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Abstract 
In the present study, the commercially available cotton, nylon and cotton/nylon fabrics were 

modified by chitosan and silver nanoparticles using a crosslinker triethyl orthoformate (TEOF). 

Resulted cotton-silver (Ag-Cs-Cot), nylon-silver (Ag-Cs-Nylon) and cotton-nylon silver (Ag-Cs-

Cot-Nyl) fabrics showed significant anti-bacterial activity even after 50 washing cycles. Silver 

nanoparticles were prepared by reducing silver nitrate through sodium borohydride at 0°C. In FTIR 

spectra, the peak at 1650 cm-1 confirmed that TEOF mediated attachment of chitosan with fabrics 

and the stretch of secondary amine near the 3375 cm-1 indicated the silver attachment to the amine 

group of the chitosan. In scanning electron microscopy (SEM) images smooth surfaces of fabrics 

without any damage by modification process were observed. The antibacterial activity was 

analysed by agar diffusion and broth dilution assays against Escherichia coli and Staphylococcus 

aureus bacterial strains and results showed 90% bacterial inhibition against E. coli and 89% 

bacterial inhibition against S. aureus. For testing the antibacterial durability, the modified fabrics 



were washed with non-ionic detergent (10g/l) for 15 minutes under aggressive stirring (100RMP) 

at room temperature. The modified fabrics retained anti-bacterial activity over the 50 washing 

cycles. Finally, the commercial potential of cotton-silver fabric was evaluated by stitching it with 

the socks of football players and interestingly results showed that the modified fabric on the socks 

showed more than 90% bacterial inhibition as compared to the plain fabric after 70 minutes of 

playing activity.  

  

1. Introduction 

Bacterial attachment and the subsequent growth on body surfaces pose a serious health problem 

in the form of infectious diseases and substantial complications in clinics, sometimes even leading 

to death [1]. In recent decades, considerable attention has been paid to developing antibacterial 

fabrics to reduce the extent of initial bacterial attachment and thereby prevent bacterial growth and 

subsequent complications [2]. This technology is also gaining importance in biomedical 

technology as an alternative solution to increasing bacterial resistance. Conventional fabrics like 

cotton and nylon are widely converted to smart fabric by multiple approaches and the converted 

smart textiles possess the properties of conventional textile materials and carry additive functional 

values [3]. Our group has already reported the chitosan- cross-linked cotton fabric as a durable 

antibacterial fabric [4] and there we achieved anti-bacterial activity till 30 washing cycles. The 

present study is a step forward in the direction as we have incorporated silver nanoparticles into 

the chitosan modified cotton and cotton-nylon fabrics to enhance the antibacterial potential of the 

fabrics up to 50 washing cycles. Many research projects are dedicated to exploring and developing 

smart textiles for medicine and healthcare applications [5]. The use of smart textile materials is as 

an asset in everyday activities and accomplish better outcomes in healthcare systems. Generally, 

antibacterial fabrics are used in baby garments, clothes of individuals at higher risk of getting 

infections (staff of healthcare system and individuals with compromised immune system), and 

surgical clothes [6].  

To develop an antibacterial fabric, several antibacterial agents have been used, such as chitosan 

[7], metal oxides like ZnO [8] and graphene oxide [9], and metal-based nanoparticles [10]. Among 

all these antibacterial agents, nanoparticles are most widely used because of their large surface 

area and remarkable antimicrobial properties [11]. In this study, we used silver nanoparticles 

(AgNPs) that have been extensively used in commercially available fabrics, such as clean room 



materials, surgical gowns, and bandages. Silver has been used as a disinfectant and antimicrobial 

substance since it has a low risk of side effects [12]. Silver nanoparticles can penetrate bacterial 

cell walls, altering the shape of cell membranes and even causing cell death. They have a wide 

range of antibacterial, antifungal, and antiviral activities [13]. Despite all the advantages of 

nanoparticles their firm attachment on the surface of the fabric is a challenge and poor or weak 

attachment leads to decreased antibacterial efficacy, particularly after washing. Chan et al., 

reported that after 20 washing cycles, the coating of NPs was mostly diminished, because of their 

poor attachment or bonding with the fabrics [14]. To address this challenge numerous methods 

like pad-dry-cure, exhaustion, plasma direct synthesis, the use of polymeric binders and ultrasound 

have been exploited to achieve good attachment [15]. The polymeric binders can accomplish two 

tasks simultaneously first linking with fabric and secondly immobilizing the NPs and some 

binders, such as polydopamine, amino-terminated hyperbranched polymers (HPB-NH2) and 

carboxymethyl chitosan (CMC) have been studied well [16]. In addition to this, urea, polyacrylic 

esters, polyurethane resins and dimethyl dihydroxy-ethylene urea have been applied to increase 

the affinity of NPs on the fabrics to enhance the antibacterial durability. But these binders are toxic 

to the human body and the environment as well [2]. Chitosan is well-known biomaterial and widely 

used in biomedical applications owing to its biocompatibility, biodegradability, and anti-microbial 

effects [17]. For the attachment of chitosan with fabric triethyl orthoformate (TEOF) was used and 

TEOF is reported by our group as a crosslinking agent [18]. 

In current research, we used chitosan as a binder to keep the AgNPs on the fabric surface with 

coordination covalent bonds resulting in the desirable prolonged antibacterial performance. 

Nanoparticle incorporation on the fabric was confirmed through Scanning electron microscopy 

(SEM), Fourier transforms infrared (FTIR) spectroscopy, and X-ray diffraction analysis (XRD). 

The nature of modified fabrics including mechanical properties, such as tensile strengths was 

measured and compared with the original fabrics. The antibacterial activity and laundering 

durability of the AgNP-incorporated fabrics were evaluated by using disc diffusion and broth 

dilution methods over 50 cycles of washing. Based on the findings, we are convinced that the 

developed approach is practically sustainable to produce a durable, antibacterial smart fabric that 

has multiple uses.  

 

 



2. Material and Methods 

2.1. Materials 

Chitosan (Molecular weight: 25 KDA, Degree of deacetylation: 87%, and Intrinsic Viscosity 

30.78ml/g) was prepared in our laboratory. Cotton fabric 100% (0.2 mm thickness, 1.5m length, 

and 1m width) was bought from the Burewala Textile Co., Ltd Pakistan. Cotton/nylon (50:50) 

fabric (35-inch width, 58-inch length,) was purchased from the Al-Rahim Textile Co., Ltd 

Pakistan. Nylon (85%) fabric (30-inch length, 24-inch width) was purchased from the local market 

of Lahore, Pakistan. Sodium hydroxide in pellet form was purchased from Omicron Sciences 

Limited. Glacial acetic acid (99% pure) and silver nitrate were purchased from Sigma Aldrich. 

Sodium borohydride (25g) was purchased from Daejung Chemicals and Metals Co., Ltd. Triethyl 

orthoformate (TEOF) (98%) was purchased from Alfa Aesar. Nutrient broth and nutrient agar were 

purchased from Sigma Aldrich.  

