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Abstract

In this study, N-vinylcaprolactam (VCL) and methacrylic acid (MAA) based copoly-
meric hydrogels with different VCL/MAA molar ratios were produced to develop a
temperature-sensitive biomaterial for use in drug delivery systems. For this purpose,
poly(N-vinylcaprolactam-co-methacrylic acid) hydrogels, symbolized p(VCL-co-
MAA) were synthesized by free radical polymerization in an ethanol medium using
different monomer ratios at 70 °C with 2,2'-azobis(2-methylpropionamidine) dihy-
drochloride (AMPA) as an initiator, and in the presence of crosslinking agent (N,N'-
methylenebisacrylamide). The structures of hydrogels were confirmed by Fourier
Transform Infrared Spectroscopy (FTIR). The addition of MAA, which has an ion-
izable group as a comonomer to the structure, it also provided pH sensitivity to VCL
based hydrogels as well as its temperature sensitivity. In order to examine the drug
release properties, first, the swelling-shrinking behaviors of these hydrogels were
determined in the temperature range of 25-60 °C and different pH values (2.1, 5.5,
and 7.2) in equilibrium time (24 h). Then, the drug release profiles of these hydro-
gels were assessed in “in vitro” conditions at 37 °C and different pH values using
mimic biological fluids for Rhodamine B (Rh B), a cationic model drug. The maxi-
mum drug release values were founded in the range of 34-57%, 73-90%, 69-76% at
pH 2.1, 5.5, and 7.2, respectively, for the hydrogels with different VCL/MAA molar
ratios. At the end of the swelling and drug release experiments, it was seen that the
swelling degree of synthesized hydrogel exhibited to both dependent temperature
and pH. Furthermore, it was observed that the amount% of the drug and the rate
of drug release also changed depending on the change in pH values. In addition,
surface morphologies of hydrogels were examined by Scanning Electron Micros-
copy (SEM) before and after drug release. Then, the kinetic mechanism of the drug
release behavior of hydrogels was investigated using zero-order, first-order, Higu-
chi, and Korsmeyer—Peppas models for all three pH values. The kinetic release pro-
file of the p(VCL-co-MAA) hydrogel was determined to fit into the Higuchi model,
generally. Although, the correlation coefficients showed that the hydrogel fitted to
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the Higuchi model at all pH conditions, analysis with the Korsmeyer-Peppas equa-
tion had been assisted more precisely in the understanding of one or more than one
mechanisms controlling the release, at different pH values. According to the kinetic
release modeling results, it may be concluded that swelling and diffusion processes
were probably simultaneously effective on the drug release mechanism. All these
results imply that prepared dual-responsive p(VCL-co-MAA) hydrogels may be
used for potential applications such as long-term controlled drug release systems
like 24 h in the gastrointestinal system with varying pH values.

Keywords N-Vinyl caprolactam - Temperature-sensitive hydrogel - Drug delivery -
Drug release kinetic - Rhodamine B

Introduction

Hydrogels are crosslinked polymer networks that can absorb water or biological
fluids [1], and they are currently widely used in various fields such as separation
technology, drug delivery, agriculture, horticulture, biomedical and pharmaceutical
applications [2]. However, in recent years, temperature-sensitive hydrogels, that a
special type of hydrogels, have become attractive in developing various new bio-
material applications [3]. These special type of smart hydrogels also so-called intel-
ligent hydrogels exhibit significant changes in their physicochemical properties (in
shape, surface characteristics, solubility e.g.,) when exposed to a minor temperature
change in their environment [4, 5].

“Poly(N-isopropylacrylamide) (PNIPAm)” and “poly(N-vinylcaprolactam)
(PVCL)” are the best-known temperature-sensitive polymeric networks. These
water-soluble and non-ionic polymers exhibit a “lower critical solution temperature
(LCST)”, at similar temperatures, at about 32—34 °C and 32-36 °C, respectively. [1,
6, 7]. Temperature-sensitive hydrogels, especially exhibit significant changes in their
swelling properties in response to changes in temperature. This type of hydrogel has
swollen form at room temperature, and when the temperature has been raised above
the LCST, quickly undergoing a reversible phase transition and it turn a shrunk form
[8, 9].

Especially, N-vinyl caprolactam (VCL) based materials have many applications
in the biomaterial field, such as drug delivery systems and wound dressing materi-
als due to their hydrophilic and hydrophobic character and also low toxic structure
[10]. For example, for the treatment of some diseases (cancer, diabetes, etc.), PVCL,
which is the second best known temperature-sensitive polymer after PNIPAm, has
been used as a drug carrier for the manufacture of controlled drug delivery systems
[11].

Another beneficial property of the temperature-sensitive VCL based polymers
is that also highly biocompatible similar to natural polymers [12-15]. PVCL,
which demonstrates higher biocompatibility compared with PNIPAm, can be
degraded by a hydrolytic mechanism depending on the comonomer it contains
[15, 16]. The PVCL has a repeating cyclic amide group with a direct bond via
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nitrogen to the hydrophobic polymer backbone and, unlike PNIPAm, small amide
molecules do not occur during hydrolysis, which is leading to reduced cytotoxic-
ity in comparison with PNIPAm [15, 17].

In addition, PVCL can also be synthesized copolymeric or terpolymeric struc-
ture thanks to amide group so that it has not only different functional groups but
more strong mechanical properties [18, 19]. For example, Durkut has reported
that dual (-thermo and -pH) responsive hydrogels based on VCL for the controlled
release of the model protein bovine serum albumin. In the related study, car-
boxyl-terminated PVCL polymer chains have been enhanced via galactosylated
chitosan, which has pH-responsive properties due to the effect of the remain-
ing amino groups [20]. In another study, Kumar and co-workers have developed
grafted copolymer of carboxymethylcellulose (CMC) and VCL, that the result
materials have exhibited strong antibacterial activity against major bacterias [21].

With a similar approach to mentioned above studies related to VCL and natu-
ral polymers [20, 21], VCL monomer has also been used together with various
synthetic monomers to form copolymeric and terpolymeric structures by sev-
eral research groups, including ourselves [7, 22-24]. For example, in our previ-
ous work [7] on this topic, terpolymeric hydrogels based on N-vinylcaprolactam,
2-hydroxyethyl acrylate, and itaconic acid, symbolized as poly(VCL-HEA-IA),
have been synthesized by free radical polymerization, and then drug release prop-
erties have been determined using the model drug. At the end of the study, it has
been found that the model drug has released in proportion to 50% within the first
8 h at different pH values. In another study in the literature, Fallon and co-work-
ers [22] have prepared temperature and pH-sensitive VCL and itaconic acid based
copolymeric hydrogels. In mentioned study, the synthesis of hydrogels has been
realized via a free-radical photopolymerization mechanism without any solvent.
The authors, found that the drug release amounts of the hydrogels at pH 6.8 have
higher than at pH 2.2, depending on the change in itaconic acid content. In other
study conducted by Mundargi et al. [23], it has been investigated that the synthe-
sis of dual-responsive VCL based copolymeric hydrogel microparticles via free
radical polymerization for oral delivery of human insulin. In the related study,
the experimental results showed that insulin had been released in %100 intestinal
pH during 6 h while almost no release in gastrointestinal pH in the first 2 h. Dif-
ferent from these studies on hydrogels summarized above, copolymeric and ter-
polymeric “microgels” using together synthetic monomers (metacrylic acid and
itaconic acid) and VCL monomer have also been synthesized via precipitation
polymerization method in another else our research [1]. Then drug release prop-
erties of these microgels have been investigated using Rhodamine B (model drug)
and Nadolol (beta-blocker drug).

