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The structural, optical, and antimicrobial properties of silver oxide (AgO) nanoparticles fabricated by the
atmospheric plasma jet method were examined. The nanoparticles were deposited as thin films under variable
argon flow rates (0.5, 1.0, and 1.5 L/min) and characterized structurally, morphologically, and optically.
X-ray diffraction analysis confirmed polycrystalline films with a preferred (111) crystallographic orientation,
with crystallite size increasing from 15.78 to 18.85 nm at elevated flow rates, accompanied by a decline in
dislocation density and macrostrain. Atomic force microscopy revealed a reduction in surface roughness and
average particle size, suggesting the formation of smoother, more uniform films at higher flow rates. Optical
characterization indicated a marginal narrowing of the bandgap from 1.85 to 1.75 eV as the flow rate
increased. The antimicrobial efficacy was assessed against Gram-positive bacteria (Staphylococcus aureus,
Staphylococcus epidermidis), Gram-negative bacteria (Klebsiella sp., Escherichia coli), and the fungus
Candida albicans using the agar-well diffusion assay. Gram-positive bacteria demonstrated the greatest
susceptibility, with a mean inhibition zone of 27.50 + 1.64 mm, followed by fungi (25.33 £ 1.53 mm) and
Gram-negative bacteria (25.33 = 2.88 mm). The maximum inhibition zone of 29 mm was recorded for S.

aureus at a flow rate of 1.5 L/min.

1 INTRODUCTION

The accelerating prevalence of antimicrobial
resistance among pathogenic microorganisms has
emerged as a pressing global public health challenge.
Conventional antibiotics are progressively declining
in therapeutic efficacy owingto the development of
resistant bacterial and fungal strains, which has
driven the pursuit of alternative antimicrobial agents
with enhanced potency and extended activity
spectra [1]-[3]. Among the numerous strategies
proposedto overcomethis challenge, nanotechnology
has gained considerable interest due to its capacity to
fabricate nanostructured materials with distinctive
physicochemical and biological characteristics [4],
[5]. The strong antibacterial activity of silver-based
nanomaterials, especially silver nanoparticles
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(AgNPs), against a variety of microorganisms,
including fungi and Gram-positive and negative
bacteria, has been thoroughly investigated [6]-[8].
The antimicrobial properties of AgNPs are primarily
attributed to several well-established mechanisms,
including the production of reactive oxygen species
(ROS), destabilization of microbial cell membranes,
binding to intracellular proteins and genetic material,
and impairment of vital metabolic pathways [9]-[11].
These mechanisms collectively result in cellular
injury, suppression of microbial proliferation, and
ultimately loss of cell viability. Beyond their
antimicrobial efficacy, silver nanoparticles have also
demonstrated promising interactions with microbial
cells at the physiological level, influencing
membrane permeability, enzyme function, and
intracellular  biochemical pathways [12]-[14].
Various fabrication techniques have been developed
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for nanoparticle production, broadly classified into
chemical, physical, and biological approaches [15]-
[17]. Chemical routes include sol-gel [ 18], chemical
reduction [19], and hydrothermal methods [20],
whereas physical approaches such as laser
ablation [21], sputtering [22], and evaporation-
condensation [23] offer elevated purity and accurate
regulation of particle formation without requiring
chemical reagents [24]. In recent years, plasma-
assisted methods have emerged as highly effective
routes for synthesizing nanoparticles with tunable
dimensions, controlled morphology, and enhanced
surface reactivity [25]-[27]. Among these, the
atmospheric plasma jet technique has attracted
particular interest owing to its operational simplicity,
economic viability, and capacity to generate highly
reactive plasma species, including reactive oxygen
and nitrogen species (RONS), which are essential to
both nanoparticle nucleation and antimicrobial
processes [28]-[30]. Plasma-assisted fabrication has
further demonstrated its ability to enhance the
physicochemical properties of nanoparticles, yielding
superior antimicrobial performance compared with
conventional synthesis routes [31], [32]. Moreover,
the interaction between plasma-generated reactive
species and metal nanoparticles can produce a
synergistic antimicrobial effect, significantly
enhancing pathogen elimination [33], [34]. This
synergistic mechanism is especially critical when
targeting microorganisms with complex cell wall
architectures, such as Gram-negative bacteria and
fungal species [35], [36]. The physiological response
of microbial cells to such treatments encompasses
oxidative stress, membrane destabilization, and
disruption ofessential cellular metabolism [37], [38].
Consequently, the present study aims to examine the
physicochemical and antimicrobial performance of
AgO nanoparticles fabricated via the atmospheric
plasma jet technique against various microbial
strains, encompassing Gram-positive and negative
bacteria and fungi. Particular emphasis is placed on
assessing the impact of plasma operating parameters,
notably argon gas flow rate, on the antimicrobial
efficacy of the synthesized nanoparticles.

