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Abstract: The growing clinical demand for antimicrobial textiles requires ensuring that their 
performance remains stable after sterilization, a critical condition for medical-grade materials. Silver 
nanoparticles (Ag NPs) are widely used for their antimicrobial properties. However, autoclave 
sterilization can induce morphological and physicochemical changes due to wet steam and       
high-pressure conditions, potentially compromising their antibacterial performance. The specific 
behavior of polyvinylpyrrolidone (PVP)-stabilized Ag NPs immobilized on cellulosic fibers under 
clinically relevant sterilization conditions remains poorly understood. This study evaluated the 
antibacterial performance of Ag/PVP-coated cotton gauzes subjected to a standard clinical sterilization 
protocol consisting of autoclaving at 121 °C for 35 min followed by dry heating. The non-woven cotton 
gauzes were in situ impregnated with Ag/PVP nanoparticles under different synthesis conditions, with 
varying impregnation time and substrate alkalinity, with an emphasis on sonication as the dispersion 
method. The textiles were characterized by scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (EDX), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy 
(FTIR), while colloidal solutions were analyzed by ultraviolet-visible spectroscopy (UV-Vis). Water 
absorption, water vapor permeability, and tensile properties were also evaluated. Quantitative 
evaluation of the antimicrobial effect of Ag/PVP nanoparticle-impregnated gauzes before and after the 
autoclaving process was performed according to ASTM E-2149 and correlated with nanoparticle size 
changes. Additionally, cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Antibacterial testing according to ASTM E-2149 showed 
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reductions of approximately 95% against Staphylococcus aureus and 99% against Escherichia coli, 
which were maintained after autoclave sterilization. MTT results showed acceptable cell viability    
at 24 h, followed by a decrease at 48 h, indicating a time-dependent cytotoxic effect. The release study 
further revealed that an additional 24 h of static impregnation significantly improves nanoparticle 
homogeneity and release control. Overall, this work provides practical guidelines for the rational 
design of clinically compatible antimicrobial textiles with predictable post-sterilization behavior. 

Keywords: antibacterial textiles; Ag/PVP nanoparticles; autoclave sterilization; release study 
 

1. Introduction 

Since ancient Egyptian times [1], cotton has been widely used for its absorbency, abundance, and 
relatively low cost, making it one of the most basic natural fibers in the textile industry [2]. From its 
earliest uses to the present day, cotton has been used for basic applications. However, its hydrophilicity 
can increase moisture retention and the risk of bacterial proliferation, which can cause infection [3]. 
Thus, there has been a need to develop functional textiles, such as antimicrobial textiles [4], that can 
also serve as a substrate for the adsorption of drugs and active substances [5]. 

In the field of functional textiles, the use of nanomaterials, such as certain nanoparticles of 
metallic elements like gold [6–8], platinum [9], copper [10,11], and silver [12,13], has made it possible 
to manufacture composites based on cotton and other cellulosic substrates with improved properties. 
These nanostructures, adsorbed on their fibers, act as active agents that impart the new properties to 
the textile. Among them, silver nanoparticles have been shown to have antimicrobial, antiviral, and 
antifungal action, making them one of the most widely used nanostructures in the development of 
functional textiles [14]. Their application ranges from the preparation of hydrogels [15–18] and 
nanofibers [19–21] to their incorporation in synthetic [22–25] and natural fibers, such as cellulosic 
fibers, including cotton. Recent studies have further reinforced the relevance of silver-based 
antimicrobial materials in biomedical applications. For example, silver-loaded viscose fabrics have 
shown durable antibacterial performance, highlighting the continued interest in cellulosic textile 
substrates for functional medical materials. In parallel, more recent bio-based Ag nanostructures, such 
as lignin/Ag nanoparticle systems with spiky surface features, have demonstrated combined 
antibacterial and antioxidant functionality, reflecting the current trend toward multifunctional and 
sustainable antimicrobial platforms [26,27]. Currently, several textile products for medical use already 
integrate silver nanocrystals in their structure: Puracol®Plus (using collagen substrate), ActicoatTM 
(polyethylene substrate), Promogran Prisma® (collagen and regenerated cellulose substrate), 
Suprasorb®A + Ag (calcium alginate substrate), Silverlon® (nylon substrate), and Aquacel®       
Ag (cellulose substrate), among others [28]. 

In situ synthesis/impregnation of metal nanoparticles from textiles by metal reduction in solution 
involves generating silver nanoparticles directly on cellulosic fibers previously loaded with metal ions, 
instead of synthesizing them and then depositing them on the fibers. Throughout the synthesis of 
colloidal nanoparticles (especially those of metallic composition), it is required to incorporate a 
stabilizing agent to keep the nanoparticles dispersed in the solution and avoid 
agglomeration/precipitation. This agent confers hydrophilicity, improves solubility in aqueous media, 
and modulates the size of the particles formed. Among the most widely used stabilizers, 



446 

AIMS Materials Science  Volume 13, Issue 3, 444–473. 

polyvinylpyrrolidone (PVP) stands out. This is a synthetic, water-soluble polymer that, thanks to its 
structure, can form complexes with ions such as metals, which explains its wide application in the 
colloidal synthesis of metallic nanostructures [29–31]. Another important advantage of PVP is its 
biocompatibility, an essential feature for medical applications [32,33]. 

The approach of performing in situ impregnation of textiles during metal reduction, combined 
with the use of ultrasound as a means of agitation and dispersion of the molecules, favors a more 
homogeneous distribution of the nanoparticles on the cellulosic fibers. The propagating high-frequency 
acoustic waves (~20–40 kHz) generate and collapse microbubbles in the medium (cavitation); this 
violent breakup of the microbubbles creates transient microenvironments of elevated temperature and 
pressure. This localized energy, especially at the textile–solution interface, optimizes mass transfer in 
the inter- and interfibrillar pores of the yarn [34–36]. Therefore, the application of ultrasound has been 
widely investigated in the textile industry for pretreatment processes, such as impurity removal [37], 
coloration [38], and in textile finishes to provide specific properties to the material, such as 
antimicrobial activity [39,40], UV blocking [41], and antistatic effects [42]. 

For materials with antibacterial function, it is essential that this function is maintained after 
sterilization, with sterilization being understood as the total elimination of viable microorganisms, 
including bacterial spores [43]. Within the sterilization processes, the most accessible, safe, and 
effective sterilization process is autoclaving, a process in which the material to be sterilized is 
completely immersed in saturated water vapor at high pressure (121–125 °C for 15–30 min). These 
conditions of high pressure and temperature in a humid environment are critical variables to consider 
when sterilizing substrates with adsorbed nanoparticles, since the humid heat can induce aggregation, 
causing changes in the morphology and size of the nanoparticles, which would functionally affect their 
antibacterial effectiveness. 

