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ABSTRACT
Antimicrobial	resistance	among	WHO	priority	pathogens	(Escherichia	coli,	Pseudomonas	aeruginosa,	Enterococcus	faecalis,	and	
Staphylococcus	aureus)	and	mounting	fruit-peel	waste	demand	sustainable	solutions.	Talaromyces-driven	AgNP	biosynthesis	and	
peel-based	nanoparticle	production	have	each	advanced	separately;	none	has	used	the	same	peel	waste	as	niche	and	cultivation	
matrix.	Talaromyces	strains	OFA01	and	MFA03,	isolated	from	fruit-peel	dumps	onto	peel-based	agar,	were	grown	in	a	composite	
four-peel	broth	(pomegranate	:	orange	:	mango	:	banana,	30	:	25	:	25	:	20	w/w)	for	AgNP	biosynthesis.	Optimum	synthesis	at	2	mM	
AgNO₃,	pH	5,	and	40	°C	gave	a	clear	SPR	band	at	415–420	nm	with	a	peak	absorbance	of	0.696	AU.	XRD	con�irmed	face-centered-
cubic	crystalline	silver	with	sharp	re�lections	at	37.72°,	43.85°,	64.19°,	and	77.03°;	DLS	gave	a	hydrodynamic	diameter	of	108.06	
nm	and	a	ζ-potential	of	−26.5	mV,	indicating	good	colloidal	stability.	SEM	micrograph	analysis	con�irmed	sub-spherical	AgNPs	
with	primary	particle	sizes	of	30–80	nm,	while	the	EDX	spectrum	displayed	characteristic	silver	absorption	peaks	at	~3.0	keV	and	
~0.3	keV.	Elemental	mapping	further	demonstrated	a	uniform	spatial	distribution	of	silver	across	the	sample,	con�irming	high	
elemental	purity	and	successful	synthesis.	FTIR,	together	with	GC-MS	pro�iling,	identi�ied	proteins,	phenolics,	alcohols,	and	fatty-
acid	amides	as	agents	serving	simultaneously	in	reducing	and	capping	roles.	Against	the	four	priority	pathogens,	MICs	were	
6.25–25	µg/mL	(E.	coli	6.25;	E.	faecalis	12.5;	S.	aureus	and	P.	aeruginosa	25.0),	with	dose-dependent	inhibition	zones	of	11.0–13.0	
mm.	The	AgNPs	synergized	four	antibiotic	classes—gentamicin	vs.	E.	faecalis	(21.5	mm,	+95.5%);	cipro�loxacin	vs.	P.	aeruginosa	
(25.0	mm,	+47.1%);	ampicillin	vs.	S.	aureus	(22.0	mm,	+83.3%);	and	tetracycline	vs.	E.	coli	(28.5	mm,	+23.9%)—and	curbed	F.	
oxysporum	and	A.	alternata	on	par	with	amphotericin	B.	This	�irst	closed-loop	integration	of	fruit-peel	waste	as	a	niche	and	
cultivation	medium	offers	a	circular-economy	route	to	AMR	mitigation	and	crop	protection.
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1.	INTRODUCTION
Background	and	Signi�icance
In recent years,  nanotechnology has emerged as a 
transformative frontier in biological and material sciences, with 
metal-based nanoparticles occupying a central position in 
biomedical, environmental, and agricultural applications [1]. 
Among the various metallic nanoparticles, silver nanoparticles 
have attracted particular interest because of their broad-
spectrum antimicrobial activity, high surface-area-to-volume 
ratio, and unique surface-plasmon resonance behavior [2, 3]. 
Conventionally, AgNPs are produced through physical and 
chemical routes that are energy-intensive, generate toxic by-
products, and often produce particles with residual capping 
agents — limitations that have driven a paradigm shift towards 
greener, bio-inspired synthesis methods [1, 4].

Green	and	Mycosynthesis	Approach
Biosynthesis employing plant extracts, bacteria, and especially 
fungi has now become the preferred route because 

biomolecules such as phenolics, �lavonoids, terpenoids, 
proteins, and pigments act simultaneously as reducing and 
capping agents ,  producing stable ,  mono-dispersed 
nanoparticles under mild conditions [2, 5]. Fungi are 
particularly attractive bio-factories because their high biomass 
yield, tolerance to metal ions, and secretion of redox-active 
secondary metabolites enable reproducible, large-scale 
nanoparticle biosynthesis at industrial scales [2, 6]. Fungal 
pigments — notably the polyketide-derived red pigments of 
Talaromyces spp. — have further been shown to convert Ag⁺ to 
Ag⁰ cleanly under ambient conditions, including sunlight [7].

