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We investigated Ag—TiO, nanocomposites (NCs) synthesized using leaf extracts of Azadirachta indica and
Managifera indica for topical applications. The Ag-TiO, NCs were first characterized by their spherical
shapes, with sizes ranging from 20-26 nm to 5-6 nm, and a zeta potential value between —27 and
—23 mV. DLS analysis revealed average particle sizes of 671 nm and 573 nm for Ag-TiO, NCs
synthesized from A. indica and M. indica, respectively. The MICs of the nanocomposites were
determined via dilution in both Gram-positive and Gram-negative bacteria to determine the optimal
concentration for dermal applications. The cytotoxicity assay (MTT) of ATN and ATM compounds at MICs
of 312.5 ug mL™%, 625 pg mL™%, and 1250 pg mL™! showed that they were nontoxic to fibroblast cells.
Further assessments of acute and subacute dermal safety were conducted on Charles Foster rats with
NCs applied at 625 pg mL™, 3125 pg mL™, and 6250 pg mL~* concentrations. Observations were made
for any signs of dermal toxicity using behavioural and physical indices. In acute dermal toxicity, the NCs
were applied once, and in subacute dermal toxicity, NCs were applied once daily for 28 days and
observed for any sign of dermal toxicity using observation indices like behavioural changes, edema
scores, and erythema scores. Post-experiment analyses of body weight, serum biochemistry, oxidative
stress, and hematological profiles revealed that the nanocomposites exhibited significant antimicrobial
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severe skin allergies due to the accumulation of unwanted
substances in the adipose tissue. Conversely, inorganic filters

1. Introduction
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Nanomaterials are an emerging technology with various appli-
cations in science, particularly in the field of topical formula-
tions. Cosmetic and skin-related products have become an
essential part of many people’s daily routines owing to growing
awareness of the harmful biological effects caused by ultraviolet
(UV) radiation, skin allergies and infections. Exposure to the
sun can lead to serious issues, such as skin cancer, photoaging,
DNA damage, erythema, and increased reactive oxygen species
in the skin." In today's world, sunscreens are expertly crafted
with UV filters—both organic and inorganic—to provide
essential protection against harmful UV radiations. Organic UV
filters, such as octocrylene, oxybenzone, and avobenzone, have
been on the market for decades. However, they can trigger
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stand out for their remarkable benefits, including broad spec-
trum protection, exceptional photostability, and a unique
whitening effect. These qualities not only enhance their effec-
tiveness but also affirm their safety for all skin types. Available
in an array of different forms—oils, lotions, gels, and conve-
nient roll-on applications—these products not only safeguard
the skin but also ensure a luxurious, enjoyable experience in the
sun.> TiO, NPs have previously been recognized as an inert
material used in the cosmetics industry, and they are consid-
ered safe for use on the skin, as authorized by the EU's Scientific
Committee on Consumer Safety (SCCS), with a maximum
concentration of 25%. This safety is likely owing to the high
surface area of TiO, NPs, which enhances transparency in
visible light while reflecting and scattering UV rays.* Thus, while
NPs have gained popularity in sunscreen formulations,
mounting concerns about their potential toxicity have emerged,
sparking ongoing discussions about their safety on human
skin.* Recent studies have highlighted the remarkable potential
of titanium dioxide (TiO,) and AgNPs, which are traditionally
synthesized through a variety of physical and chemical methods
involving reducing agents.’ However, there is a growing interest
towards more sustainable and cost-effective approaches—
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known as green methods—that not only reduce energy waste
but also eliminate the risks associated with toxic substances.

This innovative shift toward green synthesis not only
enhances the safety of nanoparticle production, but also unveils
the potential for these nanoparticles in medical treatments,
owing to the abundance of rich phytochemicals that they
harness.® This evolution in synthesis techniques promises
a more sustainable future for nanotechnology, merging envi-
ronmental stewardship with cutting-edge medical applications.
Green-synthesized NPs have shown remarkable effectiveness in
topical applications.

Kwek et al. studied the effect of extracted TiO, NPs from
sunscreens tested in vitro and ex vivo on human epidermal skin
cells, showing lower cytotoxic activity than in the pristine form.”

Similar studies have been conducted by Nilavuk Karasi et al. to
synthesize TiO, NPs using Capparis zeylanica leaf extract and
assess their effect on wound healing in Swiss albino mice. The
results demonstrated that a higher dose of TiO, NPs concentra-
tion exhibited 99% wound healing on the 13th day. The histo-
pathological studies have not shown any side effects, but
produced more cells on the epithelium layer.® Similar studies
have been conducted for heparin-polyvinylalcohol@TiO, nano-
composite bandages to treat burn injuries. The incorporation of
the TiO, NPs porosity, degradation rate, and antimicrobial
activity increases the cell viability to enhance the wound healing
properties.” AgNPs are well known for their strong antimicrobial
properties due to their ability to release silver ions, which can
bind to and disrupt the cell walls and membranes of bacteria and
other microorganisms. AgNPs have been employed as bacteri-
cidal agents in hygiene and medical purposes, and increasingly
as nanomedicine for treating and cleaning burns and diabetic
wounds, as well as for purification of equipment. Studies show
AgNPs have antibacterial properties and absorb in the UV range.
The current studies revealed that AgNPs protect skin from UVB
rays in both mouse models and cell cultures.'® Green synthesized
AgNPs were added to pluronic F-127 hydrogels at different
concentrations to study their effect on the wounds of mice. The
closure of the wound was confirmed on the 10th day with 95%
healing, and the treatment did not observe any skin irritation and
can be used as a topical ointment."

