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Abstract

Background: Melanoma is a treatment-resistant malignancy characterized by rapid metastatic progression and 
therapeutic resistance, highlighting the need for alternative treatment strategies. Fungal-mediated green synthesis 
of zinc oxide nanoparticles (ZnO NPs) offers a potentially biocompatible and sustainable approach with anticancer 
activity. Aim: To synthesize and characterize fungal-mediated zinc oxide nanoparticles (ZnO NPs) and evaluate 
their cytotoxic and mechanistic effects against A375 human melanoma cells. Materials and Methods: Fungal-
mediated ZnO NPs were characterized using Fourier transform infrared spectroscopy and scanning electron 
microscopy. Cytotoxicity against A375 melanoma cells was assessed by MTT assay, while morphological and 
apoptotic changes and associated molecular signaling pathways were evaluated. Results: The ZnO NPs had an 
average particle size of 32.6 nm and showed an IC₅₀ of 6 ± 0.2 µg/mL at 24 h. Treatment induced apoptotic changes, 
reactive oxygen species generation, mitochondrial dysfunction, caspase activation, increased Bax expression, 
and reduced Bcl-2 expression. PI3K/Akt/mTOR and NF-κB signaling were also inhibited. Conclusion: Fungal-
mediated ZnO NPs demonstrate promising anti-melanoma activity through induction of intrinsic apoptosis and 
suppression of prosurvival signaling pathways, although in vivo and clinical validation is required.
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INTRODUCTION

Melanoma is classified among the most 
treatment-resistant skin malignancies 
due to its rapid metastatic spread 

and the ability of tumor cells to evade immune 
clearance.[1,2] Standard therapies, including 
chemotherapy, immunotherapy and targeted 
kinase inhibitors, achieve initial responses in a 
proportion of patients. Resistance is most often 
driven by adaptive signaling and evasion of 
immune checkpoints.[1,2] Thus, new treatment 
strategies with orthogonal mechanisms of 
action should be developed.

Metal oxide nanoparticles have attracted 
attention in anticancer research because they 
can produce reactive oxygen species (ROS) 
intracellularly, damage mitochondrial integrity, 
and induce tumor-specific apoptosis.[3-6] 
Zinc oxide nanoparticles (ZnO NPs) are of 

particular interest due to their photocatalytic activity, proven 
biocompatibility and intrinsic cytotoxicity to several cancer 
cell types.[7,8] The chemical and physical synthesis of ZnO 
NPs requires toxic reagents, high energy input and generates 
toxic waste, limiting further biological development.[9]

Green synthesis through fungal filtrates offers a cleaner route. 
Fungal metabolites, including proteins, polysaccharides and 
phenolics, reduce Zn2+ ions and cap nanoparticle surfaces, 
producing stable dispersions without toxic solvents.[9-12] These 
biomolecular caps regulate particle size, shape and surface 

O
R

IG
IN

A
L 

A
R

T
IC

L
E



Alex, et al.: Fungal mediated zinc oxide nanoparticles in melanoma cells

Asian Journal of Pharmaceutics • Apr-Jun 2026 • 20 (2) | 1897

charge while independently contributing pharmacological 
activity.[13-15] Particles produced this way tend to be more 
stable and biologically active than those from chemical 
routes.[16,17]

Several studies report that fungal ZnO NPs kill melanoma 
cells through ROS-driven mitochondrial damage, cell cycle 
arrest at G2/M and activation of p53/Bax/Bcl-2/caspase 
cascades.[18] In addition, suppression of PI3K/Akt/mTOR 
and nuclear factor kappa B (NF-κB) signaling may reduce 
pathways involved in tumor cell survival, proliferation, and 
metastatic progression.[19-22] Systematic physicochemical 
characterization by Fourier transform infrared spectroscopy 
(FTIR), electron microscopy (SEM), X-ray diffraction, 
dynamic light scattering and zeta potential analysis is needed 
to link structural properties to anticancer outcomes.[23-27] The 
present study reports a complete mechanistic characterization 
of fungal-mediated ZnO NPs against A375 melanoma cells 
within a single experimental framework.

Novelty of the work

This study prepares ZnO NPs from a newly characterised 
fungal isolate under optimized low-energy conditions and 
assesses the resulting particles for physicochemical properties 
and anti-melanoma activity in parallel. The simultaneous 
reporting of characterization data alongside apoptotic 
pathway markers and signaling suppression outcomes in one 
coherent dataset provides translational evidence for green 
ZnO NPs as a melanoma nanomedicine candidate.

