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ABSTRACT
Objectives: To design and strengthen a thermosensitive in-situ hydrogel containing Bacoside A for enhanced
wound healing, focusing on optimal gelling characteristics, mucoadhesion, and antimicrobial efficacy. Methods:
Statistical optimization was used to construct thermosensitive hydrogels out of Poloxamer 407 and xantham gum.
The physicochemical properties, drug content, rheology, and mucoadhesion of the formulations were analyzed in
depth. Response surface methodology optimized gelling temperature and mucoadhesive strength. EXx-vivo
permeation studies were conducted, followed by stability assessment and antimicrobial evaluation contrary E. coli
and S. aureus. Results: The optimized formulation (RF6) exhibited ideal gelling temperature (33.78+0.78°C),
mucoadhesive strength (2989.5+0.284 dyne/cm?), and viscosity (3185+0.923 cps). The statistical model showed
high predictability (R2>0.999) for both responses. Drug dispersion was persistent in ex vivo experiments, with
96.67+0.88% penetration at a flow of 11.59 pg/cmz/h and 8 hours. The formulation showed significant
antibacterial activity with domains of restraint of 24.3+0.62 mm (E. coli) and 23.8+£1.06 mm (S. aureus),
comparable to the marketed standard. Product integrity was validated by stability studies over a six-month period
with little variance in pertinent parameters. Conclusion: A potential substitute for traditional wound healing
formulations, the established Bacoside A thermosensitive in situ hydrogel boasts intriguing qualities for wound
healing applications by combining optimal gelling properties, sustained drug release, and significant antimicrobial
activity.
Keywords: Bacoside A, Thermosensitive hydrogel, In-situ gelling, Wound healing, Response surface
methodology, antimicrobial activity.
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more than 11 million patients yearly, and infection

INTRODUCTION

Acute wounds refer to sudden injuries that
lead to disruption of the skin’s integrity and function
due to physical trauma, thermal injuries, incisions, or
cuts [1]. While chronic wounds do not heal within a
short period of time, acute wounds have a proper
timeline, wherein their healing may take days to
weeks depending on the wound class and the patient

state [2]. Nevertheless, hindrances such as slow
healing or infections can greatly impact on the
recovery process [3]. Based on the recent research,
acute wounds, especially burn injuries, are present in
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develops in 10%-15% of them [4]. Currently, burn
injuries cause about 180 000 death annually, of
which about 75% are due to wound sepsis [5].
Several interventions that are used in the treatment
of of chronic wounds include antibiotics,
antimicrobial dressings, and debridement, which
has their inherent challenges [6]. Antibiotic
resistance, inability to effectively manage biofilms
and the absence of advanced drug delivery system
create complications that lead to prolonged hospital
stays and poor patient outcome thus a call for
innovative approaches in managing acute Wound
Care [7].
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Figure 1: Chemical structure of Bacoside A

Bacoside A, a triterpenoid saponin, is the
primary bioactive compound found in Bacopa
monnieri, a traditional medicinal herb widely used in
Ayurveda [8]. This herb, often referred to as "Brahmi,"
grows abundantly in wetlands and marshy areas, with
its leaves being the richest source of Bacoside A [9].
famed for being a strong anti-inflammatory,
antioxidant, and neuroprotective properties, In recent
years, bacoside A has drawn particular intrigued out of
its therapeutic potential in wound healing [10].
Studies suggest that Bacoside A can accelerate the
wound-healing process by reducing oxidative stress, a
major factor in delayed healing, and modulating
inflammatory pathways [11]. It promotes the
proliferation and migration of fibroblasts and
keratinocytes, key cells involved in tissue
regeneration [12]. Furthermore, Bacoside A’s ability
to combat microbial infections makes it a promising
candidate for treating acute wounds, offering a dual
action of promoting tissue repair while preventing
infections [13].

Thermosensitive hydrogels are an advanced
class of polymeric materials that exhibit a unique sol-
to-gel transition in response to temperature changes
[14]. At lower temperatures, these hydrogels remain in
a liquid state, facilitating easy application over
irregular wound surfaces [15]. Upon exposure to body
temperature, they transition into a gel-like state,
forming a stable, protective barrier over the wound
[16]. Maintaining a moist wound environment is an
essential part of helping wounds heal faster and more
effectively, and this barrier does just that. [17].
Moreover, thermosensitive hydrogels can be
engineered to act as carriers for bioactive compounds
like Bacoside A, letting restricted and long persisting
evacuation of the therapeutic medicine directly at the
wound site. This localized drug delivery enhances
efficacy, and minimizes systemic side effects, making

thermosensitive hydrogels a promising platform for
acute wound treatment [18].

The study is meant to create and enhance a
thermosensitive hydrogel incorporating Bacoside A
for improving acute wound healing. By leveraging the
synergistic  properties of Bacoside A and
thermosensitive hydrogels, this formulation seeks to
offer a novel therapeutic approach that accelerates
wound healing, reduces infection risks, and minimizes
the need for frequent dressing changes. The ultimate
goal is to provide a patient-friendly, effective solution
that bridges the gaps in existing treatment modalities
and significantly improves clinical outcomes.
MATERIALS AND METHODS
Materials
Research Lab Fine Chem Industries (Mumbai, India)
provided the poloxamer 407, while Sciquaint
Innovations (Pune, India) provided the bacoside A.
The source of xanthan gum was Indianjadibuti,
located in Delhi, India. Every other chemical and
solvent used in the course of the experiment was of
analytical quality.