2 EXPERIMENTAL

A non-thermal atmospheric plasma jet setup
comprises several essential elements that ensure
efficient operation. The neon sign transformer is used
as a high-voltage electrical source, in which the rated
power is 13 kV and 0.5 mA at an operating frequency
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of 50 Hz. This transformer lowers total operational
expenses by substituting the conventional direct-
current power source, which is typically costly. A
voltage regulator regulates the input voltage of the
high-voltage transformer to maintain -efficient
operation of the plasma discharge system. The power
supply is designed to include overcurrent, open-line,
and earth-leakage protection, improving operational
stability and safety. The plasma jet configuration
consists of dual stainless-steel electrode needles
spaced apartby a 2.75 mm Teflon dielectric barrier.
The gas flow system ensures controlled gas delivery
at the designated flow rate to the plasma via a high-
pressure argon reservoir. Gas flow rates range from
0.5 to 2.5 liters per minute, ensuring gas is used in a
controlled, optimized manner. A schematic
representation of the system is depicted in Figure 1.
The plasma jet method was used to produce the
nanoparticles, which were then coated onto glass
substrates by spin coating to examine their optical and
structural properties. This demonstrates that the
method can synthesize nanoparticles.

Regulator |

Figure 1: Experimental setup of the atmospheric plasmajet.

Figure 2 illustrates the optical appearance of Ag
NPs colloidal suspensions fabricated via plasma-
assisted processing at varying argon flow rates.
Distinct variations in coloration and opacity are
readily observable across the samples, reflecting
differences in nanoparticle concentration, size
distribution, and colloidal stability. The deeper
coloration of certain suspensions is attributed to
enhanced nanoparticle yield, owing to more effective
plasma-precursor interaction and an elevated
generation of reactive species at higher flow rates.
Mueller-Hinton agar was freshly prepared,
autoclaved, and dispensed into sterile Petri dishes.
Bacterial suspensions were uniformly inoculated onto
the agar surface using a sterile swab. Antimicrobial
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efficacy was subsequently assessed using the agar-
well diffusion assay with 6 mm wells, and the
diameters of the resulting inhibition zones were
recorded after incubationat 37 °C for 24 hours. The
structural parameters were determined by XRD
(Shimadzu, 6000, Japan) using Cu Ko radiation
(A = 0.15406 nm). The surface morphology of the
deposited films was analyzed using AFM (AA 3000
Scanning Probe Microscope). The optical properties
were investigated via Cary 100 UV-Visible
spectrophotometer.
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Figure 2: Plasma-assisted Ag nanoparticle suspensions
prepared at different gas flow rates: (1) 0.5 L/min, (2) 1.0
L/min, and (3) 1.5 L/min.

3 RESULTS AND DISCUSSION

Figure 3 presents the X-ray diffraction (XRD)
patterns of AgO thin films deposited at argon flow
rates of 0.5, 1.0, and 1.5 L/min. All diffraction
patterns exhibit well-defined peaks, confirming the
polycrystalline nature of the deposited films. The
major reflections observed at 34.11°,37.16°,52.43°,
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and 62.22° correspond to the (002), (111),(020), and
(220) crystallographic planes, respectively. The
diffraction peaks are in good agreement with the
standard JCPDS card No. 43-1038, confirming the
successful formation of crystalline AgO thin films
[15]. Amongthe observed reflections, the (111) plane
exhibits the highest intensity, indicating a preferred
crystallographic orientation.

