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Abstract

Macroporous polymeric gels has received great attention in many fields focused on biotechnological applications. In this
study, two new HEMA-based cryogel columns were synthesized. To this end, poly(HEMA-VF) and poly(HEMA-NVP)
cryogels were prepared by copolymerization of 2-Hydroxyethyl methacrylate (HEMA) with N-vinylformamide (VF) and
N-vinylpyrrolidone (VP) in the presence of N,N-methylenebisacrylamide (as cross-linker), then polymerization initiated by
ammonium persulfate (APS) and N,N,N’,N'-tetramethylenediamine (TEMED) with free-radical polymerizations method in
cryogelation conditions, respectively. p(HEMA-VF) and p(HEMA-VP) cryogels contain a continuous polymeric matrix with
interconnected pores of size 2—100 pm. Swelling behavior for these cryogels in various solvents was investigated, wherein
the characterization of the cryogels is conducted via by surface area measurement (BET), Fourier transforms infrared spec-
troscopy (FT-IR), elemental analysis, scanning electron microscopy (SEM), Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA). As drug model compounds, Methyl Red (MR), methylene blue (MB) and methylene
green (MG) were loaded into prepared cryogels and the controlled release properties of cryogel columns were examined
comparatively each other. It has been shown that approximately 90% of its release from the cryogels occurred within about
2 h. In addition, MB release from p(HEMA-VF) and p(HEMA-VP) cryogels was found to be around 80% over a similar
period. The proposed cryogels can be regarded as controlled release system on future biomedical applications.
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1 Introduction

In terms of biotechnological applications, macroporous gels
have always been of interest from for the last two decades
[1, 2]. Hydrogels are three-dimensional cross-linked hydro-
philic polymeric networks that can maintain their physical
structure even under various environmental conditions such
as pH, heat, electric field and ionic strength and can swell up
to hundreds of times their original size with the absorbing
water ability, also considered as an intermediate between
liquids and solids [3]. They are important functional materi-
als that have numerous potential applications thanks to their
inherent characteristics, e.g. flexibility and elasticity, and are

> Koray Sarkaya
koraysarkaya@duzce.edu.tr

Department of Chemistry, Duzce University, 81620 Diizce,
Turkey

used in the design of advanced materials [4]. Cryogelation
is a simple method to prepare durable macroporous gels that
respond quickly to stimulants. The polymerization starts in
a frozen water-soluble monomer/polymer mixture, where
cryogelation occurs in the interstitial spaces between the
ice crystals. After the thawing of ice crystals, which are the
pore-forming functional component, a polymer network con-
sisting of interconnected pores is formed [5]. The advantages
of cryogelation in the preparation of hydrogels are that ice
crystals play the role of inert templates, thus avoiding the
absence of any organic porogen [6]. Cryogels are referred
to be as three-dimensional magaporous hydrogel matrices
that can be synthesized by the method of free radical polym-
erization at a temperature below the freezing point of the
solvent, usually using an initiator/activator system, by photo
or electron-beam initiation [7]. Unlike conventional hydro-
gels, cryogels have large pore size, short diffusion path,
good biocompatibility, and high mechanical and physical
stability [8]. For example, the fact that cryogel production
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takes place at temperatures below zero degrees protects the
proteins from conformational changes, and since natural
ice crystals are used instead of harmful organic solvents as
pore builders, health-damaging situations in the purifica-
tion and transport of food and therapeutic agents are mini-
mized [9, 10]. Cryogels can be synthesized from a variety
of artificial and natural polymers or combinations thereof.
In addition, these materials may be formed by both physi-
cal and chemical crosslinking of polymeric networks. It is
also prepared from water-soluble monomers with excellent
chemical and biological stability. Water-soluble monomers
containing functional groups can easily polymerize with
suitable crosslinking agents. For example, such as hydroxy-
ethyl methacrylate (HEMA) [11], acrylamide (AAm) [12],
N-isopropylacrylamide (NIPAm) [13], dimethacrylamide
(DMAAm) [14], Hydroxypropyl methacrylate (HPMA)
[15], N,N-dimethylaminoethyl methacrylate (DMAEM) [16]
are among the most commonly used monomers for this pur-
pose. Due to its properties based on mechanical and thermal
stability, also with biocompatibility on synthesis process,
2-hydroxyethyl methacrylate (HEMA)-based cryogel and it’s
modifications are frequently used in many applications still
in literature [17-20]. Cryogels that can be produced in mon-
olithic column, membrane-disk, spherical or micro-shape
have a wide range of applications covering the fields of insu-
lation, environment, food, health, biotechnology, catalytic
reduction of organic compounds and electronic approaches,
recently [21-23]. For example, these polymeric materials
can be used efficiently in biosensors [24], as support mate-
rial in chromatography [25], tissue scaffold in tissue engi-
neering [26], therapeutic agent delivery system such as drug
or protein [27]. In addition, cryogels can be produced as
exclusive composite materials prepared by increasing the
surface area by embedding micro- or nano scale spheres,
beads or gels in the cryogel matrix [28]. Also, cryogels are
unique because they are prepared by a very simple method,
allowing the formation of interconnected large open pore
network structures that can participate in a wide variety of
applications depending on the it’s morphological features
[29]. Cryogels are known as mezoporous or macroporous
gels, have spongy morphology. It has thin polymeric walls,
usually non-porous, and large continuously interconnected
pores. These interconnected macropores allow mobile phase
flow with negligible flow resistance. Parametres are such as
the concentrations of both monomer and cross-linker pri-
marily used in the polymerization reaction, the ionic strength
and pH of the solution, the change in the cooling rate of the
polymerization cryogelation conditions cause differences
in the pore size and pore wall thickness differentiation of
cryogels. The size of macropores in cryogels ranges from
tens or even hundreds to just a few micrometers. Pores of the
cryogels acts as the channel for the easy diffusion of drug
molecules into polymer, and then the pore size, pH and / or
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temperature of ambient conditions control the release of the
drug entrapped in the cryogels. This exclusive feature makes
it important for potential applications of cryogels in drug-
controlled release systems [30-33]. In addition, there are
studies in the literature for various azo dyes, whose adsorp-
tion are quite predictable due to their intense color, are also
can be used as model test drugs in oerder to investigation for
the release performance of hydrogels [34-37].

