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Developing wound-dressing materials that meet all the required qualities for curing burns and injuries
caused by various diseases is a challenging task. However, the biocompatibility, biodegradability, and
non-toxicity of natural polysaccharides make them an excellent base material for creating flexible and
widely accepted formulations. To test this, we created a cream formulation that utilised galactomannan’s
non-toxic and immuno-stimulatory properties and added silver nanoparticles to create SNP@PSP.
Preclinical studies were conducted in vitro and in vivo experiments in rat models to test the wound-
healing capabilities of the formulation. The cream'’s ability to heal wounds was demonstrated through
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immunohistochemistry, collagen staining, and histopathology. Our work provides a formulation that uti-
lises silver nanoparticles to create polysaccharide cream with improved biocompatibility and antibacterial
properties. The rat wound-healing experiments showed that the cream was effective for clinical use, with
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1. Introduction

The global wound-care market was valued at USD 20.6 billion
in 2021, and from 2022 to 2030, it is projected to grow at a
compound annual growth rate (CAGR) of 4.1%." Skin injuries
significantly impact the world’s healthcare systems and place
heavy strains on the economy and society. The healing process
is accelerated with less scarring when wounds are adequately
cared for, minimising infection and other issues.”> Various
methods are employed to accelerate the healing of wounds.
Alternative or complementary treatments utilising natural
chemicals are in considerable demand. Additionally, topical
medicine administration is favoured because it has no adverse
effects on other organs.®

Due to their excellent biocompatibility compared to other
substances, natural polysaccharides are widely used to diag-
nose many diseases. In addition, natural polysaccharides are
poor immunogens, i.e., they do not trigger an immunological
reaction.”® This add-on benefit guarantees that immune cells
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the addition of nanosilver significantly boosting its antibacterial properties.

won’t eliminate the substance from the body. These sub-
stances are excellent alternatives for creating products that can
be used for wound healing.’ They can also promote cell pro-
liferation, tissue repair of normal cells, and antibacterial
activity.

When used as a wound-healing agent, natural polysacchar-
ides demonstrate several means to accomplish early recovery,
including improved angiogenesis of the injured site’s blood
vessels, cell signalling, and development.'®™** Specific polysac-
charides inhibit the growth of microorganisms, which cause
prolonged injury and lengthy healing periods. The field of
nanomedicine has been revolutionised by the application of
nanotechnology concepts in diagnosing and treating various
diseases. Silver nanoparticles are known for their exceptional
antibacterial properties and have found widespread use in bio-
medical applications.'®™® These tiny particles have been
found to induce the production of reactive oxygen species
(ROS), leading to oxidative stress and cellular damage, includ-
ing irregularities in the cell membrane, such as pits and
accumulation.'® They have been proven to be effective against
multi-drug-resistant organisms as well as Gram-positive and
Gram-negative bacteria.’® Polysaccharide (PSP001) isolated
from Punica granatum, a member of the Lythraceae family, has
been reported to have various therapeutic benefits, including
anti-cancer, antioxidant, and antibacterial action.®*371%2!
Several metal nanoconjugates have been synthesised using
PSP001 and studied for their antitumor and immunomodula-
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tory activities. Previously, our group synthesised SNP@PSP
using silver nanoparticles conjugated with PSP001 and its
in vitro and in vivo antitumor efficacy was demonstrated.>®*
Furthermore, in the present study we aim to develop a cream-
based formulation using SNP@PSP for wound-healing
application.

2. Experimental section

2.1. Materials

Stearic acid, isopropyl myristate, glycerine, EDTA, and all other
chemicals used in cream formulations were obtained from
Merck Millipore, USA. The cell line employed for the investi-
gation was HaCaT (NCCS, Pune), the human keratinocyte line.
GE Healthcare Life Sciences, Hyclone, was the supplier of
Dulbecco’s Modified Eagle’s Medium (DMEM). An antibiotic-
antimycotic combination and foetal bovine serum (FBS) were
acquired from Gibco Life Technologies Corporation in the
United States. The source of silver nitrate was Sisco Research
Laboratories, located in Mumbai. The supplier of MTT (3-(4,5-
dimethylazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) was
Sigma-Aldrich, whereas Merck was the source of the other AR-
grade chemicals. An Indian company, Tarsons, supplied the
plastic goods needed for cell culturing.

