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Development of Thermoresponsive Hydrogels with Mucoadhe- 2 

sion Properties Loaded with Metronidazole Gel-Flakes for Im- 3 

proved Bacterial Vaginosis Treatment 4 
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Technology, Faculty of Pharmacy, Hasanuddin University, Indonesia) 24 

Abstract: Bacterial vaginosis is an infectious disease that has significantly affected women's health. 25 

Metronidazole has been widely used as a drug for treating bacterial vaginosis. Nevertheless, the 26 

currently available therapies have been found to be inefficient and inconvenient. Here, we devel- 27 

oped the combination approach of gel flake and thermoresponsive hydrogel systems. The gel flakes 28 

were prepared using gellan gum and chitosan, showing that the incorporation of metronidazole 29 

was able to provide a sustained release pattern for 24 h with entrapment efficiency of > 90%. More- 30 

over, the gel flakes were incorporated into Pluronics-based thermoresponsive hydrogel using the 31 

combination of Pluronic F127 and F68. The hydrogels were found to exhibit desired thermorespon- 32 

sive properties, showing the transformation from sol to gel at the vaginal temperature. Following 33 

the addition of sodium alginate as a mucoadhesive agent, the hydrogel was retained in the vaginal 34 

tissue for more than 8 h, with more than 5 mg of metronidazole retained in the ex vivo evaluation. 35 

Finally, using the bacterial vaginosis infection model in rats, this approach could decrease the via- 36 

bility of Escherichia coli and Staphylococcus aureus with reduction percentages of more than 95% after 37 

3 days of treatment. Accordingly, the combination of these systems could be an effective approach 38 

to improve the therapy of bacterial vaginosis. 39 

Keywords: Metronidazole, Bacterial Vaginosis, Gel Flakes, Thermoresponsive Hydrogels, Mucoad- 40 

hesive 41 

 42 

1. Introduction 43 

Bacterial vaginosis (BV) is a condition of dysbiosis of the bacterial flora in which a 44 

variety of BV-associated species replace the generally dominating species of Lactobacillus. 45 

This type of infection is characterized by an increase in vaginal discharge and a foul smell. 46 
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The vaginal pH is elevated to more than 4.5 during BV [1,2]. In this disease, natural disin- 47 

fection is provided by the lactobacilli in the vagina that form hydrogen peroxide. The lac- 48 

tobacilli-produced lactic acid aids in preserving the vagina's natural pH and microbial 49 

balance [3]. Lactobacilli also create lactic acid, hydrogen peroxide, and bacitracin (an an- 50 

tibiotic peptide). Escherichia coli, a gram-negative, anaerobic bacteria often present in the 51 

lower intestine, can migrate into the vagina, and develop BV. The vaginal mucosal mem- 52 

brane often offers defense against this bacterial migration [2,4]. The mucosal lining may 53 

deteriorate as a result of the protection being undermined by an insufficient diet, low hor- 54 

mone levels, poor health, frequent sexual activity, or aberrant microbiota. It is conceivable 55 

that women with BV who often engage in sexual activity might have urinary tract infec- 56 

tions. Urinary tract infections are mostly brought on by E. coli [2]. Besides, it has been also 57 

reported that Staphylococcus aureus is another microorganism causing BV [5,6]. 58 

One of the medications of preference for the treatment of BV is metronidazole [7,8]. 59 

For the treatment of BV, metronidazole formulations for oral and topically applied use 60 

have been developed. Intravaginal and oral dose formulations are being used to treat BV 61 

[1,2]. The administration of cream and vaginal pessaries is referred to as intravaginal ad- 62 

ministration. Although cream is one of the most popular topical dosage forms owing to 63 

its excellent spreadability and simplicity, the cream is not suitable for vaginal use because 64 

of its greasiness, which causes difficulties for the patients [9,10]. Moreover, utilizing vag- 65 

inal pessaries results in many problems, such as patient discomfort and allergic concerns. 66 

Intravaginal and oral dose formulations are being used to treat VB. The application of 67 

cream and vaginal pessaries is referred to as intravaginal administration. Although cream 68 

is one of the most popular topical formulations because of its excellent spreadability and 69 

simplicity, the cream is not suitable for vaginal use because of its greasiness, which causes 70 

discomfort for the patients [11]. Additionally, the use of vaginal pessaries results in sev- 71 

eral complications, such as patient discomfort and allergic issues [12]. In the past, a num- 72 

ber of research have been carried out to create local targeting of metronidazole [13–16]. 73 

The gel-based topical formulation is preferred over cream as an alternative for topical ad- 74 

ministration because it has non-sticky properties and a straightforward manufacturing 75 

process[11]. Unfortunately, the water-based topical formulation can be easily rinsed away 76 

by vaginal physiological fluid for vaginal application. In situ thermoresponsive gel is cre- 77 

ated employing thermogelling components, which enable the conversion of a free-flowing 78 

fluid into a solid gel at body temperature, to solve this issue [17–21]. As a result, in situ 79 

vaginal gel is suggested in this study to give prolonged contact with the vaginal tissue, 80 

increasing medication absorption and therapeutic effectiveness. Several studies have 81 

shown the effectiveness of this system for vaginal application [22–27]. 82 

In this work, metronidazole was added to the gel flakes system before the ther- 83 

moresponsive hydrogel fabrication. Gel flakes are thread-like formations with polygonal 84 

systems that offer metronidazole a great opportunity to become stuck within the tightly 85 

folded epithelial surfaces of the vagina, resulting in extended interaction with vaginal mu- 86 

cus and controllable drug release. [28,29]. Also, the thermosensitive polymer used to make 87 

the liquid formulation for the study's gel system allowed it to change into a gel at higher 88 

vaginal temperatures. In order to produce local targeting of metronidazole for the treat- 89 

ment of BV, we thus presented the combination of gel flakes and in situ gel formulation 90 

technologies in this work for the first time. Also, after the gel formulations, a number of 91 

comprehensive evaluations were conducted, including physicochemical characterisation, 92 

an in vitro penetration and retention test using vaginal tissue, and in vivo testing using 93 

suitable animal models. 94 

2. Materials and Methods 95 

2.1. Materials 96 

Metronidazole, gellan gum, chitosan, and Pluronic® F127 (PF127) were obtained 97 

from Sigma–Aldrich Pte Ltd, (Singapore, Singapore). Pluronic® F68 (PF68) was 98 
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generously provided by BASF SE (Jakarta, Indonesia). All other compounds in this study 99 

were pharmaceutical grade. 100 

2.2. Formulation of metronidazole loaded gel flakes 101 

The formulation of gel flakes containing metronidazole was performed using several 102 

compounds, as shown in Table 1. Initially, gellan gum was dissolved in boiled water. After 103 

completely dissolved, the temperature was cooled down to room temperature. After that, 104 

metronidazole was mixed with gellan gum solution n. The mixture was dropped into chi- 105 

tosan solution in 1% acetic acid solution while being stirred at 200 rpm.  106 

Table 1. Composition of gel flakes containing metronidazole 107 

Compounds F1 F2 F3 F4 F5 F6 

Metronidazole (%w/v) 1 1 1 1 1 1 

Gellan Gum (%w/v) 0.1 0.2 0.3 0.1 0.2 0.3 

Chitosan (%w/v) 0.1 0.1 0.1 0.2 0.2 0.2 

Distilled water to 100 100 100 100 100 100 

 108 

2.3. Characterization of metronidazole loaded gel flakes 109 

The encapsulation efficiency (EE) of metronidazole in gel flakes matrices was deter- 110 

mined using indirect method. The formulation was filtered using 0.2 m syringe filter. 111 

Afterwards, the free metronidazole in the filtrate was determined using UV–vis spectro- 112 

photometer at 320 nm. Finally, the EE values was calculated using the Equation below:[29] 113 

%𝐸𝐸 =  
𝑊1−𝑊2

𝑊1
𝑥100  Equation (1) 114 

Where 𝑊1 is the concentration of metronidazole in the formulation and 𝑊2 is the 115 

concentration of metronidazole detected in the filtrate. 116 

The determination of drug loading (DL) capacity of metronidazole-loaded with gel 117 

flakes was determined by dispersing 25 mg of the formulation in 50 mL of distilled water. 118 

Following this, the mixture was sonicated for 20 min in a bath sonicator. The mixture was 119 

then centrifuged at 7000 rpm for 20 min. The concentration of metronidazole was ana- 120 

lyzed using UV–vis spectrophotometer at 320 nm. Finally the DL was calculated using 121 

Equation:[30] 122 

%𝐷𝐿 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑒𝑡𝑟𝑜𝑛𝑖𝑑𝑎𝑧𝑜𝑙𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑥100 Equation (2) 123 

A Fourier transform infrared spectrometer (FTIR) (Shimadzu® FTIR-8400) was used 124 

to investigate the possible interaction between metronidazole and all excipients used in 125 

the formulation. In this study, the analysis was performed with a resolution of 4.0 cm-1 at 126 

room temperature between 400 – 4000 cm-1 using 32 scans.  127 

Different scanning calorimetry (DSC) Q100 (DSC 2920, TA Instruments, Surrey, UK) 128 

was utilized to evaluate thethermal properties of metronidazole in the gel flakes formula- 129 

tion The samples were sealed aluminium pan and analyzed with a heating rate of 130 

10oC/min from 0°C to 300°C.  131 

Finally, a scanning electron microscope (SEM) (JEM-1400Plus; JEOL, Tokyo, Japan) 132 

was used to observe the morphologies of gel flakes containing metronidazole. 133 

2.4. In vitro release studies of metronidazole from gel flakes formulation 134 

In this study, a dialysis technique was used. In this study, in an attempt to mimic the 135 

vaginal environment, the release study of metronidazole from gel flakes was performed 136 

in simulated vaginal fluid. The fluid was prepared using sodium chloride (3.51% w/v), 137 

potassium hydroxide (1.4% w/v), calcium hydroxide (0.22% w/v), bovine serum albumin 138 