The structural parameters derived from the XRD
analysis are summarized in Table 1. The crystallite
size increases from 15.78 nmto 16.56 nmand 18.85
nm as the argon flow rate increases from 0.5 to 1.5
L/min. This trend indicates that higher argon flow
rates promote crystallite growth during film
deposition. The increase in crystallite size is
attributed to improved plasma discharge conditions,
which enhance adatom surface mobility and facilitate
grain coalescence, resulting in larger crystalline
domains and fewer grain boundaries [39], [40].

The dislocation density decreases progressively
from 62.81 x 10" to 52.43 x 10" lines/m? with
increasing argon flow rate, indicatinga reduction in
crystallographic defects and an improvement in the
crystalline quality of the deposited films [41], [42].
Similarly, the lattice strain decreases from 29.36 x
1073t0 22.64 x 1072 as the argon flow rate increases,
suggesting reduced internal stress and enhanced
structural ordering resulting from improved atomic
arrangement during film growth [43]-[45]. The
corresponding structural parameters are summarized
in Table 1, while Figure 4 illustrates the variation of
FWHM, crystallite size, dislocation density, and
lattice strain as a function of argon flow rate.

The surface morphology of the AgO thin films
was investigated using atomic force microscopy
(AFM), and the corresponding three-dimensional
images are presented in Figure 5. All samples were
scanned over an area of 2 X 2 um? and exhibit a
homogeneous nanostructured surface with uniformly
distributed grains. The extracted AFM parametersare
summarized in Table 2. The average particle size
decreases from 84.5 nm to 75.0 nm and 62.9 nm as
the argon flow rate increases from 0.5 to 1.5 L/min.
Likewise, the average surface roughness (Ra)
decreases from 7.83 nm to 6.41 nm and 4.28 nm,
while the root-mean-square (RMS) roughness
decreases from 6.92nmto 5.41 nmand 4.85 nm. The
reduction in particle size and surface roughness
indicates that higher argon flow rates improve the
uniformity and compactness ofthe deposited films by
enhancing plasma-precursor interactions during the
deposition process [46].
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Table 1: Structural and optical parameters of AgO thin films.
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Gas flow rate (L/min) | 2 6(°) | (hkl) Plane FWHM (°) | Eg(eV) | D (nm) ?li(nxe;/(r)n% €(x104)
0.5 37.16 111 0.76 1.85 15.78 62.81 29.36
1.0 37.16 111 0.73 1.80 16.56 58.71 26.39
1.5 37.08 111 0.70 1.75 18.85 52.43 22.64
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Figure 3: XRD patterns of AgO thin films deposited at different argon flow rates.
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Figure 4: Variation of structural parameters of AgO thin films with argon flow rate: a) FWHM, b) crystallite size (D),
c) dislocation density (), and d) lattice strain (g).
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Figure 5: AFM images of AgO thin films deposited at different argon flow rates.
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Table 2: AFM parameters of AgO thin films.

Gas flow rate (L/min) Pav (nm) R, (nm) RMS (nm)
0.5 84.5 7.83 6.92
1.0 75.6 6.41 541
1.5 62.9 4.28 4.85

The optical absorbance spectra of the AgO thin
films are presented in Figure 6. The absorbance was
measuredover thewavelengthrange of300-900nm
for films deposited at argon flow rates of 0.5, 1.0,
and 1.5 L/min. The film prepared at the highest flow
rate exhibits the greatest absorbance throughout the
investigated spectral range, whereas the film
deposited at 0.5 L/min shows the lowest
absorbance. The enhanced optical absorption with
increasing argon flow rate is attributed to the
improved crystallinity, higher film density, and
stronger light-matter interaction resulting from
enhanced plasma deposition conditions [44], [47]-
[49].
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Figure 6: Optical absorbance spectra of AgO thin films
deposited at different argon flow rates.
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Figure 7: Optical band-gap energy of AgO thin films at
different argon flow rates.

