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A B S T R A C T

Silver nanoparticles (AgNPs) incorporated cotton fabrics offer broad applications; however, conventional syn
theses rely on toxic and costly reducing agents, involve complex multi-step and energy-intensive processing, and 
result in poor laundering performance due to surface-bound nanoparticle deposition. Herein, a simplified one- 
pot, room-temperature method is reported to produce AgNP-incorporated cotton (NanoAgCot), with cotton 
fiber acting as the sole reducing agent under alkaline conditions. This simple process yields highly uniform 
nanoparticles (14.74 ± 6.61 nm in diameter) distributed on both the fiber surface and interfibrils, achieving a 
high loading of 22,888 ± 2967 mg kg− 1 without an external reducing agent, stabilizing agent, heat, or light. 
Nanoparticle growth conditions were optimized using Sequential Least Squares Quadratic Programming 
(SLSQP), varying alkali concentration and reaction time. The NanoAgCot fabric exhibited excellent wash 
durability, retaining over 55 % of nanoparticles after 50 machine-wash cycles. Importantly, the fabric displayed 
potent antibacterial properties, achieving complete inhibition of the plant pathogen Pantoea agglomerans, eval
uated for the first time in the context of AgNP-incorporated cotton fabric, as well as Bacillus subtilis, and 99.997% 
and >99.9997% inhibition of the clinical pathogens Pseudomonas aeruginosa and Staphylococcus aureus, respec
tively. These findings highlight the potential of this approach to deliver cost-effective, material-saving, and wash- 
durable antimicrobial cotton fabrics, suitable for protective clothing for agricultural workers and healthcare 
professionals in high-risk environments.

1. Introduction

Cotton is a widely used natural cellulose fiber in casual clothing, 
sportswear, medical textiles, and hygiene products due to its inherent 
properties, such as softness, breathability, sweat absorption, and com
fort (Chen and Chiang, 2008; Vance et al., 2015). However, the hygro
scopic nature of cotton makes it highly susceptible to microbial growth, 
limiting its long-term functionality and hygiene (Chen and Chiang, 
2008; Islam et al., 2021; Lim and Hudson, 2004). To address this chal
lenge, extensive efforts have been directed toward modifying cotton fi
bers to develop next-generation smart textiles with antimicrobial and 

multifunctional properties.
In recent years, nanoengineering has emerged as a versatile strategy 

for imparting advanced functionalities into cotton fabrics. The immo
bilization of nanoparticles on cotton fabric incorporates diverse prop
erties, such as antibacterial activity (Nam et al., 2020; Nam et al., 2021), 
hydrophobicity (Kashem et al., 2025; Seth and Jana, 2022), catalytic 
behavior (Hillyer et al., 2024; Kumar et al., 2020; Qi et al., 2020), 
oil-water separation capabilities (Cao et al., 2023; Meresht et al., 2025), 
energy harvesting (Dolez, 2021; Xiong et al., 2017), and wearable bio
sensors (Fu et al., 2024; Shi et al., 2023). Among the various nano
materials explored, silver nanoparticles (AgNPs) have garnered 
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particular attention due to the broad applications in catalysis, optics, 
electronics, water purification, and antimicrobial consumer products 
(Ali et al., 2017; Chou et al., 2005; Tang et al., 2012; Yazdanshenas and 
Shateri-Khalilabad, 2013). Several methods have been developed to 
incorporate AgNPs into textiles, including dip coating (Balamurugan 
et al., 2017), colloidal surface coating (Lee et al., 2003), in situ reduction 
(Nam and Condon, 2014), and layer-by-layer (Dubas et al., 2006). Most 
conventional AgNP syntheses rely on chemical reducing agents, for 
example, ascorbic acid, hydrazine, N,N-dimethylformamide or sodium 
borohydride to control particle nucleation, size, and shape while pre
venting agglomeration (Nam et al., 2024; Pranto et al., 2025). For textile 
applications, many studies reported using natural plant extracts, i.e., 
leaf extracts of E. globulus and C. alata, as reducing agents for AgNP 
extraction during green synthesis (Salgado et al., 2023; Sivaranjana 
et al., 2017). On the other hand, cellulose itself can act as a reducing 
agent under mild alkaline hydrothermal conditions for the synthesis of 
various metal oxides (Emam and El-Bisi, 2014; Guodong et al., 2012; Li 
et al., 2012; Yazdanshenas and Shateri-Khalilabad, 2012). However, all 
these processes involve multiple steps, uncontrolled nanoparticle 
growth resulting in agglomeration, insufficient nanoparticle deposition, 
and the need for elevated temperatures, therefore, posing higher costs 
and manufacturing challenges for sustainable textile production 
(El-Seedi et al., 2019; Yazdanshenas and Shateri-Khalilabad, 2013). 
More critically, most prior studies report nanoparticle formation pri
marily on the fiber surface, leading to poor washing durability and 
limited practical applicability (see Table S1 for a detailed analysis of the 
shortcomings of different synthesis approaches). Therefore, developing 
a simple, low-cost, energy-saving, and controllable in situ synthesis 
strategy for wash-durable AgNP cotton fabric remains a pressing issue 
for commercial textile production and research community for devel
oping multifunctional fabric.

The development of antimicrobial fabrics is especially critical for 
reducing health risks posed by pathogenic bacteria in agricultural and 
clinical environments. Pantoea agglomerans, a gram-negative bacterium 
commonly found in plants (e.g., beans, sugarcane), soils, and feculent 
materials, has emerged as an opportunistic pathogen associated with 
nosocomial infections, neonatal sepsis, and bacteremia (Andersson 
et al., 1999; Cruz et al., 2007; Li et al., 2024; Mani and Nair, 2021; 
Mardaneh and Pouresmaeil, 2024; Sengupta et al., 2016). Beyond 
human health, it also causes plant diseases, highlighting its dual sig
nificance in agriculture and medicine (Dutkiewicz et al., 2016; Zhang 
et al., 2025). However, the antimicrobial efficacy of AgNP incorporated 
fabric against Pseudomonas aeruginosa has not yet been explored in 
literature to the best of our knowledge. Although Bacillus subtilis 
(gram-positive) is generally regarded as a nonpathogenic plant-based 
bacterium, it can cause secondary infections in immunocompromised 
patients, including dermal wounds, burns, and respiratory or urinary 
tract infections, which may become life-threatening (Nicolas et al., 
2012; Saleh et al., 2014). Transmission of these bacteria can occur 
through thorn or splinter injuries in farm settings, inhalation of 
contaminated dust, or exposure to contaminated medical fluids 
(Dutkiewicz et al., 2016; Mirtella et al., 2021). Similarly, Staphylococcus 
aureus (gram-positive) and Pseudomonas aeruginosa (gram-negative) are 
among the most widespread human pathogens, responsible for hospital- 
and community-acquired infections, as well as chronic wound compli
cations (Ekunde et al., 2025; Fazli et al., 2009; Trizna et al., 2020). Given 
that these pathogens can originate from both plant-based sources and 
hospital environments, there is a critical need for antimicrobial clothing 
that is breathable, wash-resistant, and comfortable, made from natural 
cotton produced via a streamlined, resource-efficient fabrication 
method, to safeguard agricultural workers from plant-associated bac
teria and healthcare professionals from hospital-acquired infections.