2.2. Methods

2.2.1. Formulation of SNP@PSP cream

2.2.1.1. Isolation of PSP001. The powdered rind of Punica
granatum was first treated with petroleum ether to eliminate
fats. A hot extraction process was conducted, and the mixture
was centrifuged. The supernatant obtained was precipitated
with 70% ethanol, and the aqueous phase was separated using
chloroform. This aqueous phase was then dialysed with a
dialysis membrane and concentrated through lyophilisation.®
The resulting product, PSP001, was later preserved for synthe-
sising silver nanoparticles (SNP@PSP).

2.2.1.2. Synthesis of SNP@PSP. Silver nanoparticles were
prepared by slowly adding PSP001 (10 mg mL™") to a 1 mM
solution of AgNOj;. The mixture was stirred at 460 rpm with a
magnetic stirrer (Tarsons) and maintained at 60 °C for
24 hours or until the solution turned dark yellow, signifying
the formation of nanoparticles.’>*" The solution was then pur-
ified by dialysis against triple-distilled water using a cellulose
membrane (Spectra/Por, MWCO 12 000-14 000 Da). Following
purification, it was lyophilised, and the final product was
stored at 4 °C for later use.

2.2.1.3. Preparation of SNP@PSP cream. The cream base
was prepared by heating the oil and water phase components
separately to 80 °C with gentle stirring. The oil phase included
emulsifiers, emollients, thickeners, and preservatives, while
the water phase contained chelating agents and sunscreen.
After reaching the desired temperature, the oil phase was
slowly combined with the water phase and homogenised using
a mechanical stirrer (REMI Lab stirrer, RQ-129-D) at 2500 rpm
for 10 minutes. Glycerine (1%) was added to the homogenised
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mixture when it had cooled to 50 °C, and stirring was contin-
ued until it reached room temperature (Table 1). To formulate
the SNP@PSP creams, silver nanoparticles were mixed into the
water phase at different concentrations, resulting in three vari-
ations: 0.1% (SNP@PSP cream 2), 0.5% (SNP@PSP cream 3),
and 1% (SNP@PSP cream 4). A control cream without
SNP@PSP was also prepared. The creams were packaged in 5 g
aluminium tubes and stored at 25 °C and 60% humidity for
further testing. The silver content in each cream formulation
was studied by using an ICP-OES method.
2.2.1.3.1.0rganoleptic characteristics

ESI Table 1} indicates the tests that were conducted on all
formulations to assess their physical characteristics, including
homogeneity, phase separation, colour, and texture. Visual
observation was used to determine these qualities. A tiny
amount of the prepared cream was pressed between the
thumb and index finger to assess the cream’s homogeneity
and texture. The texture and homogeneity of the formulations
were evaluated based on their consistency and the existence of
coarse particles. Evaluation was also done on the immediate
skin feel, which included greasiness, stiffness, and grittiness.
The data explain the tests conducted for the cream’s stability
study.
2.2.1.3.2.Spreadability

The spread diameter of one gram of the sample applied
after a minute in between two horizontal glass plates (10 cm x
20 cm) was used to measure the spreadability of the formu-
lations. 50 g was the usual weight applied to the upper plate.
Every formulation underwent three tests.
2.2.1.3.3.Formulation pH values

Using a pH meter, the pH of each formulation was deter-
mined (Cole-Parmer Instruments, pH tester, USA) after one
gram was mixed with 25 millilitres of deionised water. There
were three separate measurements taken. Before each usage,
the pH meter was calibrated using standard buffer solutions
with pH values of 4, 7, and 10.

2.2.2. Evaluation of antimicrobial activity of SNP@PSP and
SNP@PSP-incorporated cream. The antimicrobial effectiveness
of SNP@PSP was examined using well diffusion and disc

Table 1 Formulation of SNP@PSP cream

Phase Ingredients Qty in % wt/wt

A Emulsifiers - stearic acid 10.0
Thickeners/emollients (isopropyl myristate) 0.5
Preservatives (propyl paraben, 0.375
methylparaben)
Skin penetrating agent (mineral oil) 5.0
Moisturisers (glycerine) 1.0

B Sterile DM water 65.0
Chelating agent (EDTA disodium salt) 0.050

C Sterile DM water 5.00
pH adjuster and surfactant (potassium 0.1-0.40
hydroxide)