The choice of the stabilizing agent is a key factor to maintain the morphology of the nanoparticles 
at the time of autoclaving, since the temperature and pressure can partially degrade this coating and 
favor agglomeration and also a possible oxidation of the metallic nanostructures. For example, in 
membranes of polyvinyl alcohol (PVA) fibers manufactured by electrospinning doped with     
silver nanoparticles, antibacterial capacity was affected since the average particle size increased    
by ~247% [44]. In contrast, in citrate-stabilized colloidal silver nanoparticles (commercial), there was 
no colloidal particle size modification after the sterilization cycle, although it did show increased 
platelet aggregation in in vitro tests [45]. It is evident that the use of one or another coating dictates 
the behavior of the particles at the time of autoclaving; for example, A. Franca et al. showed that using 
polyethylene glycol (PEG) as a stabilizer in gold nanoparticles maintained the particle size, unlike 
using thiopronine as a coating, where particle agglomeration was observed [46]. Another important 
difference in the behavior of the nanoparticle-stabilizer system during the autoclaving cycle lies in the 
physical state they are in. Nanoparticles in liquid suspension (colloid) behave differently than when 
they are deposited in solid form on the dry substrate, as occurs in textiles with nanoparticles adsorbed 
on the surface of the fibers. 

To the best of our knowledge, no previous studies have investigated the impact of autoclaving on 
the morphology, particle size, and antibacterial activity of Ag/PVP nanoparticles adsorbed on 
cellulosic substrates such as non-woven cotton medical gauze. Therefore, the objective of this study 
was to evaluate the stability, antimicrobial behavior, and biosafety of cotton gauze impregnated in situ 
with Ag/PVP nanoparticles before and after undergoing a standard clinical autoclave sterilization 
protocol, establishing the relationship between the synthesis conditions of the nanoparticles, their 
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response to the sterilization process, and their functional behavior. It is hypothesized that Ag/PVP 
nanoparticles immobilized on cotton fibers retain their morphological stability and antibacterial 
activity after autoclave sterilization, as the PVP shell provides sufficient protection to prevent 
significant structural or functional degradation under humid-heat conditions. 

2. Materials and methods 

2.1. Materials 

Silver nitrate (AgNO3, powder, purity ≥99.0%), polyvinylpyrrolidone (PVP, powder, 40k mw), 
sodium borohydride (NaBH4, ≥98.0%), sodium chloride (NaCl, ≥99.0%), sodium hydrogen  
carbonate (NaHCO3, ≥99.7%), potassium chloride (KCl, ≥99.0%), di-potassium hydrogen phosphate 
trihydrate (K2HPO4·3H2O, ≥99.0%), magnesium chloride hexahydrate (MgCl2·6H2O, ≥99.0%), 
calcium chloride (CaCl2, ≥97%), sodium sulfate (Na2SO4, ≥99.0%), Tris-hydroxymethyl 
aminomethane [NH2C(CH2OH)3, ≥99.8%], hydrochloric acid (37% conc.), dimethyl sulfoxide 
(DMSO, CH3SOCH3, ≥99.5%) and MTT reagent (thiazolyl blue formazan, powder, ≥97.5%) were 
purchased from Sigma-Aldrich. Sodium hydroxide (NaOH, granules, ≥99.0%) was purchased from 
Kelve. DMEM medium (10-013-CV), bovine fetal serum (35-010-CV), and 96-well plates were 
purchased from Corning. The antibiotic penicillin-streptomycin was purchased from Gibco. 
Phosphate-buffered saline (PBS) was prepared in the lab. The 7.5 × 5.0 cm 100% cotton gauze pads 
were obtained from the Curapack brand. Distilled water was purchased from a local distributor; when 
sterilization was necessary, it was by autoclaving for 35 min at 121 °C (All American model 25×). The 
test microorganisms used were Staphylococcus aureus (ATCC®6538TM) and Escherichia coli (ATCC® 

11229TM). The ultrasonic bath used in the impregnation process was the Cole-Parmer model 8893  
with 40 kHz power. 

2.1.1. Ethics approval of research 

Primary fibroblasts were isolated from Balb/c mice after receiving approval from the Research 
Ethics Committee of the Universidad Autonoma de Ciudad Juarez, with the approval number     
CEI-2025-1-31, issued on February 25, 2025. 

2.2. Preparation of textile Ag/PVP  

2.2.1. Immersion of textile in NaOH solution 

Four sterile gauzes were placed in 100 mL of NaOH solution (3 M) for 1 h at room temperature. 
The textile was rinsed with distilled water four times (gently squeezed and placed in successive glasses 
of distilled water with 150 mL in each glass). Then, the textile was pressed manually to extract the 
non-impregnated solution and placed in a covered container. This material is identified as activated textile. 
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2.2.2. In situ impregnation of the textile—experimental design of the impregnation time and 
ultrasonic dispersion 

80 mL of water was poured into a beaker, and 800 mg of PVP were added. The water–PVP 
solution was kept at room temperature under magnetic stirring for 10 min. In a beaker, 20 mL of water 
and AgNO3 powder (100 mg) were added; this beaker was placed for 15 s in an ultrasonic bath to 
disperse the salt in the water. The water–AgNO3 mixture was added to the water–PVP mixture and 
stirred for 15 min in a magnetic stirrer. Subsequently, the textiles (four pieces of activated textile) were 
added to the water–PVP–AgNO3 mixture, maintained without agitation for 30 min, and covered with 
aluminum foil. The NaBH4 reducing solution was added by dripping for 1 min (prepared according to 
the required molarity in Table 1) and allowed to mix for 30 min in magnetic stirring at 100 rpm  
(sample 1). To observe the saturation and morphology of the nanoparticles adsorbed on the substrate, 
an additional 24 h of impregnation without agitation after reduction (sample 1 + 24 h) was applied, as 
well as performing synthesis in an ultrasonic bath (when adding the reducing solution, the reaction 
glass was immersed in the ultrasonic bath) to improve the dispersion of the particles on the    
substrate (sample 1 US). Impregnation was also performed for an additional 24 h in the ultrasound 
sample (1 US + 24 h) to allow greater impregnation of the Ag/PVP nanoparticles into the cellulosic 
fibers and to improve the uniformity of the coating. 

Table 1. Experimental design. Variables: impregnation time and ultrasonic dispersion. 

Sample AgNO3 (M) Molar ratio: 

Ag/PVP 

Molar ratio: 

NaBH4/AgNO3 

Dispersion/agitation during 

reduction 

Additional 

impregnation (24 h) 

1 0.0059 29.43 1 Magnetic stirring No 

1 + 24 h Magnetic stirring Yes 

1 US Ultrasonic bath No 

1 US + 24 h Ultrasonic bath Yes 

2.2.3. Experimental design of variables: alkalinity of the activated textiles 

To observe the effect of the alkalinity of the activated textile on the morphology of the 
nanoparticles adsorbed on the textile, three values of pH (7.2, 9.3, and 11.5) were used (Table 2), using 
the sample preparation 1 in ultrasound. The pH value was measured for the residual water of the last 
washing beaker. After leaving four activated gauzes for 3 min in each beaker with occasional agitation, 
they were manually drained and left wet in a Petri dish to be used for synthesis the following day. The 
pH value of the impregnation of textiles in the water–AgNO3–PVP solution after reduction in the 
ultrasonic bath was also recorded.  
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Table 2. Experimental design. Variables: alkalinity of activated textiles. 

