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Development of Metronidazole-Loaded Carboxymethyl
Cellulose-Based Hydrogel Using a Central Composite Design

Method

ilkay Konce,® Ebru Cubuk Demiralay,*®! and Yasar Dogan Daldallc!

This study aims to prepare a hydrogel based on sodium car-
boxymethyl cellulose (CMC). This hydrogel was prepared using
citric acid to provide controlled release of the weak base metron-
idazole by forming an inclusion complex with 2-hydroxypropyl-
B-cyclodextrin (HPBCD). A central composite design method
was applied to determine the optimal variables for preparing
a hydrogel of CMC, citric acid, polyethylene glycol-6000, and
HPBCD. The hydrogel film was characterized in solid state by
Fourier transform infrared spectrophotometer, scanning elec-
tron microscopy, energy dispersive X-ray spectroscopy, X-ray
diffraction, thermogravimetric analyses and evaluated in terms

1. Introduction

Hydrogels are hydrophilic polymers that can be cross-linked
by covalent bonds or held together by intermolecular phys-
ical interactions. Studies on synthesizing these 3D polymeric
structures and drug applications through these hydrogels are
becoming increasingly common.'?! The use of polysaccharide-
based hydrogels in pharmaceutical applications is preferred due
to their biocompatibility, non-toxicity, and biodegradability.!’
Hydrogels synthesized for pharmaceutical and biomedical appli-
cations are produced from natural or synthetic polymers. One
of the natural anionic polymers widely used in the preparation
of hydrogels is sodium carboxymethyl cellulose (CMC). It was
determined that CMC hydrogels exhibited excellent swelling and
flexibility. Aqueous solutions of CMC show maximum viscosity
and stability in the pH range of 7.0-9.0.5! Although it is a water-
insoluble biopolymer when cross-linked, CMC can absorb large
amounts of water and swell as a superabsorbent hydrogel.
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of swelling behavior, drug loading, and release. As a result of
the evaluation made with the desirability function, the optimum
condition was determined as 4.26% (w/v) CMC, 0.150% (w/v) cit-
ric acid, 1.33% (w/v) PEG-6000, and 1.60% (w/v) HPBCD with the
experimental design according to the % swelling values at the
60th min. The in vitro release of the model drug metronidazole
loaded into the hydrogel synthesized by the reverse phase lig-
uid chromatography method was calculated as 73.42% =+ 0.23%.
The hydrogel prepared in this study has been shown to have the
potential to be a suitable carrier for metronidazole.

Hydrogels for hydrophobic drug delivery are problematic
due to the incompatibility between the hydrophilic hydrogel
and the hydrophobic drug. This problem occurs when the
hydrophobic drug is loaded into the hydrogel and released into
the aqueous medium. Incorporating cyclodextrin inclusion com-
plexes of hydrophobic drugs into the hydrogel largely solves this
problem.] When cyclodextrin and its derivatives are incorpo-
rated into a polymeric structure, the efficiency and applicability
of the polymer can be increased. These molecular structures
can form inclusion complexes called guest-host compounds
with aliphatic and aromatic compounds.'” 2-hydroxypropyl-S-
cyclodextrin (HPBCD) is an oligosaccharide with a hydrophilic
outer surface. While soluble in water, it has a lipophilic cavity
at its center and forms inclusion complexes by encapsulating all
or part of a drug molecule into its cavity. This allows the for-
mation of aqueous drug-HPSCD complexes for lipophilic drugs.
These complexes can be easily dissociated since no covalent
bonds are formed. In general, in drug formulations, HPSCD can
retain water-insoluble drug molecules in solution.!®! Polymers
containing cyclodextrin are used as drug carriers for controlled
release and have high water retention capacity. Controlled
release, which ensures that the drug dose in the formulation
is kept at therapeutic levels, reduces dosing frequency, toxicity,
and the possibility of side effects. After the polymers are syn-
thesized, the drug release mechanism needs to be known.”#!
Moreover, studies show that CMC-cyclodextrin-based hydrogels
are successfully applied in controlled drug delivery.>" In this
study, the formation of an inclusion complex was achieved with
the nitroimidazole class antibiotic metronidazole and HPSCD.
Although metronidazole is given as a water-soluble compound,
it was determined as 10 mg mL~" at 20 °C'?! and 10.5 mg mL™'
at 25 °C.I"%) As a result of the phase solubility study conducted
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by Koncge et al., the solubility of metronidazole at 37 °C was
determined as 10.85 mg mL~"."! The hydrophobic structure of
the imidazole ring in the structure of metronidazole is a group
that has the potential to enter the cyclodextrin (CD) cavity. The
side chain (R) carrying the nitro group and hydroxyl group in
the structure will partially remain outside the cyclodextrin cavity.
The incorporation of metronidazole into the cyclodextrin cav-
ity occurs as a result of translocation; where the low-polarity
metronidazole replaces the water molecules in the cavity."In
the study conducted by Konge et al., the slope value of the phase
solubility graph of the complex formed by metronidazole with
HPBCD in pure water was below 1, indicating that the complexa-
tion was at a 1:1 ratio. The stability constant (K.) for this complex
was calculated as 1827.82 M~". Complexes with K. values of 100-
5000 M~ seem to be suitable for practical applications.!™>'!
For this, the K. value must be within this range for the con-
trolled release of metronidazole and its release by leaving the
cyclodextrin cavity easily. The obtained K. value also supports
this interaction.

The preparation of synthetic polysaccharide-cyclodextrin-
based hydrogels often involves the use of harmful chemicals,
leading to the search for alternative methods that do not use
such chemicals. In the literature, HPSCD-CMC-based hydro-
gels have been prepared using cross-linking chemicals such
as ethylene glycol diglycidyl ether (EDGE),[”! N, N'-methylene
bisacrylamide,!™® and divinyl sulfone.™ These chemicals are
toxic and unsuitable for use in pharmaceutical formulations.
Instead, it is aimed to obtain insoluble gels with high mechanical
strength by using natural citric acid to create cross-linked poly-
meric structures. In recent years, citric acid has been used as a
cross-linking agent in the synthesis of hydrogels containing var-
ious cellulose derivatives, and different mechanisms have been
proposed in the literature to explain the cross-linking reaction
of cellulose/cellulose-derived polymers with citric acid.[?°-2!

Polyethylene glycol (PEG), in addition to its hydrophilic prop-
erties, also has hydrophobic properties due to the presence of
ethylene groups.? It can retain hydrophobic drug molecules at
high concentrations due to the hydrophobic area in its structure.
It also increases the swelling of hydrogels and increases the load-
ing of drugs onto the hydrogel with its pore-forming effect. The
hydrogen bonding between CMC and PEG and the hydropho-
bic interactions between the hydrophobic drug and the ethylene
groups of PEG may contribute to facilitating controlled drug
release over a long period.