Methods

Calibration curve of Bacoside A

Spectroscopic analysis of Bacoside A was performed
using methanol as the solvent. A 10 mg sample of
Bacoside A was dissolved in methanol in a 100 ml
volumetric flask, forming a 100 pg/ml stock solution.
Aliquots of this solution (1.0 to 6.0 ml) had been
squeezed into varying 10 ml volumetric flasks and
dispersed with methanol to create working standard
solutions at concentrations of 10 to 60 pg/ml. A
Shimadzu UV1900 spectrophotometer had been
employed to monitor absorbance at 227 nm.[19]
Solubility Study

Bacoside A's peak solubility was evaluated in
an array of solvents, including water, methanol,
ethanol, phosphate buffer (pH 6.8), and DMSO.
Excess drug was introduced into 50 mL each of the
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solvents in 100 mL volumetric flasks, sealed, and
subjected to orbital shaking at 50 rpm and 37 £ 0.5°C
for 48 hours. Samples were clarified, diluted, and
verified for absorbance at 227 nm using a UV-visible
spectrophotometer after they had been adjusted for
equilibrium. Absorbance values were then converted
to concentration based on standard curves for each
solvent. [20].
FTIR Spectroscopy

FTIR-8400S spectrophotometers were put to
use to generate FTIR spectra of the pure drug. A 1:100
mixture of the drug and KBr powder was combined,
ground, and compressed into a pellet for one minute
using 15 tons of hydraulic pressure. After releasing
pressure by rotating the side valve anticlockwise, the
pellet was inserted into the sample holder. Scanning
was done in the vicinity of 4000-400 cm-1,with a
resolution of 4 cm-1 and a measured acceleration of 2
mm/sec. [21].
Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is
recorded with a Perkin-Elmer Pyris-1 calorimeter
(Osaka, Japan). Prior to analysis, the specimens had
been warmed to remove any remaining moisture. In a
40 pL aluminum pan, roughly five micro grams of
each sample was carefully balanced, assembled, and
preserved. An empty pan containing alpha-alumina
served as the reference. Thermal scans were obtained
across a temperature assortment ranging from 50°C to
300°C at a combustion rate of 20°C/min under a

The equation for polynomialsis:

V=004 Xy + foXa+ ﬁllXIZ + ﬁszzz + ki + ¢
@

Y represents the replies variable, which can be R1 or
R2. The model includes an intercept coefficient (Bo),

perpetual  nitrogen maintained at 20
mL/min.[22].

Dose selection for bacoside A

The dose of Bacoside A was selected based on
previously reported efficacy studies by R. Sharath et
al [24]. in rats, where 200 pg/mL demonstrated
significant wound healing activity without any
toxicity [23]. A method involving Km factors was
used to convert the animal dosage to a human
equivalent dose (HED) for the purposes of this
investigation. 2.27 mg of Bacoside A for the
formulation, or 0.03 mg/kg body weight, was the HED
determined.

purge

Experimental design for thermosensitive in-situ
hydrogel.

A 32-full factorial design was implemented
to boost the composition of thermosensitive hydrogel.
The proportions of xanthan gum (B) and Poloxamer
407 (A) at the -1, 0, and +1 levels were the two
separate, distinct variables. The levels of Poloxamer
407 (A) were 20%, 22.5%, and 25% w/w, and for
Xanthan gum (B), 0.5%, 1.0%, and 1.5% w/w. The
analyzed variables included sol-gel temperature (R1)
and mucoadhesive strength (R2). According to the
factorial design, 9 formulations were prepared.
Experimental design was refined and verified with
Design Expert software (version 13.0, Stat-Ease Inc.),
with validation particulars provided in tables 1 and 2,
which display both coded and real values of the
independent factors in the factorial design. [25].
linear effect coefficients (B:, B2), quadratic effect
coefficients (B, B22), an interaction effect coefficient
(B12), coded values of factors A (Poloxamer 407, X1)
and B (Xanthan Gum, X-), as well as an error term (g).
[25].

Table 1: Encoded and actual levels employed in the 32 full factorial experimental design

Code Factor Name Coded Levels Actual Concentration (% w/v)

A Poloxamer 407 -1 0

B Xanthan Gum -1 0
Response (Dependent) Variables
R1: Gelation temperature (°C)
R2: Mucoadhesive strength (dyne/cm?)

Formulation | Level | Level | Level Low . Medium . High .
Code Component 1) 0) (+1) Concentration Concentration Concentration
P (% wiv) (% wiv) (% wiv)
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Poloxamer
A -1 1 1 1 2
407 0 6 8 0
B Xanthan Gum | -1 0 1 0.5 1 15
Reliant (Response) Variables
Code Measured Response Parameter Unit
R1 Gelation Temperature °C
R2 Bioadhesive Force Dyne/cm?
Table 2: Prepared batches of thermosensitive hydrogel using 3? factorial designs
Ingredients Fi F2 F3 Fa F5 F6 F7 F8 F9
Bacoside A (mg) | 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27
Poloxamer 407 | ¢ 18 20 16 18 20 16 18 20
(% wiv)
Xenthan — Gum | o5 o5 |05 10 |10 |10 |15 |15 |15
(% wiv)
Distilled water
@9) q.s q.s q.s g.s g.s g.s g.s g.s g.s

Preparation of In-situ thermosensitive hydrogel

The hydrogel was prepared by cold method
[26]. Weight of required grams of Poloxamer 407 and
Xanthan gum were weighed, dissolved into ddH20,
heated to room temperature to 4 °C £ 0.5 °C overnight
to make a sol solution of specified concentration
(w/w). Clear solutions were obtained by dissolved
polymers by stirring continuously at 40 rpm.
Quantitative weighing of Bacoside A into ethanol
solution was accomplished. Finally, a drug solution
was then made by adding the drug solution into the
polymeric solution at 40 rpm while stirring
continuously until the medication concentration
(itaconic acid) reaches 2.27 mg. Next, the hydrogel
composite's thermosensitive traits were assessed. [27].
Evaluation of In-situ thermosensitive hydrogel
Gelling temperature

The vial flipping tactic was employed to
discover the gelation temperature of thermosensitive
hydrogels by heating samples in a water bath at 1°C
per minute. By tilting the vials, the sol-to-gel
transition could be seen, and the gelation temperature

had been adjusted to the temperature at which the
hydrogel stopped flowing. This method provides
accurate assessment of phase transition under
physiological conditions. [28].