The	Talaromyces	Genus	as	a	Versatile	Nano-Factory
Among �ilamentous fungi, the genus Talaromyces has, in the last 
few years, been consistently highlighted as a proli�ic producer of 
biogenic AgNPs. T.	funiculosus biosynthesis, for example, yields 
spherical monodispersed AgNPs of average diameter 34.32 nm 
with ζ-potential of −18.41 mV, IC₅₀ values of 48.11 ppm and 
35.88 ppm, and MICs of 3.7 µg/mL against Escherichia	coli [2]. 
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Image:	Schematic	Representation	of	Synthesis	of	Silver	nanoparticles	from	Agrowaste

T.	purpureogenus isolated as an endophyte produces AgNPs with 
spherical and triangular morphologies and an MIC of 16.12 
µg/mL against Staphylococcus	aureus [8]. Extracellular pigment 
of T.	purpurogenus yields 4–41 nm AgNPs with SPR ~410 nm, ζ-
potential of −24.8 mV, and MICs of 32 µg/mL (E.	 coli) and 4 
µg/mL (S.	 epidermidis) [3]. T.	 australis pigment under solar 
irradiation forms 16 ± 2 nm FCC-crystalline AgNPs with 
antibacterial MICs as low as 62.5 µg/mL, DPPH/ABTS IC₅₀ <10 
µg/mL and HeLa GI₅₀ <10 µg/mL [7]. T.	 islandicus VSGF1 has 
been reported to yield 13–66 nm AgNPs with ZOIs up to 18.66 ± 
0.57 mm against drug-resistant Enterococcus	 faecalis and an 
MTT IC₅₀ of 38.17 µg/mL against HepG2 [6]. T.	stipitatus has also 
been optimized via response surface methodology for AgNP 
biosynthesis active against S.	aureus, B.	cereus, P.	aeruginosa, K.	
pneumoniae, Aspergillus	 �lavus, A.	 niger, F.	 oxysporum, and 
Alternaria	 alternata [13]. Taken together, these reports 
establish Talaromyces as a genus with consistent, multi-
attribute biomedical performance.

Fruit-Peel	Waste	as	Both	Niche	and	Feedstock
Parallel to the rise of biogenic AgNPs, the global agro-industrial 
disposal of fruit peels has emerged as a parallel grand challenge. 
It is estimated that a substantial fraction of processed fruit mass 
— peels and rinds — is discarded as waste despite being rich in 
phenols, �lavonoids, tannins, triterpenoids, carotenoids, 
ellagitannins, vitamin C, and essential oils [5]. This waste stream 
is increasingly being valorised: peels of Citrus	 sinensis, Citrus	
limon, Musa	paradisiaca, Mangifera	indica, and Punica	granatum 
have all been converted into AgNP-generating matrices that 
produce spherical particles of 10–75 nm with signi�icant 
antimicrobial activity [4, 9, 10]. A 2021 review concluded that 
biowaste-fabricated AgNPs represent a sustainable, low-cost 
platform for antimicrobial coatings in biomedicine [11].
Antimicrobial Resistance — Why Antibiotic-Synergism Matters
The clinical urgency underpinning this work is the continuing 
escalation of antimicrobial resistance. The WHO has repeatedly 
�lagged Enterococcus	 faecalis, Pseudomonas	 aeruginosa, 
Staphylococcus	 aureus, and Escherichia	 coli as priority 
pathogens for which novel therapeutic adjuvants are urgently 
needed [2, 6]. Importantly, biogenic AgNPs restore or even 
enhance the activity of failing antibiotics through membrane 
permeabilization and reactive-oxygen-species generation; 
reports of AgNP–antibiotic synergy against MDR clinical isolates 
now exist for lignin-degrading fungal systems [12] and for 
AgNPs combined with gentamicin, cipro�loxacin, ampicillin, and 
tetracycline against standard ATCC strains [2]. Furthermore, 
fungal phytopathogens such as Fusarium	 oxysporum and 
Alternaria	 alternata cause massive post-harvest losses 
worldwide, and AgNPs derived from peel matrices have shown 
promising antidermatophytic activity [4, 13].