Sample pH* AgNO3 (M) Molar ratio: Ag/PVP Molar ratio: NaBH4/AgNO3 

1 US + 24 h 9.3 9.3 0.0059 29.43 1 

1 US + 24 h 7.2 7.2 

1 US + 24 h 11.5 11.5 

*pH value of the residual water from the last rinse of textiles. 

2.2.4. Washing and drying of the textile Ag/PVP 

At the end of the reaction time, textiles were removed from the impregnation solution and rinsed 
three times with distilled water (100 mL each washing beaker) to remove the non-adsorbed species. 
Then, textiles were manually pressed to remove the remaining water and oven-dried at 80 °C for 2 h 
with the aid of a vacuum maintained at 0.06 MPa. This material, identified as textile Ag/PVP, was 
stored in a closed container protected from light. 

2.2.5. Sterilization of textile Ag/PVP 

Textiles were placed in sealed sterilization bags prior to autoclaving at 121 °C at 15 psi for 35 min 
using an All American autoclave, model 25×. After autoclaving, samples were heat-dried at 120 °C 
for 45 min while remaining inside the sealed bags.  

2.3. Characterization 

Morphology and chemical analysis [by energy dispersive X-ray spectroscopy (EDX)] of the 
materials were conducted using a Hitachi SU5000 scanning electron microscope. No preparation was 
required for the textiles; the material was simply cut for placement in the sample holders. Absorbance 
spectra of the liquid samples (textile Ag/PVP impregnation reaction solution diluted in distilled water) 
were obtained by a StellarNet spectrometer with model SL5 deuterium-halogen light source in the 
spectral range of 300–800 nm, using a quartz cell as the sample carrier. Infrared analysis in the 
attenuated total reflectance mode was carried out on a Nicolet 6700 equipment, in the range of 
4000–600 cm1 using 100 scans with 16 cm1 resolution. A piece of textile Ag/PVP sample was folded 
and placed for analysis. The analysis of the crystalline state of the samples was carried out on a 
Panalytical X’pert Powder diffractometer with copper filament radiation. 

2.4. Water absorption capacity 

The dry textile was weighed (Wdry) and placed for 2 min in a beaker with 50 mL of distilled water. 
Samples were then removed and placed on a filter paper for 30 s to allow the excess water to come out, 
and then re-weighed (Wwet). For each sample, five independent repetitions were performed, and the 
mean values are reported. The water absorption percentage was calculated using Eq 1: 

Water absorption (%) =
ௐ౭౛౪ିௐౚ౨౯

ௐౚ౨౯
100%           (1) 
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2.5. Water vapor permeability 

The ability to pass water vapor through the textile (at 37 °C) was evaluated by the water vapor 
permeability test. 37 °C was selected as the temperature to simulate physiological conditions relevant 
to the in vivo application of wound dressings. Three samples per textile type were each placed on     
a 50 mL beaker (diameter of 4.1 cm) with 40 mL of distilled water (water was added before placing 
the textile); the textile was fixed with a rubber band. The beaker (containing water, the textile sample, 
and the rubber band) was weighed and then kept in an oven at 37 °C for 24 h. After that, each beaker 
was removed and re-weighed. The permeability result was calculated by dividing the water loss (g) by 
the vapor passage area (m2), and the mean value of the three independent repetitions is reported. The 
permeability value was calculated as Eq 2:  

Permeability =
୛ୟ୲ୣ୰ ୪୭ୱୱ (୥)

୚ୟ୮୭୰ ୲୰ୟ୬ୱ୫୧ୱୱ୧୭୬ ୟ୰ୣୟ (୫మ)
                 (2) 

2.6. Mechanical properties 

The textiles were folded in half and subjected to a tension test at 5 mm/min in a Sintech universal 
machine model 20/D, with a fixed opening of 30 mm for all samples, testing four specimens for each 
sample type. The results of elongation (%) and breaking strength (MPa) are presented. 

2.7. Evaluation of antimicrobial capacity 

A quantitative antibacterial evaluation of the textile samples was carried out under ASTM-E2149 
(with modifications), using Escherichia coli (ATCC® 11229TM) and Staphylococcus aureus (ATCC® 

6538TM) as representative Gram-negative and Gram-positive strains, respectively, as recommended 
and commonly employed in this standard. Freshly formed bacterial broths were used (100 mL with an 
isolated colony collected from a recent seeding), with an incubation time of 19 h at 37 °C and diluted 
in sterile water to a concentration of 1.6 × 105 colony-forming units per milliliter (CFU/mL) (calibration 
curve estimation and verified by counting by seeding serial dilutions). Each textile sample was 
individually immersed in 20 mL of the corresponding bacterial suspension (Staphylococcus aureus 
and Escherichia coli) and kept for 2 h in the incubator at 37 °C, with shaking in the vortex for 15 s 
every 15 min. Subsequently, serial dilutions of 101, 102, and 103 were prepared, and 50 μL was spread 
in Petri dishes (90 mm diameter) in triplicate and kept in the incubator for 24 h at 37 °C. The 
bactericidal effect was determined from the decrease in CFU/mL compared to those observed in the 
control sample (sterile virgin gauze). The mean value of three independent repetitions is reported. The 
percent reduction was calculated using Eq 3: 

CFU reduction (%) =
େ୊୙ ୡ୭୬୲୰୭୪ିେ୊୙ ୱୟ୫୮୪ୣ

େ୊୙ ୡ୭୬୲୰୭୪
100%       (3) 

2.8. Cell proliferation by MTT assay  

Cell viability was determined by the MTT assay, using primary fibroblasts isolated from tissue 
extracted from Balb/c mice after enzymatic digestion with collagenase (Research Ethics Committee 
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approval number: CEI-2025-1-31). The cells were maintained in DMEM culture medium (with 10% 
bovine fetal serum and 2% antibiotic) and then seeded (5000 cells per well) using two 96-well culture 
plates (each to measure cell viability at 24 and 48 h), repeated in triplicate. Cells were exposed to the 
textile Ag/PVP samples; the textile was cut to insert them into the wells and, prior to the assay, textile 
samples were washed with ethanol and allowed to air dry inside a working hood for a sterile 
environment. Two controls were included: cells only and cells exposed to virgin textile (cotton gauze, 
Curapack). Plates were incubated for 24 and 48 h at 37 °C (5% CO2, humidified environment). After 
each incubation time, the culture medium was removed from each well, washed with PBS, replenished 
with a solution of 150 μL of new culture medium and 50 μL of MTT solution (5 mg/mL, using sterile 
PBS as solvent), and left in the incubator for one additional hour. Subsequently, the formazan crystals 
formed were solubilized in DMSO for absorbance measurement at 570 nm using a microplate 
spectrophotometer (Benchmark Plus, Bio-Rad). The percent cell viability was calculated using Eq 4:  

Cell viability (%) =
୅ୠୱ୭୰ୠୟ୬ୡୣ ୭୤ ୱୟ୫୮୪ୣ

୅ୠୱ୭୰ୠୟ୬ୡୣ ୭୤ ୡ୭୬୲୰୭୪ (ୡୣ୪୪ୱ)
100%      (4) 