2.2.  Synthesis of silver nanoparticles 

Silver nanoparticles were prepared according to the procedure reported in the literature [19]. 

Firstly, 1mM of AgNO3 solution was prepared by dissolving 0.0169g of silver nitrate in a beaker 

containing 100mL of deionized water in an ice bath with continuous stirring for 30 minutes. 

Secondly, a 2mM aqueous solution of NaBH4 was prepared separately and kept in an ice bath for 

30 minutes. To synthesize AgNPs, chilled NABH4 was added dropwise to the colourless cold 

solution of AgNO3 (1 mM) while maintaining stirring, until the light-yellow colour was achieved.  

2.3. Chitosan coating for fabric modification  

First, the alkali treatment was given to the nylon/cotton fabric. The 4×4 cm2 pieces of the fabric 

were immersed in the round bottom flask containing 1 g of NaOH in 100 ml water refluxed for 90 

minutes [20]. After the cleaning process, the fabrics were dried in an oven at 80 ºC and then dipped 

into the 1 ml of 2% chitosan solution (which was prepared in 1% CH3COOH (v/v) solution) along 

with 1 ml TEOF crosslinker (2.5%) for overnight, the time duration of dipping for cotton/nylon 

blended and nylon fabrics was 48 hours. After this, the fabrics were taken out from the solution 

and dipped into 1% acetic acid solution for washing and then dried at room temperature (37 °C) 

[21].  

2.4. Immobilization of AgNPs on the fabric surface crosslinked with chitosan  

AgNPs produced by NaBH4 reduction of Ag+ ions were impregnated into the chitosan crosslinked 

fabrics by physical loading method. The modified fabrics were dipped into the light-yellow 



solution of silver nanoparticles for 24 hours at 0 °C [22]. After that, the fabrics were removed from 

the solution and dried at room temperature (37 °C). After synthesis, the 6 samples (codes and 

description in Table 1) were used for characterization and testing.  

 

Table 1. Codes and description of all prepared fabrics.  

 

No. Codes Description 

1 Cot  Plain cotton fabric 

2 Nyl Plain nylon fabric 

3 Cot-Nyl Plain cotton and nylon fabric 

4 Ag-Cs-Cot Silver nanoparticles incorporated chitosan modified 

cotton fabric 

5 Ag-Cs-Nyl Silver nanoparticles incorporated chitosan modified nylon 

fabric 

6 Ag-Cs-Cot-

Nyl 

Silver nanoparticles incorporated chitosan modified 

cotton and nylon fabric 

 

2.5. Characterization of smart fabrics 

2.5.1. Fourier Transform Infra-red spectroscopy (FTIR) analysis 

FTIR analysis was performed to investigate the chemical structures by using Thermo Nicolet 

6700TM FTIR, equipped with an Attenuated Total Reflectance (ATR) sampling accessory having 

the germanium crystal. Spectra were obtained within the spectral range of 4000 – 650 cm-1 at 8 

cm-1 resolution by accumulating the 256 scans. 

2.5.2. Morphological analysis by Scanning Electron Microscope (SEM) 

For morphological analysis of the developed smart fabrics was done through SEM. The 

microscopy was performed at a voltage of 10 KV at room temperature. The images taken by 

microscopy were then processed through Image J software. 

2.5.3. Structural analysis by X-ray diffraction analysis (XRD) 

Developed smart fabrics were characterized by the X-ray powder diffraction using Rigaku mini 

flex 600c diffractometer. For XRD analysis 40KV and 40 mA operational parameters were using 

radiation and with a step size of 0.02° range of 2 theta angle was from 20° to 90°. 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction


2.5.4. Mechanical behaviour analysis by tensile test 

Uniaxial tensile testing of the untreated and treated fabric samples was carried out using an 

electrodynamic fatigue testing system (1.5kN Load cell, Walter+bai, LFV-E, Switzerland) 

according to the guidelines in ISO 13934-1. The fabric specimens were cut into dumbbell-shaped 

geometry keeping the length and width same for each sample (20 mm gauge length and 10 mm 

width) and placed into the tensiometer grips. The materials were strained at a crosshead speed of 

5mm/s and ultimate tensile strength was measured at the failure point. Mechanical strength data 

was obtained by plotting the stress against percentage strain. In each case, samples were analyzed 

in triplicates, and average values were obtained. 

2.6. Anti-bacterial activity of smart fabrics 

2.6.1. Testing of the antibacterial ability of smart fabrics 

The antibacterial activity of the silver nanoparticles loaded fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and 

Ag-Cs-Cot-Nyl) was evaluated qualitatively and quantitatively by disc diffusion and broth dilution 

method respectively while the plain fabrics (Cot, Nyl, and Cot-Nyl) were used as control. In both 

analyses, Escherichia coli (Gram negative) and Staphylococcus aureus (Gram positive)  were 

taken as model bacteria. 

 2.6.1.1. Anti-bacterial and durability studies of fabrics after washing   

The antibacterial activity of fabrics was assessed by agar plate method [23]. The bacterial strains 

were grown in a nutrient broth medium overnight time. The cultures from broth (containing ~ 106 

CFU/mL) were then swabbed on nutrient agar plates by sterile cotton swabs. Sample fabrics were 

cut into discs of 5mm diameter size and placed on the nutrient agar plates in triplicates. The plates 

were incubated at 37 °C for 24 h and examined. The appearance of a clear zone around the sample 

was recorded as a sign of bacterial inhibition against tested bacterial strains. The extent of the 

diameter of the inhibition zone was taken as a relative measure. The means of triplicates were 

calculated.  

To check the antibacterial durability after repeated washing cycles, the samples were washed with 

non-ionic detergent (10 g/L). The samples were stirred for 15 minutes at the speed of 100rpm at 

room temperature. After that, the samples were rinsed with tap water and then air-dried. This 

procedure was repeated 50 times. The antibacterial activity of these samples was checked after 10, 

20, 30, 40, and 50 washing cycles. 

 



2.6.1.2. Anti-bacterial and durability studies after washing by broth dilution assay 

To quantitatively investigate the anti-bacterial ability of fabrics broth dilution method was 

used[24]. To investigate the anti-bacterial ability and durability after washing the modified fabrics, 

~ 106 CFU/mL of tested bacterial strains were grown in 15 ml nutrient broth. The sample fabrics 

were cut into 2mm discs and placed in the media and placed in the incubator for 48 h at 37 °C. As 

the negative control, no sample was added to the bacterial suspensions. The killing rate of bacteria 

and the bacterial concentrations were analysed by measuring the optical density (OD 600 nm) at 

regular intervals. All samples were evaluated in triplicates. The following equation was used to 

measure the % bacterial growth. 

% 𝐵𝐵.𝐺𝐺 =   𝐴𝐴/𝐵𝐵  × 100 

Where B.G is the rate of bacterial growth, A is the number of bacterial colonies from treated and 

untreated fabric and B is the number of bacterial colonies from the negative control.  

