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In this study, hydrogels based on poly(vinylpyrrolidone) and chitosan, derived from different mixing ratios of
poly(vinylpyrrolidone)/chitosan, were synthesized by the freeze-drying technique with the aim of obtaining new
systems that could be used to release tetracycline hydrochloride (TH). Freeze-drying methods were also used to prepare
the hydrogels containing TH. The hydrogels were characterized using Fourier transform infrared spectroscopy and
scanning electron microscopy, as well as in terms of dynamic water vapour sorption capacity. The
poly(vinylpyrrolidone)/chitosan hydrogels were evaluated with regard to the release of TH. The release profiles of TH
from the poly(vinylpyrrolidone)/chitosan hydrogels depended on the chitosan content. It could be seen that if the
concentration of chitosan was too high, the release was delayed and not fully achieved, because the release of the drug
was prevented by the crystalline areas of the chitosan. According to the release study, the drug release mechanism of
the poly(vinylpyrrolidone)/chitosan hydrogels loaded with TH perfectly fitted the Higuchi and the Korsmeyer-Peppas
models. The highest value of water vapor sorption capacity was obtained for the hydrogel with the
poly(vinylpyrrolidone)/chitosan ratio of 50/50. PVP-CS loaded with 3 wt% TH may potentially be used for the
controlled delivery of tetracycline to treat oral infections.
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INTRODUCTION

Poly(vinylpyrrolidone) (PVP) is a synthetic
polymer that has been widely utilized in different
applications due to its biocompatibility and
non- toxicity, its capability to form stable
association compounds and complexes with active
substances, its affinity for hydrophilic and
hydrophobic surfaces, thereby providing lyo-
protectant action.'> PVP is widely used in
medicine and cosmetics, for pharmaceutical and
biomedical applications.”* PVP has the capacity
to hold all the components of a drug together until
the tablet reaches the stomach and then is rapidly
dissolved or disintegrated to release the drug.’

Chitosan (CS) is a natural cationic copolymer
composed of B-(1,4)-2-acetamido-2-deoxy-d-
glucose and [-(1,4)-2-amino-2-deoxy-d-glucose
units produced by the deacetylation of chitin.
Because of the high ratio of acetylated groups, its

rigid structure and poor solubility, chitin is not
readily applicable. So, the partial deacetylation of
chitin leads to chitosan. The applicability of
chitosan in several fields, such as agriculture,
waste treatment, food, textile and pharmaceutical
industries, as well as cosmetic development and
biomaterials, is due to a sum of characteristics,
such as healing, antimicrobial, antifungal and
chelating properties. However, the use of chitosan
for biomedical applications has been limited by its
relatively lower elongation, low toughness, poor
hydrolytic stability, high degree of swelling in
water, relatively poor water vapor barrier
characteristics as well as being relatively
expensive compared to conventional plastics.”® In
order to overcome these scientific and
technological challenges and expand its range of
applications, various strategies have been
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explored. For example, synthetic polymers have
been blended with chitosan to generate chitosan
films with improved mechanical and functional
properties.”® It has been reported that chitosan
and PVP are miscible polymers.” This observation
may be due to the hydrogen bond formation
between the carbonyl groups of the PVP
pyrrolidone rings and the amino/hydroxyl groups
present in chitosan."’ The interaction between
chitosan and PVP allows for the beneficial
properties of both polymers to be combined in
order to generate novel biocompatible CS-PVP
blends, with improved physicochemical and
mechanical properties.

Mucosal administration has the advantage of
the rapid entry of the drug into the systemic
circulation, which leads to increased
bioavailability."'  Hydrogels offer excellent
potential as oral therapeutic systems, due to the
inherent biocompatibility of its component
materials, potential use of both natural and
synthetic ~ materials and their adaptable
properties.'””  Hydrogels are  hydrophilic
viscoelastic materials formed from a three-
dimensional polymer network, with physical
and/or chemical cross-links, that absorb and retain
large amounts of water or biological fluids and
swell, keeping their 3D structure.”” The high
water content provides an environment for the
diffusion of oxygen, nutrients and other small
molecules, which are critical for cell growth and
proliferation.'  Hydrogels  maintain their
mechanical strength and elasticity, remaining
insoluble in the environment, thereby exhibiting
similar physical properties with those of living
tissues.” Due to the property of hydrogels to
mimic tissues, they have been used as matrices for
local administration of drugs, including
antibiotics.'"® By incorporating the drug into
hydrogels, the therapeutically active molecules
are protected from premature degradation, thus
improving the efficacy of the drug and
minimizing side effects."”

