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Abstract

Cryogels of  poly(2-hydroxyethyl = methacrylate-co-N-isopropylacrylamide)
(P(HEMA-co-NIPAM)) were prepared by cryogelation technique. Redox polym-
erization method was utilized to copolymerize monomers 2-hydroxyethyl meth-
acrylate (HEMA) and N-isopropylacrylamide (NIPAM), using N, N'-methylene-bis-
acrylamide (MBA) as cross-linker. Characterization of the as-prepared cryogels was
done by Fourier-transform infrared spectroscopy, field emission scanning electron
microscopy, differential scanning calorimetry, thermogravimetric analysis and X-ray
diffraction techniques, respectively. During synthesis of cryogels, the concentra-
tions of HEMA, NIPAM, MBA, redox initiator, and activator and the number of
freezing—thawing cycles were varied to obtain different compositions of P(HEMA-
co-NIPAM) cryogels. These cryogels were further evaluated for water sorption
capacity through gravimetric method. The pH, temperature and nature of the swell-
ing medium were also varied to observe their effects on water uptake capacity of
the cryogels. The biocompatible nature of the materials was ascertained by blood
hemolysis test. The prepared cryogels of P(HEMA-co-NIPAM) were found to be
macroporous, have good water uptake potential, fair biocompatible, thermally sta-
ble nature, displayed temperature-sensitive water sorption behavior and thus showed
potential to be utilized as scaffold in tissue engineering.
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Introduction

Cryogels are macroporous hydrogels synthesized by the process of cryogelation
[1]. This process involves the freezing (storing at sub-zero temperature) and thaw-
ing of monomer or polymeric material which lead to the formation of a gel which
is often termed as ‘cryogel’ [2]. During the freezing process, the solvent changes
into ice/solvent crystals, while the reactants are confined to an unfrozen or semi-
frozen phases where they undergo polymerization and form a three-dimensional
polymer network. On thawing the reaction mixture, the ice/solvent crystals melt
thus forming interconnected macropores in the polymer network. Due to the pres-
ence of large interconnected pores, the cryogels can imbibe enormous quantity of
water. They are soft, elastic and display characteristics similar to those of the liv-
ing tissues [1]. They are biocompatible in nature and find applications in various
fields such as enzyme immobilization [3, 4], chromatographic separation [5], tis-
sue engineering [6], wound repair [7] and H, production [8]. Poly(2-hydroxyethyl
methacrylate) (PHEMA) is a well-recognized biocompatible material [9] and has
been vastly utilized for numerous applications such as wound dressing materi-
als [10], contact lenses [11], drug delivery systems [12], and tissue engineering
[13]. Cryogels based on HEMA have been largely synthesized and well character-
ized. Ingavle et al. [14] prepared poly(hydroxyethyl methacrylate) poly(HEMA)
and poly(HEMA-co-ethyleneglycol diacrylate poly(HEMA-co-PEGDA) cryogels
and judged their potential as matrices for removal of bio-toxins. Erzengin and
coworkers [15] prepared Cu** appended sporopollenin particles and implanted
them in P(HEMA) cryogels. The prepared cryogels were utilized for adsorption
and purification of human serum albumin. In past few years, interests in smart
hydrogels are on the steep rise. They are of stimuli-sensitive nature meaning that
they exhibit large reversible changes in properties on being subjected to small
alterations in their environment such as exposure to light, shift in temperature,
variation in pH, biological factors or changes in magnetic/electrical fields [16].
The capability of hydrogels to exhibit changes in the properties in presence of the
external stimuli makes them useful for biomedical applications. Smart polymers
find applications in various fields such as tissue engineering, bio-sensing devices,
and drug release systems. [16, 17].

Of late there has been a growing enthusiasm for smart materials which are ther-
moresponsive due to their huge potential in biomedical field. Thermo-sensitive
hydrogels are responsive to alterations in temperature. They swell and deswell
in aqueous solution below and above a definite temperature know as the lower
critical solution temperature (LCST). One such thermo-sensitive polymer is PNI-
PAM. The LCST of PNIPAM is close to 32 °C [18]. With change in temperature,
PNIPAM chains undergo reversible expansion and contraction. At its LCST, PNI-
PAM undergoes a phase transition. It exhibits hydrophilicity and swells below its
LCST. However, it displays hydrophobicity and undergoes deswelling above its
LCST [19]. Ye et al. [20] prepared copolymers of polystyrene and poly(N-iso-
propylacrylamide) (PS-b-PNIPAM) and found that the shell of PNIPAM shrinks
as the temperature rises from 20 to 40 °C. Lorenzo and coworkers [21] prepared
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temperature-sensitive interpenetrating polymer network (IPN) of chitosan and
PNIPAM by free radical polymerization. The prepared IPNs were tested as a drug
delivery system and found to have good release behavior due the presence of PNI-
PAM. Burillo et al. [22] prepared grafted hydrogels based on acrylic acid (AAc)
and N-isopropylacrylamide (NIPAM) on to polypropylene (PP) by gamma radia-
tion. The synthesized hydrogels were utilized for Cu (II) adsorption thus depict-
ing the use of PNIPAM for metal ion adsorption for water cleansing. Garct a and
coworkers [23] prepared graft copolymers of N-(3-aminopropyl) methacrylamide
hydrochloride (APMA), NIPAM, and polypropylene (PP). The authors reported
the LCST of the prepared copolymer to lie near the physiological temperature of
human body and concluded that it has potential to be used as a biomedical device.