Studies are still being carried out today using the trial
and error method to determine the amount of basic compo-
nents in the prepared hydrogel and to reach the maximum
swelling capacity.>28! Such studies are quite costly because
the chemicals used are expensive and the applied method
takes a significant amount of time. Additionally, it is not cer-
tain that optimum amounts determined through trial and error
will yield the best swelling results. For this reason, experimen-
tal design methods aiming to determine the factors that may
affect the experimental results and to determine the optimum
amounts with the least number of trials are widely used today.
Experimental designs allow results to be determined through
statistical analysis. After determining the effective variables in
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the experiment, the experimental design should be selected.
In this study, central composite design (CCD) created accord-
ing to citric acid, PEG-6000, and HPBCD variables was used
for the synthesis of hydrogels based on carboxymethyl cellu-
lose. The central composite design was used to determine the
main effects of variables and the effect of interactions between
variables in hydrogel synthesis.[?>?°]

This study aims to determine the applicability of CMC-
based HPBCD-containing hydrogel as a drug carrier. The aim
was to form an inclusion complex between HPBCD and
metronidazole!™ and to provide a controlled release of the com-
pound by easily exiting the cyclodextrin cavity. In the studies
conducted in the last five years, hydrogels used for different
purposes were produced by utilizing the inclusion complex of
HPBCD with different drug active ingredients.?°33! In these
studies, the hydrogel components were generally optimized
using the trial and error method. In our study, the optimum
amounts of the components forming the hydrogel were deter-
mined using the desirability function and the swelling data in
the design. The release studies of metronidazole in the syn-
thesized hydrogel were carried out using the reverse phase
liquid chromatography (RPLC) method. Qualitative and quanti-
tative characterization results on the synthesized hydrogel were
also provided. The synthesized hydrogels were characterized by
Fourier transform infrared spectrometry (FTIR), scanning electron
microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, X-
ray diffraction (XRD), thermogravimetric analysis (TGA/DTA), and
differential scanning calorimetry (DSC).

2. Results and Discussion
2.1. Preparation of the Hydrogel

HPBCD-CMC hydrogel films were prepared using the esterifi-
cation cross-linking method with citric acid as the cross-linking
agent. Depending on the reaction temperature, citric acid under-
goes dehydration at certain temperatures to obtain the cyclic
anhydride intermediate, which then reacts with the free hydroxyl
groups of CMC or PEG-6000. At high temperatures (above 80 °C),
citric acid esterifies the reactive OH groups of adjacent polymer
chains, forming cyclic anhydride. For this purpose, the con-
version of citric acid to cyclic anhydride was carried out at
90 °C for 5 min to ensure the formation of ester cross-links.1?%34
The C6—0OH groups of CMC (OH group attached to C6 of the
anhydroglucose unit) and the terminal OH groups of PEG-6000
are highly reactive and readily participate in the esterification
reaction with citric acid. The potential reaction mechanism for
hydrogel formation and the 3D structure of the multicompo-
nent hydrogel are shown in Figure 1. CMC is thermally stable
below 100 °C.*! Consequently, synthesis temperatures of 50 and
80 °C were chosen to enable citric acid cross-linking through
the formation of the cyclic anhydride intermediate without dis-
rupting the chemical structure of CMC. In the swelling tests,
it was observed that the hydrogels prepared only at 80 °C
dried very quickly and dissolved shortly before reaching the
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Figure 1. Synthesis reaction of CMC-HPBCD hydrogel.

CMC-HPBCD Hydrogel

(3D representation)

Table 1. The low, zero, high, and « levels of the parameters used in the central composite design method.

Independent Parameters (—a) Low Level (—) Zero Level (0) High Level (+) (+a)
(x1) CMC (w/v%) 0.40 1.60 2.80 4.00 5.20
(xz) Citric acid (w/v%) 0.15 0.60 1.05 1.50 1.95
(x3) PEG-6000 (w/v%) 0.00 0.34 0.67 1.00 133
(x4) HPBCD (w/v%) 0.00 0.40 0.80 1.20 1.60

equilibrium swelling ratio. Therefore, the optimum drying tem-
perature for this process was determined as 50 °C.

2.2, Determination of the Optimum Amount of Components
in Hydrogel by CCD Design Method

Considering that many parameters affect hydrogel synthesis,
adequate control cannot be achieved because the effect of the
parameters on the hydrogel cannot be determined accurately.
Therefore, it is not certain that the result obtained is the best
value. As a result, the central composite design (CCD) method,
which is one of the experimental design methods that allows
us to examine the effect of multiple parameters on the selected
response factor and express the obtained results statistically, was
used in the synthesis of HPBCD/CMC hydrogel. While preparing
the hydrogel, the combined effect of CMC, citric acid, PEG-6000,
and HPBCD on the degree of swelling of the formed hydrogel
was determined using the CCD method, keeping the reaction
temperature and time constant. This design requires a total of 31
different experiments with seven replicates at the center point.
The lower, middle, upper, and alpha limits of the parameters
chosen to determine these experimental conditions are given
in Table 1. ANOVA (analysis of variance) and regression analy-
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sis were used in the analysis of experiments performed with
CCD. ANOVA statistically explains which factors are important
for which process. Regression analysis is used to determine the
existence of a unique mathematical relationship between the
input (independent input variable) and the outcome (dependent
output variable).!

For CCD, HPBCD/CMC hydrogels synthesized under 31 differ-
ent experimental conditions were dried in a vacuum oven and
brought to a constant weight. The degree of swelling of the
hydrogels was determined by five individually repeated analy-
ses in pure water. Each hydrogel reached maximum equilibrium
swelling within 60 min. The concentrations of the components
used in the created design (%w/v) and the response values
obtained according to these parameters are given in Table 2.
Multiple regression analysis and results determined according
to four criteria were performed to determine the effects of
the experimental conditions. Selected parameters regarding the
degree of swelling (%) and their interactions are provided in
Table 3. The regression equation formulated based on this
analysis is expressed as Equation (1).