Herein, a one-pot, room-temperature strategy is reported for the in 
situ synthesis of silver nanoparticles (AgNPs) within cotton fibers. A 
homogeneous distribution of nanoparticles is expected within the fiber 
interior and on the fiber surface at room temperature, without the need 

for an external reducing agent, stabilizing agent, external heat, or light. 
The bean-shaped multilayer cotton fiber structure temporarily swells 
and opens microchannels for the diffusion of precursor silver ions inside 
the lumen under alkaline conditions (Nam and Condon, 2014). The 
abundance of hydroxyl groups in the activated cellulose thereby trans
forms these micro-channels into micro-bioreactors and should be suffi
cient for the reduction of Ag+ at room temperature without additional 
chemical agents. The hypothesis can further be validated through a 
systematic study of the effects of reaction time and alkali concentration 
on nanoparticle growth and homogeneous distribution throughout the 
cotton fiber. To demonstrate the advantages of distributing AgNPs 
within the fiber matrix rather than depositing them only on the fiber 
surface, laundering durability was investigated. The antibacterial 
properties of AgNP-incorporated cotton fabrics were investigated 
against plant-based and typical hospital-associated pathogens. For 
comparison, the advantages of this proposed synthesis approach are 
tabulated alongside the existing literature in Table S1. Overall, the study 
addresses a critical need for low-cost, scalable, and durable antimicro
bial cotton materials, with potential applications across agricultural, 
industrial, and healthcare sectors.

2. Experimental section

2.1. Materials

Commercial cotton fabric (scoured and bleached, areal density: 
94.50 ± 2.70 g/m2, thickness: 243.20 ± 9.20 μm) was procured from 
Testfabrics, Inc., and used without any modification (Style 400, West 
Pittston, PA, USA). Commercial cotton fibers typically consist of 
88–96% cellulose, 1.1–1.9% protein, 0.7–1.2% pectic substances, 
0.7–1.6% waxes, 0.4–1.0% sugars, 0.5–1.0% organic acids, and other 
minor constituents (Wakelyn et al., 2006). Following scouring and 
bleaching, the cellulose content increases to ≥99%, with a degree of 
polymerization in the range of 9000–15,000 (Cotton Inc). Sodium hy
droxide (NaOH) at 50% w/v and nitric acid (HNO3) at 68-70% w/w 
were purchased from Sigma-Aldrich. Silver nitrate (AgNO3, 99.9%) was 
purchased by J. T. Baker (Phillipsburg, NJ, USA). All the chemicals were 
utilized as received. Ultra-pure water with a resistance of 18.0 MΩ/cm 
was used in the experiments.

2.2. Fabrication of NanoAgCot fabric

Fig. 1a depicts the fabrication technique. Briefly, 0.1 g of silver ni
trate (AgNO3) was added to 100 mL of deionized (DI) water to prepare a 
0.1% (w/v) precursor solution. The solution was stirred for 5 min to 
ensure complete dissolution. A 50 mL aliquot of this solution was used to 
soak a piece of white cotton fabric (0.5 g; 2 in. × 4 in.) for 1 h, with pH 
adjusted using dilute HCl or NaOH as necessary. This step promotes 
rapid sorption of Ag+ inside the cellulose network. Subsequently, NaOH 
solutions of varying concentrations (0.05%, 0.14%, 0.24%, 0.48%, 
0.94%, 1.39%, and 2.29% w/v) were added to the reaction mixture and 
vortexed for 8 h for ensuring homogeneous reaction conditions. NaOH 
concentration was calculated as mass of NaOH per total volume of the 
reaction mixture. Upon completion of the reaction, the fabric turned 
brown or dark brown, depending on the extent of nanoparticle content 
in the cotton fibers. Next, DI water and AATCC standard detergent 
(0.37% w/v) were applied to the fabric for 30 min at ambient temper
ature for washing, stirred in a flask with a large stir bar to remove 
loosely attached nanoparticle lump. After drying under ambient condi
tions, the sample was further washed with DI water at 70 ◦C for 2 h to 
remove any residual precursor ions or unbound nanoparticles. Finally, 
the fabric was dried in ambient conditions.
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2.3. Characterization of cotton

2.3.1. UV-vis spectroscopy
Reflection ultraviolet-visible (UV–vis) spectroscopical analysis was 

performed using an ISR-2600 spectrometer (Shimadzu, Japan) over the 
200–900 nm range, with a spectral resolution of 1 nm.

2.3.2. Optical imaging
Optical images of different fabrics were acquired using a digital 

microscope (KH-8700, Hirox). The colorimetric values (a, b, x, and y) 
were calculated using Python image processing. The total color differ
ence was calculated using the following formula: 

ΔE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L − L0)
2
+ (a − a0)

2
+ (b − b0)

2
√

Eq. (1) 

Here, L0 , a0, and b0 are the reference values of L, a and b. The average 
values of three trials are presented.

2.3.3. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) and elemental mapping of sil

ver (Ag) were performed on various samples using a Phenom G6 ProX 
(Nanoscience Instruments, Phoenix, AZ, USA). At first, a carbon tape 
(double-sided) was used to mount the sample on a sample stub. A gold 
coating with 7 nm thickness was sputter-coated using a sputter coater 
(LUXOR, Aptco Technologies, Belgium). For image collection, acceler
ating voltages at 10 kV and 15 kV were used, with magnifications of 
2000 × , 1500 × , and 1000 × . Samples for cross-sectional analysis were 
prepared according to the protocols described in section 2.3.5 and 
placed on a carbon tape (double-sided) for imaging.