The optical band-gap values obtained from the
absorption spectra are presented in Figure 7. The
band gap decreases gradually from 1.85 eV to 1.80
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eV and 1.75 eV as the argon flow rate increases
from0.5to 1.5 L/min. This gradual narrowing ofthe
band gap is attributed to the increase in crystallite
size and the improvement in structural ordering,
which modify the electronic states near the valence
and conduction bands [50]-[52].

The antimicrobial activity of AgO nanoparticles
was evaluated against Gram-positive bacteria,
Gram-negative bacteria, and fungal isolates by
measuring the inhibition-zone diameters for
samples prepared at different argon flow rates (0.5,
1.0, and 1.5 L/min). Figure 8 shows that the Gram-
positive bacterial strains Staphylococcus aureus and
Staphylococcus epidermidis exhibit the highest
susceptibility to the AgO nanoparticles, as
evidenced by the largest inhibition zones. This
enhanced sensitivity is attributed to the relatively
simple cell-wall structure of Gram-positive
bacteria, which lacks an outer membrane and
therefore allows easier penetration of silver
nanoparticles and plasma-generated reactive
species, leading to oxidative stress, disruption of
cellular functions, and ultimately cell death [51].

The inhibition zone of S. aureus increases from
25 mm at an argon flow rate of 0.5 L/min to 29 mm
at 1.5 L/min, indicating thathigher argon flow rates
enhance the antimicrobial activity of the deposited
films. In contrast, S. epidermidis exhibits nearly
constant inhibition zones of approximately 28-29
mm over the investigated flow-rate range,
suggesting that its antimicrobial response is only
weakly affected by the deposition conditions [52]—
[54]. The corresponding inhibition-zone values are
summarized in Table 3.

The average inhibition-zone diameter for the
Gram-positive bacteria reaches 27.50 + 1.64 mm,
demonstrating excellent antibacterial activity [55],
[56]. The strong antimicrobial performance is
attributed to the interaction of AgO nanoparticles
and plasma-generated reactive species with the
bacterial cell wall, resulting in membrane damage,
oxidative stress, and disruption of essential
metabolic processes [57], [58].

Figure 9 presents the antibacterial activity
against Gram-negative Dbacteria, including
Escherichia coliand Klebsiella sp. Compared with
the Gram-positive strains, these bacteria exhibit
smaller and more variable inhibition zones. Their
lower susceptibility is mainly attributed to the
presence of an outer membrane rich in
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lipopolysaccharides, which acts as an effective
barrier against the penetration of silver
nanoparticles andreactive plasmaspecies [59],[60].

The inhibition zone of E. coli decreases from 29
mm to 21 mm as the argon flow rate increases from
0.5 to 1.5 L/min, whereas Klebsiella sp. exhibits the
largest inhibition zone of 28 mm at an intermediate
flowrate of 1.0 L/min. These quantitativeresults are
summarized in Table 3. Statistical analysis
presented in Table 4 shows that the Gram-negative
bacteria exhibit a lower average inhibition zone
(25.33 + 2.88 mm) together with a larger standard
deviation, indicating greater variability in their
antimicrobial response [61], [62].

Figure 8: Antibacterial activity of AgO nanoparticles
against Gram-positive bacteria at different argon flow
rates.

Table 3: Inhibition zone diameters (mm) of Gram-
positive bacteria, Gram-negative bacteria, and fungi at
different gas flow rates.

Inhibition zone(mm)

Bacteria and Fungi Type 0.5 1 1.5
L/min | L/min | L/min
G S.aureus 25 26 29
Positive | S.epidermidis 28 29 28
G . Klesbsiella 24 28 25
Negative sp.

Figure 10 illustrates theantifungal activity of the
AgO nanoparticles against Candida albicans. The
observed inhibition zones confirm the effective
suppression of fungal growth and demonstrate the
ability of plasma-synthesized AgO nanoparticles to
damage fungal cell wallsand interfere with essential
metabolic processes through the combined action of
silver nanoparticles and plasma-generated reactive
species [63], [64].
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Figure 9: Antibacterial activity of AgO nanoparticles
against Gram-negative bacteria at different argon flow
rates.

