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Abstract: Background/Objectives: Burn lesions damage the skin's outermost defensive layer, allowing
pathogenic microbes including Pseudomonas aeruginosa, Staphylococcus aureus and Escherichia coli to infiltrate.
Silver sulfadiazine (SSD) is an effective antibacterial agent approved by U.S. Food and Drug Administration
(US-FDA) and is considered as the gold standard for burn wound treatment. Despite the high degree of efficacy
of SSD in burn wound management, it possesses some drawbacks, such as poor solubility, low topical
bioavailability and skin irritations. The present study endeavours to develop nanosuspension based SSD
nanogel for improving the deliverability of SSD and its therapeutic outcomes for the management of partial
thickness burn; Methods: The SSD nanosuspension was formulated employing controlled nanoprecipitation
approach using various surfactants; Results: The formulation was optimized utilizing one-factor-at-a-time
approach and to fetch the optimized formulation of 134.6 nm size. The optimized nanosuspension was
incorporated into chitosan gel that offer superior drug release potential, and also offered better spreadability
(5.21 + 0.38g) and extrudability (152.27 + 0.22 gm) that represents the easy application over the skin and
extrusion of gel from the tube; Conclusions: The formulation was well tolerated as shown by skin irritation
study and offered a superior burn lesion healing characteristics vis-a-vis the marketed product, even at a lower
concentration. Hence, the formulation offers a huge potential in enhancing the clinical outcomes of SSD,
especially in the management of partial thickness burn. The developed system with the above mentioned
outcomes could be a promising delivery system for partial thickness burn wound management.

Keywords: nanosuspension; topical delivery; burn wound infection; nanogel; chitosan

1. Introduction

Burn lesions are a prominent contributor to both mortality and morbidity rates, and are
considered to be a significant global health issue and socio-economic determinant. The treatment of
burn injuries typically necessitates extended periods of hospitalization and rehabilitation, resulting
in escalated healthcare expenditures. Infection has consistently been a significant concern in
managing burn wounds. It can lead to significant complications, including the production of
exudates, impaired wound healing, and abnormal collagen accumulation. The objective of burn
treatment and therapy is to facilitate rapid healing and epithelization to mitigate the risk of infection.
Topical therapy has a crucial role in enhancing the survival rates of individuals with significant burn
injuries by effectively reducing the likelihood of burn wound infection [1-3]. According to World
Health Organization (WHO) estimates, there are approximately 11 million burn injury cases globally
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each year. In 2019, around 9 million cases of burns have been reported worldwide [3]. Numerous
microbes are associated with burn wound infections which include Gram-positive and negative
aerobic/anaerobic bacteria, fungi and viruses [4]. Sepsis can occur among individuals with more than
20% of their body area covered by burns. Most notably, 42% to 65% of deaths in this patient group
are attributable to infection or sepsis [5]. The WHO estimates that 180,000 people die every year from
burn-associated injuries, with almost all of these deaths taking place in low- to middle-income nations
[6]. For decades, research on burns has attracted much attention, and numerous significant
developments have led to improved treatment and lower fatality rates [7].

Presently, the gold standard for topical burn infections is silver sulfadiazine (SSD), a well-known
bactericidal drug, for its ability to treat burn infections by targeting various cellular targets, as
illustrated in Figure 1 [3,8]. Silver sulfadiazine inhibits bacterial infection by attaching to the base
pairs in the DNA helix and preventing the transcription process [9]. Various SSD-based formulations
are available in the market to treat burn infections [10].

Silver Sulfadiazine
|
| |
MI“" Sndomcited S50 CELL MEMBRANE
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DNA. and thereby
rephcation and transenption

Folic acid

Figure 1. An illustration of silver sulfadiazine possible mechanism of action [3].

Despite immense promises, drawbacks like poor solubility, restricted bioavailability and
unfavorable hematologic effects, SSD is still a good candidate for drug delivery research. Due to its
low solubility and permeability, it is categorized in the biopharmaceutical classification as a class IV
drug, which is the most challenging drug category [11,12]. Owing to these physiochemical challenges,
there are biological challenges like variable absorption rate, topical bioavailability and efficacy [13].
Using nanotechnology to address these problems appears to be a viable strategy [14-18]. Drug
delivery by nanocarrier can improve drug retention at the diseased target site inside the skin with
adjustable release kinetics, enhanced permeation, and increased solubility in the biological system
[16-22]. For this developing a nanosuspension-based chitosan gel could be a novel strategy for the
topical delivery of SSD, particularly in terms of improved drug solubility, effectiveness, uniform drug
distribution on the skin, increased stability, and prolonged drug release [23]. Chitosan is a gelling
agent with good gel-forming properties, biodegradability, biocompatibility, and strong tissue
adhesiveness [24,25]. It also provides a more uniform dispersion of SSD on the skin's surface and
improves control over drug release kinetics to enhance burn wound infection control and maximize
wound healing.

