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In this present study, the fabrication of silver nanoparticles (NPs) is
achieved through @-switched Nd:YAG-laser ablation. A disc-shaped silver
target immersed in deionized water served as the substrate for the abla-
tion process. Varying number of pulses, specifically, 300 and 500 pulses,
is used along with two laser fluences of 6.86 J/cm? and 12.73 J/cm?. To
ascertain the nanoparticles’ morphological and optical attributes, UV—Vis
spectrophotometry, transmission electron microscopy (TEM) and field-
emission scanning electron microscopy (FE-SEM) analyses are employed.
The augmentation of absorbance spectra proportional to pulse counts indi-
cates escalated silver-nanoparticles’ concentrations. The absorption spec-
tra exhibit surface-plasmon resonance peaks at = 400 nm, which are inten-
sified with increasing laser pulses. An observable decrease in the optical
band gap is also noted. TEM and FE-SEM analyses corroborate the exist-
ence of nearly spherical Ag nanoparticles. The analyses reveal their aver-
age diameters of approximately 34 nm and 57 nm for laser fluences of
6.36 J/cm? and 12.73 J/cm?, respectively. Intriguingly, the inhibitory
effect on Klebsiella pneumoniae and Staphylococcus aureus is more pro-
nounced with Ag NPs generated at lower laser fluence, despite the equiva-
lent pulse number.

Y npomy mocaimkenHi BuroroBiaeHHsa HamouacTuHOK (HY) cpibma 6ymo mo-
CATHYTO 3a gomomoroio abusarii smasepom Nd:YAG i3 momyasiiiero 100pOTHO-
cru. Cpibua wmimreHp y ¢opmi aumcka, 3aHypeHa y AeliOHi30BaHy BOIy, CJY-
ryBajia IiAKJaAWMHKOI y Iporeci abasarii. Bysno sacTocoBaHO pisHY Kijb-
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KicTp iMmmysbciB, a came, 300 i 500 immynbciB, pasom i3 gBoMa JIazepHUMU
dmroercamu y 6,36 Ix/cm? i 12,73 Iax/cm?. ITo6 BusHauumTy Mopdosorid-
Hi 1 ONTMYHI XapaKTEePUCTUKU HAHOUYACTUHOK, BUKODPHCTOBYBAJMU CIIEKTPO-
¢doromerpio Y®- i BUAUMOro AisAna3oHiB, TPAHCMICiIiHY eJIEKTPOHHY MiKpoO-
cxomito (TEM) i cxkamyBanbHy eJeKTPOHHY MiKPOCKOMiI0 3a JOIIOMOTOI0
mosboBoi emicii (IIM-CEM). 36inbllleHHsa CIIeKTPiB BOMpPaHHA HPOIIOPIiNHO
KiJbKOCTi iMOyJabciB BKasyBajio Ha MIiABUINEHHSA KOHIEHTpAaIlil HamodacTu-
HOK cpibsa. CekTpu BOMpPaHHA MOKAa3aj Iy MiKM ITOBEPXHEBOTO IIJIAa3MOHHOTO
pesonamcy B okoiai = 400 uM, AKi mocuiaioBamuca 3i 30iIbIIIEeHHAM Ja3epHUX
iMmoynbciB. Tako:x O0ys0 BiABHAUEHO NMOMiTHe 3MEHINIEHHA ITUPUHU 3a60PO-
Henoi 3ouu. AHaiiza ganux TEM i ITE-CEM miaTBepau/ia HasgBHiCTL MaiiiKe
cheprnuyHNX HAHOYACTUHOK cpibJsia. AHajisa BuABMJIA iXHi cepegHi mismerpu
mpubau3HEo y 34 HM i 57 HM /I IOTOKiB JasepHOTO cBitia v 6,36 ix/cm? i
12,73 I:x/cm? Bimmosimmo. IlikaBo, mjo imri6yBanbHa nis Ha Klebsiella
pneumoniae ta Staphylococcus aureus Oyna 6inbin BupaskeHoo 3 Ag HY,
CTBOPEHMMHU 3a MEHIIIOTO IIOTOKY JIa3ePHOTO CBiTJa, He3Ba)Kaiouw Ha €KBi-
BaJIEHTHY KiJIbKicThb iMITyJIbCiB.

