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Abstract
This study introduces a novel technique called Desiccation-Assisted Fabrication for fabricating 
antimicrobial cotton fabrics at the point of care. This method offers a simple, rapid, and cost-effective 
approach to impart antimicrobial properties to cotton fabrics, enabling their use in critical healthcare 
settings where infection control is paramount. Different concentrations of ZnO nanoparticles (2%, 
2.5%, and 3% w/v) in alkaline water (pH 8.5) were prepared, drawn into a syringe, agitated for uniform 
dispersion, and precisely deposited onto cotton fabric. The fabric was placed on a natural desiccant 
powder (montmorillonite) to remove moisture, facilitating nanoparticle adhesion through physical 
adsorption. Subsequent heating thermofixed the nanoparticles onto the fabric. Characterization 
methods such as field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), 
and energy-dispersive X-ray spectroscopy (EDS) confirm the consistent dispersion of zinc oxide  
(ZnO) nanoparticles across the coated fabric. Antimicrobial activity testing against E. coli and 
Staphylococcus aureus demonstrated the effectiveness of the fabric in inhibiting bacterial growth. The 
ability to precisely control the amount of nanoparticle deposition ensures consistent and reproducible 
results. This novel coating technique offers a simple, efficient, and cost-effective approach for applying 
metal oxide nanoparticles to textiles, particularly for small-scale or prototyping applications. However, 
it also holds the potential for automation, paving the way for large-scale production.
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INTRODUCTION

 The use of textiles in hospital settings 
and patient care has drawn attention as one of 
the possible sources of infection transmission 
in the healthcare industry, increasing the risk 
of nosocomial infections.1,2 This is particularly 
concerning, as these fabrics often evade the 
regular and repeated chemical disinfection 
routines implemented in healthcare settings. 
Owing to their vast surface area and ability 
to retain moisture, textile fabrics make ideal 
growing environments for microbes, providing 
an optimal environment for microbial growth.3,4 
The ability of fabrics to harbor and transmit 
microorganisms poses a significant challenge in 
infection control. Despite regular disinfection, 
bacteria and pathogens often persist on fabrics, 
leading to the spread of infections among patients 
and healthcare workers. This issue is further 
compounded by the fact that fabrics in healthcare 
settings are subjected to various bodily fluids, such 
as blood, saliva, and urine, which can provide a 
favorable environment for microbial growth.1,5,6 
Additionally, the frequent handling and movement 
of fabrics, such as bed linens, gowns, and curtains, 
can facilitate the transfer of microorganisms 

from one surface to another.7,8 The persistence of 
microorganisms on fabrics in healthcare settings 
presents a significant challenge to patient safety 
and can contribute to the development of 
healthcare-associated infections (HAIs). These 
infections can result in increased morbidity and 
mortality and place significant financial strain on 
healthcare systems. Consequently, there is an 
urgent need for effective strategies to reduce the 
role of fabrics in the spread of infections within 
healthcare environments.2,9-11 This may involve the 
development of antimicrobial fabrics, improved 
disinfection protocols, and education and training 
for healthcare workers on the proper handling and 
care of fabrics.12,13

 By addressing the issue of fabric-
mediated infection transmission, healthcare 
facilities can increase patient safety, reduce the 
incidence of HAIs, and improve overall infection 
control practices. Thus, antimicrobial coatings on 
such materials undoubtedly help in the prevention 
of infections.13-15 As a result, the impact of 
antimicrobial metal and metal oxide nanoparticle 
coatings has become a highly researched area 
in the textile industry. This is because of their 
stability, heat resistance, and specific toxicity 
against pathogens such as bacteria, as well as 
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their capacity to tolerate demanding and severe 
processing conditions.11,16 Owing to their potential 
applications, there has been increased emphasis 
on developing and applying nanometal oxide 
coatings on cotton substrates.12,17