2. Materials and Methods

2.1. Materials

Silver sulphadiazine was purchased from (Sisco Research Laboratories Pvt. Ltd.,, Mumbali,
India). Tween (20, 60, 80, and 85) and span (20, 40, 60, 80, and 85) were obtained from Hi-Media,
Mumbeai, India. Pluronic F-168 and F-127 were obtained from National Analytical Corporation, India.
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Chitosan was purchased from Panvo Organics Pvt Ltd, India. Methanol, acetonitrile, and ammonia
solution were ordered from Ms.D D Patil Chemical, Jalgaon, Maharashtra, India.

2.2. Methods

2.2.1. Preparation of SSD Nanosuspension

The nanoprecipitation method was used to develop SSD nanosuspension [26]. The required
amount of SSD was dissolved in a 30% v/v ammonia solution. This ammonia solution was rapidly
injected into a 5% w/v surfactant solution [27]. The system was continuously stirred at 500 rpm on a
magnetic stirrer. The system was neutralized using hydrochloric acid [28]. The surfactant solution
consisted of 5% (w/v) sorbitan monooleate, 5% (w/v) polysorbate 20 as a dispersing agent, and 0.5%
(w/v) pluronic F68 as a co-surfactant/stabilizer.

2.2.2. Optimization of SSD Nanosuspension

Optimization of the formulation was executed using a one-factor-at-a-time approach. For
optimizing the nanosuspension, the studied factors were surfactant, co-surfactant, and stabilizer. The
components were optimized based on response variables such as particle size, z-average, and
polydispersity index (PDI) values. Twelve different formulations were made using a mix of
hydrophilic and hydrophobic surfactants in various amounts, while the drug concentration stayed
the same (0.2% w/w, SSD). The batch of the developed formulation that exhibited low particle-settling
behavior and the smallest particle size, together with the best stability, was selected as the optimum
batch [29].

2.2.3. Formulation of SSD-Chitosan Gel

The SSD-chitosan (5SD-CS) gel was formulated by adding an optimized SSD nanosuspension in
pre-prepared high molecular weight chitosan gel. The 1.5% (w/v) chitosan was dissolved in 1% (v/v)
of aqueous acetic acid and the mixture was continuously stirred at 1200 rpm using a magnetic stirrer.
The SSD nanosuspension was added to the pre-prepared chitosan gel and stirred to get a smooth gel.
Methyl paraben sodium salt (0.1%, w/w) as a preservative was added and stirred, and the resulting
gel was sonicated to eliminate any remaining air bubbles. The developed gel was kept in closed
containers at room temperature for further use [30].

2.3. Characterization of SSD Nanosuspension and SSD-Chitosan Gel

2.3.1. Visual Observation

The optimized formulation was assessed for any visible unreconstructed particles and a
distinctive opalescence of nanometric dimensions [31].

2.3.2. Particle Size Analysis

The particle size of the optimized formulation was determined by employing the dynamic light
scattering (DLS) technique using a Zetasizer (Nano-ZS, Malvern Ins. Ltd., UK). The nanosuspension
(~0.1 mL) was maintained under observation at 25°C at a 90° angle after being suitably diluted with
water and thoroughly blended with vigorous shaking [32]. The aforementioned procedures were
executed using DTS V-4.1 software (Malvern, UK) with the accompanying system. Three consecutive
readings were recorded and reported as the mean result.

2.3.3. Transmission Electron Microscopy

The structural characteristics of 0.2% SSD nanosuspension were examined using transmission
electron microscopy (TEM; JEM-1010, JEOL, Tokyo, Japan). The sample was analyzed using light
microscopy operated at 80 kV, which had the potential to achieve point-to-point resolution. The
image was magnified by a factor of 100,000. The bright field microscopy was used with increasing
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magnifications to construal the structure of the nanosuspension particles. A sufficiently diluted
nanosuspension was placed on the holey film grid, negatively stained with a 2% solution of
phosphotungstic acid, and dried before being examined under an electron microscope [33].