(0.018% w/v), lactic acid (2% w/v), acetic acid (1% w/v), glycerol (0.16% w/v), urea (0.4% 139 

w/v) and glucose (5% w/v). The pH of the solution was adjusted to 4.6. Metronidazole and 140 

gel-flakes containing metronidazole (equivalent to 50 mg of metronidazole) was placed 141 

inside the Spectra-Por®, 12,000-14,000 MWCO dialysis membrane (Spectrum Medical 142 
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Industries, Los Angeles, CA, USA). The membrane was put in 100 mL of simulated vagi- 143 

nal fluid in an orbital shaker. The study was carried out at 37oC at 100 rpm. At interval 144 

times, 1 mL of sample was taken and the concentration of metronidazole was determined 145 

using UV–vis spectrophotometer at 320 nm. To ensure that the sink condition was 146 

achieved, 1 mL of fresh media was put in the media after being taken. Following this, 147 

different release kinetic models, namely zero-order, first-order, Higuchi, Korsmeyer-Pep- 148 

pas, and Hixson Crowell [31] were applied to the release profiles. DDSolver was used to 149 

analyzed the kinetic models. 150 

2.5. Preparation of mucoadhesive-thermoresponsive in situ hydrogel containing metronidazole gel 151 

flakes 152 

The gel flakes of metronidazole were further incorporated into mucoadhesive and 153 

thermoresponsive hydrogel formulation. The formulations were developed using PF-127 154 

and PF-68 as thermogelling compounds and HPMC as mucoadhesion compound. The 155 

composition of the formulation is depicted in Table 2. The cold method was used to pre- 156 

pare the hydrogel [27]. Initially, the thermogelling agents were dissolved in distilled water 157 

at 5°C. In separate container, sodium alginate was dissolved in distilled water and mixed 158 

with thermogelling solution. Following this, the gel flakes were mixed with the using a 159 

magnetic stirrer for 30 minutes at a speed of 200 rpm  160 

Table 1. The composition of hydrogel containing gel flakes of metronidazole (% w/v) 161 

Formula 
Gel flakes (equal to pure 

metronidazole) 
PF-127 PF-68 

Sodium Al-

ginate 

G1 1 20.00 - - 

G2 1 17.50 2.50 - 

G3 1 15.00 5.00 - 

G4 1 12.50 7.50 - 

G5 1 10.00 10.00 - 

G6 1 15.00 5.00 0.20 

G7 1 15.00 5.00 0.40 

G8 1 15.00 5.00 0.60 

 162 

2.6. Characterization of mucoadhesive-thermoresponsive in situ hydrogel containing 163 

metronidazole gel flakes 164 

2.6.1. The determination of gelation temperature (Tsol-gel)  165 

The gelation temperature was determined by applying a test tube inverting method 166 

[32]. Initially, 2 mL of hydrogel was placed in a glass tube at 4°C. The tube was immersed 167 

in water at 20°C. The water was gradually heated by 1°C. The gelation temperature was 168 

denoted when the solution turned into gel and did not flow when the tube was tuned over 169 

90° for 30 s. Additionally, the Tsol-gel of the formulation after being diluted with vaginal 170 

fluid was also evaluated.  171 

2.6.2. Mucoadhesion strength 172 

A modified physical balance was applied to determine the strength of the mucoad- 173 

hesion ability of the formulation, with slight modification [33]. In this study, a fresh por- 174 

cine vaginal tissue was used and attached between two glass vials. To set the experiment, 175 

the first vial was attached to the balanced and the second vial was put on a height-adjust- 176 

able pan of the balance. The hydrogel was applied in the mucosal tissue and the vials were 177 

connected tightly for 2 min. Finally, the metal weights were added into the other pan of 178 

the balance. The weight required to detach the vials was noted and the strength of the 179 

mucoadhesion ability was then determined using the Equation bellow: 180 

𝑀𝑢𝑐𝑜𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑑𝑦𝑛𝑒. 𝑐𝑚2) =  
𝑚.𝑔

𝐴
 Equation (3) 181 
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Where m is the weight required to detach the vials (g), A is the area of vaginal muco- 182 

sal (cm2), and g is the gravity force (980 cm/s2). 183 

2.6.3. Mucoadhesion time 184 

In this study, the type 2 dissolution USP apparatus was used to evaluate the muco- 185 

adhesion time of the hydrogel [34]. A fresh porcine vaginal tissue was attached on the 186 

paddle of the dissolution apparatus. Afterwards, 1 g of hydrogel formulation was applied 187 

to the vaginal mucosal.  An amount of 900 mL of simulated vaginal tissue was placed 188 

inside the dissolution jar. The study was carried out at 100 rpm at 37oC. The time required 189 

by the hydrogel to detach from the vaginal tissue was recorded as the mucoadhesion time.  190 

2.6.4. Determination of pH 191 

A pH meter (Horiba Scientific, Kyoto, Japan) was used to measure the pH of the hy- 192 

drogel formulations. The determination was carried out at 25oC. 193 

2.6.5. Investigation of viscosity and rheological 194 

The viscosity and the rheology properties of the hydrogel was evaluated using a DV- 195 

III Ultra viscometer (RV model, Brookfield, USA). Specifically, three different temperature 196 

conditions were used to measure the viscosity of the hydrogel, namely storage tempera- 197 

ture (4°C), room temperature (25°C) and vaginal physiological temperature (37°C). The 198 

experiment was performed using spindle 07 at 500 rpm. 199 

2.6.6. Drug content analysis 200 

The recovery of metronidazole in the hydrogel formulation was investigated by dis- 201 

solving 100 mg of the hydrogel in 100 mL of methanol under sonication condition for 1 h. 202 

The samples were centrifuged at 7000 rpm for 15 min. The concentration of metronidazole 203 

was analyzed using UV–vis spectrophotometer at 320 nm [30]. 204 

2.7. Ex vivo permeation studies 205 

The ex vivo permeation ability of metronidazole through vaginal tissue was assessed 206 

using Franz diffusion cell with area of 4.9 cm2. The fresh porcine vaginal mucosa was 207 

attached between the donor and the receptor compartments. Simulated vaginal fluid (12 208 

mL) was used as media in the receptor compartment. Afterwards, 1 mL of the hydrogel 209 

was applied to the donor compartment. The study was carried out at 37 ± 1oC at 100 rpm. 210 

At predetermined time, 1 mL of media was taken and replaced with fresh media [34]. The 211 

concentration of metronidazole was analyzed using UV–vis spectrophotometer at 320 nm. 212 

2.8. Ex vivo retention determination 213 

At the end of the permeation study, the vaginal tissue was collected and the excess 214 

of the formulation was removed from the surface of the mucosal using distilled water. 215 

Metronidazole was extracted from the tissue using 10 mL methanol under sonication for 216 

30 minutes. The mixture was centrifuged at 7000 rpm for 15 minutes. The supernatant was 217 

collected and the concentration of metronidazole was analyzed using UV–vis spectropho- 218 

tometer at 320 nm [34]. 219 

2.9. In vivo antibacterial activity in model of infection on rat 220 

2.9.1. Preparation of bacterial vaginosis model on rat  221 

The study was approved by the Ethical Committee from the Faculty of Medicine, 222 

Hasanuddin University, Makassar, Indonesia. Female Wistar rats were used in this study 223 

and underwent acclimatization for 7 days in the laboratory environment. To develop the 224 

infection model, 20 µL of Escherichia coli and Staphylococcus aureus with bacterial number 225 

of 1 x 106 CFU/mL was applied daily to the vaginal cavity of the rats for 3 days. 226 

2.9.2. In vivo antibacterial activity 227 

In this study, the rats were divided into four cohorts, namely hydrogel containing gel 228 

flakes of metronidazole, hydrogel containing free metronidazole, hydrogel without drug, 229 

and negative control. Initially, 1 g of the formulation was applied intravaginally to the 230 

rats.  An amount of 1 g of each gel was applied in the vaginal of the animals. At 231 
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predetermined time points, the vaginal fluid (1 L) was collected and inoculated into Eo- 232 

sin Methylene Blue Agar and Vogel Johnson Agar to quantify Escherichia coli and Staphy- 233 

lococcus aureus, respectively. The media was incubated 37oC for 24 h and the bacterial num- 234 

bers were calculated, expressed as CFU/mL [25]. The in vivo study was carried out for 3 235 

days.   236 

2.10. Statistical analysis 237 

All data were presented as mean ± SD. All data were analyzed using GraphPad Prism 238 

6.0 (GraphPad, San Diego, CA, USA). To obtain the conclusion, p < 0.05 was noted as sig- 239 

nificant result.  240 

3. Results and Discussion 241 

3.1 Formulation and characterization of metronidazole loaded gel flakes 242 

In this study, to control the release of metronidazole, the drug was developed into 243 

gel flakes approach. This approach was formed due to the gelation reaction between the 244 

gellan gum and the cationic part of the chitosan. The gelation occurred between anionic 245 

part of carboxylate ions contained in gellan gum and cationic part of the amino groups 246 

contained in chitosan [29]. The gelation reaction could then entrap the drug and control 247 

the release. To characterize the formulation, initially, we assessed the EE percentage of 248 

metronidazole in the gel flakes formulation. It was found that the EE values ranging from 249 

77.67 ± 3.43% to 99.47 ± 5.87%, as shown in Table 3. The results showed that the increase 250 

of gellan gum and chitosan concentrations could increase the EE values of the formula- 251 

tion. It was because the increment of these two polymers could increase the gelation ca- 252 

pacity, resulting in high entrapment of metronidazole in the gel flakes formulation.  253 

Table 3. The EE and DL values of metronidazole in gel flakes formulations (mean ± SD, n =3) 254 

Formulation EE (%) DL (%) 

F1 77.67 ± 3.43 79.52 ± 2.65 

F2 79.43 ± 2.12 72.59 ± 3.09 

F3 84.32 ± 2.61 67.82 ± 2.42 

F4 90.65 ± 2.34 75.13 ± 3.19 

F5 98.91 ± 3.43 74.20 ± 3.98 

F6 99.47 ± 2.98 66.55 ± 4.51 

Furthermore, we assessed the DL of metronidazole in the gel flakes formulation, as 255 

shown in Table 3. We found that the difference of EE and the amount of the formulation 256 

composition affected the DL of metronidazole. In this study, the optimized formulation 257 

was chosen by the high EE and DL values. Analyzed statistically, F5 and F6 showed the 258 

highest EE values and were significantly higher (p < 0.05) compared to other formulations. 259 

Meanwhile, with respect to DL value, since F6 contained higher amount of gellan gum, its 260 

DL value was significantly lower (p < 0.05) than F5. Accordingly, F6 was selected for fur- 261 

ther studies.  262 

In FTIR evaluation (Figure 1), with respect to metronidazole spectrum, several peaks 263 

were observed. The stretching detected at 3221 cm-1 was due to the OH group of the drug. 264 

The peaks at 3110 cm-1 and 1533 cm-1- were found, representing C=CH and NO2/N-O, re- 265 

spectively. At 1193 cm-1, the spectrum indicated the stretching vibration of tertiary amine 266 

group. Finally, the presence of C-OH/C=O and C-NO2 were identified by the peaks at 1071 267 

cm-1 and 884 cm-1, respectively. In the chitosan spectrum, the peaks were found at 1661 cm- 268 
1 and 1595 cm-1 due to the presence of C=O and N-H, respectively. However, these peaks 269 

were found to shift to 1635 cm-1 and 1575 cm-1. This could be due to the interaction between 270 

chitosan and gellan gum, resulting in the change of the environment of the amine group. 271 