 Recently, various nanomaterials, including 
copper, gold, silver, aluminum, titanium dioxide, 
and zinc oxide, have been widely used in textiles 
as coating or embedding agents. Among these, 
zinc oxide nanoparticles (ZnO NPs) have shown 
significant promise because of their strong 
antibacterial and anti-inflammatory properties, 
safety, affordability, and biocompatibility.18 Their 
antibacterial properties make them particularly 
useful for medical devices, coatings for implants, 
medical textiles and wound dressings, and as 
ingredients in antibacterial ointments and creams. 
The coated textiles also offer protection from UV 
rays and do not cause skin irritation or sensitization. 
The high UV absorption of nanosized zinc oxide has 
led to its use in sunscreen formulations because 
of its UV blocking capabilities.17,19 Numerous 
studies have demonstrated that applying ZnO 
nanoparticles to cotton fabric can enhance 
its properties, including better UV protection, 
antimicrobial functionality, and increased 
durability. Additionally, the semiconductor 
properties of ZnO nanoparticles make them ideal 
for applications such as self-cleaning textiles and 
odor control.20-22 Characterization methods such 
as field emission scanning electron microscopy 
(FESEM), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDS) confirm 
the consistent dispersion of zinc oxide (ZnO) 
nanoparticles on the coated fabric. To achieve 
an effective coating, various methods, such as 
the sol gel process, electrochemical deposition, 
spin coating, dip coating, spray coating, layer-
by-layer assembly, pad dry-cure method, and 
ultrasonic irradiation, have been employed. 
Each method offers distinct advantages in terms 
of coverage, uniformity, and adhesion of the 
nanoparticles to the fabric.22,23 Furthermore, to 
improve the stability of nanoparticles, binding 
agents, chemicals, surfactants or enzymes are 
used as activation tools for textiles. While these 
treatments offer potential benefits, they can also 
come with drawbacks. These drawbacks include 
changes to fabric properties like texture, tensile 
strength, breathability, durability, and wash 

resistance. Additionally, there may be health 
and environmental risks associated with certain 
treatments.24,25

 In this study, we functionalized cotton 
fibers with ZnO NPs without the use of harsh 
chemicals, surfactants, enzymes, or binding 
agents. Instead, we used straightforward physical 
methods, such as mechanical agitation to stabilize 
and disperse ZnO NPs uniformly in alkaline water 
(pH 8.5 adjusted with 5% sodium bicarbonate), 
precise coating with a syringe, and desiccation 
with a natural desiccant (montmorillonite) to 
avoid nanoparticle agglomeration on the cotton 
surface. The type of desiccant used was carefully 
selected to ensure effective moisture removal 
without damaging the cotton fabric or interfering 
with or reacting with the ZnO nanoparticles. 
The morphology and chemical structure of the 
cotton coated with ZnO nanoparticles were 
analyzed via SEM, EDS, and XRD (Table 1). The ZnO 
nanoparticles were uniformly dispersed across 
the coated fabric, which also exhibited strong 
antibacterial activity and excellent wash durability 
(Figure 1).

MATERIALS AND METHODS

Chemicals and reagents
 Zinc oxide NPs (<50 nm in size) were 
purchased from a commercial source (Sigma 
Aldrich, USA) and used for the experiment. 
Dehydrated nutrient agar powder, nutrient broth 
powder, EMB agar, mannitol salt agar, Muller-
Hinton agar and blood agar were purchased from 
registered suppliers (HiMedia, India) and utilized 
for preparing culture media and broth.

Cotton material
 For the experiments, gray cotton fabric 
with a plain weave structure was sourced from the 
local market. The fabric specifications are 100% 
cotton with 72 ends per inch (EPI), 67 picks per 
inch (PPI), and a weight of 152 grams per square 
meter (GSM). The cotton fabric was cut into 20 × 20 
cm pieces for the experiment. The fabric requires 
pretreatment before use.

Pretreatment of cotton fabric
 The cotton fabric was prewashed to 
eliminate wax and fat with water and detergent 
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at 70 °C for 35 minutes. After multiple rinses with 
distilled water, the fabric was dried at 70 °C for 24 
hours.

Desiccant
 The natural desiccant montmorillonite 
was purchased as a dry fine powder from Iconic 
Naturals, India, and was used in sterilized form 
for the experiment. Montmorillonite is a naturally 
occurring clay mineral with a large surface area 
and high water absorption capacity, making it 
an effective desiccant. It is inexpensive, nontoxic 
and safe for use in biological applications.26 The 
montmorillonite powder was sterilized by dry heat 
before use.