Kim et al. (2016) studied the dermal and eye toxicity of AgNPs
in rats and rabbits and did not observe any sign of erythema,
oedema, or irritation effects on the eyes.”” Recently, some
studies have been published by Elatter et al. on Ag@TiO,, and
Ag@SeO, core/shell NCs synthesized by Beta vulgaris L. extract
for R. solani and S. sclerotiorum fungi. The reported values found
for Ag@TiO, NCs were 314, 624 pg mL ' and 930, 1390 ng
mL".*® The studies reveal that Ag@TiO, NCs were (one and
a half times) more efficacious than Ag@SeO, NCs. Citrus lemon
leaf extract-mediated AgNPs have been applied as an ointment
to treat the wounds of Sprague Dawley rats, and it could be used
for the treatment of human wounds.”* Ag-TiO, NCs are
composite materials that combine different phases of silver
nanoparticles (AgNPs) and titanium dioxide nanoparticles (TiO,
NPs). These nanocomposites have attracted significant atten-
tion due to their unique properties, which are different from
those of their components. The AgNPs that occupy the surface
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of TiO, decrease the band gap and increase the photocatalytic
properties, and are proposed to be effective nanocomposites in
sunscreen.” The combination of AgNPs and TiO, NPs can lead
to synergistic effects, such as enhanced photocatalytic activity,
antibacterial properties, and improved electrical conductivity.
Ag-TiO, NCs have potential applications in various fields, such
as water purification, food packaging, and medical devices.
They can be used to disinfect surfaces, prevent the growth of
bacteria and other microorganisms, and reduce the risk of
infections.'® Ag-TiO, NCs@PF-127 HNRs were studied against
4T1 cancer cells, and showed 90% inhibition against the cells at
a concentration of 120 mg mL ™" under UV radiation."”

Despite numerous studies, TiO, NPs face several challenges,
including high recombination rates of electron-hole pairs,
a small band gap energy, and low absorption capacity. To address
these issues, researchers have doped TiO, NPs with various metal
nanoparticles, such as silver (Ag), gold (Au), and iron (Fe). This
doping helps to reduce the band gap without compromising the
crystallinity of the TiO, NPs, and facilitates the diffusion of
charge carriers on the surface of the nanoparticles.*®

The photocatalytic activity of Ag-TiO, NPs is enhanced at the
interface between Ag and TiO, NPs when exposed to UV light.
When UV light is present, photoinduced electrons are trans-
ferred from the silver nanoparticles (Ag NPs) to the titanium
dioxide nanoparticles TiO, NPs, increasing their photocatalytic
activity. The electrons that accumulate on the surface of the
TiO, NPs react with oxygen or other molecules to produce
superoxide radicals. Additionally, the holes generated during
this process can oxidize hydroxyl groups (-OH) or water (H,0) to
create powerful oxidizing radicals, such as hydroxyl radicals
(‘OH). Moreover, TiO, NPs can be oxidized by these strong
oxidizing radicals ("OH), resulting in the production of carbon
dioxide CO, and several other oxidized intermediates.”® The
integration of AgNPs into TiO, NPs significantly diminishes the
recombination of e /h" pairs, ultimately extending the lifespan
of Ag-TiO, NCs. This remarkable enhancement owes its effec-
tiveness to the captivating surface plasmon effect of AgNPs,
which facilitates the transport of electrons from TiO, NPs to
AgNPs.?® Inorganic NPs (sunblock) were measured with SPF to
reduce the erythema after evaluating the rate of absorption,
toxicology, and skin reactions on human skin.”* Recent studies
on Ag/TiO, NPs (400 pg mL ") reveal that, when combined with
blue light, there is a 42.79% reduction in cell viability in the
A431 skin cancer cell line after 45 minutes, compared to using
nanoparticles and light separately.> Ag-doped TiO, NPs studied
on human cancer (liver) cell lines showed better results with the
addition of AgNPs, as it only focused on destroying cancer
cells.?® Several studies show that TiO, NPs reduce the release of
AgNPs, enhancing antimicrobial activity and decreasing health
problems and pollution. It is highly used as a hydrogel for
wound dressing, cosmetics, antimicrobial agents and semi-
conductors. These well-known studies promote for skin
repairment and wound healing which indicate harmless
process to human usage proved via in vivo and in vitro.”*

In this study, we synthesized green Ag-TiO, NCs using
extracts from medicinal plants, specifically Azadirachta indica
(A. indica, also known as neem) and Mangifera indica (M. indica,
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as mango in India), which are commonly found in Asian
countries. The synthesized Ag-TiO, NCs were assessed for their
effects on the cytotoxicity assay (MTT) fibroblast cell line. They
were determined to be nontoxic at concentrations up to twice
the minimum inhibitory concentration (MIC). Additionally, the
sub-acute toxicity of Ag-TiO, NCs—derived from A. indica (ATN
= Ag-TiO, neem) and M. indica (ATM = Ag-TiO, mango)
extracts—was safe at levels up to five times the MIC. This
research paper presents novel findings on the dermal toxicity of
Ag-TiO, NCs in CF rats, which have not been previously
published.

2. Experimental methods and
materials

2.1. Materials

A. indica and M. indica leaves were collected from the campus of
NPL (National Physical Laboratory), New Delhi, India. The
precursors used for synthesis include titanium isopropoxide
[Ti(OC3H5),], silver nitrate (AgNOj;), iodo-nitrotetrazolium
bromide and nutrient broth, which were purchased from
Sigma-Aldrich chemicals. The microbial strains (Staphylococcus
aureus MTCC 96, Staphylococcus hominis MTCC 657, Escherichia
coli MTCC 8739, Salmonella typhimurium (MTCC 3232) and
Candida albicans MTCC 183) were procured from Microbial
Type Culture Collection (MTCC), Chandigarh, India.