Gelling time

By employing the vial inversion method, the
time necessary for gelling was determined. [29]. The
formulation was placed in a vial with a 2mL volume
of the formulation and heated at a controlled
temperature increment. The vial was periodically
tilted to track the sol-gel evolution. The gelling time
was recorded as the point when the formulation ceased
flowing upon tilting.

Viscosity

By employing an S-94 spindle and a
Brookfield viscometer, the in situ thermosensitive
hydrogels' texture was assessed. The spindle
penetrated perpendicularly into the gel and transferred
prepared gel formulations into a beaker.
Measurements were carried out at the speed of 100
rpm, the temperature being set 37+ 0.5 °C. Viscosities
of the formulations were measured while cooling and
the measurements were done in ftriplicate to insure
reliability and also accuracy [30].

Drug Content Assay

The in situ thermosensitive hydrogel
formulation was diluted to a total volume of 10 mL
with methanol and 1 mL was used to determine the
drug content of the hydrogel. After vortexing the
mixture to ensure complete dissolution, it was filtered
to eliminate undissolved particles. A Shimadzu UV-
1900 spectrophotometer was used to detect the
absorbance of Bacoside A at 227 nm on the filtration
stage. The illicit substance concentration was
ascertained by comparing the transpiration values to a
calibration curve using methanol. Finally all
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measurements were done in triplicate to verify
precision and reproducibility [31].
Mucoadhesive strength

To evaluate the in-situ thermosensitive gel's
mucoadhesive strength, a modified physical balance
method was employed. This involved attaching
freshly excised mucosal tissue to two glass vials, one
on a balance and the other on an adjustable platform.
After applying a predetermined amount of gel to the
mucosa in the first vial, the second vial was brought
into close contact with the first, keeping it there for
two minutes. The two vials were then weighed on the
balance pan, gradually adding weights until the vials
thus separated. The calculus was employed for

estimating the mucoadhesive strength.[32]:
m—g
Mucoadhesive strenghth= e

Precise measurement of the gel's adhesive properties
is made possible by this methodology, A is the
mucosa's contact vicinity (measured in cm2), g is the
gravitational constant (980 cm/s2), and m is the
weight (in grams) needed to separate the vials.
Spreadability

To test a 5 g sample of thermosensitive
hydrogel's spreadability, a 500 g mass was
continuously pressed across two glass plates for five
minutes. A calliper was used to measure the gel
spread's diameter, and the test was run three times to
guarantee accurate findings. The spreadability of the
gel was measured to determine the diameter, at which
the gel had spread, measured by a calliper. In this
study, this test was done in triplicate to establish a
reliable and consistent results [33].
Ex-vivo drug release study

An in vitro biological dispersion
investigation relied on the goat skin as a diffusion
membrane. It was obtained from a slaughterhouse and
positioned between the donor and agonist
compartments, with the agonist side having phosphate
buffer at pH 6.8 and the donor side having 1 g of
thermosensitive hydrogel. The went on at 37+£0.5 °C
and spun at 100 rpm. To determine the cumulative

RESULTS
Calibration curve of Bacoside A

release percentage over time, 1 ml samples were taken
out at regular intervals over the course of 8 hours,
diluted with 10 ml of buffer, and spectroscopically
measured at 227 nm. [34].

In-vitro antibacterial efficiency

Candiderma Plus, Bacoside A, and RF6 hydrogel had
evaluated for their antibacterial activity against S.
aureus and E. coli using the agar proficient diffusion
technique. An E. Coli and S. aureus standardized
bacterial solution was used to inoculate nutrient agar
plates. A cork borer with a 6mm diameter was used to
create the wells aseptically after the liquid inoculation
media had completely solidified. Carefully placed
extract and gel solution in each of these plates. Plates
were left for 30 minutes to pre-diffusion. Following
the plates’ normalization to room temperature, they
were incubated for 24 hours at 37°C to check for
microorganisms. The millimeters of the surrounding
portions of restraint for each well were tracked and
recorded. The research approach was executed three
times, and outcomes were portrayed as mean +
standard deviation. [35].

Stability studies

The  stability  assessment of  the
thermoresponsive hydrogel formulation followed ICH
Q1A (R2) guidelines more than 6 months, stored at 25
+ 2 °C and 60 + 5% RH. Evaluations at 0, 3, and 6
months included analysis of physical characteristics,
pH, chemical concentration, rheological behaviour,
gelation temperature, mucoadhesive strength, and ex
vivo drug permeation profile. [36,37].
Statistical Analysis

In order to assess the impact of unforeseen
variables, Design-Expert® software (version 13.0)
with a response surface approach was used to analyze
the study data. To ascertain the statistical significance
of the model terms, an ANOVA was performed. The
formulation was optimized via desirability function
analysis, focusing on target criteria for viscosity and
spread ability.
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Absorbance

y=0.0126x-0.0024
R?=0.9995

40 50 60

Concentration (pug/ml)

Figure 2: Standard Calibration Plot of Bacoside A in Methanol (Amax = 227nm)

Results of solubility study
Table 3: Equilibrium Solubility Profile of Bacoside A in Different Solvent Systems

. Observed Liquidity L .