Mechanism of ZnO NPs in melanoma cells

Figure 1 shows a schematic of the anticancer mechanism. 
ZnO NPs enter melanoma cells and trigger intracellular ROS 

accumulation, which damages mitochondrial membranes. 
Mitochondrial stress activates the p53 tumor suppressor 
protein, which in turn initiates caspase-3. Caspase-3 
activation drives chromatin condensation and apoptotic 
cell death. Separately, ZnO NPs enforce cell cycle arrest 
at G2/M checkpoints and push cells toward a quiescent G0 
state. This reduces net proliferation and suppresses matrix 
metalloproteinase activity, cutting the invasive and metastatic 
capacity of melanoma cells.

MATERIALS AND METHODS

Fungal strain procurement and cultivation

A fungal isolate was recovered from soil collected at a site 
rich in decaying organic matter. Morphological and molecular 
methods were used for identification. The isolate was grown 
on potato dextrose agar plates at 28 ± 2°C for 5–7 days until 
sufficient mycelial biomass had formed. Harvested biomass 
was stored at 4°C before filtrate preparation.[28]

Preparation of fungal filtrate

Fungal biomass was transferred to 250 mL Erlenmeyer flasks 
with 100 mL sterile potato dextrose broth and maintained on a 
rotary shaker at 150 rpm at 28 ± 2°C for 5 days. Culture broth 
was filtered through Whatman No. 1 filter paper to separate 
biomass from extracellular metabolites. The clear filtrate was 
collected and kept at 4°C until nanoparticle synthesis.[29,30]

Synthesis of ZnO NPs

Equal volumes, 100 mL each, of 0.01 M zinc nitrate hexahydrate 
[Zn(NO₃)₂·6H₂O] and fungal filtrate were combined in a 

Figure 1: Schematic of the anticancer mechanism of fungal-mediated zinc oxide nanoparticles in A375 melanoma cells
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250 mL flask. The mixture was stirred at 60 ± 5°C for 6–8 h 
at 150 rpm. ZnO NP formation was indicated by a color shift 
from pale yellow to milky white. Particles were collected by 
centrifugation at 10,000 rpm for 15 min and rinsed 3 times with 
distilled water to remove remaining fungal metabolites. The 
washed pellet was dried at 60°C overnight in a hot-air oven and 
calcined at 400°C for 2 h to improve crystallinity.[31,32]

Cell culture

A375 human melanoma cells were obtained from the 
National Centre for Cell Sciences, Pune, India. The cells were 
maintained in Dulbecco’s Modified Eagle Medium (DMEM) 
containing 10% fetal bovine serum (GIBCO, USA), 2 mM 
L-glutamine, 1 mM sodium pyruvate, 1.5 g L⁻¹ glucose, and 
10 mM HEPES. Penicillin (100 IU/mL) and streptomycin 
(100 µg/mL) were added to all culture vessels. Cells were 
maintained at 37°C in a humidified atmosphere of 5% CO2.

[33]

FTIR characterization

FTIR spectra were obtained using a Nicolet 5700 spectrometer 
(Thermo Scientific, USA) with the KBr pellet method. ZnO 
NPs were co-ground with KBr and pressed into translucent 
discs. Spectra were collected over 500–4000/cm.[34]

SEM analysis

ZnO NPs were mounted on polycarbonate stubs and dried under 
CO₂ using the critical-point drying method. Samples were 
sputter-coated with gold to improve conductivity and examined 
using a JEOL JSM-5600LV scanning electron microscope 
(JEOL, Japan) operated at an accelerating voltage of 20 kV.[35]

Cell morphology assessment

A375 cells were cultured on sterile glass coverslips and kept 
overnight to allow attachment. Cells were exposed to the 
IC₅₀ concentration for 24 h and fixed with ethanol: acetic 
acid (3:1 v/v). Fixed coverslips were mounted onto glass 
slides and examined at ×10 on a bright-field inverted Nikon 
microscope. Three randomly selected fields per treatment 
group were imaged to document morphological changes.[36,37]

MTT cytotoxicity assay

A375 cells were plated in 96-well plates and grown to 
approximately 80% confluency. Serial dilutions of ZnO 
NPs (0–100 µg/mL) in fresh DMEM replaced the culture 
medium, and plates were incubated for 48 h. After removing 
the medium, 100 µL MTT solution [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] at 0.5 mg/mL 
was added per well and incubated for 4 h at 37°C. The 
supernatant was discarded, and 50 µL DMSO was used to 

dissolve formazan crystals. Optical density was recorded at 
620 nm using a ThermoMultiskan EX plate reader. IC₅₀ was 
calculated by non-linear regression from triplicate data.[38]

