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ABSTRACT: Acne is an inflammatory or non-inflammatory disease that can be seen at every stage of human life and
affects daily life both physically and psychologically. In the topical treatment of acne, substances with different
pharmacological effects such as benzoyl peroxide, isotretinoin, azelaic acid (AZE), and erythromycin are used alone or
in combination. AZE cream (20%) has been frequently preferred in the treatment of mild and moderate acne in recent
years. However, since AZE has poor solubility in water, its low permeability problems may occur. In this study, the
soluble form of AZE was obtained by forming an inclusion complex of AZE with 2-hydroxypropyl B-cyclodextrin
(HBC). In addition, the gel formulation, which generally exhibits higher permeability properties than oily formulations,
was prepared using hydroxypropyl methylcellulose (HPMC). The formation of the inclusion complex was confirmed
by NMR, XRD, DSC, and FTIR analyses. As a result of the characterization studies of the hydrogel formulations, it was
determined that they had pseudoplastic flow and their viscosity was approximately 220 Pa.s. In drug release studies
conducted with the dialysis bag method, it was found that the AZE-HBC hydrogel formulations had a similar
cumulative release percent as HBC-free hydrogels but showed a higher cumulative release percent than the commercial
cream (Azelderm, Orva, Tiirkiye). It was proven that the drug release of the formulations that exhibit a release profile
in accordance with Higuchi kinetics was different from Azelderm according to difference (f1) and similarity (f2) factors.
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1. INTRODUCTION

Acne, with a lifetime prevalence of approximately 85%, is a disease of pilosebaceous unit that usually
occurs as inflammatory or non-inflammatory lesions [1]. It profoundly affects people's quality of life, not only
in terms of physical appearance but also because it has negative psychological and social effects [2]. Reducing
acne scars and shortening treatment time are the main goals of acne treatment. Topical treatment using active
substances such as AZE, benzoyl peroxide, isotretinoin, and erythromycin is a suitable option in terms of
patient compliance. These active ingredients are presented in semi-solid drug carrier systems such as gel,
cream, and lotion [3].

Numerous studies have been carried out with different carrier systems, like gels, as opposed to oil-
based drug carriers, to improve the permeability of drugs [4]. Hydrogel is defined as three-dimensional
network structures made from a group of synthetic and/or natural polymers that have a high water absorption
and retention capacity [5]. A chemical substance or cell can be loaded into a hydrogel and provided controlled
release from the hydrogel to medium due to the porous of the gel matrix, which is an important advantage of
hydrogel [6]. Hydrogels are also very convenient and attractive for topical application of modern drug
delivery systems such as liposome, microemulsion, nanocomposite, and cyclodextrin-based inclusion complex
thanks to their advantages such as facilitating applicability and increasing residence time, efficiency, and
patient compliance [7-10]. Cyclodextrin (CD) is a crystalline, non-hygroscopic, cyclic oligosaccharide
manufactured from starch. They are water-soluble because of the large number of hydroxyl groups and while
the outer coat of the torus is hydrophilic, the cavity's inner surface is hydrophobic [11,12]. With this three-
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dimensional special structure, they form inclusion complexes to improve the water solubility of hydrophobic
active ingredients [13,14]. Among the three types of CDs (a-, p-, and y-CD), the most frequently used in the
pharmaceutical field is f-CD. HPBC is a modified form of naturally occurring 3-CD with the addition of a
hydroxypropyl group to help increase the water solubility of a drug [15].

AZE, an aliphatic dicarboxylic acid, is one of the most effective agents in treating mild to moderate
acne and has similar efficacy to other well-known treatments such as benzoyl peroxide, erythromycin, and
tretinoin [16]. It has been demonstrated that the cream formulation of AZE (20%) is effective against many
pathogenic conditions of acne, as it has anti-inflammatory, antibacterial, anti-keratinizing, antioxidant, and
tyrosinase-inhibiting effects [17,18]. However, the water solubility of this natural compound is quite low [19],
which may cause poor penetration through the skin. As mentioned above, CDs can provide opportunities as
a very attractive agent in this respect. In the literature, CD and its derivatives are used safely in high amounts
to increase the solubility of hydrophobic active substances [20,21]. Moreover, they have been used in the
development of topical formulations of active substances such as isotretinoin [22] and tretinoin [23] in the
treatment of acne. There are studies on preparing CD inclusion complexes [24] and nanosponge [25] to increase
the solubility of AZE. However, no study was found investigating the effectiveness of the AZE-HBC inclusion
complex as a semi-solid drug formulation.