Fig. 1. Room-temperature, one-pot synthesis of interfibrillar AgNPs on cotton. (a) Process schematic: (1) AgNO3 soaking loads Ag + throughout the fiber; (2) NaOH 
deprotonates cotton fiber and temporarily swells (molecularly or nanoscopically) cotton and facilitates deep diffusion of Ag+ ions; (3) vortexing maintains mass 
transfer during cellulose-mediated reduction to Ag0. (b) Proposed pathway: Ag+ coordination to cellulose → Ag-O coordination bond formation in the presence of 
NaOH → electron transfer from alkaline cellulose to Ag0 → growth of immobilized AgNPs within the surface and interfibrillar matrix. (c) Macroscopic and 
microscopic images of pristine cotton and NanoAgCot fabrics; (d) Strip test analysis of pristine cotton, NaOH-treated cotton and NanoAgCot fabrics in the 
warp direction.
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2.3.4. X-ray diffractometry (XRD)
The fabrics were characterized by X-ray diffractometry (XRD) anal

ysis utilizing Rigaku Miniflex (Rigaku Americas Corporation, The 
Woodlands, TX, USA) with (5◦ - 80◦) angular scanning (2θ), 0.1◦ step 
size, and 5◦/min scan rate.

2.3.5. Transmission electron microscopy (TEM)
The cross-section of cotton fiber samples was illustrated by Trans

mission electron microscope (TEM) (FEI Tecnai G2 F30). Samples for 
TEM were prepared following published methods (Boylston et al., 1991; 
Thibodeaux and Evans, 1986) Briefly, the samples were embedded in a 
resin system composed of butyl methacrylate, methyl methacrylate, and 
benzoyl peroxide, and polymerized using a UV cross-linking unit 
(CL-1000, Analytik, Germany). Ultrathin sections with a thickness of 
approximately 100 nm were then obtained using a microtome (Power
Tome Ultramicrotome, Boeckeler Instruments, USA). The resulting sec
tions were mounted on copper grids (carbon-coated) and subsequently 
imaged by TEM with an operating voltage of 300 kV.

2.3.6. Atomic absorption microscopy (AAS)
An atomic absorption spectrometer (240Z AA with graphite furnace, 

Agilent, USA) was used to detect silver content in the cotton fibers. At 
first, 0.02 g of cotton fabric was weighed. Then, utilizing a microwave 
digestion system, the sample was digested in nitric acid (10 mL, 6 M) 
(MARS 6, CEM Corporation, USA). The digested solution was collected 
and diluted to 1:1000 (w/w). Next, the solution was analyzed using a 
calibration curve, which was established by a silver (Ag) standard so
lution (Agilent, Santa Clara, CA, USA). The final measurement was 
determined from the average of three samples.

2.3.7. X-ray photoelectron spectrometer (XPS)
X-ray photoelectron spectroscopy (XPS) analyses were performed 

using a Physical Electronics PHI 5000 VersaProbe II Hybrid spectrom
eter operated under ultra-high vacuum conditions, with the analysis 
chamber pressure maintained below 1 × 10− 7 Pa. A monochromated Al 
Kα X-ray source (hν = 1486.6 eV) was employed at an operating power 
of 25 W and an accelerating voltage of 15 kV, using an analysis spot size 
of 100 μm. Wide-scan (survey) spectra were acquired over a binding 
energy range of 0–1400 eV with a pass energy of 187.85 eV and an 
energy step size of 0.8 eV. To obtain a high-resolution spectrum, a 
reduced pass energy of 23.5 eV and a step size of 0.1 eV were set. The 
binding energy calibration was calculated by referencing all spectra to 
the adventitious carbon C 1s peak at 284.6 eV.

2.3.8. Tensile strength test
Tensile strength measurements for pristine and NanoAgCot fabrics 

were conducted in accordance with ASTM D5035-95, utilizing a uni
versal testing machine (Instron 5566, USA). For each fabric type, five 
specimens measuring 1.5 × 6 inches were prepared and tested along the 
warp direction.

2.4. Laundering test

Laundering durability was evaluated according to AATCC Test 
Method 61-2007 using a laboratory laundry machine, the Launder- 
Ometer (M228-AA, SDL Atlas, LLC, USA). At first, 200 mL of 0.37% 
(w/v) AATCC standard detergent solution and ten stainless-steel balls 
were added to a stainless-steel canister to simulate mechanical agitation. 
The canister was preheated to 40.0 ± 0.1 ◦C. A NanoAgCot Swatch (2 
in. × 4 in.) was introduced to the canister. Washing was conducted at a 
fixed temperature of 40.0 ± 0.1 ◦C and a rotational speed of 40 ± 2 rpm 
for 45 min. Each cycle corresponded to five conventional home or 
commercial laundering washes, with fabrics subjected to 10 cycles, 
equivalent to 50 conventional washes. Following laundering, samples 
were rinsed with deionized water at room temperature for 10 min to 
remove residual detergent and air-dried under ambient conditions. The 

remaining silver was quantified using Atomic Absorption Spectroscopy 
(GFAAS) and UV–vis spectroscopy. Silver retention was calculated using 
the formula: 

%[Ag] =
I0 − In

I0
× 100 Eq. (2) 

Here, I0 and In represent the silver concentration at cycle 0 and cycle n, 
respectively, as determined by GFAAS or UV–vis analysis.

2.5. Antimicrobial test

The antibacterial activity of the nanoparticle-embedded fabrics was 
assessed following the AATCC 100:2012 antimicrobial fabric test stan
dard. Briefly, circular samples (1.9-inch diameter) of both pristine cot
ton and NanoAgCot fabrics were sterilized by autoclaving. Bacterial 
strains Pantoea agglomerans BSDF19-4 and Bacillus subtilis BSDF49-1 (Qi 
et al., 2025) were grown as precultures either in MRS (Research Prod
ucts International, Mount Prospect, IL, USA (“de man, rogosa and sharpe 
(MRS) agar,” 2003)) or Tryptone Sucrose Yeast (TSY) medium with 
50 g/L sucrose, adapted from (Haynes et al., 1955) and normalized to 
105 colony-forming units/mL. Inoculum was plated to confirm CFU/mL. 
The fabric samples were treated by soaking each in 1 mL of the inoculum 
containing approximately 105 colony-forming units (CFU) of the bac
terial isolate for 1 min allowing the solution to be fully absorbed by the 
fabric. After inoculation, the treated fabric samples were transferred to 
individual sterile glass jars for zero-time and 24-h incubation. Next, 
100 mL of sterile 1X PBS was added to the zero-time incubation group 
immediately after placing the bacteria-inoculated swatches in the jar. 
After vigorous shaking, serial dilutions of 100, 10-1, and 10-2 were pre
pared. Then, 100 μL of each dilution was spread in triplicate onto MRS or 
Nutrient agar plates (Research Products International, Mount Prospect, 
IL, USA) using an Eddy Jet 2W Automatic Spiral Plater in linear 100 
mode (Neutec Group, Inc., NY, USA). The inoculated plates were incu
bated overnight at 28 ◦C. Colonies were counted with the SphereFlash 
Automatic Colony Counter (Neutec Group, Inc., NY, USA) using the 
SphereFlash Colonies PRO software version 1.0.0.16, and results were 
expressed as CFU/mL. Additionally, for the 24-h time point, the jars 
were incubated for 24 h at 28 ◦C, and then the same serial dilution 
procedure was performed as for the time-zero group.

