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A B S T R A C T

Antibacterial textiles are increasingly investigated to mitigate microbial proliferation and improve hygiene, 
particularly in healthcare and protective applications. Here, a simple water-based, partly bio-based three-step 
strategy is presented to fabricate laundering-durable antibacterial cotton via citric-acid pre-functionalization and 
chitosan-assisted in situ formation of silver nanoparticles (AgNPs). Cotton fabrics were first grafted with citric 
acid to introduce carboxyl-binding sites, then loaded with Ag+ from AgNO3, and finally treated with chitosan, 
which served as a bio-based reducing and stabilizing agent enabling the formation of AgNPs at room tempera
ture. CIE L*a*b* colorimetric analysis revealed formulation-dependent variations in lightness and chromaticity 
consistent with optical effects associated with AgNPs. SEM-EDX confirmed a homogeneous distribution of Ag- 
rich surface domains on the fibre surface, while FTIR and Raman spectroscopy indicated preservation of the 
main cellulose fingerprints, suggesting limited alteration of fibre chemistry. The functionalized fabrics exhibited 
>99% antibacterial activity against Staphylococcus aureus and Escherichia coli in the unwashed state, with 
selected formulations retaining >95% efficacy after 10 standardized laundering cycles. Overall, this bio-based 
approach, enabling AgNPs formation at room temperature, offers a practical route to durable antibacterial 
cotton with high wash fastness, making it a promising candidate for a wide range of applications across fields 
such as health and medicine.

1. Introduction

Textiles are among the most widely used materials in both industrial 
and domestic applications. In 2023, the global textile market was valued 
at approximately USD 1.7 billion [1], with forecasts projecting steady 
expansion to around USD 3.05 billion by 2033, driven by a compound 
annual growth rate of roughly 7.6% [1]. This growth is supported by 
rising demand across key sectors, including apparel, household textiles, 
technical textiles, and protective fabrics. Moreover, interest in textile 
surface modification has increased substantially, as numerous studies 
have shown that tailored functional finishes can markedly enhance 
performance by imparting properties such as super-hydrophobicity, 
antimicrobial activity, self-healing behaviour, flame retardancy, UV 
shielding, electrical conductivity, and photocatalytic functionality 

[2–5]. Among the different types of textile, cotton is the most widely 
used natural textile fibre, and is extensively employed in clothing, 
household goods, medical, and industrial fields due to its excellent 
softness, comfort, breathability, high resistance to alkaline conditions, 
moisture absorption, and renewability [6]. However, cotton is highly 
hydrophilic because its main component, cellulose, contains many hy
droxyl groups. This strong hydrophilicity can promote bacterial growth 
over extended use, as water trapped within its structure serves as a 
medium for many microorganisms to thrive. Not only the presence of 
microorganisms can pose health risks to the user, but it can also result in 
the textile discoloration, unpleasant odour, and deterioration of me
chanical properties [7]. Furthermore, in healthcare, cotton fabrics 
employed as bed linen, patient gowns, and bandages can become 
contaminated with various types of body fluids, increasing the risk of 
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infection transmission [8]. Therefore, developing durable antibacterial 
cotton fabrics is crucial for their effective use in healthcare [9–11]. The 
application of antimicrobial agents to cotton fabrics is broadly divided 
into three major categories: organic, natural and inorganic materials 
[12]. The first one, organic materials, includes quaternary ammonium 
salts, guanidine, peptides, zwitterionic betaine compounds, and halides 
[13–16]. The second category, which includes natural materials derived 
from plants or animal sources, such as chitosan derivatives and col
ourants, has been shown to possess strong antimicrobial activity. 
Finally, inorganic agents, including nano-ZnO, nano-TiO2, nano-CeO2, 
nano-Ag, and carbon quantum dots, have been studied for their strong 
antibacterial activity at low concentrations [17–21]. However, con
ventional treatments often lack durability, necessitating long-lasting 
antimicrobial finishes that withstand repeated laundering.

Silver nanoparticles (AgNPs) have been found to be an interesting 
material, due to their remarkable optical, electrical, catalytic, and spe
cifically antimicrobial properties [22–26]. The potent antimicrobial ef
ficacy of AgNPs against a broad spectrum of microorganisms, including 
bacteria, fungi, and viruses, has led to their widespread adoption in 
various industrial sectors, such as textiles, food, consumer products, and 
medicine [26]. Currently, AgNPs are prevalently employed in healthcare 
products, women's hygiene products, the food industry, paints, cos
metics, medical devices, sunscreens, biosensors, clothing, and elec
tronics. However, increased utilisation of AgNPs-enhanced products 
may result in elevated toxicity levels, impacting both the environment 
and living organisms. The antimicrobial activity of AgNPs is primarily 
attributed to silver ions, which are released from silver-containing 
compounds and interact with the thiol groups of enzymes and proteins 
essential for microbial life, disrupting cellular respiration and leading to 
cell death [27]. Generally, AgNPs are prepared ex situ and then physi
cally deposited onto fibers using conventional methods, such as the pad- 
dry-cure process [7]. However, in this way, AgNPs exhibit low energetic 
affinity for textiles and could leach from the substrate during use and 
laundering, with potential adverse effects on humans and the environ
ment. To address this issue, in situ synthesis of AgNPs directly onto 
textiles may be a viable solution [27,28]. Additionally, for biomedical 
applications, it is recommended that a green and nontoxic synthesis 
method be employed to mitigate potential biological hazards [29–31]. 
These nanoparticles are highly effective, offering broad-spectrum anti
microbial activity and a strong capacity to disrupt microbial biofilms.

Polysaccharides, natural macromolecules composed of mono
saccharide units linked by glycosidic bonds, can play a crucial role in 
AgNPs biosynthesis due to their biocompatibility, biodegradability, and 
diverse biological activities [32–36]. Among them, chitosan, the second 
most-abundant natural polysaccharide, is particularly notable. Unlike 
most neutral or acidic polysaccharides, chitosan uniquely exhibits 
metal-ion chelation, antimicrobial activity, and mucoadhesive proper
ties [32,37–39]. This is due to its polycationic nature, which contains 
amino groups (NH2) that strongly bind to metal ions, such as silver ions. 
According to the literature, Ag+ ions first interact with the NH2 groups 
on the polymer chains [40,41]. Subsequently, the primary and second
ary alcohol groups of chitosan are oxidized to aldehydes and ketones, 
respectively, reducing Ag+. It is also proposed that the glycosidic bond 
may play a role in reducing Ag+, thereby contributing to the formation 
of a ketone or ester at the glycosidic ring [40]. Therefore, chitosan not 
only reduces silver ions but also stabilizes the resulting AgNPs by 
forming hydrogen bonds, electrostatic interactions, and Van der Waals 
forces between the surface of the nanoparticles and the amino groups of 
chitosan. Chitosan-stabilized AgNPs can combine the intrinsic proper
ties of both components, often yielding synergistic antimicrobial effects. 
Chitosan contributes antibacterial activity through electrostatic in
teractions with negatively charged bacterial surfaces, leading to mem
brane disruption. [32,42]. For instance, AgNPs have been generated on 
cotton via plasma treatment followed by coating with a silver carbamate 
complex using a simple in situ pad-dry-cure process [28]. Complemen
tarily, chitosan offers a bio-based, dual-function role, serving as a mild 

reductant for Ag+ at room temperature and as a stabilizer/ligand via 
amino-group coordination to Ag0, as elucidated spectroscopically [43]. 
On cellulose, carboxylic crosslinkers are known to improve the laun
dering durability of AgNPs finishes [44], albeit without the cationic 
matrix provided by chitosan [44].