2.3.4. Fourier Transform Infrared (FT-IR) Spectroscopy

BRUKER Optik GmBH (Model ALPHA, Germany) FT-IR spectrometer was used to record and
analyze the spectra of pure SSD and the SSD nanosuspension. The sample of SSD nanosuspension
dispersion (~0.1 mL) was directly applied onto the KBr disc and scanned. The instrument was
equipped with OPUS software version 7.8. The spectra were obtained for both samples at a resolution
of 2 cm™, covering a scanning range of 500-4000 cm™" [34].

2.3.5. Homogeneity, Physical Examination and pH

The physical examination involved visual inspection to assess the SSD-chitosan gel's separation
and homogeneity. The digital pH meter (Microprocessor, pH system, Japan) was used to determine
the pH of the optimized gel. All the assessments were performed in triplicate at a temperature of 25+
1°C [35].

2.3.6. Spreadability and Extrudability

The spreadability test was performed to determine SSD-chitosan gel's drag and slip properties.
For this, the prepared gel (1g) was sandwiched between two slides, with the upper slide having a
balance hook and the lower slide immobile. The time required to shift the upper slide from its original
position when the weights were added to the balanced hook was recorded. All the measurements
were performed in triplicate. The spreadability can be calculated by using equation 1.1 [36].

oo (mxD)
Spreadability = B Eq.(1.1)

In this context, the variables m, L, and t denote weight, fixed length, and time (measured in
seconds) accordingly.

An experiment was performed to assess the extrudability of the gel from the collapsible tube by
determining the weight necessary for extrusion. Briefly, the SSD-chitosan gel was filled in a
collapsible tube, followed by applying incremental pressure for up to 10 seconds. The pressure or
weight was recoded at which the ribbon of developed SSD-chitosan gel was extruded from the tube,
reaching a distance of 0.5 cm. Extrudability was calculated using the following equation 1.2 [37].

(Weight applied)
Area

Extrudability = Eq.(1.2)

2.4. Ex-Vivo Skin Permeation Study

The dorsal skin was excised from a healthy Wistar female rat and used to perform the ex-vivo
drug permeation study after approval from the Local Research Ethics Committee (LREC), University
of Hafr Al Batin, KSA (Approval No.: UHB-005-11-2023). After the cervical dislocation of the rat for
its sacrifice, the skin was taken out. The skin was cleaned three times with regular saline after the hair
removal. The release of the drug was assessed from the SSD-CS gel and marketed gel cream (1%w/w)
using a Franz diffusion cell. The available diffusion area of the cell was 3.14 cm2. An excised skin part
was inserted between the donor and the receptor fluid of the Franz diffusion cells in such a way that
the stratum corneum faces the donor, where the formulation to be examined is applied, while the
dermis faces the receiver compartment. The permeation rate of the drug from the donor compartment
through the skin into the receptor is determined by measuring the amount of drug permitted over
time.

The diffusion medium was composed of phosphate-buffered saline (PBS) of pH 7.4 and
ammonium hydroxide (1:10, v/v with water) in the ratio 70:30. Ammonium hydroxide was added in
the diffusion medium to uphold the sink condition. The receptor compartment of the Franz diffusion
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cell was filled with 10 ml of diffusion medium maintained at 32 + 1 °C and stirred at 30 rpm using a
magnetic stirrer.

The SSD-CS gel and marketed cream were applied in infinite dose conditions (approx. 160
mg/cm?) onto the mounted skin to determine permeation of drug across the skin barrier. At
appropriate time intervals (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10, 12, and 24 h), 2mL aliquot of the
receptor medium was withdrawn and immediately replaced by an equal volume of the fresh
diffusion medium (maintained at 32 + 1 °C) to ensure the sink conditions. SSD solubility in the
diffusion medium was 50mg/mL, enough to guarantee sink conditions. The samples were filtered
and analyzed using the HPLC method at Amax of 254 nm. All the analyses were carried out in triplicate,
and the values were averaged [38,39].

Permeation indicators, including flux and permeability coefficient, were computed for the SSD-
CS gel and the commercially available gel cream (1%w/w). Linear regression analysis was employed
to determine the flux(ug/cm2h) of the nanogel by analyzing the slope of the plot depicting the
cumulative quantity of drug penetrated per cm? of the rat epidermal membrane in a steady state over
time. Equation 2.1 was used to compute the drug's steady-state permeability coefficient (Kp) across
the rat epidermal membrane.