Research	Gap	and	Hypothesis
Despite the expanding literature on Talaromyces-mediated 
AgNP synthesis [2, 3, 6, 8, 13], the parallel growth of fruit-peel 
valorization for nanomaterial production [4, 5, 9, 11], a critical 
gap remains: no previous study has utilized the same fruit peel 
waste both as the isolation niche and as the cultivation matrix 
for Talaromyces-mediated AgNP biosynthesis nor evaluated 
such AgNPs against bacterial and phytopathogenic targets 
conjointly with multiple classes of conventional antibiotics.

Hypothesis. Metallotolerant, pigment-producing Talaromyces 
spp. resident in fruit-peel disposal sites can be isolated, 
propagated directly on the same peel-derived broth, and used to 
biogenic-produce AgNPs exhibiting (a) low MICs against 
p r i o r i t y  b a c t e r i a l  p a t h o g e n s ,  ( b )  s i g n i � i c a n t 
antiphytopathogenic activity, and (c) synergy with at least one 
antibiotic from each of the aminoglycoside, �luoroquinolone, β-
lactam, and tetracycline classes.

Objectives
This work aims to investigate the eco-friendly biosynthesis of 
silver nanoparticles (AgNPs) using Ascomycetes isolated from 
waste dump sites and grown on fruit peel based culture media. 
After structural and optical characterization using UV–vis 
spectrophotometry, SEM, XRD and FTIR, antimicrobial potential 
of the biogenic AgNPs was analyzed comprehensively in 
comparison to the commonly used antibiotics which are 
targeted against the multidrug resistant (MDR) bacteria and 
phytopathogenic fungi. 

To the best of our knowledge, this is the �irst study to integrate 
fruit-peel waste as both the isolation niche and the cultivation 
matrix for Talaromyces-mediated AgNP biosynthesis, with 
standardized parameters with conjoint evaluation of 
bactericidal activity against four WHO priority pathogens, 
antibiotic-adjuvant synergy across four drug classes, and 
antifungal potential against F.	oxysporum and A.	alternata.

2.	MATERIAL	AND	METHOD
2.1	Sample	Collection	and	Media	Preparation
Fruit peel waste was collected from local vendor dump sites in 
Nagpur district, Maharashtra, India. Five peel types—Citrus	
sinensis (sweet orange), Musa	 paradisiaca (banana), Punica	
granatum (pomegranate), Citrus	 limetta (sweet lime), and 
Mangifera	indica (mango)—were procured in sterile polythene 
bags, transported to the laboratory within 2 h, and processed 
immediately. The peels were rinsed thrice with tap water 
followed by distilled water to remove adhering debris and 
surface contaminants [4,9].
I n d iv i d u a l  p e e l  p owd e r s  o r  a  b l e n d  o f  fo u r  p e e l s 
(pomegranate:orange:mango:banana) in a 30:25:25:20 w/w 
ratio were suspended in double-distilled water and stirred at 60 
°C for 30 min followed by �iltration. Filtrate pH was adjusted to 
the range of 5.5–6.5 by using 0.1 M NaOH. This solution was 
directly used as a fruit peel broth for biomass cultivation, and 
2% (w/v) agar-agar was added to it and autoclaved (121 °C, 15 
psi, 15–20 min) to obtain fruit peel agar plates for isolate 
cultivation. 
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The switch from synthetic to peel-based media re�lects the 
sustainable green-synthesis model that opts for polyphenol-
rich plant nutrients in place of peptone- or yeast-extract–based 
formulations, thereby reducing cost and environmental burden 
[1,4,9].

2.2	Isolation	and	Morphological	Screening	of	Fungi	on	FPA
Approximately 1 g of decomposed peel material was suspended 
in 9 mL of sterile physiological saline (0.85% NaCl), vortexed for 
2 min, and serially diluted up to 10⁻⁴. Aliquots (100 µL) from 
each dilution were spread-plated onto freshly prepared FPA 
plates amended with streptomycin (100 µg mL⁻¹) to suppress 
bacterial growth. Plates were incubated at 25 ± 2 °C for 5–7 days 
a n d  o b s e r ve d  d a i ly  fo r  c o l o ny  e m e r g e n c e  [ 2 , 1 4 ] . 
Morphologically distinct colonies were sub-cultured onto fresh 
FPA plates to obtain pure cultures. Pigment-producing 
colonies—green, grey-green, or black—were preferentially 
picked, since pigment secretion has consistently correlated with 
extracellular Ag⁺ reduction ef�iciency in Talaromyces spp [3,7].