Due to the increasing resistance of
microorganisms to antibiotics, in recent years,
research has been focused on their local
administration to the infected site, thus
minimizing the conventional dose and the
frequency of administration.'® Until now, a large
number of local drug delivery systems and
devices have been proposed for oral and dental
applications, including fibers, tapes, films, gels,
sponges, microparticles, and so on.'”** Applying
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drug loaded hydrogels to the oral mucosa may
facilitate controlled drug delivery.

Tetracycline  hydrochloride (TH) is a
bacteriostatic antibiotic with a broad spectrum of
action, which inhibits both Gram-negative and
positive organisms.>** It exhibits antiproteolytic
and anticollagenase properties, and it is also
commonly used to treat periodontal disease.”

The hydrogels presented in this paper were
prepared on the basis of the freeze-drying method
using PVP and chitosan. This method avoids the
use of toxic agents in the synthesis of hydrogels.
Chitosan was selected as polymeric matrix due to
its proven antimicrobial activity.”® The porous
chitosan/PVP hydrogels were further investigated
as scaffolds for controlled release of TH, which
should be effective in treating bacterial infections
and oral candidiasis.

EXPERIMENTAL
Materials

Poly(vinylpyrrolidone) (PVP) (approximate
molecular weight Mw = 40000; product number
PVP40), chitosan (low molecular weight with 75%
deacetylation), glacial acetic acid, and tetracycline
were purchased from Sigma-Aldrich (St. Louis, USA).
All other reagents were used as received from
commercial sources or were purified by standard
methods.

Preparation of hydrogels

A 10 wt% solution of PVP disolved in double
distilled water was prepared by constant stirring, at
room temperature for 24 h. Separately, 1 wt% solution
of CS was obtained by dissolving CS in a 0.1 M acetic
acid solution at room temperature, under stirring for 24
h. The two solutions were mixed together at room
temperature for 6 hours, using different PVP-CS ratios,
in order to obtain the blank samples denoted as PVP-
CS-1, PVP-CS-2 and PVP-CS-3. The drug loaded
samples were prepared by adding tetracycline
hydrochloride (3 wt%) to these blank solutins to give
the samples denoted as PVP-CS-1’, PVP-CS-2’ and
PVP-CS-3° (Table 1). Four freeze-thaw cycles,
alternating from freezing at -20 °C for 24 h to thawing
at room temperature over a period of 24 h, were
achieved on the resultant solutions. All the obtained
hydrogels were freeze-dried over 48 h at -46 °C and
were stored in a fridge at 5 °C. The composition of the
hydrogels is listed in Table 1.

Methods
Attenuated total reflection Fourier transform IR
(ATR-FTIR) spectroscopy

FTIR spectra of the samples were obtained using a
BioRad FTS 1350 FTIR spectrometer, equipped with a
Specac “Golden Gate” ATR accessory. A LUMOS



Fourier Transform Infrared (FTIR) Microscope
(Bruker Optik GmbH, Ettlingen, Germany), equipped
with an attenuated total reflection (ATR) device, was

Table 1

Chitosan

used to record the scans between 4000 and 600 cm™! at
a resolution of 4 cm™.

Composition of blank and drug loaded PVP-CS hydrogels

Sample PVP CS Tetracycline
(Wt%) (Wt%) (Wt%)
PVP-CS-1 80 20 B
PVP-CS-1” 80 20 3
PVP-CS-2 50 50 ]
PVP-CS-2’ 50 50 3
PVP-CS-3 20 80 _
PVP-CS-3’ 20 80 3

Morphological characterization via scanning electron
microscopy (SEM)

Scanning electron microscopy (SEM) was
performed on a TESLA BS 301 microscope, at 20 kV,
with a magnification of 380-3600. The images were
recorded on film surfaces deposited on gold supports
and coated by sputtering with thin gold films using an
EK 3135 EMITECH device.