SWe”lng (%) = bo + b1X1 =+ bzXz + b3X3 + b4X4 -+ b12X1X2
+ b13X1X3 + b1aX1Xg + ba3XaXs + baaXoXxs m
+ b34X3X4 + b11X$ + bsz% + b33X§ + b44X421
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Table 2. Levels of selected parameters and swelling (%) values obtained at these levels.
Exp. No (x1) CMC (x) Citric acid (x3) PEG-6000 (x4) HPBCD Experimental Swelling Predicted Swelling
(w/v%) (W/v%) (wW/v%) (wW/v%) (%) (%)
1 1.60 0.60 0.34 0.40 93.54 94.31
2 4.00 0.60 0.34 0.40 165.70 165.80
3 1.60 150 034 0.40 144.28 144.77
4 4.00 150 034 0.40 160.91 160.54
5 1.60 0.60 1.00 0.40 87.07 87.607
6 4.00 0.60 1.00 0.40 193.06 193.21
7 1.60 150 1.00 0.40 95.30 95.89
8 4.00 150 1.00 0.40 145.86 145.76
9 1.60 0.60 034 120 83.61 84.15
10 4.00 0.60 0.34 1.20 183.53 183.66
n 1.60 1.50 0.34 1.20 109.49 110.07
12 4.00 150 0.34 120 153.94 153.84
13 1.60 0.60 1.00 1.20 99.65 100.74
14 4.00 0.60 1.00 120 234.40 23435
15 1.60 1.50 1.00 120 84.13 84.47
16 4.00 150 1.00 120 162.40 162.35
17 0.40 1.05 0.67 0.80 0.01 0.27
18 5.20 1.05 0.67 0.80 146.78 14711
19 2.80 0.15 0.67 0.80 167.15 166.20
20 2.80 1.95 0.67 0.80 145.82 144.67
21 2.80 1.05 0.01 0.80 164.73 163.86
22 2.80 1.05 133 0.80 166.62 165.67
23 2.80 1.05 0.67 0.01 155.41 154.54
24 2.80 1.05 0.67 1.60 162.05 160.981
25 2.80 1.05 0.67 0.80 184.00 183.46
26 2.80 1.05 0.67 0.80 182.50 183.46
27 2.80 1.05 0.67 0.80 183.40 183.46
28 2.80 1.05 0.67 0.80 184.10 183.46
29 2.80 1.05 0.67 0.80 183.60 183.46
30 2.80 1.05 0.67 0.80 184.20 183.46
31 2.80 1.05 0.67 0.80 183.20 183.46

where by is intercept value; by, by, b3, by, br, biz, b, by, b, bsg,
by, by, bss, by, are regression coefficients; x;, x;, X3, X, are main
effects; x1x2, Xi1X3, XiXa, X2X3, X2X4, X3X4 are two-way interactions
between main effects; x2, x3, x3, X2 are interaction and quadratic
terms.

The p-values next to the coefficients in Table 3 express the
effect of that parameter on the % swelling values. If the p-
value is less than 0.05 at the 95% confidence level, the effect
of that parameter on the response factor value is significant;
If the p-value is greater than 0.05, the effect of that parame-
ter on the response value is insignificant. In addition, the lack
of fit value specified in the table represents the inconsistency
between the response factor values obtained experimentally and
the response values calculated as a result of regression analysis.

When Table 3 is examined according to p-values, factor
effects, and model misfit data, it is seen that the effects of
CMC (x;) and binary parameters X;X;, XXz, X;X3, and X;X3 on
the swelling degree (%) values are significant. The effects of
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these parameters were found to be insignificant compared to
the accompanying binary interactions. In addition, the individual
positive effect of x;, x3, X4 and the combined effect of x;x3, X3X4,
and x;x3 show that these parameters have an increasing effect
on the swelling (%) values, whereas other important parameters
show a negative effect. These effects suggest that these param-
eters have a reducing effect on swelling (%) values. In addition,
the fact that the model mismatch value is greater than 0.05
indicates that the mismatch between the % swelling values cal-
culated according to the selected model and the experimental
% swelling values is insignificant. Experimental % swelling val-
ues according to the selected parameters and % swelling values
calculated according to the model are given in Table 2.

The agreement between the experimentally determined
response values and the theoretically calculated values is shown
in Figure S1. The estimated values are very close to the experi-
mental values. The closeness of these values is close to a straight
line at an acceptable level. As a result, it is seen that the
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Table 3. The results of the regression analysis, effects, and probability
values for swelling degree.

Factor Effects Effects Swelling (%) p
Constant 183.571 0.000
Xy 74.691 37.346 0.000
X2 —10.576 —5.288 0.1m
X3 0.905 0.453 0.876
Xa 3.226 1.613 0.604
)(12 —55.517 —27.758 0.000
X2 —13.97 —6.985 0.114
x§ —9.347 —4.674 0.393
x2 —12.847 —6.424 0.158
X1X2 —27.865 —13.932 0.003
X1X3 17.052 8.526 0.046
X1Xa 14.004 7.002 0.095
XoX3 —21.091 —10.545 0.015
XoX4 —12277 —6.138 0.129
X3Xa 11.644 5.822 0.149
Lack of fit 0.054

CMC (xy); citric acid (x;); PEG-6000 (x3); HPBCD (Xa4).

estimated values are in good agreement with the real data.
The %normal probability plot given in Figure ST shows whether
the obtained data are regularly distributed. Experimental data
appear to be arranged in a normal distribution.

2.3. Optimum Condition Determination with the Desirability
Function

In cases where there are multiple parameters and experiments
in the CCD method, deciding on the optimum condition from
these values is a time-consuming and difficult task. To overcome
this difficulty, the desirability function is used. In the desirabil-
ity function approach, each response value is converted into a
specific response value between 0 and 1 according to the deter-
mined targets (d). Then, the total desirability function is obtained
from these d values. Thus, all response values are converted into
a single response value. The value one, which results from the
desirability function, indicates that the specified goal will be fully
achieved, while the value zero indicates that the specified goal is
impossible to achieve. The further the value moves away from 1,
the more difficult it becomes to achieve the specified goal. The
desirability function takes the value 0 when it is impossible to
achieve the set goal.

The target of the desirability function determined in this
study was determined as the value that maximizes the swelling
value determined in response. For this purpose, the swelling
degree values at the 60th min, which are the response values
in experimental designs, were converted to d values. The data
obtained are given in Table 4.

As a result of the evaluation made with the desirability
function, the optimum condition for the experimental design

ChemistrySelect 2025, 10, €202405141 (5 of 14)

Table 4. The equivalents of the response values according to the desir-
ability scale.

Exp. CMC Citric Acid PEG-6000 HPBCD deo. min
Num. (W/v%) (w/v%) (w/v%) (W/v%)

1 1.60 0.60 0.34 0.40 0.40
2 4.00 0.60 0.34 0.40 071
3 1.60 1.50 0.34 0.40 0.62
4 4.00 1.50 0.34 0.40 0.69
5 1.60 0.60 1.00 0.40 0.37
6 4.00 0.60 1.00 0.40 0.82
7 1.60 1.50 1.00 0.40 0.41
8 4.00 1.50 1.00 0.40 0.62
9 1.60 0.60 0.34 1.20 0.36
10 4.00 0.60 0.34 1.20 0.79
n 1.60 1.50 0.34 1.20 0.47
12 4.00 1.50 0.34 1.20 0.66
13 1.60 0.60 1.00 1.20 043
14 4.00 0.60 1.00 1.20 0.95
15 1.60 1.50 1.00 1.20 036
16 4.00 1.50 1.00 1.20 0.69
17 0.40 1.05 0.67 0.80 0.00
18 5.20 1.05 0.67 0.80 0.63
19 2.80 0.15 0.67 0.80 071
20 2.80 1.95 0.67 0.80 0.62
21 2.80 1.05 0.00 0.80 0.70
22 2.80 1.05 133 0.80 071
23 2.80 1.05 0.67 0.00 0.66
24 2.80 1.05 0.67 1.60 0.69
25 2.80 1.05 0.67 0.80 0.78
26 2.80 1.05 0.67 0.80

27 2.80 1.05 0.67 0.80

28 2.80 1.05 0.67 0.80

29 2.80 1.05 0.67 0.80

30 2.80 1.05 0.67 0.80

31 2.80 1.05 0.67 0.80

according to the % swelling values at the 60th min was deter-
mined as 4.26% (w/v) CMC, 0.150% (w/v) citric acid, 1.33% (w/v)
PEG-6000, and 1.60% (w/v) HPBCD. In addition, the optimum
condition obtained was also given in the 3D surface diagrams
(Figure 2).