In this study, citric-acid-mediated cellulose functionalization with 
chitosan-assisted in situ generation of AgNPs was used to produce wash- 
durable antibacterial cotton under mild conditions. The finishing strat
egy comprises three sequential steps: (i) covalent grafting of citric acid 
onto cotton cellulose (via esterification under pad-dry-cure conditions) 
to introduce anchored carboxyl functionalities that act as coordination/ 
ion-exchange sites; (ii) impregnation with AgNO3 solution to load Ag+

within the carboxyl-functionalized fibre network; and (iii) immersion in 
chitosan solution to promote in situ reduction of Ag+ to Ag0 and 
concomitant stabilization of the newly formed AgNPs through chitosan 
coordination and polymeric capping. Importantly, although thermal 
curing is required to establish the citric-acid-crosslinked platform, no 
additional thermal post-treatment is applied to drive the Ag+ → Ag0 

conversion, which proceeds at room temperature in the presence of 
chitosan. To the best of our knowledge, reports combining citric-acid 
grafting as the Ag+ binding platform with chitosan as the sole bio- 
based reducing/stabilizing agent for in situ AgNPs formation on cotton 
remain scarce. This work therefore provides a straightforward route to 
integrate AgNPs-derived antibacterial functionality against Staphylo
coccus aureus (Gram-positive) and Escherichia coli (Gram-negative), with 
improved laundering durability, making these materials attractive for 
the production of fabrics for health applications.

2. Experimental

2.1. Materials

Scoured and bleached cotton fabrics (plain woven, 331 g/m2) were 
kindly provided by Mascioni SpA (Cuvio, Italy). Prior to all experiments, 
textile samples were conditioned for 24 h under standard laboratory 
conditions (65 ± 4% relative humidity and 20 ± 2 ◦C) to ensure uniform 
moisture content and temperature. Silver nitrate (AgNO3), citric acid 
(CA), sodium hypophosphite (SHP), glacial acetic acid, and chitosan 
with deacetylation grade >75%, medium MW (80 kDa–160 kDa), were 
purchased from Merck (Milan, Italy) and used as received without 
further purification.

2.2. Cotton fabrics finishing by chitosan-assisted in situ synthesis of 
AgNPs

Scoured and bleached cotton fabrics were first carboxyl- 
functionalized by padding in an aqueous solution containing citric 
acid (CA, 60 g L− 1) and sodium hypophosphite monohydrate (SHP, 70 g 
L− 1) using a two-roll laboratory padder (nip pressure 3 bars; wet pick-up 
70%). The padded samples were dried at 80 ◦C for 3 min and cured at 
150 ◦C for 5 min to promote CA cellulose esterification and generate a 
carboxyl-functionalized cotton platform. For Ag+ loading, carboxyl- 
functionalized specimens (5 cm × 5 cm) were immersed in AgNO3 
aqueous solutions (0.01 M or 0.1 M) for 2 h at 20 ◦C. The AgNO3 uptake 
step was conducted under excess-bath conditions to avoid Ag+ deple
tion; the liquor ratio (fabric mass to solution volume) was 1:25, corre
sponding to approximately 20 mL per 5 cm × 5 cm specimen. The 
resulting samples were denoted CA_Ag001 and CA_Ag01, respectively, 
according to the AgNO3 concentration used. Ag+ loaded fabrics were 
then transferred into chitosan solutions to induce in situ reduction and 
stabilization. Chitosan solutions (1% or 3% w/w) were prepared by 
dissolving chitosan in dilute acetic acid under stirring at 60 ◦C for 3 h, 
followed by cooling to room temperature. The fabrics were incubated in 
the chitosan bath at room temperature for 2 h to allow reduction and 
particle maturation. The treatment was carried out at a liquor ratio 
(fabric mass to solution volume) of 1:40. The samples were then 
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thoroughly rinsed with double-distilled water (18.2 MΩ⋅cm) to remove 
loosely bound species, and finally dried at 60 ◦C for 72 h prior to 
characterization. A schematic representation of the cotton fabric fin
ishing process is presented in Scheme 1.

2.3. Washing fastness of treated fabrics

The washing fastness test of the treated fabrics was conducted in 
accordance with ISO 105-C10:2006 [45]. Accordingly, textile samples 
were washed at 40 ◦C for 30 min in an aqueous solution containing a 
neutral commercial detergent (2.0 g L− 1) at a material-to-liquor ratio of 
1:30, using a Labomat (Werner Mathis, Zurich, Switzerland). Subse
quently, they were gently squeezed and rinsed with tap water and finally 
dried overnight at room temperature. This procedure was repeated 1, 5, 
and 10 times to obtain samples corresponding to 1, 5, and 10 washing 
cycles. The prepared samples were stored in a dark environment under 
atmospheric pressure at 20 ± 1 ◦C and 65 ± 2%RH before all experi
ments, as a standard procedure for textile materials. The samples were 
coded according to the chemical treatments and concentrations applied, 
as summarized in Table 1. For each formulation, one portion was kept 
unwashed, while the remaining portions were subjected to the sched
uled washing cycles.

2.4. Characterization techniques

Colour differences between treated and untreated textile samples 
were evaluated after each synthetic step and using a Datacolor Spectro 
700 spectrophotometer (Datacolor, Italy). This instrument enables the 
quantification of colour variation (ΔE*) based on CIE L*a*b* co
ordinates, where L*, a*, and b* represent lightness, red/green, and 
yellow/blue components, respectively, by comparing each sample to a 
reference standard, applying the formula in Eq. (1): 

ΔE* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)
2
+ (Δa*)

2
+ (Δb*)

2
√

(1) 

where ΔL*, Δa*, and Δb* are the differences in lightness, in a* and b* 
values, respectively.

K/S values were determined based on the results of tests performed 
on the Datacolor Spectro 700 spectrophotometer reflection spectrometer 
in the following conditions: colour system CIE L*a*b*, light D65, 
observation angle 10◦.

Changes in the morphology and elemental composition of both un
treated and treated fabric samples were examined using a scanning 
electron microscope (SEM; Phenom ProX G6 Desktop SEM, Thermo 
Fisher Scientific, Italy), operated at 15kV in backscattered electron 
(BSE) mode and equipped with an energy-dispersive X-ray spectroscopy 
(EDX) detector.

