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Background: Healing of wounds is a complex process influenced by numerous factors. Different
medications can affect clot formation, decrease inflammation, and hinder cell growth during the
healing process.

Purpose: Development and assessment of a nanogel incorporating a polyherbal extract of Morinda
citrifolia leaf and Sericin protein from silk cocoons to accelerate wound healing.

Methodology: Morinda citrifolia leaf extract was obtained through Soxhlet extraction with ethanol,
whereas sericin was extracted from silk cocoons by autoclaving. Extract and polymer compatibility
studies were carried out by ATR-IR, and modified solvent-diffusion technique was used to prepare
nanogels. The physicochemical properties, drug permeation, scratch assay, cytotoxicity in HDF
cells, and in vivo studies were carried out for the developed nanogels.

Results: The Morinda citrifolia leaf extract exhibited a yield of 50-60%, whereas the sericin extract
yielded 40-50%. The ATR-IR study showed the absence of interactions between the extract and
excipients. Optimal size of the extracted nanogel was 40 nm, with PDI ranging from 0.1-0.6 and
exhibiting acceptable physical characteristics. The nanogel demonstrated good cytotoxicity and
scratch assay showed enhanced wound healing activity than the standard and control groups.
Furthermore, the percentage of wound contraction after excision and incision with hydroxyproline
level was greater in rats treated with the nanogel than in those in the negative control group.
Conclusion: The study provides an insight into use of Morinda citrifolia leaf extract and sericin in
formation of a nanogel and the developed nanogel was found to be stable, safe, and exhibited
promising wound healing activity.

Keywords: cytotoxicity, morinda citrifolia leaf, nanogel, sericin, starch assay, wound healing
activity.
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1. Introduction

Skin plays a significant role in determining a person's overall attractiveness, as it covers the
entire body and is typically the first feature that people notice. Wounds can disrupt the
continuity of living tissues, including the skin, by triggeringinjury to the cellular, anatomical,
and functional levels [1-3]. Open wounds are created by tears, cuts, or punctures, whereas
closed wounds are caused by blunt force trauma. Burn injuries can result from various sources
such as fire, heat, radiation, toxic substances, electricity, and sunlight exposure [4-5]. The
process of wound healing entails the restoration of damaged tissue to its original state by
mending cellular components and tissue layers. This complex process commences during the
fibroblastic stage, which is characterized by cell-to-cell and cell-to-matrix signaling and
wound shrinkage [6-7]. The process is divided into diferrent phases such as hemostatsis ,
inflammation, proliferation and remodeling. The second phase is marked through
vasoconstriction and platelet aggregation, leading to blood clotting, hemostasis, and
phagocytosis, ultimately resulting in inflammation. During the proliferative phase,
epithelialization, angiogenesis, and collagen deposition occur, during which fibroblasts
produce essential substances for wound repair, such as glycosaminoglycans and collagen. The
maturation phase is characterized by wound contraction, leading to less apparent scarring. The
proliferative phase, close to its end, results in the development of granulation tissue, comprised
of fibroblasts, collagen, and fresh blood vessels [8-9]. The content of hydroxyproline in
granulation tissue is directly linked to collagen turnover, ultimately impacting wound strength
[10-12].

Old traditional medicine has a significant part in preserving health worldwide. Noni is
common name of Morinda citrifolia, which has been utilized in ancient medicinal techniqueto
cure various health issues due to its medicinal properties [13—14]. This plant has been found
to contain over 160 nutraceutical compounds and has yielded approximately 200
phytochemicals that have been extracted from its various [15]. Various sections of Morinda
citrifoliaused as herbal remedies to treat a wide range of medical conditions [16-17].The
availability of dependable data to determine the safety of noni and its potential skin-related
side effects is currently insufficient.Bombyx mori, a silkworm from the order Lepidoptera and
family Bombycidae, generates a protein called sericin [18]. Sericin is a natural hydrophilic
protein found in the silkworms. Sericin's high hydroxyl amino acid concentration make it a
promising ingredient for skin moisturizers [19-20]. Nanotechnology presents numerous
opportunities for drug delivery, including disease prevention, diagnosis, and treatment [21-
22]. This innovative method addresses various challenges by improving drug absorption,
prolonging drug release, regulating drug release, and reducing drug toxicity. By applying
nanotechnology to medicine, researchers have developed nanoparticles that serve as carriers
for medications or genetic materials, which are then released in a controlled or sustained
manner to specific target areas [23-24]. Various nanotechnological techniques are currently
available for drug delivery, such as nanoemulsions, nanosuspensions, nanotubes, and nanogels
[25-26]. Nanogels are a type of hydrogel dispersion created by cross-linking polymers at the
nanoscale, resulting in particles between 20 and 200 nm in size [27-28].