In this study, the AZE-HBC inclusion complex was investigated and then hydrogel formulations were
prepared with the addition of HPMC. Characterization studies such as NMR, XRD, etc. of the AZE-HBC
complex were performed and the viscosity, pH, mechanical properties, and bioadhesive capability of the
hydrogels were determined. In vitro drug release studies by dialysis bag were carried out to compare the
release properties with commercial cream and classic gels.

2. RESULTS AND DISCUSSION
2.1. Preparation of AZE- HBC inclusion complex

The minimum molar ratio of HPC required to dissolve AZE was determined. For this purpose, the
solubility was checked visually by adding HBC between 0.17 and 2 M ratio to dissolve 1 M of AZE. It was
observed that 1.17 M of HPC (C7) was sufficient to dissolve AZE (Table 4). However, as the amount of added
HPC increased, AZE began to clump together with the increase in viscosity and did not dissolve completely.
High viscosity is one of the factors that negatively affect the solubility of solid matter [26,27]. The amount of
dissolved AZE was also analyzed by HPLC (data not shown). Accordingly, it was confirmed by the HPLC
analysis that the solubility increased as the amount of HBC increased in the molar ratio between 0.17-1.17 but
the amount of dissolved AZE decreased when used at the higher molar ratio of HBC. The results presented
that approx. 4 times higher solubility was obtained with the C7 sample than pure AZE. While insoluble AZE
particles were observed in the C10 formulation, C11 could not be analyzed by HPLC due to its high viscosity.

Although AZE has poor water solubility at 20-25°C [19,28], its solubility increases in warm-hot water
[29,30]. CDs with a cyclic oligosaccharide structure improve the aqueous solubility of substances with
occurring three-dimensional inclusion complex thanks to hydrophobic internal cavities and a hydrophilic
external surface [31,32]. To increase the solubility of AZE, Manosroi et al. [24] prepared a physical mixture of
AZE and HPC and their inclusion complexes by co-evaporation and freeze-drying method (at a molar ratio of
1:1). As a result, they found that the use of CD increased the solubility of AZE with each method. Kumar and
Rao [25] showed that the solubility of AZE (1 M) in water was approximately 3 times higher than pure AZE,
with the use of 1 M of HPC. Our findings were consistent with the literature.

2.2. Characterization of AZE-HBC complex

When AZE is involved in an inclusion complex along with CD, which has an amorphous structure, no
crystal structure remains in order to absorb the energy in the environment. Therefore, the endothermic melting
peak of this inclusion complex disappears from its thermogram [33]. DSC thermogram of the materials is
demonstrated in Figure 1a. The characteristic endothermic peak detected at 112.46 °C of the DSC thermogram
of AZE indicated the melting point. The small endothermic peaks observed at 204° C of the HBC thermogram
and at 270 °C AZE-HPC thermogram demonstrated that AZE and HPC peaks disappeared. In addition, these
findings suggested that AZE located in the gaps found in the amorphous structure of HBC and involved in
the amorphous structure [24,25,33].

X-ray diffraction diffractogram is among the procedures used to confirm the formation of inclusion
complex since AZE has a crystal structure, whereas the HBC has an amorphous structure. X-ray diffractogram
of AZE given in Figure 1b demonstrated specific peaks at 19.26° (3365), 23.06° (6066), 27.3° (1964), 28.34° 20

http://dx.doi.org/10.29228/jrp.686
J Res Pharm 2024; 28(1): 177-190

178


http://dx.doi.org/10.29228/jrp.686

Arpa et al. Journal of Research in Pharmacy
Development and evaluation of azelaic acid-cyclodextrin hydrogels Research Article

angles, which confirmed its crystal structure. On the other hand, no sharp peaks were observed at the X-ray
diffractogram of HBC due to its amorphous structure. No sharp and specific peak was detected at the X-ray
diffractogram of the AZE-HPBC inclusion complex, which overall confirmed the formation of the inclusion
complex [24,25].