Chemical surface modifications induced by the finishing treatment 
before and after were investigated using a Thermo Avatar 370 FTIR 
spectrometer (Thermo Nicolet Corp., Madison, WI, USA), equipped with 
a diamond attenuated total reflection (ATR) accessory. For each sample, 
three replicate spectra were acquired in absorbance mode over the range 
of 4000–700 cm− 1, averaging 32 scans at a resolution of 4 cm− 1. The 
resulting spectra were normalized to the 1315 cm− 1 band assigned to 
CH₂ wagging of cellulose, located in a spectral region unaffected by the 
finishing treatment. Spectral analysis was carried out using Omnic 
software (v7.3), and data processing was performed with Origin (v7.0).

Raman spectroscopy was performed on the fabrics using an XploRA 
Plus Raman spectrometer (HORIBA Scientific, Kyoto, Japan) equipped 
with a 600 groove/mm diffraction grating and integrated with an 
Olympus confocal microscope. Spectra were acquired over the 
150–3900 cm− 1 range using a 785 nm excitation laser (100 mW) focused 
on the sample through a 100× objective lens (numerical aperture 0.9). 
For each sample, three measurements were performed to ensure repro
ducibility, with spectra collected over an integration time of 100 s and 

Scheme 1. Schematic illustration of the in situ green synthesis route for AgNPs-functionalized cotton fabrics, depicting the successive stages of citric acid grafting, 
silver ions loading, and chitosan treatment.
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an accumulation of 2. The most representative spectra were selected for 
analysis and presentation. Baseline correction was applied to all spectra, 
followed by min-max normalization.

Mechanical properties were assessed in terms of maximum force (N) 
and elongation at break (%) in the weft and warp directions, according 
to ISO 13934-1:2013 (strip method) 2013 [46], with minor modifica
tions, using a Z005TH ProLine 5kN testing machine (ZwickRoell GmbH, 
Ulm, Germany). Specimens were prepared as rectangular strips (15 mm 
× 50 mm) and conditioned at 20 ± 2 ◦C and 65 ± 5% relative humidity 
for 24 h prior to testing. Tensile tests were performed at a constant 
crosshead speed of 100 mm⋅min− 1 with a clamp spacing of 30 mm, using 
five replicates per direction. Results are reported as mean ± standard 
deviation. Statistical comparisons were conducted using one-way 
ANOVA followed by Tukey's multiple-comparisons post hoc test (α =
0.05).

The total silver (Ag) content in the treated fabrics was determined by 
inductively coupled plasma mass spectrometry (ICP-MS), in accordance 
with UNI EN ISO 16711-1:2015 and UNI EN ISO 17294-2:2023. For ICP- 
MS, the calibration range, internal standard, and LOD/LOQ were re
ported along with details of sample acid digestion and recovery. A mass- 
balance assessment (textile Ag retained vs. Ag released to wash liquor) is 
provided to complement EDX semi-quantification. Following estab
lished practice for AgNPs-textile systems, distinguishing between ionic 
dissolution and particulate release is essential for durability claims. 
Prior to analysis, samples were digested by microwave-assisted miner
alization using 68% nitric acid (HNO3) to ensure complete dissolution of 
the matrix. To quantify silver (Ag) in the washing waters collected after 
1, 5, and 10 washing cycles, 20 mL of sample were acidified with 5 mL of 
nitric acid (HNO3) and subjected to microwave-assisted digestion at 
170 ◦C for 10 min, following the UNI EN ISO 15587-2:2022 standard for 
sample digestion. After mineralization, the solutions were appropriately 
diluted and analysed by ICP-MS in accordance with UNI EN ISO 17294- 
2:2023 for quantitative determination.

UV–vis spectra of washing water were recorded on a UV–vis ab
sorption spectrophotometer (Thermo Nicolet Evolution UV–vis-500, 
Waltham, MA, USA) in the range of 200–800 nm, using a 1 cm path
length cell. All spectra were acquired at room temperature.

2.5. Antibacterial assay

The antibacterial performance of untreated cotton (UT), citric-acid- 
treated cotton (CA), and Ag/chitosan-functionalized samples 
(CA_Ag001_C1, CA_Ag001_C3, CA_Ag01_C1, CA_Ag01_C3) was evalu
ated against Staphylococcus aureus (ATCC 6538, Gram-positive) and 
Escherichia coli (ATCC 11229, Gram-negative), following the ASTM 
E2149-13a “Standard test method for determining the antimicrobial 
activity of immobilized antimicrobial agents under dynamic contact 
conditions”, with minor modifications [47]. UT and CA were evaluated 
in the unwashed state, whereas Ag/chitosan-functionalized samples 
were evaluated both before washing and after 5 and 10 washing cycles. 
The incubated test culture in a nutrient broth was diluted to give a 
concentration of 1.5–3.0 × 105 CFU mL− 1 (working dilution) as deter
mined by spectrophotometric analysis at OD475. Square cotton speci
mens (2 cm × 2 cm, ≈ 0.25 g) were placed in 50 mL Falcon tubes 
containing 12.5 mL of the working solution. Samples were incubated for 

1 h at room temperature under stirring to ensure dynamic contact. After 
contact, aliquots of the bacterial suspension were serially diluted (103- 
fold), plated on Yeast Extract Agar (Sigma-Aldrich), and incubated at 
37 ◦C for 24 h. The number of surviving colonies (CFU mL− 1) was 
determined using the plate count method. The antibacterial efficacy was 
expressed as a percentage reduction relative to the control according to 
Eq. (2): 

%bacterial reduction
(
CFU.mL− 1) =

B − A
B

×100 (2) 

where A is the CFU mL− 1 after exposure to the test specimen and B is the 
CFU mL− 1 of the initial bacterial inoculum (growth control).

The antibacterial assay was based on a dynamic-contact protocol 
followed by serial dilution, agar plating, incubation, and CFU enumer
ation. The bacterial reductions reported in Fig. 6 were calculated from 
plate-count data obtained from triplicate independent experiments. To 
improve transparency, the corresponding quantitative antibacterial 
reduction values are provided in Table S1 for both S. aureus and E. coli. 
UT and CA were not subjected to laundering; in particular, CA represents 
the citric-acid-functionalized intermediate sample used for subsequent 
Ag loading and Ag/chitosan functionalization. Therefore, post-washing 
antibacterial reduction values are not reported for these samples. 
Representative agar plate images are provided in Fig. S3 for selected 
S. aureus samples as visual examples of the microbiological assay. Since 
ASTM E2149-13a is a suspension-based dynamic-contact method, 
inhibition-zone measurements were not performed, as they are associ
ated with agar diffusion assays and evaluate a different antimicrobial 
mechanism. All tests were performed in triplicate using independent 
bacterial cultures.

Data are expressed as mean ± standard deviation (SD). Statistical 
significance was assessed using a one-way ANOVA with Tukey's 
correction, with p < 0.05 considered significant. Statistical analyses 
were performed with GraphPad Prism version 6 (GraphPad Software, La 
Jolla, CA, USA).

3. Results and discussion

3.1. Colorimetric properties and surface morphology

To evaluate the effect of the different finishing steps on surface op
tical properties, the CIE L*a*b* colour coordinates and K/S values of 
untreated and treated cotton fabrics were analysed (Table 2). The CIE
LAB parameters provide quantitative descriptions of lightness (L*) and 
chroma along the red-green (a*) and yellow-blue (b*) axes, whereas the 
K/S values, derived from the Kubelka-Munk function, are commonly 
used as indicators of colour strength and surface optical density.