To check the antibacterial durability after repeated washing cycles, the samples were washed with 

non-ionic detergent (10 g/L). The samples were stirred for 15 minutes at the speed of 100RPM at 

room temperature. After that, the samples were rinsed with tap water and then air-dried. The whole 

procedure was performed 50 times and the antibacterial activity of the samples was checked after 

every 10 cycles of washing (10, 20, 30, 40, and 50). 

2.6.2 Analysis of the antibacterial ability of smart fabric after the football game  

The patches of plain fabrics (Cot, Cot-Nyl) and AgNPs incorporated fabrics (Ag-Cs-Cot and Ag-

Cs-Cot-Nyl) were stitched to the socks of players of football. The duration of the play was 70 

minutes. After the game, the patches were removed from the socks bacteria were counted on the 

plain fabrics, and AgNPs incorporated fabrics by the broth dilution method. The fabric samples 

(which were attached to player’s socks) were dipped into the broth medium and then incubated at 

37 °C for the time of 24 hours. The growth of bacteria was assessed by measuring optical density 

(OD 600 nm).  

 

3. Results 

3.1. Preparation of silver nanoparticles 

For preparation different reaction conditions (reagents, time of reaction, and temperature) were 

tried (Table 2) and silver nanoparticles were successfully prepared by the reducing action of 

sodium borohydride with stabilizer PVA/PVP 0.3%, reaction time of 5 minutes at 0°C temperature. 



The color changes of the solution from colorless to light yellow and finally yellowish-brown 

confirmed the formation of silver NPs (surface plasmon excitation vibrations in metal 

nanoparticles caused the intense yellowish-brown color) with reference from literature data [25, 

26]. Further confirmation of the formation of AgNPs was characterized by UV-vis spectroscopy. 

The solution absorbed the light in the range of 300-600 nm [27] and strong broad peaks were 

observed at λmax = 424 nm in (figure 1A 

 

Table 2: Different methods for the formation of silver nanoparticles. 

 

Sr. 
No.  

Reagents 
 

Temperature  Results  
Substrate Reducing 

agent 
Stabilizer Time of 

reaction 

1 AgNO3 

0.1 M 
Ascorbic 

acid 
4.635 × 
10-4 M 

Citric 
acid 

2.781 × 
10-3 M 

30 Minutes 37°C  Silver 
nanoparticles 
were not 
formed  

2 AgNO3 

0.01M  
NaBH4 
0.02M  

PVA/PVP 
0.3% 

15 Minutes 37°C Silver 
nanoparticles 
was not 
formed 

3 AgNO3 
1 × 10-3 

M 

NaBH4  
2 × 10-3 

M 

___ 5 Minutes 0°C Silver 
nanoparticles 
were formed 

 

 

3.2. Assessment of morphological features of prepared silver nanoparticles 

Transmission electron microscopy was used to investigate the morphological features of as-

prepared spherical shape silver nanoparticles (Figure 1B). The particle size of as-prepared 

nanoparticles was found in the overall range of 10-20 nm. This inhomogeneous size of prepared 

silver nanoparticles could be attributed to more easy heterogeneous nucleation in liquid phase. 

Because of their surface morphology and small size of the silver nanoparticles, they are expected 

to display outstanding activities[28]. 

 

 

 



3.3. Preparation of smart fabrics 

The commercially available cotton, nylon, and cotton-nylon fabrics were modified by coating of 

chitosan with the crosslinking of TEOF, and the prepared NPs were incorporated into the chitosan 

modified cotton/nylon fabrics (figure 1B). Most fabrics have negative charge on them due to  

hydroxyl groups that help them to attach with positive charge of silver in silver nanoparticles [29]. 

Moreover, the different functional groups of fabric, chitosan and silver nanoparticles play their 

role in strong bonding and sustainable loading of silver nanoparticles on fabrics [30]. The reactions 

of hydroxyl groups of the cotton, amine groups of the nylon and cotton/nylon fabrics, and the 

amines group of the chitosan with TEOF resulted in imine functionality, which created a covalent 

bond between the fabrics and chitosan. Then the amine- and hydroxyl- groups of chitosan made 

the coordination covalent bonds with AgNPs (figure 2).  



 
 
Figure 1. UV-vis spectroscopic confirmation of synthesized AgNPs. B. TEM images of sliver nanoparticles. 
C. Schematic presentation of the modification of conventional fabric and loading of AgNPs on modified 
fabrics. C. Original photographs of plain and NPs loaded fabrics.  
 



 
 
 
Figure 2: The chemical reaction scheme of chitosan cross-linked silver nanoparticles loaded cotton, nylon, and cotton-

nylon fabrics.  

 

3.4. Chemical analysis by Fourier Transform Infra-red spectroscopy (FTIR)  

FTIR analysis was performed to confirm the chemical interactions among chitosan, TEOF, and 

conventional fabrics. For each type of fabric (cotton, nylon, and cotton-nylon) FTIR analysis was run 

separately and the results are presented here below.  

3.4.1. Confirmation of chitosan crosslinking with fabric by TEOF 

Firstly, we tested the crosslinking of chitosan with the fabric with and without TEOF. The resulting 

fabrics were washed with the acetic acid, as chitosan is soluble in acetic acid, if chitosan was detached 

during washing it means it was not attached chemically with the fabric to confirm that FTIR analyses 

were carried out. Results (figure 3A) showed that chitosan with TEOF peak at 1650 cm-1 is an 

indicator of the C=N which was the Schiff base. It means chitosan was covalently attached to the 

fabric due to the crosslinking ability of TEOF. On the other hand, the fabric without TEOF showed 

no peak at 1650 cm-1 which means the chitosan was washed away with the acetic acid. 



3.4..1. FTIR results of cotton fabric 

The FTIR results of cotton fabric are shown in Figure 3A in which a comparison of the results 

between the plain and the silver nanoparticles loaded cotton fabric is presented with the confirmation 

of nanoparticles loading on the fabric. The absorption peak at 3336 cm-1 corresponds to the O-H 

functional group of the cotton and chitosan. The peaks observed at 1149 cm-1 and 897 cm-1 were 

present in the C-O stretching while the peak observed at 1578 cm-1 is of NH2. The peak at 1161 cm-1 

presents the ether linkage C while the peak at 2850 cm-1 showed the CH2 stretching. The peak at 1650 

cm-1 presented the C=N Schiff base formation peak that indicated the covalent attachment of chitosan 

with cotton fabric. A peak near the 3375 cm-1 indicated the secondary amine bending that showed the 

silver nanoparticles' attachment with the chitosan through the bonding with the amine group of 

chitosan. 