J
Kp=—- Eq.21
p=¢ Eq

In the above equation, C represents the initial drug concentration in the donor compartment,
whereas ] represents the flux.

2.5. Skin Irritation Study

In the skin irritation study, Wistar female rats weighing between 150 - 250 g were used. Animals
were separated into four groups (n =5). Depilatories were used to remove hair from the backs of rats,
and a 4 cm? area was demarcated on both sides. One side is considered control, whereas the other is
experimental. The animals were acclimatized for 24h, then the corresponding group received SSD-
CS gel and marketed gel cream (1%) at a dose of 250 mg/rat daily for seven days. The observations
were made for any sensitivity reaction. The graded sensitivity responses were as follows: A: no
reaction; B: slight erythema with patches; C: slight erythema with confluent or moderate patches; D:
moderate erythema; and E: severe erythema with or without edema [40].

2.6. In-Vivo Burn Wound Study

Wistar female rats (4-6 weeks old; n=6/group) were employed for the assessment of the
therapeutic potential of the developed SSD-CS gel and the marketed product using the well-
established murine burn wound model [41]. A total of twenty-four rats were housed in individual
cages along with unlimited access to food (ad libitum) and water. Rats were anesthetized via
intraperitoneal injection of a ketamine (50 mg/kg) and xylazine (10 mg/kg) combination. Before the
rats were injured, their dorsum hairs were plucked and they were then cleaned using isopropyl
alcohol. Each rat was given a brass rod (10 mm x 10 mm) that had been heated in boiling water for 15
minutes, resulting in a second-degree dermal burn lesion after 45 seconds of exposure [42]. The rats
were subsequently given a subcutaneous injection of 0.9% NaCl solution. Five hours after the burn,
50 puL of an inoculum of S. aureus containing 107 CFU/mL was administered topically to the burn site
to infect. To ensure the rats' well-being, the rats were monitored twice a day. Burn wound-infected
rats were divided into three groups: Group 1 served as the control (no treatment); Group 2 was
treated daily for up to 10 days with 1% marketed gel cream (equivalent to 500 mg once a day) and
Group 3 was treated daily for up to 10 days with SSD-CS gel (equivalent to 500 mg once a day). One
group of animals was kept as a control group without any burns or treatments.

Every day, the experimental animals were observed, and the duration (measured in days)
required for the wound to achieve complete epithelialization was used to calculate the healing time.
Following burn wound grafting, the borders of the wound were sketched on transparent paper with
a millimeter scale at 48h intervals for ten days of the experimental phase. The proportion of wound
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% contraction and epithelialization time accounted for total wound healing was examined. The
wound area on day 0 was regarded as 100% in order to calculate the contraction of the wound (%)
using the following equation Eq. (3.1).

) __ Wound area on day zero—Wound area on specific day

Wound contraction (% x100 E4.G.D)

Wound area on day zero

Visual comparison analysis was conducted using images of the area affected by the burn lesion
[43].

2.7. Histopathological Study

Throughout the in-vivo burn wound model development, inflammation and edema were
monitored at the burn site infected with S. aureus. The treated skin portion of rats in various groups
was used to collect autopsy samples, which were then preserved in a 10% formalin solution for 24h.
The samples were cleaned with tap water and then serially diluted with alcohol. After xylene was
used to clean the specimens, paraffin was fixed for twenty-four hours at a temperature of 56°C. Using
a sledge microtome, a slice of 4 um regions was cut from paraffin tissue blocks. For the purpose of
histopathological examination under an optical microscope, the skin tissue slices fixed on paraffin
tissue blocks were placed on glass slides, deparaffinized, and then stained with hematoxylin and
eosin dyes [44].

2.8. Stability Study

Implementing the International Council for Harmonization (ICH) guidelines, the SSD-CS gel’s
stability was evaluated for six months under the specified parameters of 40 + 2°C/75 % + 5% RH and
25 + 2°C/60 % + 5% RH under regulated conditions [45]. The developed gel was sealed in tubes
weighing 30 g (n=3) for each sampling time point (one, two, three, and six months). The tubes were
then placed in a stability chamber measuring 1200 mm x 600 mm x 600 mm, which had temperature
control over 20 to 60 + 2°C and humidity control over 40% RH to 95% RH * 5% RH. Along with the
percentage drug test, the samples' pH, color change, grittiness, and viscosity were evaluated [46].

