).
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Fig. 3. SEM images of PAAm/PS80.3, PAAm/PA80.3, and PAAm/PA80.5 compo

hich were not observed in the initial cryogels, support the hydrol-
sis of part of the amide groups. The peak at 1664 cm−1, assigned
o the stretching vibration of C O in amide groups, supports the
resence of non-hydrolyzed acrylamide units.

.2.2. Morphological analysis
Scanning electron microscopy, SEM, has been used to investigate

he surface morphology and internal structure of the dried cryogel
amples. The images presented in Fig. 3 illustrate the influence of
he polymer entrapped and of the initial monomer concentration,
t a cross-linker ratio of 1/80, on the internal morphology and pore
izes, before and after the gel hydrolysis. The gel morphology in
he swollen state was preserved by the stepwise dehydration of
he gels in water–acetone mixtures.

As Fig. 3 shows, the internal morphology (the size and geometry
f pores) of the samples prepared with a monomer concentration
f 3 wt% is strongly influenced by the entrapped polymer struc-
ure, the average pore size being 67 �m for PAAm/PS80.3 (first
ine) and 62 �m for PAAm/PA80.3 (middle line). As can be seen,
he morphology of selected gels changed in a different way after
ydrolysis. Interconnected macropores with sizes in the range
0–82 �m can be observed in the SEM image of PAAm/PS80.3H,
hile a smaller influence of hydrolysis is evident in the case of

he sample PAAm/PA80.3H, pore sizes decreasing to around 53 �m
the difference is more visible at a magnification of 1000×). The
arger pores found in the case of PAAm/PS80.3H than in the case
f PAAm/PA80.3H are attributed to the higher swelling degree of
AAm/PS80.3H, caused by a higher density of the anionic groups
COO−) generated by a higher level of hydrolysis of PAAm matrix
f the first gel (supported also by Fig. 1). We  assumed that the level
f hydrolysis has been diminished by the presence of the anionic
olyelectrolyte (PA) as entrapped polymer, which contributed to
he decrease of the concentration of OH− ions in the interior of the
yogels, before (left column) and after (middle and right columns) hydrolysis.

gel by the presence of COO− groups. The hydrolysis of the PAAm
matrix at a different level is also supported by the comparison of
the pore walls of the gels after hydrolysis, these being thicker for
PAAm/PS80.3H than for PAAm/PA80.3H. Moreover, polyelectrolyte
PA could be better entangled in the matrix, while part of amylose
in PS could be removed during the hydrolysis step, thus acting as a
porogen, leading to the enlarge of the pore sizes.

The increase of the monomer concentration has a definite
influence on the morphology of the gels based on PA (sample
PAAm/PA80.5, the last line, compared with sample PAAm/PA80.3,
the middle line). Polyhedral interconnected pores can be seen in
the SEM images of PAAm/PA80.3 and PAAm/PA80.5 before hydrol-
ysis, the pore size decreasing with the increase of the monomer
concentration (58 �m for PAAm/PA80.5 compared with 62 �m for
PAAm/PA80.3). The pore size and geometry of the pores have been
influenced by the controlled hydrolysis, the influence being more
evident at a lower concentration of monomers (PAAm/PA80.3H
compared with PAAm/PA80.5H). The higher decrease of the pore
size after hydrolysis in the case of the gel with lower concentra-
tion of monomers (3%) (PAAm/PA80.3H) is explained by the fact
that this gel was weaker than the gel having 5% of monomers
(PAAm/PA80.5H).

SEM morphological cross-section patterns of the semi-IPN com-
posite cryogels having cross-linker ratio of 1:60, and monomer
concentration of 5 wt%, but different by the entrapped polymer
nature are presented in Fig. 4, both before (up) and after (down)
the controlled hydrolysis.