D DM water 1-3
SNP@PSP 01to1l

F Sterile DM water gs to 100
Total 100.000
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diffusion techniques. On Muller Hinton agar (MHA) plates,
6 mm diameter wells were drilled using a sterile cork borer for
good diffusion. This investigation used Staphylococcus aureus,
Escherichia coli, Klebsiella pneumonia, Salmonella typhi, Candida
albicans and Candida krusei as test pathogens. Different
SNP@PSP concentrations (each of volume 0.1 mL) were added to
each well. The plates were incubated for 24 hours at 37 °C,
keeping positive and negative controls. In the disc approach,
SNP@PSP was impregnated into paper discs that were 6 mm in
diameter at varying concentrations. As negative control, a paper
disc devoid of SNP@PSP was placed in the middle of the plates
and incubated. Following incubation, the diameter of the zone
of inhibition for the well diffusion method and the disc
diffusion method was measured to assess the susceptibility
pattern of the test.

Each cream formulation was accurately weighed to 1 g. The
cream formulation was then emulsified in a few drops of
Tween 20, and further dilutions were prepared using 10%
DMSO for the antimicrobial assay.

In vitro, the antibacterial activity of cream formulations was
checked against S. aureus, E. coli, K. pneumonia, S. typhi,
C. albicans and C. krusei by well diffusion assay and disc
methods. For 18 hours, the infected MHA plate was incubated
at 37 °C. A ruler was used to measure the observed sizes of the
inhibitory zones to the closest millimetre. The quality, safety
and reliability of SNP@PSP-incorporated cream was evaluated
according to the guidelines laid down by the Bureau of Indian
Standards (BIS) as described in the data of ESI S2-S5.}

2.2.3. Rheological measurements. These analyses are essen-
tial to evaluate factors such as stability, spreadability, drug
release, and skin permeation. A controlled shear rheometer
(MCR 302, Anton Paar, Germany) equipped with parallel plates
(18 mm diameter) was used for rheological testing. The gap size
was set to 1 mm, with a trimming gap of 550 um to remove
excess material. Each cream sample weighing 100 mg was care-
fully placed on the plate for analysis. All tests were conducted at
a controlled temperature of 25 °C to ensure consistency.

The testing protocol comprised several steps to evaluate the
cream’s rheological behaviour.

(i) Shear rate test: this involved applying a shear rate
ranging from 0.1 to 100 s~* to assess the flow behaviour of the
cream and its transition between liquid-like and solid-like
states. (ii) Thixotropic test: the sample was subjected to shear
rates from 0.1 to 100 s™* to study the recovery of the cream’s
structure after the cessation of applied stress. (iii) frequency
sweep test: the angular frequency (w) was varied from 0.01 to
100 rad s~ to understand the network’s frequency-dependent
viscoelastic behaviour. This standardized protocol provided a
comprehensive understanding of the viscoelastic and flow pro-
perties of the cream formulations.**>*

2.2.4. In vitro cytotoxicity assay in human keratinocyte cell
lines (HaCaT). To check whether the nanoparticles are toxic to
normal cell lines, the growth inhibitory capacity of the nano-
particles was evaluated in the HaCaT cell line by using the
MTT (3-(4, 5-dimethylthiazol-2yl)-2, 5 diphenyltetrazolium)
assay.” A MicroTek Power Wave XS microplate spectrophoto-
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meter measured the absorbance at 570 nm. The following for-
mulas were used to determine the rates of proliferation and
inhibition of the cells:

Abssample - Absblank
Abscontrol — AbSplank

Proliferation rate (PR)% = 100

Inhibitory rate (IR)% = 100 — PR

MTT assays were performed on HaCaT cells with various
concentrations of nanoparticles for 72-96 h.

2.2.5. Invitro wound-healing activity. HaCaT cells at a con-
centration of 1 x 10° cells per mL were cultivated in DMEM on
Ibidi 2-well silicone culture inserts from Germany, which fea-
tured a well-defined cell-free gap for in vitro wound-healing
studies.?® After 24 hours, the culture insert was removed to
initiate the gap formation. The test materials were introduced
into the cells, which were maintained at 37 °C in a 5% CO,
incubator. The cells were observed using a phase-contrast
microscope (Olympus 1X 51, Singapore) with a 10x objective at
different intervals (0, 12 h, 24 h, up to 120 h) until the mono-
layer was completely closed. The change in wound closure area
was measured using Image] software (wound healing size
tool). Using this software, the wound area was calculated using
the area tool and MRI wound healing tool.