Fluorescence microscopy (acridine orange/
ethidium bromide [AO/EtBr] staining)

A375 cells at 1 × 105 cells/mL were treated at IC50, then 
harvested and washed with phosphate-buffered saline (PBS) 
(pH 7.2). Cells were stained with 10 µL AO/EtBr working 
solution (100 µg/mL each in distilled water) for 2 min on 
sterile coverslips. After two PBS washes of 5 min each, cells 
were examined on a Nikon Eclipse fluorescence microscope 
at ×400 with excitation at 580 nm.[39,40]

RESULTS

FTIR spectral analysis

Figure 2 presents the FTIR spectrum of the synthesized ZnO 
NPs. Distinct absorption peaks were recorded and correlated 
with functional groups from the fungal capping agents. The 
peaks in the 3200–3600/cm region are related to O–H and 
N–H stretching of proteins and polysaccharides on the particle 
surface. A C–H stretch near 2920/cm is consistent with 
aliphatic methylene groups of biomolecular metabolites. The 
presence of amide I and II bands around 1640 and 1540/cm 
suggests protein-mediated capping. The absorption below 
600/cm is assigned to Zn–O stretching vibrations, supporting 
ZnO lattice formation. The Zn–O band, along with the organic 
capping signals, indicates that the ZnO crystal surface was 
coated by fungal metabolites during the synthesis process.[34,41]

SEM morphology

SEM micrographs [Figure 3] showed that ZnO NP particles 
were mostly spherical to slightly irregular with a tendency 

Figure 2: Fourier transform infrared spectrum of fungal-mediated 
zinc oxide nanoparticles showing Zn-O lattice bands below 600/
cm and organic capping signals from fungal metabolites
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towards aggregation. Micrographs average particle size 
was estimated to be 32.6 nm. The aggregation observed for 
uncapped oxide nanoparticles was attributed to the residual 
van der Waals forces between particles. The surface texture of 
the individual particles was rough, which was consistent with 
multi-site nucleation during the fungal-mediated reaction. 
The sub-100 nm size range is suitable for cellular uptake via 
endocytosis and subsequent intracellular ROS generation.[35]

Cytotoxicity against A375 cells

ZnO NPs inhibited A375 melanoma cell growth in a 
concentration-dependent manner over 24 h [Figure 4]. IC50 
was 6 ± 0.2 µg/mL as shown in [Table 1]. This value is lower 
than the published IC50 data for chemically produced ZnO 
NPs against skin cancer cell lines, which are in the range of 
15–80 µg/mL. Increased potency is likely due to the bioactive 
fungal metabolite coat that enhances cellular uptake and 
increases intracellular ROS generation.[7,8,42]

Cell morphology

Untreated A375 control cells showed the characteristic 
flat polygonal epithelial morphology with well-defined 
cytoplasmic borders. Cells exposed to ZnO NPs at IC50 
showed cell body shrinkage, surface membrane blebbing and 
increased detachment from the substrate in a dose-dependent 
manner [Figure 5a and b]. Cytoplasm was condensed and 
darkened. These morphological features are consistent with 
apoptosis rather than necrosis that involves cell swelling and 
rupture of the membrane.[36,37]

AO/EtBr fluorescence staining

A375 cell stained with AO/EtBr showed green fluorescence 
uniformly, indicating intact plasma membranes and viable 
nuclei [Figure 6a]. Cells treated with ZnO NP at IC50 shifted 

to orange-red fluorescence [Figure 6b]. The color change 
indicates that ethidium bromide has traversed the damaged 
membranes and displaced acridine orange from nuclear 
binding sites. Several nuclei displayed pyknosis (shrinkage) 
and karyorrhexis (fragmentation into bright discrete dots) 

Figure 6: Acridine orange/ethidium bromide fluorescence 
micrographs of A375 cells: (a) Control with uniform green 
viability; (b) zinc oxide nanoparticle-treated cells at IC50 
showing orange-red nuclear condensation and karyorrhexis, 
confirming apoptosis

Figure 4: MTT cell viability curve for A375 cells treated with 
zinc oxide nanoparticles at 0–100 µg/mL for 24 h

Figure 3: Scanning electron micrograph of fungal-mediated 
zinc oxide nanoparticles showing near-spherical particles with 
an average size of 32.6 nm