2.4. Characterization of Hydrogel
2.4.1. Investigation of Swelling Behavior of Hydrogel

The nature of hydrophilic and hydrophobic polymer chains,
together with electrostatic repulsion, affects the swelling behav-
ior of pH-sensitive hydrogels as the pH of the environment
changes. This behavior depends entirely on the dissociation
constant value (pK,) of the ionizable groups in the polymer

© 2025 Wiley-VCH GmbH
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Figure 3. Swelling percentage data of hydrogels, (a) without metronidazole and (b) containing metronidazole at different pH values.

backbone. CMC, an anionic polymer, contains carboxyl groups
attached to polymer chains. At low pH, the carboxyl group in
the CMC structure is protonated and the protonated carboxyl
group can form strong hydrogen bonds, leading to shrinkage of
the polymer chain and a decrease in the swelling percentage.
As the pH value increases, the carboxyl group becomes ionized,
whereas the electrostatic repulsion between the carboxyl anion
sites weakens the hydrogen bonds, and the hydratability of the
group increases, causing the swelling percentage to increase.

The pK, value of CMC is 4.85.1*"! If the pH of the medium is
above the pK, of the ionizable group of anionic hydrogels, ion-
ization occurs. This increases the swelling percentage. At higher
pH values, the concentration of anionic groups in the polymer
network increases. This causes an increase in the percentage
through mass swelling of the hydrogels with the increase in the
ionizable functional group.

In this study, hydrogels prepared in optimum amounts cal-
culated according to the CCD design were subjected to swelling
tests in buffer solution environments prepared with pure water
(pH 7.0) at room temperature and different pH levels (pH 2.0, pH
5.5, and pH 9.0). The swelling percentage values of the hydrogels
were calculated according to Equation (5), and the data obtained
under these conditions are presented in Figure 3.

ChemistrySelect 2025, 10, €202405141 (6 of 14)

In the CMC-based hydrogel without metronidazole, the high-
est swelling value (301.20%) was reached in the pH 9.0 buffer
solution (Figure 3a). After the metronidazole-loaded hydrogel
was synthesized under optimum conditions, the swelling behav-
ior of the hydrogel was also tested under the same conditions
and reached the maximum swelling value at pH 7.0 (Figure 3b).
The pK, value of metronidazole in the hydrogel structure is
3.041.38] Depending on the pH of the medium, the ioniza-
tion of the protonated nitrogen atom in the 3rd position (N-3)
of the imidazole ring in the structure of metronidazole will
change. At acidic pH values, the protonated nitrogen group of
metronidazole releases its proton at high pH values (pH 9.0).
In addition, due to the weakening of the effective repulsion
between carboxylic anions, a contraction occurs in the poly-
mer chain, resulting in less swelling compared to pure water
(pH 7.0). As seen in Figure 3b, the swelling percentage value at
60 min was determined as 286.90 + 0.117, whereas the highest
swelling value was calculated as 289.84 + 0.322 (bias = 1.02%)
at 60 min according to Equation (1) obtained with the CCD
method. The image of the dry and maximum swollen state of
the HPBCD-CMC hydrogel containing metronidazole prepared
in the amounts determined by CCD under optimum operating
conditions is given in Figure 4.
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Figure 4. Hydrogel is prepared in optimum amounts determined. Dry hydrogel (left), water-swelled hydrogel (right).

2.4.2. Determination of In Vitro Release of Metronidazole

Hydrogels are very useful for drug release applications due to
their unique properties. In this study, metronidazole drug active
ingredient was loaded into the hydrogel with maximum swelling
capacity synthesized. The release of this active ingredient was
made by the RPLC method. The pH of the mobile phase and
the pK, value of the analyzed compound have an important
role in the development of the HPLC method. The optimum
mobile phase pH can be selected by using the pK, & 2 range
of the compound in chromatographic separations.*! The ana-
lyzed metronidazole is a basic compound and its pK, value in
the aqueous medium was determined as 3.041.5%! Considering
this pK, value, the optimum mobile phase pH was chosen as 5
in the pK, + 2 range. In addition, acetonitrile was chosen as the
mobile phase organic modifier, since the peak shape of the com-
pound in the acetonitrile-water binary mixture was good in the
experiments. The RPLC chromatogram showing the qualitative
analysis of metronidazole in the acetonitrile-water binary mix-
ture containing 30% (v/v) acetonitrile with a pH 5.0 is given in
Figure S2.

In the study, a calibration curve was created to determine
the linear range of metronidazole. Calibration was done by
the external calibration method (Figure S3). The calibration line
was drawn according to the peak area value of metronidazole
obtained for each concentration value of metronidazole. The cor-
relation coefficient (r) is greater than 0.999. The results show
that there is an excellent correlation between peak area ratio
and metronidazole concentration. The regression equation is as
follows:

y = 18001x + 136216 )]

Limit of detection (LOD) and limit of quantitation (LOQ)
were measured for metronidazole. These parameters were deter-
mined according to 3.3:1 and 10:1 signal/noise ratios. LOD
and LOQ values are 3043 pug mL™' and 9222 ug mL7},
respectively.

Different amounts of metronidazole were loaded into hydro-
gels containing hydrogel 1 and without hydrogel 2 HPBCD, using
the data obtained from phase-solubility experiments of metron-
idazole. Using the data obtained by the RPLC method, the
percentage release of metronidazole from the hydrogel medium
was calculated with Equation (3). The amount of drug-active
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substance released into the solution environment depending
on time is given in Table 5. The graph showing metronidazole
release in two hydrogels using these data is given in Figure S4
with error bars. As seen in Figure S4A, the amount of release
has been fixed since the 120th min. After 200 min, the hydrogel
completely disintegrated in pure water. The amount of release
determined at the 200th min is 73.42% =+ 0.23%. As seen in
Figure S4C, the amount of metronidazole released from the
hydrogel gradually increased. With the presence of HPBCD in
the hydrogel, the polymeric structure became tighter, and con-
trolled drug release was achieved depending on time. Since
there was no HPBCD in hydrogel 2, metronidazole increased
and released, and the release could not be controlled. After
200 min, the hydrogel completely disintegrated in pure water.
The amount of release determined at the 200th min was
94.76% + 0.66%.