Wound closure% = 100 — wound area%

2.2.6. In vivo wound healing using SNP@PSP cream

2.2.6.1. Experimental animals. The trials on wound healing
employed 150-200 g (6-8 weeks old) Wistar rats (albino
outbred strain). A total of 16 healthy rats were used and divided
equally (n = 4) into four groups as follows: group I, control con-
sidered as untreated with skin covered with gauze; group II,
positive control Silverex-treated group; group III, base cream-
treated group; group IV: SNP@PSP cream-treated group. Group
IV SNP@PSP cream-treated rats were selected for the in vivo
studies. Before the commencement of the tests, the animals
were housed in a laboratory setting under 26 °C + 2 °C, 60-70%
relative humidity, and 12 hour light and dark cycle conditions
for seven days. The Institutional Animal Ethical Committee
approved all the experimental methods and procedures utilised
in this work, all produced by CPCSEA criteria. The animals
were fed pellets and given unlimited access to water. The study
was performed according to ARRIVE guidelines.

2.2.6.2. Punch wound model. Briefly, intraperitoneal (i.p.)
injections of xylazine (10 mg kg™") and ketamine (80 mg kg™
were used to put the animals to sleep. After the anaesthesia, 70%
ethanol was used to clean the area, and a commercial hair
remover was used to remove the dorsal hair. Full-thickness exci-
sions of 8 mm in diameter were made using a biopsy punch.
After excisions, SNP@PSP cream was applied to the wound
immediately on the corresponding animals. Special care was
taken to maintain aseptic conditions throughout all the experi-
ments. SNP@PSP cream, base cream and Silverex were applied
continuously for 21 days.

2.2.6.3. Determination of wound healing rate. Using vernier
callipers (Aerospace 300 mm), the wound size was assessed on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0, 3, 7, and 14 days to evaluate the therapeutic effectiveness of
the proposed nanoformulation on the injured site. The
animals were observed daily, and no adverse effects were
observed following topical treatments. As a result, the follow-
ing equation was used to calculate the percentage (%) contrac-
tion of the wound using this model: percentage wound con-
traction = (wound area of day ‘N’/wound area of day 0) x 100.

2.2.6.4. Microbiological examination of the wound area. On
the 3rd, 7th, 14th and 21st days, swabbing was done on nutri-
ent agar plates; the sample was collected from the wound area
from each group to determine the number of colony-forming
units (CFU) present in the wound. CFU was calculated using
the pour plate method. Serial dilutions were done up to 107>,
and plating was done from 10~" to 102, Plates were incubated
for 24 h, and the total viable count (TVC) was calculated.

2.2.6.5. H&E and immunohistochemistry. After dissecting,
the skin wound samples were preserved in 4% paraformalde-
hyde. Paraffin-embedded samples were placed in gradient
alcohol. Tissue sections of five micrometres were cut and
placed on glass slides. The sections underwent the following
steps for H&E staining: xylene dewaxing, gradient alcohol rehy-
dration, distilled H,O washing, Harris haematoxylin solution
staining, 0.3% acid alcohol differentiation, and eosin staining.
The sections were cleaned in xylene and mounted using a
xylene-based mounting media following another dehydration
stage in gradient alcohol. The tissues were treated with an
MTS staining solution in preparation for Masson’s trichrome
staining test. The sections were dewaxed in xylene and then
pre-treated with antigen retrieval solution (pH = 9.0 EDTA
solution) for immunohistochemical experiments. The sections
were then stained with the appropriate antibodies (Cox 2;
VEGF) (Abcam ab208670, 1:100) according to the manufac-
turer’s introduction, and then the images were scanned using
3DHISTECH CaseViewer 2.4.%

2.2.7. Statistical analysis. The results are presented as the
mean =+ standard deviation (SD) from three independent repli-
cates. Statistical analysis was performed using GraphPad
Prism version 8.0.1, applying one-way analysis of variance
(ANOVA) (GraphPad, La Jolla, CA, USA). Results are expressed
as mean + SD, with significance levels indicated as follows: *
(p < 0.01), ** (p < 0.001), and *** (p < 0.0001).