The cross-sectional features of the hydrogel networks are
depending on the polymer nature, as it has been already

observed above at the cross-linker ratio of 1/80 (Fig. 3). Thus,
the PAAm/PA60.5 composite cryogel has a sponge like structure
similar with that presented in Fig. 3 for PAAm/PA80.5, with inter-
connected pores with sizes of around 60 �m.  On the other hand,
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Fig. 4. SEM images of PAAm/PS.60.5 and PAAm/PA.60.5

he PAAm/PS60.5 composite cryogel reveals a more compact mor-
hology, the pore sizes being much smaller than those found in
AAm/PA60.5 cryogel, around 39 �m.  The down images in Fig. 4
how the morphologies of the same semi-IPN composite cryo-
els, after hydrolysis. A strong influence of the polymer entrapped
ature on the changes of the gel morphology after hydrolysis can be
bserved, the main difference consisting of the size and geometry
f pores. Thus, the pores size in PAAm/PA60.5 has been less influ-
nced by the hydrolysis, the average size of pores being around
7.5 �m (SEM image, down, left), while the size of pores dramati-
ally increased after the hydrolysis of PAAm/PS60.5 (clear observed
t a magnification of 1000×, SEM image, down, right), the average
ize being around 50 �m.  These differences also support the higher
evel of hydrolysis of the gel having gelatinized PS entrapped than
f the gels based on the polyelectrolyte PA.

By comparison the pore sizes of the gels PAAm/PA80.5 (Fig. 3)
nd PAAm/PA60.5 (Fig. 4), which have the same entrapped polymer
nd initial monomer concentration, the influence of the cross-
inker ratio can be seen, the pore sizes being higher when X = 1/80
han when X = 1/60, both before and after the hydrolysis.
.2.3. Swelling ratio and swelling kinetics
Swelling ratio, SR (calculated with Eq. (1)), as a function of con-

act time for the PAAm/PS cryogels (A), and PAAm/PA cryogels (B)
ith two cross-linker ratios is presented in Fig. 5. The swelling

0 20 40 60 80 100 120
0

40

80

120

160

PAAm/PS40.5 

PAAm/PS60.5 

PAAm/PS60.5H

Time, sec

S
R

, 
g

/g

A 

Fig. 5. Swelling ratio, SR, as a function of time for PA
osite cryogels, before (up) and after (down) hydrolysis.

kinetics of the PAAm/PS60.5 and PAAm/PA60.5 cryogels, after the
hydrolysis, have been also included in Fig. 5.

As Fig. 5 shows, both types of semi-IPN cryogels present a super-
fast swelling, which is characteristic for the cryogels, the main
difference consisting of the time necessary to reach the equilibrium
swelling, this being around 30 s in the case of PAAm/PS and 15 s in
the case of PAAm/PA, at the same cross-linker ratio. However, the
influence of the entrapped polymer nature on the swelling behav-
ior after hydrolysis of the gels with a cross-linker ratio of 1:60 is
obvious in Fig. 5, the SR values of the PAAm/PS60.5H being much
higher than those of PAAm/PA60.5H, i.e., 140 g/g compared with
50 g/g, respectively. These results suggest that the presence of PA,
bearing a high number of negative charges, diminished the level
of hydrolysis of the amide groups attached to the matrix. On the
other hand, the presence of PS enhanced the hydrolysis level lead-
ing to much higher values of SR than those found when PA has been
entrapped in the composite cryogels.

Equilibrium swelling ratio, SReq, and the equilibrium water
content, EWC, calculated with Eqs. (2) and (3),  respectively, as a
function of pH, for semi-IPN composite cryogels, before and after
the hydrolysis, have been plotted in Fig. 6. As can be seen, the SReq

values of PAAm/PS60.5 composite gel, before the hydrolysis, are

influenced by pH at a low level, increasing from about 30 g/g up to
35 g/g when pH increased from 1 to 11. At the same time, the SReq

values of PAAm/PA60.5 gel increased from about 32 g/g up to 44 g/g,
when pH increased from 1 to 10, respectively, increasing more for
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 = 1/60 than for X = 1/40. The increase of the SReq with the decrease
f the cross-linker concentration is a characteristic of all hydrogels
Dragan et al., 2012; Murali Mohan, Joseph, & Geckeler, 2007).
The SReq values higher for PAAm/PA60.5 than for PAAm/PS60.5
efore hydrolysis are explained by the higher hydrophilicity of the
nionic polyelectrolyte, PA, than that of the pristine PS. On the
ther hand, after the controlled hydrolysis, the pH sensitivity of