In this study, Morinda citrifolia leaf extract and sericin from Bombyx silk cocoons were
formulated into nanogels using Carbopol and HPMC as polymers and subsequently assessed
for its wound healing efficacy by invivo studies.
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2. Material and Methods

Fresh Morinda citrifolia leaves were collected from New Life Herbal Products, Nanjangud,
and it was authenticated by a botanist from Foundation for Revitalisation of Local Health
Traditions, Bengaluru. Fresh Bombyx mori silk cocoons were obtained from the Government
Cocoons Market, Ramanagara, Karnataka and authenticated by the Sericulture Department,
Bangalore. Ethanol was sourced from Rankem, India, while PEG was purchased from S. D.
Fine Chem Ltd. Carbopol 940 was obtained from Loba Chemie Pvt. Ltd. and HPMC K15 was
procured from Yarrow Chem, Mumbai. Triethanolamine oleate was procured from merck Life
Science Pvt. Ltd. All other chemicals utilized were of analytical grade, while demineralized
water was employed.

Morinda citrifolia leaf extraction

The leaves of Morinda citrifolia were thoroughly cleaned, shade dried, and then groundedto
granularsize powder using a mixer. The powder was passed through BSS#60 and then stored
in an airtight container. 100g of the powdered leaf was packed in the thimble of and subjected
to soxhlet extraction for 72 h using ethanol as solvent. The resulting extract was filtered and
evaporated to obtain a solid residue, which was stored in a vial for further use. The extracted
compounds were analyzed using standard pharmaceutical procedures.

GCMS studies

The analysis of the ethanolic extract of Morinda citrifolia leaves was performed using a gas
chromatography-mass spectrometry (GC-MS) system (Agilent GC-MS - CH-GCMSMS-02)
[29]. The instrument's initial temperature was set to 50°C and maintained for 2 min before
being increased to 280°C at a rate of 6°C/min and held for an additional 5 min. The injection
port temperature was set at 250°C, and the helium flow rate was set at 1 mL/min. The gas
chromatograph was connected to a quadrupole mass analyzer with a DB 5 MS column that
had dimensions of 30 mL x 0.25 mm ID x 0.25 mm film thickness. The samples were injected
in split mode at a volume of 1 pL, and the mass spectral scan range was set from 30 to 700
m/z.

Preparation of sericin extract

10 g of cocoons was suspended with 500 ml of sterile distilled water. The flask was then heated
to 120°C for 60 min. The resulting sericin solution was centrifuged for 15 min at 5000 rpm.
The supernatant was discarded, and the sericin that settled at the bottom was collected and
refrigerated at 4°C for 24 h and subjected to lyophilization to obtain a dry sericin powder [30].

Molecular weight determination of sericin by MALDI-TOF

Molecular weight was determined using a MALDI-TOF MS system, which acquired data from
Analyser software (Bruker Daltonics, 11SC, and Bangalore) [31].

ATR-FTIR analysis

The powders of Morinda citrifolia leaf extract and sericin was subjected to Attenuated Total
Internal Reflectance (ATR) attachment for the Bruker Alpha Il FTIR spectrometer, which was
linked to a computer equipped with Opus 7.8 analysis software. The samples were scanned in
the range of 400-4000 cm-*for analysis.
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Nanogel Preparation

Nanogel was prepared by modified solvent diffusion method in four stages. Briefly specific
quantity of the extract was dissolved in a blend of ethanol and propylene glycol by stirring to
form the organic phase. The aqueous phase comprises of dispersion of polymers, carbopol-
940 and HPMC. The dispersion was prepared by mixing for 20 min using a magnetic stirrer.
The extract mixture was sonicated for 10 min using an ultrasonic system. The extracts were
introduced gradually into the aqueous phase via high-speed homogenization using ultrasonic
processor for 30 min at a speed of 6000 rpm. This procedure leads to the dispersion of the
emulsion into nanodroplets, resulting in the formation of an oil-in-water emulsion. The final
stage involved adding triethanolamine while continuously stirring the homogenized o/w
emulsion for an hour at 8000 rpm. [32-35]. The nanogel formulations is depicted in the (Table
1).

Table 1. Composition on the formulation of Nanogel.