Analytical methods
 The characterization and chemical 
analysis of the ZnO-NP-coated cotton fabric 

were conducted via several techniques. Field 
emission scanning electron microscopy (SEM) was 
performed using a Gemini SEM 500 from Carl Zeiss. 
The Gemini SEM 500 offers remarkable resolutions 
of 0.5 nanometers at 15 kilovolts, 0.9 nanometers 
at 1 kilovolt, and 1.0 nanometers at 500 volts. X-ray 
diffraction (XRD) analysis was carried out via a 
Smart Lab 3 kW X-ray diffractometer from Rigaku, 
Tokyo, Japan. Energy dispersive spectroscopy (EDS) 
was conducted with a Hitachi 3600 N scanning 
electron microscope featuring a 5-axis motorized 
stage and an ultradry compact EDS detector from 
Thermo Fisher Scientific, Waltham, Massachusetts, 
USA.

Coating Cotton Fabric  with Zinc Oxide 
Nanoparticles via a Syringe Desiccation Technique
I. The dried cotton fabric (20 × 20 cm) in a 

square shape was spread on a sterilized 

Table 2. Percentage reduction in antimicrobial activity 
of cotton fabric with ZnO NPs against bacteria

Test      Bacterial count % Reduction 
organism      (cfu/ml)  after 24 hours

 Control      Test 

S. aureus 6 x 106 0.85 x 106 85.8%
E. coli 6 x 106 0.93 x 106 84.5%

Table 1. Elemental composition of Zinc oxide coated 
cotton fabric (EDS Analysis)

Element Weight Minimum  Atomic
  % detection  %
  limit (MDL)

C  19.1 0.65 41.2
O   21.7 0.15 35.3
Zn  59.2 0.43 23.5

Figure 1. (A). Test and Control showing growth inhibition in test sample; (B). Tubes showing growth inhibition in 
broth cultures of Staphylococcus aureus (T1) and E. coli (T2) as compared to controls (C1 & C2), respectively.
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tray atop a thin layer of montmorillonite 
desiccant compatible with the fabric and the 
nanoparticle solution. In this experiment, 
the desiccant was used in a controlled 
environment with low humidity to prevent 
it from absorbing moisture from the air and 
becoming saturated.

II. Fifteen millilitres of freshly prepared 2% zinc 
oxide nanoparticle solution were drawn into 
a 20 mL syringe and agitated for 45 sec or for 
a sufficient amount of time to ensure that 
the nanoparticles were well dispersed. In the 
agar well diffusion test, the 2% ZnO nanosol 
exhibited the highest antibacterial activity. 
Therefore, the coating was performed using 
concentrations of 2% and above.

III. Next, a precise volume of the sol (0.5 mL 
per square centimeter of fabric) was linearly 

deposited (slowly and evenly) onto the 
surface in the central area (approx. 15 cm × 15 
cm square) to allow for handling of the fabric 
postcoating.

IV. To prevent the fabric from bending or folding 
during the process, the operation was carried 
out in a contained space with minimal 
fluctuations in air speed.

V. The montmorillonite desiccant absorbed 
moisture ,  dr y ing  the  fabr ic  wi th in 
approximately 7 minutes.

VI. The fabric was then removed and rinsed three 
times with distilled water to remove adhered 
desiccant and residual alkali.

VII. The coated fabric was then dried under 
vacuum at 65 °C overnight.

VIII. Pieces of fabric of approximately one square 
centimeter were cut for characterization, 
analysis and antibacterial activity testing.

Table 3. Zone of inhibition of Fabric treated with different concentrations of ZnO nanoparticles

 Cotton Fabric Bacterium   Measured Zone of Inhibition (in cm)

  Trial Trial Trial Trial Mean 
   no. 1  no. 2  no. 3  no. 4 value

Fabric treated with  Staphylococcus aureus  2.0 1.9 2.0 1.9 1.95
2% ZnO NPs Escherichia coli 1.8 1.9 1.8 1.9 1.85
Fabric treated with  Staphylococcus aureus  1.6 1.5 1.4 1.5 1.5
2.5% ZnO NPs Escherichia coli  1.5 1.4 1.3 1.4 1.4
Fabric treated with  Staphylococcus aureus  1.3 1.3 1.4 1.4 1.35
3% ZnO NPs Escherichia coli  1.3 1.2 1.3 1.2 1.25
Fabric without  Staphylococcus aureus  0 0 0 0 0
ZnO NPs (Control) Escherichia coli  0 0 0 0 0