In this study, the free radical polymerization method was
applied and the N-vinylformamide (VF) and N-vinylpyrro-
lidone (VP) monomers were copolymerized with HEMA,
then p(HEMA-VF) and p(HEMA-VP) cryogels were synthe-
sized for the first time in the literature. N-vinylformamide
(VF) is a water-soluble, colorless liquid, which dissolves
in most polar solvents, such as methanol, ethanol, chloro-
form, and THF. N-Hexane and n-butane are two of its poor
solvents. VF is stable and can be stored at room tempera-
ture for months. VF has shown attractive high reactivities
in polymerization, copolymerization, and hydrolysis, and
it was selected as the comonomer since it is water-soluble
and possesses much lower toxicity than acrylamide [38].
Also, having good solubility in water and in some organic
solvents, N-vinylpyrrolidone (VP) is one of the hydrophilic
monomers suitable for the synthesis of hydrogels but also
provides the use as a dressing material [39]. Although VF
and VP based hydrogel synthesis are encountered within
the scope of the literature review [40-44], studies about,
which two monomers are subjected to copolymerization
in cryogel form are quite limited [45]. As mentioned, the
main criterias for choosing p(HEMA) as the main monomer
are inert, mechanical resistance, chemical, and biological
stability features of the monomer. The swelling behavior
of cryogels in some of polar and non-polar solvents was
investigated. FT-IR, SEM, BET, Elemental, DSC, and TGA
analyzes were performed for the characterization of the pre-
pared cryogels. Dyes of methyl red (MR), methylene blue
(MB) and methylene green (MG) was selected as the drug
model to investigation of release performances of cryogels.
Kinetic and isotherm calculations were performed depend-
ing on release studies.

2 Experimental section
2.1 Materials

The monomers HEMA (2-Hydroxyethyl methacrylate), VF
(N-vinylformamide) and VP (N-vinylpyrrolidone), and [(N,
N’-methylene-bis(acrylamide)), (MBAAm)] as cross-linker
were obtained from Sigma (Sigma Chemical Co., USA).
Ammonium persulfate (APS) as an initiator and N,N,N’,N’-
tetramethylene diamine (TEMED) as the accelerator was
obtained from Fluka A.G. (Buchs, Switzerland). All dyes
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were obtained from Merck AG, Germany. The other materi-
als used in the experiments were of chemical purity and were
washed with distilled water. Buffer and sample solutions
were filtered before use with a 0.2-pm membrane (Sartorius,
Gottingen, Germany). Before starting the experiments, all
glassware was washed with the dilute nitric acid solution.

2.2 Synthesis of cryogels

The procedure of the HEMA-based cryogel sample is men-
tioned before previous studies [11, 46]. Accordingly, with
procedure for this study, 1.3 ml of HEMA and a 170 pl of
NVF were dissolved in 5 mL water, and 0.2 g of MBAAm
was dissolved in 10 mL water. Then, these two solutions
mixed together. 20 mg APS was added to the mixture and it
was dissolved thoroughly. Subsequently, 25 uL. of TEMED
was added, and after mixing, the solution was dispensed into
5 mL plastic syringes (0.8 cm in diameter). Cryogel solu-
tions were quickly cooled to -18 °C and kept at this tempera-
ture for 24 h. The cryogel, which is produced by free-radical
polymerization, was removed from the freezer after 24 h.
Prepared cryogel was washed with distilled water for several
hours, in case there may be unreacted monomers. The same
procedure above was used for the synthesis of p(HEMA-
NVP) cryogel with the addition of a 210 ul of NVP, instead
of NVF monomer. In order for the results to be comparable,
p(HEMA) cryogel was synthesized. The preparation of pure
p(HEMA) cryogel does not include the both N-VF and N-VP
monomers in the procedure mentioned.