S. No. Medium / Solvent System (mg/mL)* Liquidity Recognition

1 Purified Water 2.57 +0.03 Tangibly unable  to
dissolve

2 Ethyl Alcohol 24.42 + 2.56 Sparingly soluble

3 Methyl Alcohol 27.36+1.23 Sparingly soluble

4 Phosphate Buffer Solution (pH 6.8) 42.32+ 382 Soluble

5 Dimethyl Sulfoxide (DMSQO) 76.98 + 4.22 Soluble

Three measurements were acquired for each measurement, and the average values and standard deviations are

shown.

Results of FTIR analysis
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Figure 4: FTIR Spectral analysis of drug-excipient physical mixture

Results of differential Scanning Calorimetry
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Figure 5: DSC thermogram of pure Bacoside A
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Figure 6: DSC Thermogram of drug-excipient Physical mixture
Characterization of thermosensitive in-situ hydrogel
Table 4: Assessment of Key Physicochemical Attributes Thermally sensitive in situ hydrogels

Experimental composition Gelling temperature (°C) Gelling time (sec) Viscosity (cps)
RF2 36.49+0.24 36.800.14 2532426
RF4 42.44+0.31 33.26+0.18 2280+29
RFS 36.45+0.26 32.7240.15 2704452
RF6 33.44+0.21 33.11+0.20 3105+40
RFT 42.96+0.34 30.1x0.17 2450+46
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RF8 36.710.19 29.97:0.12 2885+30

RF9 32.87+0.30 30.19:0.16 3196158

Values are stated as the average = SD of three independent measurements (n = 3).
Table 5: Metrics for Thermosensitive In Situ Gel System Evaluation.

Egg;‘:smit?glrt]al Mucoadhesive strength (dyne/cm?) Drug content (%) Spreadability (cm)
RF1 1798.9+0.415 91.7+0.49 8.1£0.26
RF2 1842 2+0.383 92.8+0.75 7.2+0.42
RF3 2039.8+0.744 90.3+0.40 11.3+0.51
RF4 2641840512 93.4+0.82 9.2+0.19
RF5 2838.6:£0.483 92.9+0.63 12.1+0.68
RF6 989,440,812 92.7+0.72 10.4+0.32
RF7 4278.240 641 91.4+0.94 11.5+0.83
RF8 4369.7+0.390 91.7+0.62 9.4+0.76
RF9 4539.1+0 673 92.6+0.47 8.8£0.82

The mean and associated standard deviation (nh = 3) are portrayed by the values.

Figure 7: Image reprégénts thermosensitive behavior of in-situ hydrogel in room temperature and
physiological conditions.

Optimization of thermosensitive in-situ hydrogel
Effect of Independent variables on for gelling temperature (Ry)

Table 6: ANOVA Summary of the Second-Order Simulation for Gelling Warmth Response (R1)

Variation SS (Sum of MS (Mean . - Statistical
Source Squares) DOF Square) F-Ratio Probability (p) Remark
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Regression 149.23 5 29.85 157.01 | 0.0008 Meaningful

Model

Factor A .

(Poloxamer 407) 145.24 1 145.24 764.04 0.0001 Meaningful

Factor B Trivial
.0001 1 .0001 .0004 .9862 .

(Xanthan Gum) 0.000 0.000 0.000 0986 difference

Interaction (A x| 5 1289 1 0.0289 0.152 0.7226 Trivial

B) difference

Quadratic Term Trivial

) 3.96 1 3.96 20.82 0.0197 difference

Quadratic Term |, ogg 1 0.0089 0.0468 | 0.8427 Trivial

(B?) difference

Residual 0.5703 3 0.1901 — — —

Inaccuracy

Rectified Sum 149.8 8 — — — —

The mathematical relationship describing the Analysis of variance confirmed that the quadratic

influence of design attributes on cohesiveness
temperature is expressed as follows:

Gelling Temperature=36.51-4.92*+0.0033*+0.0850
AB+1.24A%+0.0667B?2

Where:

@)

e  Arepresents concentration of Poloxamer 407
e B represents concentration of Xanthan Gum
e AB denotes the interaction effect between

factors

e AzandBz2indicate quadratic contributions of

respective variables

model was analytically noteworthy (p < 0.05),
indicating a trustworthy connection between gelling
warmth and unrelated variables. Among the tested
factors, Poloxamer 407 exhibited a highly significant
effect, whereas Xanthan gum showed no statistically
significant linear influence. Poloxamer 407's diagonal
segment was significant, indicating curvature in the
response surface, whereas Xanthan gum'’s interaction
term and diagonal segment were not statistically

noteworthy.

Factor Coding: Actual

Gelling tempreture (§C)
@ Design Points

X1=A
X2=8

8: Xanthan gum (6W/)

Gelling tempreture (§C)

A: Poloxamer 407 (%W/V)

(A)

Factor Coding: Actual

Gelling tempreture (§C)
Design Points:

@ Above Surface

© Below Surface

3244 [N <32

X1=A
X2=8

3D Surface

(B)

Figure 8: Contour plot (A) and 3D plot (B) of the effect of Poloxamer 407 and xanthan gum on the gelling
temperature (R1) of an in-situ thermosensitive gel.