For gellan gum, the presence of asymmetric carboxylate anion stretching resulted in peak 272 

detected at 1604 cm−1. Moreover, peaks at 1410 cm-1 presented the presence of symmetric 273 

carboxylate anion. These two peaks were shifted to 1641 cm-1 and 1445 cm-1, due to the 274 
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gelation reaction. The changes in the FTIR spectrum indicated the successfulness of the 275 

formation of gel flakes. Moreover, it was important to note that the peaks of metronida- 276 

zole did not change in the gel flakes formulation, indicating that the formulation did not 277 

affect the structure of metronidazole. 278 

The thermal property of metronidazole was then investigated using DSC. The ther- 279 

mograms of metronidazole and gel flakes formulation are depicted in Figure 1. In the 280 

metronidazole thermogram, the sharp peak was detected at 160°C, indicating the melting 281 

point and the crystallinity of metronidazole. In the gel flakes formulation, the peak was 282 

not anymore. This showed that metronidazole changed to amorphous form. Additionally, 283 

this also showed that metronidazole was completely encapsulated inside the gel flakes 284 

matrix. Regarding the morphology analysis using SEM, the result showed that the flakes 285 

were formed in polygonal structures and small size (Figure 1). This structure was pre- 286 

ferred in the vaginal administration as this form could potentially penetrate and spread 287 

into the highly gathered vaginal surfaces.  288 

 289 

Figure 1. FTIR spectrum of metronidazole, chitosan, gellan gum and gel flakes (A). DSC thermo- 290 
gram of metronidazole and gel flakes formulation (B). The SEM images of gel flakes formulation 291 
containing metronidazole (scale 50 m) (C). 292 

3.2. In vitro release studies of metronidazole from gel flakes formulation  293 

Here, gel flakes were developed to control and sustain the release of metronidazole. 294 

Therefore, we further evaluated the in vitro release study of metronidazole from gel flakes. 295 
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The release was compared to the pure metronidazole and the results of this study is de- 296 

picted in Figure 2. As shown, it was found that after 2 h, 99.37 ± 4.76% of metronidazole 297 

was completely released in the simulated vaginal fluid media. On the other hand, follow- 298 

ing the incorporation into gel flakes formulation, the release of metronidazole was con- 299 

trolled over 24 h, showing the release percentage of 97.11 ± 3.87%. This showed that the 300 

gelation reaction between two polymers used in the preparation of gel flakes could act as 301 

a matrix to control the release of metronidazole. Following this, the release mechanism of 302 

metronidazole from gel flakes was assessed. After the calculation, the release mechanism 303 

followed the Higuchi model with r value of 0.976. Therefore, it could be concluded that 304 

metronidazole was released from gel flakes matrix based on the erosion and the degrada- 305 

tion of the matrix of the formulation.  306 
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Figure 2. In vitro release of pure metronidazole and metronidazole loaded gel flake (mean ± SD, n 308 
=3). 309 

3.3. Preparation of mucoadhesive-thermoresponsive in situ hydrogel containing metronidazole gel 310 

flakes  311 

In this study, to facilitate the administration of the gel flakes, we incorporated the 312 

formulation into thermoresponsive hydrogel with mucoadhesive property. The mucoad- 313 

hesive properties is crucial in the vaginal application since the presence of vaginal fluid 314 

can rinse the formulation applied intravaginally. Therefore, the use of mucoadhesive 315 

agent could be beneficial to improve the residence time of the formulation in the vagina, 316 

increasing the efficacy of the treatment. Specifically, to develop the thermoresponsive hy- 317 

drogel, we used Pluronics. This polymer is synthetic triblock copolymers with poly(eth- 318 

ylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO). The com- 319 

bination two Pluronics, namely PF-127 and PF-68 were chosed due to the ability of these 320 

polymers to show sol-to-gel transition at specific temperature [35]. Several studies have 321 

shown that the combination of these two polymers could result in Tsol-gel at body tempera- 322 

ture with better properties compared to single polymer [36–39]. As mucoadhesion poly- 323 

mer, a natural carbohydrate derivatives polymer, sodium alginate, was added into the 324 

thermoresponsive hydrogels.  325 

3.4. Characterization of mucoadhesive-thermoresponsive in situ hydrogel containing 326 

metronidazole gel flakes  327 

3.4.1. Determination of gelation temperature (Tsol-gel)  328 

This step was carried out to ensure that the hydrogel could be in the liquid form at 329 

the room temperature and could change to gel form when being applied at the vaginal 330 
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temperature. Figure x exhibits the representative images of hydrogel formulation at room 331 

temperature (solution) and at gelation temperature (gel). In the vaginal administration, it 332 

should be bear in mind that the vaginal fluid could affect the gelation temperature of the 333 

hydrogel.  Accordingly, in addition to the determination of the gelation of the hydrogel 334 

itself, it was crucial to evaluate the Tsol-gel of the formulation after being diluted with sim- 335 

ulated vaginal fluid. It was found that compared to other formulation, the formulation 336 

G3, containing the combination of PF-127 and PF-68 with the ratio of 15% and 5%, respec- 337 

tively possessed Tsol-gel at the vaginal temperature, which was desired in this study. Im- 338 

portantly, after dilution with simulated vaginal fluid, this formulation could maintain its 339 

Tsol-gel value.  Analyzed statistically, there was no significant difference (p > 0.05) in Tsol-gel 340 

value of without and with dilution.  The result showed that the increase of PF-127 con- 341 

centration could decrease the gelation temperature of the hydrogels, due to the longer 342 

triblock chain of PF-127. After the addition of sodium alginate as mucoadhesive agent, the 343 

Tsol-gel of the hydrogel was observed. The results showed that 0.2% and 0.4% of sodium 344 

alginate (G6 and G7, respectively), did not affect the Tsol-gel values significantly (p > 0.05). 345 

However, the use of 0.6% of sodium alginate (G8) decreased the Tsol-gel value of the hydro- 346 

gel significantly (p < 0.05), which made this system unsuitable as thermoresponsive sys- 347 

tem. Therefore, 0.6% of sodium alginate was not suitable to be used in the development 348 

of the desired system.  349 

Table 4. The gelation temperature of thermoresponsive in situ hydrogel containing metronidazole 350 
gel flakes (mean ± S.D., n=3) 351 

 Tsol-gel (without dilution) Tsol-gel (with dilution) 

G1 23.43 ± 2.32  23.91 ± 2.43 

G2 29.54 ± 2.71 30.87 ± 3.01 

G3 36.87 ± 3.43 37.43 ± 3.14 

G4 40.54 ± 4.02 42.32 ± 4.90 

G5 43.52 ± 4.11 45.41 ± 3.87 

G6 36.98 ± 3.12 37.94 ± 2.87 

G7 37.01 ± 3.03 37.98 ± 3.21 

G8 46.76 ± 3.18 47.65 ± 4.09 

 352 

3.4.2. Determination of mucoadhesion strength and mucoadhesion time 353 

To avoid the removal of the formulation after the administration into the vaginal 354 

cavity, we added sodium alginate in the thermoresponsive hydrogel. The results showed 355 

that without the use of sodium alginate, the mucoadhesive strength and time were found 356 

to be relatively low. As shown in Table 5, the addition of sodium alginate increased both 357 

mucoadhesive parameters significantly (p < 0.05). The mucoadhesion occurred due to the 358 

hydrogen bonding formation between glycoprotein of mucin in the mucocal tissue and 359 

the carboxylic acid group of cellulose polymers [40]. Furthermore, the increase of sodium 360 

alginate concentration could increase the mucoadhesion strength and time of the hydro- 361 

gels in the vaginal tissue. Specifically, in G6 and G7, we found that the use of 0.2% and 362 

0.4% of sodium alginate increased the mucoadhesion parameters significantly (p < 0.05).  363 

Further increase of the concentration of sodium alginate to 0.6% did not increase the mu- 364 

coadhesion properties significantly (p > 0.05). As previously explained, this concentration 365 

also changed the Tsol-gel temperature of the hydrogel.  366 

Table 5. The mucoadhesion strength and time of thermoresponsive hydrogel (mean ± S.D., n=3) 367 

 Mucoadhesion strength (dyne.cm2) Mucoadhesion time (h) 

G1 28.32 ± 2.31 3.98 ± 0.32 

G2 23.31 ± 1.98 3.18 ± 0.28 

G3 18.23 ± 0.93 2.81 ± 0.43 
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G4 16.21 ± 1.87 2.19 ± 0.19 

G5 11.23 ± 1.02 2.01 ± 0.21 

G6 29.43 ± 2.32 6.53 ± 0.51 

G7 42.31 ± 3.82 8.62 ± 0.72 

G8 45.64 ± 4.01 8.91 ± 0.82 

 368 

3.4.3. pH measurement 369 

One of the requirements of the vaginal dosage form is pH. Normally, the pH should 370 

be around of the pH of the vaginal, which are between 4.5 and 5.5. This is important to 371 

avoid the possibility any irritation during the administration. The results of pH measure- 372 

ment of the hydrogel formulation are shown in Table 6. The results indicated that all hy- 373 

drogels possessed pH values in the vaginal pH, ranging from 4.76 to 5.44. Accordingly, 374 

the administration of the hydrogel would not cause irritation to the vaginal tissue [21,41]. 375 

3.4.4. Viscosity and rheological study 376 

In this study, we further investigate the viscosity and rheological behavior of the hy- 377 

drogel formulations. The results of the viscosity were in a good agreement with the results 378 

of the determination of Tsol-gel. Without the use of sodium alginate, only G3 could show 379 

desired trend of the viscosity values at cold temperature (4°C), room temperature (25°C) 380 

and vagina temperature (37°C) (Figure 3). The formulation possessed the liquid viscosity 381 

at the cold and room temperatures, while showing high viscosity in the vaginal formula- 382 

tion. The addition of sodium alginate with concentration of 0.2% and 0.4% did not change 383 

the viscosity properties significantly (p > 0.05). With regard to the rheological behavior, 384 

the free-flow liquid at room temperature in order to ease the administration while con- 385 

verting into gel at vaginal temperature was desired in this study. With respect to the flow 386 

behavior, because the approach showed pseudoplastic performance, consequently, the 387 

thermoresponsive hydrogel should form shear thinning properties in both liquid and gel 388 

forms. This is indicated by the reduction of viscosity when the shear rate increased. The 389 

high shear rate could  breakdown the three-dimensional assemblies leading to the reduc- 390 

tion in the viscosity [42]. As shown in Figure 3, all hydrogels exhibited this desired condi- 391 

tion.  392 
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 393 

Figure 3. The viscosity of thermoresponsive hydrogels at different temperatures (A) (mean ± S.D., 394 
n=3) and the rheology pattern of thermoresponsive hydrogel (B). 395 

3.4.5. Drug content analysis.  396 

It was crucial to ensure that the concentration of the active compound was not af- 397 

fected during the formulation. It was reported that the recovery of drugs should be 95 – 398 