As outlined above, in the existing literature, it has been reported that to improve
and develop of the properties of VCL has been modified with different monomers,
natural or synthetic. In addition, it has also been presented that used various tech-
niques such as grafting or copolymerization for modifications, and it was obtained
in different forms (hydrogel, microgel, nanogel, nanocomposite, bead, nanofiber,
micro/nanoparticle etc.). In this study, it is focused on the design of stimuli-sen-
sitive N-vinyl caprolactam (VCL) and methacrylic acid (MAA) based copolymeric
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hydrogel, and first time, investigated for drug release characteristics in different
VCL/MMA ratios.

To the best of our knowledge, a detailed experimental study has not been reported
yet on the drug release profiles of VCL and MAA based copolymeric hydrogels
in different VCL/MMA molar ratios over a wide pH range in the literature. In this
respect, our study differs from other similar studies. In this study, was investigated
on the use of stimuli-sensitive poly(N-vinyl caprolactam-co-methacrylic acid)
hydrogels symbolized as p(VCL-co-MAA) as a potential drug delivery system.
Thus, how the drug release profile of copolymeric hydrogels changes with the effect
of different pH values and changing VCL/MMA molar ratio was investigated for the
first time in this study.

In the extent of this study, first of all, p(VCL-co-MAA) hydrogels were synthe-
sized in different VCL/MAA molar ratios. Then, FTIR analyses were performed to
characterize the obtained hydrogels, and the swelling and shrinkage properties of
the hydrogels were investigated at different pH and temperatures. Afterward, the
synthesized p(VCL-co-MAA) hydrogels were loaded with Rhodamine B (Rh B) as
a model drug, and drug release capacities and behaviors were investigated at differ-
ent pH values. The Rh B release profiles of these temperature-sensitive hydrogels
were determined at 37 °C at pH 2.1, 5.5, and 7.2. Then, the drug release kinetics and
release mechanism of hydrogels were evaluated using four different release kinetic
models.

Materials and methods
Materials

The monomer (N-vinylcaprolactam, VCL) (Sigma-Aldrich, USA) was purified
before use by repeated recrystallization in hexane and dried in the vacuum oven at
40 °C. The other monomer (methacrylic acid, MAA) (Merck, Germany), the ini-
tiator (2,2'-azobis(2-methylpropionamidine) dihydrochloride, AMPA) (Merck, Ger-
many), the crosslinker (N,N'-methylenebisacrylamide, NMBA) (Sigma-Aldrich,
USA), the model drug (Rhodamine B, Rh B) (Merck, Germany) and the solvent
(ethanol, 98%) (Merck, Germany) were used as supplied. Deionized water was used
throughout all solutions and standards.

Instruments

The structure of p(VCL-co-MAA) copolymeric hydrogels synthesized in this study
was investigated by Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scien-
tific, Nicolet 380, USA). In drug release studies, the amount of model drug remain-
ing in solution after adsorption was measured by UV-Visible Spectrophotometer
(UV-Vis, PG Instruments, T80+, UK). After drug loading and release, the surface
morphologies of the hydrogels were determined by Scanning Electron Microscopy
(SEM, Quanta FEG 450, USA).
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Synthesis of the hydrogels

The p(VCL-co-MAA) copolymeric hydrogels were synthesized by free-radical add-
ing polymerization in the solvent (ethanol) medium using the initiator (AMPA) and
the crosslinker (NMBA). Before the synthesis of hydrogels, 1 mol MAA was reacted
with 2 mol 1 N NaOH in order to obtain sodium salt of methacrylic acid (MAA-Na).

In the synthesis of hydrogels, it was studied at five different VCL/MAA-Na
molar ratios with a total concentration of the reaction medium to be 2 M. Calcu-
lated amounts of the monomers were weighed into the glass tubes (16X 130 mm,
diameter X length), and the crosslinker (2% mole ratio of the total monomer amount)
and ethanol were added. This mixture was stirred continuously at a constant speed
for 15 min using a magnetic stirrer to allow them to dissolve all starting materials to
be completely dissolved in ethanol. After the mouths of the glass tubes were closed
with a rubber stopper, nitrogen gas was passed through the solutions with the help
of an injector needle for 30 min, and the tubes were placed in a water bath at 70 °C.
After 15 min, the calculated amount of initiator dissolved in distilled water (1%
mole ratio of the total monomer amount) was added to the tubes with the help of an
injector. To complete of the reaction, the tubes were kept in a water bath at 70 °C
for 24 h. After 24 h, the tubes were taken out of the water bath, cooled to room tem-
perature, and the hydrogels inside were taken into 1 L beakers containing ethanol.
They were purified for 4 days by changing the solvent twice a day. Subsequently, the
hydrogels were dried in an oven at 50 °C for 24 h. The symbols of the hydrogels,
their feed compositions, and reaction conditions are presented in Table 1.

FTIR analyses

In order to the structural characterization of the synthesized copolymeric hydro-
gels, the FTIR spectra of the hydrogels were obtained with a “Thermo Scien-
tific, Nicolet 380” Fourier Transform Infrared Spectrophotometer in the range
4004000 cm™". In this stage, first, dried and ground hydrogel samples were diluted
with IR grade Merck potassium bromide powder (KBr) (sample/KBr: 1/200 (w/w))

Table 1 The symbols of the hydrogels, their feed compositions, and reaction conditions

Hydrogel Samples  Feed composition Reaction conditions
VCL (monomer) MAA-Na NMBA AMPA Tempera- Time (h)
(monomer)  (cross- (initiator)  ture (°C)
linker)

(mole % on total monomer)

VM-100 100 - 2 1 70 24
VM-95 95 5 2 1 70 24
VM-90 90 10 2 1 70 24
VM-85 85 15 2 1 70 24
VM-80 80 20 2 1 70 24
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and compressed into a disk form under pressure, and then these disks were used for
FTIR analyses.

Swelling-Shrinkage studies

Before investigating the drug release properties of the hydrogels, first of all, their
swelling and shrinkage (deswelling) behaviors in buffer solutions were investigated.
For this purpose, besides the equilibrium swelling values of the hydrogels at differ-
ent temperatures and pH values, the time-dependent changing of the shrinkage val-
ues of the hydrogels at different pH values were also determined as detailed below.

The swelling behaviors of temperature-sensitive p(VCL-co-MAA) hydrogels
were examined at nine different temperatures varying from 25 to 60 °C (25, 30, 37,
40, 44, 46, 48, 50, 60 °C) and three different pH values (2.1, 5.5, and 7.2), gravi-
metrically. To determine the equilibrium swelling ratio, the dried hydrogel samples
(0.5 g) were placed in the glass tubes containing 50 mL solution and kept for 24 h
until the swelling equilibrium was reached. At the equilibrium time (24 h), the swol-
len hydrogel samples were taken out of the solution and weighed after the excess
water was removed on the surfaces. The swelling degrees of the hydrogels at the
equilibrium were calculated using the following equation.