Response Surface Analysis of Variables Affecting Mucoadhesive Strength (R2)

Table 7: Statistical Summary (ANOVA) of the Diagonal Regression Simulation for Mucoadhesive Strength

(R2)
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Ancestor Sum of Squares | df | Mean Square | F-value p-value

Simulation 9.719E+06 5 | 1.944E+06 893.99 < 0.0001 significant
A-Poloxamer 407 1.202E+05 1 | 1.202E+05 55.30 0.0050

B-Xanthan gum 9.390E+06 1 | 9.390E+06 4318.70 < 0.0001

AB 100.00 1 | 100.00 0.0460 0.8439

A2 1926.14 1 | 1926.14 0.8859 0.4160

B2 2.066E+05 1 | 2.066E+05 95.01 0.0023

Residual 6522.98 3 | 2174.33

Cor Total 9.726E+06 8

Based on the derived polynomial exponential regression model, the mucoadhesive strength (R2) can be portrayed
by the quadratic equation that ensues:

Mucoadhesive strength = +2802.58 +141.57*A +1251.02*B +5.00*AB +31.03*A?+321.38*B?

@

Factor Coding: Actual

Mucoadhesive strenghth (dyne/ecmA2]
. Design Points

17989 [ 45391
X1=A
X2=8

B: Xanthan gum (%W/V)

Mucoadhesive strenghth (dyne/cm#2)

Factor Coding: Actual

Mucoadhesive strenghth (dyne/em”2)
Design Points:

@ Above Surface
© Below Surface

1798.9 [ 45391

X1=A
X2=8B

A: Poloxamer 407 (%W/V)

(A)

(B)

3D Surface

B: Xanthan gum (%W/V)

Figure 9: Contour (2D) and response surface (3D) representations showing the joint effect of Poloxamer

407 and xanthan gum on the mucoadhesive strength (R2) of the thermosensitive in situ gel.

Table 8. Analysis of quadratic model fitting parameters for gelling temperature (R1) and mucoadhesive

strength (R2).

Diagonal Simulation | R2 Adjusted R2 Predicted R? SD % CV
Respondent (R1) 0.9992 0.998 0.9927 0.1993 0.5332
Respondent (R2) 0.9993 0.9982 0.9932 46.63 154

Validation of statistical model
Table 9 shows the response variables' experimental and predicted values along with the proportional

incorrectness.
Actual (m . . i
F. - ual (o) Predicted Experimental Relative
Composition Response Error
Code value value
(%)
Poloxamer 407 | 20 Gelling
34.01 34.44 1.26
MF6 Xanthan gum 1 temperature (°C)

IJDDT, Volume 16 Issue 39s, 2026

Page 55




A Novel Bacoside A-Loaded Thermoresponsive In Situ Hydrogel for Accelerated Acute Wound Healing

Poloxamer 407 20

Mucoadhesive
MF6 Xanthan qum 1 strength i 3000 2989 0.37
(dyne/cm?)
Ex-vivo drug permeation study
Figure 8 displays the findings of studies on drug permeation conducted ex vivo.
-~ RF1
% RF2
-4 RF3
-+ RF4
) ——
9\3 RF5
c o RF6
o
b= m RF7
o
£ A RF8
o
o v RF9
()]
=
©
o
=
i
|_|>j 0 | | | | | | 1
0 2 4 6 8 10 12 14
Time (h)

Figure 10: Ex-vivo drug permeation from In-situ thermosensitive hydrogel
Flux and Kp of thermosensitive hydrogel (RF1-RF9)

Table 10: Flux and Kp of thermosensitive hydrogel (RF1-RF9)

Batch Mobility Flux Seeming Permeability Coefficient
Code (ng/cmz/h) Kp (cm/h)
RF1 10.90 1.090

RF2 10.66 1.066

RF3 10.24 1.024

RF4 9.09 0.909

RF5 10.89 1.089

RF6 11.59 1.159

RF7 11.05 1.105

RF8 10.82 1.082

RF9 10.63 1.063

Stability study
Table 11: Six-Month Stability Evaluation of Optimized Formulation Stored at 25+ 2°C/ 60 + 5% RH

Evaluation
Parameter

Initial (0 Month)

After 1 Month

After 3 Months

After 6 Months
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. . . Uniform and clear | Uniformandclear | Uniform and clear
Physical Clarity Uniform and clear
Visual appearance Unimpeded Unimpeded Unimpeded Unimpeded
?,ec';t'o” Temperature | o5 26 1 0.78 33.54 + 0.67 33.48+ 0.73 32.54+0.83
Viscosity (cP) 3185 +0.923 3151 +0.645 3123 +0.482 3117 +0.787
Mucoadhesive  Force | g0 =, 954 2997.8 + 0.833 3002.3 + 0.156 3011.9+0.723
(dyne/cm?)
Gelation Time | o1 4405 21.9+06 21.4+04 20.9+03
(seconds)
pH 6.2 +0.07 6.2 +0.09 6.2 +0.03 6.2 +0.09
Spreadability (cm) 10.3+0.43 10.8+0.33 10.5+0.93 10.8 +0.36
Drugpermeationinex | ¢ o7, (g 96.63+ 0.4 96.48+ 0.73 94.41 + 0,68
vivo at 8 hours (%)

All values are presented as mean + standard deviation (n = 3 independent measurements).

In-vitro antibacterial activity

Table 12: In-vitro antibacterial activity of Bacoside A, Thermosensitive hydrogel (RF6) and Candiderma

Plus (Marketed standard).

