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Abstract

Tinea pedis caused by Trichophyton rubrum, remains a persistent
superficial fungal infection with frequent recurrence and reduced
responsiveness to conventional antifungal therapy. In the present study,
the ethnomedicinal antifungal potential of Heterophragma quadriloculare
was scientifically validated and enhanced through green synthesis of silver
nanoparticles (AgNPs). Ethanolic and aqueous extracts of the plant showed
moderate antifungal activity with minimum inhibitory concentrations
indicating predominantly fungistatic effects. Green-synthesized AgNPs
exhibited a characteristic surface plasmon resonance peak at ~419 nm
and predominantly spherical morphology with particle sizes in the range
of 59-112 nm. The AgNPs demonstrated significantly higher antifungal
activity against 7. rubrum (zone of inhibition: 21.0 £ 0.9 mm) compared
to crude extracts (p < 0.05). Statistical analysis confirmed the significance
of enhanced activity observed with nanoparticle and nanogel formulations.
The findings validate H. quadriloculare as an ethnomedicinal antifungal
plant and highlight green nanotechnology as an effective strategy to
improve traditional therapies for the management of Tinea pedis.
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Introduction

Tinea pedis, commonly called ‘Athlete’s foot’ represents one of the
most common superficial fungal infections affecting humans, with a global
prevalence estimated to range between 15% and 25% of the population at any
giventime (Havlickovaet. al.,2008). Among its various clinical manifestations,
tinea pedis is particularly widespread due to its association with occlusive
footwear, high humidity, communal living spaces, and prolonged exposure of
the feet to moisture. The infection primarily involves keratinized tissues of the
skin and is most frequently caused by Trichophyton rubrum, a dermatophyte
well known for its ability to establish chronic, recurrent infections and evade
host immune responses (Ameen, 2010; Summerbell et. al., 2005; Ward, et al.,
2022; Leung et al., 2023).

In recent years, the management and control of dermatophytosis has
become increasingly challenging. Although several topical and systemic
antifungal agents containing azoles and allylamines are available, their clinical
efficacy is often compromised by treatment for longer duration, partial fungal
eradication, frequent relapse, and increasing resistance to antifungal agents
(Gupta & Versteeg, 2019). In India, these issues have reached alarming
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proportions, with multiple epidemiological reports stating
that an epidemic-like increase in chronic as well as treatment-
refractory dermatophytosis (Verma & Madhu, 2017).
The predominant fungistatic nature of commonly applied
antifungals allows residual fungal elements to persist in
keratinized tissues, leading to recurrence upon discontinuing
the therapy (Ilkit & Durdu, 2015). These limitations
underscore the timely need for an alternative, more efficient
antifungal strategy that is both safe and sustainable (Agrawal
et al., 2025).

Parallel to modern pharmacotherapy, ethnomedicine has
historically played a pivotal role in managing skin infections,
specifically in rural and tribal communities. India possesses
a rich tradition of using medicinal plants, with numerous
species employed for the treatment of fungal diseases long
before the advent of synthetic antifungals (WHO, 2003).
Heterophragma quadriloculare (family Bignoniaceac),
locally known as “Warras,” is one such ethnomedicinal
plant traditionally used by tribal populations of Maharashtra
and central India to treat wounds, skin infections, and
inflammatory conditions (Satani et. al., 2016; Thite & Kore,
2017). Fresh leaf extracts are commonly applied topically
to relieve itching, scaling, and inflammation associated with
fungal infections (Policepatel & Manikrao, 2013; Sable et al.,
2025).

Phytochemical investigations of H. quadriloculare
have revealed that diverse bioactive constituents, including
flavonoids, phenolic compounds, tannins, triterpenoids, and
naphthoquinones such as lapachol and B-lapachone, many
of which are known to exhibit antimicrobial and antifungal
properties, are present in them (Surana et. al., 2014; Nabatanzi
et. al., 2020). Despite this promising phytochemical profile,
conventional preparations of H. quadriloculare often
provide only temporary relief. The antifungal action of
crude extracts is largely fungistatic, and reappearance of
infection after cessation of treatment is commonly reported.
This highlights a critical gap between sustained therapeutic
efficacy and traditional knowledge, emphasizing the urgent
need for formulation enhancement and scientific validation
(Hernandez-Ceja et al., 2021; Amenu et al., 2024).