In order to define an inclusion complex, 'H NMR spectra have been widely used. When AZE located at
the gaps of the HBC structure, the chemical shifts of the protons at the gaps changed, whereas the outer protons
remained unaffected. The 1TH NMR spectra of AZE, HBC, and their inclusion complex are demonstrated in
Figure 1c. The 'H chemical shifts of AZE and HBC were in accordance with the previous studies [25,34]. The
disappearance of the carboxylic acid peak at 11.96 of 1TH NMR spectrum of AZE confirmed the formation of
the inclusion complex. (AZE 'H NMR (300 MHz, DMSO-d6) 6 11.96 (s, 2H), 3.4 (H>O in DMSO), 2.49 (DMSO),
217 (t, ] = 5.4 Hz, 4H), 1.45 (p, ] =7.0 Hz, 4H), 1.29 - 1.17 (m, 6H). HBC 'H NMR (300 MHz, DMSO-d6) 6 5.88,
5.73,5.01, 4.82, 4.55, 3.72, 3.60, 3.4 (H2O in DMSO), 2.49 (DMSO), 1.01. AZE-HfC inclusion complex 'H NMR
(300 MHz, DMSO-d6) & 5.87, 5.73, 5.00, 4.81, 4.51, 3.59, 3.4 (H,O in DMSO), 2.49 (DMSO), 2.18, 2.16, 2.14, 1.45,
1.22,1.00.).

a) Temperature (C) b)
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Figure 1. Characterization results of AZE- HBC inclusion complex () DSC, (b) XRD (c) NMR plots of AZE,
HPC, and AZE-HBC inclusion complex.

2.3. Characterization of hydrogels
2.3.1. Viscosity, Flow Characteristics, and Spreadability

Viscosity, flow characteristics, and spreadability are parameters that affect the application of semi-solid
formulations. These characterization results are presented in Figure 2. The viscosities of the gels were found
as 214.40£7.79 (F1) and 225.70£9.42 Pa.s (F2). As seen in Figure 2a, while the viscosity of the gels increased
(p>0.05) with increasing HPMC, their spreadability decreased as expected (p>0.05). This inverse relationship
between viscosity and spreadability has been confirmed in the literature [35-37]. The very high viscosity of
the gels resulted in low spreadability. The viscosity of blank formulations (AZE and HPC free) containing 2.5%
of HPMC (Gltee) and 3% of HPMC (G2fee) was determined as 4.35 and 8.60 Pa.s in preliminary studies,
respectively, which mean a very low viscosity compared to F1 and F2. AZE-HBC-based hydrogel, which was
in a fluid form before the addition of HPMC, reached a much more viscous structure with the addition of
HPMC. The coexistence of HBC and HPMC caused the gel to reach a very high viscosity. Also, the use of high
amounts of CD increased the viscosity [38]. It was also shown that the viscosity of xanthan gum- or guar gum-
based gels was improved even at low concentrations due to the formation of bridges between adjoint polymer
chains presenting in a strong connection network [39].
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Figure 2. (1) Results of viscosity and spreadability of the gels (n=3). The viscosity of gels was measured
at 10 rpm by Brookfield DV2T-RV viscometer. While the viscosity increased, the spreadability decreased.
(b) F1 and F2 showed pseudo-plastic type of non-Newtonian flow characteristic by Brookfield DV2T-RV
viscometer (n=3).

The rheological character of the gels was evaluated with the viscosity-rpm graph obtained by
determining the viscosity of the gel at different rotation speeds (Figure 2b). As the spindle rotation speed
increased, the viscosity of the gel decreased. While this decrease rate was very high between 5 and 40 rpm, it
was lower between 40 and 80 rpm. The graph meant that the hydrogels showed pseudoplastic flow type. Vanti
et al. investigated the change in viscosity of HPMC-based hydrogel formulations depending on the change in
the rotation speed of the spindle. As the rotation speed increased, it was seen that the decreasing viscosity
indicated the flow rate of the non-Newtonian flow and these systems had shear-thinning properties. At high
rotation speeds (50-100 rpm), this decrease was less, and the measurements were repeated from 100 rpm to
2.5 rpm (down viscosity ramp), it was stated that the same results were reached and the viscosity did not
change depending on the time [40]. Based on the increased shear stress, polymer particles moved in the
direction of flow and reduced the viscosity of the system, that was, the pseudoplastic flow type was seen [41].
As a result, our findings were compatible with the literature.