Figure 2. (A): Bar chart showing antibacterial activity of ZnO-NPs (2% w/v) coated cotton fabric against E. coli  
(blue bar) and S. aureus (green bar); (B): Decline in ZnO nanoparticle content on fabric with increasing wash cycles
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Wash durability of the coated fabric
 The coated fabric was washed with 
laundry detergent at 40 °C, and its antibacterial 
activity and ZnO content were determined.27-29 
The results are shown in Figure 2 and Table 2. The 
ZnO content of the cotton fabric decreased from 
23% to 10% after 10 washes, and the antimicrobial 
activity also decreased considerably to 61% and 
54% for Staphylococcus aureus and Escherichia 
coli, respectively, after 5 washing cycles and then 
to 17% and 12%, respectively, after 10 washing 
cycles.

Antibacterial activity test
 The antibacterial activity of the ZnO 
nanoparticles and ZnO nanoparticle-coated cotton 
fabric against gram-positive (Staphylococcus 

aureus) and gram-negative (Escherichia coli) 
bacteria was assessed via agar well diffusion 
and agar disc diffusion methods (Table 3). These 
bacterial clinical isolates were generously provided 
by the Incharge Disease Investigation Lab, Pulwama, 
Kashmir. The isolates were cultured aerobically 
in nutrient broth for 24 hours at 37 °C until the 
bacterial suspensions reached a turbidity of  
1.5 × 108 CFU/ml (Corresponding to a 0.5 McFarland 
standard tube) (Figure 1).30-32 The antibacterial 
activity was determined on Mueller-Hinton agar 
following standard guidelines (CLSI, 2021) as 
follows.

In vitro antibacterial activity of the ZnO NPs
 The antimicrobial efficacy of ZnO 
nanoparticles (ZnO NPs) was meticulously 

Table 4. Agar well diffusion test of zinc oxide nanoparticles results

Sample Concen. %  Measured Zone of Inhibition (mm)

  Trial  Trial Trial Mean
  no. 1 no. 2 no. 3 Value

Pure cotton 0% 0 0 0 0
ZnO NPs 0.5% 11 9 10 10
ZnO NPs 1.0% 16 18 14 16
ZnO NPs 1.5% 19 21 20 20
ZnO NPs 2.0% 26 24 22 24
ZnO NPs 2.5% 21 22 20 21
ZnO NPs 3.0% 19 20 19 19
Positive Gentamicin                    22 mm (mean value)
Control  Disc

Figure 3. (A): Zone of inhibition around ZnO-NP well on agar indicates antibacterial activity compared to the 
positive control (PC); (B): Agar plate comparing a ZnO-coated test cotton sample with negative (NC) and positive 
(PC) controls;  (C): Antibacterial efficacy of cotton samples coated with ZnO-NPs at 1%, 2%, and 3% concentrations, 
compared to NC and PC
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Figure 4. (A): X-Ray Diffraction (XRD) pattern of ZnO nanoparticles confirms their crystalline nature with sharp 
diffraction peaks (e.g., at 2θ ≈ 31.8°, 34.5°, 36.3°). (B): Williamson-Hall plot of ZnO nanoparticles indicates nanoscale 
crystal size and microstrain, based on the linear fit between β cos θ and sin θ.

Figure 5. (A): High-magnification SEM image (100 KX) revealing the morphology of ZnO nanoparticles as a closely 
packed cluster; (B): Intermediate-magnification (5 KX) SEM image showing the surface of ZnO-coated fiber with 
rough particle aggregates; (C): Lower-magnification (1 KX) SEM micrograph illustrating the layered structure of 
cotton fibers and the distributed ZnO nanoparticle coating
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evaluated against pure clinical isolates of 
Staphylococcus aureus and Escherichia coli 
via a conventional agar well diffusion assay  
(Figure 3A). Freshly prepared Muller Hinton agar 
(MHA) Petri dishes were uniformly inoculated 
with isolated pure cultures of S. aureus and E. 
coli. Wells with a diameter of 5 mm were precisely 
created on the MHA using the base of a 1 mL 
microtip. In these wells, 100 µL of ZnO suspensions 
at various concentrations (0.5%, 1%, 1.5%, 2%, 
2.5%, and 3% w/v) were carefully introduced. 
The inoculated plates were then incubated at a 
constant temperature of 37 °C for 24 hours.33,34

