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ABSTRACT

The aim of the study was to evaluate the efficacy of honey gel-based wound care preparation using nanoparticles
(NPs) of zinc oxide (ZnO) and iron oxide (Fe:0s) to facilitate wound healing. ZnO-NPs and Fe.Os-NPs were
synthesized by the precipitation method and their concentration, pH, and temperature were optimized. Particle
size, zeta potential, FTIR, SEM, and UV-visible spectroscopy were used in the characterization process.
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were tested for antibacterial activity using the
MIC technique. Optimized NPs were incorporated with carbopol 934 in a honey-based gel and evaluated for
various physicochemical parameters. A wound healing efficacy model was conducted in Wistar albino rats using
an excision wound model and the results were supported by histological tests. The ZnO-NPs had an absorbance
peak at 357 nm, a mean particle size of 157.1 nm, and a zeta potential of 14.4 mV, indicating they are very stable.
The Fe20;-NPs absorbed the light at 300 nm, with a size of 186.8 nm and a zeta potential of 12.6 mV. SEM
analysis showed ZnO-NPs to be spherical and Fe.Os-NPs irregular in shape, with both exhibiting significant
antimicrobial activities. The activity of these NPs was found to be broad-spectrum, as indicated by MIC values.
In vivo studies revealed that honey gels loaded with NPs significantly enhanced wound contraction compared to
the control and plain gel groups (p < 0.05). By day 21, the ZnO-NPs gel and Fe.Os-NPs gel achieved wound
contraction rates of 99.44 + 0.06% and 99 + 0.11%, respectively. Histopathological analysis showed complete re-
epithelialization, increased collagen deposition, and reduced inflammatory infiltration in the treated groups. The
study shows that honey-based gels containing ZnO-NPs and Fe.Os-NPs significantly enhanced healing of wounds
and antibacterial effects in comparison with the control group. The combination of metal oxide nanoparticles and
honey makes these compositions potential candidates for topical wound treatment.

Keywords: Zinc oxide nanoparticles; Iron oxide nanoparticles; Honey-based gel, Wound healing; Excision
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INTRODUCTION

A wound is defined as a lesion caused by accidental
trauma or sharp objects that disrupts tissue's cellular
and anatomical continuity, regardless of infection
status. These injuries might be created by
chemical, physical, mechanical, microbiological, or
immune-related injury.! Wounds are a major clinical
issue, affecting around 2.5 % of the US population and
inflicting a huge economic burden on healthcare
systems, with projected yearly Medicare expenses
ranging from 28.1 to 96.8 billion USD.? Chronic and
non-healing wounds are becoming more common as
people become older, develop diabetes, and gain
weight, all of which slow down normal wound repair
mechanisms.> Wound healing is a multifaceted, well-
coordinated physiological process that includes a wide
range of cellular, pathophysiological, and
immunological mediators.* It involves four
interconnected  phases, namely  haemostasis,
inflammation, proliferation, and remodelling. To
control bleeding, haemostasis requires platelet
aggregation and the production of fibrin clots.
Inflammation follows, during which both macrophages
and neutrophils remove debris and pathogens while
generating cytokines that start the healing process.’
The proliferation phase is distinguished by fibro-blast
activity, collagen deposition, angiogenesis, and re-
epithelialization.’  Finally, during remodelling,
collagen III is replaced with collagen I, resulting in
greater tensile strength and scar maturatio.” Various
therapeutic techniques are used to promote wound
healing, ranging from traditional wound cleansing,
debridement, and  dressings to  advanced
pharmacological and regenerative therapies.®%10
Natural products, such as aloe vera and plant extracts,
are also in demand due to their antibacterial as well as
therapeutic propertie.!! Nevertheless, the conventional
dressings do not offer much protection, and prolonged
use of antibiotics may result in resistance and systemic
side effect.'