2.3.2. Mechanical properties

Mechanical properties or texture profile analysis (TPA) was originally proposed by Jones et al. as a
suitable method to characterize semisolid dosage forms. Emerging mechanical parameters such as hardness,
adhesiveness, and compressibility affect the therapeutic outcomes of drug formulations [42,43]. The results of
the mechanical properties of the formulations are given in Table 1. Hardness is the highest force value obtained
from the first compression period of the probe and this value is an important parameter that affects the
applicability of formulation [43,44]. Compressibility, which refers to the force required to deform the
formulation during the first compression process, is presented as the area under the curve of the first cycle in
the TPA graph [44,45]. F2 had higher values than F1 in both parameters (p<0.05). While the adhesiveness
affecting the residence time of the hydrogel formulations at the application site was found to be 0.287+0.161
N.mm (F1) and 0.410+£0.195 N.mm (F2) (p<0.05), the cohesiveness indicating the resistance of the internal
structure of the hydrogel to break down were 0.871£0.111 (F1) and 0.892+0.117 (F2) (p>0.05). As the polymer
concentration increased, the number of solids dispersed increased, causing the formulation to be less coherent
[46]. Elasticity, which presents the rate at which hydrogels return to their original state when the deformation
force is removed, indicates the interaction between the polymers and the epithelial barrier [4,47]. The elasticity
values of the formulations were quite close to each other (p>0.05). Consequently, as the amount of HPMC
used as a gel-forming agent increased, the hardness, compressibility, and adhesiveness increased but no
significant change was observed in the elasticity and the cohesiveness. The increase in the hardness and
compressibility of the gel with the increasing polymer concentration was parallel with the viscosity. In a study,
it was shown that viscosity, hardness, and adhesiveness increased with the increase in polymer concentration
of the gels prepared with chitosan (0.5-1%) [48]. In another study using polycarbophil or HPMC, they showed
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that the hardness and compression of vaginal mucoadhesive gel formulations increased as their viscosities
increased [49]. The findings obtained are compatible with the literature.

Table 1. Results of mechanical properties of AZE-HPC based hydrogels (n=3).

Formulation Hardness Compressibility =~ Adhesivenes Cohessiveness Elasticity
(N+SD) (N.mmz*SD) (N.mm * SD) (*SD) (+SD)
F1 0.151+0.033 0.942+0.201 0.287+0.161 0.871+0.111 0.963+0.001
F2 0.201+0.017 1.327+0.063 0.4100.195 0.892+0.117 0.965+0.002

2.3.3. FTIR analysis

FTIR spectra of AZE, HBC, AZE-HPBC inclusion complex, and HPMC are given in Figure 3, in addition
to FTIR spectra of F1, F2, G1, G2 drug-loaded and blank formulations. The sharp peak detected at 1686 cm-
demonstrated the carboxylic acid groups located at the two ends of the molecule, whereas the peaks of the
aliphatic carbon chain were observed around 2800-2950 cm-! [4, 50]. The peak visible at 3339 cm-! of the HPC
spectrum showed -OH stretching vibration. The peaks at 2925 cm, 1409 cm™ and 1024 cm belong to C-H
stretching vibration, C-H bending vibration, and primary alcohol C-O stretching vibration, respectively [25].
The peak at 1050 cm! of the HPMC spectrum represented C-O stretching vibration. The peak at 3417 cm, on
the other hand, demonstrated the out-of-plane bending vibration of the hydroxyl group [51]. The FTIR spectra
of the formulations indicated the characteristic peaks of their components. Thus, HBC characteristic peaks
could be observed in F1 and F2 formulations containing AZE inclusion complex, whereas they could not be
detected in G1 and G2 formulations containing AZE. However, their intensities could change in a wide range
depending on their proportions in the formulations.

AZE

T g W
HBC
—\/\f
AZE-HpC \/\/\\\/’/\’\\’
HPM( v_\/\'\\\/‘/\/\“'\’
F1 W’\\.
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Figure 3. FTIR spectra of AZE, HBC, AZE-HBC complex, HPMC, AZE-loaded and blank formulations.

2.3.4. HPLC assay and content uniformity

For the quantification of AZE, the HPLC method was developed, and validation studies were carried
out. The equation of the calibration graph obtained as a result of the studies was y=2.7505.x-2.7926 and the
correlation coefficient (r2) was 0.9995. The retention time was found to be approximately 5 min. For validation
studies, accuracy and recovery, precision (repeatability, reproducibility), and stability analyses were
performed. All parameters obtained conformed to the ICH guideline [52]. The limit of detection (LOD) and
limit of quantification (LOQ) values of AZE were found to be 0.49+0.13 pg/mL and 1.50£0.39 pg/mL,
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respectively. The content uniformity of the AZE-HPC hydrogels was 104.21+1.80% (F1) and 101.36+2.53(%).
These results indicated that the formulations were homogeneous.