2.3	ITS-Based	Identi�ication	of	Isolates
Two pigment-producing strains—designated Talaromyces sp. 
OFA01 (from orange peel) and Talaromyces sp. MFA03 (from 
mango peel) was selected for further work. Mycelia from 5-day-
old cultures were used for genomic DNA isolation by the CTAB 
method. Purity and concentration were con�irmed by 1% 
agarose gel electrophoresis. The internal transcribed spacer 
region was ampli�ied using universal  primers ITS1 
( 5 ′ – T C C G T A G G T G A A C C T G C G G – 3 ′ )  a n d  I T S 4 
(5′–TCCTCCGCTTATTGATATGC–3′) [2,8]. Amplicons were 
sequenced, and the resulting contigs were compared against the 
NCBI GenBank database using BLASTn.

2.4	Cultivation	of	Isolated	Strain	in	Peel-Derived	Broth
A stock culture of the Talaromyces strain OFA01 was selected for 
subculturing separately into 100 mL of sterile fruit-peel liquid 
broth (Section 2.1) due to more biomass production. Incubation 
was performed on a rotary shaker at 25 ± 2 °C, 120 rpm, for 4–5 
days to facilitate mycelial development [2, 8]. Fungal biomass 
was harvested by �iltration through double-layered muslin 
cloth, washed thrice with sterile distilled water, and 
resuspended in distilled water for 24–48 h to release 
extracellular proteins and metabolites required for metal-ion 
reduction [14, 15].

2.5	Fungal	Biosynthesis	of	Silver	Nanoparticles
A 100-mL aliquot of 2 mM silver nitrate solution was added to 
100 mL of cell-free fungal �iltrate (1:1 v/v), giving a �inal 
reaction volume of 200 mL. The mixture was incubated in the 
dark at 40 ± 2 °C to prevent photo-reduction, ensuring that 
nanoparticle formation is mediated entirely by fungal enzymes 
and pigments [3, 8]. A visible color shift from pale yellow to 
reddish-brown within 4 hrs indicated surface-plasmon-
resonance excitation and successful AgNP formation [2,8]. For 
puri�ication, the reaction mixture was centrifuged at 10,000 × g 
for 15 min, the pellet was washed three times with sterile 
distilled water and once with absolute ethanol to remove 
unbound biomolecules, and the �inal pellet was dried in a hot air 
oven. Dried AgNP powder was stored in amber vials at 4 °C in the 
dark [8].

Negative	Controls
Reactions under identical conditions but containing (a) cell-free 
�iltrate without AgNO₃ and (b) 2 mM AgNO₃ without �iltrate 
were maintained in parallel as negative controls. Both controls 
remained colorless throughout the incubation period, 
con�irming the role of fungal secretions in Ag⁺ reduction.

2.6	Optimization	of	Synthesis	Parameters
Synthesis was optimized by varying one parameter at a time 
while keeping the others �ixed:
Ÿ AgNO₃ concentration: 0.5, 1, 2, 3, mM
Ÿ pH: 5, 6, 7, 8
Ÿ Temperature: 28, 40, 50, 60 °C
Each parameter's in�luence on synthesis kinetics and �inal 
particle size was monitored by UV-visible spectrophotometry at 
420 nm. The narrowest absorbance band centered at 415–420 
nm will be used to de�ine the optimum [2, 8, 20].

2.7	Physicochemical	Characterization
2.7.1	UV-Visible	Spectroscopy
SPR spectra were recorded on a UV-Vis spectrophotometer in 
the 300–700 nm range against a distilled water blank. The peak 
wavelength (λmax) and absorbance served as primary 
con�irmation of AgNP formation [2, 8].

2.7.2	Scanning	Electron	Microscopy	and	Energy-Dispersive	
X-ray	Spectroscopy
Lyophilized AgNPs were re-dispersed in distilled water, drop-
cast onto carbon tape, and air-dried. Samples were gold-
sputter-coated (~10 nm) prior to imaging at 5–15 kV 
accelerating voltage. EDS spectra were acquired to con�irm the 
elemental Ag signal at 3.0 keV [2] .