The untreated control sample (UT) exhibited very high lightness (L* 
= 95 ± 0.5) and low chromaticity values (a* = − 0.51 ± 0.3, b* = 2.91 
± 0.3), indicating a nearly neutral white appearance with a slight 
yellowish tint. A similar profile was observed for CA (L* = 95 ± 0.2), 
although a more noticeable yellow hue (b* = 5 ± 0.2) and green 
component (a* = − 1 ± 0.2) were present. The K/S value for CA was 0.08 
± 0.01, suggesting a very low level of yellow coloration. This could be 
ascribed to the formation of aconitic acid during the grafting of citric 
acid [48,49]. Upon loading with silver ions at a concentration of 0.01 M 

Table 1 
Experimental synthesis parameters and identification codes of the prepared samples.

Sample code AgNO3 loading (M) Chitosan treatment (% w/w) 1 W 5 W 10 W

CA_Ag001_C1 0.01 1 CA_Ag001_C1 1W CA_Ag001_C1 5W CA_Ag001_C1 10W
CA_Ag001_C3 0.01 3 CA_Ag001_C3 1W CA_Ag001_C3 5W CA_Ag001_C3 10W
CA_Ag01_C1 0.1 1 CA_Ag01_C1 1W CA_Ag01_C1 5W CA_Ag01_C1 10W
CA_Ag01_C3 0.1 3 CA_Ag01_C3 1W CA_Ag01_C3 5W CA_Ag01_C3 10W

CA: citric acid-grafted cotton; Ag001 and Ag01 indicate samples loaded using 0.01 M and 0.1 M aqueous AgNO3 solutions, respectively; C1 and C3 indicate samples 
treated with 1% and 3% w/w chitosan solutions, respectively; W: washing cycles.
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(CA_Ag001), a significant reduction in lightness was observed (L* = 69 
± 4), accompanied by a marked increase in redness (a* = 8 ± 2) and 
yellowness (b* = 26 ± 4). This shift was further intensified with the 
addition of chitosan. In particular, the sample CA_Ag001_C1 showed 
further darkening (L* = 64 ± 4) and a strong increase in chromaticity 
(a* = 10 ± 2, b* = 32 ± 3), with an associated K/S value of 2.6, indi
cating a higher optical density [48,49]. CA_Ag001_C3 displayed a 
slightly higher lightness (L* = 74 ± 3), but retained elevated chromatic 
values (a* = 7 ± 1, b* = 31 ± 2) and a K/S of 1.6. A much more pro
nounced effect was observed at the silver ions concentration of 0.1 M 
(CA_Ag01), where lightness dropped sharply (L* = 37 ± 2) and chro
maticity increased notably (a* = 11 ± 3, b* = 16 ± 3), resulting in the 
highest K/S value recorded (8.5 ± 1.2) [42]. When combined with 
chitosan, the CA_Ag01_C1 sample exhibited a substantial enhancement 
of the red and yellow components (a* = 30 ± 6, b* = 30 ± 7), with a 
corresponding K/S value of 9.1, indicating intense coloration and sig
nificant surface interaction. The CA_Ag01_C3 sample exhibited a slightly 
lighter tone (L* = 49 ± 4) and lower a* and b* values (a* = 15 ± 1, b* =
20 ± 3), though still maintained a high K/S (6.6). These findings 
demonstrate that both the loading of silver ions and the treatment with 
chitosan strongly influence the optical and colorimetric properties of the 

treated fabrics, with chitosan enhancing dye uptake and visual intensity, 
particularly at higher silver content [49]. The finishing process induced 
a clear and formulation-dependent colour modification. As shown by the 
decrease in L* and the increase in K/S (Table 2), higher AgNO3 loading 
and chitosan treatment led to darker and more intensely colored fabrics. 
Overall, the colourimetric data demonstrate a clear formulation- 
dependent optical response, governed primarily by silver loading and 
modulated by chitosan concentration. The progressive decrease in 
lightness and increase in K/S with increasing AgNO3 concentration and 
chitosan treatment are consistent with the presence of Ag-based nano
structures on the fibre surface, which modify optical properties through 
absorption and scattering effects. From an application perspective, such 
colour changes may be acceptable or even advantageous for technical, 
medical, and protective textiles, while they could limit use in applica
tions requiring high whiteness.

Although noticeable colour changes were observed, including a 
pronounced shift toward yellow, colourimetric data alone are insuffi
cient to confirm the formation of AgNPs. Consequently, scanning elec
tron microscopy (SEM) was employed to investigate surface morphology 
and assess the presence of AgNPs. SEM images of untreated and treated 
fabrics are reported in Fig. 1.

The SEM micrograph of the untreated cotton fibre reveals a char
acteristic smooth surface, featuring longitudinal fibrils and bundles. 
Treatment with silver ions alone does not induce any noticeable change 
in the fibre morphology, which remains comparable to that of the 
pristine material. However, after the subsequent chitosan-mediated 
reduction step, SEM analysis reveals the formation of uniformly 
distributed silver-containing particles, hereafter described as Ag-rich 
surface domains, on the fibre surface. These Ag-rich surface domains 
display a predominantly spherical morphology. For each sample type, 
the reported mean diameters and standard deviations were calculated 
from at least 60 SEM-visible particles, measured from two independent 
SEM images, with at least 30 particles analysed per image. The average 
diameters of the SEM-visible Ag-rich domains were determined to be 
(356 ± 18) nm and (282 ± 28) nm for CA_Ag001_C1 and CA_Ag001_C3, 
respectively. Upon increasing the silver precursor concentration, a 
modest rise in the mean domain size was observed reaching (358 ± 37) 
nm for CA_Ag01_C1 and (295 ± 40) nm for CA_Ag01_C3. In the SEM 
images, the observed Ag-rich features have submicron mean diameters 
(≈0.28–0.36 μm); to avoid ambiguity with the conventional <100 nm 
definition of nanoparticles, these features are referred to here as sub
micron Ag-containing particles or AgNP aggregates, without inferring a 
primary crystallite size. At lower silver ion concentrations, a high den
sity of smaller, well-dispersed Ag-rich domains is observed, whereas at 
higher silver concentrations, the number of SEM-visible Ag-rich domains 
is reduced and the size distribution becomes broader. This trend suggests 
that when an excess of silver ions is present, aggregation or fewer 
effective nucleation events may occur due to saturation of the available 
chitosan functional groups for reduction and stabilization. These ob
servations strongly support an in situ synthesis mechanism, highlighting 
the critical role of chitosan in governing the density and distribution of 
Ag-rich domains while maintaining the integrity of the cotton fibers.