In this context, green nanotechnology offers an
empowering and timely approach to bridge traditional
ethnomedicinal knowledge with modern biomedical science.
Silver nanoparticles (AgNPs) have gained significant
attention due to their broad-spectrum antimicrobial activity
that includes potent effects against dermatophytes (Jangid et
al., 2024). AgNPs exert antifungal action through multiple
mechanisms, like generation of reactive oxygen species,
disruption of cell membrane integrity, inhibition of enzymatic
activity, and interference with fungal DNA and protein
synthesis pathways (Gajbhiye et. al., 2009; Lara et. al., 2015;
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Rodrigues et al., 2024; Todorova et al., 2025). Importantly,
these multi-target mechanisms reduce the likelihood of
resistance development compared to conventional single-
target antifungal drugs.

The green approach for the synthesis of AgNPs using
plant extracts presents a particularly attractive and sustainable
strategy by avoiding toxic chemical reducing agents and
utilizes naturally present phytochemicals as both reducing and
stabilizing (capping) agents, which results in biocompatible
and environmentally safe nanoparticles (Iravani, 2011; Mittal
et. al., 2013; Eker et al., 2025). Moreover, phytochemical-
capped nanoparticles often exhibit enhanced biocatalytic
activity due to synergistic interactions between the metal
core and plant-derived bioactive molecules and metabolites
(Ahmed et. al., 2016). This synergy generates a unique
opportunity for transforming traditionally fungistatic
herbal remedies into highly potent fungicidal formulations
(Thatyana et al., 2023; Gutiérrez-Pinzon et al., 2025).

Validation = of  ethnomedicines  through  green
nanotechnology has become particularly important in the
current era for several reasons. First, the growing load of
antifungal resistance demands novel therapeutic approaches
that can operate through mechanisms distinct from those of
conventional drugs and antimicrobial agents (Costa-Orlandi
et. al., 2021). Second, there is increasing global emphasis on
sustainable, eco-friendly healthcare solutions and remedies
that could minimize environmental toxicity and production
costs. Third, scientific validation of traditional medicines
preserves indigenous knowledge, enabling its integration
into evidence-based clinical practices, thereby increasing
acceptability among both healthcare professionals and
regulatory authorities (Sousa et al., 2020; Jangjou et al.,
2022).

Based upon these considerations, the present study
was designed towards the development and evaluation of
a Heterophragma quadriloculare-based AgNPs nanogel
for the treatment of tinea pedis (Ayatollahi Mousavi ef al.,
2015). With a combination of ethnomedicinal plant extracts
with green-synthesized AgNPs and incorporating them into
a topical nanogel formulation as a delivery system, this
work aims to enhance antifungal efficacy, improve stability
and skin retention, and provide a scientifically validated
alternative approach for the management of Tinea pedis
infection (Singh et al., 2024). The study thus represents an
effort to translate traditional knowledge into a modern, nano-
enabled therapeutic platform with potential clinical relevance
in the management of athlete’s foot.

Materials and Methods

Silver nitrate (AgNOs) (HiMedia, Mumbai as 100
mM stock solution), Carbopol-940, RPMI-1640 medium
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(HiMedia, Mumbai), Sabouraud Dextrose Agar (SDA,
HiMedia, Mumbai), and analytical-grade solvents were
obtained from HiMedia Laboratories, India. Fluconazole was
used as a reference antifungal drug. All aqueous solutions
were prepared using double-distilled water. Glassware was
sterilized before use.

Collection and Preparation of Plant Material

Fresh leaves, stems, and roots of Heterophragma
quadriloculare were collected from Palghar district,
Mabharashtra, India, during March 2024. The plant material
was authenticated by a qualified taxonomist. Collected plant
parts were thoroughly washed and shade-dried at room
temperature, and ground into coarse powder. The powdered
plant material was stored in an airtight containers at 4 °C until
extraction and further assessment.