Dynamic water vapor sorption capacity

Dynamic water vapor sorption capacity for the
samples was determined using the fully automated
Intelligent Gravimetric Analyzer (IGA) (Hiden
Analytical, Warrington, UK), and generated data were
processed using the IGAsorp specific software package
(Hiden Analytical, Warrington, UK). Before sorption
measurement, the samples were dried at 25 °C, in
flowing nitrogen (250 mL/min) until the weight of the
sample was constant at relative humidity (RH) <1%.
Then, the relative humidity was gradually increased
from O to 90%, at a rate of 10% RH per h. Afterwards,
the RH of the equipment was decreased in a similar
pattern and the desorption curves were recorded.

Estimation of drug loading and entrapment efficiency

The quantitative determination of tetracycline
hydrochloride (TH) was performed using an earlier
reported spectrophotometric method (SPECORD 210
PLUS-223F2042C) based on absorbance measurement.
In order to determine the wavelength at which it
absorbs the pure drug (TH), a dilute solution of TH in
phosphate buffer of pH 7.4 was prepared and the
absorption spectrum in the UV-VIS domain was
recorded. After this determination, the calibration
curve for TH was drawn in phosphate buffer (pH 7.4)
in the concentration range of 5-40 pg/mL, for which
the absorbance values were recorded at the set
wavelength. In order to establish the loading of the
drug in the polymer matrix and the efficiency of its
loading, samples were taken from three different places
of each hydrogel, which were introduced into 25 mL
flasks containing phosphate buffer of pH 7.4. The

solutions were introduced into an ultrasonic bath for 2
hours at 37 °C, then centrifuged, and samples were
taken from the supernatant, which were diluted to a
concentration in the study area and then analyzed
spectrophotometrically. The measured absorbance
values were identified on the calibration curve and, by
interpolation, the TH concentrations in each polymer
matrix were accurately determined. The load capacity
(LC) and load efficiency (EE) results for tetracycline

hydrochloride (TH) were calculated using the
equations:
i M 1zt
LE (o) = ——==21-100
1[\ M:ﬂmlﬂ'w ; (1)

where LC — loading capacity of TH in hydrogels;
M;cwa TH — actual amount of TH loaded in hydrogel
sample; Mg,mpre — actual amount of hydrogel sample;

M actualTH \ . on
—|-100
My opperical TH'

m——

EE (%) = |
(2)
where EE — entrapment efficiency, %; Mucwa ™ —
actual amount of TH loaded in hydrogel; Mcoretical TH —
theoretical amount of TH added in the hydrogel

preparation.

In vitro drug release studies

This study was carried out using a phosphate buffer
release medium (pH 7.4)7 according to the following
experimental protocol: dissolution medium: 500 mL of
phosphate buffer solution, apparatus: 2 paddles; bath
temperature: 37 °C £ 0.5 °C; rotation speed: 100 rpm;
sampling interval was set at every 15 min during the
study period (1 h). Each sample containing the
equivalent of 10 mg TH was weighed and was placed
directly in the dissolution bath with 500 mL of
phosphate buffer solution. The drug releasing medium
(3 mL) was withdrawn at various time intervals and
replaced with the same volume of medium. The
amount of tetracycline hydrochloride released was
determined using the spectrophotometric method
described above.
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Analysis of in vitro drug release kinetics

In order to predict and correlate the in vitro release
behavior of tetracycline hydrochloride within the
hydrogel system, suitable mathematical models were
used. The experimental data obtained from the in vitro
drug release studies were assessed using three
prediction models: zero-order, first-order, and
Korsmeyer-Peppas release kinetics.” Data fitting was
performed by linear and nonlinear regression using
Matlab 7.1. Data were presented as mean * standard
deviation and differences between data sets were
considered statistically significant when p < 0.05. The
Akaike Information Criterion (AIC) and the correlation
coefficient (R?) were the criteria for selecting the
model that reliably described the release profile of the
formulation, with the value of R” close to 1, and low
AIC values.

RESULTS AND DISCUSSION
Structural and morphological characterization
The FTIR spectra of the freeze-dried hydrogel
samples are presented in Figure 1. The peaks at
2974, 2830, 1647 and 1560 cm’ could be
assigned to the stretching vibration of C—H (asym.
and sym.), C=0 and C-N groups, respectively.
The signals of amide groups, indicative of the
chitosan structure, were found at 1647 cm’,
corresponding to the stretching vibration mode of
C=0 (amide I), at 1560 cm’!, related to the
stretching vibration mode of N-H (amide II), and
at 1325 cm'l, attributed to to the vibration of
amide III. In the case of the FTIR spectra of the
PVP-CS hydrogels with different polymer ratios,
it can be seen, as expected, how the signals of the
amide groups I (1647 cm™) and II (1560 cm™)