In the study of loading metronidazole to hydrogel, the
adsorption capacity (Q) was determined by Equation (4). Cal-
culated Q values are given in Table 5. The graph showing
the metronidazole adsorption capacity, Q (mg/g hydrogel) is
given in Figure S4B-D for hydrogels 1 and 2. The amount
of metronidazole adsorbed per gram of hydrogel 1 at the
200th min was calculated as 75.63 + 0.36 mg. When HPSCD
is added to the hydrogel, they act as binding points. It was
also important in improving the loading of the drug sub-
stance and controlling the release rate of the active sub-
stance from the hydrogel medium. The hydrodynamic radius
of the metronidazole/HPBCD inclusion complex in the hydrogel
medium was greater than that of free metronidazole. The com-
plex created for this purpose effectively reduces the diffusion
rate of metronidazole and controls the release. The amount of
metronidazole adsorbed per gram of hydrogel 2 at the 200th min
was calculated as 9348 + 0.53 mg. As a result, an uncon-
trolled release occurred in the absence of HPSCD in the hydrogel
medium.

In the studies conducted by Ghorpade et al.,, similar com-
ponents were used to form the hydrogel in this study, except
B-cyclodextrin (BCD).[23! In these studies, the amount of com-
ponents was optimized without conducting experimental design
studies. Additionally, a comparison of the release of the selected
hydrophobic model compound without using BCD and using
BCD was not made. In this study, an amount of release compar-
ison study was carried out for HBCD by using phase solubility
study data.
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Hydrogel 1

Table 5. Time-dependent release of metronidazole from hydrogel 1 and hydrogel 2.

Time (min) 5 10 20 30 40 50

Release amount 183.44 368.46 752.01 102736  1144.93
(ug mL™)

1263.00 1347.83 149522  1576.20

Release amount 9.17 18.42 37.60 5137 57.25 63.15
(mg)

Q(mg drug/g 8.5 16.37 33.42 4565 50.88 56.12
hydrogel)

Hydrogel 2

Time (min) 5 10 20 30 40 50
Release amount 109.62 255.74 550.03 705.05 797.51 924.29
(ug mL™)

Release amount 5.48 12.79 27.50 35.25 39.88 46.21
(mg)

Q(mg drug/g 5.69 1328 28.56 36.61 4141 47.99
hydrogel)

60 80 100 120 150 180 200
1600.00 1660.50 1689.48 170191

67.39 74.76 78.81 80.00 83.03 84.47 85.10

59.89 66.44 70.04 7110 7379 75.07 75.63
60 80 100 120 150 180 200
1012.83  1112.02 1195.00  1254.12 158227  1659.15  1800.49
50.64 55.60 59.75 62.71 791 82.96 90.02

52,59 5774 62.05 65.12 82.15 86.14 93.48

2.4.3. FTIR Analysis

The broad absorption peak observed at 3469 cm™ in the FTIR
spectrum of CMC is attributed to the —OH group. The peak
at 2894 cm™' indicates the aliphatic C—H stretching (saturated)
vibration in the structure. The presence of a strong absorption
band at 1602 and 1423 cm™' is respectively attributed to the
asymmetric and symmetric stretching of the COO~ group. The
—OH bending vibration at 1326 cm~' and the band at 1060 cm™'
represent the CH—O—CH, stretching vibration. The g1—4 gly-
cosidic bonds between glucose units in the chemical struc-
ture are also detected at 898 cm~'(Figure 5a).1%>*°! The broad
absorption band observed at 3451 cm™' in the FTIR spec-
trum of HBCD corresponds to the —OH group. The vibra-
tions of the —CH and —CH, groups in the structure are evi-
dent in the 2800-3000 cm™' region. The bending vibration
of —CH; is observed at 1370 cm™'. The absorption bands at
1028, 1150, and 1180 cm™' respectively indicate the stretch-
ing vibrations of C—C, C—0, and the antisymmetric C—0—C
glycosidic bridge."’ The broad absorption band observed
at 3454 cm™' in the FTIR spectrum of metronidazole corre-
sponds to the —OH group. The sharp peak at 2889 cm™'
is a characteristic vibration band for C—H stretching. The
absorption bands at 1600 and 1523 c¢cm™' respectively indi-
cate the stretching vibrations of C=C and C=N. The peaks at
1479 and 1356 cm™' are attributed to the asymmetric stretch-
ing of N=O and the bending of —CHs, respectively. The
sharp peak at 1070 cm™' corresponds to the C—N stretch-
ing vibration.”) When the separately obtained FTIR spectra
of HBCD and metronidazole are examined, the characteristic
absorption bands observed in Figures 5b,c are also present
in the FTIR spectrum of the formed inclusion complex.™®
(Figure 5d).

The hydrogel prepared under the specified optimum con-
ditions, without metronidazole, was dried, powdered, and its
FTIR spectrum was obtained. The broad peak observed at
3414 cm™' indicates the vibration of the O—H band, whereas
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the sharp peak at 2889 cm™' represents the vibration of
the aliphatic (—CH;3;CH,) group. The vibration observed at
1638 c¢cm~' originates from the C=0 (carbonyl) group, and
the one at 1250 cm™' is associated with the C—O (ester)
group. The sharp peak at 1382 cm™' represents the bend-
ing of the —CH; group, the intensity of the vibration peak
at 1113 cm™' corresponds to the C—O band, and the absorp-
tion band at 1028 cm™' indicates the C—O—C vibration in
the structure. The band at 890 c¢cm™' represents the out-
of-plane bending motion of the C—H bonds in the hydro-
gel structure. Considering the reaction between the alco-
hol groups in the citric acid structure and the carboxylic
acids in the hydrogel structure, cross-linking reactions between
CMC/PEG6000/HPSCD can form ester forms. This could lead to
a decrease in the peak intensity of —OH groups while show-
ing a slight increase in the peak intensity of ester groups
(Figure 5e). The hydrogel containing metronidazole was dried,
and powdered, and its FTIR spectrum was obtained. Simi-
lar absorption peaks were observed at the same positions as
in the hydrogel without metronidazole. Additionally, the char-
acteristic C=N stretching of metronidazole was observed at
1513 cm~', and the N=0O asymmetric stretching at 1479 cm™'
(Figure 5f).