105% [43]. In this study, the recoveries of metronidazole in the hydrogel formulations 399 

were between 97.76 and 99.63%. Accordingly, it can be concluded that the formulations 400 

were homogeny and the production process did not affect the concentration of metroni- 401 

dazole in the final formulations.  402 

Table 6. The results of measured pH and drug content of in situ vaginal gel (mean ± S.D., n=3) 403 

 pH Drug content 

G1 5.15 ± 0.39 98.32 ± 0.43 

G2 5.21 ± 0.41 97.76 ± 0.32 

G3 5.19 ± 0.54 98.43 ± 0.44 

G4 5.43 ± 0.33 98.31 ± 0.63 

G5 5.28 ± 0.13 99.01 ± 0.43 

G6 5.34 ± 0.34 98.21 ± 0.23 

G7 5.28 ± 0.27 99.34 ± 0.53 

G8 5.19 ± 0.32 99.63 ± 0.65 

 404 

3.5. Ex vivo permeation studies 405 
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The permeation ability of metronidazole from the thermoresponsive hydrogel 406 

through the vaginal tissue was then evaluated. In this study, based on the previous results 407 

in the characterization of the hydrogel, G7 was selected for the evaluation. As a compari- 408 

son, the thermoresponsive hydrogel containing free metronidazole was also evaluated for 409 

the ex vivo permeation study. Figure 4 showed the amount of metronidazole penetrating 410 

the vaginal tissue from the hydrogel formulations containing gel flakes of metronidazole 411 

and free metronidazole. It was clearly seen that without the incorporation into gel flakes 412 

system, the amount of metronidazole detected in the receptor compartment was found to 413 

be relatively high, achieving 7.87 ± 0.83 mg after 8 hours. On the other hand, when metro- 414 

nidazole was incorporated into gel flakes, after 8 h, the concentration of metronidazole 415 

was significantly lower (p < 0.05) with the release amount of 2.14 ± 0.33 mg. In the bacterial 416 

vaginosis, the drug should not achieve the systemic circulation as the main purpose of the 417 

treatment is to localize the drug in the vaginal tissue. Therefore, based on the results ob- 418 

tained in this study, the incorporation the formulation of gel flakes could potentially de- 419 

crease the amount of metronidazole in the systemic circulation. 420 
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Figure 4. Ex vivo permeation profiles of metronidazole and metronidazole loaded gel flake from 422 
thermoresponsive (mean ± S.D., n=3). 423 

3.6. Ex vivo retention determination 424 

The main aim of this study was to localize metronidazole in the vaginal tissue for the 425 

treatment of bacterial vaginosis. Instead of the amount of metronidazole permeating the 426 

vaginal tissue, the amount of metronidazole retained in the vaginal was more critical. Af- 427 

ter the permeation study, we quantify the concentration of metronidazole retained in the 428 

tissue. The concentration of metronidazole in the vaginal tissue after 8 h was found to be 429 

5.67 ± 0.66 mg following the administration of hydrogel containing gel flakes. Meanwhile, 430 

only 0.67 ± 0.08 mg of metronidazole was retained after the administration of hydrogel 431 

containing free drug. Accordingly, the incorporation of metronidazole in the gel flakes 432 

system and delivered using thermoresponsive-mucoadhesive hydrogel could not only 433 

avoid the systemic exposure oof metronidazole, but also improve the concentration in the 434 

vaginal tissue, resulting in the improvement of bacterial vaginosis. 435 

3.7. In vivo antibacterial activity in model of infection on rat 436 

Finally, to proof the efficacy of the system developed in this study, we performed in 437 

vivo antibacterial activity in bacterial vaginosis model. As bacterial model, Escherichia coli 438 

and Staphylococcus aureus were used to create bacterial vaginosis model in female rats. In 439 

this study, the efficacy of our approach was compared to several groups, namely hydrogel 440 

containing free metronidazole, hydrogel base and untreated group. As shown in Figure 441 
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5, following the administration of hydrogel containing gel flakes of metronidazole., after 442 

3 days treatment, the bacterial number dropped from 6.09 Log CFU/mL to 3.48 log CFU 443 

mL and from 6.13 Log CFU/mL to 3.95 Log CFU/mL for Escherichia coli and Staphylococcus 444 

aureus, respectively. This indicated the bacterial burden reduction of 99.76% for Escherichia 445 

coli and 99.35% for Staphylococcus aureus. On the other hand, without being formulated 446 

into gel flakes, although hydrogel containing free metronidazole still showed antibacterial 447 

activity, this approach could only decrease the bacterial burden to 78.63 % for Escherichia 448 

coli and 70.63% for Staphylococcus aureus. Therefore, this shows the significance of gel 449 

flakes formulation. In a good agreement with ex vivo study, due to the ability of gel flakes 450 

to localize metronidazole in the vaginal tissue, in in vivo study, it was confirmed that this 451 

system could show significantly higher (p < 0.05) antibacterial activity in bacterial vagi- 452 

nosis model. In contrast, untreated group and hydrogel base group did not show any de- 453 

crease in the bacterial number after 3 days, showing that we successfully developed bac- 454 

terial vaginosis model in rats and the hydrogel base did not show any antibacterial activ- 455 

ity. This confirmed that the excellent efficacy in bacterial vaginosis model was due to the 456 

combination of thermoresponsive hydrogel and gel flakes formulation. 457 

 458 

 459 

 460 
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Figure 9. The viability of E. coli (A) and S. aureus (B) following several treatments (mean ± S.D., 461 
n=3). The population of E. coli (C) and S. aureus (D) remaining in the vaginal tissue following several 462 
treatment (mean ± S.D., n=3). 463 

4. Conclusions 464 

Based on the results in this study, it is implied that the combination approach of ther- 465 

moresponsive hydrogel with mucoadhesive property with gel flakes could offer better 466 

efficacy for the treatment of bacterial vaginosis. The formulation of metronidazole into gel 467 

flakes could sustain the release over 24 h. Moreover, the incorporation into mucoadhesive- 468 

thermoresponsive hydrogel was found to be effective to treat BV in rats model. This could 469 

be beneficial as an alternative for the current treatment. However, to further explore the 470 

effectiveness of this system, several studies are now needed, including stability study, bi- 471 

ocompatibility and toxicity evaluations prior to next experimental steps. 472 
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Abstract: Bacterial vaginosis  is an infectious disease that has significantly affected women's health. 25 

Metronidazole has been widely used as a drug for treating bacterial vaginosis. Nevertheless, the 26 

currently available therapies have been found to be inefficient and inconvenient. Here, we devel- 27 

oped the combination approach of gel flake and thermoresponsive hydrogel systems. The gel flakes 28 

were prepared using gellan gum and chitosan, showing that the incorporation of metronidazole 29 

was able to provide a sustained release pattern for 24 h with entrapment efficiency of > 90%. More- 30 

over, the gel flakes were incorporated into Pluronics-based thermoresponsive hydrogel using the 31 

combination of Pluronic F127 and F68. The hydrogels were found to exhibit desired thermorespon- 32 

sive properties, showing the transformation from sol to gelsol-gel transition at the vaginal temper- 33 

ature. Following the addition of sodium alginate as a mucoadhesive agent, the hydrogel was re- 34 

tained in the vaginal tissue for more than 8 h, with more than 5 mg of metronidazole retained in the 35 

ex vivo evaluation. Finally, using the bacterial vaginosis infection model in rats, this approach could 36 

decrease the viability of Escherichia coli and Staphylococcus aureus with reduction percentages of more 37 

than 95% after 3 days of treatment, with the healing ability similar to normal vaginal tissue. In con- 38 

clusion, this study offers an effective approach for the treatment of bacterial vaginosis.  Accord- 39 

ingly, the combination of these systems could be an effective approach to improve the therapy of 40 

bacterial vaginosis. 41 

Keywords: Metronidazole, Bacterial Vaginosis, Gel Flakes, Thermoresponsive Hydrogels, Mucoad- 42 

hesive 43 
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Bacterial vaginosis (BV) is disruption of vaginal microbiome a condition of dysbiosis 46 

of the bacterial flora in which a variety of BV-associated species replace the generally 47 

dominating species of Lactobacillus. Increased vaginal discharge and unpleasant smell are 48 

the most common characteristic of this infection. This type of infection is characterized by 49 

an increase in vaginal discharge and a foul smell. The vaginal pH is elevated to more than 50 

4.5 during BV [1,2]. In this disease, natural disinfection is provided by the lactobacilli in 51 

the vagina that form hydrogen peroxide. The lactobacilli-produced lactic acid aids in pre- 52 

serving the vagina's natural pH and microbial balance [3]. Lactobacilli also create lactic 53 

acid, hydrogen peroxide, and bacitracin (an antibiotic peptide). The most common cause 54 

of BV is  Escherichia coli, a gram-negative, anaerobic bacteria often present in the lower 55 

intestine. BV can occur due to the migration of this bacteria to the vagina. In normal con- 56 

dition, , can migrate into the vagina, and develop BV. tThe vaginal mucosal membrane 57 

often offers defense against this bacterial migration [2,4]. However, tThe mucosal lining 58 

may deteriorate as a result of the protection being undermined by an insufficient diet, low 59 

hormone levels, poor health, frequent sexual activity, or aberrant microbiota. It is conceiv- 60 

able that women with BV who often engage in sexual activity might have urinary tract 61 

infections. Urinary tract infections are mostly brought on by Escherichia coli E. coli [2]. Be- 62 

sides, it has been also reported that Staphylococcus aureus is another microorganism caus- 63 

ing BV [5,6]. 64 

Metronidazole, an antibiotic with high activity towards anaerobic bacteria, is one of 65 

the most preferred treatments for BV One of the medications of preference for the treat- 66 

ment of BV is metronidazole [7,8]. Both oral and intravaginal dosage forms of metronida- 67 

zole are available for BV treatment For the treatment of BV, metronidazole formulations 68 

for oral and topically applied use have been developed. Intravaginal and oral dose for- 69 

mulations are being used to treat BV [1,2]. Vaginal cream and pessaries are among the 70 

examples for the intravaginal formulations. Conventionally, cream is the popular choice 71 

for topical administration on account of its simplicity and excellent spreadability. Yet, 72 

cream may cause inconvenience to be used intravaginally due to its greasiness The ad- 73 

ministration of cream and vaginal pessaries is referred to as intravaginal administra- 74 

tion. Although cream is one of the most popular topical dosage forms owing to its excel- 75 

lent spreadability and simplicity, the cream is not suitable for vaginal use because of its 76 

greasiness, which causes difficulties for the patients [9,10]. Moreover,Meanwhile, utiliz- 77 

ing vaginal pessaries results in many problems, such as patient discomfort and allergic 78 

concerns. Intravaginal and oral dose formulations are being used to treat VB. The appli- 79 

cation of cream and vaginal pessaries is referred to as intravaginal administration. Alt- 80 

hough cream is one of the most popular topical formulations because of its excellent 81 

spreadability and simplicity, the cream is not suitable for vaginal use because of its greas- 82 

iness, which causes discomfort for the patients [11]. Additionally, the use of vaginal pes- 83 

saries results in several complications, such as patient discomfort and allergic issues [12]. 84 

