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Abstract
Virus-caused public health outbreaks represent a serious threat to humans all over 
the world. The rampant new 2019 coronavirus (SARS-CoV-2) has wreaked havoc 
on China and the rest of the world since December 2019. Now focus is on effec-
tive reduction of corona and other viral and bacterial infections in hospitals, public 
and private sectors, households, schools, etc. Metal and metal oxide nanoparticles, 
carbon nanotubes, heterostructures, patterned surfaces, and graphene-based materi-
als have shown up to 99.9998% efficacy against bacteria, mold, and viruses. The 
stability, long shelf life, and robustness of inorganic nanoparticles make them desir-
able for antimicrobial nanofinishes. These inorganic antimicrobial agents are more 
stable than organic antibacterial compounds at high temperature and pressure. The 
high specific surface area-to-volume ratios and unique physicochemical characteris-
tics of nanoparticles are largely responsible for their antibacterial actions. But their 
immobilization is a huge challenge. To address this issue, NPs were modified with 
(glycidoxypropyl) trimethoxysilane (GPTS) and applied on cotton fabric. The silane 
part of GPTS reacted with the NPs under acidic conditions while epoxy reacted with 
cotton under alkaline conditions. Treated cotton fabric showed good antiviral and 
antibacterial activity even after severe industrial washing.
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Introduction

As health awareness has increased, people have begun to focus on eliminating or 
reducing harmful pathogens from the surfaces or environment. Almost the current 
global crisis is over, efforts should be stepped up to prevent viral infections in the 
future. Therefore, a variety of materials are being developed as antimicrobial, anti-
viral, antifungal, or anti-yeast and investigated on textile substrates or products. 
Viruses pose a serious challenge to the pharmaceutical, medical and biotechnol-
ogy fields as one of the leading causes of human disease and death. In recent years, 
nanotechnology has become one of the most significant and fascinating frontier top-
ics in physics, chemistry, technology, and biology [1]. It has tremendous potential 
for multiple breakthroughs that, in the not-too-distant future, will change the path of 
technological progress in a wide range of applications. Various researches on manu-
facturing antimicrobial nanoparticles for reducing illnesses without causing bacte-
rial resistance have been conducted [2].

Current advances in nanotechnology offer a platform for reducing the risk of 
transmission of infectious agents from anti-pollution equipment. Important advance-
ment can be achieved by inserting the antiviral NPs in the woven and non-woven 
fabrics. For this purpose, metallic or non-metallic nanoparticles, inorganic and 
organic materials, and compounds can be used as active ingredients [3]. However 
different material has different chemical and physical nature and stability. The 



8449

1 3

Polymer Bulletin (2023) 80:8447–8466 

degree of antiviral functions will require different applications and preparation pro-
cesses. From the last decade’s nanoparticle system, NPs are extensively studied for 
antibacterial [4, 5] and antiviral treatments [5–7]. Therefore, nanocoatings can be 
up to 99.998% effective against viruses and bacteria and are 1000 times more effi-
cient than previous technologies existing in the market. They can work on multiple 
levels at the same time. Its uses enhanced antiviral and antibacterial action, which 
is environmentally friendly and non-toxic. Nanoparticles of various materials such 
as metal nanoparticles, carbon nanotubes, metal oxide nanoparticles, and graphene-
based materials have demonstrated antimicrobial and antiviral activity [8].

The various antiviral and antimicrobial mechanisms of nanomaterials are largely 
attributed to their physicochemical properties and high surface-to-volume ratio [9]. 
There are at least two areas of study that can be identified. One of them is related to 
modification of nanoparticles with organic molecules [10]. When the chemical inter-
action occurs at surface of viruses among the molecules–receptors and functional-
izers, it affects the viruses. Other one is related to antiviral activity of pure nanopar-
ticles [11]. Microscopic studies have shown that the nanoparticles are attached to 
the surface of the virus, which leads to local changes in the surface, for example the 
accumulation of glycoproteins and prevent the penetration of virus [12]. A variety of 
nanoparticles (for example silver, silicone, titanium, magnesium, and zinc) are used 
as antiviral agents.