 The extent of bacterial inhibition, 
indicated by the diameter of the zone of inhibition, 
was measured to assess the antibacterial potential 
of the ZnO NPs, adhering to the established 
methodology (Table 4). To ensure accuracy, 
multiple plates were employed to calculate 
the average zone of inhibition for each ZnO 
concentration, as presented in Table 4. For 
comparison, standard antibiotic agents, namely 
gentamicin and enrofloxacin, were used as positive 
controls in this experiment.
 Similarly, the antibacterial efficacy of ZnO 
nanoparticle-coated cotton fabrics was scrutinized 
against both gram-negative (Escherichia coli) and 
gram-positive (Staphylococcus aureus) bacteria 

via the agar diffusion technique (Figure 3B). 
Fabric swatches, measuring approximately 8 
to 10 mm, were evenly pressed onto the agar 
surface and subsequently incubated at 37 °C for 
24 hours, alongside positive and negative controls. 
Postincubation, the presence of a clear zone-
indicative of disrupted bacterial growth-beneath 
and around the edges of the fabric pieces served 
as evidence of the antibacterial properties of the 
coated samples, as depicted in Figure 3B & Figure 
3C). The antibacterial impact of the fabrics was 
quantified by measuring the zones of inhibition 
surrounding the fabric pieces, with the results 
recorded in millimeters (mm) and detailed in Table 
3.

Quantitative analysis of antimicrobial activity
 Test material samples were agitated in 
a bacterial suspension of known concentration, 
and the subsequent reduction in bacterial activity 
was monitored over a standardized time frame. 
The effectiveness of the antimicrobial treatment 
was determined by comparing the reduction in 
bacterial concentration of the treated samples to 
that of the control samples, with results expressed 
as a percentage reduction over the standard time, 
as illustrated in the Table 2.

Figure 6. (A). Energy Dispersive X-Ray (EDX) spectrum of ZnO-coated cotton shows strong peaks for Zn (Zn La1, Zn 
Ka1, Zn Kβ1), O (Ka1), and C (C Ka1). (B). Elemental Map shows Spatial distribution of C (green), O (blue), and Zn 
(red) across the cotton fiber surface shows uniform ZnO presence along with the organic fiber matrix.
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 The percentage reduction was calculated 
via the following formula: R = 100 (A - B)/A. Here, 
R represents the percentage reduction, A denotes 
the number of microbial cells recovered from 
the uncoated cotton material immediately after 
inoculation (at “0” contact time), and B is the 
number of bacteria recovered from the broth 
inoculated with the treated test fabric sample 
after the designated contact period of 24 hours, 
as shown in Table 2.

RESULTS

X-ray diffraction (XRD) analysis
 The XRD patterns of the ZnO-coated 
cotton fabric prepared via the syringe desiccation 
technique are presented in Figure 4. The analysis 
revealed the presence of crystalline metal oxides 
on the cotton fibers (Figure 4). The pattern 
corresponds to the hexagonal phase of ZnO; 
however, the peaks are somewhat broad due 
to the nanosized crystallites. All the observed 
diffraction peaks were accurately indexed to the 
hexagonal ZnO wurtzite structure. Notably, the 
three major peaks at 2θ = 31.8, 34.5, and 37 can be 
attributed to the 100, 002, and 101 lattice planes, 
respectively (Figure 4A). Peaks at diffraction angles 
below 30° are characteristic of the cellulosic cotton 
material.
 No diffraction peaks corresponding to 
impurities were detected in the XRD patterns, 
indicating the high purity of the synthesized ZnO 
composites. The average crystallite size of the ZnO 
particles was calculated via Scherrer’s equation 
to be approximately 17.5 nm, which aligns with 
reported values for similar ZnO-coated cotton 
materials. The lattice strain, determined via the 
Williamson Hall method, was negligible, as shown 
in Figure 4B.