In the past, a number of research have been carried out to create local targeting of metro- 85 

nidazole [11–14]. The gel-based topicalGel-based formulation is preferred oversuperior to 86 

cream as an alternative for topical administration because it has non-sticky properties and 87 

a straightforward manufacturing process [15]. Unfortunately, the high water content of 88 

conventional gel caused it to be the water-based topical formulation can be easily rinsed 89 

away by vaginal physiological fluid for vaginal applicationduring application. In situ ther- 90 

moresponsive gel is created employing thermogelling componentspolymers, which ena- 91 

ble the conversion of a free-flowing fluid into a solid gel at body physiological tempera- 92 

ture, to solve this issue [16–20]. As a result, this study proposes in situ vaginal gel is sug- 93 

gested in this study to give prolonged contact with the vaginal tissuemucosal lining of 94 

vagina, increasing medication absorption and therapeutic effectiveness. The effectiveness 95 

of this particular system has been widely reported in numerous studies previously Several 96 

studies have shown the effectiveness of this system for vaginal application [21–26]. 97 

In this work, metronidazole was added to the gel flakes system before the ther- 98 

moresponsive hydrogel fabrication. Gel flakes are polygonal fibroid structures thread-like 99 
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formations with polygonal systems that can increase the likelihood of metronidazole  of- 100 

fer metronidazole a great opportunity to become stuck withinadhering to the tightly 101 

densely folded epithelial surfaces of the vagina, resulting in extended interaction with 102 

vaginal mucus and controllable drug release. [27,28]. The gel flake system was then incor- 103 

porated with thermoresponsive polymers to further improve the local targeting efficacy 104 

of metronidazole, which is presented for the first time in this reportAlso, the thermosen- 105 

sitive polymer used to make the liquid formulation for the study's gel system allowed it 106 

to change into a gel at higher vaginal temperatures. In order to produce local targeting of 107 

metronidazole for the treatment of BV, we thus presented the combination of gel flakes 108 

and in situ gel formulation technologies in this work for the first time. In this study, to 109 

facilitate the administration of the gel flakes, we incorporated the formulation into ther- 110 

moresponsive hydrogel with mucoadhesive property. The mucoadhesive properties is 111 

crucial in the vaginal application since the presence of vaginal fluid can rinse the formu- 112 

lation applied intravaginally. Therefore, the use of mucoadhesive agent could be benefi- 113 

cial to improve the formulation residence time in the vagina, increasing the treatment ef- 114 

ficacy. Specifically, to develop the thermoresponsive hydrogel, we used Pluronics. This 115 

polymer is synthetic triblock copolymers with poly(ethylene oxide)-b-poly(propylene ox- 116 

ide)-b-poly(ethylene oxide) (PEO-PPO-PEO) chains. The combination two Pluronics, 117 

namely PF-127 and PF-68 were chosed due to the ability of these polymers to exhibit sol- 118 

gel transition at specific temperature [29]. Several studies have shown that the combina- 119 

tion of these two polymers could result in Tsol-gel at body temperature with better proper- 120 

ties compared to single polymer [30–33]. As mucoadhesion polymer, a natural carbohy- 121 

drate derivatives polymer, sodium alginate, was added into the thermoresponsive hydro- 122 

gels.  AlsoIn addition, after the gel formulations, a number of comprehensive evaluations 123 

were conducted following gel formulations, including physicochemical characterisation, 124 

an in vitroex vivo penetration and retention test using vaginal tissue, and in vivo testing 125 

experiments using suitable animal models. 126 

2. Materials and Methods 127 

2.1. Materials 128 

Metronidazole, gellan gum, chitosan, and Pluronic® F127 (PF127) were pur- 129 

chasedobtained from Sigma–Aldrich Pte Ltd, (Singapore, Singapore). Pluronic® F68 130 

(PF68) was generously provided by BASF SE (Jakarta, Indonesia). All other compounds 131 

in this study were pharmaceutical grade. 132 

2.2. Formulation of metronidazole loaded gel flakes 133 

The formulation of gel flakes containing metronidazole was performed using several 134 

compounds, as shown in Table 1. Initially, gellan gum was dissolved in boiled water. After 135 

completely dissolved, the temperature was cooled down to room temperature. After that, 136 

metronidazole was mixed with gellan gum solution n. The mixture was dropped 137 

intoadded dropwise to chitosan solution (in 1% acetic acid)  solution while being stirred 138 

at 200 rpm at 25°C.  139 

Table 1. Composition of gel flakes containing metronidazole 140 

Compounds F1 F2 F3 F4 F5 F6 

Metronidazole (%w/v) 1 1 1 1 1 1 

Gellan Gum (%w/v) 0.1 0.2 0.3 0.1 0.2 0.3 

Chitosan (%w/v) 0.1 0.1 0.1 0.2 0.2 0.2 

Distilled water to 100 100 100 100 100 100 

 141 

2.3. Characterization of metronidazole loaded gel flakes 142 
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The encapsulation efficiency (EE) of metronidazole in gel flakes matrices was deter- 143 

mined using indirect method. The formulation was filtered using 0.2 m syringe filter. 144 

Afterwards, the free metronidazole in the filtrate was determined analyzed using UV–vis 145 

spectrophotometer at 320 nm. Finally, the EE values was calculated in three replicates us- 146 

ing the Equation below:[28] 147 

%𝐸𝐸 =  
𝑊1−𝑊2

𝑊1
𝑥100  Equation (1) 148 

Where 𝑊1 is the concentration of metronidazole in the formulation and 𝑊2 is the 149 

concentration of metronidazole detected in the filtrate. 150 

The determination of drug loading (DL) capacity of metronidazole-loaded with gel 151 

flakes was determined bystarted with dispersing 25 mg of the formulation in 50 mL of 152 

distilled water. Following thisAfter that, the mixture was sonicated for 20 mins in a bath 153 

sonicator. The mixture was then centrifuged for 20 mins at 7,000 rpm for 20 min. The con- 154 

centration of metronidazole was analyzed measured using UV–vis spectrophotometer at 155 

320 nm. Finally the DL was calculated in three replicates using Equation:[34] 156 

%𝐷𝐿 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑒𝑡𝑟𝑜𝑛𝑖𝑑𝑎𝑧𝑜𝑙𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑥100 Equation (2) 157 

The possible interaction between metronidazole and the excipients used in this study 158 

was investigated using Fourier transform infrared (FTIR) spectrometer (Shimadzu® FTIR- 159 

8400). A Fourier transform infrared spectrometer (FTIR) (Shimadzu® FTIR-8400) was 160 

used to investigate the possible interaction between metronidazole and all excipients used 161 

in the formulation. In this study, Tthe analysis was performed at room temperature with 162 

a resolution of 4.0 cm-1 at room temperature between 400 – 4000 cm-1 using 32 scans.  163 

Different scanning calorimetry (DSC) Q100 (DSC 2920, TA Instruments, Surrey, UK) 164 

was utilized to evaluate the thermal properties of metronidazole in the gel flakes formu- 165 

lation. The samples were sealed in aluminiumaluminium pan and analyzed with a heating 166 

rate of 10oC/min from 0°C to 300°C.  167 

Briefly, the gel flakes were dried at 37°C. The dry gel flakes were placed into carbon 168 

adhesive tape. Finally, a scanning electron microscope (SEM) (JEM-1400Plus; JEOL, To- 169 

kyo, Japan) was used to observe the morphologies of gel flakes containing metronidazole.  170 

2.4. In vitro release studies of metronidazole from gel flakes formulation 171 

In this study, a dialysis technique was used. In this study, in an attempt to mimic the 172 

vaginal environment, the release study of metronidazole from gel flakes was performed 173 

in simulated vaginal fluid. The fluid was prepared using sodium chlorideNaCl (3.51% 174 

w/v), potassium hydroxideKOH (1.4% w/v), calcium hydroxideCa(OH)2 (0.22% w/v), bo- 175 

vine serum albumin (0.018% w/v), lactic acid (2% w/v), acetic acid (1% w/v), glycerol 176 

(0.16% w/v), urea (0.4% w/v) and glucose (5% w/v). The pH of the solution was adjusted 177 

to 4.6. Metronidazole and gel-flakes containing metronidazole (equivalent to 50 mg of 178 

metronidazole) was placed inside the dialysis membrane ( Spectra-Por®, 12,000-14,000 179 

MWCO)  dialysis membrane (Spectrum Medical Industries, Los Angeles, CA, USA). The 180 

membrane was put in 100 mL of simulated vaginal fluid in an orbital shaker. The study 181 

was carried out at 37oC at 100 rpm. At interval times (0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 182 

8 h, 12 h and 24 h), 1 mL of sample was collected,taken and the concentration of metroni- 183 

dazole was determined using UV–vis spectrophotometer at 320 nmusing spectorphotom- 184 

etry. To ensure that the sink condition was achieved, the media was replaced with fresh 185 

fluid after each collection1 mL of fresh media was put in the media after being taken. 186 

Following this, different release kinetic models, namely zero-order, first-order, Higuchi, 187 

Korsmeyer-Peppas, and Hixson Crowell [35] were applied to the release profiles. 188 

DDSolver was used to analyzed the kinetic models. The experiment was conducted in 189 

three replicates. 190 

 191 

 192 

2.5. Preparation of mucoadhesive-thermoresponsive in situ hydrogel containing metronidazole gel 193 

flakes 194 
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The gel flakes of metronidazole were further incorporated into mucoadhesive and 195 

thermoresponsive hydrogel formulation. The formulations were developed using PF-127 196 

and PF-68 as thermogelling compounds and sodium alginateHPMC as mucoadhesion 197 

compound. The composition of the formulation isformulation components are depicted 198 

in Table 2. The cold method was used to prepare the hydrogel [26]. Initially, the thermo- 199 

gelling agents were dissolved in distilled water at 5°C. In separate container, sodium al- 200 

ginate was dissolved in distilled water and mixed with thermogelling solution. Following 201 

this, the gel flakes were mixed with the hydrogel using a magnetic stirrer for 30 minutes 202 

at a speed of 200 rpmunder stirring (200 rpm).  203 

Table 21. The composition of hydrogel containing gel flakes of metronidazole (% w/v) 204 