Ingredients F1 F2 F3 F4 F5 F6
Morinda citrifolia extract 2.5 25 25 25 25 25
(gm)

Extracted Sericin (gm) 2 2 2 2 2 2
Carbopol 940(mg) 0.3 0.6 0.9 - - -
HPMC (mg) - - - 0.8 1.6 24
Ethanol (ml) 10 10 10 10 10 10
Propylene glycol (ml) 4 4 4 4 4 4
Triethanolamine (ml) gs to pH5.5

Water gs to 100gm

Evaluation of prepared Nanogels

The physical properties of the nanogel, such as yield and pH, were evaluated using a digital
pH meter (Labman model-LMPH-10, India) [36-37]. Viscosity was determined using a
Brookfield viscometer (Brookfield Engineering Labs, LVDVII) at Spindle IV at 25 °C [38].
The spreadability of the nanogel was assessed using a spreadability apparatus [39]. The
swelling behavior was examined in different pH buffers (0.5M buffer solution at pH 1.2 and
7.4) at various time intervals [40]. The nanogel was analyzed for its water absorption
percentage, which was determined by immersing it in 200 mL of distilled water at 37°C for
24 hours, as per the equation mentioned in [41]. The spreadability, swelling behavior, and
percentage water absorption were determined using specific equations.

1
Spreadability = m( E)

Where

S= Spreadibility

m= upper glass slide weight ( 20g)
I=glass slide length

t= time taken(Seconds)

Swelling = —2
[Swelling = Wl]
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Where
wl= intial weight of Nanogel
w2= Final weight of nanogel

weight before soaking — weight after soaking £ 100

% water absorption =
P weight before soaking

Estimation of flavaoids and protein content

The extraction of flavonoids from Morinda citrifolia leaves and the quantification of sericin
protein in silk cocoons were evaluated using a UV-visible spectrophotometer at wavelengths
of 415 and 750 nm, respectively. In conducting the assessment, a nanogel formulation was
dispersed in a phosphate buffer with a pH of 7.4, passed through a membrane filter, and its
absorbance was measured at a designated wavelength using a UV-visible spectrophotometer
[42].

In vitro drug permeation studies

Franz diffusion cell was utilized, where receptor compartment containing 15 mL of pH 7.4
phosphate buffer solution.Between donor and receptor compartments, a rat skin was clamped
in place with 1g of nanogels applied onto it. The apparatus was subsequently placed on a
thermostatically controlled hot plate that was equipped with a magnetic stirrer and maintained
at a temperature of 37+20°C. The contents was stirred at 100 rpm for 24 hat various time, 1
mLof each sample was collected and diluted with buffer, and the protein and flavonoid
contents were measured at 750 and 415 nm, respectively, using a UV-Visible spectrometer
[43].

Polydesipersibility and particle size study

The size and polydispersity index of the nanogel were examined using the Dynamic Light
Scattering (DLS) method and a Zetasizer. The measurements were taken at a scattering angle
(90° and temperature (25°C) in triplicate. The zeta potential was calculated to evaluate the
stability of the prepared nanogel.

Scanning electron microscopy

Nanogel was placed on a 10 mm glass slide and allowed to dry overnight in a vacuum
desiccator at room temperature. The slide was attached to a support and coated with gold using
a gold-sputter module. The scanning electron microscope (SEM) images were captured using
a Zeiss Ultra 55 instrument. The operating voltage of the instrument was set at 15 kV, and
multiple magnifications were used to capture the images.

Measurement of nanogel rheology

Rheological measurements were performed using Anton Paar (Rheolab, Anton Paar). 1 g of
each sample was subjected to compression between a 1 millimeter gaps. Steady shear
experiments were carried out to determine the viscosity and shear stress of the samples at
various shear rates ranging from 1 to 100 S
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Cytotoxicity test

The viability of human dermal fibroblast (HDF) cells exposed to nanogels was evaluated using
the MTT assay, which employs 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide as the testing agent. The MTT assay was conducted by seeding 200 pL of cell
suspension at a density of 20,000 cells/well in a 96-well plate for 24 h in the absence of the
test agent. Afterward, the test agents were added at their respective concentrations, and the
plate was incubated for an additional 24 h at 37°C in a 5% CO, atmosphere. Subsequently, the
incubation period, the spent media was removed, and MTT reagent was added to a final
concentration of 0.5 mg/mL. The plate was then wrapped in aluminum foil to prevent exposure
to light, and the MTT reagent was incubated for 3 h. After removing the MTT reagent, a
solubilization solution was added, and the absorbance was measured at 570 nm using a
spectrophotometer or ELISA reader [44].