Antibacterial performance against Staphylococcus aureus (ATCC 
6538) and Pseudomonas aeruginosa (ATCC 9027) was evaluated at 
Microchem Laboratory (Texas, USA) in accordance with the AATCC Test 
Method 100-2004, titled “Antibacterial Finishes on Textile Materials: 
Assessment of Antibacterial Activity.” The antibacterial efficacy was 
quantified by calculating the percentage reduction in bacterial growth 
using the following equation: 

% inhibition=
(

B − A
B

)

× 100 Eq. (3) 

where A denotes the number of test bacteria recovered from the Nano
AgCot sample after 24 h of contact, and B represents the number of test 
bacteria on the control sample (pristine cotton) immediately following 
inoculation.

3. Results

3.1. Fabrication process of NanoAgCot fabric

Fig. 1 illustrates the one-pot, room-temperature synthesis technique 
of silver nanoparticles distributed both within the internal matrix and on 
the surface of fibers. As shown in Fig. 1a, pristine cotton fabric was first 
immersed in AgNO3, which promotes rapid sorption of Ag+ inside the 
cellulose network (β (1–4) linked D-glucose chain network). Upon the 
addition of NaOH and vortexing, two simultaneous processes drive in 
situ silver nanoparticle formation as shown in Fig. 1b. First, alkalization 
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deprotonates cotton fiber because of its relatively low pKa (<10.2) 
(Heymann & Rabinov, 1941; Österbeg and Claesson, 2000), which 
creates more reaction sites. The Ag+ binds readily to polysaccharide 
oxygen donors and provides a dense distribution of cation adsorption 
sites on and within cellulosic substrates (Salama et al., 2021). Impor
tantly, the alkaline treatment swells the cotton fiber from bean shape to 
round shape, providing micro-channels inside the layered structure 
(Nam and Condon, 2014). Therefore, the alkaline treatment, coupled 
with vortexing, increases diffusion pathways, thereby transporting 
Ag + deeper into interfibrillar domains where it can nucleate in situ. 
Second, the reduction proceeds without an added reducing agent 
because cellulose acts as an electron donor under alkaline conditions 
that produces Ag0 (Ag+ → Ag0) and converts hydroxyl groups to car
bonyls (Fig. 1b) (Emam and Ahmed, 2016; Guodong et al., 2012; Tsague 
et al., 2024). With time, the size of the nanoparticle increases. In 
contrast to conventional approaches to cotton, which often require 
additional chemistries such as ammonia/Tollens’ reagent, plasma acti
vation, or pre-oxidized cellulose substrates, this ambient, two-reagent 
protocol offers an atom-economic alternative.

Macroscopically, the white cotton fabric transitions to a brown/dark 
brown hue following complete nanoparticle synthesis (Fig. 1c), consis
tent with metallic AgNPs as reported before (Nam and Condon, 2014; 
Yazdanshenas and Shateri-Khalilabad, 2013). Optical microscopic im
ages confirmed that the treatment preserved the fabric's structural 
integrity on a microscopic scale. Additionally, strip tensile testing 
(Fig. 1d) performed along the warp direction revealed no statistically 

significant difference in breaking force between pristine cotton 
(272 ± 6 N) and NanoAgCot fabrics (270 ± 5 N), synthesized using 
1.39 wt% NaOH for 8 h at pH 5.3 (as described later in the manuscript). 
To isolate the effect of alkaline treatment, cotton fabric was treated with 
1.39 wt% NaOH under identical reaction conditions in the absence of 
AgNO3. The NaOH-treated cotton exhibited a comparable breaking force 
(274 ± 5 N) to that of pristine cotton, confirming that the mild alkaline 
treatment did not induce measurable cellulose degradation or compro
mise mechanical integrity. Similarly, no statistically significant change 
in breaking force was observed in the weft direction in pristine cotton 
and NanoAgCot fabrics, as shown in Fig. S1a. On the other hand, elon
gation at break measured in the warp direction (Fig. S1b) increased 
slightly for both NaOH-treated cotton (8.60% ± 0.21%) and NanoAgCot 
(8.93% ± 0.14%) compared to pristine cotton (6.61% ± 0.13%). This 
modest increase may be attributed to structural relaxation or slight 
shrinkage, occurring during the washing and drying steps rather than 
cellulose degradation. Therefore, these findings confirm that the syn
thesis process preserves the mechanical integrity of the cotton substrate. 
Fig. S2 indicates the thickness and areal density of fabrics before and 
after nanoparticle synthesis. Both thickness and areal density slightly 
increase after nanoparticle synthesis. These findings suggest that 
NanoAgCot fabric retains the texture and durability of untreated fabric, 
supporting its potential for substitution in numerous textile applications.

Fig. 2. UV-vis and colorimetric characterizations of various cotton fabrics, (a)-(c) UV-vis spectroscopy of cotton and NanoAgCot fabrics with respect to reaction time 
(a), initial soaking pH (b) and NaOH w/v% (c), (d)-(f) Δ E changes with respect to time (d), initial soaking pH (e) and NaOH w/v% (f), (g)-(i) CIE 1931 chromaticity 
graph depicting the color of the fabrics with respect to time (g), initial soaking pH (h) and NaOH w/v% (i).
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3.2. UV-vis spectra and colorimetric characterization of the NanoAgCot 
fabric