Key words: laser ablation, silver nanoparticles, nanoparticle size, antibac-
terial activity.

Karouori cioBa: sasepHa abasIisi, HAHOYACTUHKU cpibja, po3mip HaHoUac-
TUHOK, aHTHOaKTepisibHa aKTUBHICTD.

(Received 17 August, 2023)

1. INTRODUCTION

In the past ten years or so, there has been a significant increase in
the risk of biological and bacterial attacks, particularly, in areas,
which are used for human consumption, like food, food packaging
and water. Scientists have been inspired by the rising risk to create
new, risk-free, and simple-to-use inorganic antibacterial nanoparti-
cle substances. Certain materials, like metal-oxide semi-conductors,
could produce entirely new materials with optical and/or electronic
properties, when their dimensions are shrunk to the nanoscale. This
makes it possible for researchers to examine the advantages of na-
nomaterials in a variety of fields, including biomedicine, optoelec-
tronics and the environment [1-3].

The use of nanoparticles as new agents to inhibit microbial
growth has increased as a result of the development of antibiotic
resistance [4]. Optimized synthesis of nanoparticles (NPs) increased
the production of ultrapure and perfectly spherical NPs with small-
er average sizes [5]. Ultrashort laser-pulse interaction with materi-
als has received much attention from researchers in micro and na-
nomachining, especially for the generation of nanoparticles in liquid
environments, because of the straightforward method and direct
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application for organic solvents. In addition, the colloidal nanopar-
ticles produced by laser ablation have very high purity they are free
from surfactants and reaction products [6]. Moreover, the pulsed-
laser ablation in liquid (PLAL) technique is gaining more im-
portance due to its simplicity, rapid rate of formation of nanoparti-
cles and eco-friendly approach [7]. There are numerous literature
papers on laser interaction with hard and soft materials that focus
on potential future applications in the fields of biomedicine and
nanoenergy production [8]. Typical laser parameters that affect the
ablation rate include wavelength, fluence, pulse duration, repetition
rate, the target materials’ ability to absorb light, transmission, la-
ser pulse energy, and the chemical makeup of the liquid [9—-11].

Laser parameters can be used to modify the size, shape, surface
properties, aggregation state, solubility, structure, and chemical
makeup of nanoparticles. The same processes could be used with
various types of materials to create nanostructured materials in a
variety of shapes and sizes. Besides, when a solid target is ablated
in liquid, hot plasma is created, the surrounding liquid is vapor-
ized, and a cavitation bubble (CB) is created. In this bubble, target
atoms and clusters as well as liquid species can react under extreme
pressure and temperature conditions. The ablation products quickly
cool to room temperature once they are released into the surround-
ing liquid [12].

Among all metallic nanoparticles, silver NPs have the most intri-
guing physical characteristics for biosensing, and its antimicrobial
properties can be improved by adjusting its size at the nanoscale.
Additionally, Ag NPs with nanoscale sizes demonstrated potent bac-
tericidal activity against both gram-positive and gram-negative bac-
teria. However, this technique is preferred for producing nanoparti-
cles because it does not involve any potentially dangerous materials.
In other techniques, the nanoparticles are contaminated with sub-
stances that might be harmful to human cells due to the use of sur-
factants or chemical precursors [13, 14]. A metallic-nanoparticles’
surface-plasmon resonance peak (SPRP) is produced, when light ex-
cite the electrons within it, resulting in a resonant oscillation in the
visible range, the SPRP is related to the size of the particle [15].
Gram-negative rod-shaped bacilli known as Klebsiella bacteria can
be found in the intestines of people, animals and the environment
[16]. A typical species of Klebsiella pneumoniae is known to cause a
number of infections in people, including pneumonia, intra-
abdominal infections, and urinary tract infections. Additionally, it
is a pathogen, which is multidrug resistant and frequently causes
serious morbidity and mortality in healthcare settings [17]. Besides
that, Staphylococcus aureus is a gram-positive coccus that can cause
a variety of clinical infections, such as abscesses, pneumonia, sepsis
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and it is a significant contributor to food poisoning [18, 19]. S. au-
reus has the capacity to develop resistance to antimicrobial agents,
making treatment and control of infections challenging [20].