Field emission scanning electron microscopy 
(FESEM)
 Field emission scanning electron 
microscopy (FESEM) is an advanced imaging 
technique that allows for high-resolution 
examination of material surfaces at the nanoscale. 
When applied to ZnO nanoparticle-coated cotton 
fabric, FESEM provides valuable insights into the 
size, shape, distribution, and agglomeration of 

ZnO nanoparticles on cotton fibers. These details 
are essential for assessing the effectiveness 
and potential applications of a coating. The 
morphology of the ZnO nanoparticles (ZnO-NPs) 
deposited onto cotton fibers was analyzed via 
FESEM, and the elemental composition was 
determined via energy dispersive spectroscopy 
(EDS). The FESEM analysis confirmed that the 
ZnO nanoparticles on the cotton fibers were 
within the nanoscale range. As illustrated in 
Figure 5, the cotton fibers appear as long, flat, 
ribbon-like structures with a rough surface texture  
(Figure 5A).  The ZnO nanopartic les are 
predominantly spherical, although some exhibit 
slightly elongated or irregular shapes. These 
nanoparticles are generally smaller than the width 
of the cotton fibers.
 The distribution of ZnO nanoparticles on 
the cotton fibers is relatively uniform, although 
certain areas exhibit a slightly higher concentration 
of particles. The ZnO nanoparticles within 
these aggregates are compact and densely 
packed. FESEM images revealed that the ZnO-
NPs completely coated the fiber surface, as 
shown in Figure 5(A, B & C). This observation 
al igns with previous studies on s imilar  
materials. The SEM images, particularly those 
in Figure 5C, image B, clearly show that the 
ZnO nanoparticles thoroughly cover the fiber 
surface. Additionally, some agglomerates of ZnO-
NPs appear as networked nanoflakes, further 
illustrating the complex morphology of these 
coated fibers. The compact and dense nature 
of these aggregates, as depicted in the SEM 
images, underscores the thoroughness of the ZnO 
nanoparticle coating on the cotton fibers.35-37

Energy dispersive X-ray spectroscopy (EDS)
 Energy dispersive spectroscopy (EDS) 
is a microanalysis technique used to determine 
the elemental composition of materials. When 
applied to ZnO nanoparticle-coated cotton fabric, 
EDS is particularly useful for confirming the 
presence of zinc (Zn) and oxygen (O), quantifying 
the elemental composition, and identifying any 
additional elements that may be present, such 
as impurities. The EDS spectra of the ZnO-coated 
cotton samples, shown in Figure 6 (A & B), reveal 
the uniform distribution of ZnO among the other 
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elements in the sample. The spectra revealed the 
presence of key elements, including carbon (C), 
oxygen (O), and zinc (Zn), confirming the chemical 
composition of the ZnO-coated cotton samples, as 
detailed in Table 1. The EDS spectrum specifically 
highlights the Zn and O components, verifying 
that ZnO has been successfully deposited onto 
the cotton fibers. The presence of Zn atoms in the 
coated fibers further substantiates the formation 
of a ZnO coating on the fabric.

In vitro antimicrobial activity of the ZnO NPs
 The antimicrobial activity of ZnO 
nanoparticles (ZnO NPs) was evaluated against 
pure clinical isolates of Staphylococcus aureus and 
Escherichia coli via the standard agar well diffusion 
test. Freshly prepared Mueller-Hinton agar (MHA) 
Petri dishes were inoculated with pure cultures of 
these bacteria. The clinical isolates were resistant 
to enrofloxacin but sensitive to gentamicin and 
zinc oxide nanoparticles, as shown in Figure 3A. 
Multiple plates were used to calculate the average 
zone of inhibition for each concentration, as 
shown in Table 4. The 2% ZnONP concentration 
demonstrated the most potent antibacterial 
activity, producing a substantial zone of inhibition 
against Staphylococcus aureus. The 2.5% and 3% 
ZnO-coated fabrics exhibited progressively lower 
zones of inhibition and tended to settle in the well, 
indicating that 2% is the optimal concentration 
for achieving the maximum antibacterial effect 
against this particular bacterium. Similar trends 
were observed for Escherichia coli, further 
corroborating the concentration-dependent 
antibacterial properties of the ZnO-coated fabrics. 
These findings align with those of previous studies, 
confirming the potential of ZnO-coated cotton 
fabrics as effective antimicrobial agents.26,38-41

Antibacterial efficacy of ZnO NP-coated cotton 
fabric
 The antibacterial effectiveness of 
zinc oxide (ZnO)-coated cotton fabrics was 
tested against two commonly found bacterial 
strains: Staphylococcus aureus (a gram-positive 
bacterium) and Escherichia coli (a gram-negative 
bacterium). Pure cotton had no inhibitory effect 
on Staphylococcus aureus, which underscores 
the significant antibacterial capability of the ZnO 
coating.