These nanoparticles work against various viruses like influenza virus [13, 14], 
herpes simplex virus [15], foot and mouth disease virus [16], HIV [17], poliovi-
rus [18], rotavirus, etc. As previously stated, the transformation in functionality of 
NPs is due to their high surface energy and increased surface area, and due to pres-
ence of hydroxyl groups at the surface of NPs potential modification or grafting of 
versatile groups at their surface could be done for various durable functionalities. 
To adhere them to textile substrates, several cross-linkers and binders like trichloro 
(methyl) silane (TCMS), 3(trimethoxysilyl) propyl-N,N,N-dimethyloctadecyl ammo-
nium chloride [5] tetraethoxysilane (TEOS), hexadecyltrimethoxysilane  (C16TMS) 
[19] and 1,2-Bis(triethoxysilyl)ethane (BTSE) [20–30] have been used that affect the 
inherent properties of textile and functionality of inorganic NPs like silica, titanium, 
etc. [31–36].

Keeping this advantage in mind and to solve this issue, the initial step was taken 
to investigate the endurance of NPs on cotton fabric using silane coupling agents 
(3-glycidoxypropyl)trimethoxysilane (GPTS) and after functionalized using silane 
coupling agents such as GPTS-modified ZNO NPs were applied on fabric by pad 
dry cure method. GPTS increased their binding with the cotton fabric with least neg-
ative impact on inherent properties of fabric [20]. SEM analysis was performed on 
unwashed and washed cotton fabrics treated with modified GPTS to confirm dura-
bility. Treated cotton fabric has shown excellent antibacterial as well as antiviral 
properties before and after washing. Such antibiotic textiles are potential candidate 
for different medical applications.
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Experimental

Material

Zinc Oxide nanopowder (ZnO, 99 + 100%, 10–30  nm) was purchased from US 
Research Nanomaterials, Inc. 3-Glycidoxypropyltrimethoxysilane (> 97.0%) was 
purchased from TCI, Lab grade. NaOH was purchased from DAEJUNG, HCl by 
Riedel-de Haen Germany and Ethanol from Sigma Aldrich. Tryptone soya agar 
and Tryptone soya broth were purchased from OXOID Hants, UK. Bacterial strains 
(Escherichia coli, Staphylococcus aureus) were sourced from National University of 
Sciences & Technology (NUST) Islamabad, Pakistan. In this study, chemicals were 
used without further purification. Plain cotton fabric (areal density; 150 g/m2) was 
purchased from domestic textile industry.

Method

Modification of ZnO nanopowder

ZnO nanopowder was modified by silane coupling agent. GPTS was used for the 
modification of ZnO nanopowder to develop the bioactive cotton fabric. 4 g dried 
ZnO nanopowder was dispersed in 100  ml ethanol at ambient conditions. For 
homogeneous dispersion formation, a probe-sonicator was used for 60 mints with-
out using any dispersing agent. After homogenous dispersion formation, water was 
added (calculated stoichiometrically) for the hydrolysis of GPTS. For the hydroly-
sis of trimethoxysilane parts of GPTS, water is necessary under acidic conditions. 
One mole of GPTS requires three moles of water for complete hydrolysis. Please 
see below reference. After that pH was adjusted between 4.5 and 5.0 through min-
eral acid to accelerate the hydrolysis. Then, GPTS was added in different concentra-
tions (as given in Table 1) on the weight of nanopowder which was then refluxed for 
about 5 h at 60 °C for complete reaction of GPTS with the ZnO NPs.

Design of experiment

Different concentrations of GPTS were used to modify the NPs on the weight of 
NPs. The design of experiment for the study is given in Table 1.

Table 1  Optimization of GPTS 
concentration to functionalize 
the NPs

Sr ZnO NPs Sample code GPTS concentration (on the 
weight of NPs in % age) (%)

1 2 g A 50
2 B 100
3 C 150
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Application of modified ZnO nanopowder on cotton fabric

As the NPs were modified with GPTS that contained epoxy group in its chemi-
cal structure. This epoxy group could possibly react with cellulose under slightly 
alkaline conditions [20]. Therefore, the cotton was causticized before applica-
tion of modified NPs onto it by dipping in sodium hydroxide solution (10 g/L) 
and dried at 100 °C. Treated cotton fabric was dipped in dispersion and squeezed 
between two rollers of padder (VPM 250-A, Tsujii Dyeing Machine Manufactur-
ing Co.) at pressure of 1.5 bar, followed by drying at 120 °C for 1 min. The dried 
fabric was then cured at 170 °C for 3 min and stored at ambient conditions.