2.3 Swelling and porosity tests of cryogels

All cryogel samples were dried at 50 °C. Dried cryogels
were weighed, then placed in 50 ml of distilled water and
kept in water for 2 h. The interaction of the cryogels with
water was terminated, then it was wiped from a filter paper
and its weight was measured again. Qualitative results for
all cryogels weights was taken both in the dry state and
in the water. As shown in the following Equation (Eq) (1)
expression, the quantitative difference between the weights
of the cryogel in both cases allowed determination of the
water uptake rate of the cryogels. The scope of this test was
expanded by using solvents such as n-hexane, benzene, eth-
anol, acetone, chloroform, methanol, N,N-dimethylforma-
mide (DMF), acetonitrile, and dimethyl sulphoxide (DMSO)
as non-polar or polar ones to investigate the swelling ability
of cryogels. The swelling degree of cryogels was defined as:

The solvent uptakeratio % = [(W, — W)/W,] X 100 (1)

W, is the weight of the cryogel before swelling and W is
the weight of the cryogel after swelling.

The total volume of macropores in the swollen cryogel
was roughly estimated by the weighing sample (W eezed get)
after squeezing free water from the swollen gel matrix. The
% porosity was calculated as [15, 47];

Porosity (@) % = [(W; — W querzed ge)/ W] X 100 )

Gelling efficiency % = [(W,/W,)] x 100 3)

According to this equation w,; refers to the total mass of
monomers in the polymer syrup.

2.4 Characterization studies

The structure of p(HEMA), p(HEMA-VF) and p(HEMA-
VP) cryogels was examined by FTIR Spectrometer (Thermo
Nicolet iS10 FTIR-ATR Spectrometer, USA) was taken in
the wavelength range 4004000 cm™ to investigate whether
N-vinylformamide and N-vinylpyrrolidone are added to the
structure of p(HEMA)-based cryogels that are intended to
be functional with VF and VP, then the results obtained were
compared with each other. Before analysis, the samples were
dried in the oven at 50 °C for 6 h. The surface area and
porosity properties of cryogels were determined by using
the Brauer-Emmett-Teller (BET) method with mercury poro-
simetry. The surface morphology of prepared cryogels was
examined using SEM (Carl Zeiss AG—EVO® 50 Series,
Germany). For the preparation protocol of samples for SEM
analysis, a dried cryogel sample was attached to the SEM
holder with double-sided carbon tape before coating with a
thin layer of gold under vacuum. Then, cryogel sample was
placed into the SEM instrument and images were taken at
different magnification rates. The elemental analyzer (Flash
2000 CHNS/O Analyzers, USA) was used to determine the
content of the obtained cryogels. 10 mg of polymer sam-
ple was weighed with precise sensitivity into the cell of the
elemental analyzer and as a result of the combustion process,
the percentage of carbon (C), hydrogen (H), and nitrogen
(N) was determined as the polymer sample. The thermo-
gravimetric analyzer (Shimadzu DTG-60H, Japan) was used
for the determination of the chemical content and thermo-
stability of cryogels. In that case, the temperature increment
and nitrogen flow rate were, respectively, set to 10 degrees/
min and 100 mL/min.

2.5 Dye loading and release studies

In this study, the release performances of cryogels were
investigated using methyl red (MR), methylene green (MG),
and methylene blue (MB) as model drugs. The experimental
method was carried out according to the procedure in the lit-
erature [34]. All dried cryogels were left to swell for one day
at 25 °C in beakers containing 100 ppm (mg/L) methyl red,
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methylene blue, and methylene green solution prepared in an
aqueous solution. The cryogels left to swell in the prepared
dye solutions were removed from the solution the next day
and the dye residues remaining on the surface of the cryo-
gels were dried with towel papers. The dye loaded-cryogels
were dropped into 50 mL of distilled water and chemical
release was initiated. The absorbance values of the aqueous
dye solutions released from the sample were measured on a
UV-VIS spectrometer. Absorption values of the dye solu-
tions was measured at 440 nm, 668 nm and 633 nm wave-
lengths for MR, MB, and MG, respectively. The standard
calibration curves of the absorbance as a function of the MR
(at 440 nm), MB (at 668 nm), and MG (at 633 nm) has a
linear relationship with correlation coefficients (r) of 0.9934,
0.9991, and 0.9967, respectively. Dye concentrations in solu-
tions released from the cryogels was calculated as a result
of the equation derived from the absorbance data obtained
from the calibration curve.

This linear relationships can be measured by the follow-
ing equations:

y = 0.0002x + 0.0063 (for MR, at 440 nm),
y = 0.2308x + 0.0326 (for MB, at 668 nm)

y = 0.1921x 4 0.0632 (for MG, at 633 nm)

Dye concentrations in solutions released from the cryo-
gels was calculated as a result of the equation derived from
the absorbance data obtained from the calibration curve. In
swellable systems, drug release usually occurs under condi-
tions that are incompatible with Higuchi or Fickian behav-
ior. The following equation can be written for diffusion-
controlled and swelling-relaxed controlled drug release [48].

A%;:kl\/;"'kzt 4)

Equation (4); denotes constants k;, k, and m. The first
term to the right of equality refers to Fickian diffusion (F)
and the second term to Case-II transport (R). This equation
can be written more generally as follows:

Ml

v, =K )

©

In this equation; the total amount at the time of m,, t; M
is the total amount when it reaches equilibrium; k is the
constant associated with the geometric characteristics of the
system; n refers to the release exponent, which indicates the
drug release mechanism.

This equation was first reported in 1985 by Peppas et al.
Therefore, it is also known as "Peppas equation". Peppas
equation is valid for the first 60% release [49]. The drug
release mechanisms and the values of the release exponent
are shown in Table 1.