0, = Try e))

where Q, is the equilibrium swelling ratio (or swelling degree at equilibrium)
(g/2); W,,,, and W, are the weights (g) of the swollen hydrogel and the dry hydro-
gel, respectively.

In order to determine the variation of the shrinkage values of the hydrogels with
time, hydrogel samples, which were weighed in certain amounts and had swelling
equilibrium value, were immersed in buffer solutions at 37 °C, at three different
pH values (2.1, 5.5, 7.2) and kept in these solutions for a certain time. The hydro-
gels, which were removed from the buffer solutions at certain time intervals, were
weighed again after their surfaces were dried with filter paper, and the weight loss
of the hydrogel was observed depending on time. Equation 1 was also used in the
calculations of the water retention values, here.

Drug release studies

In drug release studies, Rhodamine B (Rh B) was used as a model drug, and it was
studied in vitro conditions. Rh B is a water-soluble cationic dye, and its chemical
structure is shown in Fig. 1.

At this stage, first, the Rh B model drug solution was prepared at a concentra-
tion of 500 mg/L using pH 7.2 phosphate buffer solution and second, the optimum
hydrogel form for drug release was investigated. After optimum hydrogel form has
been determined, the model drug was loaded onto the hydrogels, and then drug
release studies were carried out under appropriate conditions.
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Fig. 1 Chemical structure of
Rhodamine B as model drug

Determination of optimum hydrogel form for drug release

First of all, two different forms of hydrogels were tested in drug release studies
in order to determine which form of hydrogels is more effective in drug release.
For this purpose, the powder form of hydrogel was prepared by grinding 0.1 g
of dried hydrogel after loading the model drug. Then, 0.1 g of dried hydro-
gel after loading the model drug was pressed by applying 10 bar pressure, and
thus, the disk-shaped tablet form (cylindrical) of hydrogel was prepared. After-
ward, as described below, the hydrogels in powder and tablet forms loaded with
Rh B were kept in phosphate buffer solution (pH 7.2) at 37 °C, and samples
were taken from the buffer solutions at the end of 8, 24, and 48 h. Then the
model drug release amounts from hydrogels were determined using UV-Vis.
spectrophotometer.

Model drug loading

Dry hydrogel samples (0.05 g) were immersed into model drug Rh B solutions
(500 mg/L, 50 mL), and they were kept in this solution for 1 week. At the end
of 1 week, the remaining amount of model drug in the model drug solution was
determined by UV-Vis spectrophotometer at 554 nm. Thus, the model drug
loading capacities of each hydrogel sample were calculated using the following
equation.

(¢;-¢C,)/Vv

2
W @

LC (mg/g) =
where, LC (loading capacity) is the loaded amount of model drug per gram
hydrogel (mg/g); C; is the initial concentration of model drug solution (mg/L);
C, is the concentration of model drug solution after loading process at time
t (mg/L); V is the volume of the model drug solution used (L), and W is the
amount of dry hydrogel sample used (g).
Then, in order to be used in the drug release experiments, these drug-loaded
hydrogels were washed with phosphate buffer solution to remove the probable
remaining Rh B on their surface and dried in an oven at 40 °C for 2 days.
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Model drug release

Drug release studies of model drug-loaded and dry hydrogel samples were carried
out at 37 °C and in buffer solutions prepared at different pH values (2.1; 5.5; 7.2). Rh
B-loaded hydrogel samples were immersed in these buffer solutions, and they were
kept in them for a certain time. Then, the measurements of the buffer solutions at
selected time intervals were made at 554 nm using a UV-Vis spectrophotometer. Thus,
the model drug release capacities of each hydrogel sample were calculated using the
following equation

CrxV
w

RC(mg/g) = 3)
where, RC (release capacity) is the released amount of model drug per gram hydro-
gel (mg/g); Cy is the concentration of model drug in the buffer solution after release
process (mg/L); V is the volume of the buffer solution used (L), and W is the amount of
model drug-loaded dry hydrogel used (g).
In addition, cumulative release percents of the hydrogel samples were also calcu-
lated using the following equation.

CR (%) = ILLgx 100 4)

where, CR% (cumulative release percent); LC and RC are the loading capacity and
the release capacity of the hydrogel samples, respectively, as stated above.

SEM analyses

In order to examine the surface morphologies of the hydrogels, SEM photographs
were taken at 20,000 magnifications after model drug loading and release, besides the
untreated hydrogel, using “Quanta FEG 450 Scanning Electron Microscopy. In these
analyses, the samples were coated with a very thin (200 A°) gold layer necessary to
obtain a clear image.

Drug release kinetics studies

To evaluate the drug release kinetics and to investigate the mechanisms of drug release
profile from the polymer matrix in in vitro conditions, four different kinetic models
were used, including Zero-order, First-order, Higuchi, and Korsmeyer-Peppas equa-
tions. Then, the data that best fits any of these models were determined by calculating
the correlation coefficient.

The data obtained from drug release assays were evaluated using the following
equations [24-34].

The zero-order model

g, =g, +k,t 5)
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The first-order model
In(q,) =In(q,) — kit (6)
The Higuchi model:
g, = kyt'’? ©
The Korsmeyer-Peppas model:
41/ 4o = kicp!" 8)

In these equations, g, is the initial amount of the drug in the solution (it is usu-
ally zero), qt is the amount of the released drug over time ¢, g, is the amount of drug
at the equilibrium state. g, can also be expressed as the amount of drug released
over a very long time that corresponds to the initial loading, therefore sometimes
very close to the amount of drug contained in the dosage form at the beginning of
the release process [33, 34]. ¢/q., is the fraction of drug release, # is the diffusional
exponent (related to the drug release mechanism and in function of time) and ¢ is
the release time. k,, k;, k;; and kg are the zero-order release constant, the first-order
release constant, Higuchi release constant, and Korsmeyer-Peppas constant (or
release velocity constant), respectively. Korsmeyer-Peppas release velocity constant
also contains the structural modifications and geometrical characteristics of the sys-
tem [24-34].

In the zero-order kinetic model, the release of drug is very slow, and a steady-
state is observed that the rate of the release process is independent of the released
concentration. Thus, changing the concentration does not affect the rate of diffu-
sion [35-37]. It is observed a “constant release” that can be expressed as the same
amount of drug released per unit time, during the process that fitted this kinetic
model [32]. This model can be used in several types of modified release systems,
such as matrix tablets with low soluble drugs in coated forms. [35-37]. Drug appli-
cations operating in accordance with this kinetic model can be oral, transdermal,
implantable, matrix, coated, osmotic systems or suspension types [33, 38].

In the case of the first-order kinetic model that is applied based on Fick’s law
of diffusion, the rate of release is dependent on the released concentration. In this
type of release kinetics, the concentration of the released drug is proportional to the
concentration of remaining material in the matrix and decomposes as a function of
time [35, 39]. This model can be preferred for different forms that containing water-
soluble drugs in porous matrices [36, 40]. Drug applications following this kinetic
model can be different forms such as dissolution or diffusion controlled release
matrix and sustained release systems [33, 38].