Fig. 2 presents the UV–vis spectra of various cotton fabrics subjected 
to different treatments, highlighting the kinetics and reaction conditions 
governing AgNP formation. As expected, pristine cotton showed no 
distinct plasmonic features, consistent with the absence of Ag nano
particles on the fabric (Fig. 2a). After soaking in AgNO3 for 1 h at pH 5.3 
and reacting with 0.24% (w/v) NaOH, the resulting NanoAgCot fabric 
displayed a characteristic surface plasmon resonance (SPR) band at 
435 nm (Nam and Condon, 2014; Pranto et al., 2025). The peaks are 
redshifted with increasing reaction time from 2 to 24 h, which indicates 
an increase in nanoparticle size (Amirjani et al., 2020). The steady rise in 
SPR peak absorbance indicates progressive and uniform nanoparticle 
formation, reflecting the time-dependent growth of AgNPs within the 
microfibrillar network. The influence of initial soaking pH on nano
particle formation was also investigated (Fig. 2b). Upon dissolution, 
AgNO3 exhibited an inherent pH of 5.3, which was subsequently 
adjusted to 3.5 and 9.5 using HCl and NaOH, respectively. After re
actions, NanoAgCot cotton samples demonstrated progressively 
increasing SPR peak absorbance with increasing pH. At pH 9.5, the 
enhanced SPR response is attributed to partial NaOH pretreatment 
during pH adjustment, which induces temporary fiber swelling and 
generates additional cellulose alkoxide sites, thereby promoting Ag+

binding and reduction. In contrast, acidic conditions (pH 3.5) diminish 
the reducing capacity of cellulose by the protonation of the cellulose 
alcohols (R-OH2

+) which inducing coulombic expansion at the molecular 
level and electrostatic repulsion of Ag+. Consequently, nanoparticle 
formation was limited. Furthermore, the role of NaOH concentration 
was systematically examined (Fig. 2c). The NanoAgCot fabric treated 
with specific NaOH w/v% is denoted as NanoAgCotn, where n is the 
nanoparticle concentration. Cotton fabric treated with 0.1 w/v% AgNO3 
without NaOH treatment displayed no significant SPR peak as shown in 
Fig. 2c. However, compared to the spectra of pristine cotton (Fig. 1a), 
the spectra of AgNO3-soaked cotton showed a small curvature around 
435 nm, probably due to absorption of Ag+ ions. With increasing NaOH 
concentration while keeping the reaction time (8 h) and initial soaking 
pH (5.3) constant, the SPR absorbance rose sharply. As shown in Fig. S3, 
the bulk solution pH after 8 h of reaction with NaOH in the presence of 
cotton fabric increased exponentially with increasing NaOH concen
tration, plateauing beyond 2.5% (w/v). The corresponding SPR peak 
absorbance of the fabrics followed the same trend (Fig. S3). These results 
confirm that NaOH facilitates nucleation by elevating pH and activating 
additional sites. Beyond the plateau, nanoparticle growth occurs within 
these sites, leading to increased particle size and gradual agglomeration 
over time (as displayed in the SEM images described in section 3.4). The 
highest SPR peak absorbance (1.60 ± 0.05) was recorded for Nano
AgCot2.29 fabric as shown in Fig. 2c, very close to the plateaued con
centration (2.5%) as observed in Fig. S3. At higher concentrations, 
UV–vis spectra of NanoAgCot fabrics exhibited plasmon band broad
ening and diminished peak (Figs. S3 and S4a), which indicates nano
particle aggregation on the fabric. For example, NanoAgCot fabrics 
treated with 2.72% and 3.14% NaOH exhibited broad SPR peaks 
(Fig. S4a), with absorbance peaks at 360 and 516 nm for NanoAgCot2.87 
fabric, and at 350 and 500 nm with decreased intensity for the Nano
AgCot3.14 fabric. Therefore, the SPR peak at 435 nm was diminished. 
Similarly, NanoAgCot3.14 fabric after 24 h of reaction exhibited reduced 
intensity with a broad peak (Fig. S4a). This was further supported by 
uneven coloration in NanoAgCot3.14 fabric as shown in Fig. S4b. In 
contrast, NanoAgCot0.5 exhibited a consistent SPR peak at 435 nm even 
after 48 h of reaction, attributable to the lower NaOH concentration 
(Fig. S4a). This observation further underscores the critical role of NaOH 
concentration in nanoparticle formation and highlights the potential for 
optimizing process parameters considering reaction time and NaOH 
concentration to enhance synthesis efficiency.

The sequence of reagent addition was found to be critical. When 

cotton was soaked in 1.39% (w/v) NaOH for 1 h prior to reaction with 
0.1% (w/v) AgNO3 for 8 h, broad and diminished SPR peak absorbance 
were observed in UV-vis spectra, as shown in Fig. S5, indicative of un
controlled nucleation and aggregation of formed NPs. In contrast, pre- 
soaking with 0.1% (w/v) AgNO3 followed by reaction with 1.39% (w/ 
v) NaOH for 8 h resulted in a sharp SPR absorbance peak, indicating 
more controlled particle growth. Therefore, introducing AgNO3 first, 
followed by NaOH, slowed the reduction rate and enabled control over 
nucleation site formation. Thus, this process promotes homogeneous 
nanoparticle distribution within a certain time frame and NaOH con
centration. Mechanical agitation is also essential for achieving uniform 
nanoparticle distribution. NanoAgCot fabrics prepared under identical 
conditions (0.1% w/v AgNO3, 1.39% w/v NaOH, initial pH 5.3, 8 h) 
showed distinct coloration depending on vortexing. NanoAgCot1.39 
fabric without any vortexing/shaking exhibited non-uniform coloration 
after synthesis, indicating uneven AgNP dispersion (Fig. S6). In contrast, 
the fabric subjected to continuous vortexing during synthesis displayed 
consistent and uniform coloration (Fig. S6), which reflects homogeneous 
nanoparticle deposition. Hence, continuous vortexing ensured effective 
diffusion of Ag+ and OH− ions, promoted homogeneous nucleation 
throughout the fiber, and suppressed uncontrolled nanoparticle aggre
gation, yielding more uniform particle deposition.

Colorimetric analysis of various NanoAgCot further corroborated 
these findings. Fig. 2d–f shows that ΔE values increased rapidly at early 
stages of reaction time, initial pH, and NaOH concentration before 
reaching a plateau, consistent with saturation of nanoparticle incorpo
ration. The visible color evolution of the fabric under these conditions 
was mapped in CIE 1931 chromaticity space (Fig. 2g–i), where pro
gressive shifts in chromaticity coordinates from light brown to dark 
brown color corresponded directly to nanoparticle loading. These opti
cal transitions provide a rapid, non-destructive indicator of nanoparticle 
formation and distribution, in line with the UV–Vis results.

3.3. Optimization of the fabrication parameters

The fabrication parameters were further analyzed and optimized for 
effective nanoparticle formation. It was reported that UV–vis SPR peak 
absorbance correlates with nanoparticle concentration (Hillyer et al., 
2022). To establish this quantitative relationship, silver content in 
various NanoAgCot fabrics was measured using Graphite Furnace 
Atomic Absorption Spectroscopy (GFAAS) and plotted against their 
corresponding SPR peak absorbance (Fig. 3a). The analysis revealed a 
clear exponential dependence of SPR peak absorbance on silver con
centration in the fabric. The maximum nanoparticle loading was 22, 
888 ± 2967 mg/kg for NanoAgCot2.29 fabric. Beyond 1.62, the SPR peak 
absorbance decreased. This graph was later used to determine the 
amount of Ag present in fabrics after the laundering tests within the SPR 
peak absorbance range (0.5500-1.6200) and to compare these concen
trations with those determined directly by GFAAS.