3 Results and discussion
3.1 Characterization results

All prepared cryogel columns are cylindrical shape, and also
have opaque, spongy, and elastic structural properties. One
of the most typical features of cryogels is the interconnection
of macropores and spongy morphological structures. Most
of the water contained in spongy cryogels is in macropores
and can be removed from macropores by mechanical com-
pression. When the cryogels that have shrunk by losing their
water are kept in the water again, they regain their original
size and appearance in a short time. Drying and re-inflation
can be repeated without damaging the macroporous struc-
tures of the cryogels. Therefore, these properties provide a
good advantage for chromatographic applications of these
macroporous polymers. Optical photographs for the mor-
phological size of both p(HEMA-VP) and p(HEMA-VF)
cryogels are given in Figs. la and b, respectively.

The elemental composition of p(HEMA), p(HEMA-VF),
and p(HEMA-VP) cryogels was measured by the EDAX
method. Also, element mapping for all cryogel samples was
shown by the same method in between Fig. 2a and c. The
mass percentage of elements for these cryogels were 53.86%
C (carbon) and 46.14% O (oxygen) for p(HEMA )-based cry-
ogels, 45.04% 0, 49.04% C, and 5.92% N for p(HEMA-VF)
cryogel, 44.12% O, 48.27% C, and 7.61% N for p(HEMA-
VP) cryogel, respectively. This indicates the presence of
“N’’ atoms in the VF and VP monomer. Because of the
presence of these atoms, this monomer can be evaluated as
a co-monomer. It can also be regarded as a functional mono-
mer by allowing coordinated covalent bonds to be made over

Table 1 Drug release

. n, release exponent
mechanisms and the values of

Drug release mechanism

the release exponent Thin film Cylinder Sphere
0.5 0.45 0.43 Fickian diffusion
05<n<1.0 0.45<n<0.89 043<n<0.85 (Non-Fickian) Anamalous transport
1.0 0.89 0.85 Case-II transport
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a

Fig. 1 Elastic morphology of cryogel samples; a p(HEMA-VP) cryo-
gels, b p(HEMA-VF) cryogels (Color figure online)

the nitrogen groups with the metal groups as template ions
for future studies based on molecularly-imprinted polymers.

The ability of the functional groups to characterize the
incorporation of N-vinylformamide and N-vinylpyrrolidone
monomers into PHEMA cryogel was determined by FTIR
spectrophotometry. The changes that occur after the mon-
omers have been incorporated into cryogels are shown in
Fig. 3 of the cryogels and can be examined in the FT-IR
spectra. FTIR spectrum of poly (HEMA) cryogel is shown in
Fig. 4. When the spectrum is examined, there are 3300 cm™!
(OH stretch), 2960 cm™! (CH alkyl stretch), 1710 cm™!
(C=0 stretch) and 1150 cm™" (C-O stretch) bands. When
the spectra are evaluated together, many common bands

+— S0um

— 50pum

0 0.30 0,70 keV 0.30 0.70 keVv

— 50pm

are seen. Similar bands in the spectrum of the p(HEMA)
cryogel are also found in the spectrum of the p(HEMA-VF)
cryogel, but addition for pf(HEMA-VF) cryogels; the peaks
around 3200-3350 cm™! have characteristic N-H vibration
bands and these peaks are observed together since the -OH
group is present in the structure. The peak observed around
1244.09 cm~! belongs to the C-N vibrations. The peaks
are at 1653 cm™! and 1530 cm™! indicates the Amide I and
Amide II bonds, respectively. Also, the FT-IR spectra of
N-vinylpyrolidone HEMA-based cryogel is examined, it is
observed at 3385 cm™! (O-H stretching), 2942 cm™! (ali-
phatic streches), 1724 cm~! and 1658 cm™! (C =0 stretch-
ing, ester carbonyl, the most significant observation is the
polymerization rate of the band at 1658 cm™! compared to
the characteristic band of the groups of carbonyl and amide,
respectively) and 1426 cm™! and 1152 cm™! (C—O-C bend-
ing and C-N stretching). In all HEMA-based cryogel syn-
thesis, it has been registered that HEMA is fully involved
in the structure.

The Surface and bulk structure of cryogels were exam-
ined by scanning electron microscopy (SEM). For this pur-
pose, the polymer part was attached to the SEM sample
plate with a conductive adhesive. Subsequently, the sam-
ple surfaces were covered with 200 A thick metallic gold
under vacuum to make the surface conductive. Prepared
samples were placed into SEM sample chamber and pho-
tographed at various magnification rates. Ice crystals form
during the polymerization of cryogels, and when ice crys-
tals melt, interconnected pores are formed. In Fig. 4, SEM
photographs of p(HEMA), p(HEMA-VF) and p(HEMA-VP)
cryogels are shown. An advantage of cryogels is that the
pores inside are large, so the contact surface is lower than
expected. As can be seen from SEM photographs for all

p(HEMA-VP)

p(HEMA-VF) ¢

—— 501m

0 0.30 (.70 keV

Fig.2 Elemental analysis results and elemental mapping for cryogels a p(HEMA), b p(HEMA-VF) and ¢ p(HEMA-VP) cryogels (Color figure

online)
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Fig.3 FT-IR spectrums of p(HEMA), p(HEMA-VF) and p(HEMA-VP) cryogels (Color figure online)
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Fig.4 SEM photos of cryogels; a: p(HEMA), b: p(HEMA-VF) and c: p(HEMA-VP) (Color figure online)