Preparation of Plant Extracts

Successive solvent extraction was performed using a
Soxhlet apparatus. Approximately 5 g of dried plant powder
was weighed and extracted sequentially with diethyl ether,
chloroform, ethanol (95%), and distilled water. Extraction
was continued till the solvent in the siphon tube turned
colourless. The extracts were concentrated under reduced
pressure and successively dried. Dried extracts were weighed
and the percentage yield was calculated, followed by storing
at 4 °C for further studies.

Preliminary Phytochemical Screening

Qualitative phytochemical screening of the extracts was
carried out using standard chemical tests to detect the presence
of carbohydrates, alkaloids, flavonoids, phenolics, tannins,
steroids, proteins, and amino acids. The intensity of reactions
was recorded qualitatively to assess relative abundance.

Fungal Culture and Inoculum Preparation

Trichophyton rubrum (MTCC 296) was procured from
MTCC (Microbial Type Culture Collection), Chandigarh,
India. The culture was maintained on Sabouraud dextrose
agar (SDA) slants at 28 + 2 °C. Fungal inoculum was prepared
from 7-day-old cultures by suspending spores in sterile saline
containing 0.05% Tween-80. The spore suspension was
adjusted to approximately 1.5 x 10* CFU/mL in accordance
with CLSI M38-A2 guidelines.

Antifungal Activity of Crude Extracts

Antifungal activity was assessed using the agar well
diffusion method. SDA plates were inoculated uniformly with
a fungal suspension. Wells of 6 mm diameter were filled with
10 pL of plant extract solution. Fluconazole served as the
positive control, and DMSO as the negative control. Plates
were incubated at 28 °C for 5 days, and zones of inhibition
were measured in millimetres.
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Determination of MIC and MFC

Minimum inhibitory concentration (MIC) was determined
by the broth microdilution method in RPMI-1640 medium.
Extract concentrations ranged from 6.25 to 4000 pg/mL.
After incubation at 28 °C for 72-96 h, MIC was recorded
as the lowest concentration showing no visible growth. The
minimum fungicidal concentration (MFC) was determined by
sub-culturing from MIC wells onto SDA plates and observing
fungal growth after 5 days.

Green Synthesis of Silver Nanoparticles

Silver nanoparticles were synthesized using the ethanolic
stem extract of H. quadriloculare. 10 mL of plant extract was
mixed with 90 mL of 1 mM AgNO:s solution under continuous
stirring. The reaction mixture was exposed to natural sunlight.
Formation of AgNPs was indicated by a visible colour change
from dark yellow to brown. The nanoparticles formed were
centrifuged, washed, and dispersed again in distilled water
for further characterization. The use of plant extracts for
nanoparticle synthesis follows internationally accepted green
chemistry principles, ensuring eco-friendly synthesis and
minimizing the use of hazardous chemicals (WHO, 2003;
WHO, 2019).

Characterization of Silver Nanoparticles

The formation of AgNPs was confirmed using UV-Visible
spectroscopy in the range of 200-800 nm. Functional groups
involved in nanoparticle stabilization were identified using
FTIR spectroscopy (400-4000 cm ™). Particle size distribution
and surface charge were analysed by dynamic light scattering
(DLS) and zeta potential measurements. Morphology
and size were examined using scanning and transmission
electron microscopy (SEM and TEM). Crystalline structure
was analysed by X-ray diffraction (XRD), and elemental
composition was confirmed by energy-dispersive X-ray
spectroscopy (EDX).

Preparation of AgNP-Loaded Nanogel

A Carbopol-940-based nanogel was formulated by
dispersing the polymer in distilled water and allowing it to
hydrate overnight. Glycerol was added as a humectant, and
pH was adjusted using triethanolamine. Purified AgNPs
were incorporated to obtain 1% and 2% (W/w) nanogel
formulations. Extract-only gel and blank gel served as
controls.

Evaluation of Nanogel Properties

Nanogel formulations were evaluated for pH, viscosity,
spreadability, and homogeneity to assess suitability for
topical application.

Antifungal Activity of AgNPs and Nanogels
The antifungal efficacy of AgNPs suspension and AgNP-
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loaded nanogels was evaluated using the agar well diffusion
method against 7. rubrum. Zones of inhibition were measured
after incubation and compared with crude extracts, AgNOs,
and fluconazole.