2.4.4. SEM/EDX Analysis

The surface morphologies of the hydrogels containing and
not containing metronidazole, prepared by optimizing with the
experimental design method under the determined optimum
conditions, are given at different magnifications in Figure 6
and Figure S5, respectively. When the SEM photographs in
Figure 6 and Figure S5 are examined, a porous structure
with gaps is observed in the structure of the hydrogels.
While the pore size range of the metronidazole-free hydro-
gel was determined as 10.96-16.31 um, the pore size range of
the metronidazole-loaded hydrogel was determined as 13.87-
21.80 um. It can be seen that a porous structure is formed in the
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Figure 5. FTIR spectra of (a) CMC, (b) HPBCD, (c) metronidazole, (d)
metronidazole/HPBCD inclusion complex, (e) metronidazole-free hydrogel,
and (f) metronidazole-containing hydrogel.

HPBCD-CMC hydrogel and the pores are connected. Based
on the porous structures of the synthesized hydrogels, it is
expected that the hydrogel will have swelling and drug-release
properties.

Elemental analyses of hydrogels with and without metronida-
zole were performed by EDX analysis (Figure S6). The mass (%)
and atomic mass (%) values of the elements in the structure of
the hydrogels given as a result of EDX analysis are presented in
Table S1. It does not contain nitrogen in its hydrogel structure,
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except for the nitrogen (N) element found in the structure of
metronidazole.

2.4.5. XRD Analysis

Structural properties of polymeric materials were analyzed
for metronidazole, HPBCD, and metronidazole/HPBCD inclusion
complex by X-ray diffraction (XRD) method. The results of XRD
analysis are also used as one of the strongest evidence of
inclusion complex formation.[*! For this purpose, the XRD spec-
tra of pure powder standards of metronidazole and HPBCD
and the inclusion complex formed in a 1:1 ratio are given in

Figure S7.

In the metronidazole XRD Spectrum, the 20 values made
sharp peaks at 4.8°, 8° 12.6° 14°, 24.5°, and 29.6°. This indicates
that metronidazole has a crystalline structure.?>*) HPBCD shows
two peaks at 260 = 10.20° and 18.50°, indicating that it is an amor-
phous structure.*! Similar peaks to amorphous HPBCD were
observed in the XRD spectrum of the metronidazole/HPBCD
inclusion complex. This suggests that the complex formed is
not crystalline and a new chemical structure is formed in which
metronidazole is probably incorporated into the hydrophobic
cavity of HPBCD.

2.4.6. Thermogravimetric Analysis

The thermogravimetric curves of HPBCD-CMC hydrogel with-
out metronidazole are given in Figure 7. According to this curve,
the degradation of the hydrogel has three stages. Moisture loss
and slow mass loss occurred in the first region between 50 °C
and 200 °C. The reason for this is that with the increase in tem-
perature during analysis, the citric acid in the structure of the
hydrogel turns into cyclic anhydride. In this case, the water in the
environment becomes free as the hydroxyl groups move away
from the structure. The second mass loss occurred between 200
and 325 °C. This is due to the breaking of the bonds between
the citric acid crosslinker, CMC, PEG-6000, and HPBCD in the
structure of the hydrogel. In the study conducted by Zahir et al.,
in the TGA analysis of PEG-6000 polymer alone, degradation
occurred at 212-325 °C¢! |n the study conducted by Ghor-
pade et al., it was stated that the C—0O—C bonds in the CMC
chain were broken at 168-236 °C, and since CMC polysaccharide
contains carboxyl groups, it is decarboxylated in this temper-
ature range.”?! In the thermogravimetric curve, the third mass
loss occurred between 325 and 420 °C. It is predicted that the
hydrogel completely degrades in this region due to the high
temperature.

As a result, the total mass loss is 54.2%. In the analyses per-
formed with derivative thermogravimetric (DTG), the exothermic
peaks seen especially from 200 °C, where the second mass loss
begins, support the results of TGA. The temperatures at which
maximum degradation occurs (Ty,.x) by DTG were determined as
250, 305, and 391 °C. In the study conducted by Ghorpade et al.,
it was stated that the value of pure CMC (T,,,.x) was 294.71 °C and
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Figure 6. SEM images of hydrogel containing metronidazole. (a) 10000X (10 um), (b) 3333X (40 pum), (c) 165X (500 um), (d) 1000X (100 um).
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Figure 7. TGA and DTG thermograms of (a) metronidazole-free and (b) metronidazole-containing hydrogels.

that the value of the hydrogel (T.x) increased to 304 °C due to
the formation of CMC-CMC cross-linking in the structure of the
hydrogel.? In another study conducted by Ghorpade et al., it
was determined that the alone (T,) value of PEG polymer was
295 °C. It was concluded that the temperature of the CMC-PEG
polymer (Tiay) created in the study was 285 °C and PEG reduced
the thermal stability of hydrogels.[22%!

The thermogravimetric curves of HPBCD/CMC hydrogel con-
taining metronidazole are given in Figure 7. According to this
curve, the degradation of the hydrogel has four stages. Mois-
ture loss occurred in the first region between 50 and 110 °C. It is
thought that metronidazole, which is included in the structure of
the hydrogel in the first region between 110 and 200 °C, under-
goes degradation. In the study conducted by Sabbagh et al., it
was determined that pure metronidazole degraded at this tem-
perature in TGA analysis.””? The slow mass loss occurred in this
region. In addition, as stated before, in this region, the citric acid
in the structure of the hydrogel turned into cyclic anhydride, the
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hydroxyl groups were removed from the structure and the water
in the environment became free.

During the analysis, with the temperature increase at 200-
260 °C, the bonds between the citric acid crosslinker, CMC,
PEG-6000, and HPBCD in the structure of the hydrogel were bro-
ken and a second mass loss occurred. This situation continued at
260-325 °C, where the third mass loss occurred. In the study con-
ducted by Gao et al., it was stated that HPBCD lost the crystal
water in its structure at 200-250 °C, and the thermal decompo-
sition of HPBCD continued at 250-400 °C.[*! Accordingly, it is
estimated that the mass loss of the metronidazole-HPBCD inclu-
sion complex begins in the third region. In the TGA curve, the
fourth mass loss occurred between 325 and 420 °C. It is predicted
that the hydrogel completely degrades in this region due to the
high temperature. As a result, the total mass loss is 55.4%. In the
analyses performed with DTG, the exothermic peaks seen espe-
cially from 200 °C, where the second mass loss begins, support
the results of TGA. The temperatures at which maximum degra-
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dation occurred (Th,ax) by DTG were determined as 225, 295, and 4, Experimental Section
389 °C. It is predicted that the inclusion of metronidazole in the
hydrogel structure causes a slight decrease in the value of the  4.1. Materials
inclusion complex (Tax) and an increase in weight loss. Carboxymethyl cellulose sodium salt (DS = 077) and 2-

2.4.7. Differential Scanning Calorimetry (DSC) Analysis

HPBCD-CMC hydrogels with and without metronidazole were
analyzed with a DSC device to determine the glass transition
temperature (Ty), crystallization temperature (7.), and melting
temperature (T,,) values. The T, value of the metronidazole-free
hydrogel given in Figure S8 was determined as 92 °C. In the
literature, in the analysis of CMC with DSC, the Ty value was
determined as 69.2'%! and 81 °C*% The reason for the high T
value determined in our study is the presence of intermolecu-
lar bonds such as hydrogen bonds in the polymer, cross-linking
reducing the free volume, and the formation of CMC-CMC
cross-linking that restricts the mobility of the polymer chain.
Additionally, HPBCD increases the flexibility of the polymer
chain.'®! In the analysis performed with DSC, the peak T, value
indicating the exothermic transition at 294 °C and the sharp
peak T, value indicating the endothermic transition at 342 °C
were determined. It was determined that T4 values increased
and these values were compatible with the literature data.[44!
The DSC curve of the metronidazole-loaded hydrogel showed
the same behavior as the DSC curve of the hydrogel without
metronidazole.