Scanning electron microscopy (SEM) coupled with energy-dispersive 
X-ray (EDX) analysis was employed to provide a comprehensive quali
tative characterization of the Ag/chitosan-functionalized fabrics. The 
changes in elemental composition between untreated and treated sam
ples, resulting from the in situ formation of Ag-containing domains, are 
presented in Fig. S1. The EDX analysis of untreated cotton (UT) 
exhibited carbon (C) and oxygen (O) signals, consistent with the cellu
lose structure of the fibers. Upon grafting citric acid onto the cotton fi
bers (CA), an increase in the presence of sodium (Na) and phosphorus 
(P) was observed, indicating the incorporation of these elements from 
the catalyst used during the crosslinking reaction. Specifically, SHP was 
used as a catalyst to promote grafting and enhance the functional 
properties of the treated fabrics [50]. Following silver (Ag) treatment, a 
distinct silver (Ag) signal was observed in EDX analysis, with an 

Table 2 
CIE L*a*b colour coordinates and K/S values for the untreated cotton (UT), citric 
acid-grafted sample (CA), and the series of samples subjected to silver ions 
loading followed by chitosan treatments with different concentrations 
(CA_Ag001, CA_Ag001_C1, CA_Ag001_C3, CA_Ag01, CA_Ag01_C1, CA_Ag01_C3).

Sample code Sample image L* a* b* K/S

UT 95 ±
0.5

− 0.51 ±
0.3

2.91 ±
0.3

0.04

CA 95 ±
0.2

− 1 ±
0.2

5 ±
0.2

0.08 ±
0.01

CA_Ag001 69 ±
4

8 ± 2 26 ± 4 1.5 ±
0.7

CA_Ag001_C1 64 ±
4

10 ± 2 32 ± 3 2.6 ±
0.5

CA_Ag001_C3 74 ±
3

7 ± 1 31 ± 2 1.6 ±
0.4

CA_Ag01 37 ±
2

11 ± 3 16 ± 3 8.5 ±
1.2

CA_Ag01_C1
46 ±

4
30 ± 6 30 ± 7 9.1 ±

1.2

CA_Ag01_C3 49 ±
4

15 ± 1 20 ± 3 6.6 ±
1.4
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intensity correlating with the amount of silver applied (CA_Ag001; 
CA_Ag01), confirming successful deposition of silver on the cotton sur
face [51]. Following chitosan treatment, increases in carbon (C) and 
oxygen (O) signals were observed, whereas the silver (Ag) signal 
decreased. This can be attributed to the deposition of a chitosan layer 
over the cotton surface, which is rich in carbon and oxygen due to its 
polysaccharide structure [51]. Overall, these EDX findings provide 
valuable insights into the elemental changes occurring on cotton fibers 
during the functionalization process, highlighting the roles of citric acid, 
silver, and chitosan at each synthetic step.

3.2. Spectroscopic investigation

To confirm the surface chemical modifications induced by the 
sequential treatments outlined in Scheme 1, ATR-FTIR spectroscopy was 
employed. The ATR mode was selected to minimize scattering artefacts 
arising from the intrinsic roughness and fibrous morphology of cotton 
substrates, which often compromise spectral quality in transmission 
measurements. Fig. 2 compares the FTIR spectra of untreated cotton 
(UT), citric-acid-grafted cotton (CA), and samples subjected to sequen
tial Ag+ loading and chitosan treatments.

The spectrum of untreated cotton displays the characteristic broad 
O–H stretching band centered at ~3332 cm− 1, together with C–H 
stretching vibrations in the 2980–2800 cm− 1 region and bands at 
1433–1428 cm− 1 and ~ 1028 cm− 1 associated with cellulose C–H 
deformation and C–O stretching modes, respectively [52]. A band at 
~1637 cm− 1 is attributed to the bending vibration of adsorbed water 
molecules, commonly observed in cellulosic materials. Following citric 
acid treatment, the appearance of a distinct absorption band at ~1720 
cm− 1 is observed, which is assigned to ester C––O stretching vibrations. 
This feature provides clear evidence of ester bond formation between 
citric acid and cellulose hydroxyl groups, consistent with 
polycarboxylic-acid-based durable-press finishing of cotton under pad- 
dry-cure conditions [49]. The esterification process is known to pro
ceed through thermally generated anhydride intermediates in the 

presence of sodium hypophosphite, leading to covalent grafting while 
leaving a fraction of carboxyl groups unreacted and anchored to the 
fibre surface. Upon Ag+ loading, partial attenuation of the 1720 cm− 1 

band is observed for samples treated with lower silver concentrations, 
which can be rationalized by coordination interactions between Ag+

ions and CA-derived carboxylate/oxygen donor groups. At higher Ag+

Fig. 1. SEM micrographs (10,000× magnification) of the untreated cotton (UT), the citric acid-grafted sample (CA), and the series of fabrics functionalized through 
silver ion loading followed by chitosan treatments at varying concentrations (CA_Ag001, CA_Ag001_C1, CA_Ag001_C3, CA_Ag01, CA_Ag01_C1, CA_Ag01_C3).

Fig. 2. FTIR spectra of untreated cotton (UT), citric acid-grafted fabric (CA), 
and the series of samples functionalized via sequential silver ion loading and 
chitosan treatments conducted at varying concentrations (CA_Ag001, 
CA_Ag001_C1, CA_Ag001_C3, CA_Ag01, CA_Ag01_C1, CA_Ag01_C3).
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concentrations, the persistence of this band suggests that not all ester or 
carboxyl functionalities participate in silver coordination, indicating an 
excess of available binding sites within the CA-modified fibre matrix. 
Subsequent treatment with chitosan results in a modest decrease in the 
intensity of the broad O–H stretching region (3500–3000 cm− 1), 
consistent with the formation of a thin chitosan-based coating and 
enhanced hydrogen-bonding interactions at the fibre surface. Impor
tantly, the ester carbonyl band at ~1720 cm− 1 remains detectable in all 
chitosan-treated samples, indicating that the CA-induced ester network 
is preserved during Ag+ reduction and nanoparticle formation. Overall, 
the FTIR results support a mechanism in which Ag+ ions are initially 
coordinated at CA-functionalized sites and subsequently reduced in situ 
in the presence of chitosan, which concurrently acts as a stabilizing and 
capping polymer. Chitosan-mediated reduction of Ag+ to reduced silver 
species/Ag(0) in aqueous chitosan systems has been reported in previ
ous mechanistic studies, including evidence based on UV-Vis and XPS 
analyses for reduced silver formation and concomitant oxidation of 
chitosan functionalities [43]. Other studies on chitosan-based AgNPs 
formation further support the ability of chitosan to act as both reducing 
and stabilizing agent under mild aqueous conditions [53,54]. In the 
present work, the reduction pathway is therefore discussed as plausible 
and literature-supported, while acknowledging that the present char
acterization set primarily evidences Ag incorporation and Ag-rich par
ticle formation on cotton rather than providing full oxidation-state 
quantification. Based on the present experimental evidence and litera
ture reports, this process can be tentatively summarized schematically 
as: 

2 Ag+ +Chit→2 Ag0@Chit+Chitox +2H+

where Chitox denotes partially oxidized chitosan moieties.
The persistence of ester carbonyl features after Ag/chitosan func

tionalization is therefore consistent with a surface-mediated reduction 
mechanism, in which chitosan facilitates Ag+ reduction and nano
particle stabilization without disrupting the underlying CA-cellulose 
ester framework.