2.9. Evaluation of Ag/PVP nanoparticle release in simulated biological fluid  

For this test, 0.35 g of the textile Ag/PVP (corresponding to half a textile) was placed in a 50 mL 
capacity beaker, and 25 mL of simulated body fluid (SBF) was added at 37 °C. Previously, both the 
beakers and the SBF (simulated biological fluid) had been preheated at 37 °C. SBF was prepared 
according to the protocol established by Kokubo and Takadama [47]. The beakers were covered with 
plastic film to prevent evaporation and kept at 37 °C in the dark and in static conditions. Subsequently, 
after 1, 3, 6, 12, 24, and 48 h, the textile was removed with tweezers, and the absorbance of the liquid 
was immediately analyzed in the UV-Vis region (at 400 nm), using SBF as a blank solution. For each 
sampling time, three replicates of each type of textile were analyzed. To quantify the nanoparticles 
released into the medium, a calibration curve was constructed with the colloidal solution of Ag/PVP 
nanoparticles (synthesis: sample 1 US) at 8 different concentrations (in triplicate), in the range      
of 0.08–31.75 μg Ag/mL (concentrations were stoichiometrically calculated assuming a complete 
reduction of Ag+ from AgNO3, which would be part of the Ag/PVP nanoparticles, giving a plasmonic 
signal at 400 nm), achieving excellent linearity (R2 = 0.989). The limit of detection (LOD) and limit 
of quantification (LOQ) were determined according to a signal:noise ratio of 3:1 and 10:1, respectively, 
from the standard deviation of the blank (SBF, n = 3) and the slope of the calibration curve. The LOD 
and LOQ obtained were 0.175 and 0.582 μg/mL (equivalent to 0.072 and 0.093 absorbance units). 

2.10. Statistical analysis  

The data obtained were subjected to an analysis of variance (ANOVA) and a Tukey post-hoc test, 
with a statistical significance value of p < 0.05. 
  



452 

AIMS Materials Science  Volume 13, Issue 3, 444–473. 

3. Results and discussion 

3.1. Morphological analysis based on impregnation time and ultrasound-assisted dispersion 

Figure 1 shows the different scanning electron microscopy (SEM) images of the textiles obtained, 
also showing the virgin textile and the activated textile. Figure 1 shows that in the activated textile 
sample (Figure 1b), fibers are swollen compared to the virgin sample (Figure 1a). In the higher-
magnification SEM image (Figure 1g), the average particle size of sample 1 is 20.7 ± 8.9 nm (Figure 2); 
although it shows dispersion of the particles on the fiber, agglomerates >40–70 nm are also found. In 
sample 1 + 24 h of impregnation, the number of nanoparticles on the substrate increased (Figure 1h); 
higher-magnification images show an average particle size of 28.17 ± 5.5 nm (Figure 2). For sample 1 
ultrasound (1 US), obtained after 30 min of ultrasound (Figure 1i), a greater deposition of nanoparticles 
on the fibers was observed, resulting in an average particle size of 19.98 ± 4.3 nm (Figure 2). For the 
sample obtained after ultrasound and 24 h in impregnation (Figure 1j), an average size of 20.3 ± 10.1 nm 
was found (Figure 2), presenting a greater amount of agglomerates (>60 nm) than in the textile 
obtained after ultrasound for 30 min. The textile impregnated for 30 min of reaction in an ultrasonic 
bath revealed better dispersion of particles on the substrate and a smaller average particle size.  

 

Figure 1. SEM images: virgin, activated, sample 1, sample 1 + 24 h, sample 1 US, and 
sample 1 US + 24 h. 
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Figure 2. SEM images and particle size analysis, presented as percentage of particles from 
SEM images (from sample 1: 85 particles; from sample 1 + 24 h: 153 particles; from 
sample 1 US: 168 particles; from sample 1 US + 24 h: 113 particles). 

3.2. Experimental design of the alkalinity of the activated textile 

The absorbance spectra of the reaction solutions (Table 2) are shown in Figure 3, together with a 
table summarizing the pH evolution during synthesis. For the impregnation, two textiles were used, 
synthesized at pH 7.2, 9.3, and 11.5, at a reaction temperature of 26 °C. The absorbance spectra of the 
reaction solutions prepared without textiles at 18 and 30 °C are also shown, in order to observe the 
influence of temperature on the synthesis and to compare it with syntheses involving the impregnation 
of alkaline (pH 9.3 and 11.5) and neutral (pH 7.2) textiles.  

Comparing the spectra of the reactions without textiles (black dotted lines), it is observed that the 
temperature does not have a significant effect on the synthesis, since the absorption bands are similar. 
The spectrum obtained at room temperature is slightly more symmetrical, although both conditions 
show the same absorbance value at 400 nm (1.22 Abs U.) and the same onset of absorption. In addition, 
the curves without textile exhibit a higher plasmonic signal (~400 nm) than those prepared in the 
presence of textile. This indicates that, in the presence of textile, fewer free nanoparticles remain in 
suspension. This can be attributed to the textile acting as a substrate for Ag+ adsorption, enabling 
nucleation on the fiber surface. Consequently, less Ag+ remains in solution to form free Ag/PVP 
nanoparticles, indicating a transfer of Ag to the textile [48–50].  

The reaction solutions in which textiles were impregnated show absorption onsets at longer 
wavelengths, namely 575, 676, and 687 nm for pH 7.2, 9.3, and 11.5, respectively. In addition to the 
characteristic silver plasmon absorption band at 390–394 nm, the solutions with textiles at pH 7.2 
exhibit absorption edges at 467 and 526 nm. For the gauze solutions at pH 9.3 and 11.5, three additional 
edges are revealed at 590, 637, and 667 nm, indicating the presence of larger particles in solution. 
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Figure 3. Absorbance spectra of 5% reaction solutions in distilled water and results of pH 
monitoring at each stage of the synthesis. Photographs of the 5% reaction solutions in 
distilled water (the same solutions analyzed to obtain absorbance spectra) are shown. 

Figure 4 shows SEM images of the textiles and the results of particle size measurement (two images 
per textile) adsorbed on the different textiles obtained under the synthesis of sample 1 US (absorbance 
in Figure 3), after 24 h of impregnation in reaction solutions using textiles with different pH     
values (9.3, 7.2, and 11.5). Comparing the SEM images of the textiles, a higher concentration of 
nanoparticles is observed for the textile with pH 7.2, with an average size of 28.8 ± 14 nm, with 
approximately 50% of the particles in the 20–30 nm size range. For the textile at pH 9.3, an average 
particle size of 35.9 ± 24.2 nm is observed, with ~40% of particles in the 20–30 nm size range. For the 
textile with higher alkalinity (pH 11.5), an average size of 36.1 ± 18.5 nm was found, with ~40% of 
particles also in the 20–30 nm range. 
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Figure 4. SEM images of textiles made using activated textiles at different pH values 
(synthesis sample 1 US left for 24 h of impregnation) and particle size analysis, presented 
as percentage of particles (from SEM images, two images analyzed by sample type: from 
textile pH 9.3, 163 particles; from textile pH 7.2, 209 particles; from textile pH 11.5, 184 
particles). 