2.4. Ex vivo bioadhesion studies

Bioadhesion, defined as the ability of a system to adhere to biological tissue or mucosa, is directly related
to the residence time and effectiveness of semi-solid systems in the application area [53,54]. CD and HPMC
are polymers with bioadhesive characteristics. While the amount of HBC was constant, it was observed that
the bioadhesion improved with increasing HPMC amount (p<0.05, Figure 4). The result of F2 being more
adhesive according to the in vitro TPA studies was confirmed by the results of the ex vivo bioadhesion study.
Numerous studies have shown that bioadhesion improves as HPMC increases. Manna et al. [55] developed
tenofovir-loaded vaginal gel formulations using HPMC (4-6%). As the HPMC ratio increased, they found that
the viscosity of the gels and the bioadhesive capability enhanced. In a study using different types of HPMC
(HPMC K4M, HPMC K10M, and HPMC K100M), the gel with the highest bioadhesive force was the
formulation containing HPMC K100M [56]. As the molecular weight or amount of the polymer increases, the
result of the improvement of the bioadhesive ability of the formulation is compatible with the data of our
study.

Work of adhesion (mJ/cm?)

Q\ (‘W

Figure 4. Results of ex vivo bioadhesion studies performed using a shaved Balb/c mice skin (n=5)
(* p<0.05).

2.5. Drug release studies

The results of drug release studies performed with the dialysis bag method are shown in Figure 5. Gel
formulations containing dispersed AZE without HBC (G1 and G2) released 100% of the active ingredient
within 8-10 h. In the formulations in which AZE was dissolved in a complex form with HBC (F1 and F2),
cumulative AZE release reached 95% within 12 h. From the time of the first measurement, the drug release
from the classical gels was higher than that of the HBC-based hydrogels (Figure 5a). In classical AZE gels, the
drug was dispersed, not dissolved. As the temperature increases, the solubility of AZE increases [29,30], this
situation increased the diffusion of dispersed AZE from the classic gels. At the same time, the classical gel
formulations had a fluid structure and lower viscosity than HBC-based hydrogels. This also contributed to the
faster release of G1 and G2 compared to F1 and F2. As the viscosity of semi-solid formulations increases, drug
release occurs more slowly [57-59].

However, since there was no significant difference between the viscosity of F1 and F2 (Figure 2), no
difference was observed in the release profiles either (Figure 5a). Conversely, AZE release from Azelderm
cream was quite slower (at least p<0.05) and, as seen in Figure 5b, AZE release from the cream was found to
be 38.43+3.25% after 12 h, which was quite low compared to all hydrogel formulations (p<0.0001).
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Figure 5. Results of in vitro drug release studies (n=5). (1) Drug release profiles of AZE-HBC based
hydrogels (F1 and F2), classic hydrogels (G1 and G2), and Azelderm cream performed by dialysis bag
method. (b) Graph represents total AZE release at the end of 12 h. p means statistical value: * p<0.05, ***
p<0.001, **** p<0.0001.

The similarity between drug release profiles was investigated using the dissimilarity factor (f1) and
similarity factor (f2), which are the model-independent kinetics. A f1<15 or f2>50 indicates that the drug
release profiles are similar [60]. The obtained results are presented in Table 2. The f1 and f2 among the classic
hydrogels (G1 and G2) were 2 and 88, respectively, while the f1 and f2 between the HBC-based hydrogels (F1
and F2) were found to be 5 and 80, respectively. Consequently, the change in HPMC concentration did not
cause a difference in the AZE release profiles. However, no similarity was found between the release profiles
of classic and HBC-based hydrogels. The presence of AZE dissolved or dispersed in the gel or the viscosities
of the formulations caused a change in the release characteristics. The lower viscosity of G1 and G2 contributed
to faster release. Also, although AZE was not dissolved in G1 and G2, the temperature of the release medium
was 32°C. Therefore, the solubility of AZE increased due to the lukewarm temperature of the medium. This
may have contributed to the faster release of AZE from G1 and G2 compared to F1 and F2. Since AZE is a
white crystalline solid [61], G1 and G2 formulations were white due to dispersed AZE, while F1 and F2 were
transparent due to dissolved AZE. However, it was observed that the white color of G1 and G2 started to
become transparent rapidly after being immersed in the release medium and the gel in the dialysis bag was
completely clear within a few hours. As a result, the rapid dissolution of dispersed AZE and lower viscosity
of classic gels may have resulted in a faster release of classic gels compared to HBC-based hydrogels.