The Higuchi kinetic model is based on Fick’s first law of diffusion, and it was
developed for different porous and geometric systems that water-soluble and materi-
als having low solubility that are encapsulated into solid or semi-solid matrices [33,
41]. In studies conducted by Higuchi to investigate drug release behavior in matrix
systems, it was determined the drug release rate from drugs in suspension in 1961
[42], from ointments in 1962 [43], and a “continuous-acting drug mechanism” was
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proposed in 1963 [44]. Later, the Higuchi model has been the most used mathemati-
cal equation and has also allowed the development of many theoretical models [33].
This model is based on various hypotheses listed below. (1) At the beginning of the
process, the concentration of the drug is higher than its solubility. (2) It is assumed
that one-dimensional diffusion of the drug takes place. (3) The thickness of the sys-
tem is more than drug particles. (4) The dissolution and swelling of the matrix can
be neglected. (5) The coefficient of diffusion (drug diffusivity) is constant. (6) The
excellent sinking conditions exist in the release medium [33, 35, 36, 44, 45]. This
model can be applied in varied types of modified release systems, matrix tablets
with water-soluble drugs, the drug systems encapsulated as solid or semi-solid with
low solubility, and microspheres and microcapsules [33, 36, 38, 41, 44, 46].

The Korsmeyer-Peppas kinetic model is proposed as a simple equation for
describing the controlled release of polymeric systems [33, 47, 48], especially
hydrophilic matrix systems [49]. This model was developed to investigate both
release fickian drug release obeying Fickian-law and non-fickian drug release not
obeying Fickian-law in swelling polymeric and non-swelling polymeric delivery
systems [38]. Therefore, this model is known as a more general semi-empirical rela-
tionship used to model the swelling-controlled drug release processes [33]. This
kinetic model finds application area especially in swellable and erodible hydrophilic
systems that exhibit erosion and diffusion-controlled anomalous diffusion behavior
[32-34, 50]. In general, the model is used when the amount of released material
is less than 60%, and there is an exponential proportionality between the amount
of released material and time [35, 36, 51]. This model can be utilized in formula-
tions of drug release from polymeric systems, and the magnitude of “n” in the Kors-
meyer-Peppas equation is an indication of diffusion-controlled drug release [36, 47,
52]. In other words, the diffusional exponent (n) in the Korsmeyer-Peppas equation
describes the mechanism of drug release.

According to the n value that best fits the release profile of an active substance
from a matrix system and the type of behavior observed in the system, a general
classification can be made as follows [33].

(1) Fickian model (Case I);

(II) Non-Fickian models (Case II, Anomalous Case, and Super Case II)

In addition, the Interpretation of the release models of the active agent from poly-
meric matrices were made according to their geometry, and the limits of the release
exponent (n) values were given differently in the planar (thin films), cylindric and
spherical systems [33, 47]. The values defined for cylindrical systems are also as
follows.

For the case of n<0.45, the overall mechanism is defined as “Fickian release
(Case D)”; when 0.45<n<0.89, “non-Fickian release (Case II)” is observed,
“Anomalous Case” transport is observed in n=0.89, and n>0.89 expressed as the
“Super Case I’ transport [24-31, 33, 47].

In general, in this model, takes place the superposition of two seemingly inde-
pendent of each other mechanisms (e.g., relaxation, diffusion) of drug transport. In
“Case I’, the drug release is managed by the diffusion process. Since the transport
rate or diffusion is much greater than that of the polymeric chain relaxation process,
this case is characterized by the diffusivity phenomenon. When “Case II” is valid,
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the drug release rate fits zero-order release kinetics, and the mechanism leading to
drug release is the swelling or relaxation of polymeric chains. In the “Anomalous
Case” transport, the drug release mechanism is managed by diffusion and swelling
(or relaxation) simultaneously. The rearrangement of polymeric chains and the diffu-
sion process occurred at the same time, and this situation causes anomalous effects
[33]. In addition, in this case, the drug release mechanism may be a combination of
both drug diffusion and polymer erosion [50]. However, “Super Case I’ model is
known as an extreme form of transport. It is observed that tension and breaking of
the polymer occur during this process [33, 34, 50].

Results and discussion

In this section, first of all, the results of the FTIR analysis performed to determine
the structural characterization of p(VCL-co-MAA) hydrogels are presented. Then, to
determine the swelling and shrinking properties of these hydrogels, the equilibrium
swelling values at different temperatures, the equilibrium swelling values at differ-
ent pH values, and the time-dependent shrinkage values were investigated, and our
results were presented as detailed. Also, drug loading and release properties were
examined by presenting the results of optimum hydrogel form and drug loading and
release capacities of hydrogels. And then, morphological properties were researched
with taken SEM photographs of hydrogels before drug loading, in the drug-loaded
state, and after drug release, and the results were presented comparatively. In addi-
tion, with in vitro drug release kinetics studies under each pH condition, the kinetic
mechanism of model drug release was explored using different kinetics models such
as Zero-order, First-order, Higuchi, and Korsmeyer-Peppas, and obtained parameters
were presented and discussed in detail. In the end, drug release results compared
with the studies in the literature. Besides these, swelling/shrinking behavior due to
phase transition was schematized together with molecular structure and drug release
behavior of p(VCL-co-MAA) temperature-sensitive hydrogels.

FTIR analysis results

The prepared temperature-sensitive p(VCL-co-MAA) hydrogels’ structures were
confirmed by FTIR. The IR frequencies of the characteristic groups of VCL and
MAA monomers are presented in Table 2 according to the literature [53—56]. The
FTIR spectra of the copolymeric p(VCL-co-MAA) hydrogels are also presented in
Fig. 2.

As summarized in Table 2, there are also peaks in the spectrum of both mono-
mers (VCL and MMA) arising from the C-H in-plane bending of the -CH, group at
14307-1480 cm™". In addition, there are two peaks attributed to C=0 stretching vibra-
tion in the amide structure observed at 1658 cm™' and 1625 cm™' in the spectrum of
the VCL monomer. Furthermore, there is a peak at 1698 cm™! attributed to the carbox-
ylic acid C=O stretch in the spectrum of the MMA monomer.
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Table2 The IR frequencies of the characteristic groups of VCL and MAA monomers

Frequency ( em™) Reference
N-vinyl caprolactam
Group
C=0 (stretching vibration) (amide) 1658, 1625 [53-55]
—CH, (C-H stretching) 2934,2851 [55]
—CH, (C-H in-plane bending) 1430-1480 [53]
—CH, (C-H in-plane bending) 1350-1150 [55]
—CH, (C-H out-of-plane bending) 1100-700 [55]
—C-H (deformation vibration) (vinyl) 993 [56]
—CH=CH, group 1620-1670 [53]
Methacrylic acid
Group
C=0 (stretching vibration) (carboxylic acid) 1698 [53, 55]
CH=CH, group 1635 [53,55]
—C-H (deformation vibration) (vinyl) 1008 [56]
-CH, (C-H in-plane bending) 1432 [53]
-CH, (C-H in-plane bending) 1350-1150 [55]
-CH, (C-H out-of-plane bending) 1100-700 [55]
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Fig.2 The FTIR spectra of the copolymeric p(VCL-co-MAA) hydrogels
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In the spectra of all hydrogels presented in Fig. 2, there is a strong and very broad
peak at approximately 1630 cm™. This peak is probably due to the interference of the
peaks due to the C=0 stretching vibration in the amide structure in the VCL spectrum
with the peak attributed to the carboxylic acid C=0 stretching in the MAA spectrum.