Raman spectroscopy provides complementary evidence consistent 
with Ag-ligand interactions at the fibre surface: a low-frequency feature 
near ~140 cm− 1, absent in untreated cotton, is compatible with vibra
tional modes involving Ag–O or Ag–N interactions. This Raman 
feature is treated here as supportive evidence only, while Ag-containing 
particle formation and retention are primarily evidenced by SEM/SEM- 
EDX and quantitative Ag analysis by ICP-MS. This supports the hy
pothesis of silver anchoring or coordination to the fibre surface induced 
by chitosan treatment [55], as reported in Fig. 3.

Raman measurements of the modified cotton fibers were performed 
using near-infrared excitation (785 nm), which is advantageous because 
it minimizes fluorescence interference from the cellulose matrix. In the 
unmodified cotton (UT), the Raman spectrum is dominated by charac
teristic cellulose vibrational bands: CCC ring deformation modes (~381, 
437, 460 cm− 1), CH skeletal rotation (~906 cm− 1), C–O–C glycosidic 
linkage modes (~520 cm− 1), and symmetric/asymmetric C–O–C 
stretching (~1099 and 1126 cm− 1) [56]. These same cellulose-derived 
bands are also observed, albeit with modified intensities or slight 
shifts in the treated fibers (CA_Ag001_C3, CA_Ag01_C3), indicating that 
the core cellulose structure remains largely intact after Ag/chitosan 
functionalization. Meanwhile, the low-frequency feature at ~140 cm− 1 

is compatible with silver-chitosan interactions. The low-frequency 
Raman response is compatible with metal-ligand modes involving 
Ag–N/Ag–O, supporting the view that chitosan may contribute to the 
surface coordination and stabilization of Ag-containing domains on the 
cotton substrate [42]. In line with prior reports on AgNPs-functionalized 
cotton at low loadings, where XRD signals of Ag can be weak or absent, 
the convergence of SEM-EDX, FTIR/Raman, and quantitative Ag anal
ysis is considered sufficient to support Ag incorporation, Ag-rich domain 
formation, and binding on the cellulosic substrate [27].

3.3. Mechanical performance

As shown in Fig. 1–3, the applied finishing did not cause evident fibre 
damage in SEM images and did not affect the characteristic cellulose 
spectroscopic fingerprints observed by FTIR and Raman spectroscopy, 
indicating that the cotton fibre morphology and chemistry were largely 
preserved. To assess the mechanical performance of the fabrics, 
comprehensive mechanical testing was performed, and the results are 
reported in Table 3.

The untreated cotton (UT) exhibited a maximum force at break of 
210 ± 12 N and an elongation at break of 23.9 ± 0.8% in the warp di
rection, and 151 ± 7 N with 15.3 ± 0.8% in the weft direction. Upon 
citric-acid treatment (CA), both parameters decreased markedly in both 
directions (to 113 ± 11 N and 16.6 ± 0.6% in warp; 98 ± 9 N and 11.8 
± 0.4% in weft), corresponding to strength retentions of approximately 
54% (warp) and 65% (weft) relative to UT. Such reductions are 
consistent with reports on polycarboxylic-acid durable-press finishes on 
cellulosic fabrics, where strength losses are commonly associated with 
acid-driven cellulose degradation and the formation of ester crosslinks, 
and are strongly influenced by curing severity and solution acidity 

Fig. 3. Raman spectra of untreated cotton (UT), citric acid-grafted fabric (CA), 
CA_Ag001_C3, CA_Ag01_C3 samples.

Table 3 
Mechanical properties of untreated and treated cotton fabrics in the warp and 
weft directions: maximum force (N) and elongation at break (%) (mean ± SD; n 
= 5).

Sample Warp Weft

Maximum 
force (N)

Elongation at 
break (%)

Maximum 
force (N)

Elongation at 
break (%)

UT 210 ± 12 23.9 ± 0.8 151 ± 7 15.3 ± 0.8
CA 113 ± 11 16.6 ± 0.6 98 ± 9 11.8 ± 0.4
CA_Ag01_C3 124 ± 5 17.4 ± 0.3 86 ± 7 11.8 ± 0.9
CA_Ag001_C3 130 ± 9 17.9 ± 0.7 98 ± 10 12.9 ± 0.6
CA_Ag01_C1 121 ± 22 20.0 ± 0.3 109 ± 9 14.1 ± 0.5
CA_Ag001_C1 118 ± 7 17.2 ± 0.5 108 ± 11 13.1 ± 0.6
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[57,58]. Notably, subsequent Ag/chitosan functionalization did not 
cause further systematic deterioration beyond the CA-grafted baseline: 
across the Ag and chitosan formulations investigated, the warp 
maximum force at break remained within 118–130 N, with the elon
gation at break ranging from approximately 17.2% to 20.0%, while weft 
values ranged from 86 to 109 N, with elongation at break of approxi
mately 11.8% to 14.1%. This trend aligns with surface functionalization, 
in which the coating step produces only minor or statistically non- 
significant changes in breaking force and elongation under mild pro
cessing conditions [59]. In this respect, the largely preserved mechanical 
performance suggests a predominantly surface-deposited coating gov
erned by non-covalent interactions, rather than covalent esterification- 
driven crosslinking between the finishing agents and cellulose hydrox
yl groups. Overall, the data indicate that the curing step is the dominant 
contributor to the observed decrease in mechanical properties, whereas 
Ag incorporation and the chitosan-related treatments have a limited 
additional impact on fabric integrity within the investigated formulation 
window.

3.4. Washing durability and silver retention

The washing fastness of the treated samples was evaluated in 
accordance with ISO 105-C10:2006. Samples were subjected to 1, 5, and 
10 washing cycles to assess both the overall durability of the coating and 
the retention of the Ag-containing fraction on the fabric surface. SEM- 
EDX analyses of the treated fabrics following different washing cycles 
are presented in Fig. 4.

Morphological analysis confirmed the persistence of Ag-containing 
surface domains even after successive washing steps, indicating that a 
substantial Ag-containing fraction remains associated with the sub
strate. EDX analysis revealed a gradual decrease in silver content with 
each wash, particularly in samples initially prepared with higher silver 
concentrations. To investigate this reduction, the total silver content on 
the treated samples and the amount released during washing were 
quantified using ICP-MS. The silver (Ag) loadings measured in the 
functionalized cotton fabrics ranged from 1.0 to 4.3 mg/g, specifically 
1.7 mg/g and 1.0 mg/g for samples CA_Ag001_C1 and CA_Ag001_C3, 
respectively, and 4.3 mg/g and 3.6 mg/g for CA_Ag01_C1 and 
CA_Ag01_C3. These values are higher than those reported in previous 