In the present study, the authors aimed at incorporating biocompatibility of
poly(HEMA) and thermo-sensitivity of poly(NIPAM) to produce copolymer cryogels
of poly(2-hydroxyethyl methacrylate-co-N-isopropyl acrylamide) and study their water
intake behavior under varying experimental conditions. Although copolymeric gels of
HEMA and NIPAM have been prepared earlier by other authors also [24, 25] without
following cryogelation technique, the present work aimed at preparing them specifi-
cally by cryogelation technique which yields cryogels with macroporous architecture.
The prepared cryogels were also characterized by thermal and biocompatibility stud-
ies. The swelling behavior and porosity of the gels were also investigated as a func-
tion of the concentrations of monomers, cross-linker and redox components, and no
of freeze—thaw cycles used in the preparation of the cryogel. Moreover, the effect of
swelling medium (pH, temperature, simulated biological fluids) on the extent of swell-
ing and the swelling kinetics were also studied. The structural and network parameters
of the cryogels based on swelling studies were also determined.

Experimental
Materials

The monomers 2-hydroxyethyl methacrylate (HEMA) and N-isopropylacrylamide
(NIPAM) were obtained from Sigma-Aldrich Co. HEMA was purified before use fol-
lowing the procedure described in the literature [26]. NIPAM was used as received.
Potassium metabisulfite (KMBS) was obtained from HIMEDIA (New Delhi, India)
and used as redox activator. Potassium persulphate (KPS) was used as a redox initia-
tor and N, N-methylenebisacrylamide (MBA) as a cross-linking agent of the polymers.
KPS and MBA were obtained from Research Lab Fine Chem. Industries, Mumbai,
India. Other chemicals were of analytical grade, and doubly distilled water was used
throughout the experiments.
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Methods
Preparation of cryogels

The cryogels were synthesized by the following method: 3.35 mM NIPAM,
8.24 mM HEMA and 0.454 mM MBA as cross-linker were dissolved in 8 mL
doubly distilled water. The reaction mixture was cooled in an ice bath for a few
minutes. This was followed by addition of 0.359 mM KMBS and 0.036 mM KPS,
respectively, and immediately kept for freezing in a petri dish at —15 °C for
24 h. After 24 h, the contents of the petri dish were thawed. It was observed that
the whole reaction mixture converted into a soft, elastic and solid mass. It was
further noticed that there were no changes in the appearance and properties of
cryogel beyond 24 h which indicated for complete polymerization of vinyl mon-
omers. The soft elastic mass thus formed was named as P(HEMA-co-NIPAM)
cryogel. Another cryogel having composition as 8.24 mM HEMA, 0.454 mM
MBA, 0.359 mM of KMBS, 0.036 mM of KPS and 8 mL of bidistilled water was
also prepared following the same procedure as described above. This cryogel was
named as PHEMA. Any unreacted chemicals remaining in the prepared cryogels
were leached out by leaving them in bidistilled water for a week. Water used for
leaching the cryogel was refreshed periodically. The leachate was analyzed for
the remaining unreacted vinyl monomers following a double bond estimation pro-
cedure, and it was found that the leachate did not contain measurable amounts
of the unreacted vinyl monomers. The prepared cryogels were left at room tem-
perature for a week for drying and subsequently kept in polythene bags till further
use.

Swelling studies

Water imbibitions property of the cryogels was ascertained by subjecting them
to swelling studies. The procedure consisted of the following steps: Dry pieces
of the cryogel were weighed and immersed in phosphate buffer saline (PBS,
pH=7.4). At definite time intervals, the cryogel pieces were removed from PBS
and the excess surface water was removed by gently placing the cryogel pieces in
between the two filter papers for few seconds and thereafter finally weighed on a
sensitive digital balance (Denver, Germany). This process was repeated until the
cryogels reached a constant weight. Percentage equilibrium swelling is calculated
by Eq. 1 [27],
—_ : W, — Wy
Percentage Equilibrium Swelling = W x 100 (1)
d

where W, represents the weight of wet/swollen cryogel and W; is the weight of the
dry cryogel piece.
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Porosity determination

Porosity of the prepared cryogels was determined as follows: Dried cryogel
pieces were immersed in PBS till they attained an equilibrium swelling. Swollen
pieces were weighed and then pressed to squeeze out the water that was held in
the pores. After squeezing out the water, the cryogel pieces were again weighed
and percentage porosity is calculated by Eq. 2 as given below [28],

SW

- Wseq
————— x 100
7 @

SW

Percentage Porosity =

where W, and W, are the weights of wet/swollen and squeezed cryogels,
respectively.

While synthesizing the copolymers, the concentrations of the monomers
(NIPAM, HEMA), cross-linker (MBA) and redox activator and initiator (KMBS and
KPS) and the number of freeze—thaw cycles were varied to obtain different com-
positions of the cryogels. The as-obtained cryogels of different compositions were
assessed for their swelling and porosity properties, and a definite composition of
cryogel was determined having optimum swelling and porosity. The optimized cryo-
gel was characterized by various analytical techniques, and its water sorption prop-
erty was studied as a function of pH, temperature, solutes and simulated physiologi-
cal fluids.