2.7.3	X-Ray	Diffraction
XRD was performed on lyophilized AgNP powder using Cu Kα 
radiation (λ = 1.5406 A� ) at 40 kV / 30 mA in the 2θ = 30–80° 
range. Bragg re�lections corresponding to the planes of face-
centered cubic silver were indexed to con�irm crystallinity [2, 3].

2.7.4	Fourier-Transform	Infrared	Spectroscopy
FTIR spectra were recorded over 4000–400 cm⁻¹ at a resolution 
of 4 cm⁻¹ using the KBr pellet method. Peaks diagnostic of O–H 
stretches (≈ 3400 cm⁻¹), amide N–H bands (≈ 1640 cm⁻¹), and 
aromatic or carboxyl C=O (≈ 1400 cm⁻¹) con�irmed 
protein/phenolic capping on the AgNP surface [2, 8].

2.7.5	Dynamic	Light	Scattering	and	Zeta	Potential
Hydrodynamic diameter, polydispersity index, and zeta 
potential were measured on a Malvern Zetasizer at 25 °C using 
disposable folded capillary cuvettes. Samples were diluted 1:10 
with double-distilled water; measurements were taken in 
triplicate and expressed as mean ± SD [2, 19].

2.7.6	GC-MS	Analysis	of	Mycogenic	Extract
The cell-free �iltrate was partitioned with ethyl acetate (1:1 
v/v), dried over anhydrous Na₂SO₄, and analyzed on a GC-MS 
system �itted with a DB-5MS capillary column (30 m × 0.25 mm × 
0.25 µm) using He as carrier gas. Compounds were identi�ied by 
matching mass spectra against the NIST library (≥ 80 % 
similarity threshold) [2, 8].
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2.8	Antimicrobial	Assays
2.8.1	Test	Organisms
Gram-positive and Gram-negative priority pathogens were 
obtained from MTCC, Pune, India. The panel included:
Ÿ Gram-posit ive:  Staphylococcus 	 aureus  MTCC 96, 

Enterococcus	faecalis MTCC 439
Ÿ Gram-negative: Escherichia	 coli MTCC 1687, Pseudomonas	

aeruginosa MTCC 1688
Ÿ Plant pathogens (antifungal evaluation): Fusarium	

oxysporum MTCC 284 and Alternaria	alternata MTCC 1360

2.8.2	Zone-of-Inhibition	—	Disc	Diffusion
ZOI was assessed by the Kirby–Bauer disc-diffusion method on 
Mueller–Hinton agar plates pre-inoculated with a 0.5 
McFarland-adjusted test suspension (~1.5 × 10⁸ CFU mL⁻¹). 
Sterile 6-mm discs were impregnated with 20 µL of serial AgNP 
dilutions (10, 25, 50, 75, 100 µg disc⁻¹). Plates were incubated at 
37 ± 1 °C for 18–24 h, and diameters of the inhibition zones 
(mm) were measured. Standard antibiotic discs (ampicillin 10 
µg, cipro�loxacin 5 µg, tetracycline 30 µg, gentamicin 120 µg) 
served as positive controls [8, 17, 21].

2.8.3	 Minimum	 Inhibitory	 Concentration	 —	 Broth	
Microdilution
MIC was determined in 96-well microtitre plates following CLSI 
guidelines. Two-fold serial dilutions of AgNPs (100 → 3.125 µg 
mL⁻¹) were prepared in MH broth, and each well was inoculated 
with 100 µL of bacterial suspension adjusted to 0.5 McFarland. 
Plates were incubated at 37 °C for 18–24 h; the lowest 
concentration showing no visible turbidity was recorded as the 
MIC. All experiments were performed in triplicate, and results 
were expressed as mean ± SD. Negative (broth only) and positive 
(gentamicin dilution series) controls were included [2, 17].

2.8.4	Antibiotic	Synergy	Assay
AgNP–antibiotic combinations were evaluated by the disc-
diffusion method using a checkerboard-style overlay. Standard 
antibiotic discs (gentamicin 120 µg, cipro�loxacin 5 µg, 
ampicillin 10 µg, tetracycline 30 µg) were placed on 
Mueller–Hinton agar pre-inoculated with the test organism, and 
AgNP dilutions (10, 25, 50, 75, 100 µg disc⁻¹) were added on top 
of each antibiotic disc. The simultaneous application allowed 
diffusion of both agents. Plates were incubated at 37 ± 1 °C for 24 
h, and ZOI diameters were measured. Synergism was de�ined as 
a ≥ 5 mm increase in ZOI over the antibiotic-alone baseline; 
additivity as a 1–4 mm increase; and indifference as no change 
[2, 16, 17].