Metal ions, e.g. zinc and iron, help in
wound healing by promoting cell growth, collagen,
angiogenesis, and antimicrobial protection.® Zinc is
involved in the migration of keratinocytes, cell growth,
and re-epithelialization and has been extensively
known to have antibacterial and anti-inflammatory
effects.!>!* Iron helps in transporting oxygen to the
body, cellular metabolism, collagen formation, and
angiogenesis, which facilitate tissue regeneration
during the inflammatory and proliferation phases.!>!6!7
However, because these ions are unstable and quickly
eliminated in their free forms, their therapeutic efficacy

is limited. The delivery systems developed by NPs
overcome these limitations and enhance the stability of
therapeutic ions and bioavailability, as well as the
sustained release. The NPs enhance the healing in
wounds by enhancing tissue penetration and cellular
contact and limiting the systemic toxicity because they
are small and have a high surface-area-to-volume
ratio.!® The zinc and iron were chosen for their
established wound-healing capability and are produced
in the form of oxide NPs in this study. Zinc and iron
have benefits over other metal oxides, including better
safety profiles, lesser risk of cytotoxicity, lower cost,
high chemical stability, and significant physiologic
functions in tissue repair. Silver NPs are excellent
antimicrobials, but prolonged exposure causes
cytotoxicity and delayed epithelialization, whereas
copper NPs can cause oxidative stress at high
doses, 131419

Honey is among the popular natural
wound healers since it possesses broad-spectrum
antibacterial, anti-inflammatory, and antioxidant
effects. Honey-based gels are a combination of these
therapeutic advantages and a semi-solid dosage form
that enables the gels to stay in contact with the wound
surface longer, controlled release of bioactive
chemicals, and higher compliance by the patient. These
compounds augment fibroblast growth and deposition
of collagen, decrease microbial load, and are applicable
in the current wound care.?*2?2 Also, honey has
antimicrobial properties, low pH, osmotic effect, and
hydrogen peroxide production, which can be used
synergistically with metal oxide NPs to produce
synergistic effects that can maximize the effect of NPs-
mediated mechanisms such as membrane disruption,
reactive oxygen species (ROS) generation, and
sustained ion release. In addition to speeding up tissue
regeneration and lowering inflammation, this synergy
can improve antibacterial activity. 2>?* Therefore, in the
present work, Zn and Fe ions are converted into ZnO-
NPs and Fe20:-NPs, and characterized for various
parameters. Then the optimized NPs were incorporated
into honey-based gel, and their potential to accelerate
wound healing was assessed.
MATERIALS AND METHODS
Materials
Analytical-grade chemicals were utilized. Zinc acetate
dihydrate (Zn(CHsCOz2)2-:2H20) and sodium hydroxide
(NaOH) of analytical grade were purchased from
Molychem Pvt. Ltd., and SD Fine-Chem Ltd.,
Mumbeai, India. ferrous sulphate (FeSO.) was bought
from Nice Chemicals Pvt. Ltd., India. ethanol was
sourced from Loba Chem Pvt. Ltd., Mumbai. carbopol
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934, methyl paraben, and propyl paraben were
provided by Hi Media Laboratories Pvt. Ltd., Mumbai.
triethanolamine (TEA) was purchased from SD Fine-
Chem Ltd., in Mumbai. The gel base was prepared
using natural honey from a reliable local provider.

Method of preparation of ZnO-NPs and Fe:O03-NPs
Zinc acetate dihydrate and sodium hydroxide were
used as precursors for the synthesis of ZnO-NPs via the
direct precipitation method. Ethanol was used as the
solvent for the preparation. In this experiment, a 7.22
mMol ethanol solution of sodium hydroxide was added
dropwise to a 3.73 mMol aqueous ethanol solution of
zinc acetate dihydrate under high-speed stirring for
2.25 hours under standard conditions at a 60 °C
synthesis temperature, resulting in white turbidity;
after that, it was allowed to reach room temperature.
After removing the supernatant solution, the
precipitated zinc oxide was centrifuged for 20 minutes
at 5000 rpm and then repeatedly cleaned with pure
ethanol to get rid of any undesirable compounds that
were attached to NPs. The ZnO-NPs were then dried at
60 °C for 2 hours or redispersed in ethanol, and they
were stored at room temperature. The reaction was
carried out under alkaline conditions (pH 10) with
continuous stirring to ensure controlled nucleation and
growth of NPs.