S. No. Test Formulation / Specimen Escherichia coli (mm) Staphylococcus aureus (mm)
1 Pure Bacoside A 26.9+1.76 28.4+0.38
Optimized Thermosensitive
+ +
2 Hydrogel (RF6) 24.3+0.62 23.8+1.06
Commercial Preparation
+ +
3 (Candiderma Plus) 29.3+0.63 27.7+0.19
Each value corresponds to the average + standard deviation of three replicates.
v _——— i ™=
Escherichia coli » S. aurus

Figure 11: Assessment of the antibacterial efficacy of standard Candider

ma Plus, RF6 thermogelling hydrogel,

and pure Bacoside A against Staphylococcus aureus and Escherichia coli in vitro.
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Figure 12: Arepresentational illustration of Bacoside A, thermosensitive hydrogel (RF6), and Candiderma
Plus (Standard) (MS)'s in vitro antibacterial activity against Staphylococcus aureus and Escherichia coli.

4. DISCUSSION

As illustrated in Figure 2, Bacoside A's
calibration curve showed outstanding linearity with a
correlation coefficient (R2) of 0.9995. A robust and
consistent relationship between absorbance and
concentration at 227 nm is shown by the linear
regression equation (y = 0.0126x - 0.0024) [38]. This
approach's precision and accuracy for interpreting
Bacoside A in ulterior analyses are confirmed by this
high R2 value, which makes it a reliable analytical tool
for more formulation investigations.  This
spectrophotometric approach appears to be reliable
and appropriate for routine measurement of Bacoside
A in different formulation phases, as indicated by the
linear response across the concentration range. [39].

Bacoside A's solubility analysis in various
solvents, which is shown in Table 3, showed a clear
solubility pattern that is essential for formulation
development. DMSO exhibited the highest solubility
(76.98+4.22 mg/mL), followed by phosphate buffer
pH 6.8 (42.32+3.82 mg/mL), indicating these as
preferred solvents for bacoside A incorporation [40].
The compound showed moderate solubility in
alcoholic  solvents, with methanol (27.36+1.23
mg/mL) and ethanol (24.42+2.56 mg/mL)
demonstrating similar solubilizing capacity. The low
water solubility of Bacoside A (2.57 + 0.03 mg/mL) is
noteworthy and emphasizes the necessity of using

suitable solubility improvement techniques for
creating the thermosensitive in situ hydrogel
formulation. This solubility profile provides valuable
insights for selecting suitable vehicles and developing
effective formulation strategies to ensure optimal drug
loading and release characteristics. [41].

As illustrated in Figures 3 and 4, the FTIR
spectral detection of pure Bacoside A and its physical
mixing with excipients revealed distinctive functional
group peaks that shed light on the compatibility of the
medicine with the excipient. O-H stretching (3854.84,
3738.24 c¢cm™), N-H widens (3145.49 c¢cm™), C-H
stretching (2926.03 c¢cm™), and other typical peaks
belonging to different functional groups were all
clearly visible in pure Bacoside A [42]. The majority
of peaks, including O-H stretching (3864.56, 3742.83
cm™), N-H stretching (3302.92 cm™), and C-H
stretching (2932.46 cm™), were retained with very
minor alterations when compared to the physical
mixture spectra. Although not substantial enough to
prove incompatibility, the slight differences in peak
positions and the lack of a C=C stretching peak in the
physical combination point to certain molecular
interactions. [43].

The DSC thermograms, shown in Figures 5
and 6, further substantiate the compatibility studies
between Bacoside A and the excipients. Bacoside A
pure showed a clear endothermic peak at 245.04°C
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that represented its melting point. In the physical
mixture thermogram, the characteristic peak of
Bacoside A was retained at 245.96°C with minimal
shift, indicating the drug's physical stability in the
presence of excipients [44]. An additional
endothermic peak observed at 82.02°C can be linked
to the excipients' thermal behaviours in the tangible
mixture. The preservation of Bacoside A's thermal
profile in the mixture, with only slight peak
modifications, suggests good compatibility between
the drug and selected excipients, supporting their
suitability for the formulation development [45].

As mentioned in Table 4, the
physicochemical characterization of the
thermosensitive in-situ hydrogel formulations also
revealed differences in properties with regard to the
formulated preparation. This reveals that the gelling
temperature was from 32.8 °C and 43.23 °C and
formulations with the closest optimal gelling
temperature to that of physiological standard (32.8 £
0.20 °C and 32.87 £ 0.30 °C) are formulation RF3 and
RF9 respectively as shown in the figure 7 above. The
gel formed a few seconds subsequent to execution for
all formulations, with gelling times spanning from
29.97 to 37.64 seconds. The flow
consistency/viscosity was determined to increase from
RF1 to RF9 (2125+30 to 3196458 cps) and it was
established that the higher polymer concentrations
increased viscosity which is important in order to hold
gel structure at the area of application.

As it is seen in Table 5 below, there were
noticeable differences in the test results of
mucoadhesive strength, drug content, and film
spreadability. It was observed that mucoadhesive
strength values increased gradually up to RF9 (1798.9
+ 0.415 to 4539.1 + 0.673 dyne/cm?), moreover,
formulations RF7, RF8 and RF9 exhibited
significantly greater mucoadhesive properties, which
are especially important as would provide more time
to product to remain at the healing site. recoveries
were also fairly constant for all formulations in the
range of 90.3-93.4% reflecting that the drug has
disbursed evenly and the method of preparation of the
formulation is effective [46]. The spreadability was
numerically between 7.2+0.42 to 12.1+0.68 cm which
in turn means that the formulation was easily applied
on the buccal mucosa d/t to the drug’s spread ability;
the result was high for RF5 hence exhibiting good
drug distribution. These parameters taken as a whole
suggest that formulations RF3 and RF9 show the most
favorable tendency for the wound healing application
due to the optimal gelling temperature, moderate

viscosity and adhesive to mucous
membranes [47].