The T, value was determined as 91.2 °C, and the T. and T, val-
ues were determined as 300 and 343 °C, respectively. It has been
stated that when some of the analytes are embedded in the cav-
ities of the guest molecules (HPBCD), their melting, boiling, or
sublimation points can often shift to a different temperature.'**’
The metronidazole/ HPBCD inclusion complex in the hydrogel
did not have a significant effect on Ty, T, and Ty, values.

3. Conclusion

In this study, the reaction conditions were kept constant during
the preparation of the CMC-HPBCD hydrogel and the combined
effect of CMC, citric acid, PEG-6000, and HPBCD on the swelling
degree of the formed hydrogel was determined by the CCD
method. This developed hydrogel has a potential application
in drug loading and release with different swelling properties
depending on pH changes in the presence of anionic CMC.
Since HPBCD is hydrophobic and has a certain hardness, it is
known that it causes a decrease in the flexibility of the polymer
network during swelling and plays a negative role in swelling.
However, it was determined that the presence of HPBCD in
the hydrogel environment effectively reduced the diffusion rate
of the loaded metronidazole, provided its solubility and con-
trolled release. Thus, it was concluded that the routine release
of metronidazole loaded into the hydrogel was controlled for a
long time to improve its bioavailability at the site of application.
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hydroxypropyl-8-cyclodextrin were acquired from Acros-Organic
Co. (USA). Polyethylene glycol-6000, sodium hydroxide, acetonitrile,
hydrochloric acid, acetic acid, o-phosphoric acid, and potassium
hydrogen phthalate were supplied by Merck (Darmstadt, Germany).
Metronidazole, sodium chloride, sodium bicarbonate, sodium car-
bonate, and sodium acetate were purchased from Sigma-Aldrich
(St. Louis, USA). Citric acid (anhydrous) was obtained from Riedel de
Haén (Germany).

4.2. Preparation of Hydrogel

A total of 10 mL of polymer solution was prepared to prepare the
hydrogel. For this purpose, CMC, which had to be weighed first in
the experiment, was dissolved in 10 mL of distilled water with the
help of a magnetic stirrer (JSR JSHS-18A). Then, PEG-6000, HPBCD,
and citric acid were added to the solution medium, respectively,
and the mixture was mixed thoroughly using a magnetic stirrer
at 300 rpm until no air bubbles remained. The mixture was trans-
ferred to a silicone container and kept in the refrigerator at +4 °C
overnight. Hydrogels in the silicone container were dried using a
vacuum oven (CLS Scientific Co.). To convert citric acid to cyclic
anhydride, the drying process was carried out for 80 min at a 50 °C
vacuum limit and 5 min at a 90 °C vacuum limit.??) It was kept in
pure water at +4 °C for 4 h to remove unreacted reagents used
in the formation of the polymeric solution. These hydrogels were
dried first at room temperature and then in a vacuum oven at 40 °C
until they reached constant weight. The synthesized hydrogels were
placed in glass bottles and stored in a vacuum desiccator to pre-
vent air interaction until swelling and characterization tests were
performed.

4.3. Optimization of Hydrogel Composition Using the CCD
Method

The central composite design (CCD) method was designed to opti-
mize the composition of the hydrogel synthesized using Minitab
software.®®! Experiments were conducted using four independent
variables. CMC (w/v%), citric acid (w/v%), PEG-6000 (w/v%), and
HPBCD (w/v%) were chosen as four variables. The swelling ratio
(%) was selected as a response variable. The design consisting of
31 experimental data and the mathematical correlation between the
response variable and the independent variables were evaluated.

4.4, Loading and Release Experiments of Metronidazole on
Hydrogel

Hydrogel was prepared using the amounts determined by the
CCD method under optimum conditions. Experimental studies were
conducted within the specified concentration ranges using CMC
[0.40-5.20% (w/v)], citric acid [0.15-1.95% (w/v)], PEG-6000 [0.01-
1.33% (w/v)], and HPBCD [0.01-1.60% (w/v)]. The amount of loaded
metronidazole into the hydrogels was added taking into con-
sideration its solubility in the aqueous environment."] Different
amounts of metronidazole were loaded into hydrogels with hydro-
gel 1 and without hydrogel 2 HPBCD, using the data obtained
from phase-solubility experiments of metronidazole. To prepare
the metronidazole-loaded hydrogel, first 1.16% (w/v) metronidazole
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(hydrogel 1) was mixed with 1.60% (w/v) HPBCD and dissolved in
10 mL of water. 4.26% (w/v) CMC was then added, and the solution
was stirred with a magnetic stirrer for 20 min until no air bubbles
remained. Cross-linking agents 0.150% (w/v) citric acid and 1.33%
(w/v) PEG-6000 were added to the mixture to prepare the hydro-
gel. The resulting mixture was refrigerated at +4 °C overnight. To
examine the release of metronidazole from the hydrogel medium,
dry hydrogel samples were placed in 50 mL of distilled water and
kept in a shaking incubator (STIK PSE Series T150B) at 37 °C, 100 rpm.
500 pL of the solution was taken from this solution after a certain
time. Pure water was added to the volume taken up each time. Thus,
the solution volume was kept constant. This process was continued
until the hydrogel was completely disintegrated.

In Hydrogel 2 without HPBCD, 0.95% (w/v) metronidazole was
added and the other components forming the hydrogel were kept
in the same amounts. The % release of metronidazole from the
hydrogel medium was calculated by Equation (3)

M
% release = M—r x 100 (3)
b

M; and M, are the amounts of drugs released at time t and
the initial time (t = 0), respectively. The adsorption capacity (Q)
of the metronidazole-loaded hydrogel was also determined by
Equation (4).

(Mi —Me) x V
m

Q (mgdrug/g polimer) = 4

where M; is the concentration of metronidazole solution loaded on
hydrogel (ug mL™"), M. is the equilibrium concentration of metron-
idazole solution (ug mL™"), V is the solution volume (L), m is the
weight of dry hydrogel (g).