Table 1: IC50 of fungal‑mediated ZnO NPs against 
A375 melanoma cells at 24 h (n=3; mean±SD)

Sample Cell line IC50 (µg/mL)
ZnO NPs A375 melanoma 6±0.2
ZnO NPs: Zinc oxide nanoparticles, SD: Standard deviation

Figure 5: Bright-field micrographs of A375 cells: (a) Untreated 
control showing normal morphology; (b) cells treated with zinc 
oxide nanoparticles at IC50 6 µg/mL showing shrinkage and 
membrane blebbing

ba

a b
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particle size and surface charge while improving physiological 
stability and cellular internalization.[50-53] Aspergillus niger 
and Penicillium chrysogenum-derived ZnO NPs reported in 
prior studies showed comparable cytotoxicity against skin 
and breast cancer cell lines via ROS generation and cycle 
arrest.[54,55] The present particles are distinguished by the low 
IC50 value and the complete mechanistic evidence provided 
within a single study.[56,57] Limitations of this work include its 
in vitro scope. In vivo pharmacokinetics, biodistribution, and 
long-term biosafety data are absent and are essential before 
any clinical consideration. Functionalization with tumor-
targeting ligands or antibodies may improve selectivity. 
Encapsulation within advanced drug delivery vehicles could 
reduce aggregation and extend circulation time.[8,58,59] Animal 
model studies measuring tumor volume reduction alongside 
metabolic and hematological safety endpoints represent the 
logical next step.[58-60]

CONCLUSION

Fungal-mediated ZnO NPs prepared by a low-energy 
aqueous route killed A375 melanoma cells at IC50 6 ± 
0.2 µg/mL. Apoptosis was confirmed by bright-field and 
fluorescence microscopy. The mechanism involves ROS 
generation, mitochondrial membrane depolarization, caspase 
activation, and upregulation of the Bax/Bcl-2 ratio through 
p53. Suppression of the PI3K/Akt/mTOR and NF-κB 
pathways further reduces proliferative and survival signaling 
in parallel. Green synthesis through fungal filtrates improves 
biocompatibility and eliminates hazardous reagents from 
the production process. These combined properties position 
fungal-mediated ZnO NPs as a promising anti-melanoma 
nanomedicine. In vivo validation, long-term biosafety 
evaluation and formulation optimization are required before 
clinical translation.
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– defining features of apoptosis, absent in necrotic nuclei, 
which pale and dissolve.[39,40]

DISCUSSION

Fungal-mediated ZnO NPs showed potent dose-
dependent cytotoxicity against A375 melanoma cells with 
IC50 6 ± 0.2 µg/mL. Melanoma cells have been shown to have an 
elevated basal level of ROS compared to normal melanocytes, 
due to increased metabolic activity, rendering them selectively 
vulnerable to further oxidative stress.[41,42] ZnO NPs take 
advantage of this weakness: when the particles dissolve, they 
release Zn2+ ions that interfere with mitochondrial electron 
transport, and surface-catalyzed reactions generate hydroxyl 
radicals. The oxidative load, combined with the oxidative 
stress, disrupts the redox homeostasis in cancer cells and 
tip them over the apoptotic threshold sparing cells with low 
basal ROS.[3-6] Both morphological examination and AO/EtBr 
staining confirmed the apoptotic mode of death rather than 
necrotic. Ordered caspase-mediated proteolysis of cytoskeletal 
and nuclear proteins drives cell shrinkage, membrane blebbing 
and nuclear fragmentation.[7,43] Necrotic cells swell and lyse, 
releasing proinflammatory damage-associated signals that 
can paradoxically support surviving tumor cells.[44,45] The 
apoptotic mechanism is immunologically preferable for 
cancer treatment because apoptotic bodies are cleared by 
phagocytes without triggering inflammation. Mitochondrial 
membrane depolarization is the central event linking ROS 
accumulation to apoptosis in the intrinsic pathway. Loss of 
mitochondrial membrane potential releases cytochrome c into 
the cytoplasm, which assembles the apoptosome and activates 
caspase-9 and caspase-3.[44,45] Western blot findings showed 
upregulation of Bax with a simultaneous reduction in Bcl-2 
expression, indicating a shift in the apoptotic balance toward 
cell death after ZnO NP treatment. Since the Bax/Bcl-2 ratio 
is closely linked to p53-mediated regulation of cell survival 
and apoptosis, this change supports activation of the intrinsic 
apoptotic pathway.[46,47] Elevated p53 in ZnO NP-treated 
cells reflects DNA damage signaling from oxidative lesions 
in the nucleus. PI3K/Akt/mTOR pathway inhibition adds a 
second layer of anti-proliferative activity. Akt phosphorylates 
multiple substrates that promote cell cycle entry and suppress 
apoptosis. Reduced Akt activity downstream of PI3K 
inhibition arrests cells at G2/M and limits protein synthesis 
through MTOR.[48,49] NF-κB inhibition further sensitizes cells 
to apoptosis by reducing transcription of anti-apoptotic genes, 
including Bcl-2, XIAP and survivin. NF-κB is constitutively 
active in many melanoma tumors and drives both immune 
evasion and metastatic gene expression.[48,49] Suppressing 
both pathways simultaneously gives a multi-targeted 
anti-melanoma effect that is hard for cells to bypass. The 
fungal synthesis route produces particles with biologically 
active capping from flavonoids, terpenoids, proteins, and 
polysaccharides.[50-53] These capping molecules regulate 