A similar procedure was utilized to
synthesize Fe2O3-NPs, with the exception that FeSOa
was used as the precursor rather than zinc acetate
dihydrate, and the reaction was performed under the
same alkaline conditions (pH 10) with continuous
stirring at 60 °C for uniform NPs formation. The
formation of FexO3-NPs was indicated by the
appearance of a dark greenish precipitate.?>*
Characterization of ZnO-NPs and Fe:03-NPs

Ultraviolet-visible spectral analysis

The formation of NPs was confirmed using a UV-
visible spectrophotometer (LABINDIA
ANALYTICAL UV 3200) in the 200-800 nm
wavelength range. Before analysis, the dry powders of
ZnO-NPs and Fe203-NPs were dispersed in Milli-Q
water and sonicated using a bath sonicator for 10
minutes prior to UV-vis measurement.?’

Fourier transform infrared spectroscopy (FT-IR)

The compatibility of the excipients in the formulation
was determined using FT-IR. A spectrometer (Perkin
Elmer Spectrum 100-FTIR, USA) was used to analyse
the FT-IR spectra of ZnO-NPs, Fe2O3-NPs, and NaOH

between the 400-4000 cm™ range, using the KBr pellet
method for sample preparation.?

Particle size and zeta potential analysis

The particle size distribution, particle size, and zeta
potential of the produced ZnO-NPs and Fe2O3-NPs
were evaluated using the DLS technique on a Zetasizer
instrument (Horiba SZ-100). The dry powders of ZnO-
NPs and Fe203-NPs were uniformly dispersed in Milli-
Q water with an ultrasonic bath at 40 kHz for 1 minute
at room temperature.?

Scanning electron microscopy (SEM)

The morphology/shape of ZnO-NPs and Fe2O3-NPs
was investigated using a scanning electron microscope
(JSM-IT810, JEOL Ltd., Japan) operated at an
accelerating voltage of 15 kV, with a resolution of 60
A and appropriate magnifications.?*

Minimum Inhibitory Concentration (MIC)

The antibacterial activity of the synthesized test sample
was determined using the resazurin assay technique.
Resazurin (270 mg) was dissolved in 40 mL of sterile
distilled water for the experiment. To ensure that the
solution was uniform and completely dissolved, a
vortex mixer was used. The experiments were
conducted aseptically in a 96-well plate. To start,
pipette 100 pL of dimethyl sulphoxide (7.8, 15.6, 31.2,
62.5, 125, 250, 500, 1000 pg/mL) into the plate well.
After that, add 50 pL of nutritional broth to each well
and dilute it. Resazurin indicator solution (10 pL) was
added to each well. Each well received 10 puL of a
fungal or bacterial solution. Streptomycin (7.8, 15.6,
31.2, 62.5, 125, 250, 500, and 1000 pg/mL) was used
as a standard control. Cling film was applied lightly in
each of the dishes to prevent the drying of the bacteria.
The plate was then incubated for 18-24 hours at 37 °C,
and the color change was seen visually. Any color
changes from blue to pink or colorless were classified
as positive, while the absence of color shift was
classified as negative. The absorbance of the plate was
measured at 600 nm with an ELISA reader. The
percentage of inhibition was estimated using the
following formula.*

Test
% of Inhibition = (%) + 100

Preparation of Honey-Based Gel containing ZnO-
NPs and Fe;:03-NPs

Carbopol was dispersed in purified water with steady
stirring to make honey-based hydrogel, which was then
neutralized with triethanolamine, and preservatives
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such as methyl paraben and propyl paraben were
added. After allowing the mixture to swell for a full day
at room temperature, then honey was added with
continuous stirring. In order to establish a uniform
formulation, ZnO-NPs and Fe203-NPs were added to
the gel base after being dispersed in a small amount of
water (Table 1).3!

Table No. 1: Formulation of honey-based nanoparticle
gel

Sr.  Ingredients Quantity Quantity

no. for Honey- for Honey-
Based Gel Based Gel
containing  containing
ZnO-NPs Fe203-NPs

1 NPs 1 gr 1 gr

2 Carbopol 940 1% w/w 1% w/w

3 Honey 37.5gr 37.5gr

4 Triethanolamine  0.3% w/w  0.5% w/w

(TEA)

5 Methyl paraben  0.18 % 0.18 %

6 Propyl paraben 0.02 % 0.02 %

7 Distilled water Quantity Quantity
Sufficient Sufficient

Evaluation of honey-based gel

Visual examination
Visually inspect honey compositions for color,
consistency, homogeneity, and lumps after storage.?