It was concluded that there was no similarity between the release profiles of hydrogel formulations
developed with Azelderm with the highest f1 and lowest {2 values obtained. This result may be related to the
fact that while Azelderm was oil-based, the gels were water-based. Patel et al. have developed psoralen-loaded
cream and hydrogel formulations. They reported that the release of the drug from gel formulations was higher
compared to the cream [62]. In another study, Sankar et al. reported that their hydrocortisone gel formulation
reached a level of release about 2 times higher than the hydrocortisone commercial cream [63]. As a matter of
fact, an active substance from formulation such as ointment and cream shows poor release due to an oily base
of the formulation, which can slow the diffusion of the drug. On the contrary, gels allow the release of drugs
to be easier and faster, as they are compatible with the dissolution medium. At the same time, the fact that the
active substances with hydrophobic character have a higher affinity toward the oily base may also cause this
result [64].
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Table 2. Results of difference (f1) and similarity factors between formulation pairs.

f1 f2
(difference factor) (similarity factor)

F1-F2 5 80
F1-G1 29 42
F1-G2 29 42
Fl1-Azelderm 70 21
F2-G1 35 39
F2-G2 35 39
F2-Azelderm 69 22
G1-G2 2 88
G1-Azelderm 77 15
G2-Azelderm 77 15

Among the kinetic models applied to the release profiles, the highest r2 was obtained with Higuchi
kinetics (Table 3). Higuchi kinetics is the most suitable kinetic model to describe the release profile of semi-
solids [65-67]. It appeared that drug release is both diffusion- and erosion-controlled. The fact that the n value,
which is presented as the slope of the line in Korsmeyer-Peppas kinetics, was between 0.5 and 1, shows that
the drug release was controlled by non-Fickian diffusion and Case II transport, hence the time-independent,
diffusion and erosion control, and was therefore compatible with Higuchi kinetics [60].

Table 3. Results of kinetic models applied drug release data of AZE-HBC based hydrogels (F1 and F2).

Formulation Zero order First order Higuchi Hixson-Crowell = Korsmeyer-Peppas
() (r?) (r?) (r?) n (r2)

F1 0.9182 0.7267 0.9859 0.8074 0.7570 0.9923

F2 0.9224 0.7172 0.9853 0.8059 0.8463 0.9931

3. CONCLUSION

Acne is a chronic skin disorder that seriously affects people of all ages. AZE, which is generally used
as a topical cream and gel formulation in acne treatment, has poor water solubility. This may cause
permeability problems of AZE. In this study, the AZE-HPC inclusion complex was prepared. It was found
that 1.17 M of HBC was sufficient to dissolve 1 M of AZE. The AZE-HBC inclusion complex was confirmed in
the results of characteristic studies (NMR, DSC, FTIR, and XRD analyses). Then, the viscosity of the
formulations prepared hydrogel by the addition of HPMC was found between 214 and 225 Pa.s. It was seen
that there was a positive relationship between the viscosity of hydrogels and hardness, compressibility, and
adhesiveness. On the one hand, the developed formulations exhibited a similar release profile with the classic
AZE hydrogels (HPC free), on the other hand, higher release results were obtained than the commercial cream
formulation. Similar release rates between HBC free hydrogels and AZE-HPC hydrogels were associated with
the lower viscosity of HBC free hydrogels and the increase in the solubility of the AZE due to the temperature
of the dissolution medium. The findings obtained showed that the AZE-HBC based hydrogels developed for
acne treatment will be an alternative formulation for the topical application of AZE.

4. MATERIALS AND METHODS
4.1. Materials

AZE was obtained from Acros Organics, USA. HPC was obtained from Shandong Binzhou Zhiyuan
Biotechnology, China. Potassium dihydrogen phosphate was obtained from Merck, USA. Orto-phosphoric
acid was obtained from Isolab, Germany. Phosphate buffer tablet (pH 7.4) was obtained from Sigma, USA.
Hydroxypropyl methylcellulose K4M (medium molecular weight) was kindly gifted from Colorcon,
Germany.