Characterization of modified ZnO NPs

Zetasizer Analysis

Zetasizer was used to detect the particle size by dynamic light scattering method 
that has compliance with regulatory standard tests  described in ISO  13322-2: 
2021, and ISO 22412 [37]. The aqueous dispersion of NPs will be collected and 
measured by zetasizer. The data of average size and distribution were analyzed.

Fourier transfer infrared spectroscopy (FTIR)

Attenuated total reflectance Fourier transform-infrared spectroscopy (ATR-FTIR) 
equipped with Zinc selenide grid was used to examination the functional groups 
grafted at the surface after the modification of ZnO NPs with GPTS and analy-
sis of chemical structure in the range 4500–400  cm−1 according to standard test 
method: ASTM E168 [38].

Characterization of treated cotton fabric

FTIR analysis

FTIR analysis was done for untreated and treated fabrics to confirm the functional 
groups present at the surface before and after treatment of cotton with GPTS-
modified NPs and FTIR spectra were analyzed.
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Surface morphology of treated fabric

The chemical composition and surface morphology of untreated and treated fab-
rics before and after industrial washing were observed by using Scanning Elec-
tron Microscopy (SEM) standard equipped with EDX.

Washing durability

The washing durability of cotton fabrics treated with modified ZnO NPs was con-
firmed. The ISO 105-C03 standard test method [39] for multiple washing cycles 
was used. The samples were placed in standard detergent solution containing certain 
number of steel balls at varied temperatures, and time conditions using liquor ratios 
for different washing cycles and test standard. The testing was performed in a labo-
ratory-scale Laundrometer by Pyrotec S (Roaches dyeing machine, UK). Afterward, 
samples were analyzed under SEM to observe the distribution of NPs at the surface 
of cotton fabric after washing.

Antibacterial testing

Qualitative antibacterial testing was carried out by agar (disk) diffusion method. 
For that, gram-positive (E. coli ATCC 8739) and gram-negative bacterial (S. aureus 
ATCC 6538) and gram-positive (S. aureus) and gram-negative (E. coli) bacterial 
strains were used. While quantitative antibacterial activity of control and treated cot-
ton fabric was investigated by ISO-20743 standard test method. Agar plates were 
prepared for bacterial growth using 2 ×  106 CFU/ml dilution. Cut the sample 3.8 cm 
and autoclaved it (Temp. 121 °C, 15 min). The untreated and treated samples were 
the placed-on agar plates previously inoculated with 1 ml of bacterial suspension for 
60 s and a weight of 200 g was applied on the surface of sample to press it down. 
After that, the fabric swatches were detached from the agar surface and immedi-
ately transferred to glass vials containing 30 ml of saline solution. The solution was 
then placed on vortex mixer for 2–3 min for proper shaking. Then, the solution was 
serially diluted up to  106 using broth media followed by plating of the dilutions on 
agar plates as described in norm. The plates were then incubated at standard incuba-
tion conditions (37 °C for 24 h) to get bacterial count at 0 h. For bacterial count at 
24 h, the samples detached from the afar surface were immediately placed in empty 
petri plates with inverted position. The plates were incubated, and same procedure 
was repeated next day of the preparation and plating of dilutions. The number of 
inoculated bacterial colonies at 0 h and number of survived bacterial colonies after 
24 h was calculated for both untreated and treated fabric. Following equation was 
employed for the calculation of percentage reduction in bacterial colonies,

%agereduction =
log Ct − log Tt

log Ct
.
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Antiviral testing

Quantitative antiviral testing of control and treated cotton fabric was performed 
according to ISO 18184 method [40]. Cotton fabrics were used as control sam-
ples. An antiviral fabric was prepared by the immobilization of zinc oxide NPs by 
using silane coupling agent. Dengue virus and hepatitis C virus (HCV) were used as 
model viruses. To test the antiviral performance of the treated fabric, virus suspen-
sion was injected onto the product and then rinsed out of the product in order to test 
its antiviral effectiveness. The infectivity titer of the virus in the washed-out suspen-
sion was determined. Counting plaque forming units (number of virus capable of 
forming plaques per unit volume) was used to measure the viral infectivity titer of 
the test suspension [40].