decrease as the chitosan ratio decreases. Also, a
spectrum of the PVP-CS hydrogels shows a peak
at 1288 cm™ characteristic of C-N stretching from
the pyrrolidone backbone. The OH stretching
absorption around 3300 cm™ is only due to CS
and its broad profile increases with increasing the
PVP content. The vog band has a constant blue
shift, as the PVP concentration increases in the
samples. The FTIR spectrum of tetracycline
hydrochloride showed the absorption peaks for
N-H and O-H stretching at 3341-3329 cm™ and
aromatic C—H stretching at 3085-3024 cm™'. The
vibrational peaks at 2995-2863 cm™ and 1648-
1582 cm™ were assigned to C—H stretching and
aromatic C=C stretching, respectively. The
aromatic in-plane and out-of-plane deformation
peaks were observed at 1247-1000 cm™ and 567-
501 cm’, respectively. The vibrational peak at
965 cm’ was assigned to C-N stretching. The
PVP-CS-TH hydrogels showed absorption peaks
for N-H and O-H stretching at 3413-3325 cm’
and for aliphatic C—H stretching at 2974-2830 cm’
'. From the FTIR analysis, we can observe that
the intensity of the absorption band at 965 cm’
increased in the samples containing TH, when
comparing to the control.

The morphology of the freeze-dried hydrogel
samples was analyzed by SEM. It was observed
that all the freeze-dried samples exhibited 3D
porous structures. Also, the SEM images revealed
that the morphology and porosity of the PVP-CS
hydrogels changed when varying the polymer
ratio (Fig. 2 a-c).
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Figure 1: FTIR spectra of PVP-CS and PVP-CS-TH hydrogel
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Chitosan

Figure 2: Micrographs of freeze-dried PVP-CS hydrogels: PVP-CS-1 (a), PVP-CS-2 (b), PVP-CS-3 (c) and PVP-CS-
TH: PVP-CS-1’ (d), PVP-CS-2’ (e), PVP-CS-3’ (f)

The hydrogel with the highest proportion of
chitosan (PVP-CS-3) presented the most porous
network and the widest pores (Fig. 2 ¢).'”* The
influence of the drug, TH, on the structure of the
hydrogel network was also investigated: Figure 2
(d-f) reveals that tetracycline hydrochloride
containing PVP-CS hydrogels were
homogeneously loaded. The TH was loaded by
first occupying the existing interconnected
microporous spaces of the PVP-CS hydrogel
network.

Moisture sorption behavior

The moisture sorption capacity of hydrogels
influence their stability, shelf life and medicinal
applications. The sorption—desorption isotherms
recorded in the dynamic regime, at 25 °C (Fig. 3),
in 10% humidity steps, revealed that the
maximum water vapor sorption capacity increases
from 44.32% to 58.97% and 59.48 wt% relative to
the dry basis weight of the samples as the initial
composition changes, and from 27.83% to
32.39% and 38.50 wt% for the samples containing
TH. The highest value of water vapor sorption
capacity (59.48%) was obtained for the hydrogel
with 50% PVP and 50% CS (PVP-CS-2) and the
lowest value (27.82%) was obtained for the
tetracycline loaded sample containing 50% PVP
and 50% CS (PVP-CS-2’). The Brunauer-
Emmett-Teller (BET) surface area, estimated on
the basis of moisture sorption isotherms in the

relative humidity range of 0-40%, was between
311.642-363.24 m*/g for the drug loaded samples,
and 584.9-592.028 m*/g for the blank samples.

The type V sorption/desorption isotherms
recorded for all tested samples are associated with
the sorption of water vapor on low hydrophilic
materials.””® When the ratio of relative test
humidity to initial relative humidity p/po is low
(RH < 20%), the type V isotherm shape can be
attributed to relatively weak adsorbent—adsorbate
interactions. At higher humidity, molecular
clustering is followed by pore filling. This type of
isotherm is observed for water adsorption on
hydrophobic or less hydrophilic mesoporous
adsorbents. The sorption isotherms are S-sigmoid
curve, concave on low humidity and convex on
high humidity. The sigmoid curve is explained by
the model based on Brunauver, Emmett and
Teller’s multilayer adsorption theory (BET). The
water molecules penetrate into the hydrogel
matrix, water adsorption occurring not only at the
surface, but also inside the hydrogels. For the first
layer, based on the BET equation, the water
molecules are adsorbed by the polar groups
around the polymer chains. If polymers are cross-
linked, they cannot be dissolved by water
sorption, instead they swell; the numbers of
adsorbed layers for this case being limited and
polymer solids turn into gel materials. The water
sorption capacity of different samples follow a
similarly shaped curve (Fig. 4).
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Figure 3: Moisture sorption/desorption isotherms for

blank and drug loaded hydrogel samples
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Figure 4: Moisture sorption capacity (relative to dry
basis weight of the samples) as a function of time for
the studied samples