HEMA-based cryogels, the pores are in the range of approxi-
mately 2—100 pm. It is clearly seen from the SEM photo-
graphs that the all cryogel structures has a porous struc-
ture, interconnected porous channels and homogeneously
cross-linked network structure. It is also observed that there
are no smooth fractures in its morphological structure that
impair the structural integrity. This situation is consistent
with the results of swelling tests and has been evaluated as
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evidence that cryogels can maintain their structural stability
longer during the experiments. Thanks to the wide pores,
when working with viscous liquids such as tissue extract
and blood, there is no back-pressure problem in the cryogel
columns. Thus, there is no diffusion restriction and mass
transfer is easier compared to conventional columns con-
taining microspheres. The pore size of the matrix is much
larger than the size of the biomolecules (protein or drugs
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etc.) or organic compounds as dyes, which allows them to
pass easily. As a result of the convective flow of the solu-
tion through the pores, the mass transfer resistance can be
practically neglected. This open structure allows the liquid
to be forced from the polymer without being compressed
using flow rates of the polymer suitable for chromatographic
purposes [50]. In addition, this situation provides a suitable
ground for adsorption studies. According to the results of
surface area measurements performed with mercury poro-
simetry, the surface areas of p(HEMA), p(HEMA-VF) and
p(HEMA-VP) cryogels are 15.31 m*/g and 16.99 m*/g and
16.42 m*/g, respectively. Pore size distributions are deter-
mined by mercury porosimetry, so for all cryogel columns
pore sizes are in the range of 2—100 um. It is seen that the
results of SEM photographs and mercury porosimetry are
compatible with each other. Inferring from these results that
cryogels were successfully synthesized, and the pore size
and distribution were as expected.

TGA method was used to examine the thermal stabil-
ity and chemical content of p(HEMA), p(HEMA-VF) and
p(HEMA-VP) cryogels. Also, a thermogram of p(HEMA)
cryogel was investigated with the same process, so that

Fig.5 a TGA thermograms a 1
of p(HEMA), p(HEMA-VF) -
and p(HEMA-VP) cryogels. b 100,00
DSC thermograms of pHEMA, 90,00+
p(HEMA-VF) and p(HEMA-
VP) cryogels (Color figure
online)

comparison of the results with other cryogels. To meet
the requirements of this method, weights of cryogels were
recorded at different temperatures and the results are shown
in Fig. 5a. When we examine the thermogram of p(HEMA-
VF) cryogel, it is understanding that there are two thermal
degradations. The majority of mass loss occurs after the first
thermal degradation. The mass loss after the first degrada-
tion that started after 270 °C is around 73.48%. After 370 °C,
the second thermal degradation started and with its 90.61%
mass loss, its thermal stability continues up to 650 °C due
to its cross-linked natural structure. According to the ther-
mogram of p(HEMA-VP) cryogel, the first thermal degrada-
tion started just above 300 °C. Approximately 69.05% of the
mass loss is experienced in this process. At almost 400 °C,
this time the second thermal degradation takes place, and
the mass loss reaches about 89%. The thermal stability of
this cryogel continues just above 650 °C due to the presence
of its cross-linked structure. Two thermal degradations are
observed in the thermal analysis of pure p(HEMA) cryogel.
These results are consistent with studies in the literature for
pure p(HEMA) cryogel [51, 52]. The onset temperatures of
these mass losses are observed at earlier temperature points

300 400

—p(HEMA)

5001 _____ o(HEMA-VF)
400] —— p(HEMA-VP)

200 300 400 500 600
Temp [C]
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compared to the corresponding values of p(HEMA-VF)
and p(HEMA-VP) cryogels, while thermal stability ends at
around 610 °C. It can be interpreted that the thermal stability
of the new crosslinked cryogels obtained as a result of copo-
lymerization of the HEMA monomer with N-NF and N-VP
monomers is longer, the mass losses are more delayed, and
the presences of comonomers increase the thermal stability
of HEMA-based pure cryogels. One of the common behav-
iors in all cryogel samples is the observation of mass loss in
and around 100 °C of temperature. It is thought that this situ-
ation may still have some water residue in every structure.

When the sample undergoes a physical or chemical
change, a change due to these changes is observed in the
enthalpy. The amount of energy absorbed or released while
the sample is being heated, cooled, or maintained at a con-
stant temperature is measured by a differential scanning
calorimetry device (DSC). DSC thermograms were obtained
to analyze the thermal behavior of the prepared cryogels.
Also, Fig. 5b shows the DSC thermograms of cryogels. The
glass transition temperature (Tg) was found at 80 °C during
the first transition in the DSC curve for pHEMA cryogel.
And, thermogram also shows a sharp endotherm starting at
336 °C and ending at about 410 °C with a peak at 380.19 °C,
which simultaneously represents the melting point (T) and
degradation of the PHEMA cryogel. Depending on the syn-
thesis conditions, it can be understood from the similar ana-
lyzes in the literature that the glass transition temperatures
of pure p(HEMA) cryogels can occur between 80-100 °C
[53]. Regardless of temperature and independent of gamma
radiation, the value for (Tg) of obtained pHEMA cryogel
after bulk polymerization is 80 °C. The initial endothermic
transition temperature for p(HEMA-VP) cryogel is observed
to be about 90 °C, which corresponds to the initial (Tg,)
temperature. And, melting point and decomposition tem-
perature (Td) are determined from the second endotherm
observed from 298 °C to 410 °C with a peak value cen-
tered at 368.29 °C. For p(HEMA-VP), Tg, was determined
as 90 °C. Then, with the peak at 375 °C, melting point and
decomposition temperatures can be observed again from the
second endotherm curve range of 320 — 420 °C.