Formula 
Gel flakes (equal to pure 

metronidazole) 
PF-127 PF-68 

Sodium Al-

ginate 

G1 1 20.00 - - 

G2 1 17.50 2.50 - 

G3 1 15.00 5.00 - 

G4 1 12.50 7.50 - 

G5 1 10.00 10.00 - 

G6 1 15.00 5.00 0.20 

G7 1 15.00 5.00 0.40 

G8 1 15.00 5.00 0.60 

 205 

2.6. Characterization of mucoadhesive-thermoresponsive in situ hydrogel containing 206 

metronidazole gel flakes 207 

2.6.1. The determination of gelation temperature (Tsol-gel)  208 

The gelation temperature (Tsol-gel) was determined by applying a test tube inverting 209 

methodtube inversion method [36]. Initially, 2 mL of hydrogel was placed in a glass tube 210 

at 4°C. The tube was immersed in water at 20°C and the temperature was gradually in- 211 

creased by 1o each time. The water was gradually heated by 1°C. The gelation temperature 212 

was denoted when the solution turned into gelgel successfully formed and did not flow 213 

freely when the tube was tuned over 90° for 30 s. Additionally, the Tsol-gel of the formulation 214 

after being diluted with vaginal fluid was also evaluated in three replicates.  215 

2.6.2. Mucoadhesion strength 216 

A modified physical balance was applied to determine tthe strength of the mucoad- 217 

hesion ability of the formulation, with slight modification [37]. In this study, a fresh por- 218 

cine vaginal tissue was used and attached between two glass vials. To set the experiment, 219 

the first vial was attached to the balanced and the second vial was put on a height-adjust- 220 

able pan of the balance. The hydrogel was applied in the mucosal tissue and the vials were 221 

connected tightly for 2 min. Finally, the metal weights were added into the other pan of 222 

the balance. The weight required to detach the vials was noted and the strength of the 223 

mucoadhesion ability was then determined in three replicates using the Equation bellow: 224 

𝑀𝑢𝑐𝑜𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑑𝑦𝑛𝑒. 𝑐𝑚2) =  
𝑚.𝑔

𝐴
 Equation (3) 225 

Where m is the weight requiredminimum weight required to detach the vials (g), A 226 

is the average area of vaginal mucosal (cm2), and g is the gravity force (980 cm/s2). 227 

2.6.3. Mucoadhesion time 228 

In this study, the type 2 dissolution USP apparatus was used to evaluate the muco- 229 

adhesion time of the hydrogel [38]. A fresh porcine vaginal tissue was attached on the 230 

paddle of the dissolution apparatus. Afterwards, 1 g of hydrogel formulation was applied 231 

to the vaginal mucosal.  An amount of 900 mL of simulated vaginal tissue was placed 232 

inside the dissolution jar. The study was carried outperformed in three replicates at 100 233 
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rpm at 37oC. The time required by the hydrogel to detach from the vaginal tissue was 234 

recorded as the mucoadhesion time.  235 

2.6.4. Determination of pH 236 

pH of the hydrogel formulation was measured using a digitalA pH meter (Horiba 237 

Scientific, Kyoto, Japan).  was used to measure the pH of the hydrogel formulations. The 238 

determination was carried out at 25oC. 239 

2.6.45. Investigation of viscosity and rheological propertiesd rheological 240 

The viscosity and the rheology properties of the hydrogel wereas evaluated using a 241 

DV-III Ultra viscometer (RV model, Brookfield, USA). Specifically, three different temper- 242 

ature conditions were used to measure the viscosity of the hydrogel, namely storage tem- 243 

perature (4°C), room temperature (25°C) and vaginal physiologicaphysiologicall temper- 244 

ature (37°C). The experiment was performed in three replicates using spindle 07 at 500 245 

rpm. 246 

2.6.56. Determination of pH Dand drug content analysis 247 

pH of the hydrogel formulation was measured in three replicates using a digital pH 248 

meter (Horiba Scientific, Kyoto, Japan). The determination was carried out at 25oC. 249 

The recovery of metronidazole in the hydrogel formulation was investigated by dis- 250 

solving 100 mg of the hydrogel in 100 mL of methanol under sonication condition for 1 h. 251 

Then, tThe samples were centrifuged for 15 mins at 7,000 rpm for 15 min. The concentra- 252 

tion of metronidazole was analyzed using UV–vis spectrophotometer at 320 nmspectro- 253 

photometry in three replicates [34]. 254 

2.7. Ex vivo permeation studies 255 

This study was approved by the Ethical Committee from the Faculty of Medicine, 256 

Hasanuddin University, Makassar, Indonesia (Number UH20070336). The ex vivo perme- 257 

ation ability of metronidazole through vaginal tissue was assessed using Franz diffusion 258 

cell with area of 4.9 cm2. The fresh porcine vaginal mucosa was attached between the do- 259 

nor and the receptor compartments. Simulated vaginal fluid (12 mL) was used as media 260 

in the receptor compartment. Afterwards, 1 mL of the hydrogel was applied to the donor 261 

compartment. Thise study experiment was carried out at 37 ± 1oC at 100 rpm. At prede- 262 

termined time (0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h and 8 h), 1 mL of media was taken and 263 

replaced with fresh mediaimmediately with fresh media [38]. The concentration of met- 264 

ronidazole was analyzed using UV–vis spectrophotometer at 320 nmmeasured using 265 

spectrophotometry in three replicates. 266 

2.8. Ex vivo retention determination 267 

At the end of the permeation study, the vaginal tissue was collected and any the ex- 268 

cess of the formulation was removed from the surface of the mucosal using distilled water. 269 

Metronidazole was extracted from the tissue using 10 mL methanol under sonication for 270 

30 minutes. After that, tThe mixture was centrifuged at 7000 rpm for 15 minsnutes. The 271 

supernatant was collected and the concentration of metronidazole was analyzed deter- 272 

mined using UV–vis spectrophotometer in three replicates  at 320 nm [38]. It was im- 273 

portant to note that the analytical method used in this study was validated and found to 274 

be selective, precise, and accurate with the presence of other substances, including the 275 

vaginal tissue. 276 

2.9. In vivo antibacterial activity in model of infection on rat 277 

2.9.1. Preparation of bacterial vaginosis model on rat  278 

The study was approvedethical clearance for this study was granted by the Ethical 279 

Committee from the Faculty of Medicine, Hasanuddin University, Makassar, Indonesia 280 

(Number UH20070336). Female Wistar rats were used in this study and underwent accli- 281 

matization for 7 days in the laboratory environment. To develop the infection model, 20 282 

µL of Escherichia coli and Staphylococcus aureus with bacterial number of 1 x 106 CFU/mL 283 

was applied daily to the rat’s vaginal cavity of the rats for 3 days [39]. 284 
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2.9.2. In vivo antibacterial activity and histopathology evaluation 285 

In this study, the rats were divided into four cohorts, namely hydrogel containing gel 286 

flakes of metronidazole, hydrogel containing free metronidazole, hydrogel without drug, 287 

solution of metronidazole, dispersion of metronidazole gel flakes and negative control. 288 

Initially, 1 g of the formulation was applied administered intravaginally to the ratsanimals 289 

twice daily.  An amount of 1 g of each gel was applied in the vaginal of the animals. At 290 

predetermined time points, the vaginal fluid (1 L) was collected and inoculated into Eo- 291 

sin Methylene Blue Agar and Vogel Johnson Agar to quantify Escherichia coli and Staphy- 292 

lococcus aureus, respectively. The media was incubated 37oC for 24 h and the bacterial num- 293 

bers were calculated, expressed as CFU/mL [24]. The in vivo study was carried out for 3 294 

days in three replicates. In the end of the experiment, the vaginal sample rats were excised 295 

for the evaluation of the histopathology. The assessment was conducted using the hema- 296 

toxylin eosin staining.   297 

 298 

 299 

 300 

2.10. Statistical analysis 301 

All data were presented as mean ± SD. All data were analyzed using GraphPad Prism 302 

6.0 (GraphPad, San Diego, CA, USA). To obtain the conclusion, p < 0.05 was noted as sig- 303 

nificant result.  304 

3. Results and Discussion 305 

3.1 Formulation and characterization of metronidazole loaded gel flakes 306 

In this study, to control modulate the release of metronidazole, the drug was devel- 307 

oped into gel flakes approach. This approacsystemh was formedcan be formed due to the 308 

gelation reaction between the gellan gum and the cationic part of the chitosan. The gela- 309 

tion occurred betweenthe anionic part of carboxylate ions contained in gellan gum and 310 

the cationic part of the amino groups contained in chitosan [28]. This will subsequently 311 

entrap the drug between the polymer matrix, hence controlling the release. The gelation 312 

reaction could then entrap the drug and control the release. To characterize the formula- 313 

tion, initially, we assessed the EE percentage of metronidazole in the gel flakes formula- 314 

tion. It was found that the EE values ranging from 77.67 ± 3.43% to 99.47 ± 5.87%, as shown 315 

in Table 3. The results showed that the increase of gellan gum and chitosan concentrations 316 

could increase the EE values of the formulation. It was because the increment of these two 317 

polymers could increase the gelation capacity, resulting in high entrapment of metroni- 318 

dazole in the gel flakes formulation.  319 

Table 3. The EE and DL values of metronidazole in gel flakes formulations (mean ± SD, n =3) 320 

Formulation EE (%) DL (%) 

F1 77.67 ± 3.43 79.52 ± 2.65 

F2 79.43 ± 2.12 72.59 ± 3.09 

F3 84.32 ± 2.61 67.82 ± 2.42 

F4 90.65 ± 2.34 75.13 ± 3.19 

F5 98.91 ± 3.43 74.20 ± 3.98 

F6 99.47 ± 2.98 66.55 ± 4.51 

Furthermore, we assessed the DL of metronidazole in the gel flakes formulation, as 321 

shown in Table 3. We found that the difference of EE and the amount of the formulation 322 

composition affected the DL of metronidazole. In this study, the optimized formulation 323 

was chosen by the high EE and DL values. Analyzed statistically, F5 and F6 showed the 324 

highest EE values and were significantly higher (p < 0.05) compared tothan those of other 325 

formulations. Meanwhile, with respect to DL value, since F6 contained higher amount of 326 
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gellan gum, its DL value was significantly lower (p < 0.05) than F5. Accordingly, F6 was 327 

selected for further studies.  328 

In FTIR evaluation (Figure 1), with respect to metronidazole spectrum, several peaks 329 

were observed. The stretching detected at 3221 cm-1 was due to the presence of OH group 330 

of the drug. The peaks at 3110 cm-1 and 1533 cm-1- were found, representing C=CH and 331 