2.2. Preparation of plant extract

The collected leaves of A. indica and M. indica were appropri-
ately cleaned under tap water to eliminate dust residue. 30 g of
each plant (A. indica and M. indica) leaves were used to prepare
the leaf extract using 100 mL of deionized water, and the
mixture was heated at 80 °C for 40 min. The reaction mixture
was then filtered using Whatman no. 1 filter paper after cooling
to room temperature, and stored at 4 °C.
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2.3. Synthesis of Ag-TiO, NCs using A. indica and M. indica
leaves extract

The green synthesis of Ag-TiO, NCs, followed by precursors (0.2
M) titanium(iv) isopropoxide (TTIP-Ti[OCH(CHj;),]4) in 30 mL
deionized water, was placed in a round-bottom flask stirred at
70 °C for 20 min. Thereafter, 3 mM silver nitrate (AgNO;)
solution with 30 mL of leaves extract of A. indica and M. indica
was added slowly to the round-bottom flask with continuous
stirring at 70 °C, following the protocol reported by Bhardwaj
et al.*® Slowly, the colour of the reaction mixture changed into
a light grey color (could be due to the surface plasmon reso-
nance), which indicates the formation of Ag-TiO, NCs. The
reaction mixture of the NCs solution was centrifuged at
4000 rpm for 30 min to separate the suspended particles.
Furthermore, the NCs particles were washed twice with deion-
ized water to remove the extra product. The collected NCs were
then dried overnight at 70 °C in the oven. The resulting Ag-TiO,
NCs were annealed at 400 °C for 2 h to enhance their crystal-
linity. A schematic of the synthesis of Ag-TiO, NCs is shown in
Fig. 1(a). Furthermore, the mechanism of Ag-TiO, NCs using
plant extract is shown in Fig. 1(b). The TTIP reaction with D.I.
water produces unstable Ti(OH),;, which is further converted
into TiO, through the condensation process. The hydroxyl
group of phytochemicals (such as ascorbic acid, quercetin,
nimbin, benzoic acid propyl ester) is attached to the surface of
TiO, after the addition of the plant leaf extract. The addition of
AgNPs on the surface of TiO, NCs is achieved through hydrogen
bonding of the OH group of phytochemicals.

2.4. Structural and morphological characterization

Ag-TiO, NCs synthesized using plant leaf extract of A. indica and
M. indica were characterized using Raman, SEM, XRD, FTIR,
TEM, and UV-vis analysis. XRD (X-ray diffraction) patterns were
recorded using a Bruker D-8 Advance X-ray Diffractometer
instrument with Cu Ka with A = 1.54059 A, employing a scan-
ning rate of 0.05° s~ in the 26 range from 10° to 80°. The
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Fig.1 Schematic of (a) the proposed green synthesis route of Ag—TiO, NCs using A. indica and M. indica leaf extracts and (b) mechanism of Ag—

TiO, NCs.
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absorbance of NCs between 200-800 nm was measured using
a UV-vis spectrophotometer (Shimadzu UV-3101). The bandgap
energy (Eg) of the NCs obtained may be determined using the
following equation:

E, = 1240/ eV (1)

A = wavelength (nm) and E, = band gap (eV).

The powder sample was characterized using Fourier-
transform infrared (FTIR) spectra (PerkinElmer FTIR spec-
trum BX-II analyzer) to investigate the functional groups, which
were recorded in the 4000-400 cm ™" region.

Raman spectroscopy of NCs was performed using laser
excitation at 514.5 nm with an argon ion laser power of
approximately 80-100 mW.

The Malvern Panalytical equipment was used to test the
stability and hydrodynamic diameter of spherical NCs using
dynamic light scattering (DLS). The particle size was estimated
using a Malvern (1062761) Zetasizer at 25 °C with a cuvette of
2 mm in an aqueous solution. The biochemical and oxidative
stress values were calculated through SpectraMax Plus (384)
instrument.

The size and shape of the NPs were assessed using a TEM
(Transmission Electron Microscope) instrument from Jeol Ltd
[Tokyo, Japan] with an acceleration voltage of 100 kV. The NCs
for the TEM investigation were ultrasonicated for 15 minutes
before mounting onto a copper grid with carbon coating to dry
in the air. The shape of the NCs were studied using a SEM
(scanning electron transmission) and EDAX instrument (ZEISS
instrument).

2.5. Antimicrobial activities

The Ag and TiO, NPs have been studied separately using similar
plants and methods for antimicrobial activities on plant path-
ogens using the disc diffusion method. AgNPs were synthesized
using A. indica and M. indica leaf extract with plant pathogens
showing a zone of inhibition of 21 mm (A. rolfsii fungi) and
17 mm (X. oryzae bacteria) via the zone of inhibition disc
diffusion method.?® Similarly, TiO, NPs were also synthesized
using the same plants and studied against plant pathogens,
such as A. alternata, C. gloeosporioides, T. harzianum and A.
rolfsii fungi and X. oryzae as bacteria using the disc diffusion
method. Studies on the non-linear optical properties (absorp-
tion and refractive index) were also calculated through the Z-
scan method.”” In the current study of Ag-TiO, (A. indica and
M. indica), the broth dilution method MIC was performed.
Quantitative estimation of microbial growth inhibition by
samples was observed by the micro broth dilution assay using
96 well ‘U’ bottom microtitre plates, as mentioned by Srivastava
et al.*® The method employs a two-fold serial dilution technique
to assess any given antimicrobial's MIC (Minimum Inhibitory
Concentration) under testing. The MIC of the test sample is
considered as the concentration at which no colour change is
observed, starting from the highest to lowest dilution after
incubation of the microtiter plates.

Nutrient broth (100 pL) medium was added to all wells. 100
uL of the sample was added to the first well at a concentration of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5000 mg mL " diluted with broth medium. The solution was
mixed by continuous pipetting (up to 5-6 times) and then
transferred 100 pL from the 1st well into the 2nd well. It was
serially diluted (2-fold dilution) up to the 10th well for testing as
an antimicrobial agent. The schematic of the antimicrobial
activity is shown in Fig. 2.