The optimization of thermosensitive in-situ
hydrogel through ANOVA analysis for gelling
temperature (R1), as shown in Table 6, reveals
significant insights into the formulation variables'
effects. The model demonstrated high statistical
significance (F-value = 157.01, p-value = 0.0008),
indicating its reliability in predicting gelling
temperature [48]. Among the independent variables,
Poloxamer 407 (A) emerged as the almost all
influential attribute with an exceptionally high F-
value (764.04) and significant p-value (0.0001),
demonstrating its dominant role in controlling the
gelling temperature of the formulation. This is further
supported by its large sum of squares value (145.24),
indicating that changes in Poloxamer 407
concentration account for the majority of variation in
gelling temperature [48].

The quadratic regression equation and
response surface plots (Figure 8) provide deeper
insights into the relationship between variables and
gelling temperature. The negative coefficient of A (-
4.92) in the equation indicates that increasing
Poloxamer 407 concentration leads to a decrease in
gelling temperature, which is visually represented in
both contour and 3D plots [49]. Interestingly, xanthan
gum (B) showed minimal influence on gelling
temperature, as evidenced by its negligible coefficient
(0.0033) and non-significant p-value (0.9862). The
correlation between segment (AB) and diagonal terms
(A2, B?) had minimal impact, except for A2 which
showed significance (p=0.0197), a nonexistent
hyperlink atwixt the extent of Poloxamer 407 and
gelling temperature. The high model R2 value implied
by the small residual sum of squares (0.5703)
indicates good fit and predictability of the model for
optimizing gelling temperature in the formulation
development [50].

The ANOVA analysis for mucoadhesive
strength (R2), as presented in Table 7, reveals a highly
significant model (F-value = 893.99, p-value <
0.0001), indicating excellent reliability in predicting
mucoadhesive strength. In contrast to the gelling
temperature results, xanthan gum (B) emerged as the
dominant factor influencing mucoadhesive strength,
with an exceptionally an elevated F-value (4318.70)
and very valid p-value (< 0.0001). This is further
evidenced by its substantial sum of squares value
(9.390E+06), which represents the majority of the
total variation in mucoadhesive strength. Poloxamer

properties

IJDDT, Volume 16 Issue 39s, 2026

Page 59



A Novel Bacoside A-Loaded Thermoresponsive In Situ Hydrogel for Accelerated Acute Wound Healing

407 (A) also showed significant influence (p=0.0050)
but to a lesser extent than xanthan gum [51].

The relationship between variables and
mucoadhesive strength, as measured by the regression
equation, is depicted in Figure 9 using contour and 3D
response surface plots. The large positive coefficient
of xanthan gum (1251.02) in the equation
demonstrates its strong positive correlation with
mucoadhesive strength, as depicted by the ascending
gradient in both plots. The quadratic term of xanthan
gum (B?) was also significant (p=0.0023), indicating a
non-linear relationship with mucoadhesive strength.
Interestingly, while Poloxamer 407 contributed
positively to mucoadhesive strength (coefficient
+141.57), its interaction with xanthan gum (AB) was
negligible (p=0.8439), suggesting that both polymers
independently contribute to the mucoadhesive
properties. The contour plot (A) shows distinct color
gradients from blue to red, clearly illustrating how
increasing  concentrations of both  polymers,
particularly xanthan gum, enhance mucoadhesive
strength from 1798.9 to 4539.1 dyne/cm? [52].

The analytical validation of the optimization
simulation, as presented in Table 8, demonstrates
exceptional reliability and predictive capability for
both responses. For gelling temperature (R1), the
simulation showed excellent fit with very high R2
(0.9992), adjusted R2 (0.9980), and predicted R2
(0.9927) values, indicating strong correlation between
predicted and experimental values. Similarly, for
mucoadhesive strength (R2), the model exhibited
comparable robustness with Rz (0.9993), adjusted R2
(0.9982), and predicted R2? (0.9932). The low
coefficient of variation (CV%) values for both
responses (0.5332% for R1 and 1.540% for R2)
suggest high precision and reliability in the
experimental data [53].

The correctness and dependability of the
model are demonstrated by the validation of the
optimized formulation (MF6). With arelative error of
1.26%, the experimental gelling temperature of
34.44°C was near the expected value of 34.01°C. With
a low relative error of 0.37%, the mucoadhesive
strength (2989 dyne/cm?) likewise matched the
forecast (3000 dyne/cm?). These outcomes validate
how well the optimization model predicts formulation
responses. The low relative errors for both responses
indicate that the developed mathematical model can
reliably predict formulation characteristics, making it
a valuable tool for optimizing thermosensitive in-situ
hydrogel formulations [54].

The ex vivo drug permeation study, which is
depicted in Figure 10, offers important information
about how various thermosensitive in situ hydrogel
formulations disperse drugs over a 12-hour period. All
formulations reveal a biphasic pattern in the
permeation profiles, with a swift release phase at the
beginning and a sustained release phase at the end. In
the first hour, formulation RF7 showed the highest
initial drug permeation (39.46%), while other
formulations exhibited lower initial release ranging
from 23.98% to 31.75%. The quick dissolution is
responsible for this initial burst release of surface-
associated drug and the thermosensitive gel formation
process [55].