Biocompatibility test (hemolysis test)

Hemolysis test was carried out according to the procedure described elsewhere
[27]. The cryogel pieces were immersed in 0.9% NaCl solution (saline solution) till
they attained equilibrium swelling. A diluted blood sample was prepared by adding
2 mL of EDTA or acid citrate dextrose (ACD) containing blood to 2.5 mL of saline
solution. Now, the pieces of dry cryogels were equilibrated with 10 mL saline solu-
tion and added to the diluted blood solution. The blood solution containing cryogel
pieces was incubated at 37.5 °C for one h. The suspension was then centrifuged,
and the obtained supernatant was measured for its absorbance. The absorbance was
determined at 542 nm using a UV-Visible spectrophotometer. A positive control
was prepared by mixing 0.2 mL diluted blood sample in 10 mL distilled water, while
the negative control was prepared by mixing 0.2 mL diluted blood sample in 10 mL
saline solution. Absorbance of positive and negative controls was measured after
they were incubated and centrifuged. Percentage hemolysis was calculated with the
help of the following equation [27],

A — Al coui
. . sample negative
%Hemolysis ratio = e T X100 (3)
positive Anegative
where Ag,npies Anegatives 30 Apogicive are the absorbance of the cryogel sample, nega-

tive control and positive control, respectively.
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Characterizations
Fourier-transform infrared spectroscopy (FTIR) analysis

The presence of various functional groups in the cryogel was confirmed by FTIR
spectroscopy. FTIR spectra of dry P(HEMA-co-NIPAM) cryogel film, purified
HEMA and NIPAM monomers were obtained using Shimadzu FTIR spectropho-
tometer (8400S). Dry thin film of P(HEMA-co-NIPAM) cryogel was mounted on
the spectrophotometer, NIPAM monomer was used as a fine powder after mixing
with KBr and HEMA monomer was applied in liquid form. All the spectra were

generated between 4000 and 450 cm™! at a resolution of 2 cm™".

Field emission scanning electron microscopy (FESEM) analysis

FESEM images provide topographical information of a material. The surface
morphology of P(HEMA-co-NIPAM) cryogels was analyzed by obtaining their
FESEM images on Nova Nano FESEM 450. Cryogel pieces were vacuum dried
and gold coated using a sputter coater. Dried, gold-coated samples were mounted
on the microscope and then analyzed at low vacuum at 20.0 kV. The microscopic
images were obtained at 350X and 1000x magnifications.

Thermal analysis

Thermal properties of PHEMA and P(HEMA-co-NIPAM) cryogels were deter-
mined by carrying out thermogravimetric (TGA) and differential scanning calori-
metric (DSC) analysis. The analyses were conducted on Perkin Elmer instrument
(STA 8000 and 8500). DSC and TGA thermograms of the cryogels were recorded
by heating the samples between 30 °C and 700 °C at a heating rate of 10 °C/min
in nitrogen atmosphere.

X-ray diffraction analysis (XRD)

X’pert-pro X-ray diffractometer was used to obtain XRD spectra of PHEMA and
P(HEMA-co-NIPAM) cryogels. The prepared cryogels were scanned between
5° and 90°, 26. The obtained data were plotted after filtration and deconvolution
using PeakFit software.

Results and discussion
During synthesis of the copolymers (as described in Methods section), the con-
centrations of the monomers (NIPAM, HEMA), cross-linker (MBA) and redox

activator and initiator (KMBS and KPS), and the number of freeze thaw cycles
was varied to obtain different compositions of the cryogels as summarized in
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Table 1. The as-obtained cryogels were assessed by swelling, and porosity studies
and the findings are discussed below. It is worth to mention here that among all
the compositions mentioned in Table 1, the PIAHEMA-co-NIPAM) cryogel having
the composition [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0.454 mM,
[KMBS]=0.359 mM, [KPS]=0.036 mM, and number of freezing and thawing
cycles (FTC) =1 exhibited highest percentage of equilibrium swelling and, there-
fore, was selected as a control for characterization studies.

Swelling and porosity studies
Influence of NIPAM

To assess the impact of NIPAM monomer concentration on swelling performance
and porosity of the prepared cryogels, the concentration of NIPAM was changed
from 0 mM to 5.56 mM in the reaction mixture. The results are depicted in Fig. 1
and Table 1. It is apparent from the figure and values of the porosity summarized
in Table 1 that as the concentration of NIPAM monomer increased in the reaction
mixture, the percentage equilibrium swelling and porosity decreased. The cryogel
with 8.24 mM HEMA and 0.0 mM NIPAM showed higher swelling as compared
to other cryogels that contained NIPAM. Scognamillo and coworkers [29] prepared
hydrogels of NIPAM with 3-sulfopropyl acrylate potassium salt and found that with
an increase in the molar concentration of NIPAM in the hydrogel, the percentage
equilibrium swelling decreased. The observed swelling trend can be justified on the
ground that at 37 °C the PNIPAM becomes hydrophobic. Therefore, as the hydro-
phobic content (NIPAM) increases in the copolymeric chains of the network, the
swelling decreases. Furthermore, the —OH groups of HEMA and —NH groups of
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Fig. 1 Influence of varying NIPAM concentration on % equilibrium swelling of cryogel at fixed compo-