3. Results & discussion

3.1. Formulation of cream

SNP@PSP with immunostimulatory ability exhibits appreciable
therapeutic value with its tumour-selective properties.”® The
morphology of the synthesized SNP@PSP was analysed under
transmission electron microscopy and particles were found to
be 25 + 5 nm (ESI Fig. 1f). SNP@PSP wipes out signs of acute
and subacute toxicity in in vivo rodent models associated with
SNPs. Including SNP@PSP in a cream formulation is expected
to simulate an appropriate anti-bacterial environment for
wound healing. In the study, base cream 1 and SNP@PSP
cream formulations 2-4 were prepared using different concen-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

trations of SNP@PSP. The creams were of good consistency
(Fig. 1A). Homogeneity and texture were adequate for topical
application. Each cream was found to be free from grittiness
and was non-sticky. Organoleptic characteristics are shown in
ESI Table 2.f The ICP-OES analysis revealed that the silver
content in SNP@PSP creams 2, 3, and 4 was 0.062 mg,
0.31 mg, and 0.62 mg per gram of cream, respectively. These
values were significantly lower than the permissible limits.
Spreadability is the capacity of a cream to be distributed
throughout the skin. The effectiveness of topical therapy and
the application of a standard dose of a medicinal cream for-
mulation to the skin are significantly influenced by spreadabil-
ity. The topical cream is still beneficial if its spreadability is
reduced because it is simple to apply to the skin. One minute
after application, the area of the tested cream is measured by a
scale to determine the diameter of the circle formed by the
cream. The average diameter of spreadability of each formu-
lation is shown in Fig. 1C. The diameter for base cream 1 was
5.2 c¢m, that for SNP@PSP 2 was 3.5 cm, that for SNP@PSP
cream 3 was 2.5 cm, and that for SNP@PSP cream 4 was
2.5 cm. This showed that our formulated cream was suitable
for skin care applications. The pH of all formulated cream
samples was examined. The results showed that all creams are
compatible with skin pH (Fig. 1B). The addition of SNP@PSP
can reduce the alkaline nature of the base cream.

In a stability test, product samples were placed in various
environments for predetermined amounts of time to mimic
potential outcomes for the product’s life cycle. Samples were
assessed for multiple physical, chemical, and performance
traits at predetermined intervals to see whether and how they
had changed (ESI Table 2}). No change was observed in the
cream formulation’s organoleptic and physicochemical pro-
perties, demonstrating stability.

One of the most crucial tests that needs to be carried out is
the weight loss evaluation, which measures the amount of
water that evaporates through the container wall. This test was
conducted on samples stored at room temperature, 45 °C and
4 °C for two months (ESI Table 31). At 45 °C, SNP@PSP cream
showed a weight loss of about 2.92%; typically, cream formu-
lations are not stored at this elevated temperature, which is a
point to note here. No weight loss was observed at 4 °C and at
room temperature (ESI Table 4}). The cream formulation was
taken for analysis as per the BIS. The results obtained are
shown in ESI Table 5.1 As per these results, our formulated
SNP@PSP cream complies with all parameters and BIS
specifications.

Since the antimicrobial activity was most pronounced in
the SNP@PSP cream (cream 4), both this cream and the base
cream were subjected to rheological analysis to understand
their behaviour during processing, packaging, and storage.
Rheological parameters like flow sweep and yield stress are
critical indicators of a cream’s viscosity and ease of spreadabil-
ity, which influence both application and the delivery of active
ingredients across the skin. In this study, rotational rheologi-
cal tests were used to characterize these properties in all cream
formulations. Results showed that all formulations exhibited
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spreading diameter (n = 3).

viscoelastic behaviour and demonstrated similar performance
in spreading when strain was applied. This suggests that the
formulations maintain a balance between structural integrity
and usability, making them suitable for topical application.
The difference in viscosity between the two formulations could
be due to variations in composition or the incorporation of
SNP@PSP (presumably a nanoparticle system). The lower vis-
cosity of the SNP@PSP cream could make it easier to spread
(ESI Fig. 21). Both creams show shear-thinning behaviour,
where viscosity decreases as shear rate increases. This is
typical for creams, gels, or suspensions. Lower viscosity may
make the SNP@PSP cream more suitable for applications
requiring smoother and easier application compared to the
base cream (ESI Fig. 37).