2.8.5	Antifungal	Assay
Antifungal ef�icacy was evaluated against F.	oxysporum and A.	
alternata by disc diffusion on potato-dextrose agar plates pre-
inoculated with 6-mm mycelial discs from 7-day-old cultures. 
Each AgNP dilution was loaded onto sterile discs and placed 
equidistantly; 25 µg amphotericin B served as the positive 
control [18]. Plates were incubated at 28 ± 1 °C for 6 days, and 
ZOI diameters (mm) were recorded on day 7.

3.	RESULT	AND	DISCUSSION
3.1	Fungal	Identi�ication	and	Morphological	Analysis
Two pigment-producing isolates (OFA01 and MFA03) were 
recovered on fruit peel agar (25 ± 2 °C, 5–7 days). OFA01 gave a 
series of olive-green sporulation sectors in granular colonies, 
while MFA03 gave cottony, dark-grey colonies. 

Both strains had typical Talaromyces architecture when 
examined under the microscope: hyaline hyphae, biverticillate 
conidiophores, �lask-shaped phialides, and catenulate, 
cylindrical conidia. There were also inclusions of brown 
granules and occasional monoverticillate structures observed 
in MFA03. Genetic differentiation was determined by ITS rDNA 
sequencing (ITS1/ITS4) and BLASTn search. The ~612 bp 
sequence of OFA01 (GenBank: PX475677) was 95.31% identical 
to Talaromyces sp. XMSF-1, whereas the ~599 bp sequence of 
MFA03 (GenBank: PX475678) shared 99.32% identity with 
strain MT141150.1. Neighbor-joining phylogenetic trees also 
showed that OFA01 grouped with T.	 funiculosus  and MFA03 
placing adjacent to endophytic T.	 purpureogenus and T.	
islandicus [6].

Fig.	1.	ITS-based	phylogenetic	placement	of	Talaromyces	sp.	OFA01	and	Talaromyces	
sp.	MFA03	within	the	genus	Talaromyces

3.2	Evaluation	of	FPB	Media	for	Fungal	Cultivation
The composite four-peel blend broth was used to evaluate 
cultivation pro�iles (pomegranate/orange/mango/banana 
30:25:25:20 w/w, 20 rpm, 25 ± 2 °C for 4–5 days) and indicated 
that isolate OFA01 produced higher mycelial mass and darker 
cell-free �iltrate than MFA03, suggesting that isolate OFA01 is 
the promising one to be optimized. This improved secretory and 
growth ability is attributed to the synergic polyphenolic and 
carbohydrate matrix of the mixed peel, which maintains 
constant C:N ratios without substrate poisoning [9]. This multi-
waste stream can lower production costs and reduce the 
environmental footprint when replacing the synthetic media [9, 
15].

Fig.	2.	Biomass	of	Talaromyces	sp.	OFA01	and	MFA03	grown	in	orange-peel	and	mango-
peel	broth	after	4–5	days	of	incubation	at	25	±	2	°C,	120	rpm]

3.3	Optimization	of	Silver-Nanoparticle	Synthesis
Synthesis of AgNPs from OFA01 orange-peel �iltrate was 
monitored by UV-Vis spectroscopy. Within 30–90 min of adding 
2 mM AgNO₃ to the cell-free �iltrate (1:1 v/v, pH 5, 40 °C, dark 
incubation), the reaction mixture turned from pale yellow to 
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reddish-brown—the classical SPR signature of Ag⁺ → Ag⁰ reduction [3, 8]. Importantly, the dual negative controls—�iltrate-only and 
AgNO₃-only under identical conditions—remained colorless, con�irming that AgNP formation was driven by fungal enzymes/redox 
metabolites rather than by photolysis or spontaneous nucleation.