(The glass transition temperature (Tg) and decomposition
temperatures (Td) data for all cryogels obtained from DSC
and TGA thermograms are summarized in Table X, as sup-
plementary info.)

3.2 Swelling tests of cryogels

The swelling behaviours of the prepared cryogels is very
important in terms of their usability based on adsorption
studies. Cryogels do not dissolve in the aqueous medium,
but swell by holding water, depending on the degree of
crosslinking and the hydrophilic property of the poly-
mer matrix. Therefore, this privilege also applies to the

@ Springer

synthesized cryogels for this study. At this stage of the
study, the swelling properties of HEMA-based cryogels
prepared by functioning with N-vinylformamide (VF) and
N-vinylpyrrolidone (VP) were investigated by the addition
of these comonomers to the structure. p(HEMA)-based
cryogels have hydrophilic structures so that their ability to
absorb large amounts of water. p(HEMA) cryogels have a
mesh-like porous structure thanks to their crosslinking with
N,N’-methylene(bisacrylamide). p(HEMA )-based cryogels
show the ability to hold a high amount of water within this
reticulated structure. The weight-based equilibrium swell-
ing rates of prepared cryogels for this study were calculated
as 8.69 g H,0O/g cryogel, 8.99 g H,0/g cryogel and 8.83 g
H,0/g cryogel for p((HEMA), p(HEMA-VF) and p(HEMA-
VP) cryogels, respectively. In other words, the percent-
age of swelling rates were measured as 869%, 899% and,
883% for p(HEMA), p(HEMA-VF) and, p(HEMA-VP),
based cryogels respectively. As a result of the hydrophilic
comonomers they contain p(HEMA-VF) and p(HEMA-
VP) cryogels, the swelling and swelling rates are higher
than the pure p(HEMA) cryogel. In addition, thanks to the
large surface area and wider pore size range contained by
the two new pHEMA-derived cryogels, it provides higher
swelling values by allowing it to hold more water than pure
p(HEMA) cryogel. Since p(HEMA-VF) and p(HEMA-VP)
cryogels are more hydrophilic, they interact with more water
molecules. It is very important that pore shape, size and
pores are interconnected in terms of transporting nutrients,
drugs or many different derivatives such as waste materials.
In addition, pore size is very important for chemical mol-
ecules that will settle in cryogels to attach and reproduce
there. Therefore, the porosity of the prepared cryogel is an
easy-to-apply and fast method that can potentially give an
idea for the usability of chemical release systems [54]. Also,
the % porosity values for (p(HEMA): %75.47, p(HEMA-
VF): %80.26, and p(HEMA-VP): %79.12) was calculated
according to Eq. (2). The gelling efficiency is an indicator
of the crosslinking quality of the polymers synthesized and
therefore whether the monomers are effectively converted
into polymers [10]. In this study, gelling efficiency rates
(p(HEMA): %90, p(HEMA-VF): %88, and p(HEMA-VP):
%86) of all cryogels are very close to each other. This result
shows that the applied freezing regime and polymerization
process is both reproducible and not affected by the presence
of comonomers. The results for physicochemical properties
for all cryogels are presented in Table 2.

The solubility parameter expressed by the symbol 6 is
known as the square root of the evaporation energy per unit
of material. Thus, & is closely related to the adhesion of the
material or the force of attraction between the molecules
that make up the material. A method that can be frequently
applied for crosslinked polymers or that can be adapted to
a partially crystalline material is based on evaluating the
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Table 2. l?hysicochemicatl Cryogel columns Specific surface  Pore size Porosity (%) Gelling effi- ~ Water uptake
properties of all cryogels area (m?/ 2) diameter (pm) ciency (%) (gH,0O/g cryo-
gel)
p(HEMA) 15.31 2-100 75.47 90 8.69
p(HEMA-VF) 16.99 2-100 80.26 88 8.93
p(HEMA-VP) 16.44 2-100 79.12 86 8.83
Table 3 Swelling behavior results of p(HEMA), p(HEMA-VF) and 1200
p(HEMA-VP) cryogels in various solvents % Solvent uptake ratios of cryogels
Solvent 6 (call % swell- % swell- % swelling 1000 u
cm?)!? ing ratio ing ratio ratio ° Y\ | 4~
[58] p(HEMA) p(HEMA-VF) p(HEMA-VP) 40 § ’ |
£ \
n-Hexane 7.3 275.68 241.44 308.90 600 § \ R ETS—
Benzene 9.2 361.37 340.92 293.66 % n\ ? —6— p(HEMA-VF)
Chloro- 9.3 466.27 464.43 535.15 400 Y il P(HEMA-VP)
form o= \)
Acetone 9.9 488.82 519.37 529.50 200 v
Acetoni- 11.9 245.46 171.43 126.96 Hildebrand solubility parametres of solvents, & (cal/cn’)/?
trile o
0 5 10 15 20 25
DMF 12.1 912.66 836.07 505.68
Ethanol 12.7 746.27 784.43 755.15 . ) )
DMSO 12.9 385.97 1012.13 350.96 Fig.6 % Solvent uptake ratios of cryogels (Color figure online)
Methanol  14.5 535.67 408.05 451.13
Water 234 868.80 898.40 882.60