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

S
R

, 
g

/g

Time, min

0 5 10 15 20 25
0

10

20

30

40

50

S
R

, 
g

/g

Time, min

A B

C D

ig. 7. Deswelling (empty symbols)–reswelling (full symbols) kinetics of semi-IPN anio
AAm/PA80.3H (square); (C) PAAm/PA80.5 (circle); (D) PAAm/PA80.5H (up triangle).
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the composite gels, having the same cross-linker ratio, but differ-
ent by the entrapped polymer, has been dramatically changed. As
Fig. 6A shows, the SReq of PAAm/PS60.5H increased from 23 g/g,
found at pH 1, up to about 143 g/g, found at pH 10, while the SReq

of PAAm/PA60.5H (Fig. 6B) increased from 26.4 g/g, found at pH 1,
up to 55.5 g/g, found at pH 10. After hydrolysis, the values of SReq at
pH < 3, have been lower than those found before hydrolysis, more
for PAAm/PA60.5H than for PAAm/PS60.5H. This difference can be
attributed to the less hydrophilicity of COOH groups at pH lower
than the pKa of poly(acrylic acid) (4.8). The gel dramatically swells
at pH > 3 due to the electrostatic repulsion between the numer-
ous COO− groups generated by the partial hydrolysis of amide
groups. The strong difference between the swelling behavior of
PAAm/PS60.5H and PAAm/PA60.5H as a function of pH is attributed
to the nature of the entrapped polymer. It seems that PA had a neg-
ative impact on the hydrolysis of amide groups, because the high
density of COO− groups attached on the chain rejected the OH−

ions from the vicinity of the amide groups, keeping the hydrolysis
at a lower level.

As Fig. 6 shows, the values of EWC  slightly increased from about
96% to 98% with the increase of pH from 1 to 5.5, and remained
almost constant up to pH 10, irrespective of the gel composition.
The high values of EWC  have been attributed to the low initial con-
centration of monomers (AAm + BAAm) (5%, for these samples). A
small variation of the EWC  with the content of cross-linker has
been reported in the literature for other hydrogels at a constant
concentration of monomers (Murali Mohan et al., 2007).

3.2.4. Deswelling/reswelling kinetics as a function of external
stimuli

The rapid response rate to the external stimuli of the smart
hydrogels is the most essential function for their applications,
and therefore various methods have been used to increase the
response kinetics (Bilici et al., 2010; Dogu & Okay, 2006; Zhang,
Yang, Chung, & Ma,  2001; Zhao, Sun, Ling, & Zhou, 2009). It has

been reported that the macroporous hydrogels have shown a much
more rapid swelling–deswelling rate than the conventional hydro-
gels (Dogu & Okay, 2006; Zhang et al., 2001; Zhao et al., 2009). The
deswelling/reswelling kinetics of some macroporous composite
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Fig. 8. (A) SReq as a function of NaCl concentration for PAAm/PA80.5 cryogel
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ryogels having the same cross-linker ratio, X = 1/80, but different
y the nature of the entrapped polymer and by the initial con-
entration of monomers, in a good solvent/poor solvent pair, are
resented in Fig. 7.