 Among the ZnO-coated fabrics, those 
with a 2% ZnO concentration exhibited the 
most effective antibacterial activity, creating 
a considerable zone of inhibition against both 
Staphylococcus aureus and E. coli. These findings 
suggest that the antibacterial activity of ZnO-
coated cotton fabrics increases as the ZnO 
concentration increases, reaching an optimal 
level at 2.0%. However, further increases in 
the ZnO concentration to 2.5% and 3.0% led to 
reduced antibacterial effectiveness, likely due 
to the agglomeration of the ZnO nanoparticles. 
These results align with findings from earlier 
studies.36,42,43 Specifically, the average zone of 
inhibition was the largest for the fabrics coated 
with 2% ZnO nanosol, measuring 24 mm for 
Staphylococcus aureus and 19.5 mm for E. coli.
 In addition to the ZnO concentration 
in the coating, other factors can influence the 
antibacterial activity of ZnO-coated cotton fabrics. 
These factors include the size and morphology 
of the ZnO particles, the surface properties of 
the ZnO particles, the properties of the cotton 
fabric, the type of bacteria, and the environmental 
conditions.29,44-46

DISCUSSION

 The antimicrobial efficacy of ZnO 
nanoparticles is governed by multiple factors, such 
as their size, morphology, surface characteristics, 
and concentration. Smaller nanoparticles with 
a high surface area tend to exhibit enhanced 
antimicrobial activity.32,43 Additionally, surface 
modifications or coatings can modulate the 
antimicrobial properties of ZnO NPs.26,38 Zinc oxide 
nanoparticles (ZnO NPs) have been integrated into 
a wide array of antimicrobial solutions, finding 
their place in coatings for medical instruments, 
wound care products, fabrics, and food packaging 
materials. The broad-spectrum antimicrobial 
activity and low toxicity of these nanoparticles 
make them promising candidates for combating 
antimicrobial resistance and preventing the spread 
of infections.42,43,47,48

 Cotton fabric acquires specific functional 
attributes through a ZnO nanocoating, as revealed 
through a meticulous quality evaluation of 
the treated versus untreated fabric. These 
findings indicate that the treated fabric has 
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significant antibacterial properties. All the 
coated samples were effective against gram-
positive Staphylococcus aureus and gram-negative 
Escherichia coli bacteria. Notably, the sample 
coated with 2% ZnO nanoparticles had the highest 
antibacterial activity, eliminating 85.8% of the S. 
aureus bacteria and 84.5% of the E. coli bacteria. 
These outcomes align with earlier research 
findings.36,49-53

 T h e  c h a r a c t e r i z a t i o n  o f  t h e 
Zno nanoparticle-coated cotton fabric was 
meticulously carried out via three advanced 
analytical techniques: X-ray diffraction (XRD), field 
emission scanning electron microscopy (FESEM), 
and energy-dispersive X-ray spectroscopy (EDS). 
XRD analysis verified the presence of crystalline 
ZnO nanoparticles on the cotton fibers, with 
the diffraction pattern showing distinct peaks 
corresponding to the hexagonal wurtzite structure 
of ZnO. The average crystallite size, which was 
calculated via Scherrer’s equation, was determined 
to be 17.5 nm, which aligns with previous studies. 
The lattice strain, as calculated via the Williamson 
Hall method, was found to be negligible. FESEM, a 
high-resolution imaging technique, was employed 
to scrutinize the surface morphology of the 
ZnO nanoparticle-coated cotton fabric at the 
nanoscale. FESEM provided detailed insights into 
the size, shape, distribution, and aggregation 
of the ZnO nanoparticles on the cotton fibers, 
which is vital for evaluating the effectiveness and 
potential applications of the coating. EDS analysis 
offers elemental confirmation and quantification, 
which are essential for assessing the uniformity 
and quality of a coating. The characterization 
results provide a comprehensive understanding 
of the structural and morphological properties of 
ZnO-coated cotton fabric, which directly influence 
its functional performance.43 XRD confirmed 
the crystalline nature of the ZnO nanoparticles, 
ensuring the desired crystal structure for optimal 
functionality. FESEM images provided a detailed 
view of the morphological characteristics of the 
coated fabric, highlighting the ZnO nanoparticles 
and their distribution.42,54,47