The working inoculum was prepared by diluting 1 mL of the
overnight grown culture with 19 mL of sterile broth to achieve
a (CFU) of 1 x 10° cfu mL ™. To each well was added 100 uL of
this working inoculum, except for the negative control. Column
11 was used for the negative (sterility) control, and column 12
was used for plate sterility with only nutrient broth. After 18 h
incubation at 37 °C, plates were evaluated by adding 50 pL of
iodo-nitrotetrazolium bromide (stock-1 mg mL™") dye to ach-
ieve a final concentration of 0.02 mg mL ™ *. The well exhibiting
no growth in each row corresponded to that antimicrobial
agent's MIC (ug mL™"). The MIC values (ug mL ") recorded in
this study are the mean of three experiments performed in
replicates.

3. Cytotoxicity assay (MTT) of ATN
and ATM in the fibroblast cell line

3.1. Principle

In 1983, Mosmann introduced the MTT assay, a standard
method for assessing cell viability and cytotoxicity. This assay is
based on the ability of living cells to reduce yellow tetrazolium
salt (MTT) into purple formazan crystals, primarily through the
activity of mitochondrial dehydrogenases. Enzymes located in
other organelles, such as the endoplasmic reticulum, also play
a role in this reduction.”® Once MTT is taken up by live cells via
endocytosis, it is metabolized and converted into insoluble
formazan crystals, which are transported back to the cell
surface, forming needle-like structures. These insoluble crystals
are then dissolved using a solubilizing agent, such as DMSO,
acidified ethanol, or SDS in diluted hydrochloric acid. The
resulting solution is measured using a spectrophotometer at
570 nm to determine the level of cell viability.

3.2. Method

Fibroblast cell lines were cultured in a growth medium (DMEM
with 10% heat-inactivated fetal bovine serum), and seeded at
a density of 0.5 x 10* cells per well in a 96-well plate. These cells
were allowed to adhere overnight at 37 °C in a 5% CO, incu-
bator. Following attachment, the cells were treated with ATN
and ATM at concentrations of (312.5 pg mL ™" (1/2x of MIC), 625
pg mL™" (1x of MIC), and 1250 pg mL~" (2x of MIC)), along
with the vehicle control (DMSO), for 12 hours in a culture
medium supplemented with 1% serum. After the treatment, 20
uL of MTT solution (prepared from a 5 mg mL™" stock in PBS,
12 mM MTT) was added to each well and incubated for 4 hours.
The MTT-containing medium was then carefully removed, and
the formed formazan crystals were solubilized in 100 pL of
DMSO for 10 minutes, resulting in a blue-coloured solution.
Cell viability was assessed by measuring the absorbance of the
formazan solution at 570 nm using a spectrophotometer. The
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Fig. 2 Antimicrobial activity of Ag—TiO, NCs synthesized using A. indica and M. indica leaf extracts.

intensity of the color was directly proportional to the cell
viability, and the viability was expressed as the percentage of
survival. Each test was performed with (n = 4), and the data were
presented as the mean + SEM (n = 4).

4. Mixing of Ag—TiO, NCs (A. indica
and M. indica) in sesame oil

Ag-TiO, NCs (A. indica and M. indica) having proven MIC were
considered for evaluation of dermal toxicity and were accurately
weighed. The MIC (ug mL™') was considered as x and in
dermal toxicity, we have chosen 1x, 5%, and 10x concentra-
tions for our study after suspending the NCs in sesame oil.

4.1. Invivo dermal toxicity

Animal studies were carried out according to protocols
approved by the Institutional Animal Ethics Committee (IAEC)
for Animal Facility, CSIR-CIMAP, Lucknow, UP, India (CIMAP/
IAEC/2020-23/22), following the recommendations of the
OECD test guidelines for dermal toxicity and FHSA regulations.
Before commencing the study, the animals were familiarized
with the experimental condition for one complete week (22 °C
and a 12 hour dark/light cycle). The animals were given
adequate rat feed and drinking water ad libitum. In acute
dermal toxicity, 8 male and 8 female Charles Foster rats were
taken. Following a week of acclimatisation, the animals were
divided into 4 groups each with 2 male and 2 female rats (to
obtain 8 spots of 1 square inch for the dermal application in
each group). The lateral side of the abdominal region was
clipped of hair and cleanly shaven with a marked area of
a square inch on each side of the rats for applications of the
NCs. Group 1 was considered as control, whereas groups 2
through 4 were considered the experimental groups, and were
treated with the NCs at 1x, 5x, and 10x of MIC of the NCs. A

9324 | RSC Adv, 2025, 15, 9320-9334

similar grouping of animals and application procedure of NCs
was followed for assessing the sub-acute dermal toxicity,
wherein the test substance was applied once daily for 28 days.

4.2. Acute and subacute dermal toxicity

Ag-TiO, NCs were used at 1x, 5x, and 10x of MIC to evaluate
the toxicity of the NPs. Ag-TiO, NCs were solubilized in sesame
oil and applied on the marked area of the skin of the CF rats. We
observed the animals for 24 hours, while archiving the images
of the treated. We determined edema and erythema scores, and
calculated the primary irritation index as reported previously.*

We performed the sub-acute dermal toxicity tests to deter-
mine the adverse effects of Ag-TiO, NCs upon repeated dermal
exposure to rats. We gave 1x, 5x, and 10x of MIC to the
animals for 28 days repeatedly in the marked area of the skin.
We took a picture of the marked area before the application of
the nanoparticle on day 0. After applying the NCs, the images of
the marked area were collected once every 3 days. Animals were
regularly monitored for any development of edema and
erythema. The irritation index and primary irritation index were
calculated for the experimental period of 28 days at 3 day
intervals. We shaved the animal twice a week to remove the
hairs for the application of the compound until the completion
of the experiment. On the 28th day of the experiment, we
recorded the body weight of the animals and collected blood
from the retro-orbital plexus for biochemistry and hematology.
The animals were then sacrificed under high-dose anesthesia (a
combination of ketamine at 80 mg kg™ " and xylazine at 20 mg
kg given through the i.p. route), and vital organs like the lung,
liver, heart, kidney, spleen, and brain were collected, inspected,
and weights were recorded and expressed as absolute and
relative organ weight.**

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

Hematological, biochemical, and oxidative stress data were
analyzed using statistical calculation in Excel. For these
parameters, the data are presented as mean =+ standard devia-
tion. The relevant significance level was determined at (P <
0.05) as applicable. Two-way ANOVA tests were used to examine
the differences in the data collected from the groups and eval-
uate the measurements. We performed all of the experiments in
triplicates, and expressed the data as mean + SEM. Two-way
ANOVA was used to calculate the p-value.