Table	1:	Variation	of	the	three	primary	thermodynamic	inputs	produced	the	following	optimum

The acidic optimum (pH 5) is therefore thermodynamically preset by the broth itself since mixed fruit peel has pH 4.5–5.5 [9]. This 
means the closed-loop system already operates at its own thermodynamic optimum, eliminating external buffering—a process-
integration parameter that, to our knowledge, has not been explicitly demonstrated in the Talaromyces-AgNP literature to date.

Fig.	3.	Optimization	of	biosynthesized	AgNPs:	(a)	combined	effect	of	synthesis	parameters;	(b)	effect	of	AgNO₃;	(c)	effect	of	pH;	(d)	Effect	of	temperature]

3.4	Physicochemical	Characterization	of	AgNPs
3.4.1	UV-Visible	Spectroscopy
The sharp SPR band at 415–420 nm with absorbance 0.696 AU indicates predominantly spherical (Fig. 4a), monodisperse AgNPs and 
is congruent with the SPR maxima reported for T.	funiculosus (≈ 420 nm) [12], T.	purpurogenus pigment-AgNPs (≈ 410 nm) [3], T.	
australis solar-route AgNPs [7], and the consensus 415–430 nm window for biogenic AgNPs generally [12].

3.4.2	SEM	and	EDX
The SEM micrograph image con�irms the formation of sub-spherical silver nanoparticles with a primary particle size ranging from 30 
nm to 80 nm. The EDX spectrum shows strong characteristic peaks corresponding to the optical absorption of metallic silver at ~3.0 
keV and ~0.3 keV consistent with previous results of Talaromyces-mediated AgNPs [2], con�irming strong secretome-driven 
reduction kinetics. In addition, elemental mapping shows that Ag is present in a uniform spatial distribution across the sample, 
indicating good elemental purity and successful synthesis.
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Fig	4a:	UV	Spectrum	of	AgNPs

Fig	4b:	SEM	EDX	of	AgNPs

3.4.3	XRD	Spectrum
X-ray diffraction showed the four sublime re�lections at 2θ = 
37.72°, 43.85°, 64.19°, and 77.03°, indexing to the planes of face-
centered-cubic crystalline silver (Fig. 4c). The pattern mirrors 
the FCC pro�iles obtained for T.	funiculosus [2], T.	purpurogenus 
[3], and T.	islandicus VSGF1 [6]; the absence of parasitic oxide 
re�lections con�irms the high purity of the recovered AgNPs.

c)	XRD	spectra

3.4.4	FTIR
FTIR analyses revealed diagnostic O–H (~ 3400 cm⁻¹), C=O (~ 
1640 cm⁻¹), and C–N (~ 1400 cm⁻¹) bands—i.e., amide-I/II 
regions typical of proteinaceous capping combined with 
phenolics/alcohols (Fig. 4d). The �ingerprint closely matches 
the FTIR pro�ile reported for T.	purpureogenus endophyte AgNPs 
[8], T.	funiculosus AgNPs [2], and lignin-degrading fungal AgNPs 
[12].

d)	FTIR	spectrum

3.4.5	DLS	and	Zeta	Potential
The monomodal OFA01 AgNPs obtained from the DLS analysis 
showed a peak diameter of 108.06 nm with a low PDI of 25.7% 
(Fig. 4e). The average zeta potential found for the nanoparticles 
was a net negative value of −26.5 mV with a peak value of −22 
mV (Fig. 4f), which is consistent with the �indings of other 
studies on Trichoderma mycosynthesis reported previously [22, 
23]. This charge is generated through matrix deprotonation by 
fungi, which provides strong electrostatic repulsive energy and 
colloidal stability despite low double-layer compressibility 
associated with the low conductivity of the solution, 1.531 
mS/cm.

Fig	4e)	DLS;	Fig	4f)	Zeta	Potential
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Fig	4g)	GCMS	spectra

3.4.6	GC-MS	Analysis	of	Mycogenic	Extract
GC-MS pro�iling of the ethyl-acetate partition revealed a 
metabolite window spread over RT 3.42–43.18 min and 
dominated by alcohols, fatty-acid amides, and siloxane 
derivatives, with the dominant feature at RT 37.66 bearing a 
peak area of 1.38 × 10⁹ (Fig. 4g). This is consistent with the 
polyketide/pigment-class reductants documented for T.	
purpurogenus  [3] and T.	funiculosus [2], both of which similarly 
rely on alcohol/amide-type secondary metabolites as Ag⁺-
reducing suffragans. Mechanistically, the small-molecule 
reductant pro�ile complements the proteinaceous �ingerprint, 
explaining why OFA01 reduces Ag⁺ to Ag⁰ in less than 90 
min—faster than the typical 2–6 h reduction time of plant-
extract–mediated syntheses [4, 9] and on a par with algal-
marine fungal biogenic syntheses [19].