Determination of pH

A calibrated digital pH meter was used to determine the
pH of the gel formulation. One gram of gel was mixed
into 100 milliliters of freshly prepared distilled water,
and the electrode was immersed in the solution for 10
minutes before the pH was measured. The equipment
was calibrated before testing with standard buffer
solutions at pH 4.0, 7.0, and 10.0.%

Determination of Viscosity

A Brookfield digital viscometer was used to measure
the viscosity of the gel. Spindle number 64 at 10 rpm
and 25 °C was used to measure the viscosity. Before
measurement, the gel was deaerated and placed in a
suitable wide-mouth container. Gel samples were
settled for 30 minutes at assay temperature (25 = 10 °C)
before measurements.

Spreadability

The honey-based gel's spreadability was evaluated on
laboratory-built glass slides. The lower glass slide had
1 gram of gel on it, while the second slide had a

standard weight on top. Spreadability was determined
by timing how long it took for the upper and lower
slides to separate.>*

In vivo Wound healing study

Wound healing activity using an animal model

The Maratha Mandal College of Pharmacy's
Institutional Animal Ethics Committee granted prior
approval for the animal studies (Approval No.:
MMCP/2024-25/B.Ph/11). The wound-healing
activities were carried out using 24 Wistar albino rat
models. The following five groups (n = 3) were created
from adult rats weighing 150-200 g: Group 1 was a
control group that was injured and given saline solution
treatment; Group 2 was a marketed product that was
treated with silver sulfadiazine; Group 3 was plain gel;
Group 4 was a formulated honey-based gel that
contained ZnO-NPs; and Group 5 was a formulated
honey-based gel that contained Fe2O3-NPs. Each rat’s
dorsal region was shaved with an electric trimmer the
day before the experiment. Using forceps and surgical
scissors, an excision was made on the dorsal spinal area
after anaesthesia was established using the open-mask
technique with anaesthetic ether. An appropriate
amount of gel was applied daily on the wound
throughout the study period. Following the application,
each rat was kept in a cage at room temperature. Four
weeks later, the damaged skin tissue was removed,
stored in 10 % formalin, and examined
histopathologically.?

Determination of wound contraction

On days 0, 4, 8, 12, 16, and 21, the excision wounds
were traced onto millimetre-scale graph paper to
determine the wound area. The wound area was
measured every fourth day to determine wound
contraction, which was expressed as a percentage
reduction until complete healing occurred.

Wound closure percentage
Initial wound size — Specific day wound size

Initial wound size
x 100

Determination of epithelialization period

The removal of dead issue without any additional raw
wound was deemed the endpoint of complete
epithelization, and the day required for this was
designated the epithelialization period.*’

Histopathology study
Each group of rats had a sample of wound tissue taken
from their skin, which was stored in 10 % buffered
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formalin. Following standard processing, 5 pm-thick
tissue slices were created and stained with
haematoxylin and eosin. The stained sections were
rated according to the degree of epidermal migration
after being qualitatively inspected under a light

microscope.’%*

Statistical analysis

The average values along with their standard error are
presented in this paper. The experiments were
conducted in triplicate (n=3). A significant result was
defined as p < 0.05.4

Stability studies

The honey-based gel's stability test was carried out in
compliance with ICH regulations. For a maximum of
three months, the formulations were observed at
40£2°/75+£5%. The gel’s appearance, pH, and viscosity
have been determined after 1, 2, and 3 months.*!

RESULTS AND DISCUSSION

Visual Observation

The formation of ZnO-NPs was clearly noticed through
a change in the color of the solution, resulting in the
formation of a white precipitate upon further stirring.
The formation of Fe.Os-NPs was visible as a change in
the color of the solution from pale yellow to a dark
greenish precipitate.

UV-Visible Spectral Analysis

Fig. 1 (A, B) illustrates UV-visible absorption spectra
for ZnO-NPs and Fe2Os3-NPs synthesized by the
chemical reduction method. A sharp absorption peak
at 357 nm confirmed the successful formation of ZnO-
NPs. The absorption peak of Fe2O3-NPs at 300 nm
confirms their successful formation of FeO3-NPs.
The UV-visible spectroscopic analysis confirmed the
synthesis of ZnO-NPs and Fe203-NPs.