3.3. Water absorption capacity 

Figure 5a shows the water retention capacity of the textiles. The activated textile showed a 
decrease of approximately 6% with respect to the virgin textile (649% ± 44%), although this difference 
was not statistically significant (ANOVA). Sample 1 decreased ~3.4% relative to the activated   
textile (also not statistically significant). Although an increase in absorption was expected due to the 
presence of the hygroscopic PVP polymer coating the metal nanoparticles, the decrease in water 
absorption capacity may be attributed to the reduction of the space between the cellulosic fibers due 
to swelling from the alkaline treatment, as observed in the SEM images (Figure 1b), in addition to a 
possible hydrophobic effect of silver. 

The largest decrease was recorded in sample 1 with 24 h of impregnation (~8.5% with respect to 
the activated textile), coinciding with a higher loading of nanoparticles on the substrate (SEM images 
in Figure 2). This is the only sample showing a statistically significant difference with respect to the 
virgin textile (p = 0.006). For the textiles obtained by the ultrasonic method, no significant differences 
are observed with respect to the activated textile, indicating that ultrasonic dispersion does not 
significantly affect the water absorption capacity of the textiles. 
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Figure 5. a: Water absorption capacity, expressed as the mean ± standard deviation (n = 
5). Statistical comparison among the six groups of samples (p < 0.05): *: significant 
difference vs. virgin textile. b: Water vapor permeability, expressed as mean ± standard 
deviation (n = 3). Statistical comparison among the six groups of samples (p < 0.05): *: 
significant difference vs. virgin; Φ: significant difference vs. activated textile; α: 
significant difference vs. sample 1; ψ: significant difference vs. sample 1 + 24 h. 

3.4. Water vapor permeability 

Figure 5b shows the results of water vapor permeability of the textile. This test evaluates 
breathability, i.e., the capacity to allow water vapor to pass through the textile (24 h at 37 °C). The 
virgin textile presents high permeability, which is desirable for adequate gas exchange [32]. The results 
show that the activated textile reduced its permeability by 8.3% with respect to the virgin textile, due 
to the closure of spaces between the fibers after the alkaline treatment, with statistical significance   
(p = 0.00003). Sample 1 had 2.29% higher permeability than the activated textile, possibly due to the 
magnetic agitation during the metallic reduction that causes the fibers to loosen and the weft to open, 
although without statistical significance. Sample 1 with an additional 24 h of impregnation showed 
similar permeability to the activated textile, although slightly lower than sample 1 (2.2% lower), 
without statistical significance. 

On the other hand, textiles prepared using ultrasonic treatment show the lowest permeability 
compared with the activated textile, with sample 1 US and sample 1 US + 24 h showing decreases   
of 4.5% and 5.5%, respectively. Both showed statistical significance relative to the activated textile, 
but not between each other. They also differ significantly from samples without ultrasound (under 
magnetic agitation). Overall, alkaline treatment has the greatest impact on reducing water vapor 
permeability. However, ultrasonic treatment further enhances this reduction, suggesting that 
adsorption of the Ag/PVP nanoparticles intensifies this effect. One possible contribution is the 
increased presence of nanoparticles on the fibers, with the PVP polymer acting as a moisture absorber. 
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3.5. Mechanical properties 

The results of elongation (%) and breaking strength (MPa) are shown in Figure 6. An increase in 
elongation is observed in all samples (Figure 6a) with respect to the virgin textile (10.27%). The  
values for the activated textile, sample 1, sample 1 + 24 h, sample 1 US, and sample 1 US + 24 h  
were 38.94%, 48.41%, 40.91%, 35.74%, and 40.91%, respectively. This elastic behavior is already 
observed in the activated textile sample, as alkaline treatment causes fiber swelling, as seen visually 
and in SEM micrographs (Figure 1b), resulting in shortening of the textile fibers. This shortening 
allows greater extension compared to the virgin textile, which appears flatter and with a more open 
weft. The highest elongation relative to the activated textile was observed in sample 1, being the only 
treatment with statistical significance (p = 0.02). For sample 1 with ultrasound treatment, the 
percentage of elongation decreased with respect to the activated textile and sample 1, with statistical 
significance found only with respect to the latter (p = 0.0016). The textiles obtained by impregnation 
for 24 h presented the same percentage of elongation, and no statistical significance was found with 
respect to the activated textile (p = 0.97). 

 

Figure 6. a: Percentage elongation, expressed as mean ± standard deviation (n = 4). 
Statistical comparison among the six groups of samples (p < 0.05): *: significant difference 
vs. virgin textile; Φ: significant difference vs. activated textile; α: significant difference vs. 
sample 1. b: Tensile strength of the fabric, expressed as mean ± standard deviation (n = 4). 
Statistical comparison among the six groups of samples (p < 0.05): *: significant difference 
vs. virgin; Φ: significant difference vs. activated textile; α: significant difference vs. 
sample 1; ψ: significant difference vs. sample 1 + 24 h. 

As for the breaking strength (Figure 6b), the virgin textile had the highest value (0.668 MPa). All 
treated samples showed lower values. The activated textile presented 36% less resistance, and sample 1 
presented the lowest resistance of all samples (0.393 MPa), although it did not present statistical 
significance with respect to the activated textile. Sample 1 with 24 h of impregnation (sample 1 + 24 h) 
presented the same decrease in resistance as the activated textile, with no statistically significant 
differences relative to sample 1. Textiles obtained by ultrasound treatment preserved better  
resistance (0.521 and 0.537 MPa for sample 1 US and sample 1 US + 24 h, respectively). Statistical 
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significance was found with respect to the activated textile (p = 0.041 and p = 0.013). In addition, there 
were significant differences between sample 1 and those treated with ultrasound (p = 0.0033       
and p = 0.001). In this case, the alkaline treatment was the precursor of the decrease in tensile strength, 
as the introduction of –OH species in the alkaline solution weakens the interfibrillar bonds given by 
hydrogen bridges between cellulose chains. Although rinsing/neutralization was expected to limit this 
effect, this was not observed. The use of ultrasound, however, resulted in increased breaking strength 
compared to the activated textile (~22% for sample 1 US and 25% for Sample 1 US + 24 h). This can 
be attributed to the fact that ultrasound enhances the diffusion and incorporation of the Ag/PVP 
nanoparticles into the fibers, strengthening them [33,35]. 