3.4.2. FTIR results of nylon fabric 

Confirmation of AgNPs loading on the nylon fabric through the crosslinking of chitosan and TEOF 

is shown in Figure 3B. The absorption peak at 2900 cm-1 presents the O-H functional group present 

in nylon and chitosan. The peak observed at the 710 cm-1 was of CH2 rocking. The 1578 cm-1 peak 

was of NH2 functional group present in chitosan. The peak observed at 1350 cm-1 was of C-O while 

the peak observed at 1710 cm-1 was of C=O. The ether linkage C-O-C showed a peak at 1161 cm-1 

while the CH2 stretching vibration showed a peak at 1429 cm-1. The peak at 1650 cm-1 showed the 

C=N Schiff base as the confirmation of chitosan covalent attachment with the nylon fabric. The peak  

near the 3315 cm-1 indicated the attachment of silver nanoparticles to the chitosan.  

3.4.3.  FTIR results of nylon-cotton fabric 

Confirmation of AgNPs attachment to the nylon-cotton fabric through the crosslinking of chitosan 

and TEOF is shown in figure 3C. The absorption peak of 2900 cm-1 presents the O-H functional group 

of nylon-cotton and chitosan. The peak observed at the 970 cm-1 was of CO-NH while the peak 

observed at 1578 cm-1 was of NH2 group present in the chitosan. The C-N peak appeared at 1350 cm-

1 while C=O peak was appeared at 1710 cm-1. At 2850 cm-1 CH2 stretching was observed that 

confirmed the Schiff base formation and indicated the chitosan covalent attachment with the cotton-

nylon fabric. The peak near the 3375 cm-1 indicated the attachment of the silver nanoparticles with 

the amine functional group of cross-linked chitosan. 

 



 
 
Figure 3.  FTIR spectra of developed smart fabrics. A. Confirmation FTIR spectra of TEOF role in chitosan crosslinking 

with fabric. B. FTIR spectra of cotton fabric and its modifications. C. FTIR spectra of nylon fabric and its modifications. 

D. FTIR spectra of cotto-nylon fabric and its modifications. 

 

3.5. Structural analysis by X-ray diffraction analysis (XRD) 

XRD analysis of developed fabrics was performed to investigate the structure of the smart fabrics. 

Diffraction planes at 20° represent the presence of C in the fabrics. Peaks of silver nanoparticles are 

usually observed at 38.2901° and 44.5583° but in our study well resolved sharp peaks of silver 

nanoparticles have been observed at 21.32°,23.15° due to their binding with fabrics. Peaks at 

20.56°,20.7°, 21.32°,23.15° represents the amorphous surface of fabric due to carbon presence. Phase 

purity and crystallinity of synthesized Ag-Cs-Cot (A), Ag-Cs-Nyl (B) and Ag-Cs-Cot+Nyl (C) were 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction


also investigated. These finding implies that there is no significant change in the XRD results of 

fabrics before and after the loading of silver nanoparticles. The principal diffraction peaks for Ag 

with diffraction plane (111), (200), and (220) at diffraction angle of 38.2, 44.5 and 67.4°, respectively 

matched well with the JCPDS no: 04-0783. Whereas diffraction peaks around the 20-30° represents 

the presence of C in the fabrics. The diffraction peaks (110), (200), (020), and (002) at diffraction 

angle of 20.56, 20.7, 21.32, and 23.15° represents the amorphous surface of fabric due to carbon 

presence (Figure 4A).  

3.6. Mechanical behavior analysis by tensile test 

The mechanical behavior of all 6 fabrics was tested in the (Figure 4B). The modification with chitosan 

and incorporation of AgNPs altered the strength and mechanical characteristics of the fabrics. In 

cotton fabric tensile strength of the fiber increased  as plain cotton fabric showed tensile strength of 

13 MPa while the chitosan modified silver nanoparticles loaded cotton fabric (Ag-Cs-Cot) showed 

tensile strength of  18 MPa. Similarly, an increase in the tensile strength in both nylon and 

cotton/nylon was observed. In nylon, the tensile strength was increased to 100 MPa from 90 MPa, 

and in cotton-nylon, the tensile strength was increased to 99 MPa from 91 MPa after the modification 

with chitosan and incorporation of AgNPs. Chitosan greatly enhanced the mechanical strength of 

fabric as it is known for its great mechanical strength [31] and it is used to enhance the mechanical 

strength of the paper [32]. Moreover, silver nanoparticles increased the mechanical strength of fabric 

as it is already cited in literature that silver increases the mechanical strength of polymers [33, 34] 

due to its good mechanical strength (125 MPa for 5 mm wire) [35].  

 



 
Figure 4. A. XRD spectra of synthesized smart fabrics. B. Tensile strength measurements of  smart fabrics.  

 
 

3.7. Morphological analysis by Scanning Electron Microscope (SEM) 

The prepared fabrics were characterized by the SEM for their morphological analysis. The images of 

plain fabrics (Cot, Nyl, and Cot-Nyl) and the silver nanoparticles loaded fabrics (Ag-Cs-Cot, Ag-Cs-

Nyl, and Ag-Cs-Cot-Nyl) showed smooth surfaces (figure 5). In smart fabrics images the smooth 

surface appearance of fabric indicate the well-dispersed coating of nanoparticles in all three fabrics 

((Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl). Similarly, a previous study has reported smooth SEM 

images of AgNP loaded cotton fabric [36].The smooth and even surface of fibers indicates the fact 

that chitosan crosslinking or silver particle loading did not degrade the fiber structure.  



 
Figure 5. SEM images of plain and NPs loaded fabrics at 500X and 5000X. 



3.8. Testing of the antibacterial ability of smart fabrics 

Antibacterial ability of developed smart fabric was tested by the agar diffusion method. This strong 

antibacterial potential of the AgNPs loaded smart fabric was observed in this experiment as a good 

inhibition zone in all three AgNPs loaded fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl) 

against the plain fabrics (Cot, Nyl, and Cot-Nyl) is shown in figure 6A. 

3.9.  Anti-bacterial and durability studies after washing by agar diffusion assay 

Agar diffusion method was used to qualitatively analyse the antibacterial ability of AgNPs loaded 

smart fabrics. The growth of the bacteria was checked by the zone of inhibition method. Plain fabrics 

(Cot, Nyl, and Cot-Nyl) showed no zone of inhibition indicating no antibacterial activity. The AgNPs 

loaded fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl) showed the inhibition zones as an 

indication of the antibacterial ability of the fabrics. The antibacterial ability of the fabrics was 

assessed after the washing to check the durability of the antibacterial ability. Results showed that the 

anti-bacterial activity of smart fabrics was retained after 50 washing cycles against both gram-positive 

and gram-negative bacteria, though the zone of inhibition was decreased with every washing (figure 

6 B). 

3.10. Quantitative analysis of anti-bacterial ability and durability after washing by broth 

dilution assay 

Quantitative analysis of anti-bacterial ability and durability of developed smart fabrics was checked 

by investigating the growth of bacteria in nutrient broth by taking OD measurements at regular 

intervals for 48 hrs. After 48 hrs all AgNPs loaded fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-

Nyl) showed significant killing ability against both bacterial strains, and the highest antibacterial 

reduction was observed in the Ag-Cs-Cot-Nyl that is 93 % bacterial reduction against E. coli and 89.7 

% reduction against S. aureus (figure 6 C). Ag-Cs-Cot showed 90% bacterial reduction against E. 

coli and 78.7 % reduction against S. aureus while the Ag-Cs-Nyl showed 88% bacterial reduction 

against E. coli and 75 % reduction against S. aureus The antibacterial durability of the smart fabrics 

was also checked over the 50 washing cycles. The smart fabrics retained the antibacterial ability till 

the 50th washing though a marginal decrease was observed in their antibacterial ability. A 78 % 

reduction for S. aureus and 82 % for E. coli after 48 hrs was observed after 50 washing cycles (figure 

6 D).  



 
Figure 6. A. Antibacterial ability of developed smart fabrics before washing. B. Antibacterial durability of developed 

smart fabrics after the 50 washing cycles. C. Antibacterial ability of developed smart fabrics before washing. C1. 