Fig. 1: UV peak of (A) ZnO-NPs (B) Fe203-NPs;
Effect of Concentration (C) ZnO-NPs (D) Fe203-NPs;
Effect of pH (E) ZnO-NPs (F) Fe203-NPs; Effect of
Temperature (G) ZnO-NPs (H) Fe203-NPs.

Optimization of NPs

In the current investigation, several parameters were
tuned, including the concentration of salt, pH of the
reaction mixture, and temperature, because these
parameters have desirable control over morphological
aspects such as particle size and shape, as well as
influence NPs production yield. As a result, these
properties must be optimized during the NPs
manufacturing process.

Effect of Concentration

The concentration of Zn(CHsCO:).-:2H-0 plays an
important role in determining nanoparticle production
and optical characteristics. ZnO-NPs were prepared at
various precursor concentrations of
Zn(CHsCO2)2-2H-0 (3, 3.75, and 4 mM) while
maintaining a constant temperature and pH, as shown
in Fig. 1(C). Absorption peaks were detected at 352
nm for 3 mM, 357 nm for 3.75 mM, and 355 nm for 4
mM.

Similarly, Fe:0s:-NPs were prepared at precursor
concentrations of FeSO4 (3, 3.75, and 4 mM). Fig.
1(D) shows absorption bands at 298 nm for 3 mM, 300
nm for 3.75 mM (maximum absorbance), and 302 nm
for 4 mM. There was no notable shift in peak, showing
that aggregation had no major impact on optical
properties.

Effect of pH

pH of reaction media is an important element in
determining NPs formation and optical characteristics.
Similar reaction conditions were investigated by
measuring the influence of pH on ZnO-NP generation
atpH 8, 9, and 10. The absorption peaks are at 354 nm
with pH 8, 356 nm with pH 9, and 357 nm with pH 10
(Fig. 1(E)). The highest intensity of absorbance was
reached at pH 10, indicating that alkaline conditions
favor ZnO-NPs formation.

On the same note, Fe203-NPs were produced at pH 8,
9, and 10, and Fig. I(F) shows comparable UV-vis
spectra. For pH 8, 9, and 10, the absorption bands were
found at around 298 nm, 300 nm, and 302 nm,
respectively. No significant change in peak position
was observed, and the maximum absorbance was
reached at pH 9, indicating that pH primarily affects
NPs stability and growth rather than aggregation.
Effect of Temperature

Another important factor that affects the formation of
NPs is temperature. Three distinct temperatures were
used to produce ZnO-NPs: 30, 60, and 90 °C. An
increase in temperature led to a higher absorbance
intensity, as seen in Fig. 1(G), suggesting improved
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NPs production at higher temperatures.

Similarly, Fig. 1 (H) shows UV-vis absorption spectra
for Fe:0s-NPs synthesized at 30, 60, and 90 °C.
Temperature had a favorable effect on Fe.Os-NPs
production, as the absorbance intensity rise with
increasing temperature, reaching its peak at 90 °C.

Fourier Transform Infrared Spectroscopy

Fig. 2 (A) shows the FT-IR spectra of ZnO-NPs. The
absorption peak at 3300-3500 cm™ is due to the
existence of free -OH groups from surface-adsorbed
moisture and the reduction process. The peak near 1630
cm' indicates H-O-H bending vibrations. The
significant absorption band below 600 cm™ is related
to Zn-O stretching vibrations, confirming the
formation of ZnO-NPs. Fig. 2 (B) shows the FT-IR
spectra of Fe203-NPs. Adsorbed water molecules give
a large peak at 3400 cm™, indicating O-H stretching
vibrations. The band near 1620-1640 cm™ represents
H-O-H bending vibrations. The absorption bands
below 600 cm™ are due to Fe-O stretching vibrations,
demonstrating the successful formation of Fe203-NPs.
Effective elimination of precursor residues is indicated
by the lack of additional peaks that correspond to
acetate or sulfate groups, which also validates the
purity of the produced NPs.

Fig. 2: FT-IR spectra of (A) ZnO-NPs and (B) Fe20s-
NPs; SEM images of (C) ZnO-NPs

(D) Fe203-NPs (Note: the red number denotes the
particle size measurement of NPs)

Scanning Electron Microscopy (SEM)

Scanning electron microscopy is demonstrated as a
new tool for examining the morphological properties of
nanostructures. Fig. 2 (C, D) shows SEM images of
ZnO-NPs and FexO3-NPs, where ZnO-NPs appear
uneven and spherical, while Fe2O3-NPs show irregular
spherical particles with noticeable aggregation. The
moderate aggregation seen in SEM images may be due
to the comparatively low zeta potential values; yet, the
acquired zeta potential indicates appropriate colloidal
stability for biological applications.