studies, in which even relatively modest Ag contents (~0.117 mg/g) 
were sufficient to achieve bacterial reductions exceeding 98% against 
S. aureus and E. coli. Moreover, cotton fabrics containing approximately 
0.18 mg/g Ag have been shown to reduce bacterial growth by ~99.99% 
against both bacterial strains. The in situ-formed Ag-containing domains, 
generated via an aqueous, room-temperature, chitosan-assisted route 
that avoids harsh reducing agents, confer antibacterial properties on 
treated cotton samples. The combination of chitosan and Ag-containing 
species/domains has been shown to significantly enhance the antibac
terial activity of cotton fabrics against both S. aureus and E. coli. How
ever, it is crucial to note that the relationship between silver content and 
antibacterial efficacy is not linear. Beyond a certain threshold, 
increasing silver loading may lead to diminishing returns due to factors 
such as nanoparticle aggregation, reduced release of Ag+ ions, and po
tential cytotoxicity [60]. Mechanistically, under dynamic-contact anti
bacterial conditions, the relevant parameter is not the total Ag content 
on the fabric, but the availability and release of bioactive silver species 
(predominantly Ag+ generated via surface oxidation/dissolution). Once 
this availability exceeds an efficacy threshold, further increases in total 
Ag loading may not result in proportional improvements in antibacterial 
activity, leading to a diminishing-returns regime [61]. In addition, SEM 
observations suggest broader Ag-rich domains at higher precursor con
centrations, consistent with aggregation phenomena that reduce the 
effective surface area per unit Ag mass and limit the accessibility of 
active sites. Finally, laundering is expected to preferentially remove 
weakly bound silver during early cycles, while the strongly anchored 
fraction retained after repeated washing is more representative of long- 
term antibacterial performance. Considering the present Ag loadings, 
one can reasonably anticipate very high antibacterial performance, 
potentially approaching complete bacterial inactivation under suitable 
contact conditions. Moreover, the form of silver, whether nano
particulate or ionic, its binding to the substrate, and its durability 
through laundering cycles are critical determinants of sustained anti
bacterial performance [62].

The released silver (Ag) detected in the washing water after 1, 5, and 
10 cycles for the four sample types is presented in Fig. 5.

Notably, the highest silver release was observed in the CA_Ag01_C1 
sample, with concentrations of 13 mg L− 1 after 1 wash, decreasing to 
0.48 mg L− 1 after 10 washes. Conversely, the CA_Ag001_C3 sample 

Fig. 4. Combined SEM-EDX analyses of the functionalized cotton fabrics after 1, 5, and 10 washing cycles, illustrating morphological features and silver (Ag) 
elemental distributions in: (a) CA_Ag001_C1; (b) CA_Ag001_C3; (c) CA_Ag01_C1; (d) CA_Ag01_C3. In the elemental maps, silver (Ag) is visualized in pink, whereas 
carbon (C) and oxygen (O) are rendered in orange and green, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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exhibited lower initial silver release, with values of 0.45 mg L− 1 after 1 
wash, declining to 0.20 mg L− 1 after 10 washes. These results align with 
a previous study in which silver concentrations in washing effluents 
ranged from 0.1 to 1.3 mg L− 1, depending on the type of textile and the 
presence of AgNPs [63]. Over successive washing cycles, the silver 
concentration decreases, indicating a progressive reduction in the 
amount of readily releasable Ag species, possibly due to the removal of 
weakly bound silver during the first washing steps. Differences in silver 
release among the sample types may be attributed to variations in the 
binding strength of Ag-containing species/domains to the cotton fibers, 
influenced by factors such as chitosan concentration and silver loading. 
Overall, although initial silver concentrations in the washing effluents 
are relatively high, the gradual decrease over multiple wash cycles 
suggests progressive depletion of weakly bound or readily releasable Ag 
species. Interpreting wash-off involves differentiating Ag+ dissolution 
from the release of particulate Ag-containing species. According to 
previous studies [27], ICP-based mass balances provide quantitative 
information on total Ag wash-off, whereas UV–vis spectra of wash li
quors can provide only limited qualitative information on optically 
detectable, colloidally stable Ag-containing particles. Therefore, the 
absence of a plasmonic band cannot be used to exclude particulate 
release and should be interpreted together with total Ag release data 
and, where available, nanoparticle-specific methods such as spICP-MS. 
A sustained decline in wash-liquor Ag, alongside high on-fabric Ag 
retention, is consistent with strong anchoring typical of in situ synthesis.

To evaluate the possible release of Ag-containing species from the 
functionalized cotton during laundering, the washing water collected 
after 10 washing cycles was analysed using UV–vis spectroscopy, 
following previous reports in which LSPR monitoring was applied to 
AgNP-containing systems [64]. As shown in Fig. S2, the absorption band 
observed at ~250 nm is attributable to chitosan [40]. No distinct LSPR 
band near ~400 nm was detected; however, UV–vis is not a 
nanoparticle-specific release assay in complex wash liquors because 
detection requires sufficiently concentrated and colloidally stable 
AgNPs, whereas aggregation and matrix absorption/scattering can 
obscure an LSPR feature. In parallel, ICP-MS quantifies total Ag in the 
effluent after acidification/digestion and therefore does not distinguish 
dissolved Ag+ from particulate Ag. Consequently, the UV–vis and ICP- 
MS results are not contradictory: the ICP-MS values demonstrate total 
silver wash-off, while the UV–vis data indicate that stable Ag-containing 
particulate species, if present, are below the UV–vis detection limit or 
not optically resolvable under the measurement conditions. 
Nanoparticle-specific release/speciation would require dedicated 

approaches such as spICP-MS or electron microscopy of extracted par
ticulates [65,66]. These results suggest that, although loosely bound 
silver may be partially removed during washing, a substantial Ag- 
containing fraction remains associated with the substrate after multi
ple cycles.

3.5. Antibacterial efficacy

In light of the above considerations, the antibacterial activity of 
untreated and treated cotton fabrics was quantitatively evaluated 
against S. aureus and E. coli using the ASTM E2149-13a method, both 
before and after repeated laundering cycles (Fig. 6).

Fig. 5. Silver released into washing water over 1, 5, and 10 cycles for Ag/ 
chitosan-functionalized cotton samples (CA_Ag001_C1, CA_Ag001_C3, 
CA_Ag01_C1, CA_Ag01_C3).