The current study uses the PLAL technique to create silver nanopar-
ticles under controlling the number of pulses and ablated energies.
Using UV-Visible spectrophotometer, transmission electron micros-
copy and field-emission scanning electron microscopy analyses, the
optical and morphology characteristics of the prepared samples were
examined. Ag NPs were used to test the antibacterial effectiveness
against Klebsiella pneumoniae and Staphylococcus aureus.

2. EXPERIMENTAL METHODS
2.1. Preparation of Silver Nanoparticles

A silver metal plate (high-purity of 99.99% ) disc-shaped with dimen-
sions 2 cm in diameter and 2 mm thick, Ag target were cleaned with
acetone for 5 min before ablation in order to remove the oxide layer
that was formed due to exposure to air and was placed at the bot-
tom of the beaker is filled with 5 ml of deionized water (DIW). The
distance between the target and the laser source is of 10 cm. Under
mechanical stirring, the target was irradiated with the focused out-
put of fundamental wavelength 1064 nm of nanosecond pulsed Q-
switched Nd:YAG laser with the pulse repetition rate and pulse du-
ration of the laser were 7 Hz and 10 ns, respectively, with operated
at two different laser fluences of 6.836 J/cm?® and 12.73 J/cm?, and
the number of pulses was 300 and 500 pulses for each energy. The
experimental setup for laser ablation is illustrated in Fig. 1.

Incident laser beam

Nd:YAG laser
1064 nm
6.34 and 12.73 J/cm?

with 300 and 500 pulses

Beaker
Ag nanoparticles

Silver target

Rotator — &

Fig. 1. PLAL system schematic diagram.
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2.2. Agar Well Diffusion Method and Antibacterial Activity of Ag NPs

Mueller Hinton agar of 37 g was dissolved in 1 litter of distilled water
to form a medium. A sterilization tool known as a syringe (autoclave)
was used to sterilize the medium, and the pH was adjusted to 7.2. After
that, it is transferred to disposable Petri dishes and put into the re-
frigerator at 4°C until it is needed. The disposable Petri dishes are
placed on a flat surface and poured into them to a depth of about 4 mm.
With 500 pulses of samples, the antibacterial activity of laser fluence
of 6.36 J/cm?and 12.73 J/cm? of Ag NPs was assessed against two bac-
terial strains, Klebsiella pneumoniae (gram-negative) and Staphylo-
coccus aureus (gram-positive). In this method, the bacteria were thor-
oughly wiped on the media of the plates using sterile cotton swabs.
Then, 150 pl of a solution containing silver NPs was added to the spot
that had been prepared for each kind of bacteria. The test organism and
Ag NPs were then added to the plates, which were then incubated at
37°C for 24 hours. By observing the inhibition zone and the surface
transformation into a transparent layer after incubation, which indi-
cated the inhibition of bacterial growth, it was possible to determine
the effect of Ag NPs on the growth of bacteria.

3. RESULTS AND DISCUSSION
3.1. The Optical Absorption Analysis
The spectroscopic absorption of a synthesized colloidal solution of

Ag NPs in deionized water was examined using a Shimadzu (UV-
1800) UV—-Vis spectrophotometer. As shown in Fig. 2, the observed