Particle size and zeta potential analysis

The average particle size, size distribution, and
Polydispersity Index (PDI) values for ZnO-NPs and
Fe203-NPs have been determined using the Dynamic
Light Scattering technique, as shown in Fig. 3. The Z-
average diameter of synthesized ZnO-NPs and Fe2Os-
NPs was 157.1 nm and 186.8 nm, with PDI values of
0.305 and 0.396, respectively. The zeta potentials of
ZnO-NPs and Fe203-NPs were found to be 14.4 mV
and 12.6 mV, respectively.

(B) Fe203-NPs;
Zeta potential of (C) ZnO-NPs (D) Fe203-NPs

Minimum Inhibitory Concentration (MIC)

ZnO-NPs and Fe:0s-NPs were tested for their MIC
towards S. aureus and E. coli bacterial strains. The MIC
values show the lowest concentration at which no
apparent growth of the test organism was detected.
ZnO-NPs had MIC values of 31.2 pg/mL against S.
aureus and 62.5 yug/mL against E. coli. Fe:0s-NPs
demonstrated MIC values of 62.5 pg/mL against S.
aureus and 31.2 pg/mL against E. coli, as reported in

(Table 2).
Table No. 2: Antimicrobial property of sample in MIC
Sr.  Microorganism MIC (ZnO- MIC
No. Types NPs) (Fe20s-
(ng/mL) NPs)
(pg/mL)
1 Staphylococcus  31.2 pg/mL 62.5 pg/mL
aureus
2 Escherichia 62.5 pg/mL  31.2 pg/mL
coli

According to earlier research on metal oxide NPs, the
measured MIC values are comparable, indicating
potent antibacterial activity. In order to kill bacteria, the
antibacterial mechanism may include the production of
reactive oxygen species, membrane rupture, and metal
ion release.*?

EVALUATION OF GEL
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The optimized NPs were put into a hydrogel mixed
with honey, and the following properties were assessed.

Physical examination

Due to the addition of honey in the preparation, the
ZnO-NPs gel turned yellow. The recipe produced a
smooth, golden gel that was viscous and homogeneous
in appearance. Similarly, the Fe2O3-NPs gel had a light
brown color from the combined effect of honey and
NPs, and the texture was creamy, uniform, and
consistent.

Measurement of pH

A digital pH meter was used to test the pH of the
prepared gel. The ZnO-NP gel had a pH of 5.2 £ 0.15,
while the Fe2O3-NP gel had a pH of 5.7 = 0.2. These
values are close to the human skin's normal pH,
indicating that the compositions are suitable for topical
usage without causing irritation. The pH values of all
gels are shown in (Table 3).

Viscosity determination

The consistency of the prepared gel is typically
correlated with its viscosity. The outcomes can be seen
in (Table 3).

Spreadability

Spreading value is another factor that determines a
formulation's therapeutic potency. The results for
spreadability are shown in (Table 3). The less time it
takes to separate gels from slides, the better the
spreadability. As a result, all formulations have
superior spreadability. The spreadability was observed
to increase as the viscosity dropped.

Table No. 3: Study of color, pH, viscosity, and
spreadability.

Homogeneity
The resulting gel is uniform, transparent, and free of
any particle matter, clumps, or aggregates.

Animal Activity

Wound healing activity on Wistar rats

The wound healing capacity of honey-based gels made
with ZnO-NPs and Fe>O3-NPs was tested in a Wistar
rat excision wound model. Under anaesthesia, circular
excision wounds of 3 mm? were created on the dorsal
area of the rats. The animals were treated topically with
the individual formulations for 21 days, with wound
contraction measured at regular intervals. The wound
area was drawn and photographed to assess gradual
healing, as illustrated in (Fig. 4). The percentage of
wound closure was computed and shown in (Table 4).
The results showed that wound contraction increased
steadily in the test groups compared to the control. On
the 21st day, the control group (saline-treated) showed
only 91.66 £+ 0.88 % healing, but the standard group
(silver sulfadiazine-treated) demonstrated 99.44 +
0.064 % healing. The plain gel group demonstrated
modest healing (84 +0.40 %), while the test group
treated with honey-based gel containing ZnO-NPs and
Fe203-NPs obtained 99.44 + 0.064 % and 99 + 0.11 %
healing, respectively. When compared to FeOs-NPs,
ZnO-NPs showed marginally better in vivo wound
healing performance. This could be because of
increased  collagen  synthesis,  zinc-mediated
epithelialization, and anti-inflammatory activity, all of
which promote tissue regeneration.