Wound scratch assay

Cells from the HDF line were initially seeded at a concentration of 3 x 10° cells/mL in 24-well
plates and allowed to grow for 24 hours at 37°C and 5% CO,. To create a standardized scratch
in the confluent monolayer, a sterile p200 pipette tip was used to scrape the surface gently.
The purpose of this procedure was to ensure consistent size and distance for all samples. After
rinsing the cells with PBS to remove debris, media containing different treatment solutions
(methanolic, ethanolic, and aqueous extracts) were added at a concentration of 50 pg/mL. The
study utilized Cipladin as the positive control, while untreated cells served as the negative
control. The purpose of the study was to evaluate wound closure by taking images of migrated
cells using a digital camera connected to an inverted microscope at both 0 and 24 hours [45].

In Vivo Studies

The research was carried out in accordance with the moral principles established by the
Institutional Animal Care and Use Committee (IAEC) and was authorized before
commencement under the identification number XXV/MSRFPH/CEU/M-015/221.10.2021.
The National Institutes of Health's recommendations for the care and management of
experimental animals were followed scrupulously during the entire study.

Dermal Irritation test

Adhering to the OECD 404 guidelines, a dermal irritation test was carried out on rabbits prior
to conducting wound healing studies. A 6 cm? area on the dorsal region of each rabbit was
shaved and utilized as the application site for the topical test formulation. The untreated area
of each rabbit acted as the control. After a period of 4 h, the test substance was removed, and
14 days animals were observed to identify any signs of edema, erythema, redness, or
inflammation [46].

Wound healing activity

A study on the effectiveness of nanogels in wound healing was conducted using wound models
(excision and incision) [47]. Wistar rats were divided into six group (total of 36 male wistar
rats of 8 weeks old), with each group designated as groups I, Il, 111, IV, V, and VI. Here I, IV
are control groups, Group Il, V are treated with marketed gel, whereas Group Il and VI are
treated with Optimized nanogel formulation (F3). Before wound induction, using mixture of
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ketamine and xylazine (80 mg/kg and 20 mg/kg, i.p., respectively, based on body weight) rats
were anesthetized. The skin of the rats was shaved a day before the experiment, and 8 mm of
the skin was removed from the excision wound groups (1,11,111) at a depth of 2 mm from the
predetermined shaved area. A full-thickness paravertebral incision of 6 cm length, including
the cutaneous muscles of the depilated back of each rat, was made to create an incision wound
in the group (IV, V, and VI). The wounds were left uncovered and exposed to an open
environment, and normal saline solution was applied to achieve hemostasis. The injured
animals were housed separately in different cages to monitor signs of infection [48].
Throughout the treatment phase, the wound dimensions were assessed on days 0", 3", 51, 7t,
10, 12t 14™ 17" and 21% days for excision wounds and on day’s 0™, 3", 5 7" 10", and
13" days for incision wounds. The wound contraction formula provided below was used to
calculate wound contraction [49].
wound area (Intial) — wound area( Specific Days)

% Wound Contraction = wound area (Intial * 100

The Graph Pad Instat software (Version 3.1, GraphPad Software, Inc.) was utilized for the
statistical analysis of the results, which included a two-way ANOVA with a post-test and
Tukey-Kramer multiple comparison test. The analysis showed that all ratings were statistically
significant (p < 0.001) according to the results.

Following research period, Wistar rats from each group were euthanized, and the healed
portion of the wounds was removed, leaving a 5 mm margin around the edges. The obtained
skin tissues were subjected to histopathological and biochemical examination.

Histopathological Analysis

Tissue samples were collected, preserved in formalin, and stored at -70°C for future analysis.
The skin samples underwent various histological processing steps, such as embedding,
sectioning, staining, and visualization under a microscope connected to a camera (Labomed
Lx300) [50].

Biochemical assay

Biochemical assays, such as measuring the levels of hydroxyproline, can be used to assess
wound healing. To accomplish this, 0.1 mL of hydrolysate sample is transferred to a sterile
test tube and diluted with 0.5 mL of distilled water to a total volume of 0.5 mL. Next, a standard
solution of hydroxyproline is diluted to 100 mL, and 0.5 mL (8 mg) is added to the test tube.
Subsequently, 1 mL of 2.5 N NaOH, 0.01 M CuSQs, and 6% H-O; is added, followed by
heating the test tube in a water bath at 80°C for 16 min and then allowing it to cool for 5 min.
Next, the test tube is treated with 2 mL of 5% para-dimethylamino-benzaldehyde in n-propanol
and 4 mL of 3 N H2SOs in a similar manner with repeated heating and cooling steps. Finally,
the resulting color is compared to a standard color chart at 540 nm using a UV-vis
spectrophotometer to determine the amount of hydroxyproline present [51].