sition [HEMA]=8.24 mM, [MBA]=0.454 mM, [KMBS]=0.287 mM, [KPS]=0.029 mM and number
of freezing and thawing cycles =3, Temp =37 °C
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NIPAM resulted in an increased hydrogen bonding as the NIPAM concentration
increased. As a consequence, there were lesser number of free hydroxyl or amine
groups to participate in hydrogen bond formation with water molecules which
results in a lower water uptake. Increased hydrogen bonding between —OH and —NH
groups may also have led to the generation of a dense cryogel with thicker walls
which are supported by the fact that percentage porosity decreased with increased
NIPAM content. Figure 1 also reveals that the increased amount of NIPAM in the
cryogel not only resulted in a decrease in percentage equilibrium swelling, but it
also took longer time to attain equilibrium swelling.

Influence of HEMA

The influence of HEMA concentration on percentage equilibrium swelling and
percentage porosity was also analyzed by varying the concentration of HEMA
monomer in the range 8.24 to 20.61 mM in the reaction mixture during synthesis.
The results are shown in Fig. 2 and Table 1 which reveal that as the concentra-
tion of HEMA rises in the reaction mixture, the percentage equilibrium swelling
and porosity decline. As HEMA concentration increases in the copolymer, the
hydrophobic interaction between the copolymer chains of the network increases
which causes reduced swelling. This observation further corroborates the findings
that were described above for the study of influence of NIPAM on equilibrium
swelling. Similar to the increase in NIPAM content, the increased concentration
of HEMA resulted in greater number of —OH groups available for hydrogen bond-
ing with —NH groups of NIPAM which led to a decrease in swelling of the cryo-
gels. Cicgek et al. [24] reported similar type of results when they prepared copoly-
mers of HEMA and NIPAM by redox polymerization and observed a decrease in
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Fig.2 Influence of varying HEMA concentration on % equilibrium swelling of cryogel at fixed composi-

tion [NIPAM]=3.35 mM, [MBA]=0.454 mM, [KMBS]=0.287 mM, [KPS]=0.029 mM, and number
of freezing and thawing cycles =3, Temp =37 °C
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equilibrium swelling ratio as the amount of HEMA increased in the copolymer.
Figure 2 also reveals that cryogels with lower percentage equilibrium swelling
take more time to swell. This is further supported by the porosity values which
decrease with the increase in HEMA content. The reduced values of porosity are
also responsible for the lower water uptake capacity.

Influence of MBA cross-linker

The influence of cross-linker concentration on the percentage equilibrium swell-
ing and percentage porosity was studied by varying the concentration of MBA
in the range 0.454 to 0.648 mM in the reaction mixture. The results are depicted
in Fig. 3 and Table 1 which indicate a decrease in percentage equilibrium swell-
ing and percentage porosity with increasing concentration of MBA. This observa-
tion can be accounted on the grounds that with the increased MBA concentra-
tion, there is greater degree of cross-linking between the polymer chains which
led to the formation of a dense cryogel with reduced matrix size. Because of the
dense network, the flow of water into the cryogel network is hindered and the
water uptake capacity of the cryogel also declined. The reduced swelling is also
caused by the decreased porosity of the cryogel with increased MBA concentra-
tion. Sayil et al. [30] prepared hydrogels of NIPAM using MBA as a cross-linker
and observed a drop in the swelling ratio with increasing concentration of MBA.
It is also noticed that the cryogels produced with lower concentration of MBA not
only have higher swelling but also acquire equilibrium swelling in shorter time as
opposed to cryogels with higher content of MBA.
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Fig. 3 Influence of varying MBA concentration on % equilibrium swelling of cryogel at fixed composi-

tion [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [KMBS]=0.287 mM, [KPS]=0.029 mM and number
of freezing and thawing cycles =3, Temp=37 °C
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Influence of redox components

The impact of varying concentrations of activator and initiator (KMBS and KPS)
of the redox components on percentage equilibrium swelling and percentage poros-
ity was investigated by varying the concentration of KMBS in the range 0.179 to
0.359 mM and that of KPS from 0.018 mM to 0.036 mM in the reaction mixture
at the time of synthesis, respectively. It is clear from Fig. 4 and Table 1 that as the
concentrations of KMBS and KPS increased in the reaction mixture, the percentage
equilibrium swelling and porosity also increased. As the concentrations of the redox
activator and initiator increase in the reaction mixture, there are a greater number
of monomer molecules converting into free macroradicals at the start of the polym-
erization process. This subsequently creates a large number of polymer chains with
large number of pores in between them. These voids or pores imbibe water dur-
ing swelling process which results in an elevated equilibrium swelling [31]. This is
further confirmed by the increased percentage porosity of the cryogel network with
increasing concentrations of redox components. It is also observed that cryogels
produced with greater concentration of redox components attained a faster equilib-
rium swelling because of the presence of large number of pores.