ZnO-NPs gel

Control Standard Plain gel Fe:03-NPs gel

Day 1

Day 7

Formulation code ZnO-NPs gel
Color yellow

pH 52+0.15
Viscosity (cps) 4798 £25.8
Spreadability (g.cm/s) 43.6 +0.28

Day 14

sED

Day 21

Jill 1 — |
LU = UTeo

Fig. 4: Photograp5§ 4)& @lgb}nd healing activity on
animal model.

Note: Values are expressed as mean + SD (n=3).
Grittiness
The prepared gel has no lumps or particles, indicating
good grittiness.

Table No. 4: Effect of formulation on
percentage wound contraction in excision
wound model.

Grou Group name 7th
ps (%)

Day

14% Day
(%)

21 Day
(%)
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Grou Control 17.33+1.
pl 34
Grou Standard 23.33+1.
p2 (silver 57
sulphadiazin
e)
Grou Plain gel 11.44+0.
p3 35
Grou ZnO-NPs 45.55+1.
p4 gel 09
Grou Fe203-NPs 38.77+0.
pS gel 89

61.55+0. 91.66=+0.
98 88
81+0.50 99.44+0.
06
75.44+0. 84+0.40
16
88.88+0. 99.44+0.
8 06
85+0.33 99+0.11

Note: The values presented are arithmetic
mean + SD of three determinations.

Epithelization period

The epithelization time refers to the moment when a
scar has entirely grown. The epithelialization time for
group I rats was 18 days, 12 days for group II, 13 days
for group III, 11 days for group IV, and 10 days for
group V.
Histopathology

(€3)] x)

Fig. 5: Histopathology images of (A) Control, (B)
Standard, (C) Blank honey-based gel, (D) ZnO-NPs
gel, and (E) Fe2O3-NPs gel.

The control group had only limited re-epithelialization,
modest inflammation, some macrophages, a few
fibroblasts, and very little collagen production,
indicating sluggish and early-stage healing (Fig. 5A).
The standard group showed practically full re-
epithelialization, albeit with minor edema and
congestion. There was visible fibroblast and fibrocyte
activity, enhanced collagen deposition, and adnexal
regeneration, indicating more structured and successful
repair than the control (Fig. 5B). The Carbopol-honey
gel-treated group showed healed epidermis with
persisting moderate irritation. Adnexal structures were

visible, fibroblast and fibrocyte proliferation was
observed, and collagen deposition was minimal,
suggesting that wound healing started, but was slower
than in the groups treated with NPs (Fig. 5C). Complete
re-epithelialization, little  inflammation, active
fibroblasts and fibrocytes, sufficient collagen
deposition, and well-regenerating adnexal structures
were all present in the ZnO-NPs gel-treated group,
suggesting very successful wound healing and tissue
organization (Fig. 5D). complete re-
epithelialization was attained by the Fe2Os-NPs gel-
treated group; however, there was quite a bit of
discomfort and congestion. Excellent healing was
indicated by the abundance of fibroblasts, fibrocytes,
and collagen, as well as adnexal regeneration, despite a
slight rise in inflammatory response (Fig. 5E). These
histological changes are all associated with enhanced
collagen deposition, proliferation of fibroblasts, and
reduced inflammatory response. This results, in an

Similarly,

improved extracellular matrix remodelling and faster
tissue regeneration.

Role of honey in wound healing

Honey was found to play an important role in the NPs-
based gel formulations to serve as a natural gelling
agent and wound healing enhancer. The gels were
suitable in terms of being used topically because they
were smooth and skin-friendly. Gels containing honey
and ZnO-NPs and Fe>O3-NPs had an advantage over
control groups in healing wounds, contracting and
epithelization time, and tissue regeneration. These
were observed in a synergistic wound healing response
as shown by well-organized epithelium, more collagen
deposition, and less inflammation through
histopathological analysis.