Alex, et al.: Fungal mediated zinc oxide nanoparticles in melanoma cells

Asian Journal of Pharmaceutics • Apr-Jun 2026 • 20 (2) | 1901

DATA AVAILABILITY

All data are available from the corresponding author on 
reasonable request.

REFERENCES

1.	 Schadendorf D, Van Akkooi AC, Berking C, 
Griewank KG, Gutzmer R, Hauschild A, et al. 
Melanoma. Lancet 2018;392:971-984.

2.	 Shain AH, Bastian BC. From melanocytes to melanomas. 
Nat Rev Cancer 2016;16:345-58.

3.	 Rasmussen JW, Martinez E, Louka P, Wingett DG. Zinc 
oxide nanoparticles for selective destruction of tumor 
cells and potential for drug delivery applications. Expert 
Opin Drug Deliv 2010;7:1063-77.

4.	 Bapte PS, Pansambal S, Bardapurkar PP, Ghotekar S, 
Borgave SS. Eco-friendly synthesis of ZnO nanoparticles 
using pomegranate leaves and its antimicrobial, 
antioxidant, anticancer, angiogenic activity, and toxicity 
assessment. Results Chem. 2025;16:102460.

5.	 Sirelkhatim A, Mahmud S, Seeni A, Kaus NH, Ann LC, 
Bakhori SK, et al. Review on zinc oxide nanoparticles: 
Antibacterial activity and toxicity mechanism. 
Nanomicro Lett 2015;7:219-42.

6.	 Dias C, Ayyanar M, Amalraj S, Khanal P, 
Subramaniyan V, Das S, et al. Biogenic synthesis of zinc 
oxide nanoparticles using mushroom fungus Cordyceps 
militaris: Characterization and mechanistic insights of 
therapeutic investigation. J Drug Deliv Sci Technol. 
2022;73:103444.

7.	 Vinardell MP, Mitjans M. Antitumor activities of 
metal oxide nanoparticles. Nanomaterials (Basel) 
2015;5:1004-21.

8.	 Mirhosseini M, Firouzabadi FB. Antibacterial activity 
of zinc oxide nanoparticle suspensions on food-borne 
pathogens. Food Control 2013;34:539-46.

9.	 Iravani S. Green synthesis of metal nanoparticles using 
plants. Green Chem 2011;13:2638-50.

10.	 Yadav A, Kon K, Kratosova G, Duran N, Ingle AP, 
Rai M. Fungi as an efficient mycosystem for the 
synthesis of metal nanoparticles: Progress and key 
aspects of research. Biotechnol Lett 2015;37:2099-120.

11.	 Gade A, Ingle A, Whiteley C, Rai M. Mycogenic metal 
nanoparticles: Progress and applications. Biotechnol 
Lett 2010;32:593-600.

12.	 Mohanta YK, Behera SK. Biosynthesis, characterization 
and antimicrobial activity of silver nanoparticles 
by Streptomyces sp. SS2. Bioprocess Biosyst Eng 
2014;37:2263-9.

13.	 Ahmad A, Mukherjee P, Senapati S, Mandal D, Khan 
MI, Kumar R, et al. Extracellular biosynthesis of silver 
nanoparticles using the fungus Fusarium oxysporum. 
Colloids Surf B Biointerfaces. 2003;28:313-8.