Statistical Analysis

All experiments were carried out in the set of three.
Results were expressed as mean =+ standard deviation
(SD). Statistical significance among groups was analysed
using one-way ANOVA followed by independent #-tests. A
p-value < 0.05 was considered statistically significant.

Results

H. quadriloculare extract was prepared as detailed above
and examined for its various properties, like antifungal
activity, potential of synthesis of AgNPs following their
characterization and preparation of AgNPs-loaded nanogel.
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Preliminary Phytochemical Screening

Qualitative phytochemical analysis demonstrated the
presence of flavonoids, phenolic compounds, tannins,
steroids, alkaloids, proteins, and amino acids in ethanolic
and aqueous extracts. Non-polar extracts showed limited
phytochemical diversity. The abundance of phenolics and
flavonoids in leaf and stem extracts correlated with their
higher extractive yields and antifungal activity, suggesting
these compounds play a major role in biological efficacy. The
following figure shows the FTIR spectrophotometric (Figure
1) analysis of plant extract, crude AgNPs and purified AgNPs
after drying. FTIR spectral analysis revealed the presence
of various phytochemical components in the capping layer
of prepared AgNPs that were involved in the stabilization
process, as mentioned in the preliminary phytochemical
screening section.

Figure 1: FTIR spectrophotometric analysis of H. quadriloculare extract and synthesized AgNPs
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Antifungal Activity of Crude Extracts
Minimum Inhibitory and Fungicidal Concentrations

MIC and MFC assays revealed that the ethanolic and
aqueous extracts exhibited lower MIC values than the
chloroform and diethyl ether extracts (Figure 2a). Leaf
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extracts showed the strongest antimicrobial activity, followed
by stem and root extracts. MFC values were, in general,
higher than MIC values, indicating that crude extracts exerted
fungistatic effects predominantly, with complete fungal
killing requiring higher concentrations.
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Figure 2(a): Comparison of minimum inhibitory concentration (MIC) of crude extract and silver nanoparticles (AgNPs) against Trichophyton
rubrum; (b) Comparative antifungal activity of crude extract, silver nanoparticles, and AgNP-loaded nanogel against Trichophyton rubrum.

Values represent mean + SD (n = 3).

Agar Well Diffusion Assay

Agar well diffusion assays confirmed moderate antifungal
activity of crude extracts against Trichophyton rubrum
(Figure 2b). Ethanolic stem and leaf extracts produced the
largest zones of inhibition (approximately 11-12 mm), while
non-polar extracts showed limited activity. The negative
control (DMSO) showed no inhibition, confirming assay
specificity, while fluconazole exhibited the highest inhibition
zone as expected.

Green Synthesis of Silver Nanoparticles

Solar-mediated green synthesis of AgNPs using ethanolic
stem extract was successfully achieved, indicated by a rapid
colour change from pale yellow to reddish-brown (Figure
3). UV-Vis spectroscopy revealed a characteristic surface
plasmon resonance peak at 419.5 nm (Figure 4a), confirming
AgNPs formation. Post-purification analysis predicted
improved spectral clarity, indicating reduced interference
from plant pigments.

Characterization of Silver Nanoparticles

Various detection and characterization techniques were
utilized, and physicochemical characterization confirmed
successful nanoparticle synthesis as follows. DLS analysis
showed Z-average particle sizes between 97-113 nm with
moderate polydispersity (PDI = 0.39-0.41) (Figure 4b). Zeta
potential values ranged from -11.2 to -11.8 mV, indicating

Figure 3: Reddish-brown colored precipitate of AgNPs

moderate colloidal stability (Figure 4¢). SEM images and
particle size distribution analysis confirmed predominantly
spherical nanoparticles within the 59-112 nm size range
(Figure 4d). Particle distribution for synthesized AgNPs
is represented as shown in the figure 4e. XRD analysis
revealed distinct diffraction peaks corresponding to face-
centered cubic (FCC) crystalline silver, with crystallite size
estimated at ~18-20 nm (Figure 4f). EDX spectra confirmed
the presence of elemental silver, with a characteristic peak
near 3 keV.
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Figure 4 (a): UV-Visible absorption spectrum shows a characteristic surface plasmon resonance (SPR) peak at 419.5 nm; (b) Average zeta
size of AgNPs prepared using ImM AgNO,; (¢) Average zeta potential of AgNPs prepared using ImM AgNO,; (d) FE-SEM micrograph
of AgNPs showing particle sizes ranging from ~59 to 112 nm; (e) Particle distribution of AgNPs; (f) X-Ray diffraction pattern of AgNPs
indicating FCC crystal structure
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AgNPs demonstrated significantly greater antifungal activity than crude extracts. The 1 mM AgNPs produced the highest
zone of inhibition (21.0 + 0.9 mm), followed by 2 mM AgNPs (18.0 = 2.1 mm) (Figure 5a). One-way ANOVA confirmed
statistically significant differences among treatment groups (p < 0.01).