As a result, the peak belonging of the -CH=CH, group located at 1635 em™!in
the spectrum of the MAA monomer has not been observed in the spectra of the hydro-
gels due to the polymerization reaction between VCL and MAA. Furthermore, as
mentioned above, a broad interference peak is appeared at 1630 cm™! due to C=0
stretching vibrations in the amide and carboxylic acid structure in the spectrum of the
copolymer, which clearly shows that the copolymeric structure has formed. In addition,
the IR spectra of the hydrogels compared to each other, it has been seen that this new
peak also increased in intensity in that area as the ratio of MAA increased in hydrogel
structure [21, 22].

As known, MAA has an ionizable group, indicating a pronounced pH sensitivity in
the system, and the presence of ionic components may provide pH sensitivity to non-
ionic gels. In this way, the pH sensitivity of hydrogels can be achieved by incorporat-
ing the ionizable groups of various acids [57-59]. The addition of hydrophilic ionic
comonomers, such as itaconic acid, maleic acid or methacrylic acid, provides that the
thermosensitivity property of the polymer can be controlled by pH value of the external
media [60—64]. It has also been known that by adding a hydrophilic monomer to the
thermosensitive polymer network, the hydrogel swelling and polymer phase transition
allow changing the properties of the hydrogel [22, 60].

According to this, in this study, MAA with hydrophilic properties was used as a
comonomer in the copolymer structure to achieve pH sensitivity. Thus, it has been pro-
vided pH-sensitivity property to the hydrogels besides having temperature sensitivity
that makes them extremely attractive for pharmaceutical and medical applications. To
give an example, the change of pH value throughout the gastrointestinal system taken
into account, it is seen that it varies from the acidic pH of the stomach increasing grad-
ually in the small intestine to neutral or slightly basic pH in large intestine. These dual-
sensitivities of p(VCL-co-MAA) hydrogels will be beneficial and convenient in deliv-
ering drugs to a body location with a specific pH value at human body temperature [57,
65]. As a result, the p(VCL-co-MAA) hydrogels synthesized in this study and whose
structures were confirmed by FTIR show pH-sensitivity as well as temperature-sensi-
tivity as there are examples in the literature [66—69].

Swelling and shrinking properties
Equilibrium swelling values at different temperatures

The swelling behavior of the hydrogel is a significant parameter in the design, devel-
opment, and use of temperature-sensitive hydrogels networks. For this purpose, first,
we investigated the swelling capacities of the p(VCL-co-MAA) hydrogels in differ-
ent temperature values ranging from 25 to 60 °C to find their LCST. Equilibrium
swelling values of the hydrogels obtained at the end of the swelling experiments
realized at different temperatures (at pH 5.5 and 24 h) are presented in Fig. 3.
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As mentioned above, VCL, one of the monomers in the composition of p(VCL-
co-MAA) hydrogels, is a monomer used in the synthesis of temperature-sensitive
polymers, and its LCST is given in the literature as 32-34 °C [70] In this study,
when the equilibrium swelling values of p(VCL-co-MAA) hydrogels at different
temperatures were examined, it was observed that a gradual decrease in the swell-
ing equilibrium values as the temperature increased up to 37 °C. However, a sharp
decrease was also observed in the equilibrium swelling values obtained after 40 °C.
These findings indicate that the LCST’s of the hydrogels are around in the range
of 37-40 °C. As known, both the swelling degree and the LCST value of a gel are
affected by the hydrophobic/hydrophilic structure and amounts of the monomers
that constituted the polymer [71]. The presence of long and short chains in the pol-
ymer segments in the hydrogel structure causes them to release water at different
temperatures and rates [72, 73]. As a result of this situation, the LCST of hydrogels
was observed on a certain temperature range, not on the single temperature value.
In addition, as it is seen in Fig. 3, as the ratio of MMA causing the more hydro-
philic group content in the composition of the copolymeric hydrogel increased, the
equilibrium swelling values of the hydrogels also increased [22]. This differentiation
observed in the change in equilibrium swelling values of copolymeric hydrogels has
arisen depending on the presence and amount of hydrophilic monomer in the hydro-
gel structure, as expected.

Equilibrium swelling values at different pH values

In order to investigate the effect of pH on the swelling behavior of hydrogels, the
equilibrium swelling values of hydrogels were determined at different pH values
(7.2,5.5, and 2.1). Equilibrium swelling values of the hydrogels obtained at the end
of the swelling experiments realized at different pH values (at 25 °C and 24 h) are
presented in Fig. 4.
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Fig. 3 Equilibrium swelling values of the hydrogels obtained at different temperatures, at pH 5.5 and
24 h
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As shown in Fig. 4, as the total hydrophilic monomer ratio in the composition of
the copolymeric hydrogel increased, the equilibrium swelling values of the hydro-
gels also increased at all pH values. Moreover, the equilibrium swelling values
observed at all hydrogels at pH 7.2 were found as significantly higher than those
observed at pH 5.5 and pH 2.1. As can be seen from the obtained experimental
results, the equilibrium swelling values of these hydrogels containing acidic groups
noticeably increased with the increased in pH value. For example, when the pH
value was increased from 2.1 to 5.5, the equilibrium swelling values of hydrogels
increased approximately 2 times, and when increased from 2.1 to 7.2, approximately
3.5 times.

The fact that the hydrogels exhibited maximum swelling capacity at equilibrium
time at pH 7.2 is caused by the carboxylic acid group of MAA in dissociated form
(COO-) at this pH. Therefore, as a result, as the amount of MAA in the copolymer
structure is increased, the swelling degree of all hydrogels has increased since the
ionizable groups it contained will also increase [45, 74]. Since the change in the pH
value of the environment will cause the change of ionization degree of the hydrogel,
it also caused a change in the equilibrium swelling values of hydrogels, as a natural
consequence of this situation [75].

The time-dependent shrinkage values

As known, in various systems where stimuli sensitive hydrogels are used as carriers
for controlled drug release, the swelling-shrinkage response of the hydrogel, which
is proportional to the stimulus magnitude, is an important parameter in adjusting
the rate of drug release. For this purpose, time-dependent shrinkage behaviors of
hydrogels at different pHs were also investigated in this study. Since synthesized
temperature-sensitive p(VCL-co-MAA) hydrogels will be used in the drug release
systems, their shrinkage behaviors were investigated at 37 °C, which is close to the
LCST of VCL and is compatible with human body temperature.