3.5	Antimicrobial	Activity	of	OFA01-AgNPs
3.5.1	Antibacterial	Potential	and	Comparative	Synergism
The ZOI diameters of antimicrobial activity and antibiotic 
OFA01-AgNPs were recorded as 11.0–13.0 mm for all the 
priority pathogens used, and inhibition was detected up to 10 µg 
disc⁻¹, corresponding to a 6.5–8.0 mm ZOI diameter. High 
potency was con�irmed by broth microdilution, with an MIC of 
6.25 µg/ml for E.	coli, 12.5 µg/ml for E.	faecalis and 25.0 µg/ml 
against both S.	aureus and P.	aeruginosa. The co-application of 
100 µg/ml disc⁻¹ OFA01-AgNPs with standard antibiotic discs 
showed signi�icant zone expansion (+5.5 mm to +10.5 mm; 
+23.9% to +95.5%) compared to antibiotic-alone baselines. The 
greatest improvement was seen with gentamicin against E.	
faecalis (+10.5 mm, +95.5%) and ampicillin against S.	aureus 
(+10.0 mm, +83.3%). The results are in accordance with 
previously reported mechanisms that small (20–80 nm) sized 
biogenic AgNPs cause the disruption of membrane integrity and 
induce the production of ROS in the cells, which aids in the 
uptake of antibiotics .

Table	2:	Dose-dependent	antibacterial	activity,	MIC,	and	synergistic	antibiotic	potentiation	of	Talaromyces	sp.	OFA01-AgNPs	against	priority	clinical	pathogens

3.5.5	Antifungal	Potential	and	Comparative	Synergism	with	Amphotericin	B
OFA01-AgNPs also inhibited the mycelial proliferation of Fusarium	oxysporum and Alternaria	alternata in a dose-dependent fashion 
in a PPA disc-diffusion assay, producing inhibition zones comparable to those produced by reference 25 µg amphotericin B discs. The 
antidermatophytic performance aligns with the broad antifungal spectrum of T.	stipitatus AgNPs against F.	oxysporum, A.	alternata, 
Aspergillus	�lavus, and A.	niger , with the inhibition documented for Alternaria sp. AgNPs against phytopathogens , and with the 
antifungal bioactivity of peel-derived plant-extract AgNPs against Fusarium/Alternaria spp. . The data extend the antimicrobial 
envelope of biogenic AgNPs from the bacterial safety net to plant pathogen suppression—a critical contribution given that post-
harvest losses attributable to F.	oxysporum and A.	alternata are massive worldwide .

Fig.	5:	Synergistic	Effect	of	Standard	Antibiotics	against	Potential	Pathogenic	Microbes
A)	S.	aureus,	B)	E.	faecalis,	C)	E.	coli,	D)	P.	aeruginosa
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CONCLUSION
The current research has successfully designed a cost-effective 
and eco-friendly approach by utilizing the composite four-peel 
(pomegranate/orange/mango/banana) agricultural waste as 
an isolation medium and cultivation broth for the green 
synthesis of silver nanoparticles by Talaromyces sp. OFA01 
(GenBank: PX475677; 95.31% ITS identity to Talaromyces sp. 
XMSF-1). The developed approach comprising fungal isolation 
from fruit peel agar media, biomass growth in composite peel 
broth, secretome-mediated silver nanoparticle synthesis, 
physicochemical characterization, and antimicrobial activity 
appraisal was found to meet all the intended objectives of this 
study. The synthesized OFA01-AgNPs meet four important 
performance criteria for biogenic AgNP research: high colloidal 
stability, low crystalline domain size; Gram-negative preferring 
MICs (6.25–25 μg/mL), and a remarkable synergistic 
potentiation effect across four antibiotic classes (23.9% to 
+95.5%). In summary, the current study con�irms that multi-
fruit waste valorization is a pro�itable and environmentally 
f r i e n d ly  a p p ro a c h  to  o b t a i n i n g  va l u a b l e  b i o g e n i c 
nanotherapeutics.
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