The gels have been first swollen at equilibrium in water, and
hereafter the swollen gels have been immersed in ethanol as
oor solvent. The deswelling process has been monitored by the
ravimetric method, the weight of the gel being measured as a
unction of the deswelling time, until the collapsed gel reached
he equilibrium. The reswelling/deswelling cycle in water/ethanol
as been repeated up to three cycles. As Fig. 7 shows, the swelling
esponse rate of the collapsed cryogels is super-fast for all gels, but
he deswelling response rate of the same gel from its equilibrium
wollen state is depending on the gel structure. As Fig. 7A shows,
he PAAm/PS80.3H composite gel attained its equilibrium collapsed
tate within about 5 min, whereas the reswelling at the same ini-
ial SR required few seconds. A similar behavior has been found in
he case of PAAm/PA80.3H (Fig. 7B), the time required to attain the
quilibrium collapsed state being around 7 min. The longer time
ecessary for dehydration in the last case could be attributed to
he presence of polyelectrolyte PA, which has a higher hydrophilic-
ty than PS. The influence of the post-hydrolysis on the deswelling
esponse rate of the gels can be observed in Fig. 7C and D, where the
eswelling/reswelling cycles for the composite gel PAAm/PA80.5
efore (Fig. 7C) and after (Fig. 7D) hydrolysis are presented. As can
e seen, the PAAm/PA80.5 cryogel attains its equilibrium collapsed
tate in 6–7 min, its swelling rate is fast (about 30 s), and further-
ore it shows the same values of the SReq in swollen state, at the

nd of the third cycle. After hydrolysis, the time required to attain
he equilibrium collapsed state increased up to 12 min, probably
ue to the difficulties in the dehydration of the gel having a higher
ensity of anionic sites.

The influence of the monomer concentration on the
eswelling/reswelling kinetics is illustrated in Fig. 7B and D
here the gels PAAm/PA80.3H and PAAm/PA80.5H have been

ompared. As can be observed, there is a strong difference
etween the composite cryogels concerning their response at the
olvent quality as a function of the initial monomer concentra-
ion. Thus, while the PAAm/PA80.3H gel needs 20 min  for three
eswelling/reswelling cycles, the PAAm/PA80.5H sample needs
0 min, for the same number of cycles, i.e., the lower concentration
f monomers the faster the deswelling step (water molecules are
asier replaced by the poor solvent molecules).

The ionic character of the semi-IPN composite cryogels, with
olyanion entrapped in the PAAm matrix, recommends them as
aterials responsive to electrolytes. The influence of the ionic

trength on the SReq values of the gel PAAm/PA80.5, both before
nd after hydrolysis, has been followed first. As Fig. 8A shows, the
welling of PAAm/PA80.5 in aqueous solutions of NaCl, with con-
entrations in the range 0.1–1 M,  showed a small but monotonous
ecrease of the SReq values with the increase of NaCl concentration
p to 0.5 M.  The influence of NaCl concentration on the SReq values
f the PAAm/PA80.5.H showed a much stronger influence of the
aCl concentration, an abrupt decrease of the SReq values with the

ncrease of NaCl concentration being observed (Fig. 8A). The differ-
nce is explained by the higher density of anionic centers in the gel
fter hydrolysis, leading thus to a higher sensitivity of the gel at the
hanges of the ionic strength in the environment.

As Fig. 8A shows, the critical concentration of NaCl asked by
he cryogel PAAm/PA80.5H to attain the equilibrium collapsed
ate is 1 M,  SReq values being the same at concentrations up to

 M.  Therefore, for the study of the deswelling/reswelling kinet-

cs in response at changing of the ionic strength, two  samples of
ydrolyzed cryogels different by the polymer content have been
elected, PAAm/PA80.5H (Fig. 8B) and PAAm/PA80.3H (Fig. 8C), one
ycle consisting of 1 M NaCl/pure water.
bols)/reswelling (full symbols) kinetics of PAAm/PA80.5H cryogel in 1 M NaCl
aqueous solution/pure water; (C) deswelling (empty symbols)/reswelling (full sym-
bols) kinetics of PAAm/PA80.3H cryogel in 1 M NaCl aqueous solution/pure water.