Influence of number of cycles

During the synthesis process of cryogel, the reaction mixture was frozen for 24 h
and then defrosted for two h. This constitutes a freezing—thawing cycle. The influ-
ence of number of freezing and thawing cycles on percentage equilibrium swelling
and percentage porosity was also studied by varying the number of freezing—thaw-
ing cycles from 1 to 5. Figure 5 and Table 1 present the obtained results, and the
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Fig.4 Influence of varying redox concentration (KMBS and KPS) on % equilibrium swelling of cryogel

at fixed concentration [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0.454 mM and number of
freezing and thawing cycles =3, Temp=37 °C
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Fig.5 Influence of varying number of freezing and thawing cycles on % equilibrium swelling of
cryogel at fixed composition [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0. 454 mM,
[KMBS] =0.359 mM, [KPS]=0.036 mM, Temp=37 °C

results indicate that as the number of freezing—thawing cycles increased, percent-
age equilibrium swelling and percentage porosity decreased. The degree of cross-
linking increased with the increased number of freezing cycles which resulted in
the formation of a more compact cryogel with decreased lattice size which results
in a slower diffusion of water molecules into the cryogel. The percentage porosity
also decreased as the number of freeze—thaw cycles increased and thus the extent
of swelling also decreased. However, the observed decrease is quite slight in each
cycle. Figure 6 presents the pictures of PIHEMA-co-NIPAM) cryogel which show

HHIl‘lllé‘lhll‘hlASI‘I‘M,H“U;!llll|l|lé}“lljlllé§l]_l|l|lIlﬂl:ll\mé\l

camlin P
y |

PRI i e Fivooi onodg

Fig. 6 Images showing the digital photographs of cryogel in a swollen state, b dry state of P(HEMA-co-
NIPAM) cryogel of fixed composition [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0.454 mM,
[KMBS]=0.359 mM, [KPS]=0.036 mM and number of freezing and thawing cycle=1
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highest percentage equilibrium swelling among all the compositions in swollen and
dry states.

Influence of pH

The pH of the swelling medium was varied from 1.6 to 8.5 to study its influence
on the swelling behavior of cryogel. The obtained findings are presented in Fig. 7
which reveals that the swelling of cryogel is marginally affected by alterations in pH
of the swelling medium. Percentage equilibrium swelling increased slightly at pH
value of 1.6 and 8.5 as compared to the percentage equilibrium swelling at pH 7.4
(PBS). Non-ionic nature of PHEMA and PNIPAM makes their swelling response
independent to the pH of the surrounding medium. The slight increase in swelling
at pH value of 1.6 and 8.5 may have been due to breaking of some of the hydrogen
bonds in the cryogel network structure at lower and higher pH which resulted in
greater imbibition of water. Don and coworkers [32] prepared hydrogels of PNIPAM
and found that the swelling behavior of the prepared hydrogels was independent of
the pH of the surrounding medium.

Influence of solutes and simulated physiological fluids

Equilibrium swelling is also influenced by the presence of solutes in the surround-
ing medium. This was studied by immersing P(HEMA-co-NIPAM) cryogel in the
solutions prepared from KI and urea. Solutions of various simulated physiological
fluids such as saline, p-glucose and synthetic urine were also used in this study. The
results are presented in Fig. 8 which reveals that the cryogel exhibits higher percent-
age equilibrium swelling in the presence of PBS as compared to other media. The
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Fig.7 Influence of varying pH on % equilibrium swelling of cryogel of fixed composi-

tion [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0. 454 mM, [KMBS]=0.359 mM,
[KPS]=0.036 mM, and number of freezing and thawing cycles=1, Temp=37 °C
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Fig.8 Influence of varying solutes and simulated physiological fluids on % equilibrium swelling
of cryogel of fixed composition [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0.454 mM,
[KMBS]=0.359 mM, [KPS]=0.036 mM and number of freezing and thawing cycles =1, Temp=37 °C

presence of solutes in the swelling medium must have altered the osmotic pressure
which caused a reduced swelling.

Influence of temperature

While analyzing polymers based on thermoresponsive monomers such as NIPAM,
an essential parameter to be considered is the impact of temperature. Figure 9 repre-
sents the influence on percentage equilibrium swelling when the temperature of the
swelling medium (PBS) is altered. The temperature was varied from 10 °C to 47 °C,
and it was observed that the PHEMA-co-NIPAM) cryogel exhibited highest per-
centage equilibrium swelling at 10 °C and lowest at 47 °C. Thus, as the temperature
increased, the percentage equilibrium swelling declined. This is expected also since
the NIPAM undergoes volume phase transition from a hydrophilic state to a hydro-
phobic state beyond its LCST. As mentioned previously, the LCST of PNIPAM
is around 32 °C. However, this value varies when PNIPAM is used in the copol-
ymer form rather than a homopolymer. The value of phase transition temperature
and degree of temperature sensitivity depend upon the nature of the monomer with
which NIPAM has been copolymerized and its concentration in the copolymer. The
term LCST applies to linear polymers of NIPAM; however, the term volume phase
transition temperature (VPTT) applies to the cross-linked polymers of NIPAM [33].
The graph (Fig. 9) shows a major decline in swelling after 20 °C. Thus, VPTT for
the prepared P(HEMA-co-NIPAM) may be determined from the midpoint between
20 °C and 25 °C which is 22.5 °C. The decrease in VPTT may be attributed to the
presence of poly(HEMA) in the prepared cryogel. Gan and coworkers [25] synthe-
sized microgels of P(INIPAM-HEMA) and reported the VPTT at 29 °C. They also
stated that this value is less by 3 °C as compared to that of the PNIPAM microgels
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Fig.9 Influence of temperature on % equilibrium swelling of the cryogel of fixed composi-
tion [NIPAM]=3.35 mM, [HEMA]=824 mM, [MBA]=0.454 mM, [KMBS]=0.359 mM,
[KPS]=0.036 mM and number of freezing and thawing cycles =1