Fig. 6. Bacterial reduction (%) determined according to the ASTM E2149-13a 
standard against S. aureus (a) and E. coli (b) for untreated cotton (UT), citric- 
acid-treated cotton (CA), and Ag/chitosan-functionalized samples 
(CA_Ag001_C1, CA_Ag001_C3, CA_Ag01_C1, CA_Ag01_C3). UT and CA were 
evaluated in the unwashed state, whereas Ag/chitosan-functionalized samples 
were evaluated before washing and after 5 and 10 laundering cycles. Data are 
reported as mean ± SD. Statistical significance is indicated as ns (not signifi
cant), p < 0.05, p < 0.01, p < 0.001, p < 0.0001. The quantitative antibacterial 
reduction values supporting Fig. 6 are reported in Table S1, and representative 
agar plate images for selected S. aureus samples are provided in Fig. S3.
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Untreated cotton (UT) showed no measurable reduction in bacterial 
count, confirming its lack of antimicrobial activity [67]. Citric-acid- 
treated cotton (CA), evaluated in the unwashed state, displayed high 
initial bacterial reduction (>99% for both strains), which is attributed 
here to a transient antibacterial effect associated with the acidic/ 
chelating microenvironment generated by CA treatment rather than to a 
durable antimicrobial finish. Similar antimicrobial responses have been 
reported for CA/SHP-finished cotton under ISO 20743-type protocols, 
although they are strongly dependent on processing conditions, surface 
chemistry, and washing [68]. In the present work, the CA sample was 
not subjected to laundering because it represents the citric-acid- 
functionalized intermediate sample used for subsequent Ag loading 
and Ag/chitosan functionalization. Therefore, washing durability was 
assessed specifically for the Ag/chitosan-functionalized samples. The 
high antibacterial activity observed for the Ag/chitosan-functionalized 
samples reflects the formation of an effective Ag-based antimicrobial 
system stabilized within the chitosan matrix at the fibre surface [53,69]. 
After laundering, clear formulation-dependent differences emerged. The 
CA_Ag001_C1 sample retained high antibacterial efficacy after 10 
washing cycles (98.1% against S. aureus and 93.2% against E. coli), 
indicating effective retention of the Ag-containing fraction on the cotton 
surface [70]. Increasing the chitosan concentration at the same Ag+

level (CA_Ag001_C3) resulted in a more pronounced loss of activity 
against S. aureus after repeated washing, suggesting partial removal of 
loosely bound chitosan‑silver domains [71]. Samples prepared with 
higher Ag+ loading (CA_Ag01_C1 and CA_Ag01_C3) showed the most 
robust antibacterial durability, maintaining >95% bacterial reduction 
after 10 laundering cycles. This behaviour is consistent with a higher 
amount of Ag-containing domains and stronger association with the CA- 
functionalized cotton substrate [72,73]. Silver-release measurements 
during laundering further support this interpretation: higher initial sil
ver release was observed for Ag-rich samples during early washes, fol
lowed by a marked decrease with increasing washing cycles, while low- 
Ag formulations exhibited consistently lower release values. Overall, the 
measured values fall within ranges previously reported for AgNPs- 
functionalized textiles and indicate predominant retention of Ag- 
containing species/domains within the cotton matrix [63]. More 
broadly, recent antibacterial cotton systems based on metal oxides, such 
as ZnO, have underscored the need for rigorous particle characterization 
and transparent microbiological validation when reporting high bacte
rial reductions [74]. Taken together, these results demonstrate that 
citric-acid-assisted Ag/chitosan functionalization yields cotton fabrics 
with high and durable antibacterial activity under standardized laun
dering conditions. While the present study focused on antibacterial ef
ficacy and washing durability, cytocompatibility and long-term 
exposure aspects were beyond its scope and will be addressed in future 
work, in line with literature highlighting the dependence of silver-based 
textile safety on nanoparticle size, loading, and release behaviour 
[61,75–78].

Although the Ag+ reduction step occurs at room temperature, the 
overall process includes a thermal curing stage (150 ◦C, 5 min) required 
for citric-acid grafting. This step represents the main energy input and is 
consistent with conventional pad-dry-cure textile finishing processes. 
Compared to alternative approaches, the proposed method avoids 
additional high-temperature or chemically intensive reduction steps, as 
AgNPs formation is achieved under ambient conditions using chitosan as 
a bio-based reducing and stabilizing agent. Therefore, the sustainability 
of the process should be interpreted in relative terms. A full life-cycle or 
energy-consumption assessment is beyond the scope of this work but 
will be considered in future studies.

From a process perspective, the proposed strategy is compatible with 
established textile finishing technologies. The citric-acid grafting step 
relies on a pad-dry-cure process, which is widely implemented at in
dustrial scale and readily adaptable to continuous production lines. The 
subsequent Ag+ uptake and chitosan treatment steps can be integrated 
using conventional aqueous processing routes, such as exhaustion or 

sequential padding with intermediate rinsing. Practical considerations 
include the need to control liquor ratios to ensure sufficient availability 
of Ag+ during uptake, as well as managing chitosan solution properties, 
particularly viscosity and stability, to ensure uniform treatment. In 
addition, rinsing and wastewater handling represent relevant aspects for 
process scale-up. While these parameters were not systematically opti
mized in the present study, the overall workflow is inherently scalable 
and suitable for further development toward continuous or semi- 
continuous processing. In comparison with more advanced ap
proaches, such as the microfluidic-assisted synthesis reported by Liu 
et al. [79], which enables the formation of smaller and highly uniform 
AgNPs (~13 nm) on alginate fibers with excellent long-term durability, 
the present method offers a simpler and more accessible alternative for 
cotton functionalization. Differences in substrate chemistry (carboxyl
ated cotton vs alginate), reduction environment (chitosan-mediated 
room-temperature reduction vs UV/thermal-field-assisted synthesis), 
and particle size/distribution are expected to influence Ag release 
behaviour and antibacterial retention. In particular, smaller and more 
uniformly distributed AgNPs, as reported by Liu et al. [79], may provide 
more controlled release and enhanced durability, whereas the present 
cotton-based system, despite showing larger SEM-visible Ag-rich do
mains, achieves effective antibacterial performance and good washing 
resistance through in situ formation and strong anchoring within the 
functionalized cotton matrix. These considerations highlight the trade- 
off between precise nanoparticle control and process complexity, posi
tioning the proposed approach as a practical route compatible with 
conventional textile finishing.

4. Conclusions

This study demonstrates the successful functionalization of cotton 
fabrics with Ag/chitosan-based antimicrobial domains via a chitosan- 
assisted in situ route, in which chitosan acts as a mild reducing and 
stabilizing agent according to literature-supported mechanisms. CIELAB 
colorimetric analysis revealed formulation-dependent variations in 
lightness, chromaticity, and K/S values, providing an initial optical 
indication of Ag-based surface functionalization, with higher silver 
loadings yielding darker and more intensely colored fabrics. SEM-EDX 
analyses confirmed the homogeneous distribution of predominantly 
spherical Ag-rich surface domains on the fibre surface, while FTIR and 
Raman spectroscopy demonstrated preservation of the main cellulose 
spectroscopic fingerprints, indicating that the fibre chemistry and 
morphology were largely retained at the probed scale. Mechanical 
testing further showed that the Ag/chitosan functionalization step did 
not induce significant additional changes in tensile strength or elonga
tion beyond those associated with citric-acid grafting, supporting the 
surface-confined nature of the treatment. UV–vis analysis of wash li
quors did not reveal a distinct LSPR signal attributable to stable Ag- 
containing species under the measurement conditions, while ICP-MS 
quantified total Ag release during laundering. Accordingly, the Ag/ 
chitosan-functionalized fabrics exhibited durable antibacterial perfor
mance, with selected formulations maintaining >95% bacterial reduc
tion against Staphylococcus aureus and Escherichia coli after 10 washing 
cycles. Overall, the synergistic combination of citric acid anchoring and 
chitosan-mediated Ag functionalization provides an effective strategy 
for producing laundering-resistant antibacterial cotton suitable for 
healthcare, hygiene, and protective textile applications. Future work 
will address cytocompatibility and complementary structural analyses 
to further support biomedical use.
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