The time-dependent shrinkage values of the hydrogels obtained at the end of the
experiments realized at different pH values (7.2, 5.5, and 2.1), at 37 °C and 1 week
are presented in Fig. 5.
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When the graphs of the shrinkage values of the hydrogels are examined, it is seen
that all the hydrogels shrank rapidly until the 10th A, after the 10th A the shrinkage
rate gradually decreased and reached equilibrium at the end of 24 h. The shrinkage
values of hydrogels increased as the ionic monomer content increased for all pH
values. In addition, it was observed that at all pH values and at 37 °C, all hydrogels
show a gradual shrinkage behavior and shrunk at a certain ratio, and their shrinkage
percentages were almost close to each other at the first 100 min. After 1 h, all hydro-
gels showed shrinkage of approximately 50% at all pH values. However, at the end
of 24 h, they showed shrinkage of around 70-80% at pH 2.1, 80-95 at pH 5.5, and
60-75% at pH 7.2. As a result, it is seen that the shrinkage behavior of the hydro-
gels is dependent on pH as well as temperature. Thus, it can be said that the shrink-
age behaviors of the prepared p(VCL-co-MAA) hydrogels are also to be suitable for
usage in drug release applications.

Drug loading and release properties
Optimum hydrogel form

In preliminary trials to determine which form of hydrogel is more effective in drug
release, The time-dependent Rh B release values (%) of the disc-shaped tablet
(cylindric form) hydrogel and the powder hydrogel have been determined. At the
end of these trials, it was observed that there was no significant difference between
the drug release amounts of these two hydrogel forms.
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Fig.5 The time-dependent shrinkage values of the hydrogels obtained at different pH values at 37 °C;
(a)pH 2.1, (b) pH 5.5, (¢) pH 7.2
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Drug loading and release capacities

At the end of the model drug loading experiments, which were carried out by keep-
ing the hydrogels in model drug solution at pH 7.2, and at room temperature for
1 week, the model drug (Rh B) loading capacities of hydrogels were determined.
The final model drug loading values were found as 55, 188, 347, 349, and 370 mg
drug/g polymer for hydrogels named VM-100, VM-95, VM-90, VM-85, and
VM-80, respectively. As can be seen from these values, as the ratio of monomer
(MAA), which containing hydrophilic group in the hydrogel composition, was also
increased, the amount of drug loading (loading capacity) of the hydrogel increased
in parallel to this, as expected.

Drug release studies of model drug-loaded dried hydrogel samples were carried
out at 37 °C and in buffer solutions prepared at different pH values (2.1, 5.5, 7.2) for
1 week. The release profiles of the model drug (Rh B) loaded hydrogels obtained
from drug release studies in in vitro conditions are presented in Fig. 6.

In addition, also experimental results obtained from drug release studies of the
hydrogels at different pH values (model drug release values determined at the end of
8.24.,48., and 168. h as mg/g and %) are presented all together in Table 3.

As shown in Fig. 6 and Table 3, after the first 8 h, model drug (Rh B) release val-
ues of p(VCL-co-MAA) hydrogels were observed in the range of 47-56%, 50-79%,
and 30-45%, at pH 7.2, 5.5, and 2.1, respectively. In addition, it was observed that
the model drug was rapidly released from the hydrogels in the first 8 h; after 24 h
almost reached the equilibrium, then the rate of release decreased, but the release of
the drug continued to increase slightly up to 48 h, and the completely has become
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Fig.6 The time-dependent model drug (Rh B) release values (cumulative release percents) of the hydro-
gels at different pH values at 37 °C; (a) pH 2.1, (b) pH 5.5, (¢) pH 7.2
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Table 3 Model drug release
results of the p(VCL-co-MAA)
hydrogels at different pH values pH:7.2 pH:5.5 pH:2.1

Hydrogel sample Time (h) Model drug release results

mg/lg % mglg % mglg %

VM-95 8 89 47 93 50 63 33
24 118 63 104 56 63 34
48 128 68 135 72 64 34
168 130 69 137 73 65 35
VM-90 8 178 51 247 71 158 45
24 194 56 268 77 180 52
48 215 62 285 82 182 52
168 249 71 290 83 200 57
VM-85 8 178 51 270 78 113 33
24 235 68 283 82 119 34
48 258 75 300 87 164 47
168 258 74 304 88 165 48
VM-80 8 205 56 291 79 109 30
24 240 65 311 84 156 42
48 274 74 331 89 172 46
168 281 76 331 90 175 47

stable at the end of 1 week. While after 24 h, drug release values were obtained in
the range of %5668 at pH 7.2, %56-84 at pH 5.5, and %34-52 at pH 2.1, at the end
of 1 week, these values were 69 — 76% at pH 7.2, 73-90% at pH 5.5, and 34-57% at
pH2.1.

The obtained results show that the amount of Rh B release from p(VCL-co-
MAA) hydrogels increases when the pH scale is slides from acidic to basic val-
ues. This behavior can probably be explained by the ionization of the carboxylic
groups of MAA located in the hydrogel structure in the release medium. In addi-
tion, there is an anion-anion repulsion between carboxylic ions at around pH 7, and
there is deprotonation of carboxylic groups between polymer chains at around pH
1. Depending on these circumstances, at more basic pH values, the expansion of
polymer chains results in more swelling, and, thus, more drug release takes place
from the system. However, at more acidic pH values, due to less water diffusion
through the network, the hydrogels remain as a shrunk form in the medium, and
drug release is relatively prevented [76]. In this also our study, when acidic neutral
and basic pH environments were compared with each other, different ionic interac-
tions occurred at different pH values due to all these ionic interactions mentioned
above, and accordingly, changes in drug release were observed. Consequently, when
all the results are evaluated together, it can be said that the drug release behavior
of p(VCL-co-MAA) hydrogel formulation was practically pH-dependent and, they
may be suitable for long-term controlled drug release systems that can release the
drug gradually for up to 1 week. Optionally, it can be used in drug systems that
release for 8, 24, 48 h or 1 week. These hydrogels can preserve the drug in the
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hydrogel network at acidic pHs (pH 2.1), such as in stomach conditions, while they
can release it from the hydrogel network at pH 5.5 and 7.2, like intestinal conditions,
at human body temperature (37 °C).

SEM analysis results

The physically cross-linked hydrogels generally have a morphological structure with
interconnected pores, and this characteristic presents significant potential, especially
for drug delivery applications enabling the diffusion of drug molecules. In addition,
the macroporosity enables the swelling of the hydrogels facilitating by decreas-
ing the diffusion resistances [45, 77, 78]. As mentioned above, the surfaces of the
VM-80 hydrogel, which has the highest drug loading capacity, before drug loading,
in the drug-loaded state, and after drug release were examined by SEM analysis, and
the obtained SEM photographs are presented in Fig. 7.

As seen from the SEM photographs, the VM-80 hydrogel initially has a relatively
porous surface. After the drug loading process, the surface became differentiated,
and the initial partially porous surface was no longer observed. In addition, after
the drug loading process, any drug crystals were also not observed on the hydrogel
surface. These images showed that Rh B was loaded into the hydrogel, successfully.
After drug release, completely different from the first two images, the hydrogel sur-
face acquired relatively smooth morphology. According to these results, it may be
said that the drug, the release conditions of hydrogel, and the release environment
demonstrated compatibility with each other [45, 77-79].