Figure 5(a): Relationship between silver nanoparticle size and antifungal activity, showing increased inhibition with decreasing particle size;
(b) Boxplot showing statistical distribution of antifungal activity among crude extract, AgNPs, and AgNP nanogel formulations.

Antifungal Activity of AgNP-Loaded Nanogel

AgNP-loaded nanogel exhibited the strongest antifungal

Discussion

Dermatophytosis, particularly tinea pedis caused by

activity. The 1% nanogel formulation produced a zone of
inhibition of 20.0 = 1.1 mm, surpassing AgNPs suspension
and crude extract gel. Physicochemical evaluation showed
nanogel possessed skin-compatible pH (6.4-6.8), appropriate
viscosity (5000-5600 cP), and good spreadability.

Trichophyton rubrum, continues to pose a significant
therapeutic challenge due to its chronic nature, high recurrence
rate, and increasing resistance to conventional antifungal
agents. Moreover, antifungal resistance is becoming highly
evident in recent times, for instance in case of major cases
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of dermatophytosis reported from north India. The intensity
of infection was displayed in terms of the Dermatophytosis
Severity Score (DSS) along with demographic factors
and clinical presentations (Lohariwala et al., 2025). The
present study demonstrates that the ethno-medicinal plant H.
quadriloculare, when integrated with green nanotechnology,
exhibits enhanced antifungal efficacy, thereby providing
scientific validation to traditional therapeutic practices. This
is evident from the recent case studies on 7. rubrum infections
(Tullio et al., 2025).

Ethnomedicinal relevance and antifungal potential
of Heterophragma quadriloculare

The antifungal activity observed for the crude ethanolic
and aqueous extracts of H. quadriloculare in the present
study is consistent with earlier reports highlighting the
antimicrobial potential of members of the Bignoniaceae
family. Several species investigations have shown that plants
rich in flavonoids, phenolics, tannins, and naphthoquinones
exert inhibitory effects on dermatophytes, primarily by
interference with fungal cell wall synthesis and membrane
integrity (Surana ef al., 2014; Mendes de Toledo et al., 2015;
Nabatanzi et al., 2020). The predominance of fungistatic
activity observed in crude extracts, as reflected by higher
MFC values compared to MIC values, aligns with reports on
many ethnomedicinal antifungal plants, where therapeutic
benefits are often temporary, and relapse is common after
treatment discontinuation (Ilkit & Durdu, 2015). Selective
antifungal activity is also reported in various extracts derived
from leaves making them potential antifungal agents (Kebede
& Shibeshi, 2022). The biocatalytic activities are functions of
various compounds and secondary metabolites present in the
extracts (Gomez-Gaviria et al., 2025).

These findings highlight a critical limitation of traditional
herbal therapy: while phytochemicals are biologically
active, their low bioavailability, limited penetration into
keratinized tissues, and short residence time restrict sustained
antifungal action. This underscores the need for formulation-
based enhancement rather than dismissal of ethnomedicinal
knowledge. The rising incidence of antifungal resistance
in dermatophytes, particularly Trichophyton rubrum,
further justifies the exploration of alternative mnano-
enabled therapeutic strategies that operate through multiple
mechanisms rather than single molecular targets (Gupta &
Versteeg, 2019; Singh & Shukla, 2020).