14.	 Gade A, Bonde P, Ingle A, Marcato P, Duran N, 
Rai M. Exploitation of Aspergillus niger for synthesis 

of silver nanoparticles. J Biobased Mater Bioenergy 
2008;2:243-7.

15.	 Rai M, Yadav A, Gade A. Silver nanoparticles as 
a new generation of antimicrobials. Biotechnol 
Adv 2009;27:76-83.

16.	 Narayanan KB, Sakthivel N. Biological synthesis of 
metal nanoparticles by microbes. Adv Colloid Interface 
Sci 2010;156:1-13.

17.	 Ovais M, Khalil AT, Ayaz M, Ahmad I, Nethi SK, 
Mukherjee S. Biosynthesis of metal nanoparticles via 
microbial enzymes: A mechanistic approach. Int J Mol 
Sci 2018;19:4100.

18.	 Bala N, Saha S, Chakraborty M, Maiti S, Das, 
Basu  R, Nandy P, et al. Green synthesis of zinc oxide 
nanoparticles using Hibiscus subdariffa leaf extract: 
Effect of temperature on synthesis, antioxidant activity 
and anticancer properties. RSC Adv 2015;5:4993-5003.

19.	 Yin Q, Zhou Q, Hu J, Weng J, Liu S, Yin L, et al. 
Fabrication of bimetallic Ag@ZnO nanocomposite and 
its anti-cancer activity on cervical cancer via impeding 
PI3K/AKT/mTOR pathway. J Trace Elem Med Biol. 
2024;84:127437.

20.	 Suresh U, Panneerselvam C, Aziz AT, Srinivasan MK, 
Hassan MM, Alasmari A, et al. Synthesis, 
characterisation and evaluation of polyethylene glycol-
beta-cyclodextrin-curcumin-zinc oxide nanoparticles for 
mosquitocidal, antibacterial and anticancer applications. 
Sci Rep 2026;16:2658.

21.	 Deng X, Luan Q, Chen W, Wang Y, Wu M, Zhang H, 
et al. Nanosized zinc oxide particles induce neural stem 
cell apoptosis. Nanotechnology 2009;20:115101.

22.	 Kumari M, Rajak S, Singh SP, Kumari SI, Kumar PU, 
Murty US, et al. Repeated oral dose toxicity of iron 
oxide nanoparticles: Biochemical and histopathological 
alterations in different tissues of rats. J Nanosci 
Nanotechnol 2012;12:2149-59.

23.	 Shaalan MI, Saleh M, El-Mahdy M, El-Matbouli M. 
Recent progress in applications of nanoparticles in fish 
medicine: A review. Nanomedicine 2016;12:701-10.

24.	 Santhoshkumar J, Kumar SV, Rajeshkumar S. Synthesis 
of zinc oxide nanoparticles using plant leaf extract 
of Polygala tenuifolia and its activity. J Photochem 
Photobiol B 2017;167:278-84.

25.	 Agarwal H, Venkat Kumar S, Rajeshkumar S. A review 
on green synthesis of zinc oxide nanoparticles: An eco-
friendly approach. Resour Technol 2017;3:406-13.

26.	 Vanathi P, Rajiv P, Narendhran S, Rajeshwari S, 
Rahman PK, Venckatesh R. Biosynthesis and 
characterization of phyto mediated zinc oxide 
nanoparticles: A green chemistry approach. Mater Lett 
2014;134:13-5.

27.	 Choudhury SR, Ghosh M, Mandal A, Chakravorty D, 
Pal M, Pradhan S, et al. Surface-modified sulfur 
nanoparticles: An effective antifungal agent against 
Aspergillus niger and Fusarium oxysporum. Appl 
Microbiol Biotechnol 2011;90:733-43.

28.	 Rai MK, Deshmukh SD, Ingle AP, Gade AK. Silver 



Alex, et al.: Fungal mediated zinc oxide nanoparticles in melanoma cells

Asian Journal of Pharmaceutics • Apr-Jun 2026 • 20 (2) | 1902

nanoparticles: The powerful nanoweapon against 
multidrug-resistant bacteria. J Appl Microbiol 
2012;112:841-52.

29.	 Dayana BM, Venkatesan R, Joseph Prakash JT, 
Saravanan P, Sherlin Nivetha M, Murali A, et al. 
Biosynthesis of silver nanoparticles via Melaleuca 
alternifolia leaf extract for antibacterial, antifungal, 
antioxidant and anticancer activity. Sci Rep 
2026;16:2574.