Drug release kinetics

Today, controlled drug release systems based on polymeric matrix have been
widely preferred due to their low cost, developable and reasonable performance.
In such systems, usually, a release behavior is observed, which is defined by the
Higuchi model and where the drug release is proportional to the square root of
time. This release behavior is also characterized by non-uniform release rates,
which initially decrease continuously and then decrease more rapidly. However,

Fig.7 The SEM photographs of the p(VCL-co-MAA) hydrogel named as VM-80 (a) before drug load-
ing, (b) in the drug-loaded state, and (c) after drug release
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for controlled drug release systems, constant or near-constant release rates are
desirable, and the benefit of hydrogels appears at this stage [80, 81]. For example,
in systems is used hydrogels, relatively predictable drug release behavior occurs
as a result of expansion due to swelling and squeezing due to shrinkage during
syneresis of the hydrogel [80, 82].

However, it should be noted that the drug release behavior of hydrogels, which
is the sum of the release capacity, release time, release rate and release mecha-
nism, depends on many also factors. These factors can be counted as release con-
ditions of the environment, such as temperature and pH, as well as the physical
form, surface area, and pore size of the polymeric network [76]. Depending on
the type of drug release system (swelling or dissolution or erosion controlled sys-
tems etc.), the swelling-shrinkage behavior of the polymeric network, the chemi-
cal structure/solubility of the drug, and the degradability of the polymeric struc-
ture also appear as other important factors affecting the drug release behavior
[83].

To describe the transport phenomenon from drug-loaded polymeric matrices,
Fick’s diffusion law has been taken as the basis, in line with the acceptance that
the main driving forces are solute drug diffusion, matrix swelling, and polymer
degradation [84, 85]. Here, the transport process, in which the polymer relaxa-
tion time is much greater than the solvent diffusion time, is expressed by Fick-
ian diffusion. When the polymer relaxation time and the solvent diffusion time
are approximately equal, the release becomes abnormal or non-Fickian [84, 86].
Therefore, in this transfer mechanism, also called anomalous diffusion, there is a
time-dependent relationship between drug release and diffusion [87, 88].

However, drug release from swellable polymeric matrices is a complex pro-
cess. Especially, in swellable polymer systems, erosion is another important fac-
tor to consider, which leads to a different release mechanism [47, 52]. Although
some release processes can be identified as diffusion-controlled or erosion-con-
trolled, in these systems, drug release is mainly governed by also both mecha-
nisms [52]. Although, alternative equations trying to express a dual release mech-
anism in the form of drug diffusion through the gel matrix and erosion of the gel
layer have been suggested before, the most common among them is known as the
Peppas equation [48, 52]. Lately, in general in such cases, that is, when multi-
ple mechanisms are involved in drug release or the mechanism is unknown, the
Korsmeyer-Peppas kinetic model is preferred [87, 89, 90].

Consequently, since the purpose of analyzing the drug release process with
mathematical modeling is to describe this complex process more simply and
easily, usually, it is focused on one or two dominant driving forces based on a
specific mathematical model. It should not beeing forgotten, however, that since
multiple driving forces are involved in a single transport process, possible dis-
crepancies between theories and experimental data are an expected and natural
consequence [84].
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Evaluation of drug release kinetics parameters

For the purpose of the investigation of the kinetic mechanism of model drug
release, firstly, under each pH condition, three kinetic models such as Zero-order,
First-order, and Higuchi were applied to in vitro experimental data of the hydro-
gels. Then, the linearity of the plots drawn for each kinetic model was evalu-
ated according to the closeness of the regression coefficient to unity. The obtained
correlation coefficient values showed that hydrogels were found to follow the
Higuchi model more than the others. Then, the Korsmeyer—Peppas model was
also used to further examine the drug release mechanism, and it was seen that
the hydrogels have a high correlation coefficient in this model, too [87] Analy-
sis of the experimental data through Korsmeyer—Peppas equation, then evalua-
tion and interpretation of the diffusional exponents (n values), have been assisted
more precise understanding of one or more than one mechanisms controlling the
release.

Kinetic parameters of the hydrogel named VM-80 that calculated from data
in drug release experiments realized at 37 °C and different pH values (7.2, 5.5,
and 2.1) were presented in Table 4. In addition, swelling/shrinking behavior due
to phase transition was schematized together with molecular structure and drug
release behavior of p(VCL-co-MAA) hydrogels (Scheme 1).

The results obtained from the release kinetic studies for each pH value, which
are shown in Table 4, are evaluated in detail below.

In the case of pH 2.1, the mathematical equation that best describes the drug
release of the hydrogel is Korsmeyer—Peppas model with the highest correlation
value (R’ =0.975). At this pH value, the Higuchi model also showed a good result
(R°=0.963). In addition, the diffusional exponent (n) found as approximately
0.562 using Korsmeyer—Peppas model equation predicted that the mechanism of
diffusion is non-Fickian release.

In the case of pH 5.5, the mathematical expression that best fitted the drug
release of the hydrogel is Korsmeyer—Peppas model with a correlation value (R?)
found as 0.985. At this pH value, the Higuchi model also showed an accepta-
ble result (R?=0.932). In addition, the diffusional exponent () found as 0.402
expressed that the mechanism of diffusion is Fickian release.

In the case of pH 7.2, the kinetic model that best defines the drug release
behavior of the hydrogel is the Higuchi model with R?=0.975. In addition, the

Table 4 Kinetic parameters of model drug (Rh B) release process from p(VCL-co-MAA) hydrogel
named as VM-80 at different pH values

For VM-80  Zero-order model  First-order model ~ Higuchi model Korsmeyer-Peppas model
sample

pH k, R? K, R? ky R? kyp n R’
2.1 10.81 0.920 0.186 0.844 39.83 0.963 0.192 0.562 0.975
5.5 26.03 0.901 0.132 0.840 95.25 0.932 0.317 0.402 0.985
72 17.20 0.929 0.170 0.688 39.84 0.975 0.287 0.536 0.870
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Scheme 1 Swelling/shrinking behavior due to phase transition together with molecular structure and
drug release behavior of p(VCL-co-MAA) hydrogels

release exponent (n) obtained from the Korsmeyer—Peppas model (n=0.536)
showed that the drug release mechanism was the non-Fickian character.

In general, according to these kinetic release data, it can be said that the Higuchi
model, which is defined as the diffusion process of drug release based on Fick’s
law, is a suitable kinetic model for these hydrogels. However, when all above results
obtained in this study more detailed considered collectively can be evaluated as
follows.

At pH 5.5, the exponential parameter of the Korsmeyer-Peppas equation (n value)
was found as below 0.45 for p(VCL-co-MAA) hydrogel named as VM80. The found
this diffusional exponent (n) value below from 0.45 have been confirmed the results
obtained with Higuchi model, which shows the Fickian character drug diffusion
through the polymeric matrix. Thus we can say that the hydrogel follows the Fick-
ian diffusion mechanism, which indicates the drug release by diffusion, at around
neutral pH. In other words, Fickian diffusion is the main factor in drug release at this
pH.