3.6. Infrared analysis by FTIR 

Figure 7a shows the infrared spectra (FTIR) obtained from the samples of virgin textile, activated 
textile, and sample 1 US + 24 h of impregnation. No apparent changes with respect to the virgin textile 
are observed by the naked eye. Regarding the structure of cellulose forming the cotton, the peaks     
at 3300 and 3282 cm1 correspond to the stretching of the hydroxyl groups (–OH) of the intra- and 
intermolecular hydrogen bonds, respectively [51,52]. The vibration at 2892 and 2860 cm1 corresponds 
to the asymmetric and symmetric stretching of the –CH2– bond, respectively. The broad band       
at 1650 cm1 is associated with the H–O–H stretching vibration of water adsorbed to the fibers [53]. 
The peak at 1425 cm1 corresponds to the scissoring of the CH2 bond. The peak at 1314 cm1 
corresponds to the rocking bending of the C–H bond. At 1204 cm1, C–O stretching is observed. A 
sharp peak at 1159 cm1 is associated with stretching of the anti-symmetric C–O–C bridge [51,53].  
At 1106 cm1, an anti-symmetric ring stretching vibration is observed [51,54]. The peaks at 1055   
and 1027 cm1 are associated with C–O and C–C bond stretching vibrations, respectively [53]. The 
frequency at 893 cm1 is attributed to the bond between two glucose units (β-bond) forming cellulose [53]. 
At 664 cm1, there is out-of-plane bending of the OH bond [51]. Due to the amount of polymer used 
in synthesis (0.8% by weight with respect to the reaction solvent), it is not possible to observe the most 
intense peaks of the PVP polymer, which would appear at 1652 cm1 due to the stretching vibration of 
the C=O carbonyl group, at 1420 cm1 reflecting the –N–C– bond, and at 1280 cm1 from the stretching 
vibration of the C–N bond [55,56]. 
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Figure 7. a: IR spectra of textiles (region 2600–1730 cm1 is omitted). b: Diffractograms 
of the textiles: virgin textile, original textile Ag/PVP (sample 1 US and sample 1 US + 24 
h), and after autoclave sterilization (silver diffraction pattern JCPDS 04-0783 is shown in 
blue). c: EDX analysis (sample 1 US + 24 h) before and after autoclaving. 

3.7. XRD analysis of original vs. autoclaved textiles 

Figure 7b shows the diffractograms obtained from the original samples and post-sterilization 
textiles, including the virgin gauze. The diffractogram of the untreated gauze shows characteristic 
peaks of cellulose I at 2θ = 15.4°, 17.1°, 23.4°, and 35.1° [57,58]. In the diffractogram of sample 1 
ultrasound and sample 1 ultrasound + 24 h of impregnation, both before and after sterilization, another 
peak appeared at 38.6°, attributed to the (111) plane of silver (FCC), according to diffraction pattern 
JCPDS No. 04-0783 [59], which corresponds to the most intense crystallographic reflection. 
Complementary EDX analysis was performed on both the non-autoclaved sample (sample 1 US + 24 h) 
and the autoclaved sample (Figure 7c). In both cases, the spectra exhibited the main expected elements, 
especially C, O, and Ag, confirming that silver remained detectable after sterilization. Semi-quantitative 
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analysis based on atomic percentages showed only slight variations between the samples. The relative 
Ag content decreased from 0.11 to 0.07 atomic%, whereas the C and O contents remained within 
similar ranges, suggesting that autoclaving did not produce major qualitative changes in the surface 
elemental profile. A minor Al signal was also detected, likely originating from the aluminum SEM 
sample holder. 

3.8. Morphology of original vs. autoclaved textiles 

Particle size was determined from SEM images of textiles subjected to wet sterilization (autoclaved 
at 121 °C at 15 psi for 35 min and then heat dried at 120 °C for 45 min), in order to compare with the 
original textiles of sample 1 US and sample 1 US + 24 h impregnation (Figure 8). In sample 1 US, the 
autoclaved sample shows larger particles compared to the original. Approximately 57% of the particles 
are in the 20–30 nm range (average size 28.41 ± 7.12 nm), whereas in the original sample, ~59% of 
the particles are between 10 and 20 nm (average size 19.98 ± 4.31 nm). For sample 1 US + 24 h, an 
increase in particle size compared to the original sample was also found: after autoclaving, ~55% of 
the particles were between 20 and 30 nm (average size 28.41 ± 10.41 nm), while for the original sample 
of the same type, ~71% of the particles corresponded to the 10–20 nm (average size of 20.3 ± 10.1 nm). 
The two autoclave-treated samples presented equal average size; however, sample 1 US + 24 h 
presented greater particle size dispersion (standard deviation of 10.1 nm in sample 1 US + 24 h      
vs. 7.12 nm in sample 1 US) and ~4% of particles in the 55–90 nm range, which are not observed in 
sample 1 US.  

 

Figure 8. SEM images and particle size analysis of original textiles and after autoclave 
sterilization, presented as percentage particle population from SEM images (from sample 
1 US: 168 particles; from sample 1 US + 24 h: 113 particles; from sample 1 US autoclave: 
161 particles; from sample 1 US + 24 h autoclave: 210 particles). 

The humid environment, combined with the pressure, caused a rearrangement of the nanoparticles, 
leading to more individualized and clearly distinguishable particles with spherical morphology and 
better dispersion on the fiber surface. Although sterilization at 121 °C is well below the glass transition 
temperature (Tg) of PVP (Mw 40 k, ~160–170 °C under dry conditions) [60], its hygroscopic nature 
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allows water vapor to reduce the effective Tg. In this new hydrated state, PVP exhibits increased 
molecular mobility, facilitating reorganization on the substrate. This moisture-induced plasticization 
effect has been previously reported [61–63]. 

3.9. Evaluation of antimicrobial capacity of original vs. autoclaved textiles 

The samples evaluated for antimicrobial evaluation, under ASTM E-2149 (with modifications) 
[64–67] were those prepared by ultrasonic dispersion (sample 1 US and sample 1 US + 24 h). 
Additionally, to observe the post-sterilization antimicrobial behavior, the samples were autoclaved. 
The control samples were sterile virgin gauze. The bactericidal effect was evaluated by the reduction 
in colony formation compared to the control sample (sterile virgin gauze). For Staphylococcus aureus, 
decreases of 94.75% ± 0.68% and 94.67% ± 0.39% were observed for sample 1 US and sample 1   
US + 24 h. On the other hand, decreases of 94.47% ± 0.44% and 95.56% ± 0.87% were observed for 
the sample 1 US autoclave and sample 1 US + 24 h autoclave, respectively. In contrast, the bactericidal 
effect against Escherichia coli was higher, resulting in decreases of 99.1% ± 0.973% and 99.57% ± 0.19% 
sample 1 US and sample 1 US + 24 h, as well as 98.84% ± 1.5% and 98.9% ± 0.08% for the sample 1 
US autoclave and sample 1 US + 24 h autoclave, respectively. The analysis of variance showed no 
significant differences between samples for the same bacteria. 

Although autoclave sterilization increased the average nanoparticle size, this change did not result 
in a statistically significant reduction in antibacterial performance. For sample 1 US, the average 
particle size increased from 19.98 ± 4.31 to 28.41 ± 7.12 nm after sterilization, corresponding to an 
increase of approximately 42.2%. Likewise, for sample 1 US + 24 h, the average size increased   
from 20.3 ± 10.1 to 28.41 ± 10.41 nm, corresponding to an increase of approximately 40.0%. In   
both cases, the particle size distribution shifted from mainly 10–20 nm in the original textiles to  
mainly 20–30 nm after sterilization. A possible explanation is that, despite this increase, the 
nanoparticles remained within a size range still compatible with effective antibacterial action. 
Moreover, the retained presence of Ag on the fibers and the continued release of silver species may 
have contributed to preserving the antibacterial response after autoclaving. Figure 9 shows the plate 
cultures at 24 h of incubation. 