maximum in swelling using a series of solvents of variable
and known solubility parameters [55]. As clearly seen from
Table 3, the swelling ratio of cryogels in different solvents,
itis observed that there is an increasing tendency from non-
polar organic solvents to solvents with a high polar charac-
ter, such as from n-hexane to ethanol or water. This further
enhanced the swelling capacity of its hydrophilic monomers,
such as N-vinylformamide and N-vinylpyrrolidone, which
are also incorporated as comonomers in cryogels of HEMA-
based structure. Some studies on the swelling behavior of
hydrogels in different solvents have recently been included
in the literature [56, 57]. As far as is known, no such inves-
tigation has yet been carried out for cryogels. At this point,
in this study, which will be a first in the literature, the high-
est swelling tendency of HEMA-based cryogels could be
expected to be in water. However, as a result of the swell-
ing test in DMSO, which is known as the solvent with the
highest dielectric constant and polarity, it was calculated
that p(HEMA-VF) cryogel has the highest swelling rate.
For another interesting evidence that p(HEMA) cryogel has
shown over 9 times greater swelling in DMF, which has the
second one highest dielectric constant, and polarity solvent
in this group. It is understood that HEMA-based cryogels
can better swell in polar solvents. Swelling behavior of

cryogels in various solvents as % uptake ratios are presented
in Fig. 6.

3.3 Chemical release behaviour of cryogels

The optical photographs of dye loaded cryogels and dye
releases are presented in Fig. 7. MR was preferred as one
of a model test compounds in release studies due to its very
dark color in aqueous solutions and low biodegradabil-
ity due to the presence of aromatic groups in its structure
[59]. Cryogels are critical in biological applications due to
their osmotic, chemical, and mechanical stability as well
as being water-insoluble polymeric structures composed of
hydrophilic copolymers and depending on the presence of
the cross-linkers, in which they contain [60]. Furthermore,
due to their macroporous structure, cryogels exhibit rapid
swelling kinetics. As a result of these advantages, they are
used as carrier molecules in the design of release systems
for various drugs, proteins, peptides, and a variety of chemi-
cal compounds [61]. In this study, the release mechanism
was based on swelling controlled systems, for which the
controlled release occurs due to swelling of the polymer by
taking water [62]. The swelling increases the elasticity of
the polymer and provides the formation of large pores. Drug
release from swellable polymers is based on the glassy-
elastic transition of the polymer as a result of the solvent
entering the polymer matrix. As soon as the solvent enters
the polymer structure, the polymer swells and the glass

@ Springer



862 Journal of Porous Materials (2021) 28:853-865

Fig. 7 Optical photographs

for dye loaded-cryogels and

dye releases process: a MR-
adsorbed p(HEMA-VF) cryogel,
b MR-adsorbed p(HEMA) cryo-
gel, ¢ MR-adsorbed p(HEMA-
VP) cryogel, d MB-adsorbed
p(HEMA) cryogel, e MB-
adsorbed p(HEMA-VF) cryogel,
f MB-adsorbed p(HEMA-VP)
cryogel, g MG-adsorbed
p(HEMA) cryogel, h MG-
adsorbed p(HEMA-VF) cryogel,
i MG-adsorbed p(HEMA-VP)
cryogel, j MB-release from
p(HEMA) cryogel, k MB-
release from p(HEMA-VF)
cryogel, | MB-release from
p(HEMA-VP) cryogel, m MG-
release from p(HEMA) cryogel,
n MG-release from p(HEMA-
VF) cryogel, 0 MG-release from
p(HEMA-VP) cryogel (Color
figure online)
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Fig. 8 Chemical release of dyes from p(HEMA), p(HEMA-VF) and p(HEMA-VP) cryogels as cumulative calculations: a (for MR from cryo-
gels), b (for MB from cryogels), ¢ (for MG from cryogels) (Color figure online)
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transition temperature drops. Thus, the glassy polymeric
structure becomes elastic and drug release begins. When
we examine the chemical release behavior of cryogel sam-
ples in Fig. 8, we understand that all cryogels perform free
release. During the first 25 min of release, p(HEMA-VF) and
p(HEMA-VP) cryogels produced approximately 58.64% of
MR’s release, while pure p(HEMA) released 54.68%. The
release rate reached 60% by the 30th minute. Generally,
the cryogel samples exhibited similar release behavior, and
p(HEMA-VF) and p(HEMA-VP) cryogels produced a total
release of 89.98% and 86.64%, respectively, over a 120-min
period. Also, pure p(HEMA) cryogel columns reached 80%
as the maximum release level, which is lower than that of
p(HEMA-VP) and p(HEMA-VF) cryogel columns. We can
explain the release capacity of p(HEMA-VF) and p(HEMA-
VP) cryogels to higher values compared to pure p(HEMA)
cryogel. The hydrophilic character of p(HEMA-VF) and
p(HEMA-VP) cryogels was increased compared to HEMA-
based cryogels after the addition of N-vinylformamide and
N-vinylpyrrolidone to HEMA-based cryogels as evidenced
by the water uptake experiments. The release of chemical
substances became easier and higher after the swelling with
water after the change of the hydrophilic character of the
cryogels showing free release behavior progressing with the
swelling controlled system mechanism. MB is a water-solu-
ble basic dye that is observed in dark colors and even in trace
concentrations. The alkaline character of the p(HEMA-VF)
and p(HEMA-VP) comonomers enabled these cryogels to
have strong covalent interactions with MB. Since p(HEMA-
VF) and p (HEMA-VP) cryogels strongly adsorb MB, the
percent release of MB from these cryogels is higher than that
of pure p(HEMA) cryogel. Howeyver, these results in Fig. 8b.
has shown that it remains at a relatively low level compared
to MR release from all HEMA-based cryogels. The release
of MB from both p(HEMA-VF) and p (HEMA-VP) cryogel
columns are delayed as a result of the strong alkaline inter-
action between comonomers of cryogels and MB. MG is
alkaline-cationic dye, and it can be used as a pH indicator,
which is green in the pH 2-3 range. However, it turns blue at
pH values are greater than 3. [63]. Since distilled water was
used as the solvent in order to prepare of MG solution, the
color of the mixture turned blue in a short time. 60.58% MG
was released from the p(HEMA-VF) cryogel after 120 min.
Over the same period of time, this cumulative result was
found to be 57.65% and 52.76% for p (HEMA-VP) and pure
p(HEMA) cryogels, respectively. The acidic dye MR release
occurs faster than MB and MG releases known as alkaline
dyes. This result can be explained by the stronger covalent
interaction of alkali monomers such as VF and VP in the p
(HEMA) structure against dyes with similar character such
as MB or MG.