4.2, Preparation of AZE-HPC complex

In order to enhance the water solubility of AZE, inclusion complexes with HBC were obtained by
preparing their aqueous solutions according to the previous studies [68]. For this purpose, the amount of CD
that can dissolve AZE (1 M) was investigated by adding different molar concentrations of HBC to 1 mL of
distilled water in a vial. Firstly, HBC was added to the vial containing distilled water and stirred on a magnetic
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stirrer (MR-Hei Standard, Heidolph, Germany) at 300 rpm until dissolved. Subsequently, AZE (1 M) was
added to the solution and stirred at the same speed for 3 h. The solubility of AZE was observed visually, and
then the amount of dissolved AZE was determined by an HPLC device. Samples were prepared using 11
different molar ratios of HBC from 0.17 to 2 M to dissolve 1 M of AZE (Table 4). All studies were carried out
at ambient temperature. For HPLC analysis, the samples were individually transferred to microcentrifuge
tubes and centrifuged at 14,000 rpm for 30 min (3-18KS, Sigma, Germany) at room temperature. Then, the
supernatant was taken and diluted with a mobile phase used for HPLC analysis and analyzed at 208 nm.

Table 4. Molar ratio of AZE-HPC complex.

AZE HBC

Sample (M) (M)
C1 1 0.17
C2 1 0.33
Cc3 1 0.50
C4 1 0.67
C5 1 0.84
Cé 1 1.00
Cc7 1 117
C8 1 1.34
C9 1 1.50
C10 1 1.67
C11 1 2.00

4.3. Characterization of AZE-HPC inclusion complex
4.3.1. DSC analysis

AZE, HBC, and the inclusion complex of AZE-HBC measurements were carried out using Netzsch
DSC 200 F3 differential scanning calorimeter (Germany). The temperature increase was applied with a rate of
25 °C/min in 25-300 °C range. During the experiments, approximately 2 mg of the sample was put on an
aluminum pan. The analysis was performed under a nitrogen atmosphere with 20 mL/min speed. An empty
pan was used as the reference standard.

4.3.2. XRD analysis

X-ray powder diffraction analysis was carried out to investigate the host-guest interaction and
decipher the structure of the formulations. AZE, HBC, and the inclusion complex of AZE-HBC measurements
were performed using an X-ray Diffractometer (Rigaku DMax 2200 XRD, Rigaku Corp., Tokyo, Japan) system
with Cu-Ka radiation and 10° to 90° (26) sequential collection. The step time was taken 0.5 s. The duration of
the acquisition was 1 h with 0.5 s step time.

4.3.3. 'TH NMR analysis

1H-NMR spectra of AZE, HBC, and the inclusion complex of AZE-HPC were obtained using VARIAN
Infinity Plus 300 MHz (Varian Company, USA). DMSO-d6 was used for the analyte solutions.

4.4. Formulation of AZE-HBC hydrogels

The lowest molar ratio of HBC, which provided water solubility of AZE, was selected for the
preparation of hydrogel. Before proceeding to the formulation studies, the sample considered suitable was
lyophilized, and it was visually checked whether it dissolved without leaving any particulate residue. To
prepare the hydrogel, HBC was dissolved in a beaker containing distilled water. Then, AZE was added to the
solution and stirred until dissolved. Finally, two different formulations were prepared by adding HPMC (2.5%
and 3%, w/w) to the solutions (Table 5). The preparation of the hydrogels was carried out at ambient
temperature and using the magnetic stirrer.

Table 5. Composition of AZE-HPC based hydrogels (w/w).

Formulation AZE HpC HPMC Distilled water
M) (M) (%, w/w)  (up to, %, w/w)

F1 1 117 25 100

F2 1 1.17 3 100
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4.5. Characterization of hydrogels
4.5.1. Viscosity and Flow Characteristics

The viscosity of hydrogels was determined at ambient temperature with a rotational viscometer
(DV2T-RV, Brookfield, USA). For this, a probe (RV7) was dipped into the gel after enough amount of the
hydrogel was transferred into a metal tube of the device. The viscosity and rheological character of the
hydrogel were determined by studying at different rotation speeds (10-80 rpm). The studies were performed
in triplicate.

4.5.2. Spreadability

To determine the spreadability of the gel, two glass plates (20x20 cm?) were used. One g of gel was
weighed in the center of the glass plate and the same sized plate was covered onto the first plate [44]. The
study was repeated three times for each batch.