Antibacterial ability of developed smart fabrics before washing against E. coli. C2. Antibacterial ability of developed 

smart fabrics before washing against S. aureus. D. Antibacterial ability of developed smart fabrics after washing. D1. 

Antibacterial ability of developed smart fabrics after washing against E. coli. D2. The antibacterial ability of developed 

smart fabrics after washing against S. aureus. One-way ANOVA analysis of variance implies a significant difference 

(*** P < 0.0001). 

 

3.11. Analysis of the antibacterial ability of synthesized smart fabric after the football game  

Antibacterial ability of the synthesized smart fabric to control the growth of bacteria was further 

checked by attaching the synthesized smart fabrics to the socks of football players (figure 7B). After 

the football activity of 70 minutes, the fabrics were detached, and the antibacterial activity of fabrics 

was assessed by broth dilution method. Results (figure 7C) showed the good antibacterial ability of 

AgNP loaded fabrics as compared to the plain fabrics. The bacterial reduction was about 90 % by the 

AgNPs loaded fabrics. These results indicated that AgNP loaded fabrics possess good control over 

bacterial growth after 70 minutes exposure to bacteria. 

 



 
Figure 7. A. Graphical representation of bacterial inhibition by smart fabrics attached to players’ socks. B. original 

photograph of stitched plain and smart fabrics with the socks of football players. C. Graphical representation of bacterial 

cells grown on plain and AgNPs loaded fabrics attached to the socks of the player. One way ANOVA analysis of variance 

implies significant difference (*** P < 0.0001). 
 



4. Discussion 

With the increasing risks of infections, the escalating level of antibacterial resistance, and augmenting 

burden on the healthcare system new and better anti-bacterial solutions are required. The demand of 

smart fabrics as the first line of defense against infections is increasing [37]. Due to the special 

qualities of textiles, including their light weight, flexibility, dimensional variability, and ability to be 

modified at different levels in terms of both structure and surface, multidisciplinary research in 

engineering and medicine is concentrating on key innovations in textiles [38]. There are numerous 

instances of successful attempts to increase the functionality, chemical and physical characteristics 

of textiles. Furthermore, a noteworthy advancement has been made in the past few decades in 

investigating and improving the potential of textiles to address various health concerns and hazards 

[39].  

Developing an antibacterial smart fabric with sustained antibacterial ability is one such breakthrough 

in which numerous efforts have been invested [40, 41]. In different forms from normal to medical 

wear (for example clothes of babies and old persons, sportswear, surgical clothes, and professional 

garments of medical and healthcare workers) an antibacterial fabric can be a first line defence against 

the major bacterial infections of skin including Herpes Simplex [42, 43]. The antibacterial fabric can 

be used for multiple biomedical applications like face mask to inhibit respiratory infections, surgical 

gloves to protect the surgeons from getting/transmitting infections during critical operations, and 

scaffolds for wound healing dressing as the antibacterial ability of the fabric reduces the risk of 

bacterial infections which is a major challenge in the chronic wound management [44]. 

In last few years a number of studies have reported the modified fabrics having the strong antibacterial 

potential even after multiple washing cycles [45]. Researchers had reported more than 90% 

antibacterial potential of modified cotton fabric after 50 washing cycles [46]. Another report showed 

study had reported the good antibacterial potential of modified polyester fabric [47]. A similar study 

had reported the antibacterial activity of modified cotton fabric without any sustainable antibacterial 

ability [4, 48]. But in this study our aim was to present a range of fabrics for diverse range of 

applications. In this regard we modified three different fabrics cotton, nylon, and cotton/nylon 

blended fabric as these fabrics are most commonly used in normal and professional clothes. Overall, 

our synthetic procedure is easier to perform and  we used the TEOF as crosslinker [49] to ensure the 

sustainable coating of chitosan on fabric that is distinguishing and novel feature of our study.      



In this study we designed the nanotechnology-based approach to develop an antibacterial smart fabric 

with sustained antibacterial ability even after multiple washing (50 cycles) for biomedical 

applications. The conventional cotton/nylon fabric was used in this study as it is the most common 

textile for wear in normal and professional clothes [50]. The conventional cotton/nylon fabric was 

first modified by the coting of chitosan to make the surface convenient for nanoparticle attachment. 

Chitosan with the help of crosslinker TEOF made the covalent linkage with the amines of the 

cotton/nylon fabric and provided a good surface for strong attachment of nanoparticles with the 

fabrics [49]. Chitosan is a widely used biopolymer due to its nontoxic, nonallergic, biocompatible, 

renewable, biodegradable polysaccharide and best chelating property owing to its absorbing capacity 

of metal ions by the amino and hydroxyl groups in its structure [51]. Chitosan is also used in textile 

industry for wide range of purposes including anti-wrinkle, anti-static and anti-bacterial [52, 53], it 

is also used for surface modification of fabrics for desired physical, electrical or electrothermal 

characteristics [54, 55]. In this study we used chitosan not only to modify the surface of the fabric for 

nanoparticles attachment but also  for the additional antibacterial feature because chitosan possesses 

antibacterial properties as reported in literature [56, 57]. The nanoparticles selected for this study 

were silver nanoparticles which are well-known for their antibacterial properties [58, 59]. Multiple 

studies have been conducted on the development of silver nanoparticles loaded fabrics (Table 3).  

Table 3. Studies based on silver nanoparticles loaded smart fabrics. 

No. Nanoparticles  Antibacterial activity  Reference  

1 Silver nanoparticles loaded on 

silk fabric 

97.4% of activity against 

E. coli and 99.8% of 

activity against S. 

aureus 

[60] 

2 Silver nanoparticles loaded on 

cotton fabric 

99.2% of activity against 

E. coli and 99.01% of 

activity against S. 

aureus, even after 20 

wash cycles 

[61] 

3 Silver nanoparticles loaded on 

polyester fabric 

80% antibacterial 

activity E. coli and 75 % 

[62] 



of activity against S. 

aureus  

4 Silver nanoparticles loaded on 

thermosensitive cotton fabric 

Fair antibacterial 

activity against E. coli 

and S. aureus 

[45] 

5 Silver nanoparticles loaded on 

the non-woven fabric 

Fair antibacterial 

activity against E. coli, 

S. aureus and, B. subtilis 

[63] 

6 Silver nanoparticles loaded on 

cotton fabric 

Fair antibacterial 

activity against E. coli 

after 30 minutes 

washing 

[30] 

 

The loading of silver nanoparticles on the fabric was the main aim of this study as the good loading 

and interaction of AgNPs with fabric was the core of antibacterial ability of the fabric and that was 

achieved through the chitosan crosslinking with the fabric through TEOF (figure 3 A). Without TEOF 

chitosan could not be covalently attached to the fabric and silver nanoparticles could not load on the 

fabric. TEOF is well-recognized crosslinker that is widely used to crosslink different polymers [18]. 