4.5, Qualitative and Quantitative Determination of
Metronidazole by RPLC Method

The determination of metronidazole was performed using a Shi-
madzu brand (Kyoto, Japan) high-performance liquid chromatogra-
phy (HPLC) device using the reverse phase liquid chromatography
(RPLC) method. The HPLC device was equipped with a pump
(LC-20AD), UV detector (SPD-20A), column oven (CTO-10AS), and
degassing unit (DGU-20A3). pH measurements of the mobile phase
used in the study were made using a Mettler Toledo S 220 Seven
Compact pH meter (Leicester, England) together with a Mettler
Toledo InLab 413 pH electrode (Darmstadt, Germany). Ultrapure
water for solution preparation was obtained from the Direct-Q3 UV
water purification system (Millipore, Bedford, MA, USA).

Quantitative determination of metronidazole by the RPLC
method was performed using a Kinetex Core-Shell C8 (Phenomenex,
150 x 4.6 mm I.D., 2.6 um) with a flow rate of 0.8 mL min~" at 25 °C.
For the qualitative and quantitative determination of metronidazole,
an acetonitrile-water binary mixture containing 30% (v/v) acetoni-
trile and adjusted to pH 5.0 was prepared. The compound was
injected into the HPLC system in a volume of 20 uL and detected
using a UV detector at 277 nm.

For the quantitative determination of metronidazole, the
obtained peak must be symmetrical, and the capacity factor value
to be greater than 1. These conditions were met before initiating
the quantitative analysis. In controlled drug release experiments, a
calibration curve was constructed to determine the linear working
range and quantity of metronidazole. Initially, a 2000 ug mL~" stock
solution of metronidazole was prepared in the mobile phase. Then,
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the calibration chart for metronidazole was prepared with eight
different solutions in the range of 100-2000 pug mL~".

4.6. Hydrogel Characterization Tests
4.6.1. Swelling Test

Hydrogels synthesized according to the amounts of main compo-
nents specified in the experimental design were weighed on the
balance with an accuracy of £0.0001. The weighed hydrogels were
placed in beakers containing 50 mL of distilled water. The exposure
time of hydrogels to solvents was considered as t = 0 min. At certain
time intervals, the water on the surface of the hydrogels taken from
the beakers containing the solvent was slightly dried and weighed,
and the mass increase was observed. It was observed that the mass
values of the gel samples showing swelling did not change after
a certain time, and the experiment was terminated assuming that
the equilibrium swelling value was reached. Additionally, swelling
tests of hydrogels were performed in buffer solutions prepared at
three different pH values (pH 2.0, pH 5.5, and pH 9.0). Swelling per-
centages were calculated using data obtained from swelling tests
performed at ambient temperature.

The degree of swelling (in percent) was calculated using Equa-
tion (5):1%]

(mswollen - mdry)
Mdry

Swelling (%) = .100 (5)

where mgyollen and my,y represent the masses of the swollen and
dried hydrogels, respectively.

4.6.2. Fourier Transform Infrared Spectrophotometer (FTIR)

FTIR spectra of the synthesized hydrogels, the chemicals they
contain (CMC, citric acid, PEG-6000, HPSCD, and metronidazole),
and the metronidazole/HPBCD inclusion complex were measured
using the Shimadzu IR/FTIR Prestige-21 device. Pure standards were
directly made into pellets after grinding the hydrogel samples into
powder and mixing them thoroughly with KBr powder. FTIR spec-
tra were taken in the range of 4000-400 cm~' with a resolution of

4cm™.

4.6.3. Scanning Electron Microscopy (SEM)

The surface morphology of the hydrogels was examined by SEM
(Quanta FEG 250). The hydrogels prepared before the scanning pro-
cess were frozen in a lyophilizer at —60 °C and dried for 24 h.
Intersections were taken from dried hydrogels and SEM images
were obtained at different sizes (X10000, X5000, and X3333) at 5 kV
acceleration voltage.

4.6.4. Energy Dispersive X-ray (EDX) Spectroscopy

The atomic composition of hydrogels was performed by EDX spec-
troscopy. Analyses were conducted with a Quanta FEG 250 brand
scanning electron microscope. The hydrogels prepared before the
scanning process were frozen in a lyophilizer at —60 °C and dried for
24 h. Intersections were taken on dried hydrogels and EDX analyses
were performed.
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4.6.5. X-ray Diffraction (XRD)

Structural properties of metronidazole, HPBCD, metronidazole/
HPBCD inclusion complex, and hydrogels with and without metron-
idazole were determined with a Bruker D8 Advance Twin/Twin
brand X-ray diffraction device. The operating range of the device
was between 0-80°, with a speed of 2°/min, 40 kV tube pressure,
and 40 mA tube flow.

4.6.6. Thermal Analysis

Thermal behaviors of hydrogels were examined with simultaneous
thermal analyzer (TGA/DTA) and differential scanning calorimetry
(DSC) devices. TGA/DTA analyses were performed with STA 200
Hitachi, and DSC analyses were performed with Hitachi DSC 200.
The hydrogels prepared before the scanning process were frozen
in a lyophilizer at —60 °C and dried for 24 h. Intersections were
taken from dried hydrogels, and the change in weight of the sam-
ples with temperature change was recorded using TGA/DTA devices.
TGA/DTA measurements were carried out in the range of 25-450 °C,
at a temperature increase of 10 °C/min and a nitrogen gas flow rate
of 100 mL min~". The glass transition temperature (Ty), crystalliza-
tion temperature (T.), and melting point (T,,) values of hydrogels
were determined with the DSC device. Samples were heated from
—40 °C 400 °C at the rate of 5 °C/min, under nitrogen atmosphere
(flow rate: 10 mL/min).

Supporting Information

Detailed data used and obtained in the study can be found
in the Supporting Information. Table S1 shows EDX analy-
sis results of hydrogels. Figure S1 shows (A) Normal plots of
the standardized residual for experimental runs, (B) compar-
ison between actual values and predicted values. Figure S2
shows (A)HPLC chromatograms of standard metronidazole solu-
tion (100 ug mL™") and (B) of sample (350 ug mL™"). Figure
S3 shows calibration curve of metronidazole. Figure S4 shows
(A)% release and (B)adsorption capacity of metronidazole from
hydrogel films. Figure S5 shows SEM images of hydrogel with-
out metronidazole (A) 5000X (20 um), (B) 3333X (10 um), (C) 165X
(500 pm), and (D) 1000 X (100 um). Figure S6 shows EDX spec-
trum of hydrogels without (A) and with (B) metronidazole. Figure
S7 shows XRD analysis (A) metronidazole, (B) HPBCD, and (C)
metronidazole/ HPBCD inclusion complex. Figure S8 shows DSC
curve of hydrogel without metronidazole.
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