which have VPTT around 32 °C. They explained this decrease in VPTT due to the
presence of HEMA which forms hydrogen bonding. The hydroxyl groups (—OH)
of HEMA not only form hydrogen bonds among themselves but also get hydrogen
bonded with the amide group (-CONH) of NIPAM. This consequently leads to the
copolymer exhibiting more hydrophobicity than the homopolymer of pure PNIPAM.
This leads to a shifting of the VPTT to the lower side. The impact of temperature on
equilibrium swelling was also analyzed with respect to time and is shown in Fig. 10.
The results show that although the cryogel exhibited higher swelling at lower tem-
perature, it also took longer time to attain equilibrium swelling. The cryogel showed
faster water uptake at higher temperature.

Structural and network parameters

In cross-linked polymers, the average or mean molecular mass (M,) between the
cross-links is a key structural and network factor. Mechanical and physical proper-
ties of polymers are greatly dependent on the magnitude of M. The ratio of weight
of polymer in swollen state to that in the dry state represents the swelling ratio.
Flory and Rehner utilized the swelling ratio values in computing M. According to
them, the M, can be calculated by the following Eq. 4 [34],

wi—

Ve =V, /2

“4)
(1=V,) + V,+ V2

M, =-Vd, n

where V| represents the molar volume of solvent (water=18.02 mL mol ™), A
stands for volume fraction of polymer in the swollen cryogel, dp is polymer density
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Fig. 10 Influence of varying temperature with time on % equilibrium swelling of the cryogel of fixed
composition [NIPAM]=3.35 mM, [HEMA]=8.24 mM, [MBA]=0.454 mM, [KMBS]=0.359 mM,
[KPS]=0.036 mM and number of freezing and thawing cycles=1

(g mL™"), y represents the Flory—Huggins polymer—solvent interaction factor, and
V, is equal to 1/swelling ratio. Another network parameter is cross-linking density
which is represented by q and calculated by Eq. 5 [34],

=3 s)

C

where M|, represents the molar mass of the polymer’s repeat unit. The value of M,
for the prepared copolymeric cryogel, can be determined by Eq. 6 [34],
nneamMnipam + tEmaMuEma

M, = (6)
° nNipaM T THEMA

where nypam and ngppma represent the number of moles of NIPAM and HEMA,
respectively. Molar masses of NIPAM and HEMA are represented by Mypay and
Miygma (2 mol ™Y, respectively. Some authors represent cross-linking density by V,
and consider it to be the total number of elastically effective chains present in the
polymer network, per unit volume. V, can be calculated by the equation given below
(341,

d N,
vy =212
©= M, @)

where N, stands for Avogadro’s number. Pycnometry was used to determine the
polymer density (d;,). The polymer and solvent interaction factor y was calculated by
Eq. 8 [35],
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Using Eqs. (4-8) the values of M, V, and q were determined for various composi-
tions of the cryogels and are summarized in Table 2.

Biocompatibility test (hemolysis test)

Table 1 summarizes the results of hemolysis test. It can concluded from the obtained
data that all the compositions of the prepared cryogels showed low value for per-
centage hemolysis ratio (<0.9%) thus suggesting for the biocompatible nature of
the prepared cryogels. Figure 11 presents the images of the test results. The posi-
tive control caused excessive hemolysis, while the negative control and test samples
showed negligible hemolysis. Percentage hemolysis for P(HEMA-co-NIPAM) cryo-
gel was found to be 0.336% which is within the acceptable limit for a biocompatible
material. A material is considered as having high biocompatibility if it has hemoly-
sis value of 5% or less [27].