TCID50 method and preparation of growth medium

The TCID50 method was preferred to determine the dilution of the viral suspension 
required to induce a cytopathic effect (structural variations in host cells that are due 
to viral attack) in 50% of cell units. 96-well microplates were chosen for this pur-
pose, along with other essential sterilizing apparatus. The growing media was pre-
pared according to ISO 18184 method. Defrosting of cryopreserved host cells, then 
a new cell culture flask was prepared (20 ml growth medium). Following that, host 
cells were transferred to flask. The flask was then placed in a  CO2 incubator set to 
37 °C for 24 h to cultivate the cells at the bottom. Subsequently, using the recipe and 
procedure indicated in ISO 18184, the grown cells were transformed to subcultures, 
1 ml of this subculture was added to 20 ml of growing media in a container. Then, in 
each of the 96 wells of the microplates, 0.1 mL of solution was added. After that, the 
plates were placed in an incubator at 37 °C for 5 days. The replication of cells was 
verified using a microscope after 5 days. The surface of the cultured cells was rinsed 
according to ISO 6330–2012 [41]. This flask solution was labeled as “FLASK A.”

Preparation of virus suspensions

The cryopreserved dengue virus was defrosted in the same manner as the host cells 
were. The defrosted dengue virus was transferred to a new test tube and dilution with 
maintenance medium was initiated. As a result, the viral concentration was adjusted 
to TCID 50/ml. A suspension (from the concentration of a  103 PFU/ ml) of dengue 
virus (1.0 ml) was put onto the surface of the cells in the “FLASK A” and spread 
evenly across the surface. The flask was then placed in a  CO2 incubator at 34 °C for 
one hour to allow the virus to adsorb on the cells. After 1 h, 1.5 ppm trypsin, the 
flask was placed into incubator for two days at 34 °C to multiply the dengue virus. 
The multiplied viral suspension was centrifuged for 15 min at 4 °C. The centrifu-
gation tube’s supernatant was then removed. The viral suspension produced had a 
concentration of around  108 PFU/ml. Then, the virus suspension was diluted tenfold 
using EMEM or filtered water as a diluent, yielding a dengue virus test suspension 
with a concentration of approximately 1 ×  107 PFU/ml. The virus suspension diluted 
with EMEM is now known as the 1/1 EMEM virus suspension, whereas the virus 
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suspension diluted with filtered water is known as the 1/10 EMEM virus suspension. 
Same process was repeated to prepare hepatitis C virus (HCV) suspension.

Principle

Cut the control and treated unwashed and washed samples 20 × 20 mm (0.40 g) and 
placed in 30 ml vial and autoclaved it for 15 min at 121 °C for sterilization. Accord-
ing to ISO 18184, plaque counting method was performed to measure the virus 
infectivity titer. Control and treated unwashed and washed samples were inoculated 
with 0.2 ml viral suspension (1 ×  107 PFU/ml) to examine the stability of virus and 
left for contact time. To determine the virus’s initial titer, control samples were used. 
After 60 min, the fabric was recovered in 20 mL of cell culture fluid and counted on 
a suitable cell line. After the required incubation time, the TCID50 was determined. 
Antiviral activity was determined by comparing the antiviral test material to that 
recovered from the control fabric.

Results and discussion

Reaction Mechanism

One organic, and three hydrolyzable substituents are present in GPTS. The alkoxy 
groups were hydrolyzed to generate silanol-containing species in the majority of 
surface treatment applications. The three labile groups hydrolyzed in acidic condi-
tions during the reaction of these silanes at first. These silanes form hydrogen bonds 
with one or more −OH groups on the surface of one ZnO NP or three ZnO NPs after 
hydrolysis. After the condensation reaction, which removes the small molecule, a 
covalent connection is created with the NPs. as the reaction proceeds, illustrated in 
the reaction scheme. Under slightly alkaline conditions, the epoxy part. Of the silane 
reacts with. Cellulose, as shown in Fig.  1, which depicts the entire crosslinking. 
Reaction of ZnO nanoparticles with GPTS and cotton Fabric.