The loading of AgNPs on fabric was ensured through the characterization of the developed smart 

fabrics. FTIR results (figure 3 B, C, D) confirmed the chemical interaction of AgNPs with the 

chitosan modified fabric as an indication of their loading on the fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and 

Ag-Cs-Cot-Nyl). The peak at 1650 cm-1 corresponds to the C=N Schiff base formation peak which 

indicates that the chitosan covalently attaches to the cotton fabric and the secondary amine bending 

vibration absorbs near the 3375 cm-1 which indicates that the silver attached to the amine group of 

the chitosan. XRD results confirmed the structural changes in the smart fabrics due to the chemical 

interaction between the functional groups of the fabric and the silver nanoparticles. The 

morphological analysis further confirmed the homogeneous coating of the silver nanoparticles on the 

chitosan modified cotton/nylon fabrics. The loading of nanoparticles generally modifies the 

mechanical behavior of the fabrics [64]. In this study, silver nanoparticles loading on the fabrics 

enhanced the tensile strength of the smart fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl). 

Silver nanoparticles are reported for their ability to enhance the tensile strength of the polymer [65]. 



A recent study presented the enhancement of polyurethane’s tensile strength by adding different 

concentrations of silver nanoparticle [33]. This too can be presented as the indication of the AgNPs 

loading on the fabrics. Moreover, the enhanced tensile strength of the fabric can be used as an 

additional benefit in terms of its durability [66].  

The antibacterial ability of the developed smart fabrics was tested through agar diffusion assay and 

broth dilution assay against E. coli and S. aureus bacterial strains. Silver nanoparticles possess great 

antibacterial potential as they lead to the cell death of bacteria by causing cell damage (figure 8). 

Various studies have reported the antibacterial potential of silver nanoparticles and their loading on 

different scaffolds for antibacterial applications in numerous fields [13, 58, 65, 67]. The ability of 

AgNPs to pass through outer membranes allows them to accumulate in the inner membrane, where 

their adhesion to the cell causes destabilization and damage. This increases the permeability of the 

membrane, causes cellular content to leak out, and ultimately causes the cell to die. Additionally, it 

has been demonstrated that AgNPs can interact with proteins in bacteria's cell walls that contain  

sulphur, potentially rupturing the cell wall due to structural damage [67, 68]. 

 

 
 

Figure 8. Antibacterial action of silver nanoparticles [69]. 

 

Results of both assays showed the good antibacterial ability of the developed smart fabrics. The smart 

fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl) showed good bacterial inhibition against E. coli 

and S. aureus. Comparatively, the Ag-Cs-Cot-Nyl showed the highest antibacterial ability due to 



better attachment of nanoparticles with the chitosan attached to the functional groups of nylon and 

cotton. The greater challenge in this regard was the durability of the antibacterial potential of the 

smart fabrics as the textiles are washed excessively and often lose the additional feature after washing. 

The durability of the antibacterial ability of the developed smart fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and 

Ag-Cs-Cot-Nyl) was checked over the 50 washing cycles through the agar diffusion assay and broth 

dilution assay against E. coli and S. aureus bacterial strains. Results confirmed the retention of the 

antibacterial ability of the fabrics after the 50 washing cycles, though a 82 % reduction against the E. 

coli and 78 % reduction against the S. aureus was observed. However, retention of the antibacterial 

ability after the 50 washing cycles is a great deal. Results of our cotton/nylon fabrics are  comparable 

to previously reported studies where the antibacterial potential of modified cotton and polyester 

fabrics was over 50 washing cycles [46, 47].  

The antibacterial potential of the developed smart fabrics was also checked after the heavy exertion 

activity of football playing. The patch of fabrics, both plain and AgNPs loaded, were attached to the 

pair of socks of the player who played the football for 70 minutes. After 70 minutes the antibacterial 

ability of the fabrics was checked and results showed that the AgNPs loaded fabrics (Ag-Cs-Cot, and 

Ag-Cs-Cot-Nyl) showed 90% greater control over the bacteria as compared to the plain fabrics (Cot, 

Nyl, and Cot-Nyl) as hardly one or two colonies were observed in the petri plate of the AgNPs loaded 

fabrics while petri plates of the plain fabrics were full of the bacterial colonies. This indicated the 

strong bacterial control of the developed smart fabrics during the heavy sweating activities in the 

open, natural environment full of multiple bacterial strains causing severe life-threatening infections.  

Overall, the developed smart fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl) depicted 

exceptional antibacterial potential against gram-negative bacteria and gram-positive in laboratory as 

well as in real-life experiments.    

 

5. Conclusion 

In summary, antibacterial fabrics with elongated antibacterial activity have been manufactured by the 

novel approach of loading silver nanoparticles on the chitosan modified cotton, nylon, and cotton-

nylon fabrics. Crosslinker TEOF ensured chitosan coating on fabrics as depicted by FTIR results. 

Characterization of developed smart fabrics through SEM confirmed homogenous attachment and 

distribution of the AgNPs on the fabrics. Mechanical testing results confirmed good mechanical 

properties of the developed smart fabrics. Mainly, the qualitative and quantitative assessment of the 



antibacterial activity of the developed smart fabrics (Ag-Cs-Cot, Ag-Cs-Nyl, and Ag-Cs-Cot-Nyl) 

was done and results showed significant bacterial inhibition against the E. coli (88-90%), and S. 

aureus (75-89.7 %). The most striking feature of the developed smart fabric is the retention of 

antibacterial potential over the 50 washing cycles. Moreover, the antibacterial ability of developed 

fabrics was assessed after 70 minutes playing activity as real-life testing of material and fabrics 

showed massive control (90 %) over bacterial growth.  The findings of the study depicted the 

successful step towards the fabrication of smart fabrics with prolonged antibacterial activity. Based 

on these findings, the fabricated smart fabrics have great potential to be used in multiple applications.   

 

Acknowledgement 

We would like to acknowledge Higher Education Commission Pakistan for funding ICRG Project 

number 20-ICRG-33/RGM/HEC/2020) and Pakistan Science Foundation (PSF) for awarding PSF 

and Tubitak Project number PSF/TUBITAK III/Biomed/C/COMSATS (19). Mr Ahmad Khan and 

Saimoon Tahseen for helping during anti-bacterial tests.  