5. Results and discussion

5.1. Crystallographic structure

XRD was used to determine the crystal structures and phases
present in the NCs. In the XRD pattern of Ag-TiO, NCs, the
peaks observed in the pattern correspond to the diffraction of X-
rays by the atoms in the crystal lattice of the NPs. The XRD
pattern of silver-TiO, NCs shows peaks that correspond to both
the silver and TiO, phases. In the XRD pattern of the silver-TiO,
nanocomposites, the peak positions and intensities can provide

(2)
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information about the crystallite size, crystal structure, and
composition of the NPs. The XRD pattern of Ag-TiO, NC (4.
indica and M. indica) samples is shown in Fig. 3(a). The
diffraction peaks at 26 angles (with corresponding planes) at
25.3° (101), 48.05° (200), 53.9° (105), 55.06° (211), 62.4° (204),
68.76° (220), 70.3° (116), and 75.06° (215), respectively, are
attributed to the anatase phase of TiO, NPs (JCPDS card no. 21-
1272). The XRD pattern of Ag-TiO, NCs shows the characteristic
peak of Ag at 26 of 32.3° (111), and 37.9° (004) (JCPDS no. 04-
0784).*> In the sample containing both Ag and TiO,, the
diffraction band of the Ti (004) lattice plane appears at an angle
of 37.9°, which is high enough to overlap with the (111) char-
acteristics peak of Ag.>*** The XRD pattern in the present study
indicates that the dual phases of Ag-TiO, NCs have been
confirmed by the Ag NPs that were deposited on the surface of
the TiO, particles. The crystallite size of Ag-TiO, NCs (A. indica
and M. indica) was calculated using the Scherrer equation,
where § = full width at half maximum, # = diffraction angle at
peak position, and A = wavelength of X-ray radiation.
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(a) X-ray diffraction (XRD) patterns of Ag—TiO, NCs and (b) UV-vis spectra of Ag—TiO, NCs synthesized using A. indica and M. indica leaf

extracts, (c) Raman spectra of Ag—TiO, NCs and (d) FTIR spectra Ag—TiO, NCs synthesized using leaf extracts of A. indica and M. indica.
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The crystallite size for Ag-TiO, NCs was calculated as 7.23 nm
and 7.9 nm at 400 °C annealing. Additionally, the XRD pattern
exhibits the presence of AgNPs in NCs without coinciding with
other peaks of TiO, NPs. The high crystalline nature of Ag-TiO,
NCs is demonstrated by the presence of strong peaks in the
data. The XRD pattern shows distinct diffraction peaks of Ag
and TiO, phases for both samples, with the absence of any other
peaks. The characterizations mentioned in the current paper
have been studied only for Ag-TiO, NCs, whereas the charac-
terization and results for Ag and TiO, NPs synthesized using the
same plant extracts have been reported earlier for agricultural
applications.>**”

5.2. Optical properties

The two main UV-vis absorption spectra of Ag-TiO, NCs (A.
indica and M. indica) are shown in Fig. 3(b). The absorption
bands are related to the electronic transitions in the NPs, which
are affected by the size, morphology, and composition of the
NPs. The first absorption band in the UV region is associated
with the TiO, NPs' electronic transitions with a blue shift of 253
and 250 nm (A. indica and M. indica), which could be due to the
AgNPs deposited on the surface of TiO, NPs.* The second
absorption band in the visible region (redshift) is due to the SPR
(Surface Plasmon Resonance) of the AgNPs observed at 460 and
468 nm (A. indica and M. indica).*® The SPR band of AgNPs
observed on the surface of TiO, significantly affected the
absorption in the visible area of 450-550 nm, and the absorp-
tion edge also changes to the visible region for Ag-TiO, NCs.%”
The SPR band depends on the size, shape, and concentration of
the AgNPs. Ag-TiO, NCs (A. indica and M. indica) was studied in
the wavelength range of 200-600 nm. Furthermore, the signif-
icant shift in the dielectric property of the surrounding medium
marked by the presence of AgNPs was also assigned to these
improvements in the optical absorption of the Ag/TiO, NCs.**

5.3. Raman spectra

Raman spectroscopy is known as an incredibly effectual tech-
nique for detecting the vibrational modes of chemical bonds,
and can precisely pinpoint the specific crystalline state of
materials. In this study, we used this technique to study the
Raman spectra of Ag-TiO, NCs in the frequency range of 150-
800 cm !, shown in Fig. 3(c). The robust and intense peaks
observed at 147 cm ™' (Eg (1)) and 199 em ™' (E, (2)) are optical
modes of the anatase phase of TiO,. The band located at
398 cm ™' (Byg), 515 cm ™' (Asg), and 641 cm ™ (Ao/B,,) assumed
a low-frequency shift, corresponding to the LO-phonon in Ag-
TiO, NCs. For Ag-TiO, NCs, all the Raman bands observed were
for TiO,, and the absence of an active band for Ag was due to the
crystal symmetry of Ag.** However, the oscillations in the
Raman spectra could be due to the oxygen atoms further
changing the coordination environment of oxygen with the Ti**
atom. Adding Ag atoms to the lattice of TiO, to maintain
neutrality creates oxygen vacancies and forms Ag-O-Ti NCs.*®
The broadening of the peaks could be possibly attributed to the
vibrational amplitudes and particle size.*
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5.4. Evaluation of functional groups