To optimize synthesis conditions for maximal nanoparticle formation 
with minimal particle aggregation based on SPR peak absorbance, 
Sequential Least Squares Quadratic Programming (SLSQP) was 
employed. At initial soaking pH 5.3, the model explored NaOH con
centrations (0.05–3.15% w/v) and reaction times (2–20 h), yielding a 
SPR peak absorbance ranging from 0.5505 to 1.6200. Therefore, the 
constraints for the model were set as 0.05 ≤ NaOH concentration 
≤3.15%, 2 h ≤ reaction time ≤20 h, and 0.5 ≤ SPR peak absorbance 
≤1.62. Starting from an initial condition of 1.55% NaOH and 12 h for 
iterations, the optimum was identified at 1.91% NaOH and 8.65 h, 
corresponding to a predicted absorbance of 1.611. Fig. 3b presents a 
contour plot illustrating the relationship between SPR peak absorbance, 
NaOH concentration, and reaction time, with the predicted optimal 
point. The optimal condition reflects a mechanistic balance with suffi
cient silver ion reduction without triggering aggregation of nano
particles. As shown in Fig. 3b, a distinct triangular bright region on the 
contour plot, representing high absorbance, emerges in the mid-range of 
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NaOH concentrations. Initially, SPR absorbance increases with reaction 
time and NaOH concentration driven by homogeneous nanoparticle 
formation. As NaOH concentration increases further, the high- 
absorbance region narrows and forms a triangular contour which in
dicates rapid growth and aggregation.

The statistical significance of the model was tabulated in Table S2. 
The model provided an excellent fit to the experimental data 
(R2 = 0.8325, RMSE = 0.1402) and was statistically significant with 
p = 2.32 × 10− 5, confirming that the selected variables adequately 

explain the observed variation in UV–vis absorbance. Among the factors, 
NaOH concentration (b1 = 0.705, p = 00014) had the most dominant 
effect, followed by reaction time (b2 = 0.053, p = 0.0022). The inter
action term (b12 = − 0.014, p = 0.0008) was highly significant and 
negative, indicating prolonged reaction time at high concentration led 
to a decrease in SPR peak absorbance. Both quadratic terms were 
negative and significant (p = 0.0083 and 0.0061, respectively). This 
observation supports the presence of non-linear curvature in the 
response surface and suggests diminishing returns at higher 

Fig. 3. Ag distribution and optimization, (a) Concentration of Ag with respect to SPR peak absorbance, (b) Optimization of NaOH w/v% and reaction time (h) for 
maximum SPR peak absorbance at fixed initial pH.

Fig. 4. Surface characterization of various NanoAgCot fabrics. (a–b) SEM micrographs of pristine cotton (a) and NanoAgCot1.39 Fabric (b); (c) SEM–EDS elemental 
mapping showing silver distribution across the cotton matrix; (d) SEM–EDS spectrum confirming elemental composition of NanoAgCot1.39 Fabric; (e) SEM image of 
NanoAgCot1.96 Fabric, highlighting silver nanoparticles on fiber surface.
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concentrations and longer times, due to nanoparticle agglomeration. 
Together, these findings highlight that optimal nanoparticle incorpora
tion requires balancing concentration and reaction time, as excessive 
values of both variables lead to reduced efficiency.

3.4. Morphological analysis of NanoAgCot by SEM and TEM

Fig. 4 presents the morphological characterization of silver nano
particles embedded on the surface of the NanoAgCot fiber through SEM 
analysis. As shown in Fig. 4a, pristine cotton exhibited a smooth fiber 
surface. Additionally, SEM-EDS elemental spectra of the fabric showed 
no Ag signal (Fig. S7). On the contrary, NanoAgCot1.39 (Fig. 4b) fabric 
also did not show any visible nanoparticles in higher magnification. 
However, SEM-EDS elemental mapping revealed a uniform distribution 
of AgNPs along the fiber structure (Fig. 4c). Together, both images 
confirm no agglomeration of nanoparticles on the fiber surface. The 
presence of Ag was further confirmed by distinct Ag peaks in the SEM- 
EDS spectra (Fig. 4d). Quantitative analysis of NanoAgCot fabric indi
cated that surface and near-surface silver content ranged from 4.3 to 
12.3 wt%, depending on the synthesis conditions.

To further elucidate nanoparticle morphology, a NanoAgCot1.96 
fabric sample was examined at higher magnification (Fig. 4e). The im
ages revealed larger spherical nanoparticles resulting from treatment 
with elevated NaOH concentrations (1.96 w/v%). The nanoparticles 
were uniformly decorated on the fiber surface without significant ag
gregation. This morphology is consistent with the SPR absorption pro
files in Fig. 2c, where the sharp peak was observed in fabrics treated up 
to 2.29% w/v NaOH concentration, indicating homogeneous distribu
tion of nanoparticles on the fiber surface. Further increase in NaOH 
concentration to 2.72% (w/v) resulted in aggregation of the nano
particle on the surface of NanoAgCot2.72 fabric, as displayed in the SEM 
image in Fig. S8. This phenomenon is also consistent with the broad SPR 
peak absorbance observed in NanoAgCot fabrics treated with NaOH 
concentration greater than 2.29% w/v, as described in Fig. S3. Com
binedly, the SEM–EDS results corroborate the spectroscopic and opti
mization analyses.