Enhancement of antifungal efficacy through green-
synthesized AgNPs

A key outcome of the present work is the significant
enhancement of antifungal activity following green synthesis
of AgNPs using H. quadriloculare extract. The observed
surface plasmon resonance peak at ~419 nm, spherical
morphology, and nanoscale dimensions confirm successful
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nanoparticle formation, consistent with earlier reports on
plant-mediated AgNP synthesis (Shankar et al., 2004; Iravani,
2011). The antifungal potential of green-synthesized AgNPs
has been confirmed time to time based on various studies
reported in the management of numerous potent fungal
pathogens in humans (Huang et al., 2017).

The superior antifungal activity of AgNPs compared to
crude extracts observed in this study strongly agrees with
multiple investigations demonstrating that nanosilver exhibits
broad-spectrum antifungal activity against dermatophytes,
including 7 rubrum, T. mentagrophytes, and Microsporum
species (Kim et al., 2012; Gajbhiye et al., 2009). AgNPs
are continuously fabricated and studied for their antifungal
potential against various fungal pathogens (Mansoor et al.,
2021). Importantly, AgNPs act through multiple mechanisms-
membrane disruption, generation of reactive oxygen species,
enzyme inactivation, and DNA damage-making resistance
development less likely compared to conventional antifungal
drugs (Lara et al., 2015; Costa-Orlandi et al., 2021). Being
microbiocidal in nature the mechanism of antifungal activity
for AgNPs has been approached in a multifaceted manner by
various research groups, indicating the sustainable application
of AgNPs in various fields (More ef al., 2023).

The higher antifungal activity observed with 1 mM
AgNPs compared to 2 mM AgNPs in the present study
is also supported by previous findings, which show that
excessive nanoparticle concentration leads to aggregation,
reduced surface area, and diminished biological interactions
(Bhattacharjee, 2016). This imposes that antifungal efficacy
depends not merely on silver concentration but on optimal
particle size, dispersion, and stability (Zarowska et al., 2019).

Phytochemical-nanoparticle synergy: validation of
green nanotechnology

The FTIR analysis confirmed the presence of functional
groups such as hydroxyl, carbonyl, and amide linkages,
indicating that phytochemicals and metabolites from H.
quadriloculare served as reducing and capping agents
present on the AgNPs. This phytochemical capping plays a
critical role in enhancing antifungal activity by improving
nanoparticle stability and triggering sustained interaction with
fungal cells. Similar synergistic effects have been reported for
phytochemical-capped AgNPs synthesized using Azadirachta
indica, Ocimum sanctum, and Terminalia species (Ahmed et
al., 2016; Mittal et al., 2013; Bamal et al., 2021; Velgosova
etal., 2024).

The concept of phytochemical-nanoparticle synergy
is precisely important in validating ethnomedicine in the
modern context. Rather than bypassing traditional knowledge,
green nanotechnology amplifies its efficacy while retaining
biocompatibility and environmental safety. This approach
supports global efforts to develop sustainable, plant-based
nanotherapeutics (WHO, 2019; Karnwal et al., 2024).
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Similar enhancements of antimicrobial efficacy through
phytochemical-capped silver nanoparticles synthesized using
plant extracts have been widely reported, in which plant
secondary metabolites act as both reducing and stabilizing
agents, resulting in improved biological activity and
nanoparticle stability (Ahmed et al., 2016; Mittal et al., 2013).
Such green-synthesized nanoparticles are advantageous in
antifungal applications due to their biocompatibility and
reduced environmental toxicity compared in comparison
to chemically synthesized counterparts (Iravani, 2011).
Green synthesized AgNPs showed improved antimicrobial
properties harbouring selective cytotoxicity, owing to their
multifunctional applications (Nayak et al., 2019; Eker et al.,
2025).

Improved antifungal performance of AgNP-loaded
nanogel formulation

The AgNP-loaded nanogel demonstrated antifungal
activity surpassing that of AgNP suspension and crude
extract gels, emphasizing the importance of an appropriate
drug delivery system. Nanogels enhance topical therapy by
improving retention and contact time, ensuring sustained
release, and facilitating penetration into infected keratinized
tissues. Similar observations have been reported in studies on
nanosilver-based topical formulations for fungal infections,
in which nanogels outperformed conventional creams and
suspensions (Patra et al.,2018; Bala et al., 2020). In account of
this, the nanogels are formulated as an efficient drug delivery
platform specifically for dermal and transdermal delivery
(Siafaka et al., 2023). Being an important active medicinal
constituent AgNPs are utilized as a multifunctional entities in
wound healing directly or as a part of wound dressings and
ointments (Balaure et al., 2025).