Characterization of ZnO NPs

Zetasize of unmodified and modified Zn NPs

Size of ZnO nanoparticles and functionalized ZnO nanoparticles was determined by 
zetasizer analysis. The size of functionalized particles is slightly greater than simple 
nanoparticles. Size of zinc oxide nanoparticles is in range of 257 nm while modi-
fied zinc oxide nanoparticles are in range of 282 nm as shown in Fig. 2. The nano-
particles used in this work are of size 10–30 nm. However, the size determined by 
zetasizer is of agglomerates which are formed due to aggregation of nanoparticles. 
During modification, the multiple silanol groups can react more than one nanoparti-
cle leading to formation of further agglomeration. Modified NPs were slightly larger 
in size which confirm the presence of silane group on their surface.



8455

1 3

Polymer Bulletin (2023) 80:8447–8466 

Fig. 1  Schematic of molecular level attachment of modified ZnO NPs to cotton fabric

Fig. 2  Zetasizer analysis of (a) ZnO NPs and (b) modified ZnO NPs
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FTIR of unmodified and modified ZnO NPs

The FTIR spectra of unmodified and modified ZnO NPs are shown in Fig. 3. The 
analysis of unmodified NPs shows that the broad absorption spectrum between 
3350   cm−1 and 2953   cm−1 is due to the stretching of hydroxyl groups (−OH) on 
the surface of NPs and absorbed moisture content. Another narrow peak may be 
seen at 1404  cm−1 that indicates the bending vibration of the −OH group caused by 
inorganic crystalline structures combining large and fine bands of some hydrated 
substances. The metal–oxygen (ZnO stretching vibrations in between 400 and 
700   cm−1) absorption peak at 612   cm−1 [42]. In analysis of modified NPs −OH 
group stretching vibrations are responsible for the wide intensity peak at 3426  cm–1. 
Around 2925  cm−1 and 2856  cm−1, the C–H stretching vibrations occur. The peaks 
at 1601  cm−1 revealed that there is still a minor quantity of −OH groups on the sur-
face of the zinc NPs. The  CH2 vibrations of the propyl chain and the GPTS group 
are at 1422   cm−1 [43]. The condensation reaction of NPs (−OH group) with the 
silanol group is indicated by a peak around 1129  cm−1. Si–O–Si vibrations cause the 
peak at 881  cm−1, while peak at 613  cm−1 is of ZnO stretching.

Characterization of treated fabric

Surface morphology of treated fabric

The scanning electron microscope (SEM) analysis was performed on untreated 
(Figs. 4 and 5), treated unwashed, and washed cotton fabrics treated with 100% 
GPTS o.w.n modified ZnO NPs. Figure 6 depicts that the distribution of NPs on 
the surface of cotton fabric. Figure  6b shows that the greatest number of NPs 
are bonded to the substrate as scattered thin film. To examine the durability of 

Fig. 3  FTIR spectra of ZnO NPS and functionalized ZnO NPs
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ZnO NPs at the surface, treated cotton fabrics were washed and examined again 
through SEM analysis. Figure 6d clearly shows that even after 30 washing cycles, 
a significant quantity of NPs remains attached to the surface despite intense laun-
dering action under harsh conditions. The chemical bonding of NPs with the sub-
strate could be possibly the major reason for their adhesion. The epoxy group in 

Fig. 4  SEM micrograph of cotton fabric treated with GPTS-modified ZnO NPs: (a) untreated fabric, (b) 
treated unwashed, (c) 10 times washed, (d) 30 times washed, and (e) EDX spectrum and elemental analy-
sis at the cotton fabric surface
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the silane coupling agent attached with the modified NPs reacted with cellulose 
as illustrated in the reaction mechanism (Fig. 1). As a result, GPTS cross-linked 
the NPs with cotton fabric, making them durable. Before and after washing, the 
amount of GPTS-treated NPs attachment was similar. Further to confirm the pres-
ence of elements and their percentage at surface of treated fabric, EDX analysis 
was done, and the results are shown in Fig. 6e. The highest percentage of Zn is 
followed by C, O, and Si. The small amount of Au was also present that could be 
due to golden plating done to make surface conductive before SEM analysis.

Fig. 5  FTIR spectra of untreated and ZNO-treated fabrics

Fig. 6  UPF values before and after wash for fabric with ZnO immobilized by silane
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FTIR of untreated and treated fabric

FTIR spectrum of untreated and ZnO-treated fabric are shown in Fig. 4. Absorp-
tion peak in untreated fabric at 3351  cm−1 is due to presence of OH group which 
suppresses in FTIR of treated fabric which confirms the crosslinking of modi-
fied NPs. Peaks at 2931  cm−1, 2893  cm−1 are due to C–H stretching. Absorption 
peak in the range of 1604   cm−1 is due to moisture content. Peaks at 1109   cm−1 
and 1035  cm−1 indicate the C–O stretching. Peaks at 1342  cm−1, 1159  cm−1, and 
1035  cm−1 are the characteristic peaks of cotton [44].