Stability studies

The nanogel was stored for six monts with a temperature of at 40+2°C and 75+5% RH,
according to ICH guidelines, to assess its stability. The optimized nanogel was evaluated by
collecting samples at 0, 2, 4, and 6 months for visual inspection, pH, spreadability, and drug
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content analysis. This was done in accordance with established protocols [52].
Statistical Analysis

In this research, the data was expressed as the mean + standard deviation (SD). Statistical
analysis of the obtained data was conducting using Microsoft Excel.

3. Results and Discussion

The percentage yield of morinda citrifolia leaf extract was 18.53% with reddish brown colour
and sericin was lightly yellowish in colour with 7.9%. Preliminary phytochemical screening
of morinda citrifolia leaf extract revealed the presence of alkaloids, glycosides, flavonoids,
phenolic compounds, tannins and fixed oils, whereas mucilage, proteins and aminoacids were
absent in morinda citrifolia leaf extract.

GC-MS analysis

The evaluation of GC-MS data was carried out using the NIST database from the National
Institute of Standards and Technology. The spectrum of the unknown components was
contrasted with that of the known components in the NIST library, and the identification of 35
compounds is illustrated in (Figure 1a).

MALDI-TOF MS results

The molecular weight of sericin was 5798.093 m/z (Figure 1b). This indicates, that it is a low-
molecular-weight sericin utilized for wound healing, as stated by Seo et al.,2023 [54].
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Figure 1 a) Graphical representation of GCMS for morinda citrifolia leaf extract
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b) Graphical representation of MALDI-TOF test for sericin
ATR-FTIR studies

The ATR-FTIR spectra for the Morinda citrifolia leaf and sericin extracts, carbopol 940,
HPMC, and the physical mixture of these extracts and excipients are presented in (Figure S1),
and the interpretations are provided in (Table S1). Notably, no significant differences were
observed between the ATR-IR spectra of the physical mixture and those of the pure extracts
and excipients, suggesting the absence of any interactions between them. After conducting the
preliminary studies, the nanogel was prepared and subjected to physical evaluation.

Evaluation of prepared Nanogel

The evaluation of the prepared nanogel is shown in (Table 2), which includes parameters, such
as percentage yield, pH, spreadability, and percentage water absorption. The pH of the nanogel
was within an acceptable range of 6.0 + 0.012, making it suitable for topical application.
According to the report by Al-Hamadani et al., (2021) [52], the viscosity of the nanogel
formulation is influenced by the concentration of the polymer or gelling agent. Rheogram
results showed that the nanogel exhibited shear thinning, with a decrease in viscosity as the
RPM increased as reported in (Figure 2a) and this property is preferred in topical preparations.
The spreadability of the nanogel was found to be within the range of 23.21 + 2.47 g.cm/sec,
and it displayed an inverse relationship with viscosity. Swelling studies with the 7.4 buffer
showing a higher output owing to the ionized forms of hydroxyl and carboxylic groups at
alkaline pH, resulting in greater electrostatic repulsion and more space within the network, as
depicted in (Figure 2b). The high water absorption of the nanogel was attributed to its large
pore capacity, which increased with increasing polymer concentration. The nanogels absorbed
more water as the polymer concentration increased, resulting in even greater enlargement.

Extract content

The concentration of flavonoids and sericin in the pure extract was measured to be 76.08 £1.20
mg/g and 138.38+1.3mg/g, respectively. The levels of these compounds in the formulated
nanogel are provided in (Table 2), which indicates that the flavonoid content ranged from
72.37+ 1.22 to 85.40+1.06 mg/g for morinda citrifolia, while the sericin content ranged from
72.50+1.2 mg/g t084.13+0.7.