As can be observed in Fig. 8B, the semi-IPN PAAm/PA80.5H
gel attained the equilibrium reswelling in 20 min, this process
being slower than the deswelling step, which needed only 5 min.
This behavior can be explained by the slow diffusion of the elec-
trolyte ions from the collapsed gel, when the gel is immersed
in pure water. On the other hand, the gel formed at C0 = 3%
(PAAm/PA80.3H) attained both its equilibrium collapsed state
and the equilibrium swollen state in 2 min  (Fig. 8C). The slower
response rate of PAAm/PA80.5H composite gel at reswelling in
pure water compared with PAAm/PA80.3H gel, having a lower con-
centration in polymer, can be attributed to the higher density of
polymer–polymer contacts caused by the excess of Na+ counter-
ions. The time required to attain the equilibrium collapsed state has
been also influenced by the monomer concentration, being longer
at a higher concentration of monomer (5 min for PAAm/PA80.5H,

and 2 min  for PAAm/PA80.3H). This difference may  be related to
the cohesional forces between the hydrated chains of the ionic
gel, which increase with the increase of the monomer concen-
tration. The decrease of the equilibration time with the decrease
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f the monomer concentration has been already reported for the
eswelling/reswelling cycles of the cryogels based on poly(acrylic
cid) in methanol/water as good solvent/poor solvent (Bilici et al.,
010).

The presence of COO− groups in the gels prepared with PA as
ntrapped polymer or the hydrolyzed gels make them sensitive to
he pH changes (as it has been shown in Fig. 6). To evaluate the
eswelling/reswelling kinetics of the PAAm/PA composite gels, the
els have been first swollen in water at pH 8 and after that their
esponse at the alternation of pH between 1 and 8 has been followed
s a function of time (Fig. 9). As can be seen in Fig. 9A, the response
t pH changes of the PAAm/PA60.5 cryogel was relatively slow, the
quilibrium collapsed state and the equilibrium swollen state being
ttained in the same interval of time, about 50 min.

On the other hand, as Fig. 9B shows, the response at pH changes
f the gel having a higher cross-linker ratio (PAAm/PA40.5, X = 1:40)
as been 10 times faster, both equilibrium collapsed state and the
quilibrium swollen state being attained in about 5 min. This dif-
erence indicates that the increase of the cross-linker ratio would
ncrease the response of the gel at the variation of pH.

. Conclusions

Herein we have described the preparation of some novel macro-
orous semi-IPN composite cryogels having native PS or anionically
odified PS (PA) entrapped in a matrix of PAAm. Examination of the

EM images showed that the morphology of semi-IPN composite
els has been strongly influenced by the entrapped polysaccharide
nd by the post treatment of the gels by hydrolysis. Thus, before
ydrolysis the PAAm/PA60.5 composite cryogel had a sponge like
tructure, with interconnected pores, macropores with sizes of

bout 60 �m,  while the PAAm/PS60.5 composite cryogel revealed
mall pores, the pore sizes being around 39 �m.  The pores size in
AAm/PA60.5 has been less influenced by the hydrolysis, while
he pore size increased after the hydrolysis of PAAm/PS60.5 up
rate Polymers 92 (2013) 23– 32 31

to 50 �m.  All semi-IPN cryogels present a super-fast swelling, the
main difference consisting of the time necessary to attain the equi-
librium swelling, this being around 30 s in the case of PAAm/PS
gels and 15 s in the case of PAAm/PA gels, at the same cross-linker
ratio. It was observed that when the cross-linker ratio was 1:60
or higher, the presence of anionically modified PS, bearing a high
number of negative charges, diminished the level of hydrolysis of
the amide groups attached to the matrix, while the presence of
native PS enhanced the hydrolysis level. The anionic character of
the gels having PA as entrapped polymer before the hydrolysis
and after that, and of the composite cryogels having gelatinized
PS entrapped in the PAAm matrix, only after hydrolysis, has been
demonstrated by the increase of SReq values at pH > 3. The study of
the deswelling/reswelling kinetics of the composite gels, having a
low cross-linker ratio (1:80), in ethanol/water and 1 M NaCl/water
showed a higher responsivity of the anionic gels with C0 = 3% than
of those with C0 = 5%, which support the potential of these gels as
“smart” hydrogels.
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