 

6. References   

 

1. Snari, R.M., et al., Smart textiles immobilized with hydrazone probe for colorimetric recognition of 
bacteria. Journal of Molecular Liquids, 2022. 366: p. 120149. 

2. Castano, L.M. and A.B. Flatau, Smart fabric sensors and e-textile technologies: a review. Smart 
Materials and structures, 2014. 23(5): p. 053001. 

3. Wu, S., et al., State-of-the-art review of advanced electrospun nanofiber yarn-based textiles for 
biomedical applications. Applied Materials Today, 2022. 27: p. 101473. 

4. Bukhari, A., et al., A novel formulation of triethyl orthoformate mediated durable, smart and 
antibacterial chitosan cross-linked cellulose fabrics. International Journal of Biological 
Macromolecules, 2023. 253: p. 126813. 

5. Lymberis, A. and R. Paradiso. Smart fabrics and interactive textile enabling wearable personal 
applications: R&D state of the art and future challenges. in 2008 30th Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society. 2008. IEEE. 

6. Tien, N.D., et al., Recent developments in chitosan-based micro/nanofibers for sustainable food 
packaging, smart textiles, cosmeceuticals, and biomedical applications. Molecules, 2021. 26(9): p. 
2683. 

7. Zhang, Z., et al., Antibacterial properties of cotton fabrics treated with chitosan. Textile research 
journal, 2003. 73(12): p. 1103-1106. 

8. Perelshtein, I., et al., Antibacterial properties of an in situ generated and simultaneously deposited 
nanocrystalline ZnO on fabrics. ACS applied materials & interfaces, 2009. 1(2): p. 361-366. 

9. Zhao, J., et al., Graphene oxide‐based antibacterial cotton fabrics. Advanced Healthcare Materials, 
2013. 2(9): p. 1259-1266. 



10. Andra, S., et al., Emerging nanomaterials for antibacterial textile fabrication. Naunyn-
Schmiedeberg's Archives of Pharmacology, 2021. 394: p. 1355-1382. 

11. Li, J., et al., Electroactive materials: Innovative antibacterial platforms for biomedical applications. 
Progress in Materials Science, 2022: p. 101045. 

12. Gibała, A., et al., Antibacterial and antifungal properties of silver nanoparticles—effect of a 
surface-stabilizing agent. Biomolecules, 2021. 11(10): p. 1481. 

13. Bruna, T., et al., Silver nanoparticles and their antibacterial applications. International Journal of 
Molecular Sciences, 2021. 22(13): p. 7202. 

14. Chan, M., et al., Smart wearable systems: Current status and future challenges. Artificial 
intelligence in medicine, 2012. 56(3): p. 137-156. 

15. Singh, A.V., et al., Bio-inspired approaches to design smart fabrics. Materials & Design (1980-
2015), 2012. 36: p. 829-839. 

16. Borodulin, A., et al., New polymeric binders for the production of composites. Materials today: 
proceedings, 2019. 11: p. 139-143. 

17. Shahzadi, L., et al., Development of K-doped ZnO nanoparticles encapsulated crosslinked chitosan 
based new membranes to stimulate angiogenesis in tissue engineered skin grafts. International 
journal of biological macromolecules, 2018. 120: p. 721-728. 

18. Yar, M., et al., Triethyl orthoformate mediated a novel crosslinking method for the preparation of 
hydrogels for tissue engineering applications: characterization and in vitro cytocompatibility 
analysis. Materials Science and Engineering: C, 2015. 56: p. 154-164. 

19. Nzekwe, I.T., et al., Synthesis of silver nanoparticles by sodium borohydride reduction method: 
optimization of conditions for high anti-staphylococcal activity. 2016. 

20. Wang, W., B. Yu, and A. Dong, Feasibility study on the reuse of waste alkali from rayon 
manufacturing process for cotton fabric pretreatment. Journal of Engineered Fibers and Fabrics, 
2019. 14: p. 1558925019898953. 

21. Waris, T.S., et al., Design and development of thyroxine/heparin releasing affordable cotton 
dressings to treat chronic wounds. Journal of Tissue Engineering and Regenerative Medicine, 
2022. 16(5): p. 460-471. 

22. Thomas, V., et al., Fabrication, characterization of chitosan/nanosilver film and its potential 
antibacterial application. Journal of Biomaterials Science, Polymer Edition, 2009. 20(14): p. 2129-
2144. 

23. Rafi, R., et al., Smart wound dressings based on carbon doped copper nanoparticles for selective 
bacterial detection and eradication for efficient wound healing application. Materials Today 
Communications, 2023. 35: p. 105914. 

24. Anwar, H., M. Dasgupta, and J. Costerton, Testing the susceptibility of bacteria in biofilms to 
antibacterial agents. Antimicrobial agents and chemotherapy, 1990. 34(11): p. 2043-2046. 

25. Radetić, M., et al., Antibacterial effect of silver nanoparticles deposited on corona‐treated 
polyester and polyamide fabrics. Polymers for advanced technologies, 2008. 19(12): p. 1816-1821. 

26. Yuranova, T., et al., Antibacterial textiles prepared by RF-plasma and vacuum-UV mediated 
deposition of silver. Journal of Photochemistry and Photobiology A: Chemistry, 2003. 161(1): p. 
27-34. 

27. Zook, J.M., et al., Measuring silver nanoparticle dissolution in complex biological and 
environmental matrices using UV–visible absorbance. Analytical and bioanalytical chemistry, 
2011. 401: p. 1993-2002. 

28. Mukherji, S., et al., Synthesis and characterization of size-and shape-controlled silver 
nanoparticles. Physical Sciences Reviews, 2018. 4(1): p. 20170082. 

29. Pamuk, G. and F. Ceken, Comparison of the mechanical behavior spacer knit cotton and flax fabric 
reinforced composites. Industria Textila, 2013. 64(1): p. 3-7. 



30. Ravindra, S., et al., Fabrication of antibacterial cotton fibres loaded with silver nanoparticles via 
“Green Approach”. Colloids and surfaces A: Physicochemical and engineering aspects, 2010. 
367(1-3): p. 31-40. 

31. Knaul, J.Z., S.M. Hudson, and K.A. Creber, Improved mechanical properties of chitosan fibers. 
Journal of Applied Polymer Science, 1999. 72(13): p. 1721-1732. 

32. Habibie, S., et al., The effect of chitosan on physical and mechanical properties of paper. Journal 
of Chemical Engineering and Materials Science, 2016. 7(1): p. 1-10. 

33. Chou, C.-W., et al., Enhanced thermal and mechanical properties and biostability of polyurethane 
containing silver nanoparticles. Polymer Degradation and Stability, 2006. 91(5): p. 1017-1024. 

34. Zhang, S., et al., Silver nanoparticle-coated suture effectively reduces inflammation and improves 
mechanical strength at intestinal anastomosis in mice. Journal of pediatric surgery, 2014. 49(4): 
p. 606-613. 

35. Beams, J., W. Walker, and H. Morton Jr, Mechanical properties of thin films of silver. Physical 
Review, 1952. 87(3): p. 524. 