Absorption of water from the environment in the poly-
meric gel system affects the dimensions, physicochemical
properties and hence drug release kinetics of the system.
Although there are many mathematical models that model
drug release from swellable polymeric systems, a single
model alone is not successful enough to predict all the exper-
imental observations. Generalized empirical equations are
frequently used in drug release, since even the most complex
models do not provide the appropriate formula and require
many solution techniques. In this study, the equation defined
by Peppas, which is detailed in Eq. (4) and Eq. (5), are used
in order to determine the release mechanism of cryogels.
The relative effect of macromolecular relaxation on the drug
delivery mechanism can be easily determined by modifying
the experimental data to this equation. However, this equa-
tion can be applied for during the first 60% of the total drug
release. “Eq. (5).” is used to describe the overall transport
behavior of the solvent in the polymer and describes the
type of diffusion mechanism depending on the value of “'n’’.
The basis of “’n’’ is obtained by plotting the output of this
equation on the logarithmic scale and calculating the linear
slope and the correct slope. In Table 4, n and k values for
released from cryogel columns containing different dyes are
presented together with the regression coefficientsare. The
‘n’ release exponential, which determines the drug release
mechanism, is calculated between 0.5 and 1 in all release
studies. The value of 'n’ between these values shows that
the emission complies with the non-fickian theory accord-
ing to the Power law. The release compliance with this law
indicates that the system that controls dye release from the
HEMA-based cryogel columns is a mixture of swelling and
diffusion-controlled release. The 'k’ value obtained from
the power law and expressed as diffusion exponential has
increased with the increase of the emission percentage
cumulatively, in other words, the acceleration of the release.

Table 4 n, k and R? values for all dye released cryogels

Cryogel n k R?

MR released from p(HEMA) 0.5223 0.0481 0.978
MR released from p(HEMA-VF) 0.6557 0.0608 0.995
MR released from p(HEMA-VP) 0.5423 0.0581 0.986
MB released from p(HEMA) 0.5110 0.0461 0.965
MB released from p(HEMA-VF) 0.611 0.0592 0.987
MB released from p(HEMA-VP) 0.602 0.0543 0.974
MG released from p(HEMA) 0.507 0.0396 0.962
MG released from p(HEMA-VF) 0.555 0.0533 0.975
MG released from p(HEMA-VP) 0.513 0.0498 0.969
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4 Conclusions

In this study, the synthesis and characterization of
p(HEMA-VF) and p(HEMA-VP) cryogels containing
N-VF and N-VP comonomers were performed for the first
time in literature. Via DSC and TGA, it is shown that
p(HEMA-VF) and p(HEMA-VP) have improved compa-
rability as compared to pure HEMA-based cryogels. Due
to hydrophilic character of the comonomers contained in
p(HEMA-VF) and p(HEMA-VP) cryogels, the swelling
properties in water are improved significantly. Thus, cryo-
gels are hydrophilic polymers capable of absorbing large
amounts of water and water-soluble analytes. As a result,
it may provide a cell or tissue-like environment to func-
tion biologically or naturally [64]. Furthermore, it was
found that the chemical stability or physical properties of
cryogels in different character solvents did not deteriorate,
while maintaining their swelling properties partially. Con-
sidering the experimental feedbacks and the mathematical
models applied to these results, the chemical release per-
formances of the synthesized cryogels may be preferred
as alternative polymeric systems for future experimental
studies based on drug release using as injectable cryogels.
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