Beyond surface deposition, silver nanoparticles were also 

incorporated within the interior of cotton fibers, as demonstrated in 
Fig. 5. The cross-sectional SEM image in Fig. 5a of NanoAgCot1.39 fiber 
clearly revealed numerous bright spots distributed across the fiber cross- 
section, indicative of silver-rich domains embedded within the cellulosic 
matrix. This observation confirms that Ag+ ions diffused deeply during 
the soaking step and subsequently underwent in-situ reduction 
throughout the fiber rather than being confined to the outer surface. 
Elemental confirmation was provided by SEM–EDS (Fig. 5b), which 
displayed distinct silver peaks in cross-sectional scans. The quantified Ag 
content ranged from 0.56 to 1.2 wt%, lower than surface concentration 
but significant enough to validate intrafibrillar nanoparticle incorpora
tion. Transmission electron microscope (TEM) analysis further resolved 
the nanoscale morphology of these interfibrous nanoparticles. As shown 
in Fig. 5c, spherical nanoparticles were homogenously distributed across 
the fiber cross-section in NanoAgCot1.39 fabric. Image analysis of TEM 
images of the nanoparticles using ImageJ (Fig. 5d) yielded an average 
diameter of 14.74 ± 6.61 nm. The small sizes of the nanoparticles are 
favorable for efficient antibacterial properties because they show faster 
release of Ag + as reported by literature (Carlson et al., 2008; Dobias and 
Bernier-Latmani, 2013). Taken together, these findings demonstrate 
that the fabrication process yields hierarchical nanoparticle incorpora
tion where AgNPs are anchored both on the fiber surface and within the 
bulk structure. Such dual localization enhances functional durability 
and provides a more robust interaction between nanoparticles and the 
cotton matrix.

3.5. XRD and XPS of NanoAgCot fabric

XRD analysis further confirms the reductive role of cotton fiber in 
AgNP formation. As shown in Fig. 6a, the precipitate from the reaction 
between 0.1% w/v AgNO3 and 1.39% w/v NaOH in the absence of 
cotton fabric (red spectra) exhibited distinct diffraction peaks at 26.3◦, 
32.4◦, 37.7◦, 55.1◦, 65.6◦, and 69.2◦ corresponding to the (110), (202), 
(020), (220), (311) and (222) planes of Ag2O (Elyamny et al., 2021; 
Rajabi et al., 2019; Zhan et al., 2019). These peaks are consistent with 
the formation of silver(I) oxide via the reaction: 

Fig. 5. Cross-sectional characterization of NanoAgCot fiber. (a) SEM micrograph of the fiber cross-section showing morphological features; (b) SEM–EDS elemental 
mapping confirming silver distribution across the fiber interior; (c) TEM image revealing intrafibrillar localization of AgNPs within the fiber matrix; (d) Size dis
tribution of AgNPs across the cross-section, quantified via ImageJ analysis of TEM data.
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2 AgNO3 + 2 NaOH → Ag2O + 2 NaNO3 + H2O                       Eq. (4)

In contrast, when NanoAgCot fabric was present in the solution, addi
tional peaks appeared (blue spectra) at 44.3◦, 64.4◦, and 77.3◦, which 
correspond to the (200), (220), and (311) planes of face-centered cubic 

Ag, consistent with metallic AgNPs peaks reported in the literature (Nam 
and Condon, 2014; Pranto et al., 2025). There was a close overlap be
tween the Ag and Ag2O peaks at 38.1◦, indicating the formation of a 
hybrid structure. Previous reports have attributed the diffraction peak 
near 38◦ to either metallic Ag or Ag2O, thereby supporting the simul
taneous presence of (111) Ag (38.1◦) and (020) Ag2O (38.0◦) phases 

Fig. 6. XRD analysis of reaction precipitate and various cotton samples, (a) XRD spectra of reaction precipitates obtained after 8 h with and without NanoAgCot 
fabric, (b) XRD spectra of pristine cotton fabric, AgNO3-soaked cotton fabric, and NanoAgCot fabric, (c)-(d) Survey spectra (c) and high-resolution spectra (d) of XPS 
of NanoAgCot fabric.

Fig. 7. Wash durability of NanoAgCot fabric, (a) UV–vis spectra of AgNP–cotton fabric after different wash cycles, (b) percentage of remaining silver determined by 
UV–vis and graphite furnace atomic absorption spectroscopy (GFAAS), (c) ΔE changes with respect to washing cycles, (d) CIE 1931 chromaticity graph depicting the 
color of the fabric at different wash cycles.
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within the samples (Pranto et al., 2025; Ullah et al., 2020). Notably, 
there is a relatively low concentration of Ag NP in the precipitate with 
cotton. This emphasizes that Ag0 is formed on/inside the fiber and 
mostly remains on the fiber. Fig. 6b compares the XRD spectra of pristine 
cotton, AgNO3-soaked cotton, and NanoAgCot fabric. Characteristic 
cellulose Iβ peaks were observed in all fabric samples at 2θ = 14.7◦, 
16.6◦, 22.7◦, and 34.8◦, corresponding to the (1–10), (110), (200), and 
(004) planes (Hillyer et al., 2022). Furthermore, the absence of the 
cellulose II (020) peak (Fig. 6b) in NanoAgCot fabric spectra confirmed 
that alkaline treatment did not alter the native crystalline structure. 
Importantly, the NanoAgCot fabric exhibited well-defined peaks corre
sponding to the (111), (200), (220), and (311) planes of metallic silver. 
On the contrary, there is no Ag2O peak observed on the XRD of Nano
AgCot fabric, demonstrating the reductive capacity of cotton.

Fig. 6b and c depict the XPS analysis of NanoAgCot fabric. The peaks 
for C1s and O1s of cotton cellulose were observed at 285 and 531 eV. 
High resolution spectra depict that two peaks at 367.54 eV and 
373.54 eV were observed for Ag 3d5/2 and Ag 3d3/2, respectively, which 
is aligned with the literature for confirmation of Ag NP formation 
(Abdel-Fattah et al., 2015; Orfi et al., 2022).

3.6. Wash-durability of NanoAgCot fabric

Fig. 7 illustrates the wash durability of the NanoAgCot1.39 fabric 
(18,586 ± 1206 mg/kg). As shown in Fig. 7a, the UV–vis spectra 
revealed an initial increase in the SPR peak absorbance for the first 20 
cycles and a decrease afterwards. Silver concentration at different wash 
cycles was quantified using the calibration curve established in Fig. 3a 
and by GFAAS measurements (Fig. 7b). Ag content from UV–vis mea
surements revealed a gradual increase initially, reaching 110% after 20 
washing cycles, followed by a decline to 80% after 50 cycles. The SPR 
peak absorbance reflects the concentration of AgNPs near the fabric 
surface (Nam et al., 2021). Therefore, the rise in absorbance can be 
attributed to the migration and reorganization of interfibrillar Ag+ from 
the fiber interior to the surface through the dissolution and/or oxidation 
of Ag on the particle surface, likely induced by repeated mechanical 
impact from the steel balls during the laundering process. Silver ions 
diffuse toward the cotton fiber surface and adsorb onto pre-existing 
AgNPs (Nam et al., 2021). This surface adsorption alters particle 
morphology, resulting in a measurable shift in SPR peak absorbance. 
Beyond 20 cycles, the decrease in SPR intensity suggests progressive loss 
of nanoparticles up to 23%. However, it was previously reported that 
fabric containing interior nanoparticles predominantly releases Ag+