4.5.3. Mechanical properties

A texture analyzer (TA.XTplusC, Stable Micro Systems, Haslemere, Surrey, UK) equipped with a 5 kg
load cell was used to characterize the mechanical properties of the gel. A required amount of gel (25 g) was
transferred to a plastic container. The test, pre-test, and post-test speed were set to 2 mm/s. A probe (P10) was
descended into the gel with a constant speed to a depth of 10 mm and left for 10 seconds. It then moved
upward at the same speed toward the surface of the gel. The mechanical properties (adhesiveness,
compressibility, hardness, elasticity, and cohesiveness) of the gel were evaluated using the software of the
device (Exponent Connect 8.0.7.0) on the graph obtained as a result of repeating this process twice [4]. The
process was performed in triplicate for each formulation.

4.5.4. FTIR analysis

Fourier-transform infrared spectra of AZE, HBC, AZE-HBC, and HPMC, as well as the AZE-loaded
and blank formulations of F1, F2, G1, and G2 formulations were obtained using a Perkin Elmer Spectrum Two
with ATR equipment (USA) with 4 cm resolution and in the spectral range of 4000-400 cm™.

4.5.5. HPLC assay and content uniformity

A quantitative determination method of AZE was developed using acetonitrile and pH 4 phosphate
buffer (v/v, 25:75) as a mobile phase and C18 column (C18, 150*4.6 mm, 5 um, InertSustain, GL Sciences,
Japan) by an HPLC device (Agilent 1100, USA) equipped a UV detector. HPLC method parameters were as
follows: 25 °C of a column temperature, 1.2 mL of a flow rate, 100 uL of an injection volume, and 208 nm of a
wavelength [4]. While determining linearity with 10 different samples of AZE in the concentration range of
20-400 pg/mL, the method was validated in accordance with the ICH guideline [52]. Before starting the
analysis, the device was conditioned with the mobile phase for at least 40 min.

In order to determine the content uniformity of the gels, 1 g of gel was taken from different points of
the gel and dispersed in 200 mL of pH 7.4 phosphate buffer for 1 h. After the samples were filtered using a
membrane filter (0.2 pm, cellulose acetate, Isolab, Germany), they were analyzed by HPLC. Three replicates
were run for each batch.

4.6. Ex vivo bioadhesion studies

The bioadhesive character of the gel was determined by the texture analyzer. The shaved Balb/c mice
skin was fixed to the probe with a rubber band. One g of gel was filled into a glass beaker. The probe was
moved downwards, and the gel was contacted with the skin with 1 N of applied force for 120 s. At the end of
the time, the probe moved upwards and separated from the gel [60,65]. While the highest force obtained when
leaving the gel surface was recorded as the bioadhesive force, the distance at the detachment time and the
bioadhesive force provided the work of adhesion to be obtained using the device software and the following
Equation 1.

Work of adhesion (m] cm?) = AUCy;/nir?2 (Equation 1)
r? : The area of the probe/skin surface
AUC; : The area under the curve in the force-distance graph
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4.7. Drug release studies

Drug release studies were carried out with a dialysis bag method according to previous studies with
minor changes [60,69,70]. As the control group, both AZE-loaded HPMC hydrogels (HPC free) and Azelderm
cream (Orva, Turkiye) were used. To prepare HBC-free HPMC hydrogels (classic gels), HPMC was first
dissolved in water, then AZE was added and mixed until a homogeneous appearance was achieved. These
gels are named G1 (2.5% of HPMC) and G2 (3% of HPMC). After all formulations were weighed into the
dialysis bag to contain an equal amount of AZE, the mouth of the bags was closed with magnetic clips. The
dialysis bag was immersed in a beaker containing 200 mL of pH 7.4 phosphate buffer. The study was
performed at 32+1°C and 50 rpm. Aliquots of 1 mL were withdrawn at the specified times from 30 min up to
12 h. After each sampling, the mediums were made up with the fresh buffer. The samples were filtered through
a membrane filter (0.2 pm, cellulose acetate, Isolab, Germany) and analyzed by HPLC. The study was carried
out in five repetitions.

Release kinetics (zero order, first order, Higuchi, Hixson-Crowell, Korsmeyer-Peppas) were applied
to elucidate the release character of the formulations. In addition, difference factor (f1) and similarity factor
(f2) as model-independent kinetics were investigated in order to assess whether there was a similarity between
the release profiles.

4.8. Statistical analyses

Statistical analyses were performed using GraphPad Prism Software (Version 9.0.1.,, CA, USA). To
evaluate statistically significant differences, one-way analysis of variance (ANOVA) was used between three
or more groups. Besides, Tukey’s multiple comparisons test was done. p<0.05 was accepted as statistically
significant. All values are presented as the mean + SD (standard deviation).
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