The sustained release phase, observed from 2
to 12 hours, revealed varying permeation patterns
among formulations. RF5 demonstrated optimal
sustained release characteristics, achieving the highest
cumulative drug permeation (96.21%) at 12 hours,
followed closely by RF1 (95.51%) and RF6 (94.36%).
The sustained release behavior can be attributed to the
combined effect of Poloxamer 407's thermosensitive
gelation and xanthan gum's matrix-forming
properties. Notably, formulations RF3 and RF4
showed relatively lower cumulative permeation
(82.2% and 92.32% respectively), suggesting that
their polymer concentrations might have created a
denser gel matrix, potentially limiting drug diffusion.
The overall permeation profiles indicate that
formulation RF5 achieves the optimal balance
between initial release and sustained drug permeation,
making it a viable option for applications involving
wound healing requiring prolonged drug delivery
[56].

The analysis of flux and permeability
coefficient (Kp) values across formulations RF1-RF9,
as shown in Table 10, reveals important insights into
their drug permeation characteristics. Formulation
RF6 demonstrated superior drug penetration,
characterized by the highest permeability coefficient
of 1.159 cm/h and a flux of 11.59 pg/cm#h. This was
followed closely by RF7 and RF1 with flux values of
11.05 and 10.90 pg/cm?/h respectively. Notably, RF4
showed the lowest flux (9.09 pg/cm#/h) and Kp (0.909
cm/h), suggesting that its polymer composition might
have created a more restrictive barrier for drug
diffusion. The relatively consistent flux values across
most formulations (ranging from 10.24 to 11.59
pg/cm?/h) indicate that the polymer combinations
generally provide controlled and predictable drug
permeation [57].
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The improved formulation's stability
analysis, conducted over a six-month period at 25
2°C/60 + 5% RH, shows outstanding physical and
chemical stability while maintaining transparency and
clarity. There were only slight changes: the viscosity
dropped from 3185+0.923 to 3117+0.787 cps, and the
gelling temperature dropped from 33.78+0.78°C to
32.54+0.83°C. Interestingly, mucoadhesive strength
showed a slight increase from 2989.5+0.284 to
3011.9+0.723 dyne/cm?, possibly due to polymer
chain reorganization. The formulation maintained
consistent pH (6.2), spreadability (10.3-10.8 cm), and
gelling time (20.9-21.9 sec). Over a six-month period,
ex-vivo drug permeation at 8 hours decreased slightly
from 96.67+0.88% to 94.41+0.68%, indicating strong
drug stability and sustained release characteristics.
These results collectively prove the structural and
scientific durability of the optimized formulation
under the tested storage conditions [58].

The in-vitro antibacterial activity
assessment, as presented in Table 12 and illustrated in
Figures 11 and 12, demonstrates significant
antimicrobial efficacy of both pure Bacoside A and its
thermosensitive hydrogel formulation (RF6) against
both tested bacterial strains. Pure Bacoside A revealed
substantial antibacterial effects, demonstrating
restraint regions of 26.9+1.76 mm for E. coli and
28.4+0.38 mm for S. aureus, indicating its broad-
spectrum antimicrobial potential. With inhibitory
zones of 24.3+0.62 mm against E. coli and 23.8+1.06
mm against S. aureus, the thermosensitive hydrogel
formulation (RF6) demonstrated strong antibacterial
activity, but somewhat weaker than the pure
medication. The economically available routine
(Candiderma Plus) showed suppressive zones of
27.7+£0.19 mm for S. aureus and 29.3+0.63 mm for E.
coli, indicating similar efficacy to RF6. The hydrogel's
controlled release feature, which modifies drug
availability yet is advantageous for persistent curative
impacts in wound healing exploits, is the cause of the
decreased activity in comparison to pure Bacoside A
and the standard. The comparable antibacterial
activity profiles suggest that the developed
thermosensitive hydrogel successfully preserves the
antimicrobial properties of Bacoside A while
providing the benefits of an in-situ gelling system,
making it a viable substitute for traditional
formulations for wound healing applications [59].
CONCLUSION

The completed and well-organized research
on the development and refinement of Bacoside A
loaded thermosensitive in-situ hydrogel discloses that

the potential wound healing system can be formulated
effectively. In optimized formulation, The gelling
temperature, which was close to physiological
temperature, was 33.78+0.78°C. After eight hours, the
drug penetration efficiency was 96.67+0.88%, and the
mucoadhesive  strength  was  evaluated at
2989.5+0.284 dyne/cmz2. Signatures for conformation
of compatibility of the drug-excipient interaction were
established by FTIR and DSC In addition,
optimization by RSM gave highly acceptable value of
predictability of the designed formulation (R? >
0.999). The formulation proved to exhibit the best
antibacterial efficacy against both the tested microbial
isolates, and the result was as effective as a marketed
lotion, though slightly inferior, and The study
determined that the formulation demonstrated stability
throughout a six-month investigation under the given
storage conditions. The fact that the formulation is
optimised with lasting drug release, mucoadhesion
and their antimicrobial properties pointed to its
potential use as an easy to apply, effective and
comfortable to use in-situ thermosensitive hydrogel
systemic medication for wound healing that has added
benefits in comparison with conventional medication
in terms of patient compliance.

Abbreviations

ANOVA, analysis of variance; DMSO, dimethyl
sulfoxide; DSC, differential scanning calorimetry;
FTIR, Fourier transform infrared spectroscopy;
HPMC K4M, hydroxypropyl methylcellulose K4M;
ICH, International Council for Harmonisation.
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