The FTIR spectrum of Ag-TiO, NCs (A. indica and M. indica)
shows the characteristic peaks of fundamental vibrations
caused by N-H, O-H, and C-H stretching, measured in the
4000-2500 cm ' range. The stretching vibrations for the
absorbed -OH group of water molecules were observed at
3400 cm™'. The C=C and C=O double bonds stretching
vibrations are ascribed to the regions 2500-1500 cm ™. The Ti-
O-Ti bond stretching vibrations have been identified in the
700-500 cm ' range. The peaks identified at 1287 and
1277 cm™ ! represent the presence of Ag-O-Ti, which depicts the
formation of NCs in Fig. 3(d).*> The weak peaks observed for
TiO, NPs were assigned to the lattice vibration range of 1380-
1277 em™ ', The Ti stretching vibrations were observed with

a prominent peak at 1023 cm ™.

5.5. DLS and zeta potential analysis

Dynamic light scattering is known for detecting the particle size
distribution and zeta potential of aqueous nanocomposites of
Ag-TiO, NCs (A. indica and M. indica) were determined using
dynamic light scattering and a zeta sizer. Typically, the sample is
dispersed in a suitable solvent and passed through a laser beam.
The scattered light is then detected and analyzed to assess the
size of the NPs in the sample. The size of Ag-TiO, NCs can vary
depending on the synthesis method and the ratio of silver to
titanium dioxide. It is important to note that DLS analysis can
provide information about the hydrodynamic diameter of the
NPs, which can be different from the actual size of the particles
measured by TEM. It may be because the NPs are surrounded by
a layer of solvent molecules, affecting their size and mobility. The
average particle sizes of Ag-TiO, NCs (A. indica and M. indica)
were 671 and 573 nm, respectively, as shown in Fig. 4(a) and (b).
According to these findings, the presence of AgNPs on the surface
of TiO, particles may prevent agglomeration.*

The zeta potential of these NCs refers to the electric charge
that might be present on their surface, which affects their
stability and dispersion in a liquid medium. The zeta potential
of silver-TiO, NCs depends on various factors, such as the size
and concentration of the NPs, the pH of the medium, and the
presence of other ions. Typically, the zeta potential of these NCs
is negative, indicating a repulsive force between them, pre-
venting agglomeration or aggregation of the NPs. A high nega-
tive zeta potential is desirable for the stability of the
nanocomposites in a liquid medium. The zeta potentials of Ag—
TiO, NCs (A. indica and M. indica) were calculated as —27 mV
and —23 mV, as shown in Fig. 4(c) and (d).

5.6. Morphological studies (TEM analysis)

The morphology and structure of Ag-TiO, NCs were analyzed
using TEM, HRTEM and SAED, as shown in Fig. 5(a) and (b), to
obtain more details of Ag-TiO, NCs (A. indica and M. indica). The
TEM images demonstrate the mesoporous structure and explain
the agglomeration of NCs. The TEM analysis of the TiO, NPs
exhibited averaged particle sizes of 20-26 nm, which were made

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurements for Ag—TiO, NCs synthesized using A. indica and M. indica leaf extracts.

up of small-sized anatase crystallite-size NPs. Similar TiO, NPs
have already been reported in our previous research paper.*®

The small particles ranging from 5-8 nm for Ag NPs agree
well with the XRD and UV results. The AgNPs were eventually
distributed and arranged on the surface of the TiO, crystalline
particles. The high-resolution TEM (HRTEM) images reveal that
the lattice fringes of Ag have a plane spacing of 0.214 nm and
0.209 nm, which matches well with the (200) lattice distance,
and the plane spacing of TiO, (anatase phase) is about 0.357
and 0.351 nm, which corresponds to the (101) plane, as shown
in Fig. 5(c) and (d). These HRTEM parameters agreed with the X-
ray diffraction (XRD) spectra. A SAED pattern of Ag-TiO, NCs (A.
indica and M. indica) shows the polycrystalline nature of NCs.
The observed rings in Fig. 5(e) and (f) are assigned to the (111),
(004), (101), (200), and (211) planes of Ag and TiO, NPs.

5.7. SEM and EDAX analysis

The particle shape of green synthesized Ag-TiO, NCs were
studied by SEM analysis which observed the spherical shape of
both Ag and TiO, NCs. These images show agglomeration
(minimum surface free energy) of the particles that exhibit
a non-uniform particle distribution Fig. 6(a) and (b). These

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

nanocomposites reported large surface areas, which makes
them applicable for nano-medicine applications and also have
more catalytic active sites. The elemental composition of Ag-
TiO, NCs was determined by EDAX analysis and confirmed the
presence of Ag (silver), Ti (titanium), and O (oxygen), as shown
in Fig. 6(a) and (b).

5.8. Antimicrobial activity and determination of MIC of Ag-
TiO, NCs

The minimum inhibitory concentration of Ag-TiO, NCs (A.
indica and M. indica) against Escherichia coli and Staphylococcus
aureus is tabulated below. Both Ag-TiO, NCs (A. Indica and M.
Indica) with a MIC <2500 ug mL~" were considered for testing
against two Gram-positive bacteria (S. aureus & S. hominins), two
Gram-negative bacteria (E. coli & S. typhimurium) and yeast (C.
albicans). These NCs were active with the concentration (MIC
<2500 pg mL™') against the mentioned microbes shown in
Table 1. Based on the spectrum of the pathogens and the MIC,
the activity is best in Ag-TiO, NCs (A. indica) compared to Ag-
TiO, NCs (A. indica).