2.9. Statistical Analysis

After performing a Student-Newman-Keuls multiple comparisons examination, all collected
data were statistically examined using GraphPad-Prism 3.0 software for a one-way analysis of
variance (ANOVA). An indication of a significant difference was taken to be a P value less than 0.05.

3. Results

3.1. Formulation of Nanosuspension and SSD-CS Nanogel

While employing an optimum blend of hydrophilic and hydrophobic surfactants together with
a co-surfactant, SSD nanosuspension was developed (Figure 2A). A combination of 5% (w/v) sorbitan
monooleate, 5% (w/v) polysorbate 20, and 0.5% (w/v) pluronic F68 resulted in a more stable
nanosuspension formulation with smaller particle sizes, 134.6 nm, as listed in Table 1. The developed
SSD nanosuspension was successfully incorporated into chitosan gel base (Figure 2B), as per the
process mentioned in the “MATERIALS AND METHODS" section. The developed SSD-CS nanogel
was subjected to physical examinations, pH, homogeneity, spreadability, and extrudability.
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Figure 2. A) Image of an optimized nanosuspension formulation (NS-IV); B) SSD-CS nanogel.

Table 1. Selection and optimization of formulation using a variety of surfactants/stabilizers in

different concentrations.

Conc. | Conc. | Conc.
. Conc. of | Conc. of
Formulation | Drug of of of ) .
poloxamer | Tween Particle Size (nm)
code (SSD) Tween | Span | Span
188 20
80 60 80
221.1 & 65.13
NS-I 0.25% 0.25% 2% - - 2%
(Two peaks)
185.8 & 2411 (Two
NS-1II 0.25% 0.5% 3% - - 3%
peaks)
176.8 & 4594 (Two
NS-III 0.25% 0.25% 4% - - 4%
peaks)
NS-IV 0.25% 0.5% 5% - - 5% 134.6
0.25% 423.8 & 1556.76
NS-V 0.75% 2% 2%
(two peaks)
0.25% 389.39 & 178.39
NS-VI 1% 3% 3%
(two peaks)
NS-VII 0.25% 0.75% 4% 4% 373.8
0.25% 200.4 & 1403 (Two
NS-VIII 0.5% 5% 5%
peaks)
0.25% 291.9 & 662.33
NS-IX 0.25 5% 5%
(two peaks)
0.25% 325.00 & 1221.6
NS-X 0.5% 4% 4%
(two peaks)
0.25% 629.23 & 806.16
NS-XI 0.75% 3% 3%
(two peaks)
0.25% 698.67 & 718.31
NS-XII 1% 2% 2%
(two peaks)

3.2. Characterization of Nanosuspension and SSD-Chitosan Nanogel
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3.2.1. Visual Observation

While observing a nanosuspension visually, it needs to assess some crucial factors to ensure both
its stability and purity that add up to its aesthetic appeal [47]. The nanosuspension was visually
inspected for color, homogeneity, and clarity, as well as agglomeration and sedimentation [48]. The
resulting SSD nanosuspension had a distinctive opalescence that represented the dispersion of
nanoparticulate drugs.

3.2.2. Determination Particle size and zeta potential

The nanosuspension's particle size measurement data is summarized in Table 1, which shows
that all of the observed dispersions had z-averages in the nanometer range. The nanodispersion
exhibited a zeta potential of 19.6mv particles measuring 134.6 nm and a PDI of 0.317 (Figure 3A,B).
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Figure 3. A) Particle size distribution, B) Zeta potential of an optimized formulation.

3.2.3. Transmission Electron Microscopy

A uniform particle size distribution and a somewhat spherical surface were seen in the TEM
picture of the SSD nanosuspension. The transmission electron micrograph was in consonance with
the result of DLS, confirming the size range of SSD nanosuspension (Figure 4).
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Figure 4. TEM image of an optimized SSD nanosuspension.

3.2.4. FTIR Studies

The FT-IR absorption spectra of SSD exhibit characteristic absorption bands, as shown in Figure
5A. The primary peaks of SSD alone were observed at 3384.50 cm™!, 3334.55 cm™, 3251.63 cm™!, 1647
cm, 1498.78 cm™, 1124.41 cm™, 970.53 cm™, 829.08 cm™ and 581.64 cm™ that confirmed the purity of
drug sample as per established reports [49]. In the FT-IR spectra of 0.2% SSD nanosuspension
formulation (Figure 5B), the major peaks of SSD were masked due to the overlapping with excipient
peaks.
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Figure 5. FTIR-spectra of- A) pure drug (Silver sulfadiazine); B) optimized formulation (NSIV).