Table 2
Values of water sorption capacities and BET parameters

BET kinetic model

Sample }z‘\%})) ((;,/f' ) VZ;: )gil t Agea Monolayer
(m'/g) (g2
PVP-CS-1 80 20 58.9741 591.252 0.1684
PVP-CS-1" 80 20 38.5062 363.240 0.1034
PVP-CS-2 50 50 59.4854 584.923 0.1666
PVP-CS-2 50 50 27.8261 311.642 0.0887
PVP-CS-3 20 80 44.3199 592.028 0.1686
PVP-CS-3’ 20 80 32.3869 325.029 0.0926
*relative to dry basis weight of the samples
The values of water vapor sorption capacities w,.c. 2
for all the samples are presented in Table 2. The W= Py
isotherms show hysteresis between sorption and [l—fj-[l—f+c pij 3)

desorption. As may be seen in Figure 3, the final
mass is not the same as the initial one, because a
small part of sorbed water remains in it. The
water sorption behavior of these samples was
analyzed using moisture sorption isotherms. The
role played by water molecules in the sample was
interpreted on the basis of the Brunauer-Emmet-
Teller model (BET),* which allowed a good fit of
the water sorption data.

The BET model is the most widely used
technique for predicting moisture sorption. It
describes the isotherms up to a relative humidity
of 50%, depending on the type of sorption
isotherm and on the type of material. This model
is limited because it cannot completely describe
the water sorption behavior of materials in
multilayers.

The BET equation (3) is very often used for
modeling the sorption isotherms:
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where W — the weight of adsorbed water, W, —

the weight of water forming a monolayer, C — the
p

sorption constant and p, — the relative humidity.
The high hygroscopicity of CS is due to the
presence of the pair of free electrons of the amine
group, which is supposed to be the origin of the
dative bonds. CS absorbed more water because it
is more polar. According to the literature, the
effect of adsorbed water on hydrophilic materials
can be divided into three regions of hydration. For
chitosan, when it is hydrated at low values of
equilibrium relative humidity (RH,q) (<50%), the
rate of relaxation of the solvent slightly increases.
Intermediate RH., values (from 50 to 75%)
increase the mobility of the matrix of chitosan. At
higher RH,, values (80%), there is a significant
increase in the molecular mobility of the matrix. It
has been reported that the chitosan has 3
adsorption sites: the hydroxypropyl group, the



amino group, and the end of the polymer chain
consisting of a hydroxyl or aldehyde group.”*
Based on the degree of interaction between water
and polymer, three states of water adsorbed in the
hydrophilic materials have been proposed: (i)
non-freezable or composition water, which does
not crystallize, even at low temperatures, (ii)
linked or freezable water, which -crystallizes
below 0 °C, and (iii) free water, which can be
crystallized at O °C. After the adsorption of water,
chitosan may swell, but will stop to some extent
due to the cross-linking of the crystalline zones.*’
When CS is blended with PVP, the amine and
hydroxyl groups of chitosan can interact with the
carbonyl groups of PVP, resulting in the
formation of a compact three-dimensional (3D)
network in the blend and the affinity of chitosan
for water is reduced.

The electrostatic interactions and the hydrogen
bonding between PVP and chitosan decrease the
number of hydrophilic functional groups. During
moisture sorption experiments, water molecules
can diffuse in, filling up the void volumes,
without forming hydrogen bonds. The obtained
hydrogels combine the hydrophilic nature of
chitosan and PVP with their high affinity for
water, thus increasing the water uptake. For the
drug loaded samples, the presence of TH,
encapsulated in the materials, decrease the
moisture sorption capacity as compared with the
blank samples, because the TH first fills the
existing interconnected microporous spaces of the
PVP-CS hydrogel network. The TH drug loading
and, most importantly, its release can be
controlled by modifying the ratio of PVP to CS.