After treatment with modified ZnO NPs, the cotton fabric showed a character-
istic peak at 818.65 cm-1 that is due to epoxy group of GPTS. While the disap-
pearance of peak at 3351  cm−1 was due to the consumption of −OH groups as in 
reaction scheme (Fig. 1) the whole reaction process has been shown. The epoxy 
ring attached with ZnO NPs opened and reacted with −OH groups at the sur-
face of cotton fabric due to which the broad peak (3351 cm-1) was disappeared 
showing the attachment of NPs at the surface of fabric through GPTS [4]. FTIR 
spectra are also clearly showing that ZnO absorption band near 632   cm−1 that 
appeared at the cotton fabric surface after treatment with ZnO NPs.

Ultraviolet protection of fabric before and after treatment

The application of modified ZnO NPs dispersion on cotton fabric was examined 
for UPF. Textiles with a UPF of greater than 40 are said to protect the wearer 
from the sun’s damaging rays. The UPF Values of treated cotton increased as the 
concentration, of silane coupling agent was increased showing a greater UV pro-
tection. The UPF values of samples after 10, 20, and 30 washing cycles are shown 
in Fig. 5. There was only a slight decrease between the values of unwashed, 10, 
20, and 30 washes which show that removal of NPs was very slight under the 
vigorous washing action, indicating that the NPs had a strong adhesion to the cot-
ton fabric. As already mentioned in reaction scheme (Fig. 1) that the NPs were 
bonded with the surface of fabric through GPTS. The whole reaction scheme has 
shown how the strong adhesion was made possible. The UPF results are also sup-
ported by SEM analysis that after various washing cycles the huge number of 
NPs were present at the surface of cotton fabric demonstrating the highly durable 
character of NPs on the cotton fabric.

Functional properties of treated fabric

Antibacterial Activity of untreated and treated fabrics

Qualitative evaluation: The antibacterial activity of ZnO–silane immobilized fab-
ric (treated with highest concentration of GPTS) was assessed by using qualita-
tive testing method to investigate the efficacy under different conditions. After 
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successful immobilization, antibacterial activity testing was performed on a sam-
ple with the optimum washing durability. E. coli and S. aureus were used for this 
purpose.

From Fig. 7, it can be observed that greater number of bacterial colonies were 
present at the surface of fabric and around the edges of fabric, but a clear zone can 
be seen around the surface of treated fabric and no colony was seen at the surface of 
fabric. This could be possibly due to reactive oxygen species  (O2−,  H2O2, and  OH−) 
generated due to photocatalytic activity ZnO NPs and also this could be possibly 
due to release of zinc ions from ZnO NPs [45]. The inhibitory effect was observed 
more against S. aureus with a zone of inhibition of 16.5 mm diameter as compared 
to E. coli with a zone of inhibition of 13.5 mm diameter as shown in Fig. 7. The 
experiment was run in duplicate, and a mean value was calculated and is given in 
Table 2.

Quantitative Evaluation

To carry out the quantitative evaluation of antibacterial activity ISO 20743 was fol-
lowed. Gram-negative bacteria E. coli and gram-positive bacteria S. aureus were 
used for this purpose.

Fig. 7  Disk diffusion method, showing antibacterial activity of GPTS–silane-modified ZnO deposited 
fabric through zone of inhibition

Table 2  Antibacterial assay by 
qualitative measurement of zone 
of inhibition

Fabrics treated Organisms Diameter Mean St. Dev.