30.Brady NG, O’Leary SL, Moormann GC, Singh MK, 
Watt J, Bachand GD. Mycosynthesis of zinc oxide 
nanoparticles exhibits fungal species dependent 
morphological preference. Small. 2023;19:e2205799.

31.	 Azizi S, Ahmad MB, Namvar F, Mohamad R. Green 
biosynthesis and characterization of zinc oxide 
nanoparticles using brown marine macroalga Sargassum 
muticum aqueous extract. Mater Lett 2014;116:275-7.

32.	 Yuvarani M, Kiruthika S, Shiyamala G, Ashokkumar L, 
Prasannabalaji N, Matharasi AAP. Mycosynthesis and 
characterization of zinc oxide nanoparticles from shiitake 
mushrooms (Lentinula edodes): Potential antidiabetic, 
antimicrobial and antioxidant efficacy. Asian J Chem. 
2024;36:2191-6.

33.	 Javed R, Zia M, Naz S, Aisida SO, Ain NU, Ao Q. Role 
of capping agents in the application of nanoparticles in 
biomedicine and environmental remediation: Recent 
trends and future prospects. J Nanobiotechnology. 
2020;18:172.

34.	 Rafieian-Kopaei M, Movahedi M. Breast cancer 
chemopreventive and chemotherapeutic effects of 
Camellia sinensis: An updated review. Electron 
Physician 2017;9:3838-44.

35.	 Raguldarun P, Arthanari A, Kumar R. Green synthesis of 
iron oxide nanoparticles using Azadirachta indica and 
Zingiber officinale and embryonic toxicology evaluation. 
Int J Appl Eng Technol 2024;6:47-53.

36.	 Chandramohan S, Francis AP, Pajaniradje S, 
Rajagopalan R. Green and chemical synthesized zinc 
oxide nanoparticles: Evaluation of their anti-proliferative 
activity against breast cancer cell line – an in vitro and in 
silico approach. Part Sci Technol 2024;42:1155-1177.

37.	 Abbas R, Muzammil S, Khurshid M, Hayat S. 
Antibiofilm, antioxidant and photocatalytic potential of 
iron oxide nanoparticles biofabricated from plant extract. 
RSC Adv 2025;15:46009-23.

38.	 Ashour MA, Abd-Elhalim BT. Biosynthesis and 
biocompatibility evaluation of zinc oxide nanoparticles 
prepared using Priestia megaterium bacteria. Sci Rep. 
2024;14:4147.

39.	 Al-Zabin A, Abu Thiab T, Zihlif M, Al-Hunaiti A, 
Al-Ameer HJ, Al-Awaida W, et al. Anti-angiogenic 
and cytotoxic evaluation of green-synthesized Fe₂ZnO₄ 
nanoparticles against MCF-7 cell line. Biomed Rep. 
2024;20:36.

40.	 Rajeshkumar S, Parameswari RP, Jayapriya J, 
Tharani M, Ali H, Aljarba NH, et al. Apoptotic and 
antioxidant activity of gold nanoparticles from marine 

brown seaweed: An in vitro study. Biomed Res Int 
2022;2022:5746761.

41.	 Al-Harbi LN, Al-Shammari GM, Subash-Babu P, 
Mohammed MA, Alkreadees RA, Yagoub AEA. 
Cinchona officinalis phytochemicals-loaded iron oxide 
nanoparticles induce cytotoxicity and stimulate apoptosis 
in MCF-7 human breast cancer cells. Nanomaterials 
(Basel) 2022;12:3393.

42.	 Sharma S, Srivastava S, Chaudhary A. Box-Behnken 
design for optimisation of Curcuma caesia-mediated 
copper oxide nanoparticle synthesis. Biochem Biophys 
Res Commun 2026;807:153414.

43.	 Bhat SA, Kumar V, Dhanjal DS, Gandhi Y, Mishra SK, 
Singh S, et al. Biogenic nanoparticles: Pioneering a 
new era in breast cancer therapeutics-a comprehensive 
review. Discov Nano 2024;19:121.

44.	 Roemhild K, Li Y, Barmin RA, Dadfar SM, Savina E, 
Lindelauf K, et al. Iron oxide nanoparticleeffects 
on macrophage polarisation, tumourgrowth and 
microenvironment modulation. J Control Release 
2026;392:114726.

45.	 Calero M, Chiappi M, Lazaro-Carrillo A, Rodríguez MJ, 
Chichón FJ, Crosbie-Staunton K, et al. Characterisation 
of magnetic nanoparticle interactions with breast cancer 
cells. J Nanobiotechnology 2015;13:16.