NO2/N-O, respectively. At 1193 cm-1, the spectrum indicated the stretching vibration of 332 

tertiary amine group. Finally, the presence of C-OH/C=O and C-NO2 were identified by 333 

the peaks at 1071 cm-1 and 884 cm-1, respectively. In the chitosan spectrum, the peaks were 334 

found at 1661 cm-1 and 1595 cm-1 due to the presence of C=O and N-H, respectively. How- 335 

ever, these peaks were found to shift to 1635 cm-1 and 1575 cm-1. This could be due to the 336 

interaction between chitosan and gellan gumgellan gum and chitosan, resulting in the 337 

change of the environment of the amine group. Similar trend was also found in the previ- 338 

ous study, showing the successfulness of the formation of the gel flakes [27,28]. For gellan 339 

gum, the presence of asymmetric carboxylate anion stretching resulted in peak detected 340 

at 1604 cm−1. Moreover, peaks at 1410 cm-1 presented the presence of symmetric carbox- 341 

ylate anion. These two peaks were shifted to 1641 cm-1 and 1445 cm-1, due to the gelation 342 

reaction. The changes in the FTIR spectrum indicated the successfulness of the formation 343 

of gel flakes. Moreover, it was important to notis evidente that the peaks of metronidazole 344 

did not change in the gel flakes formulation, indicating that the formulation did not affect 345 

the structure of metronidazole. 346 

The thermal property of metronidazole was then investigated using DSC. The ther- 347 

mograms of metronidazole and gel flakes formulation are depicted in Figure 1. In the 348 

metronidazole thermogram, the sharp peak was detected at 160°C, indicating the melting 349 

point and the crystallinity of metronidazole. In the gel flakes formulation, the peak was 350 

not anymore. This showed that metronidazole might changeed to amorphous form. In 351 

this study, it could be hypothesized that the formation of amorphous state was initially 352 

induced by mixing the drug with the polymers, removing the water which further formed 353 

the dry state. Following the mixing of the polymer and the drug, the chains of the  poly- 354 

mer experience a larger state of disorder. This could finally circumvent the crystal growth 355 

of the drugs mixed with the polymers [40]. Additionally, this also showed that metroni- 356 

dazole was completely encapsulated inside the gel flakes matrix. This indicated that the 357 

method used to form the gel flakes effectively loaded the drugs into the formulation. 358 

Therefore, this could potentially enhance the controlled release of metronidazole from the 359 

formulation into the vaginal environment [27]. Regarding the morphology analysis using 360 

SEM, the result showed that the flakes were formed in polygonal structures and small size 361 

(Figure 1). This structure was preferred in the vaginal administration as this form could 362 

potentially penetrate and spread into the highly gathered vaginal surfaces.  363 
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 365 

Figure 1. FTIR spectrum of metronidazole, chitosan, gellan gum and gel flakes (A). DSC thermo- 366 
gram of metronidazole and gel flakes formulation (B). The SEM images of gel flakes formulation 367 
containing metronidazole (scale 50 m) (C). 368 

3.2. In vitro release studies of metronidazole from gel flakes formulation  369 

Here, gel flakes were developed to control and sustain the release of metronidazole. 370 

Therefore, we further evaluated the in vitro release study of metronidazole from gel flakes. 371 

The release was compared to the pure metronidazole and the results of this study is de- 372 

picted in Figure 2. As shown, it was found that after 2 h, 99.37 ± 4.76% of metronidazole 373 

was completely released in the simulated vaginal fluid media. On the other hand, follow- 374 

ing the incorporation into gel flakes formulation, the release of metronidazole was sus- 375 

tainedcontrolled over 24 h, showing the release percentage of 97.11 ± 3.87%. This showed 376 

that the gelation reaction between two polymers used in the preparation of gel flakes 377 

could act as a matrix to control the release of metronidazole. Following this, the release 378 

mechanism of metronidazole from gel flakes was assessed. After the calculation, the re- 379 

lease mechanism followed the Higuchi model with r value of 0.976. Therefore, it could- 380 

Hence, it could be concluded that the release of metronidazole was released from gel 381 

flakes matrix is based on the erosion and the degradation of the matrix of the formulation.  382 
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Figure 2. In vitro release of pure metronidazole and metronidazole loaded gel flake (mean ± SD, n 384 
=3). 385 

3.3. Preparation ofFormulation and characterization of mucoadhesive-thermoresponsive in situ 386 

hydrogel containing metronidazole gel flakes  387 

In this study, to facilitate the administration of the gel flakes, we incorporated the 388 

formulation into thermoresponsive hydrogel with mucoadhesive property. The mucoad- 389 

hesive properties is crucial in the vaginal application since the presence of vaginal fluid 390 

can rinse the formulation applied intravaginally. Therefore, the use of mucoadhesive 391 

agent could be beneficial to improve the formulation residence time of the formulation in 392 

the vagina, increasing the efficacy of the treatmenttreatment efficacy. Specifically, to de- 393 

velop the thermoresponsive hydrogel, we used Pluronics. This polymer is synthetic 394 

triblock copolymers with poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 395 

oxide) (PEO-PPO-PEO) chains. The combination two Pluronics, namely PF-127 and PF-68 396 

were chosed due to the ability of these polymers to show exhibit sol-to-gel transition at 397 

specific temperature [34]. Several studies have shown that the combination of these two 398 

polymers could result in Tsol-gel at body temperature with better properties compared to 399 

single polymer [35–38]. As mucoadhesion polymer, a natural carbohydrate derivatives 400 

polymer, sodium alginate, was added into the thermoresponsive hydrogels.  401 

3.4. Characterization of mucoadhesive-thermoresponsive in situ hydrogel containing 402 

metronidazole gel flakes  403 

3.34.1. Results of Determination of ggelation temperature (Tsol-gel) determination  404 

This step was carried out to ensure that the hydrogel could be in the liquid form at 405 

the room temperature and could change to gel form when being applied at the vaginal 406 

temperature. Figure 3Ax exhibits the representative images of hydrogel formulation at 407 

room temperature (solution) and at gelation temperature (gel)before and after gel transi- 408 

tion. In the vaginal administration, it should be bear in mind that the composition of vag- 409 

inal fluid itself may could affect the gelation temperature of the hydrogel.  Accordingly, 410 

in addition to the determination of the gelation of the hydrogel itself, it was crucial to 411 

evaluate the Tsol-gel of the formulation after being diluted with simulated vaginal fluid. It 412 

was found that compared to other formulation, the formulation G3, containing the com- 413 

bination of PF-127 and PF-68 with the ratio of 15% and 5%, respectively possessed Tsol-gel 414 

at the vaginal temperature, which was desired in this study. Importantly, after dilution 415 

with simulated vaginal fluid, this formulation could maintain its Tsol-gel value.  There was 416 

no statistically significant difference (p > 0.05) between the Tsol-gel values without and with 417 

dilution.Analyzed statistically, there was no significant difference (p > 0.05) in Tsol-gel value 418 
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of without and with dilution.  The result showed that the increase of PF-127 concentra- 419 

tion could decrease the gelation temperature of the hydrogels, due to the longer triblock 420 

chain of PF-127. After the addition of sodium alginate as mucoadhesive agent, the Tsol-gel 421 

of the hydrogel was observed. The results showed that 0.2% and 0.4% of sodium alginate 422 

(G6 and G7, respectively), did not affect the Tsol-gel values significantly (p > 0.05). However, 423 

the use of 0.6% of sodium alginate (G8) decreased the Tsol-gel value of the hydrogel signifi- 424 

cantly (p < 0.05), which made this system unsuitable as thermoresponsive system. There- 425 

fore, 0.6% of sodium alginate was not suitable to be used in the development of the desired 426 

system.  427 



 

 
 

 

 
Pharmaceutics 2022, 14, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/pharmaceutics 

Table 4. The gelation temperature of thermoresponsive in situ hydrogel containing metronidazole 428 
gel flakes (mean ± S.D., n=3) 429 

 Tsol-gel (without dilution) Tsol-gel (with dilution) 

G1 23.43 ± 2.32  23.91 ± 2.43 

G2 29.54 ± 2.71 30.87 ± 3.01 

G3 36.87 ± 3.43 37.43 ± 3.14 

G4 40.54 ± 4.02 42.32 ± 4.90 

G5 43.52 ± 4.11 45.41 ± 3.87 

G6 36.98 ± 3.12 37.94 ± 2.87 

G7 37.01 ± 3.03 37.98 ± 3.21 

G8 46.76 ± 3.18 47.65 ± 4.09 

 430 

3.34.2. Determination Results of mucoadhesion strength and mucoadhesion time deter- 431 

mination 432 

To avoid the removal of the formulation after the administration into the vaginal 433 

cavity, we added sodium alginate in the thermoresponsive hydrogel. The results showed 434 

that without the use of sodium alginate, the mucoadhesive strength and time were found 435 

to be relatively low. As shown in Table 5, the addition of sodium alginate increased both 436 

mucoadhesive parameters significantly (p < 0.05). The mucoadhesion occurred due to the 437 

hydrogen bonding formation between glycoprotein of mucin in the mucocalmucosal tis- 438 

sue and the carboxylic acid-COOH group of cellulose polymers [41]. Furthermore, the 439 

increase of sodium alginate concentration could increase the mucoadhesion strength and 440 

timemucoadhesivity properties (strength and time) of the hydrogels in the vaginal tissue. 441 

Specifically, in G6 and G7, we found that the use of 0.2% and 0.4% of sodium alginate 442 

increased the mucoadhesion parameters significantly (p < 0.05). Interestingly,.  Further 443 

increase of the concentration of sodium alginateincreasing the concentration of sodium 444 

alginate further to 0.6% did not increase the mucoadhesion properties significantly (p > 445 

0.05). As previously explained, this concentration also changed the Tsol-gel temperature of 446 

the hydrogel.  447 

Table 5. The mucoadhesion strength and time of thermoresponsive hydrogel (mean ± S.D., n=3) 448 

 Mucoadhesion strength (dyne.cm2) Mucoadhesion time (h) 

G1 28.32 ± 2.31 3.98 ± 0.32 

G2 23.31 ± 1.98 3.18 ± 0.28 

G3 18.23 ± 0.93 2.81 ± 0.43 

G4 16.21 ± 1.87 2.19 ± 0.19 

G5 11.23 ± 1.02 2.01 ± 0.21 

G6 29.43 ± 2.32 6.53 ± 0.51 

G7 42.31 ± 3.82 8.62 ± 0.72 

G8 45.64 ± 4.01 8.91 ± 0.82 

 449 

3.4.3. pH measurement 450 

Another important factor for patient’s convenience for the use of One of the require- 451 

ments of the vaginal dosage form is pH. Normally, the pH should be around of the pH of 452 

the vaginal, which are between 4.5 and 5.5. This is important to avoid the possibility any 453 

irritation during the administration. The results of pH measurement of the hydrogel for- 454 

mulation are shown in Table 6. The results indicated that all hydrogels possessed pH val- 455 

ues in the vaginal pH, ranging from 4.76 to 5.44. Accordingly, the administration of the 456 

hydrogel would not cause irritation to the vaginal tissue [20,40]. 457 

3.34.34. Viscosity and rheological study 458 
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In this study, we further investigate the viscosity and rheological behavior of the re- 459 

sulting hydrogels formulations. The results of the viscosityviscosity measurements were 460 

in a good agreement wih the with the results of the determination of Tsol-gel determination. 461 