RSC Adv, 2025, 15, 9320-9334 | 9327
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Fig. 5
extracts.

6. In vitro cytotoxicity of ATN and
ATM in rat fibroblast cells

We evaluated the effect of ATN and ATM on the cytotoxicity and
cell viability at three different concentrations (1/2x, 1x, and 2x
of MIC) using the MTT assay in fibroblast cells. The results show
that ATN and ATM did not affect the cell viability at any of the
given concentrations, for up to 2x of MIC, as represented in
Fig. 7(a) and (b). This suggests that ATN and ATM are non-toxic
to fibroblast cells at the evaluated concentration of 2x of MIC.

7. Acute and sub-acute dermal
toxicity

Based on the above performed antimicrobial tests, we chose
1x, 5% and 10x of MIC, i.e., (625 ug mL™ ", 3125 ug mL ™" and

9328 | RSC Adv, 2025, 15, 9320-9334

(@ and b) TEM images (c and d) HRTEM images (e and f) SAED images of Ag—TiO, NCs synthesized using A. indica and M. indica leaf

6250 ug mL ") for dermal toxicity. We observed that acute and
sub-dermal toxicity testing of Ag-TiO, (A. indica and M. indica)
NCs at up to 10x MIC in the CF rats did not cause any
significant edema and erythema in the treated skin area in
acute and sub-acute dermal toxicity (ESI: Fig. S1b.t Images of
acute) (ESI: Fig. S1b.T Images of sub-acute). The erythema and
edema in skin responses are each rated on a 0-4 scale indi-
vidually. The irritation index was used to calculate the sum of
the scores for erythema and edema. The primary irritation was
calculated for each dose as the difference between the irrita-
tion index test site and control site, as reported by Kojic et al.**
There was no sign of irritation and primary irritation index.
These results show that Ag-TiO, is safe for short-term usage at
up to 10x MIC. There was no significant skin damage or irri-
tation, even with the compound used reputedly for 28 days.
There was no significant behavioural change observed
throughout the experiment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) SEM images and (c and d) EDAX spectra of green-synthesized Ag—-TiO, NCs (A. indica and M. indica).

Table 1 MICs of Ag—TiO, NCs (A. indica and M. indica)

Staphylococcus Staphylococcus Escherichia Salmonella Candida albicans
Sample aureus (ug mL™) hominis (ug mL™") coli (ug mL™") typhimurium (pug mL ") (ng mL™Y)
MI 2500 2500 2500 2500 1250
Al 2500 2500 2500 2500 1250
ATM 312.5 2500 625 2500 1250
ATN 625 2500 625 2500 312
Vancomycin 0.0625 0.062 — —
Ofloxacin — — =0.0012 =0.0017 —
Clotrimazole — — — — =0.0019

() 120.00 (b) 12000

100.00 100.00
80.00 80.00
60.00 60.00
40.00 40.00
20.00 20.00

0.00 0.00

Control 3125 pg/mL  625Mg/mL 1250 pg/mL Control 3125 pg/mL 625 pg/mL 1250 pg/mL

% Survival
% Survival

Fig.7 (aand b) Percent cell viability of rat fibroblast cells treated with ATN and ATM (1/2x, 1x, and 2x of MIC) compared with the vehicle-treated
cells using MTT [3-(4,5-dimethylthiazol-2-yl)-diphenyltetrazolium bromide] (mean + SEM (n = 4)).
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Table 2 Irritation index () of Ag—TiO, NCs (A. indica) at 1x, 5%, and
10x of MIC (625 pg mL™%, 3125 pg mL™* and 6250 pg mL™Y) when
applied once dermally for 28 days

Control Ag-TiO, NCs  Ag-TiO, NCs  Ag-TiO, NCs
Day  (sesame oil)  (1x MIC) (5x MIC) (10x MIC)
0 0 0 0 0
3 0 0.75 0.5 0.5
7 0 0.75 0.25 0.25
11 0 0.75 0.75 0.5
14 0 0.75 0.5 0.5
17 0 1 0.5 0.75
21 0 0.25 0.75 1
24 0 1 0.75 0.5
28 0 0.75 1.75 1.5

7.1. Behavioural changes

The results from Ag-TiO, NCs (A. indica and M. indica) upon
dermal application to CF rats are presented in Tables 2-5. The
rats did not exhibit any significant behavioural abnormalities,
skin effects, respiratory issues, difficulties in consuming food,
or water, hair loss, or posture alignment.

7.2. Haematological, serum biochemical parameters and
oxidative stress

The haematological profile was performed to understand
whether the compound was causing any abnormalities. There
were no significant changes observed in the total body weight,
RBC, and WBC counts, as shown in Fig. S2(a) and (b).T Serum
biochemistry also showed no substantial changes in the treated
animals compared to the control. The cholesterol level, serum
albumin, total serum protein, triglycerides, etc., were compa-
rable with the control group shown in S1, Tables 1 and 2. No
significant (p > 0.05) changes were observed in the biochemical
parameters.

Nanomaterials are a developing technology with applica-
tions in science, and nanostructures are important tools within
different areas of the field. However, there are various health
hazards and environmental issues with chemically and physi-
cally synthesized NPs, and they are very expensive. A wide range
of research has been carried out, and an alternative method has
evolved, i.e., green synthesis of the NCs. Medicinal plants are
usually considered safe due to their natural occurrences.
However, the toxicity and adverse effects of medicinal plant-
based nanomaterials or composites need to be studied for
regulatory clearances and their industrial application. Hence,
we felt it was compulsory to perform in vivo dermal safety
evaluation experiments for industrial uses to provide proven
scientific evidence. Nowadays, dermal care products are gaining
attention as individuals are showing greater interest in them. To
present scientific evidence on environmental and health safety
problems, this research incorporates both technical and soci-
etal difficulties.”