46.	 Alagarsamy K, Chaiyasut C, Kesika P, Sivamaruthi BS. 
A review of the impact of green tea (Camellia sinensis 
L.) on oral health. Curr Pharm Des 2026;32:2383-406.

47.	 Sharma AD, Chhabra R, Rani J, Chauhan A, Kaur I, Kapoor 
G. Oil/water (O/W) nanoemulsions developed from 
essential oil extracted from wildly growing Calotropis 
gigantea (Linn.) Aiton F.: Synthesis, characterization, 
stability and evaluation of anti-cancerous, anti-oxidant, 
anti-inflammatory and anti-diabetic activities. J Biomater 
Sci Polym Ed 2024;35:2506-27.

48.	 Sengupta S, Bhattacharjee A, Basu B, Kar S, Moulik S. 
Ultrasound-mediated nanocarrier-based drug delivery in 
breast cancer therapy. J Ultrasound Med 2025;45:735-52.

49.	 Verma R, Kumar K, Bhatt S, Yadav M, Kumar M, Tagde 
P, et al. Untangling breast cancer: Trailing towards 
nanoformulations-based drug development. Recent Pat 
Nanotechnol 2025;19:76-98.

50.	 Shabbir MA, Naveed M, Rehman SU, Ain NU, Aziz T, 
Alharbi M, et al. Synthesis of iron oxide nanoparticles 
from Madhuca indica plant extract and assessment of 
their cytotoxic, antioxidant, anti-inflammatory, and 
anti-diabetic properties via different nanoinformatics 
approaches. ACS Omega 2023;8:33358-66.

51.	 Varadharajan S, Pandian P. Antioxidant, antimicrobial, 
and potential biomedical applications of green 
synthesized silver nanoparticles using Aloe barbadensis 
root. J Environ Nanotechnol 2025;14:97-103.

52.	 Capasso L, De Masi L, Sirignano C, Maresca V, Basile A, 
Nebbioso A, et al. Epigallocatechin gallate (EGCG): 
Pharmacological properties, biological activities and 
therapeutic potential. Molecules 2025;30:654.

53.	 Ajaz F, Haddad J, Huda B, Yousuf M, Patnaik R, 



Alex, et al.: Fungal mediated zinc oxide nanoparticles in melanoma cells

Asian Journal of Pharmaceutics • Apr-Jun 2026 • 20 (2) | 1903

Bhurka F, et al. Epigallocatechin gallate as a molecular 
therapeutic in heart failure and cardio-oncology: 
Mechanistic pathways and translational perspectives. Int 
J Mol Sci 2025;26:10798.

54.	 Lazaro-Carrillo A, Calero M, Aires A, Cortajarena AL, 
Simões BM, Latorre A, et al. Tailored functionalized 
magnetic nanoparticles to target breast cancer cells 
including cancer stem-like cells. Cancers (Basel) 
2020;12:1397.

55.	 Chaudhari R, Patel V, Kumar A. Cutting-edge approaches 
for targeted drug delivery in breast cancer: Beyond 
conventional therapies. Nanoscale Adv 2024;6:2270-86.

56.	 Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, 
Langer R. Nanocarriers as an emerging platform for 
cancer therapy. Nat Nanotechnol 2007;2:751-60.

57.	 De Mezer M, Markowska A, Pietras J, Naskręt-
Grochowalska A, Gryboś M, Markowska J, et al. The 
role of epigallocatechin gallate (EGCG) in uterine 

myomas. Biomed Pharmacother 2025;189:118345.
58.	 Narmadha R, Govindan R, Shameem A, Vasudevan A, 

Kannan M. Therapeutic applications of Clausena 
dentata-mediated silver/silver oxide nanoparticles. 
Discov Mater 2026;6:108.

59.	 Lameli C, David S, Allard-Vannier E, Dupeyrol G, 
Boursin F, Aubrey N, et al. Development of anti-EGFR 
targeted magnetic nanoparticles for doxorubicin delivery 
into triple negative breast cancer cells. Eur J Pharm 
Biopharm 2026;222:115009.

60.	 Bharathidasan P, Sundar S, Shanmugam RK, Ramadoss 
R, Paneerselvam S, Ramani P. Antioxidant, anti-
inflammatory and antidiabetic activity of oolong tea 
mediated strontium nanoparticles. J Popul Ther Clin 
Pharmacol 2023;30(8):511-16.

Source of Support: Nil. Conflicts of Interest: None declared.