36. El-Rafie, M., H.B. Ahmed, and M. Zahran, Characterization of nanosilver coated cotton fabrics and 
evaluation of its antibacterial efficacy. Carbohydrate polymers, 2014. 107: p. 174-181. 

37. Zheng, L., et al., Conductance-stable liquid metal sheath-core microfibers for stretchy smart fabrics 
and self-powered sensing. Science advances, 2021. 7(22): p. eabg4041. 

38. Greco, F. and V. Mattoli, Introduction to active smart materials for biomedical applications. 
Piezoelectric Nanomaterials for Biomedical Applications, 2012: p. 1-27. 

39. Cesarelli, G., et al., The E-Textile for Biomedical Applications: A Systematic Review of Literature. 
Diagnostics, 2021. 11(12): p. 2263. 

40. Gao, D., et al., Long-acting antibacterial activity on the cotton fabric. Cellulose, 2021. 28: p. 1221-
1240. 

41. Sathianarayanan, M., et al., Antibacterial finish for cotton fabric from herbal products. 2010. 
42. Zhang, F., et al., Application of silver nanoparticles to cotton fabric as an antibacterial textile finish. 

Fibers and Polymers, 2009. 10: p. 496-501. 
43. Varesano, A., et al., Antibacterial efficacy of polypyrrole in textile applications. Fibers and 

Polymers, 2013. 14: p. 36-42. 
44. Agarwal, B.J. and S. Agarwal. Integrated performance textiles designed for biomedical 

applications. in Proceedings of International Conference on Biomedical Engineering and 
Technology IPCBEE. 2011. 

45. Bajpai, S.K., et al., Silver nanoparticles loaded thermosensitive cotton fabric for antibacterial 
application. Journal of Industrial Textiles, 2014. 44(1): p. 58-69. 

46. Erdogan, S., Textile finishing with chitosan and silver nanoparticles against Escherichia coli ATCC 
8739. Trakya University Journal of Natural Sciences, 2020. 21(1): p. 21-32. 

47. Ribeiro, A.I., et al., Stabilization of Silver Nanoparticles on Polyester Fabric Using Organo-Matrices 
for Controlled Antimicrobial Performance. Polymers, 2022. 14(6): p. 1138. 

48. Novoa, C.C., et al., Cotton Textile with Antimicrobial Activity and Enhanced Durability Produced by 
L-Cysteine-Capped Silver Nanoparticles. Processes, 2022. 10(5): p. 958. 

49. Shahzadi, L., et al., Triethyl orthoformate covalently cross-linked chitosan-(poly vinyl) alcohol 
based biodegradable scaffolds with heparin-binding ability for promoting neovascularisation. 
Journal of biomaterials applications, 2016. 31(4): p. 582-593. 

50. van der Velden, N.M., M.K. Patel, and J.G. Vogtländer, LCA benchmarking study on textiles made 
of cotton, polyester, nylon, acryl, or elastane. The International Journal of Life Cycle Assessment, 
2014. 19: p. 331-356. 

51. Cabral, C.S., et al., Chitin-and chitosan-based strategies in wound healing, in Natural Polymers in 
Wound Healing and Repair. 2022, Elsevier. p. 333-380. 



52. Xu, Q., et al., Antibacterial cotton fabric with enhanced durability prepared using silver 
nanoparticles and carboxymethyl chitosan. Carbohydrate polymers, 2017. 177: p. 187-193. 

53. Benltoufa, S., et al., Chitosan hydrogel‐coated cellulosic fabric for medical end-use: Antibacterial 
properties, basic mechanical and comfort properties. Carbohydrate polymers, 2020. 227: p. 
115352. 

54. Qin, H., et al., Novel wearable electrodes based on conductive chitosan fabrics and their 
application in smart garments. Materials, 2018. 11(3): p. 370. 

55. Miankafshe, M.A., T. Bashir, and N.-K. Persson, The role and importance of surface modification 
of polyester fabrics by chitosan and hexadecylpyridinium chloride for the electrical and electro-
thermal performance of graphene-modified smart textiles. New Journal of Chemistry, 2019. 
43(17): p. 6643-6658. 

56. Chen, Y.-M., et al., Antibacterial properties of chitosan in waterborne pathogen. Journal of 
Environmental Science and Health, Part A, 2002. 37(7): p. 1379-1390. 

57. Zivanovic, S., et al., Physical, mechanical, and antibacterial properties of chitosan/PEO blend films. 
Biomacromolecules, 2007. 8(5): p. 1505-1510. 

58. Huq, M.A., et al., Green synthesis and potential antibacterial applications of bioactive silver 
nanoparticles: A review. Polymers, 2022. 14(4): p. 742. 

59. Liu, H.-L., et al., Antibacterial properties of silver nanoparticles in three different sizes and their 
nanocomposites with a new waterborne polyurethane. International journal of nanomedicine, 
2010: p. 1017-1028. 

60. Zhang, G., et al., Synthesis of silver nanoparticles and antibacterial property of silk fabrics treated 
by silver nanoparticles. Nanoscale research letters, 2014. 9: p. 1-8. 

61. Zhang, Y., et al., Durable antimicrobial cotton textiles modified with inorganic nanoparticles. 
Cellulose, 2016. 23: p. 2791-2808. 

62. Xu, H., et al., The preparation and antibacterial activity of polyester fabric loaded with silver 
nanoparticles. Textile Research Journal, 2013. 83(3): p. 321-326. 

63. Yang, N. and W.-H. Li, Mango peel extract mediated novel route for synthesis of silver 
nanoparticles and antibacterial application of silver nanoparticles loaded onto non-woven fabrics. 
Industrial Crops and Products, 2013. 48: p. 81-88. 

64. Ravindran, A., P. Chandran, and S.S. Khan, Biofunctionalized silver nanoparticles: advances and 
prospects. Colloids and Surfaces B: Biointerfaces, 2013. 105: p. 342-352. 

65. Kwan, K.H., et al., Modulation of collagen alignment by silver nanoparticles results in better 
mechanical properties in wound healing. Nanomedicine: Nanotechnology, Biology and Medicine, 
2011. 7(4): p. 497-504. 

66. Baudis, S., M. Behl, and A. Lendlein, Smart polymers for biomedical applications. Macromolecular 
Chemistry and Physics, 2014. 215(24): p. 2399-2402. 

67. Franci, G., et al., Silver nanoparticles as potential antibacterial agents. Molecules, 2015. 20(5): p. 
8856-8874. 

68. Arya, G., et al., Antibacterial potential of silver nanoparticles biosynthesised using Canarium 
ovatum leaves extract. IET nanobiotechnology, 2017. 11(5): p. 506-511. 

69. Hamad, A., K.S. Khashan, and A. Hadi, Silver nanoparticles and silver ions as potential antibacterial 
agents. Journal of Inorganic and Organometallic Polymers and Materials, 2020. 30(12): p. 4811-
4828. 

 