Figure 10: Antifungal activity of AgO nanoparticles
against Candida albicans at different argon flow rates.

The inhibition zone diameters for Candida
albicans varied from 24 to 27 mm, with a mean
value of 25.33 + 1.53 mm, indicating a moderate
antifungal response, as shown in Tables 3 and 4.
The observed differences in inhibition zone size
with varying gas flow rates imply that flow rate
affects the production and activity of silver
nanoparticles and the reactive species generated by
plasma, as well as their interactions with the fungal
cell wall. The intricate structure of the fungal cell
wall, which is mainly composed of chitin and
glucans and provides strong defence against
external antimicrobial chemicals, is largely
responsible for this behaviour [64], [65]. The
inhibition zone sizes showed for different gas flow
rates are shown graphically in Figure 11 for a more
quantitative comparison of antimicrobial activity
across various microbial strains. This image shows
how gas flow rate affects the effectiveness of silver
nanoparticles and the reactive species produced by
plasma against bacterial and fungal cells [58].



Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), July 2026

Table 4: Descriptive statistical analysis (mean + SD) of inhibition zone diameters for different microbial groups.

Microbial group Microorganism 0.5 L/min | 1 L/min | 1.5 L/min Mean (mm) |  SD(mm)
S. aureus 25 26 29 -
Gram-positive S. epidermidis 28 29 28 -
Group mean = SD - 27.5 | 1.64
Klebsiella sp. 24 28 25 -
Gram-negative E. coli 29 25 21 -
Group mean + SD - 25.33 2.88
Fungi Candida albicans 25 [ 24 27 25.33 1.53
¥ RO (Umg) M (Lmin} S5 /min) composed of chitin and glucans, is thought to be
2 | responsible for their intermediate response, as it
t partially limits the efficacy of antimicrobial
E20
= drugs [66].
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5
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Figure 11: Inhibition zone diameters of microbial strains
treated with plasma-assisted AgO nanoparticles at
different argon flow rates.
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Figure 12: Mean inhibition zone diameters (mean = SD)
for Gram-positive bacteria, Gram-negative bacteria, and
fungi treated with plasma-assisted AgO nanoparticles.

Gram-positive bacteria had the largest mean
inhibition zone, followed by fungi, while Gram-
negative bacteria had the smallest mean inhibition
zone and the greatest variability, according to the
descriptive statistical analysis of inhibition zone
diameters, summarised in Table 4 and illustrated in
Figure 12. This pattern reflects inherent differences
in microbial cell structure: Gram-positive bacteria's
lack of an outer membrane increases their
susceptibility to plasma-generated reactive species
and nanoparticles of silver, while Gram-negative
bacteria's outer membrane functions as abarrierthat
limits the effectiveness of antibiotics. The complex
composition of fungi's cell walls, which are mostly
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nanoparticles with tunable structures, optical
properties, and antimicrobial activity. The gas flow
rate used in the synthesis is highly relevant to
determining the physicochemical properties of the
nanoparticles. Higher flow rates lead to larger
crystallite sizes, lower lattice strain and dislocation
density, and a smoother surface shape, ultimately
increasing the performance of the films in resisting
more microbes. The antimicrobial study shows that
the AgO nanoparticles are highly active against the
entire class of microorganisms. Gram-positive
bacteria showed a stronger antigenic response in
this manner due to their simpler cell wall structure,
whereas Gram-negative bacteria were less sensitive
(due to the shield) because of the protection
provided by the cell wall. The fungal strain Candida
albicans had a moderate, flow-rate-dependent
response. The best effectiveness of antimicrobial
agents was obtained at 1.5 L/min, and a successful
strategy of synthesis for the bacteria must therefore
be considered. The combination of reactive oxygen
and nitrogen in plasma and silver in nanoparticles
for bacterial inflammation led to microbial
inactivation due to oxidative stress, membrane
modification, and negative interaction of cells with
the cells.
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