Nanomaterials have been studied via inhalation and oral
and dermal routes based on biomedical needs.*® Due to the

unpredictability and ease of NCs exposure in typical
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applications, the dermal exposure route was selected amidst the
possibilities.”” AgNPs are being utilized in cosmetic consumer
products, have the highest level of commercialization, and are
employed in 30% of items that contain nanomaterials.*®

The skin of rats was sensitized for 28 days, but no erythema
or edema were observed (Tables 2 and 3). PII was also between
0-1, which means that the prepared AgTiO, NCs is safe to use in
cosmetics for a short period (Tables 4 and 5). Acute and sub-
acute toxicity help us to understand the toxic behaviour of
compounds, and help to evaluate the morphological and
physiological changes in the body.

For the acute toxicity test, Ag-TiO, NCs were left on rat’s skin
with different concentrations (625 mg mL™' (1x), 3125 mg
mL~" (5x), and 6250 mg mL " (10x)) for 24 h, and there were

Table 3 Primary irritation index (PIl) of Ag—TiO, NCs (A. indica) at 1x,
5%, and 10x of MIC when applied once dermally for 28 days

Ag-TiO, NCs Ag-TiO, NCs Ag-TiO, NCs
Day (1x MIC) (5x MIC) (10x MIC)
0 0 0 0
3 0.75 0.5 0.5
7 0.75 0.75 0.25
11 0.75 0.75 0.5
14 0.75 0.5 0.5
17 1 0.75 0.75
21 0.25 0.75 1
24 1 0.75 1.75
28 0.75 0.5 1.5
Table 4 Irritation index (ll) of Ag—TiO, NCs (M. indica) at 1x, 5%, and

10x of MIC when applied once dermally for 28 days

Control Ag-TiO, NCs  Ag-TiO, NCs  Ag-TiO, NCs
Day  (sesame oil)  (1x MIC) (5x MIC) (10x MIC)
0 0 0 0 0
3 0 0.75 0.5 0.5
7 0 0.75 0.25 0.25
11 0 0.75 0.75 0.5
14 0 0.75 0.5 0.5
17 0 1 0.5 0.75
21 0 0.25 0.75 1
24 0 1 0.75 0.5
28 0 0.75 1.75 1.5

Table 5 Primary irritation index (Pll) of Ag—TiO,NCs (M. indica) at 1x,
5%, and 10x of MIC when applied once dermally for 28 days

Ag-TiO, NCs Ag-TiO, NCs Ag-TiO, NCs
Day (1x MIC) (5% MIC) (10x MIC)
0 0 0 0
3 0.75 0.5 0.75
7 0.75 0.75 0.25
11 0.75 0.5 0.75
14 0.75 0.5 0.5
17 1 0.5 0.75
21 0.25 0.75 1
24 0.75 1 1
28 1.25 1.25 1.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different plants), and (d and e) irritation index of both A. indica and M. indica Ag—TiO, NC samples.

no significant changes in the body weight and no skin irritation
was observed in the rats. Furthermore, the sub-acute toxicity
test after 28 days of Ag-TiO, NCs exposure on the skin with the
above-mentioned concentration did not induce any skin irrita-
tion, as observed in Fig. S3(a) and (b).f The body weight,
biochemical, and oxidative stress parameters, with repeated
administration of Ag-TiO, NCs, were applied and compared
with the control animals (applied only sesame oil) (S1 Tables 1
and 2t). The depiction of nanomaterials in Charles Foster rats
has been studied using biochemicals, oxidative parameters, and
irritation index, as illustrated in Fig. 8(a)-(e). The toxic traits of
the current AgTiO, NCs are represented in Fig. 8(a), from
removing fur of CF rats to testing for WBCs, RBCs, and other
parameters. Fig. 8(b) and (c) shows the first and last day of
AgTiO, NCs formulation on CF rats. Similarly, Fig. 8(d) and (e)
depicts the irritation index behaviour of AgTiO, NCs after 28
days.

Based on the experimental observations, it is evident that the
AgTiO, NCs can be used in cosmetics and topical formulations.
However, further clinical studies are required to validate and

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

ensure the safety and efficacy of AgTiO, NCs. NCs are essential
to be used as a scientifically verified product. A thorough
physicochemical characterization is crucial for establishing the
link between NPs and toxicological reactions.*” These statistics
provide basic information about NPs that may be applied to risk
evaluation in nanosafety. Modern techniques, including TEM,
XRD, UV-vis, DLS, FTIR, and zeta-potential, were employed to
evaluate the morphology, crystallinity, particle size, functional
groups, and surface charge for Ag-TiO, NCs identification. They
may have an impact on Ag-TiO, NCs toxicity.>® Shaaban et al.
mentioned that the AgNPs hydrogel formulation with a 2%
addition showed wound healing of the skin without any side
effects of erythema, edema, or irritation and hence can be well
corroborated with the current observation.>

8. Conclusion

The results of this investigation demonstrate that Ag-TiO, NCs
synthesized using A. indica and M. indica leaf extract have

shown no harmful effects on animals during dermal
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application. We evaluated the effect of ATN and ATM on the
cytotoxicity and cell viability at three different concentrations
(1/2%, 1x, and 2x of MIC) using the MTT assay in fibroblast
cells showing no toxic behaviour up to 2x of MIC. Rats treated
with different doses of Ag-TiO, NCs (1x, 5x, and 10x) exhibi-
ted no side effects or abnormal symptoms over 4 weeks, as
confirmed by the irritation index. Moreover, haematological,
biochemical, and oxidative stress assessments revealed no
differences between the control and treatment groups. Based on
these findings, it can be concluded that green-synthesized Ag-
TiO, NCs in concentrations up to 10x of MIC (6250 pg mL ")
can be deemed safe for use in rat models for cosmetics and drug
delivery. However, further investigation is necessary to evaluate
the long-term exposure effects of green-synthesized Ag-TiO,
NCs in cosmetics and medical treatments.
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