In vitro drug permeation studies

The purpose of the Invitro release studies was to evaluate the release behavior of flavonoids
and sericin from the nanogels. The release graphs are illustrated in (Figure 2c), which indicated
that both flavonoids and sericin released 40% of their content after 8 h. This suggests an intial
burst release, followed by 92% and 84% release of flavonoids and sericin, respectively, after
24h due to the sustained release properties of the nanogel. This was attributed to the uniform
dispersibility of the crude extract in the nanogel and the polymer concentration, as reported by
Rao Avanapur et al., [43].
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Figure 2 a) Graphical representation between Viscosity and RPM.
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b) The graphical representation of swelling vs. time, b1) and b2) represents swelling behavior
of formulation F1 to F6 in 7.4 buffer. b3) and b4) represents swelling behavior of formulation
F1to F6 in 1.2 buffer

¢) The graphical representation, c1) % Flavonoid release vs. Time ¢c2) % sericin release vs.
Time

Table 2. Evaluation parameters of nanogel formulations

Formul  Yield pH Spreadibilit  water Flavonoid Sericin Polydi Zeta Particle Size

ation [%] y absorption content content sbersi  Potential (Diameter)
(gm.cm/sec)  [%] [%] [%] bility [mV] nm

F1 98.4 6.05£0.01  26.7+2.9 12.6 £0.2 81.6+0.2 785+05 0.175 -35.52 405.8

F2 98 6.03+0.01 23.8+2.38 134+0.2 81.8+0.9 824+06 0303 19.52 673

F3 98.8 6.52+0.01 283+23 146+0.1 854+11 84.1+£0.7 0.283  -40.66 46.83

F4 96 5.931£0.02 226+21 128+ 0.1 724+£12 72512 0.263  46.87 591.3

F5 98.2 5.42+0.01 21.7+3.1 13.9+0.1 765+1.7 785+05 0.202 -29.83 839.4

F6 97.2 5.14+0.04 20515 15.3+0.1 81.3+£0.9 80.1+£0.9 0.652 -8.05 1164.4

Polydispersibility index and particle size study

Polydispersibility and Particle size were measured, with the results shown in (Table 2). The
PDI for all nanogel compositions ranged from 0.1 to 0.6, indicating a relatively broad
distribution of particle size. Nanogels was recorded with zeta potential for all compositions,
with the lowest zeta potential value of -8.05 and the highest value of 46.87. The particle
diameter with the optimised nanogel was 46.83 nm. The image illustrating the
polydispersibility and zeta potential is depicted in (Figure S2). Based on the above studies,
nanogel Formulation F3 demonstrate to have the most favorable outcomes and was
subsequently selected for SEM and In-vivo investigations.

Scanning electron microscopy

The particles in the nanogel were moderately spherical in shape, with a smooth surface, and
possessed a particle size within the nanometric range, as evidenced by the SEM image shown
in (Figure 3a).

Rheological study

The purpose of gels in applications is to exhibit pseudoplastic behavior, which is characterized
by a decrease in the apparent viscosity as the shear rate increases, as shown in (Figure 3b).
This property is essential for easy application of the tube to the intended site. In addition, the

gel should be sufficiently viscous to remain at the applied location, such as the skin, as reported
by Abdul Rahman et al., [56].
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shear stress and viscosity

Cytotoxicity test

MTT assay shown the % cell viability in HDF cells with varying concentrations of nanogel.
The results demonstrate that the control group, as well as the standard drug doxorubicin and
prepared nanogel (F3) samples at all concentrations tested, exhibited no cytotoxicity towards
the HDF cells. Notably, the cells showed a maximum viability of 135% at the highest nanogel
concentration (F3) by increasing the concentration percentage of viability also increased as
stated by the report Syarina et al., [45]. The % cell viability HDF cell ith varying
concentrations of nanogel are shown in (Figure 4a). Microscopic observations of the
formulation-treated images of HDF cells captured at 20x magnification after 24 h of incubation
are shown in (Figure S3).

Wound healing scratch assay

The progression of wound closure in scratch-wounded HDF at 0, 24, and 48 h post-injury,
with and without treatment was assessed. The images display the effects of the prepared
nanogel (F3) treatment on cell migration and wound closure compared to untreated cells and
the standard control (Cipladin) as reported by Syarina et al., [45]. These molecules
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considerably improved the rate of wound healing in HDFs in a time-dependent manner,
achieving a higher wound healing rate than both the control and standard (cipladin), as
illustrated in (Figure 4b). The outcomes of the wound healing scratch assay demonstrated that
the Nanogel (F3) formulation prepared exhibited an excellent wound healing effect. (The
Figure S4) show the progression of wound healing in scratch-injured human dermal fibroblasts
(HDF) at 0, 24, and 48 hours after injury, both with and without treatment.