The antibacterial activity of Ag/PVP nanoparticles has been extensively studied, being effective 
for both gram-positive and gram-negative bacteria, hence the inclusion of Staphylococcus aureus (+) 
and Escherichia coli () in this study [30,68]. The differences in response against S. aureus and E.  
coli (higher percentages for E. coli) are consistent with the literature: it has been reported that silver 
nanostructures show higher effectiveness against gram-negative bacteria. Due to the structure of the 
cell envelope, gram-negative cells have a thinner peptidoglycan layer and a membrane rich in 
lipopolysaccharides, which facilitates the interaction of nanoparticles and Ag+ ions with the membrane. 
On the other hand, gram-positive cells have a thicker peptidoglycan layer acting as a partial barrier to 
diffusion [68–70]. 

Moreover, intimate contact between Ag nanoparticles and the bacterial surface has been reported 
to enhance silver uptake and, consequently, to increase toxicity, highlighting the importance of 
achieving a good dispersion of silver NPs on the textile substrate and their stabilization with polymers 
such as PVP [71,72].  
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Figure 9. Bactericidal effect of original textile samples treated with ultrasound (sample 1 
US) and ultrasound + 24 h of impregnation (1 US + 24 h), and samples post-sterilization 
by autoclave on Staphylococcus aureus and Escherichia coli bacteria, under ASTM     
E-2149. Percentage CFU (colony forming units) reduction expressed as mean ± standard 
deviation (n = 3). Shown are culture plates at the same prepared dilution. 

In addition, size is a critical factor in the antibacterial action of silver nanoparticles, as it will 
determine how the bacterial cell membrane responds. For example, it has been found that a smaller 
particle size (<10–20 nm) represents a larger specific area, releasing more metal ions, which can 
penetrate and adhere to the cell membrane, more quickly altering its function. A greater release of 
metal ions has been associated with the generation of reactive oxygen species that induce oxidative 
stress [73–76]. 

In this context, the PVP used, with an average molecular weight of 40 k, provided good stability 
to the system, preventing the formation of larger particles on the cellulose fibers and favoring the 
permanence of nanoparticles in the range of 20–30 nm for sterilized textiles. Although no direct 
evidence of PVP layer thickness after sterilization was obtained, the preserved antibacterial activity 
and release behavior suggest that the coating did not undergo changes severe enough to fully hinder 
silver-species release [70].  

Although there are studies reporting adequate stability against multiple washing cycles in 
cellulosic textiles functionalized with PVP-stabilized silver nanoparticles [77,78], as well as in 
synthetic substrates such as nylon 6,6 [79,80], studies explicitly evaluating post-autoclave sterilization 
antibacterial performance in cotton-Ag/PVP systems remain scarce. To date, no direct pre-autoclave 
vs. post-autoclave analysis has been reported in textile Ag/PVP. The closest evidence comes from two 
complementary lines of research. The first applied an autoclave cycle at 121 °C for 15 min as the 
thermal process to form metallic silver directly on cotton cellulose fibers and reported significant 
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antibacterial activity, which suggests that the nanoparticles on the fibers can withstand autoclave 
conditions without losing functionality [81]. The second investigated the impact of the autoclave 
process on the antibacterial capacity of Ag NPs adsorbed on PVA (polyvinyl alcohol) fibers, reporting 
a loss in antibacterial activity, attributed to an increase of ~247% in the size of the nanoparticles [44,82]. 

3.10. Evaluation of Ag/PVP nanoparticle release in a simulated biological fluid 

The homogeneity of the impregnation was evaluated by comparing the coefficient of variation 
(CV, %), also called relative standard deviation [83], between the textiles impregnated by   
ultrasound (sample 1 US and sample 1 US + 24 h), using the absorbance at 400 nm as the signal 
associated with the presence of Ag/PVP nanoparticles released into the simulated biological fluid (SBF) 
under static conditions.  

The absorbance results of plasmonic silver release from textiles (sample 1 US and sample 1    
US + 24 h) in SBF solution at different times (1, 3, 6, 12, 24, and 48 h) are shown in Figure 10a 
reporting the comparison of the homogeneity of impregnation with the coefficient of variation (%). 
For the sample 1 US (30 min of impregnation in ultrasonic bath), from the first to the third hour, the 
coefficients of variation were high (1 h, 33.1%; 3 h, 47.6%), indicating a very variable release between 
samples or low homogeneity in the impregnation. At longer times, the CV value decreased (6 h, 15.4%; 
12 h, 18.7%), indicating a higher homogeneity of the nanoparticles on the cellulosic substrate. 
However, at 24 h, it had the highest CV (55.8%), which stabilized for 48 h (5.9%). 

In contrast, the sample 1 US + 24 h (with an additional 24 h of static impregnation) showed initial 
absorbance below LOQ but reached quantifiable values with consistently low CV (between 6.9%   
and 10.7%) from 3 h onward, reflecting a more uniform and controlled release. These results suggest 
that an additional 24 h of static impregnation improves the uniformity of impregnation on the substrate. 
Moreover, the more controlled release profile observed for sample 1 US + 24 h indicates a more stable 
loading on the gauze surface, with a lower tendency to rapid shedding under the evaluated conditions. 

Figure 10b shows the release of Ag/PVP nanoparticles (μg/mL) for the two types of textiles, using 
the equation A = 0.0517C + 0.0635 (Figure 10c). In both groups, a progressive increase in the release 
of Ag/PVP nanoparticles was observed with time. However, the magnitude and kinetics of release 
differed markedly between textiles. Sample 1 US (only allowed to impregnate during the 30 min 
reduction time in ultrasonic bath) showed an initial release detected from the first hour (~1.0 μg/mL), 
exceeding the method’s limit of quantification (LOQ = 0.582 μg/mL). The concentration then 
increased steadily to reach values of ~5.1 μg/mL at 48 h. This behavior suggests an initial rapid release 
phase followed by a more sustained release stage, possibly associated with the gradual diffusion of 
nanoparticles retained in the cellulosic fibers. In contrast, sample 1 US + 24 h (textile with an  
additional 24 h of static impregnation after ultrasound) presented an initial release of almost zero at 
the first hour (below the LOD = 0.175 μg/mL), followed by a gradual increase from 3 h onward. 
Concentrations reached a maximum of 2.1 μg/mL at 24 h, with no significant subsequent increases (no 
statistical significance between times 24 and 48 h). This behavior indicates that the 24 h impregnation 
after reduction in the ultrasonic bath helped to form a more stable surface layer, where the additional 
time allowed greater coverage of Ag/PVP nanoparticles on the fibers, favoring greater interaction as 
hydrogen bridges between the carbonyl group C=O of the PVP and the O–H group of the cellulose 
polymeric chains, thus reducing the release rate of the nanoparticles to the medium [84]. Importantly, 
the 48 h release period used in this study is consistent with clinical practice: infection-prevention 
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guidelines recommend sterile dressings to remain in place for approximately 24–48 h after surgery, 
and silver-containing dressings are commonly designed for use over similar time intervals before being 
changed [85–87]. 