3.2.5. Determination of pH and Physical Evaluation of Nanogel

The developed SSD-CS nanogel does not show any sign of phase separation or cracking and
exhibits a smooth texture as well as a slightly yellowish white homogenous colour. Also, the pH of
the SSD-CS nanogel was found to be 7.02+ 0.021 at 25 + 1°C temperature. The pH value ensured that
the developed gel would be well tolerated by the skin [50]. These findings demonstrate the gel's
stability and their suitability for topical application.

3.2.6. Extrudability and Spreadability

The extrudability of prepared nanogel was observed to be 152.27+0.22g, which represents the
easy extrusion of the nanogel from the tube. The spreadability of the nanogel was observed to be
5.21+0.38g.

3.3. Ex-Vivo Skin Permeation Study

This study was performed in order to compare release profiles of SSD-CS nanogel and 1%
marketed gel cream. In comparison with the commercial formulation, the prepared nanogel
formulation exhibits a superior drug release profile (Figure 6). The difference in the drug permeation
profile is vivid across the excised rat skin. It has been observed that after 8 hours the drug permeation
from the SSD-CS nanogel was 69.96 + 2.32 %, significantly higher than the cream-based marketed
product (25.63 +1.27%; p<0.05). The higher skin permeation of silver sulphadiazine may be attributed
to several variables, such as the improved adhesion and penetration aided by the addition of chitosan
gel, as well as the nano-scale size of the dispersion. The chitosan probably strengthened the contact
with the skin and maybe accelerated the transportation of the drug, resulting in an improved
administration of silver sulfadiazine via the skin. The average permeation flux values for SSD across
the mouse skin were found to be 12.35 pg cm?/h and 4.52 pg cm?/h, respectively for the developed
nanogel and the marketed product. The significant difference in the release flux shows the promises
of the novel materials and carriers over the conventional dosage forms.
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Figure 6. Ex-vivo skin permeation of silver sulphadiazine from the developed nanogel and the
marketed product across the rodent skin (n = 3).

3.4. Skin Irritation Study

The primary irritation index of the SSD-CS nanogel was noted to be A; no reaction/no irritation
was observed on the skin of the rats, while in the case of the marketed formulation, the primary
irritation index was noted to be B. This may indicate that the SSD-CS nanogel is safe and compatible
when applied to the skin [51,52].

3.5. In-Vivo Burn Wound Study

The results of the variation of the average lesion area of the wound on various days of the study
are shown in Figure 7. As clear from the picture, the wound area in the untreated rats group also
decreased with time, however, the pace of recovery was relatively low. On the other hand, the
developed nanogel resulted in fast shrinkage and re-epithelialization of the wound. There was
around 25% wound constriction in the control group over the period of the study, i.e., 75 % of wound
area was still there. On the other hand, the group receiving the marketed product exhibited 52% of
wound constriction and the developed nanogel offered 69% of the wound healing at the end of the
10-day study. The better permeation and retention of the drug by means of the designed system
resulted in a better localization of the drug and a better re-epithelialization process. The marketed
product also offered promising results, though of lower magnitude than the developed formulation,
owing to differences in the architectural framework that have resulted in relatively poorer
permeation and retention, as vouched by permeation studies. Figure 8A shows the images of the skin
of a normal rat without any deviation from the normal histopathology. Figure 8B shows the disease-
induced skin lesions of the wound and the signs of skin damage. Figure 8C shows the 10th day slide
of the rat, where there are conspicuous signs of re-epithelialization and wound healing induced by
the marketed product and the same has been further improved by the developed nanogel system as
depicted in Figure 8D.
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Figure 7. The variation of area of the wound in the rats after receiving various/no treatment(s) over
days.
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Figure 8. (A): Macroscopic image of rat and histopathology of normal skin. (B): Macroscopic image
of rat with induced burn wound and the respective histopathology of the skin. (C): Macroscopic
image of rats with induced burn wounds receiving the marketed product and the respective
histopathology of skin on the 10* day. (D): Macroscopic image of rat with induced burn wound
receiving the developed product and the respective histopathology of skin on the 10* day.