a) % cell viability values of Nanogel treated HDF cells -

100

T =

20
80
70

(I
LU
60 (AL FRRLARS

% cell viability

50 1 ACHALCAEL
40 (N
30 L

(I

29 (AL

Untreated Dox-1uM 12.5ug Nanogel-25ug ~ Nanogel-50ug  Nanogel-100ug  Nanogel-200ug  Nanogel-100ug

Nanogel conc in pg/ml

Wound Arca Covered Overlay-HDFs Average arca
b1) 250000000
~ Untreated
= 2000000.00 T —
= = Std control
E
2 = Nano Gel
= 1500000.00
=
8 -
g +
2
S ——
E 1000000.00
S00000.00
0.00
0 hour 24 hour 43 hour
Lime
b2) 120 % Wound Closurc-HDFs
100
5 —e— Untreated
E
5
= 80 S
= —m— Std control
K]
= —— Nano Gel

80

O hour 24 hour 4% hour

Time

Figure 4. a) Graphical representation of % cell viability of Nanogel with different
concentration on HDF cell in comparison with untreated and standard doxorubicin b)
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wound area covered with nanogel and b2) represents % wound healing effect of nanogel
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Skin irritation study

Skin Irritation study in rabbits demonstrated that the nanogel was safe for topical application,
as no irritation were observed after two weeks with zero scores. Additionally, no edema or
erythema was observed at the application site, suggesting that the optimized nanogel is a safe
and efficient option for skin care.

Wound healing activity by Excisional and Incisional wound model

The current research indicates that the nanogel-based delivery system for the extracts has
proven effective in promoting wound healing. Throughout the course of the trial, no adverse
events, including granulation tissue bleeding, fluid accumulation, infection, sepsis, or other
complications, were observed in any of the rats. All animals survived until the conclusion of
the study, and by the third week, all groups had fully recovered. The wound contraction area
following excision and incision is illustrated in (Figure 5 al), while (Figure 5 a2) shows the
structural and morphological changes resulting from incision. A simple marketed formulation
was used to treat animals in the wound model. The results indicated that there was no
statistically significant difference in the wound contraction area between the excision group
and the negative control group (untreated group) from days 0 to 5. However, on day 7, there
was a small but statistically significant difference (p=0.0105) in the wound area. On day 10,
the difference became more statistically significant (p=0.0012). From day 12 onwards, there
was a drastic and statistically significant difference (****p<0.0001) in the wound area. In
contrast, the nanogel showed a small but statistically significant change in wound area on day
3 (*p=0.0173), followed by a drastic and statistically significant reduction in wound
contraction area from day 5 (****p<0.0001), and wound healing on day 14. In contrast, the
marketed gel exhibited wound healing on day 17.The results from the incision model on
animals treated with both the marketed formulation and Nanogel showed no statistically
significant difference in the wound contraction area compared to the negative control group
(untreated group) from days O to 3. However, on day 3, the marketed formulation showed a
small but statistically significant change in wound area (p=0.0101), and on day 5, there was a
more statistically significant change (p=0.0022). From day 7, there was a drastic and
statistically significant change in the wound area (p<0.0001). Unlike the marketed product,
the nanogel demonstrated a remarkable and statistically significant decrease in the wound
contraction area from day 5 onwards (p<0.0001). Moreover, the percentage wound contraction
was significantly greater for the prepared nanogel compared to the marketed product for both
excision and incision studies, as illustrated in (Figure 5b).
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model against different time intervals in comparison with marketed against disease control
Histopathological Analysis

Histopathological examination of tissue samples from the excision and incision wounds was
conducted on day’s 21st and 13th days, respectively. The histopathological features of the
tissue samples from all the animal groups are shown in (Figure 6).In the excision wound
model, the section of group I (control) animals showed the presence of inflammatory cells,
extracellular matrix in the entire wound area (identified by a few fibroblasts), and thin collagen
fibers on the skin. Group Il (marketed gel) exhibited hyperkeratinization and congestion, with
glandular hyperplasia. Group Il (prepared nanogel) demonstrated an extensive healing
response, as evidenced by keratinocytes with glandular proliferation and dermal region
collagen with ECM proliferation. In the incision wound model, the sections of group 1V
(control) animals showed epidermal layer hyperkeratinization, inflammation, congestion in
the dermis, follicular hyperplasia, and reduced collagen fibers. Group V (marketed gel)
exhibited hyperkeratinization with glandular proliferation, granulation, and inflammation.
Group VI (prepared nanogel) demonstrated an extensive healing response, as evidenced by
keratinocyte glandular proliferation and dermal region angiogenesis with ECM proliferation.
Based on the histopathological analysis of both excision and incision studies, it can be
concluded that the prepared nanogel exhibited an extensive wound healing response when
compared to the control and marketed gels, as reported by S. Murthy et al., [55].
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Figure 6 .Represents the histopathology photographs of excision and Incision wound healing
activity of nanogel in comparison with marketed and disease control on wistar rats
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Biochemical Assays