The skin-compatible pH and the nanogel's observed
rheological properties further support its potential for topical
application. The statistically significant improvement in
antifungal activity (p < 0.05) confirms that the formulation
strategy contributed meaningfully to therapeutic enhancement
rather than serving as a passive carrier.

Statistical validation and clinical relevance

Statistical analysis based upon one-way ANOVA and
independent #-tests confirmed that differences among crude
extracts, AgNPs, and nanogel formulations were significant
and not due to random variation. The observed negative
correlation between nanoparticle size and antifungal activity
is consistent with established nanotoxicological principles, in
which a reduction in particle size increases surface area and
biological interactions and catalysis potential (Elechiguerra
et al., 2005).

From a clinical perspective, these findings are highly
relevant. Chronic and recurrent tinea pedis is increasingly
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reported in India and other tropical regions, often requiring
prolonged antifungal therapy with limited success (Verma &
Madhu, 2017). The nano-enabled ethnomedicinal approach
presented here offers a promising alternative that could
minimize treatment duration, recurrence, and dependence on
synthetic antifungals.

One-way ANOVA predicted a statistically significant
difference (p < 0.05) in antifungal activity among crude
plant extracts, green-synthesized AgNPs, and AgNP-loaded
nanogel formulations against 7richophyton rubrum. The mean
zone of inhibition produced by crude ethanolic extracts was
significantly lower than that observed for AgNPs, confirming
the limited fungistatic potential of crude extracts.

Pairwise t-test analysis showed that AgNPs (21.0 +
0.9 mm) exhibited significantly higher antifungal activity
than crude extracts (p < 0.01). Furthermore, the AgNP-
loaded nanogel (20.0 £ 1.1 mm) demonstrated a statistically
comparable antifungal effect to AgNP suspension (p > 0.05),
indicating that incorporation into the nanogel matrix did
not reduce biological efficacy while improving formulation
stability and applicability.

The observed variation between 1 mM and 2 mM AgNP
concentrations was also statistically significant (p < 0.05),
with the 1 mM formulation showing superior antifungal
activity. This suggests that optimal nanoparticle dispersion
and surface availability, rather than higher silver concentration
alone, plays a crucial role in antifungal efficacy.

Overall, the statistical analysis confirms the enhancement
in antifungal activity achieved through green synthesis of
AgNPs and subsequent nanogel formulation is significant
and reproducible, thereby validating the effectiveness of the
nano-enabled ethnomedicinal approach.

Need for validating ethnomedicine through green
nanotechnology

In the current era of antimicrobial resistance,
environmental concerns, and rising healthcare costs,
validating ethnomedicine through green nanotechnology is
not merely innovative but necessary. Traditional remedies,
when scientifically optimized and standardized through
nanotechnology, can provide affordable, effective, and
culturally acceptable therapeutic solutions. The present study
exemplifies this integration by transforming a traditionally
fungistatic plant remedy into a potent nano-enabled antifungal
formulation. This suggests applicability of green-synthesized
AgNPs as a sustainable strategy for the management of
antimicrobial resistance (Torés et al., 2025). Thus, green
nanotechnology is gaining rigorous attention in healthcare
applications, advancing the innovative applications and use
of eco-friendly nanoparticles like biogenic AgNPs (Ayub
et al., 2025).
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Conclusion
This study demonstrates that Heterophragma
quadriloculare  exhibits  antifungal activity against

Trichophyton rubrum, which is significantly enhanced
through green synthesis of AgNPs. While crude plant extracts
showed moderate, mainly fungistatic effects, phytochemical-
capped AgNPs displayed superior antifungal efficacy.
Physicochemical characterization confirmed the formation
of stable nanoparticles, and statistical analysis validated
the significance of the observed improvements. The AgNP-
loaded nanogel further enhanced antifungal activity and
exhibited suitable properties for topical application. Overall,
the findings provide scientific validation of ethnomedicinal
knowledge and highlight green nanotechnology as an
effective strategy to improve traditional antifungal therapies.
Further in vivo and clinical studies are required to confirm
therapeutic applicability.
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