Estimation of drug loading and entrapment
efficiency

The drug loading and encapsulation efficiency
of the formulations were based on the calibration
curve obtained using standard solutions of
tetracycline hydrochloride (5-40 pg/mL). The

Table 3

Chitosan

results presented in Table 3 show a direct
correlation between drug loading and entrapment
efficiency. The entrapment efficiency of the drug
in various formulations has been found to be in
the range of 79.82-100.97%. From the
experimental data, it has been found that, with the
increase in the concentration of the cross-linking
agent (PVP), there is an increase in the TH load,
which is in correlation with the experimental
results obtained from the FTIR spectrum.

The IR spectra show the formation of
hydrogen bonds between PVP and TH, so that
with increasing polymer concentration the
efficiency of drug loading also increases.

In vitro drug release

The results obtained from the in vitro TH
release studies in pH 7.4 buffer media selected for
the three formulations are shown in Figure 5.
These results show that the combination of the
two hydrophilic polymers, PVP-CS-2 (PVP and
CS in a ratio of 50:50) led to a prolonged release
system. From the results of the pH 7.4 buffer
release test, it has been found that after the first 15
min, the TH released from PVP-CS-3” reaches
30%, from PVP-CS-2’" — 27% and from PVP-CS-
1" — 78%. The drug release rate profile of the
PVP-CS hydrogel exhibits a burst release phase,
in which 78% of the loaded TH is released in the
first 15 min. The exposure profile of the drug in
the PVP-CS sample can be explained by the
diffusion of the drug through the crystalline
surface of the chitosan structure. After 2 h, the
release of tetracycline from the hydrogels was
60%, 66% and 78%, respectively, indicating that
drug release from the hydrogels increased with an
increase in the PVP concentration of the studied
samples. After 6 h, the maximum amount of TH
released from PVP-CS-3” and PVP-CS-1’
hydrogels were 75% and 82%, respectively.

Drug loading and encapsulation efficiency profile of studied hydrogels

Sample PVP CS TH LC+SD EE + SD
(%) (%) (%) (%) (%)
PVP-CS-1’ 80 20 3 3.03£0.05 100.97 £ 1.52
PVP-CS-2’ 50 50 3 2.39+0.03 79.82 £1.09
PVP-CS-3’ 20 80 3 2.79 £0.05 92.95+£1.52
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Figure 5: In vitro release profile of TH from the samples at pH 7.4 and 37 °C

As regards the PVP-CS-2” sample, the
maximum amount of tetracycline released over 8§
h was 95%. Thus, the PVP-CS-2" hydrogel can be
recommended as a delayed release system for TH.
These results are in correlation with the FTIR
data, which highlighted the presence of only
hydrogen bonds in the formed system. The
delayed release of TH from the hydrogels is due
to the interactions of the carbonyl groups in the
PVP structure with those of the amino and
hydroxyl groups in the TH structure, but also of
the crystalline areas in the CS structure. Thus,
even if PVP has the ability to absorb the drug, it is
achieved by hydrogen bonds, which causes a
faster release of the drug when in the structure of
the hydrogel CS is in a lower percentage (PVP-
CS-1"). If the concentration of CS is too high, the
release is delayed, but not fully achieved, because
the release of the drug is prevented by the
crystalline areas of the CS. Thus, when there is an
optimal ratio between the concentration of PVP
and CS (50:50), both substances contribute to the
prolonged release of TH.

Analysis of in vitro drug release kinetics

In order to correlate the data obtained from the
in vitro drug release studies with the
characteristics of the pharmaceutical form, the
kinetic profile of TH release from the hydrogels
was performed. The study was carried out based
on four mathematical models: the zero- and first-
order kinetic models, and the Higuchi and the
Korsmeyer-Peppas kinetic models. The results
obtained were interpreted by the value of the
correlation coefficient (r*). The highest degree of
the correlation coefficient determines the
appropriate mathematical model that describes the
release kinetics of TH.*' Table 4 illustrates the
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regression coefficients (R? and the calculated
equation constants (K, AIC and n).