3.2. Antimicrobial activity of cream formulation

It is well known that several silver nanoparticles are found to
exhibit antimicrobial activity in a broad spectrum of bio-
medical applications. However, polysaccharide-capped silver
nanoparticles were found to be more effective in versatile bio-
medical applications due to their unique feature of immuno-
modulation.?® The antimicrobial activity was checked against
S. aureus, E. coli, K. pneumonia, S. typhi, C. albicans and
C. krusei. SNP@PSP showed significant antimicrobial activity
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against S. aureus, C. albicans and C. krusei (Fig. 2 and ESI
Tables 6, 7T). These organisms are predominant in skin infec-
tions, and hence, the results confirmed that SNP@PSP could
be used as an effective agent against skin infections. The anti-
microbial activity is believed to be due to the ROS generation.
The previous literature states the role of silver nanoparticles in
generating reactive oxygen species (ROS) and eradicating bac-
terial populations.®*?

The antimicrobial activity of the SNP@PSP-incorporated
creams and base cream was checked against Gram-positive
organism S. aureus and Gram-negative organism E. coli and
the yeast C. albicans. The positive controls used in the study
were penicillin, gentamycin and fluconazole against S. aureus,
C. albicans and E. coli (ESI Fig. 4t1). The SNP@PSP-doped
cream showed significant antimicrobial activity against
S. aureus (Fig. 2A-C). The zone diameter increases for higher
concentrations of SNP@PSP-incorporated creams. The base
cream showed mild activity against S. aureus (Fig. 2D) but no
activity against E. coli (Fig. 2E) and C. albicans (Fig. 2C). This
showed that further increasing the concentrations of
SNP@PSP can give rise to higher inhibition zones. Of the three
formulations with different SNP@PSP concentrations, the 1%
SNP@PSP cream showed the greatest anti-microbial activity. As
a result, this formulation (SNP@PSP Cream 4) was chosen for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Antimicrobial activity (disc diffusion method) of cream formulations on Muller Hinton agar plates toward inhibition of susceptible test organ-
isms: (A) S. aureus, (B) E. coli, and (C) C. Albicans. Antimicrobial activity (well diffusion method) of Tween 20 and DMSO on Muller Hinton plates and
the zone of inhibition of susceptible test organisms (D) S. aureu and (E) E. coli.

further studies. In all subsequent in vivo experiments, this for-
mulation was consistently referred to as SNP@PSP cream.
S. aureus was found to be predominant in skin infections, and
hence, the results showed that in future, SNP@PSP cream for-
mulation could be used as an effective agent against skin
infections. To check whether the concentration of Tween 20
and DMSO used in the study possessed any activity, their anti-
microbial activities were also studied. The results showed
neither of these compounds showed any inhibition zones
against E. coli and S. aureus (Fig. 2D and E).

The microbial count was determined using the total
plate count (TPC) method to check the efficacy of the formu-
lations. All the formulations were serially diluted, and each

© 2025 The Author(s). Published by the Royal Society of Chemistry

concentration was plated to check the microbial count. No
growth was observed in all the concentrations of all
samples (ESI Fig. 51). This showed the effectiveness of main-
taining sterile conditions during the process of cream
formulation.

3.3. Invitro biocompatibility and wound-healing activity of
SNP@PSP in human keratinocyte (HaCaT) cell lines

The MTT assay was used to analyse the cytotoxic profiling of
SNP@PSP on HaCaT cell lines at different concentrations for
72 and 96 hours. The findings revealed that PSP cream
and SNP@PSP were non-toxic to HaCaT cell lines, even at con-
centrations up to 100 pg mL™" (Fig. 3A and B). At a 200 pg
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Fig. 3 Evaluation of cytotoxicity in SNP@PSP determined by MTT assay for HaCaT cell lines at (A) 72 and (B) 96 hours (n = 3). (C) In vitro wound-

healing potential of SNP@PSP in HaCaT cell lines.

mL™" concentration, cytotoxicity was less than 30%. HaCaT

cells were treated with 100 pg mL™" of SNP@PSP and examined
under a microscope after 24 hours to observe morphological
changes. Significant morphological changes leading to wound
closure were detected. The results showed that SNP@PSP, at a
concentration of 100 pg mL™', demonstrated significant
wound-healing potential, completely closing the wounds
after 120 hours, compared to the control cells (Fig. 3C and
ESI Fig. 67). The obtained area at different time points was

576 | RSC Pharm., 2025, 2, 570-580

converted to a percentage value with respect to the initial
wound at zero hour, which provides the wound area
using Image] software.*> The wound-closure percentage was
the remaining percentage of the wound area. Cultures
treated with SNP@PSP exhibited faster and better cell con-
fluency than the control. The study then focused on in vivo
wound-healing potential, where we formulated a cream using
SNP@PSP for further studies, as direct application is
impossible.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. Invivo wound-healing potential of the SNP@PSP