during the laundering cycle, while fabric containing exterior nano
particles released significantly higher amounts of particulate Ag, which 
poses a major environmental concern due to its potential to inhibit 
microbial activity in wastewater treatment systems and its long-term 
persistence in aquatic ecosystems (Nam et al., 2021). On the contrary, 
the GFAAS measurement displays a consistent decrease in Ag concen
tration. However, for the first 20 cycles, GFAAS indicates a slower 
decline in silver concentration followed by a rapid decline. After 50 
washing cycles, the NanoAgCot fabric retained over 55% of its original 
silver content, which demonstrates markedly superior durability 
compared to prior reports (Nam et al., 2020). For instance, cotton fabric 
with silver nanoparticles fabricated via the pad-dry-cure method 
retained only 7% of the applied silver after just 20 cycles, highlighting 
the limitations of conventional surface treatment (Lee et al., 2003). 
Fig. 7c and d illustrate the ΔE values and corresponding fabric color 
changes across multiple washing cycles. The ΔE values progressively 
increase up to 20 cycles, suggesting surface particle reorganization and 
associated color variation. Beyond 20 cycles, a slight decrease followed 
by an increase at 50 cycles indicates nanoparticle loss from the surface. 
Notably, Fig. 7d shows that the fabric retains its brown hue, indicated by 
the clustered distribution of color, even after 50 washing cycles, visually 
confirming the presence of nanoparticles. XRD analysis of washed and 
unwashed fabrics confirmed the persistent presence of crystalline 

AgNPs, as shown in Fig. S9, further demonstrating the structural sta
bility and durability of the nanoparticles within the cotton matrix even 
after 50 repeated laundering cycles.

3.7. Antibacterial property of NanoAgCot fabric

The antibacterial activity was investigated following the AATCC 100 
test method against Pantoea agglomerans and Pseudomonas aeruginosa 
(both gram-negative bacteria), as well as Bacillus subtilis and Staphylo
coccus aureus (both gram-positive bacteria). As summarized in Table 1, 
the NanoAgCot1.39 (18,586 ± 1206 mg/kg) fabric exhibited excellent 
antibacterial performance against all tested strains. Notably, NanoAgCot 
displayed complete inhibition against plant pathogens, P. agglomerans 
and B. subtilis as depicted in Fig. 8. It further exhibited 99.997% and 
>99.9997% reduction against the clinical pathogens,P. aeruginosa and 
S. aureus, respectively. This study revealed a promising opportunity for 
NanoAgCot fabric to design wearable antimicrobial textiles, such as 
coats and gloves for farm workers, to mitigate pathogen transmission 
from infected plants. The superior antibacterial effect can be attributed 
to the smaller size of the interfibrillar nanoparticle in NanoAgCot as 
reported in Fig. 5d. Herein, NanoAgCot fabric functions as a sustained 
reservoir for Ag+ release. The liberated ions exert broad-spectrum 
antimicrobial activity through well-established mechanisms as follows: 
(i) induction of reactive oxygen species that trigger oxidative damage to 
DNA, proteins, and membrane lipids; (ii) disruption of membrane 
integrity via interactions with membrane proteins and phospholipids, 
causing loss of cellular contents; and (iii) inactivation of essential en
zymes through strong binding to protein thiol groups, thereby impairing 
key metabolic pathways (Nam et al., 2025; Yamanaka et al., 2005). 
Together, these synergistic effects enable Ag+ ions to efficiently inacti
vate diverse bacterial pathogens.

4. Conclusion

A streamlined one-pot room temperature synthesis method was 
developed for generating silver nanoparticles both inside and on the 
surface of cotton fibers, utilizing cotton cellulose as a reducing agent. 
Pre-soaking a white cotton fabric in an aqueous silver nitrate (AgNO3) 
solution facilitated diffusion of Ag + ions into the fiber matrix. Subse
quent alkali (NaOH) addition, coupled with continuous mechanical 
agitation, enabled controlled and homogeneous nanoparticle formation 
both on the surface and inside of the cotton fiber. During synthesis, 
cotton effectively reduced Ag + to metallic Ag0, whereas in its absence, 
no Ag0 formation was observed, thereby confirming the intrinsic 
reducing capacity of cellulose at room temperature without the need for 
additional chemical agents, external heat, or light which are extensively 
required in existing fabrication techniques. Utilizing sequential least 
squares programming (SLSQP), the optimized nanoparticle formation 
for maximum uniform nanoparticle loading was achieved at reaction 
time of 8.65 h and NaOH concentration of 1.91 w/v%. However, the 
process may generate nanoparticle agglomeration and uneven distri
bution of nanoparticles in longer reaction time and NaOH concentration. 
The resulting AgNPs exhibited an average size of 14.74 ± 6.61 nm, and 
the silver nanoparticle incorporated cotton (NanoAgCot) displayed a 
uniform light brown to dark brown color for a nanoparticle loading of 
3,940 – 22,888 mg kg− 1 which is significantly higher than other ap
proaches considering the simplicity of the fabrication technique. 

Table 1 
Antibacterial efficacies of NanoAgCot against various pathogens.

Pathogen Classification % Inhibition

Pantoea agglomerans (BSDF19-4) Gram-negative 100.00
Pseudomonas aeruginosa (ATCC 9027) Gram-negative 99.997
Bacillus subtilis (BSDF49-1) Gram-positive 100.00
Staphylococcus aureus (ATCC 6538) Gram-positive >99.9997
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Importantly, the nanoparticles were distributed both inside and on the 
surface of the cotton fiber was validated by SEM and TEM analysis 
resulting in improved laundering resistance and antimicrobial 
resistance.

The laundering durability test following the AATCC Test Method 61- 
2007 confirmed strong nanoparticle–fiber binding in NanoAgCot, where 
over 55% of total AgNPs were retained even after 50 laundering cycles 
due to interfibrillar nanoparticle distribution. The fabric also demon
strated excellent antibacterial efficacy, achieving complete inhibition of 
plant pathogens, Pantoea agglomerans and Bacillus subtilis, 99.997% in
hibition of Pseudomonas aeruginosa, and >99.9997% inhibition of 
Staphylococcus aureus. These properties position the fabric as a prom
ising candidate for protective wearables in healthcare and agricultural 
settings, as well as a versatile substrate for broader functional applica
tions for packaging, and air filtration applications. Further studies are 
needed to investigate the cytotoxicity and antimicrobial efficiency of the 
fabric under different nanoparticle concentrations and contact times 
prepared by this technique.
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