 Fabrics used in healthcare environments 
can become reservoirs for pathogens, contributing 
to the spread of nosocomial infections, which is a 
significant challenge for infection control. Despite 

rigorous disinfection efforts, microbes persist 
on these fabrics, facilitating the transmission 
of infections through contact with bodily 
fluids or handling by health care workers.41,55 
This underscores the urgent need to develop 
antimicrobial fabrics, enhance disinfection 
protocols, and improve staff training on fabric 
handling to mitigate the transmission of infections 
and reduce healthcare-associated infections.41,56,57

 The applications of ZnO-coated cotton 
fabrics are diverse and promising, including the 
following: i) Healthcare textiles: hospital gowns, 
bed sheets, and wound dressings can benefit 
from their antibacterial properties ii) food 
packaging: ZnO NP-coated fabrics can prevent 
microbial spoilage and extend the shelf life of 
food items; iii) hygiene products: towels, wipes, 
and face masks; iv) water filtration membranes: 
ZnO nanoparticles can be incorporated into 
membranes to purify water and remove harmful 
bacteria; and v) protective clothing: uniforms 
for healthcare workers and first responders.43 

However, certain challenges remain, including A) 
washing and durability-maintaining the coating’s 
effectiveness over multiple washing cycles remains 
an area of research40,58,44; B) the production of 
high-quality ZnO nanoparticles and the coating 
process can be expensive; and C) the potential 
environmental effects of ZnO nanoparticles need 
further investigation.18,37,59-61

 The syringe desiccation technique offers 
several advantages for coating cotton fabric 
with ZnO nanoparticles, including improved 
moisture control, uniform coating, good adhesion, 
controllable thickness, and scalability. The coating 
method using a syringe and desiccant eliminates 
the need for stabilizing agents in the application 
of ZnO nanoparticles to cotton fabric. The coated 
fabric exhibited uniform nanoparticle distribution, 
strong antibacterial efficacy against E. coli and 
Staphylococcus aureus, and wash durability. 
For small-scale or prototyping applications, this 
technique offers a rapid and precise approach to 
coating textiles with metal oxide nanoparticles. 
The ability to precisely control the amount of 
nanoparticle deposition ensures consistent and 
reproducible results.
 Moreover, the potential for automation 
opens up the possibility of scaling up the process 
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for large-scale manufacturing. By integrating 
automated systems for nanoparticle dispersion, 
deposition, and drying, high-throughput coating 
of textiles with metal oxide nanoparticles can 
be achieved. This automation not only increases 
production efficiency but also enhances the 
consistency and quality of the coated textiles. 
Automated processes allow for precise control 
over various parameters, such as the nanoparticle 
concentration, deposition rate, and drying 
conditions, resulting in uniform and reproducible 
coatings. Overall, the combination of simplicity, 
efficiency, and scalability makes this novel coating 
technique a promising approach for both small-
scale and large-scale applications of metal oxide 
nanoparticles on textiles.

CONCLUSION

 The syringe desiccation technique is 
an innovative method for coating zinc oxide 
nanoparticles onto cotton fabric, offering improved 
uniformity, enhanced adhesion, simplicity, and 
cost-effectiveness. By controlling the release of 
a nanoparticle suspension through a syringe, this 
method is feasible and scalable. The coated fabric 
exhibited good antibacterial effects, making it 
suitable for healthcare applications. With potential 
for automation, this technique could enable large-
scale production of antibacterial, self-cleaning, 
and UV-protective textiles. However, challenges 
such as environmental impact and durability 
require further investigation. Collaborative efforts 
will advance this technique, integrating it into 
mainstream textile manufacturing for hygienic and 
durable fabrics.
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