FTIR analysis

Figure 12a shows the spectrum of HEMA monomer which reveals a broad peak at
3390-3549 cm™! and can be ascribed to the presence of hydrogen bonded hydroxyl
(—OH) groups. The presence of carbonyl (—CO) group is affirmed from the peak
observed at 1720 cm™'. The —CH stretching vibrations are seen at 2958 cm™'.
Besides these, the spectral peaks of HEMA and the peak appeared at 1450 cm™!
can be assigned to —CH bending vibrations. The peaks at 1082-1188 cm™! are
owing to —C—O-C- stretching vibrations. Figure 12b shows the spectrum of NIPAM
monomer. The prominent peaks observed in the spectrum are as follows: the peaks
at 1645 cm™', 1545 cm™" are caused due to -C=0 stretching (Amide I) and -NH
bending (Amide II) vibrations, respectively. These two peaks can be attributed to the
vibrations of the amide group (-CO-NH). The peaks at 2972 cm™! can be attributed
to —CH stretching vibrations while that at 1458 cm™ is due to —CH bending vibra-
tions. The presence of isopropyl group (-CH (CHj;),) is observed as a twin peak at
1309 cm™! and 1328 cm™!. The peak at 3313 cm™' is due to —NH stretching vibra-
tions. The spectrum of PHEMA-co-NIPAM) cryogel is seen in Fig. 12¢, and it con-
firms the presence of NIPAM and HEMA monomers in the prepared cryogel. The
broad peak ranging from 3475 cm™! to 3666 cm™! can be ascribed to the vibrations
of -NH and —OH groups. The —CO stretching vibrations of HEMA can be seen as
a sharp peak at 1743 cm™!. The peaks at 1668 cm™! (-C=0 stretching of Amide I)
and 1562 cm™' (-NH bending of Amide II) can be attributed to the vibrations of
the amide group (-CO-NH). The peak at 2997 cm™! is owing to the —CH stretch-
ing vibrations. The peak at 1398 cm™! can be assigned to the isopropyl group (-CH
(CHy),) of NIPAM. In addition, the spectrum (c) also shows peaks at 1492 cm™!
and 1093-1193 cm™! which are assigned to —CH bending and -C—O—C— stretching
vibrations, respectively. FTIR spectra of PHEMA and PNIPAM polymers with simi-
lar findings are reported in the literature [36, 37].
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Fig. 11 Images of hemolysis test. a P(HEMA-co-NIPAM) cryogel, b positive control ¢ negative control

FESEM analysis

The FESEM images of P(HEMA-co-NIPAM) cryogels were obtained at magnifica-
tions of 350x and 1000x and are shown in Fig. 13a, b, respectively. The images of
the prepared cryogel reveal the surface structure with pore sizes ranging from 11
to 111 um. The pore walls appear to be quite thick and rough. The pores seem to
be distributed unevenly on the surface and are not uniformly cylindrical. Surfaces
with pore sizes less than 2 nm (0.002 pm) are termed as micropores, those with pore
size more than 50 nm (0.05 pm) are termed as macroporous, and those between 2 to
50 nm are known as mesoporous [38]. Based on this classification, it may be con-
clude that P(HEMA-co-NIPAM) cryogels can be regarded as macroporous.

DSC analysis
Figure 14a depicts the DSC thermogram of the prepared P(HEMA) cryogels. The

glass transition temperature (7,) of the prepared PHEMA cryogel was found to be
110 °C. The T, value of PHEMA is reported to be 100-110 °C [39, 40]. The T,
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Fig. 13 FESEM images of P(HEMA-co-NIPAM) cryogel at a 350x, b 1000x magnification
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Fig. 14 DSC thermograms of a PHEMA cryogel, b P(HEMA-co-NIPAM) cryogel

of PHEMA was reported at 85 °C by Kajiwara and coworkers [9] who synthesized
PHEMA by microwave irradiation technique without using any cross-linker. Kati-
yar and coworkers [41] prepared PHEMA using propylene glycol dimethacrylate
(PGDMA) as a cross-linker and found the 7, at 110 °C. A sharp endotherm is also
observed with a peak centered at 148 °C, with an onset around 145 °C and ending
at around 175 °C. This may be attributed to the evaporation of residual water in the
cryogel. Endothermic peaks associated with loss of water in the range of 70-160 °C
and 75-140 °C have been reported in DSC and TGA thermograms of PHEMA
and its copolymers by other authors also [42, 43]. Two small endotherms are also
noticed at 338 °C and 427 °C, respectively, which may be ascribed to the initial
decomposition of the polymer followed by more extensive degradation at 427 °C.
Figure 14b depicts the DSC curve of PHEMA-co-NIPAM) copolymer. It is evident
from the graph that the 7|, of the polymer is observed at 100 °C. Garcr a-Uriostegui
and coworkers [44] synthesized polymers based on poly(N-isopropylacrylamide) by
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ionizing radiation and reported the 7, of PNIAM at 86 °C. The shift in 7, of the
synthesized P(HEMA-co-NIPAM) cryogel may be due to the combined presence of
HEMA, NIPAM, and the cross-linker. This is further followed by an endotherm with
an onset temperature at about 134 °C ending at around 180 °C with a peak centered
value at 147 °C. It represents the loss of residual water present in the prepared cryo-
gel. The next observed endotherm has an onset at 280 °C with a peak value centered
at 336 °C ending around 390 °C. Another small endotherm is observed at 416 °C.
These two endotherms can be ascribed to the decomposition of the P(HEMA-co-
NIPAM) cryogel. The findings of DSC curves are further corroborated by TGA
analysis as discussed below.