During the drug release studies, there was no
surface erosion of the PVP-CS-2" sample, while
there was slight degradation of the PVP-CS-3’
and PVP-CS-1" samples. The in vitro release
behavior of the TH-loaded hydrogels was fitted to
the first-order kinetic model in order to assess its
sustained release potential at the mucosal level.*?
In addition, the Higuchi model, considered as an
important element in the development of drug
delivery systems with a homogeneous and
granular matrix, was also used to investigate the
dissolution and diffusion-dependent drug release
profile of the drug carriers.”” The Korsmeyer-
Peppas model is typically applied to polymeric
systems and defines the exponential release of the
active ingredient over time. As can be seen from
Table 4, the R? and AIC values indicate that not
all the formulations follow zero- and first-order
kinetics.

For PVP-CS-2’, it has been found that the
value of the correlation coefficient is higher,
therefore, we can interpret that the main
mechanism of TH release is diffusion controlled.
From the graphical representation of the
cumulative percentage of TH release over time, it
may be noted that the drug release from the PVP-
CS-2’ matrix perfectly follows the Higuchi drug
release pattern, because there is a direct
correlation between the drug release profile and
the surface of the hydrogel, very close to the
value of the correlation coefficient (I =
0.9480).”* In the case of the Korsmeyer-Peppas
model, much higher values of R> (between
0.9740-0.9903) were obtained, and the lowest
values for AIC suggested that this model fits best
the release data. The obtained results, presented in



Table 4, reveal that the release of TH from all the
studied systems is facilitated by diffusion, as the

Chitosan

release data fit perfectly with the Korsmeyer-
Peppas model.

Curve fitting results of in vitro TH release profile of hydrogels

L - Sample
Kinetic model Model coefficients PVP-CS-1’ PVP.CS-2’  PVP-CS-3’
K, (ug/h) 20.3456 20.4374 16.7984
Zero-order R® 0.2921 0.8389 0.6812
AIC 100.4513 82.5360 85.1953
K, (h'") 3.8472 0.6631 0.4894
First-order R? 0.2855 0.9066 0.5065
AIC 77.2645 58.8643 72.7304
K, (h%%) 47.0828 43.1185 39.9689
Higuchi R? 0.4011 0.9480 0.7289
AIC 88.9906 51.1497 64.9442
n 0.09 0.38 0.26
Korsmeyer-Peppas K, (121‘“) 71.8718 49.4786 47.6079
R 20.3456 0.9903 0.9802
AIC 0.2921 31.3405 34.4429

The values of the n exponential coefficient in
the Korsmeyer-Peppas equation (n < 0.5), as well
as the minimum values of AIC, confirmed the
release of TH through a diffusion process. This
type of diffusion is characteristic of semi-solid
pharmaceutical forms and polymeric films, for
which the rate of release of the drug substance is
proportional to the square root of time.**

Because during the release tests, no change
was found on the surface of sample PVP-CS-2’,
while for samples PVP-CS-3" and PVP-CS-1’, a
slight degradation of the hydrogels was observed,
the zero-order kinetic model was applied.”
Because the TH-loaded hydrogels were developed
to obtain modified-release pharmaceutical forms
to be administered at the mucosal level, it was
necessary to apply the first-order kinetic model as
well.** However, the Korsmeyer-Peppas model is
superior (R* > 0.9903) to the Higuchi, zero- and
first-order kinetic models, in describing the
release kinetics of TH. The n values of the
Korsmeyer-Peppas model are mostly less than
0.5, suggesting the release mechanism was
governed by diffusion. This type of diffusion is
characteristic of semi-solid pharmaceutical forms
and polymeric films, for which the rate of release
of the drug substance is proportional to the square
root of time.*’

CONCLUSION

Tetracycline loaded PVP-CS hydrogels were
successfully prepared using the freeze-drying
technique, with various proportions of the

component materials mixed to obtain three
formulations of hydrogels. The PVP-CS
hydrogels displayed microporous structures.
Morphological studies clearly showed good
dispersion of TH. The highest value of water
vapor sorption capacity was obtained for the
hydrogel with 50% PVP and 50% CS (PVP-CS-
2), while the lowest value was recorded for the
drug loaded sample (PVP-CS-2"). The TH release
profile can be controlled by modifying the ratio of
PVP to CS. Furthermore, the diffusion-controlled
release of TH recommends the PVP-CS-2'
hydrogel to be used as a controlled release system
in the treatment of bacterial infections and oral
candidiasis.

Based on the data obtained for the release of
TH, the PVP-CS-2 hydrogel is considered to be
the best candidate to be used in pharmaceutical
formulations for the local treatment of bacterial
infections and oral candidiasis.
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