Stability studies
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Stability testing was carried out in accordance with
ICH criteria to assure product quality in a variety of
environmental circumstances, such as temperature and
humidity. ZnO-NPs and Fe2O3-NPs gels were kept in
plastic airtight containers in a stability chamber at 40
°C £+ 2 °C and 75% + 5 RH for 3 months. Samples were
taken on a regular basis to monitor changes in
viscosity, pH, and physical characteristics. The data
obtained for ZnO-NPs gel is shown in (Table 5),

whereas the data collected for Fe2O3-NPs is shown in
(Table 6), indicating that there were no notable changes
in physical appearance. During the trial period, there
was no discernible change in viscosity or spreadability,
suggesting that the formulations had good physical
stability. As a result, there was no evidence of
degradation in the prepared gel.

Table No. 5: Stability study of ZnO-NPs gel

Parameter ZnO-NPs gel (40 °C £2 °C/ 75% + 5 RH)
30 Days 60 Days 90 Days
Color yellow yellow yellow
Odor No No No
pH 5.03+0.2 53+04 5.11+£047

Note: Values are mean = SD (n=3)

Table No. 6: Stability study of Fe2O3-NPs gel

Parameter Fe203-NPs gel (40 °C £2 °C/ 75% = 5 RH)
30 Days 60 Days 90 Days
Color light brown light brown light brown
Odor No No No
pH 5.6+0.16 55+0.32 539+0.24

Note: Values are mean =+ SD (n=3)

CONCLUSION

The current work, which aimed to produce honey-
based gels containing ZnO-NPs and Fe203-NPs for
wound healing applications, was effectively
completed. Comprehensively, the results show that the
precipitation method was effective in the production of
ZnO-NPs and Fe203-NPs. UV-vis, FTIR, SEM and zeta
potential analysis confirmed the size of the NPs was at
the nanoscale, their shape was excellent and they were
stable. The reason behind using honey as a natural gel
foundation is its ability to serve as an antibacterial,
antioxidant, and wound-healing ingredient when used
with NPs. The gels met the ICH requirements of pH,
viscosity, spreadability, and stability and were suitable
for topical application. The in vivo wound healing
studies on Wistar rats demonstrated that the ZnO-NPs
and FexO3-NPs gels had dramatic wound contraction,
collagen  deposition,  and
improvements in comparison with the control and plain
gels. These findings were supported by
histopathological tests, which revealed that there was
less inflammation, increased fibroblast proliferation,
and better tissue organization in the treated groups. The
results reveal that honey gels containing NPs
significantly enhanced wound healing and antibacterial
properties as compared to the control and plain gels.

re-epithelialization

These findings suggest that honey-based gels relying
on ZnO-NPs and Fe203-NPs could be considered as a
potential solution when handling effective topical

wound care. ZnO-NPs gel demonstrated improvement
in terms of healing activity and wound healing faster
by the 21st day and a reduction in inflammation. Honey
gels containing NPs are a safe, effective, and
prospective method of advanced wound care. ZnO-NPs
gel is the best formulation.

ABBREVIATIONS

ZnO-NPs: Zinc Oxide Nanoparticles; Fe203-NPs: Iron
Oxide Nanoparticles; NPs: Nanoparticles; UV-Vis:
Ultraviolet-Visible  Spectroscopy; FTIR: Fourier
Transform Infrared Spectroscopy; SEM: Scanning
Electron Microscopy; TEM: Transmission Electron
Microscopy; DLS: Dynamic Light Scattering; MIC:
Minimum Inhibitory Concentration; SPR: Surface
Plasmon Resonance; ROS: Reactive Oxygen Species;
ICH: International Council for Harmonisation; TEA:
Triethanolamine; NaOH: Sodium Hydroxide; DMSO:
Dimethyl Sulphoxide; rpm: Revolutions Per Minute;
nm: Nanometer; pg/mL: Microgram per Milliliter;
mM: Millimolar; °C: Degree Celsius; RH: Relative
Humidity; SD: Standard Deviation; w/w: Weight by

Weight; ELISA: Enzyme-Linked Immunosorbent
Assay
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