Hydroxyproline is a key component of collagen and serves as a biomarker for collagenases in
the skin tissue. The graph shown in (Figure 7) illustrates the levels of hydroxyproline in the
wound tissue of rats administered the marketed gel, prepared nanogel (F3), and no treatment.
The results demonstrate that the hydroxyproline content in the wound tissue of the groups
treated with each of the two formulations was significantly higher than that of the no treatment
groups in both the excision and incision wound models. Notably, the group treated with
nanogel (F3) showed a significantly higher amount of hydroxyproline than the untreated and
marketed gel groups. Among the three groups, the highest level of hydroxyproline was
observed in the group treated with prepared nanogel (F3) (Excision-243 + 1.0 and Incision-
128.3+ 0.6). Furthermore, compared to the other two groups, the hydroxyproline content in
the group treated with the marketed formulation was significantly lower (Excision-213.4 + 1.0
and Incision-105+ 0.7) than in the group treated with the prepared nanogel. The lowest
hydroxyproline content was observed in the untreated group (Excision-125 + 0.3 and Incision-
74.7+ 0.5) than in the other groups. Based on the study of hydroxyproline levels in both the
excision and incision wound models, it can be concluded that the prepared nanogel (F3) is an
effective choice for wound healing as reported by Verma et al., [51].
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Figure 7. Graphical representation of Hydroxyproline concentration
Stability studies

A stability study was carried out to assess the behavior of the nanogel, and the results indicated
that there were no substantial variations in its physical or content uniformity throughout
storage (Table 3). Therefore, it can be concluded that the nanogel exhibited excellent stability
within the specified time frame.

Nanotechnology Perceptions Vol. 20 No. S8 (2024)



457 A B N Ganesha Rao et al. Enhanced Wound Recovery with Sericin...

Table 3. Stability study data for Nanogel formulations

Days Appearance PH Viscosity
RPM CPS
0 day Brown-colored 6.1+0.02 RPM 5 8879+7.0
homogenous RPM 10 4386 £ 3.6
RPM 20 2825+3.1
RPM 50 2161+4.0
RPM 100 1693 +6.2
30 days Brown-colored 6.2 £0.03 RPM 5 8858 £ 7.2
homogenous RPM 10 4373+£6.8
RPM 20 2919+1.0
RPM 50 2155+9.0
RPM 100 1682 +4.2
60 days Brown-colored 6.2+0.01 RPM 5 8854 +4.7
homogenous RPM 10 4390 +6.0
RPM 20 2932 +8.7
RPM 50 2151+7.2
RPM 100 1678 £8.7
120 days  Brown-colored 6.1+0.02 RPM 5 8864 +3.5
homogenous RPM 10 4391+9.2
RPM 20 2927 +6.7
RPM 50 2158 +7.8
RPM 100 1690+ 2.1
180 days  Brown-colored 6.1+£0.04 RPM 5 8860 £ 6.8
homogenous RPM 10 4382+59
RPM 20 2930+ 6.4
RPM 50 2159 £9.0
RPM 100 1681 £ 9.5

4. Conclusion

The primary aim of this research was to explore the optimization and production of a morinda
citrifolia and sericin nanogel combination for the purpose of accelerating wound
healing.Initially, Morinda citrifolia leaf extract and sericin from silk cocoons were extracted.
The nanogel was optimized using the solvent diffusion method with carbopol-940 and HPMC
as gelling agents, and its various characteristics, such as pH, spreadability, swelling index,
water absorption, extract content, particle size, PDI, and an Invitro release study were studied.
The cytotoxicity study showed no signs of toxicity in the formulation using HDF, and the
wound scratch assay demonstrated better values compared to the standard. F3 formulation
exhibited very good results when tested Invivo. Skin irritation studies showed no signs of
toxicity after topical application, and hence it is concluded the nanogel was safe for use.
Excision and incision studies revealed favorable results for the nanogel compared with the
marketed gel, and it also showed a better hydroxyproline profile than the marketed gel.
Therefore, based on these studies, the preliminary nanogel (F3) appears to have a superior
wound healing effect.
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