Without the use of sodium alginate, only G3 could show desired trend of the viscosity 462 

values at cold temperature (4°C), room temperature (25°C) and vagina temperature 463 

(37°C)4oC, 25oC, and 37oC (Figure 3). The formulation possessed the liquid viscosity at the 464 

cold and room temperatures, while showing high viscosity in the vaginal formulation. 465 

The addition of sodium alginate with concentration of 0.2% and 0.4% did not change the 466 

viscosity properties significantly (p > 0.05). With regard to the rheological behavior, the 467 

free flowing-flow liquid at room temperature for the ease of administration in order to 468 

ease the administration while converting into gel at vaginal temperature was desired in 469 

this study. With respect to the flow behavior, because the approach showed pseudoplastic 470 

performance, consequently, the thermoresponsive hydrogel should form shear- thinning 471 

properties in both liquid and gel forms. As shown from the results, This is indicated by 472 

the reduction of viscosity when the shear rate increasedthe viscosity reduced within in- 473 

creasing shear rate. The high shear rate could  breakdown the three-dimensional assem- 474 

blies leading to the reduction in the viscosity [42]. As shown in Figure 3, all hydrogels 475 

exhibited this desired condition.  476 
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 478 

Figure 3. The representative images of hydrogel formulation before and after gel transition (A).  479 
The viscosity of thermoresponsive hydrogels at different temperatures (BA) (mean ± S.D., n=3) and 480 
the rheology pattern of thermoresponsive hydrogel (CB). 481 

3.3.44.5. pH measurement and Ddrug content analysis.  482 

Another important factor for patient’s convenience for the use of vaginal dosage form 483 

is pH. Normally, the pH should be around of the pH of the vaginal, which are between 484 

4.5 and 5.5. This is important to avoid the possibility any irritation during the administra- 485 

tion. The results of pH measurement of the hydrogel formulation are shown in Table 6. 486 

The results indicated that all hydrogels possessed pH values in the vaginal pH, ranging 487 

from 4.76 to 5.44. Accordingly, the administration of the hydrogel would not cause irrita- 488 

tion to the vaginal tissue [20,43]. 489 

It was crucial to ensure that the formulation process did not affect the active com- 490 

pound concentration.  concentration of the active compound was not affected during the 491 

formulation. It was reported that the recovery of drugs should beThe ideal value for drug 492 

recovery is 95 – 105% [44]. In this study, the recoveries of metronidazole in the hydrogel 493 

formulations were between 97.76 and 99.63%. Accordingly, Iit can be concluded that the 494 

formulations were homogeny homogenous and the production process did not affect the 495 

concentration of metronidazole in the final formulations.  496 
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Table 6. The results of measured pH and drug content of in situ vaginal gel (mean ± S.D., n=3) 497 

 pH Drug content 

G1 5.15 ± 0.39 98.32 ± 0.43 

G2 5.21 ± 0.41 97.76 ± 0.32 

G3 5.19 ± 0.54 98.43 ± 0.44 

G4 5.43 ± 0.33 98.31 ± 0.63 

G5 5.28 ± 0.13 99.01 ± 0.43 

G6 5.34 ± 0.34 98.21 ± 0.23 

G7 5.28 ± 0.27 99.34 ± 0.53 

G8 5.19 ± 0.32 99.63 ± 0.65 

 498 

 499 

 500 

3.5. Ex vivo permeation studies 501 

The permeation ability of metronidazole from the thermoresponsive hydrogel 502 

through the vaginal tissue was then evaluated. In this study, based on the previous results 503 

in the characterization of the hydrogel, G7 was selected for the evaluation. As a compari- 504 

son, the thermoresponsive hydrogel containing free metronidazole was also evaluated for 505 

the ex vivo permeation study. Figure 4 showed the amount of metronidazole penetrating 506 

the vaginal tissue from the hydrogel formulations containing gel flakes of metronidazole 507 

and free metronidazole. It was clearly seen that without the incorporation into gel flakes 508 

system, the amount of metronidazole detected in the receptor compartment was found to 509 

be relatively high, achieving 7.87 ± 0.83 mg after 8 hours. On the other hand, when metro- 510 

nidazole was incorporated into gel flakes, after 8 h, the concentration of metronidazole 511 

was significantly lower (p < 0.05) with the release amount of 2.14 ± 0.33 mg. In the bacterial 512 

vaginosis, the drug should not achieve the systemic circulation as the main purpose ob- 513 

jective of the treatment is to localize the drug in the vaginal tissue. Therefore, based on the 514 

results obtained in this study, the incorporation the formulation of gel flakes could poten- 515 

tially decrease the amount of metronidazole reachingin the systemic circulation. 516 
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Figure 4. Ex vivo permeation profiles of metronidazole and metronidazole loaded gel flake from 518 
thermoresponsive (mean ± S.D., n=3). 519 

3.6. Ex vivo retention determination 520 
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The main aim of this study was to localize metronidazole in the vaginal tissue for the 521 

treatment of bacterial vaginosisBV. Instead of the amount of metronidazole permeating 522 

the vaginal tissue, the amount of metronidazole retained in the vaginal was more critical. 523 

After the permeation study, we quantify the concentration of metronidazole retained in 524 

the tissue was also quantified. The concentration of metronidazole in the vaginal tissue 525 

after 8 h was found to be 5.67 ± 0.66 mg following the administration of hydrogel contain- 526 

ing gel flakes. Meanwhile, only 0.67 ± 0.08 mg of metronidazole was retained after the 527 

administration of hydrogel containing free drug. Accordingly, the incorporation of met- 528 

ronidazole in the gel flakes system and delivered using thermoresponsive-mucoadhesive 529 

hydrogel could not only avoid the systemic exposure oof metronidazole, but also improve 530 

the concentration drug accumulation in the vaginal tissue, resulting in the improvement 531 

of bacterial vaginosis. 532 

 533 

3.7. In vivo antibacterial activity and histopathology evaluation in model of infection on rat 534 

Finally, to proof the efficacy of the system developed in this study, we performed in 535 

vivo antibacterial activity in bacterial vaginosis model. As bacterial model, Escherichia coli 536 

and Staphylococcus aureus were used to create bacterial vaginosis model in female rats. In 537 

this study, the efficacy of our approach was compared to several groups, namely hydrogel 538 

containing free metronidazole, hydrogel base and untreated group. As shown in Figure 539 

5, following the administration of hydrogel containing gel flakes of metronidazole., after 540 

3 days treatment, the bacterial number dropped from 6.09 Log CFU/mL to 3.48 log CFU 541 

mL and from 6.13 Log CFU/mL to 3.95 Log CFU/mL for Escherichia coli and Staphylococcus 542 

aureus, respectively. This indicated the bacterial burden reduction of 99.76% for Escherichia 543 

coli and 99.35% for Staphylococcus aureus. On the other hand, without being formulated 544 

into gel flakes, although hydrogel containing free metronidazole still showed antibacterial 545 

activity, this approach could only decrease the bacterial burden to 78.63 % for Escherichia 546 

coli and 70.63% for Staphylococcus aureus. We also compared the antibacterial activity of 547 

our approach with free drug solution and gel flakes dispersion. The administration of both 548 

systems could reduce the bioburden of Escherichia coli up to 69.55% and 79.76%, respec- 549 

tively. In Staphylococcus aureus infection models, the administration of free drug solution 550 

and gel flakes dispersion was able to reduce the bacterial bioburden up to 65.78% and 551 

74.28%, respectively. Therefore, this shows the significance of gel flakes formulation. In a 552 

good agreement with ex vivo study, due to the ability of gel flakes to localize metronida- 553 

zole in the vaginal tissue, in in vivo study, it was confirmed that this system could show 554 

significantly higher (p < 0.05) antibacterial activity in bacterial vaginosis model. In con- 555 

trast, untreated group and hydrogel base group did not show any decrease in the bacterial 556 

number after 3 days, showing that we successfully developed bacterial vaginosis model 557 

in rats and the hydrogel base did not show any antibacterial activity. This confirmed that 558 

the excellent efficacy in bacterial vaginosis model was due to the combination of ther- 559 

moresponsive hydrogel and gel flakes formulation. 560 

 561 

 562 
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 564 

Figure 9. The viability of E. coli (A) and S. aureus (B) following several treatments (mean ± S.D., 565 
n=3). The population of E. coli (C) and S. aureus (D) remaining in the vaginal tissue following several 566 
treatments (mean ± S.D., n=3). 567 

Following the successfulness of the antibacterial activity in bacterial vaginosis model, 568 

in was crucial to assess the histopathological evaluation of the vaginal tissues after the 569 

administration of this approach. This could also give us the information regarding the 570 

potential irritation caused by the administration of the system developed here. As shown 571 

in Figure 10, the vaginal tissues of healthy rats were found to be free from edema, infiltra- 572 

tion, and congestion. The same results were also found after the administration of the 573 

hydrogel containing gel flakes. On the other hand, severe irritations with edema, thinning 574 

of epithelial, infiltration and erosion were observed in the untreated rats. The administra- 575 

tion of hydrogel containing free drug, free drug solution and gel flakes dispersion was 576 
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only able to heal the infection condition to moderate irritations. From these results, it was 577 

shown the combination of gel flakes and thermoresponsive hydrogel with mucoadhesion 578 

properties could not only reduce the bacterial bioburden significantly, but also heal the 579 

condition of the infected tissues to the normal condition 580 

 581 

 582 

Figure 10. Histopathological examinations of vaginal tissue of healthy rats (A) in comparison with 583 
untreated rats (B), as well as rats receiving hydrogel containing gel flakes (C), hydrogel containing 584 
free drug (D), hydrogel gase (E), free drug solution (F) and gel flakes dispersion (G).  585 

4. Conclusions 586 

Based on the results in this study, it is implied that theThe combination combinatory 587 

approach of thermoresponsive hydrogel with mucoadhesive property andwith gel flakes 588 

can ould offer better efficacy for the treatment of bacterial vaginosiBVs. Here, we success- 589 

fully developed gel flakes containing metronidazole using the combination of gellan gum 590 

and chitosan. All formulations could load more than 65% of metronidazole, showing the 591 

effectiveness of encapsulation efficiency of the system developed. The formation of gel 592 

flakes was effectively observed using FTIR evaluation. Importantly, Tthe formulation of 593 

metronidazole into gel flakes could sustain the release over 24 h. Moreover, the incorpo- 594 

ration into mucoadhesive-thermoresponsive hydrogel was found to be effective to treat 595 

BV in rats model, in comparison with hydrogel containing free drug, free drug solution 596 

and gel flakes dispersion. Following the histopathological evaluation, this system could 597 

heal the infected tissue to the normal condition. . This could be beneficial as an alternative 598 

for the current treatment. However, to further explore the effectiveness of this system, 599 

several studies are now needed, including stability study, biocompatibility and toxicity 600 

evaluations prior to next experimental steps. 601 
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