3.6. Stability Study

The results obtained from the stability studies of the developed nanogel at ICH prescribed
conditions of 40°C + 2°C/75 % + 5% RH and the controlled conditions of 25°C + 2°C/60 % + 5% RH
have been shown in Figure 9 and Table 2.
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Figure 9. The variation of the % assay of the developed nanogel at the two storage conditions.

The % assay of the developed gel decreased from 100.04 + 5.16% to 98.85 + 3.19% at 25 + 2°C/60
% + 5% RH and to 98.70 + 2.73% at 40 = 2°C/75 % = 5% RH over a period of six months. The changes
in the drug assays at both the studied conditions were non-significant (p<0.05). Data are expressed as

mean + SD (n=3).

Table 2. Physical stability assessment studies on the developed nanogel formulation.

Parameter 6 Months
25°C = 2°C/60 % * 5% | 40 + 2 °C/75% % 5%
RH RH

Change in colour | Nil Nil

Odour No change No change

Crystal formation | Nil Nil

Gel consistency No change No change

pH 6.73+0.29 6.71+0.13

4. Discussion

SSD nanosuspension-based chitosan-derived nanogel was prepared using nanoprecipitation
and ultrasonication methods. The optimized formulation was characterized by particle size in the
nanometric range. The results confirmed a sub-micron nanodispersion in accordance with the
published literature [53]. The positive surface charge is ascribable to the protonated amine group and
silver ions of SSD [54]. The PDI was also in the range vouching for the reliability of the dispersed
system micromeritic profile [53]. The homogenous nature of the nanosuspension was highlighted by
the TEM image, which showed a uniform and well-defined particle size distribution. The stability
and quality of the nanosuspension were further highlighted by the lack of anomalies or
agglomerations [55].

Furthermore, FTIR spectra of plain drug and formulation suggest that no chemical interaction
between the drug and excipients was found. The formulation spectra exhibited most of the
characteristic peaks with insignificant shifts and lesser intensities as compared to the pure drug.
These results demonstrated that SSD gets transformed into nanosuspension and is not involved in
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any chemical interaction with the nanosuspension's constituent parts. The surfactants' ability to
maintain the structural integrity of SSD also reflected its ability to maintain its effectiveness [56]. In
addition, the outcome of the spreadability examination shows that the prepared gel could be easily
spread onto the skin. A topical formulation's spreadability is an important factor since it directly
affects the product's efficacy and application experience. Based on the measured value, it appears
that the SSD-CS nanogel has good spreading properties that allow for an even and smooth
application throughout the skin's surface [57]. Besides that, the stability of the developed nanogel
was assessed as per ICH guidelines. There was no crystal formation and color changes observed in
the gel, indicating that the developed system exhibits substantial chemical and physical stability. No
odor developed after storage and no gas formation was observed even after sealed pack storage at
these two conditions for six months. During this study, the developed gel maintained its consistency
and was devoid of weeping, oozing, and grittiness. The stability studies confirmed that the developed
gel offered substantial chemical stability to the SSD and also exhibited appreciable physical stability
over a period of 6 months in an accelerated as well as controlled environment [58].

Ex-vivo skin permeation and in-vivo burn wound studies showed the potential of formulation
in improved therapeutic efficacy and burn wound healing. In comparison with the marketed
formulation, nanosuspension-based nanogel has shown a better drug release profile. The possible
reasons for the better skin permeation of the SSD could be due to the better adhesion and permeation
owing to chitosan incorporated in the gel and the nano-size of the developed dispersion. The chitosan
might have enhanced the contact with the skin and plausibly assisted in the transport of the drug
resulting in the enhanced topical delivery of SSD. Moreover, the efficacy of SSD(0.2%w/v)
nanosuspension-based chitosan nanogel was more pronounced than the 1% marketed product and
the safety was enhanced. The better permeation and retention of the drug by means of the designed
system resulted in a better localization of the drug and a better re-epithelialization process. The
nanosized SSD having a large surface area helps in faster interaction with bacteria.3 Hence, SSD-CS
nanogel shows higher efficacy in contrast to marketed preparation with micron-sized drug particles.
The outcomes obtained from the in vivo study are agreeable with the literature.

We can make a conclusion that in contrast to the marketed formulation, the release of SSD from
nanogel was enhanced, which would likely improve antimicrobial activity toward infection.
Therefore, SSD nanosuspension-based chitosan-derived nanogel has a high potential to improve the
outcomes in the treatment of burn wound infections.
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