A cream incorporating SNP@PSP was tested using an in vivo
wound model to determine its effectiveness. The results
showed that after 14 days, the SNP@PSP-treated group exhibi-
ted significant wound healing compared to the silver-treated
group (Fig. 4A). The wound reduction rate was also signifi-
cantly higher in the SNP@PSP-treated group (Fig. 4B). On the
14 day, the wound treated with SNP@PSP cream 4 exhibited
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significant wound closure compared to the untreated group
and its effect was comparable with commercially available
creams. The results were compared to those of the positive
control, Silverex. Our cream promoted fur regrowth more
quickly than the Silverex-treated group, with no observed side
effects such as irritation or itching. Swabs from the infected
area showed that the SNP@PSP-incorporated cream exhibited
better antimicrobial activity than the control (Fig. 5A and ESI
Fig. 71). The treated group displayed re-epithelialization of
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Fig. 4 (A) Dorsal excision wound of four groups of Wistar rats (control, Silverex, base cream and SNP@PSP cream) on days 1, 3, 7, 14 and 21. (B)
Percentage wound area on different groups of Wistar rats on the 3%, 7" and 14" days (n = 4).
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Fig. 5 (A) Microbial load around the wound area from the 1% to the 21% day. (B) H & E staining of the wound area of different treatment groups, MTS
staining of wound tissue after treatment, immunohistochemistry of VEGF expression after treatment of wound tissue, and immunohistochemistry of

COX 2 expression after treatment of wound tissue.

the epidermis and scattered inflammatory infiltrates, fibro-
blasts and thin-walled capillaries in a fibro-collagenous
stroma (ESI Table 8t). COX, a housekeeping enzyme for regu-
lating vascular homeostasis, was found to be involved in
dermal homeostasis in response to injury.”” Cox 2 and VEGF
expression studies confirmed that treatment with our cream
significantly reduced inflammation and resulted in faster
wound healing than the control (Fig. 5B and ESI Table 97).
The expression of COX-2 serves as an indicator of acute
inflammation, graded on a scale from negative (0) to 3+,

578 | RSC Pharm., 2025, 2, 570-580

representing the immunoreactive levels of COX-2. In our
study, the semi-quantitative assessment of COX-2 levels
showed significantly lower expression in the SNP@PSP
cream-treated group compared to the control, indicating the
absence of active inflammation in the wound area.
Additionally, VEGF levels were also negative, confirming the
lack of early granulation tissue formation. Microscopic exam-
ination and MTS staining revealed that the SNP@PSP cream-
treated group exhibited normal tissue architecture, whereas
the Silverex-treated group showed evidence of collagen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accumulation and fibrotic regions, indicative of early scar for-
mation. These findings suggest that our SNP@PSP-loaded
cream demonstrates a better therapeutic response when com-
pared to the positive control, namely Silverex, by promoting
wound healing without excessive scarring.**

4. Conclusion

The current investigation successfully formulated a biocompa-
tible cream for wound-healing applications using naturally
derived, under-utilized polysaccharide PSP001 isolated from
Punica grantum. To enhance the antimicrobial property of the
cream formulation, we synthesised silver nanoparticles using
this PSP001 and doped it into the cream. No change was
observed in the organoleptic and physiochemical properties of
the cream. The formulation was also found to be stable under
all extreme conditions. The cream was found to be compatible
with BIS specifications. The results showed that these formu-
lations were effective against S. aureus and C. albicans, key
organisms for a prolonged wound-healing process. In vivo, the
wound-healing potential of all formulations was significantly
comparable with the positive control, Silverex cream.
Moreover, thorough toxicological analyses using Masson tri-
chome-stained wound sections and histology helped rule out
potential off-target effects. The ability of the cream to treat
wounds was also proven by immunohistochemistry analysis.
Therefore, the antibacterial properties, cost-effectiveness, bio-
compatibility, and wound-healing ability of this specially for-
mulated cream were real and highly significant advantages.
The findings of this study can open the door to creating an
affordable biocompatible scaffold with antibacterial and
wound-healing properties from leftover biowaste. This work
has been awarded an Indian patent (Patent No. 464226) on 31/
10/2023.
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