However, at pH 2.1 ve pH 7.2, the diffusional exponent values from the Kors-
meyer-Peppas equation, which have been obtained between 0.45 and 0.89, corre-
spond to anomalous (non-Fickian) transport. These n values between 0.45 and 0.89,
which have been attributed to the non-Fickian transport mechanism in which the
release of drug by diffusion occurs simultaneously with the relaxation of the poly-
mer chains [90]. Therefore, these values show that the drug release is simultane-
ously linked to both diffusion and matrix erosion and/or swelling behavior. In other
words, the transport behavior of drug from polymer network probably corresponds
to matrix erosion controlled and/or swelling controlled drug release combined with
the diffusion of drug through the polymer, simultaneously at these pH values [76].
Since these two drug release mechanisms taking place together at these pH values,
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more slow drug release behavior can be observed probably in relation to this coex-
istence [52].

Herein, since the swellable polymers are involved, probably, a slow-release was
observed when the rate of drug release by diffusion is added to the rate of drug
release by shrinkage because the overall rate of the process depends on these simul-
taneous processes [87, 88]. Furthermore, with another approach, this slow release
behavior may also probably be due to the aggregation of polymer chains by the
highly hydrophobic interaction above the LCST, and the result of this aggregation,
the hydrogel network begins to shrink, and drug release from the network slows
down [76, 91-93]. In also such cases, where the drug release is slow, the effective-
ness of the drug is likely to continue for a long time [87].

As mentioned above, while Fickian transport was observed in drug release in an
environment close to a neutral area, a non-Fickian character was observed in envi-
ronments with more acidic and basic pH values. In this case, another consequence to
consider is that this observed status is probably the result of variability in the expan-
sion and contraction phenomenons, which results from varying speeds of swelling
and shrinkage of the hydrogel network due to different ionic interactions occur-
ring at different pH values [94]. This means that the swelling behavior rather than
the erosion process, as well as the diffusion process, is highly effective in the drug
release mechanism of the temperature and pH sensitive P(VCL-co-MAA) hydrogel.

In previous studies, the temperature-sensitive and pH-sensitive types of hydrogels
have been used before for oral, gastric, intestinal, gastrointestinal, and intra-vascular
drug, etc., release systems [80, 95-97]. When all the results obtained in this study
are evaluated together, these temperature-sensitive hydrogels, which show different
release mechanisms and rates in different pH environments, are also predicted to be
used in similar body regions that require long-term slow and controlled drug release
at human body temperature.

Comparison with the literature

For the purpose of comparison, the results of our study and reported data about
drug release capacities of VCL based materials in several previous studies [1, 7, 20,
98-103] were presented in Table 5.

As seen in Table 5, our findings in our study about drug release capacities of tem-
perature- and pH-sensitive p(VCL-co-MAA) hydrogels for model drug are accept-
able and compatible compared with the data presented in the literature.

Conclusions
In this study, we studied the potential use of p(VCL-co-MAA) stimuli-sensitive

hydrogels for use in drug delivery systems. The following conclusions can be drawn
from this study are summarized as follows:
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It has been achieved pH sensitivity property to the VCL based copolymer,
which is temperature-sensitive, with the incorporation of MAA as a hydrophilic
ionic comonomer having ionizable groups to the structure, and thus a dual-
sensitive copolymeric network synthesized.

The LCST’s of hydrogels have been observed in a certain temperature range,
not at a single temperature value. These values were found around in the range
of 37-40 °C.

As the total hydrophilic monomer (MAA) ratio in the hydrogel composition
increased, the equilibrium swelling values also increased at all pH values due to
the ionizable groups it contained increase. However, significantly higher values
have been found at pH 7.2 than at pH 5.5 and pH 2.1 due to the carboxylic acid
group of MAA was dissociated form.

All hydrogels showed shrinkage of approximately 50% at all pH values at the
end of 1 h, while at the end of 24 h, they showed shrinkage of around 70-80%
at pH 2.1, 80-95 at pH 5.5, and 60-75% at 9H 7.2. It has been seen that the
shrinkage behavior of the synthesized hydrogel is dependent on pH as well as
temperature.

In the in vitro drug release studies, it has been observed that the model drug
was rapidly released from the hydrogels in the first 8 h; after 24 h, the release
almost reached the equilibrium, and the completely has become stable at the
end of 1 week. While after 24 h, drug release values were obtained in the range
of %5668 at pH 7.2, %56-84 at pH 5.5, and %34-52 at pH 2.1, at the end of
1 week, these values were 69-76% at pH 7.2, 73-90% at pH 5.5, and 34-57%
atpH 2.1.

The amount of Rh B release from hydrogels increased when the pH scale is
slides from the acidic to the basic values due to probably the ionization of the
carboxylic groups of MAA located in the hydrogel structure in the release
medium.

At the end of the SEM analyses, after drug loading, any pores and any drug
crystals have not been observed on the surface of the hydrogel, which had a
relatively porous surface. After drug release, a relatively smooth surface has
been observed at first. All of these have indicated that the drug, the release
conditions of hydrogel, and the release media are compatible with each other.
For the purpose of the investigation of the model drug release profile under each
pH condition, three kinetic models such as Zero-order, First-order, and Higu-
chi were applied to in vitro experimental data of the hydrogels. The obtained
correlation coefficient values showed that hydrogels were found to follow the
Higuchi model more than the others.

The Korsmeyer-Peppas equation has been used for the understanding of the
mechanisms controlling the release. According to diffusional exponent values,
the hydrogel has followed the Fickian diffusion mechanism, which indicates
the drug release by diffusion at pH 5.5. However, at pH 2.1 and pH 7.2, the
anomalous transport mechanism, in which the release of drug by diffusion
occurs simultaneously with the relaxation of the polymer chains, have been
observed.
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(10) The changes observed in drug release rate and mechanism of the p(VCL-co-
MAA) hydrogels are probably the result of variability in the expansion and
contracted phenomenons, which results from varying speeds of swelling and
shrinkage of the hydrogel network due to the different ionic interactions occur-
ring at different pH values. This means that the swelling behavior as well as
the diffusion process, is also highly effective in the drug release mechanism of
the temperature- and pH-sensitive P(VCL-co-MAA) hydrogel.

(11) Since the drug release behavior of this hydrogel was pH-dependent, gradually,
and relatively slow, they may be suitable for long-term pH-controlled drug
release systems that can release the drug gradually for up to 1 week. Optionally,
they can be used in systems that release drugs for 8, 24, 48 h or 1 week. These
hydrogels can preserve the drug in their network at acidic pHs (pH 2.1), such as
in stomach conditions, while they can release the drug out from their network at
pH 5.5 and 7.2, like intestinal conditions, at human body temperature (37 °C).

As a results, these temperature-sensitive hydrogels, which show different release
mechanisms and rates in different pH environments, are predicted to be used in
different body regions that require long-term slow and controlled drug release at
human body temperature. These temperature-sensitive and pH-sensitive hydrogels
may be recommended as a potential drug carrier for oral, gastric, intestinal, gastroin-
testinal, and intra-vascular drug, etc., controlled release systems.

Finally, p(VCL-co-MAA) dual-responsive hydrogels having relatively high drug
release percent, gradually release behavior, a release amount and rate that changes
with pH change, an average equilibrium time and probably simultaneous diffusion
and swelling controlled release mechanism, seem to be promising candidates for
new potential biomedical applications such as drug delivery.
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