1 2

ZnO–silane S. aureus 16 mm 17 mm 16.5 0.5
E. coli 14 mm 13 mm 13.5 0.5

Control S. aureus Zero Zero Zero Zero
E. coli Zero Zero Zero Zero
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Figure 8 and Table 3 show the number of gram-positive and gram-negative bacte-
rial population in logarithmic value of colony forming unit per ml (2 ×  108 CFU/ml) 
after inoculating at 0 h and 24 h. From the figure and table values, it was observed 
that treated sample has shown 99.99% bacterial growth inhibition and the activity 
was durable even up to 30 industrial washing cycles. This strong antibacterial poten-
tial of samples treated with ZnO nanoparticles could be ascribed to reactive oxygen 
species (like   O2−,  H2O2, and  OH−) produced from ZnO NPs which causes bacte-
rial cell wall damage resulting in the inactivation of several important mechanisms 
such as mitochondrial functioning, intracellular outflow eventually causing bacterial 

Fig. 8  Quantitative antibacterial activity of control and treated samples

Table 3  Percent reduction of bacteria for ZnO–silane-treated sample

Bacteria S. aureus % Reduction E. coli % Reduction

Bacterial count of control sample 0 h (C0) 272 – 0 h (C0) 275 –
24 h (Ct) 287 – 24 h (Ct) 290 –

Bacterial count of treated unwashed 
sample

0 h (T0) 267 99.99 0 h (T0) 270 95
24 h (Tt) 1 24 h (Tt) 2

Bacterial count of treated after 30 washes 0 h (T0) 269 99.99 0 h (T0) 273 95
24 h (Tt) 1 24 h (Tt) 2
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cell death. Furthermore, the remarkable durability of antibacterial potential to wash-
ing could be due to strong cross-linking between fabric and ZnO NPs due to GPTS 
cross-linker.

In Fig. 9, the left side shows the antibacterial activity of untreated sample and 
treated sample against S. aureus at 0 h and 24 h, respectively. At right side untreated 
sample and treated sample tested against E. coli at 0 h and 24 h, respectively.

Antiviral activity of untreated and treated fabrics

Quantitative evaluation

To investigate the antiviral efficacy quantitatively ISO 18184 standard method was 
used. Control samples and zinc oxide NPs’ immobilized samples with 100% GPTS 
concentration were selected for antiviral testing. From the literature, it was con-
firmed that zinc oxide NPs are effective against herpes simplex virus and Influenza 
virus. Various theories explained the antiviral activity of nanoparticles as ZnO NPs 
release  Zn2+ ions as well as a variety of reactive oxygen species, which can damage 
proteins, lipid membranes, and nucleic acids and diffuse into the host cells resulting 
in inactivation and cell death of viruses, even though the mechanism of action has 
not been thoroughly investigated. There was no antiviral activity observed with cot-
ton alone, indicating that the antiviral activity was caused by the zinc-coated fabric. 
Fabric treated with zinc oxide NPs was effective against dengue virus and hepatitis 
C virus (HCV). After 60 min of exposure, reduction % of unwashed treated fabric 
was 70% and after 30 washes it was 67% effective against dengue virus as shown in 
Fig. 10.

Like these results the antiviral activity against hepatitis C virus is given in Fig. 11. 
The percentage reduction was 72% before washing and after 30 washes it was 69%. 
From both results, it was confirmed that the treated fabric is effective against viruses 
before and after 30 industrial washing cycles. The durable antiviral activity is a need 
of day to develop personal protective equipment and avoid viral transfer in hospitals, 
clinics, and other medical institutions.

Fig. 9  Antibacterial activity untreated (control) and ZnO-treated sample
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Conclusion

Antimicrobial coatings with a broad spectrum of activity will also hinder the growth 
of bacteria and viruses that assist in the spread of disease. This procedure will be 
a novel treatment alternative in the event of future pandemic revival and emer-
gence, which the world may face in the future. This research work was about the 

Fig. 10  (a) Dengue residual viral load determined by TCID50 on nanocoated fabrics after a contact time 
of 0 h, 60 min, and (b) reduction % of dengue on nanoparticle-coated fabrics as calculated from log viral 
infectivity titer

Fig. 11  (a) HCV residual viral load determined by TCID50 on nanocoated fabrics after a contact time of 
0 h, 60 min, and (b) reduction % of HCV on NPs-coated fabrics as calculated from log viral infectivity 
titer
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immobilization of metal oxide NPs, i.e., ZnO NPs on cotton fabric for durable mul-
tifunctional properties without affecting the comfort properties of fabric. Function-
alized cotton fabric was effective against bacteria and viruses. The excellent durabil-
ity of functional properties after several industrial washing cycles makes this fabric 
an ideal candidate for bioactive textiles used in medical field.
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