TGA analysis

Figure 15a represents the TGA thermogram of PHEMA cryogel. The weight loss of
PHEMA cryogel can be seen in three zones. The first region of weight loss is observed
around 143 °C, and it is ascribed to the loss of water from the cryogel. The second
region of weight loss is observed between 300 °C and 400 °C which reveals about 10%
weight loss at 300 °C. This represents the onset of thermal degradation which is fol-
lowed by the third weight loss region starting from 400 °C and continuing till 445 °C.
This is also confirmed by DSC data where two degradation endotherms were observed
at 338 °C and 427 °C, respectively. Das and coworkers [45] synthesized cross-linked
polymers of dextrin with poly(HEMA) and observed several zones of weight losses.
The authors attributed one of the regions of weight loss to the degradation of MBA
cross-linker and the second region due to the degradation of PHEMA chains. Decom-
position temperature of PHEMA polymer has been reported between 337 °C and
480 °C [46]. Figure 15b depicts the TGA thermogram of P(HEMA-co-NIPAM) cryo-
gel. The first region of weight loss is observed around 138 °C that may be due to the
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Fig. 15 TGA thermograms of a PHEMA cryogel, b P(HEMA-co-NIPAM) cryogel
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evaporation of residual water contained in the cryogel. The thermogram of P(HEMA-
co-NIPAM) also shows two regions of degradation. The first region of degradation
starts at 300 °C and continues up to 400 °C. There is weight loss of about 8% at 300 °C,
and it represents the onset of thermal degradation. The second zone of degradation
lies between 400 °C to 445 °C. Garci a-Uriostegui [44] reported 10% weight loss of
PNIPAM polymer at 375 °C. Maximum degradation temperature for PNIPAM cross-
linked with MBA has been reported at 407 °C elsewhere [47]. Thus, the TGA results of
P(HEMA-co-NIPAM) cryogels are in agreement with those reported for PHEMA and
PNIPAM. Moreover, the weight loss of only 8% till 300 °C indicates that PCAHEMA-co-
NIPAM) cryogel possesses high thermal stability.

X-ray diffraction analysis (XRD)

Figure 16a represents the XRD diffraction pattern of PHEMA cryogel. It is apparent
from the figure that the major diffraction peaks are observed at 26 angles of 7.88°,
12.57°, 18.48° and 28.54°, respectively. Figure 16b depicts the diffraction pattern of
P(HEMA-co-NIPAM) and shows diffraction peaks at 26 angle of 6.53°, 9.32°, 12.05°,
15.09°, 18.37° and 28.66°. The crystallinity index and grain size were also calculated
for both the prepared cryogels. Equation 9 [48] represents the Debye—Scherrer equation
that was used to calculate the grain size,

kA
d= pCosb ®)

where d represents the grain size, k is Scherrer constant (0.9), f is diffraction broad-
ening and A being the wavelength of X-rays (1.54 A). The grain sizes were deter-
mined to be 1.33 nm and 1.95 nm for PHEMA and P(HEMA-co-NIPAM), respec-
tively. Crystallinity index was calculated using Eq. 10 [49],

I
Crystallinity index = % x 100 (10)
cy
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Fig. 16 XRD diffractograms of a PHEMA cryogel, b P(HEMA-co-NIPAM) cryogel
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where I, and /,,, represent the intensity of the peaks with highest and least intensi-
ties in the diffractograms, respectively. The crystallinity indices were calculated to
be 84.12% and 86.70% for PHEMA and P(HEMA-co-NIPAM), respectively.

Conclusions

HEMA and NIPAM monomers are copolymerized by redox polymerization method
in the presence of MBA cross-linker following a cryogelation technique to produce
P(HEMA-co-NIPAM) cryogels. Fourier-transform infrared spectroscopy (FTIR)
spectra of P(HEMA-co-NIPAM) show the characteristic peaks of HEMA and
NIPAM monomers thereby confirming the presence of both the monomers in the
synthesized cryogel. The surface morphology shows the presence of macropores
having pore sizes in the range of 11 to 111 um. The results of differential scan-
ning calorimetry (DSC) studies reveal two thermal decomposition temperatures
at 336 °C and 416 °C which is further confirmed by TGA analysis which reveals
decomposition temperature in the range of 300 °C to 445 °C. The prepared cryo-
gels are thermally stable also as indicated by the high decomposition point and
only 8% weight loss till 300 °C. Crystallinity index of the cryogel is determined to
be 86.70%. P(HEMA-co-NIPAM) cryogels having different compositions are pre-
pared, and their percentage equilibrium swelling and porosity are determined with
respect to monomers (HEMA and NIPAM), MBA, redox system, and the number of
freeze—thaw cycles. It is found that as the concentration of NIPAM, HEMA, MBA
and the number of freezing and thawing cycles increase during the synthesis process,
percentage equilibrium swelling and porosity decrease which results in the reduc-
tion in swelling capacity of the cryogels. However, with increased concentration of
redox components, the percentage equilibrium swelling and porosity also show an
increment. Equilibrium swelling of PHEMA-co-NIPAM) cryogel is slightly higher
at pH 1.6 and 8.5 in contrast to its value at pH 7.4. When the cryogel is immersed
in solutions prepared from various solutes and simulated physiological fluids, it dis-
plays a diminished swelling value. Thermo-sensitivity due the presence of NIPAM
monomer is retained in PAHEMA-co-NIPAM) cryogel also. It shows higher swelling
at lower temperature (10 °C), and the swelling declines as the temperature increases.
It shows a major decline in swelling after 20 °C. The prepared cryogel is found to
be biocompatible as it has hemolysis value of 0.336% only. Thus, from the observed
results it may be concluded that P(HEMA-co-NIPAM) cryogel is macroporous and
has good water sorption capability, thermal stability and biocompatibility. Based on
these bio-physical properties, it can be submitted that PIHEMA-co-NIPAM) has the
potential to be utilized in some biomedical applications such as tissue engineering.
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