 

Figure 10. a: UV-Vis absorbance results (at 400 nm) for each release time, expressed as 
mean ± standard deviation (n = 3), including the coefficient variation (CV = SD/mean × 
100). b: Release profile of Ag/PVP nanoparticles for sample 1 US and sample 1 US + 24 h, 
calculated from absorbance values using the calibration curve equation. Error bars 
represent the standard deviation. The dashed line indicates the quantification limit (LOQ 
= 0.582 μg Ag/mL). c: Calibration curve for Ag/PVP nanoparticles obtained by UV-Vis 
spectroscopy. The plot shows the relationship between absorbance (at 400 nm) and 
plasmonic silver concentration in the range of 0.08–31.7 μg/mL (concentrations were 
calculated stoichiometrically assuming complete reduction of Ag+ from AgNO3, and that 
it would be part of the Ag/PVP nanoparticles). The linear regression equation was A = 
0.0517C + 0.0635 with R2 = 0.989. The LOD and LOQ were 0.175 μg/mL and 0.582 μg/mL, 
respectively. d: Graph of cell viability (by MTT assay) at 24 and 48 h. Results are presented 
as the mean ± standard deviation (n = 3). Comparison was made between four groups and 
the same time (control, virgin textile, sample 1 US + 24 h, and sample 1 US 2 + 24 h 
autoclave). Statistical comparisons among the four groups of samples (p < 0.05): θ: 
significant difference vs. control (only cells), *: significant difference vs. virgin. 
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3.11. Cell proliferation by the MTT assay 

The sample with the best impregnation homogeneity (sample 1 US + 24 h) was subjected to the 
MTT assay to evaluate the proliferation of primary cultured fibroblasts after 24 and 48 h. In addition, 
the autoclaved sample (sample 1 US + 24 h autoclave) was included to assess the effect of sterilization 
on cell response. The following controls were used: cells only (no textile) to determine baseline 
viability, and cells exposed to virgin textile (cotton gauze) to assess the influence of the untreated 
material. Figure 10d shows the MTT assay results. At 24 h of exposure, both sample 1 US + 24 h and 
autoclaved sample 1 US + 24 h showed cell viabilities of 76.44% ± 3.30% and 77.20% ± 3.53%, 
respectively. No statistically significant differences were found between them; however, both samples 
showed significant differences compared with the control (cells only) and the virgin textile (p < 0.002). 
No significant difference was found between the virgin textile and the control. 

These results indicate that, at 24 h, both textiles can be considered non-cytotoxic materials, since 
they exceed 70% cell viability [76]. The observed drop in viability may be attributed to the release of 
nanoparticles, as evidenced in the SBF release study for sample 1 US + 24 h at 24 h (which, similar to 
the MTT assay, was carried out under static incubation conditions). In this context, the release of Ag+ 
ions from the nanoparticles is also likely [88].  

However, extending the test to 48 h resulted in a decrease in viability to 51.81% ± 3.07%     
and 56.79% ± 2.46% for sample 1 US + 24 h and the autoclaved sample, respectively. No significant 
differences were found between them, while both samples differed from the control (only cells) and 
the virgin textile (p < 0.00001). 

As no increase in nanoparticles released to the medium was detected in the 24–48 h release study, 
the toxic effect observed at 48 h of exposure is not explained by higher release but may be associated 
with a cumulative phenomenon. This decrease in viability is in agreement with previous studies 
showing that the cytotoxicity of PVP-stabilized nanoparticles increases with exposure time due to 
intracellular accumulation and release of silver Ag+ ions, which induce oxidative stress and 
mitochondrial dysfunction. Research has proven that PVP polymer as a coating on silver nanoparticles 
does improve the stability of the colloid but does not slow down the transformation of metallic silver 
to ionic silver once the nanoparticles have been internalized into the cells, which causes the cumulative 
cellular damage observed at prolonged exposure times [88–90]. 

At 48 h of exposure, the virgin textile (cotton gauze) showed significantly increased cell 
proliferation to 131.7% ± 6.75%, with a significant statistical difference compared with the     
control (p < 0.0001). This behavior in the virgin textile sample at a longer exposure time may be 
attributed to the characteristics of cotton, together with the design of the gauze, which is a non-woven 
textile, whose fibrous and highly porous structure acts as a scaffold that increases cell contact surface 
area, enhancing cell adhesion and growth [91,92]. Previous studies have shown that cellulose-derived 
materials, including cotton textiles, can enhance cell proliferation due to their three-dimensional 
topography and high contact surface [93,94]. In addition, the virgin textile presented the highest values 
of water absorption capacity and permeability (Figure 5), which generates a more hydrated 
microenvironment with greater nutrient exchange, conditions that favor cell proliferation [95,96]. 

From a clinical standpoint, these findings suggest that the current material formulation is more 
appropriate for short-term wound contact than for prolonged continuous exposure under static in vitro 
conditions. Although both the non-autoclaved and autoclaved samples maintained cell viability above 
the commonly accepted non-cytotoxic threshold at 24 h, the reduction observed at 48 h indicates a 
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time-dependent cytotoxic response that should be considered when defining the intended duration of use. 
This behavior is likely associated with cumulative exposure to released silver species and/or progressive 
nanoparticle internalization, rather than with a sudden increase in nanoparticle release after 24 h. 
Therefore, further optimization should aim to reduce cumulative toxicity by adjusting silver loading, 
improving release control, and refining coating stability while maintaining antibacterial performance. 

4. Conclusions 

Gauze impregnated with Ag/PVP nanoparticles was evaluated. The ultrasound-assisted 
impregnation achieved the best dispersion and particle size. The reaction temperature did not 
significantly affect the synthesis of the nanoparticles; on the other hand, the alkalinity of the activated 
textiles favored the formation of larger particles and decreased the density of the nanoparticles on the 
substrate, while the neutral pH presented the best dispersion and highest particle concentration. The 
alkaline treatment was the dominant factor in the reduction of water vapor permeability and absorption 
capacity, while the use of ultrasound partially intensified this effect, maintaining stable water 
absorption capacity. As for the mechanical performance, the ultrasound-assisted impregnation favored 
a better incorporation of the nanoparticles into the fibers, strengthening the textile. 

The sterilization process modified the average particle size and polydispersity, without affecting 
the antimicrobial property, showing bacterial colony reductions of approximately 95% for gram-positive 
Staphylococcus aureus bacteria and an effectiveness of more than 99% for gram-negative Escherichia 
coli, without significant changes in the textiles with an additional 24 h of impregnation. 

The SBF release study showed that the additional 24 h static impregnation time decisively 
influences the homogeneity and release kinetics of the Ag/PVP nanoparticles from the textile; the 
additional 24 h of static impregnation resulted in a more controlled and reproducible release, with low 
coefficients of variation and with concentrations reaching an equilibrium state before 48 h. In 
accordance with this trend, the MTT assay showed that samples with 24 h of additional impregnation 
and the sterilized sample maintained cell viability above the non-cytotoxic threshold at 24 h, while a 
decrease was observed at 48 h, attributed to a cumulative effect related to nanoparticle internalization 
and time-dependent ion release. In summary, our results emphasize that the conditions during the 
impregnation step are critical to obtain functional textiles with a controlled release and an adequate 
biological response. This point is particularly relevant for wound-care applications, where the intended 
wearing time directly influences the textile’s biocompatibility.  

The selection of a cellulosic substrate allows the development of functional materials in a 
sustainable manner. Its simple and inexpensive production facilitates its access to a larger part of the 
population. In addition, obtaining stable support after sterilization processes offers the possibility of 
using it as a platform for the release of active substances according to the desired application. 
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