. 2.0
1.8 AgNPs 18] AgNPs
5 1O 6.36 Jjem*| g o 12.73 J/em?
o 14 2 1— pulse = 300 @ ] 2 I— pulse = 300
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=] =]
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Fig. 2. Absorption spectra of Ag NPs in DIW prepared by PLAL at (a)
6.36 J/cm? and (b) 12.73 J/cm? at various numbers of pulses: 300 and
500.
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increase in absorption shows that the absorption spectra of silver
NPs exhibit absorbance as a function of wavelength. The increase in
absorption, as both the number of pulses and the laser fluence in-
crease, indicates an increase in concentration. The colour change of
the solution and the appearance of the surface plasmonic resonance
peak are considered evidence for the formation of Ag nanoparticles.
The elevation has been found to have higher light absorption at
=400 nm, which returns to the SPRP, indicating the formation of
spherical particles. Furthermore, on the higher wavelength side,
which includes the visible spectrum and wavelengths up to 500 nm,
the NPs have a low absorption value (high transmission). It is also
shown in the figure that the spectrum of laser fluence is of 12.73
J/cm?, which is more than 6.86 J/cm?, that indicates an increase in
concentration and possibly size nanoparticles as well.

90000 100000
80000 AgNPs 90000 AgNPs
6.36 J/cm? 80000 2 12.73 J/cm?®

700001 21— pulse - 300 - 0000] 1— pulse = 300
~ 60000 2— pulse = 500 - 2— pulse = 500
i 2 60000
E 50000 g 50000]
" 40000 3 40000]

30000 4 30000

20000 20000

10000 100004

S0 300 a0 S0 edo 790 800 050 300 400 S0 6h0 70 800
A, nm A, nm
a b

Fig. 3. Absorption coefficient of Ag NPs as a function of wavelength pre-
pared by PLAL at (a) 6.86 J/cm? and (b) 12.73 J/cm?.
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Fig. 4. Optical band gap of the silver NPs prepared at (a) 6.86 J/cm? and
(b) 12.73 J/cm?.
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The incident photon energy, as well as the properties of the ma-
terial itself, has an impact on a materials’ absorption coefficient.
According to Beer’s law, the transmission (T) and reflection (R)
spectra are related to the absorption coefficient [21]:

_ 2 _ 2
o= 1 log d-FR) + (- R) ’
d 2T J2T? + R®

where d is the thickness of the sample. The absorption coefficient
(o) at the wavelength of maximum absorption increases with the
number of pulses and laser fluence, due to the concentration of sil-
ver NPs increased as shown in Fig. 3.

An important factor affecting materials’ optical and electronic
properties is the optical band gap E;’pt’ .The optical band gap of the
silver NPs was determined using the Tauc plot and UV-Vis spec-
troscopy. The samples’ E;,’pt' was calculated by fitting the equation
to the data [22]:

(1)

(ahv)'* = k(hv - EP"), (2)

where k is a constant of effective mass, Av is the energy of the in-
cident photons.

Figure 4 shows that as the number of pulses increases, the optical
band gap experiences a slight decrease. The quantum confinement
effect is responsible for this reduction. Additionally, the high laser
fluence can also have this effect. The laser fluence can heat up the
target more, removing more NPs and making it larger, and the opti-
cal energy gap narrowing as a result.

3.2. Particle Size and Morphology Analysis
3.2.1. Transmission Electron Microscopy Analysis

Transmission electron microscopy (TEM) analysis was used to con-
firm the average particle size and morphology of silver NPs prepared
by the PLAL technique at laser fluences of 6.836 J/cm® and 12.73
J/cm? with 500 pulses.

The TEM image in Fig. 5 shows that NPs have morphology, which
is almost spherical. Ag NP diameters are between 37 and 51 nm for
6.36 J/cm? and 12.73 J/cm?. On the other hand, because metal nano-
particles tend to agglomerate, the agglomeration of nanoparticles can
be attributed to the absence of antiagglomeration agents in the col-
loidal aqueous solution.

It is shown by TEM image analysis that, with increasing of laser
fluence, the concentration and size of silver nanoparticles increase.
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Fig. 5. TEM image of Ag NPs and the particle-size distribution: (a) 6.36
J/cm?, (b) 12.73 J/cm? at the same number 500 pulses.

3.2.2. Field-Emission Scanning Electron Microscopy Analysis

Utilizing the field-emission scanning electron microscopy (FE-SEM)
analysis at a 200 kx magnification, it possible to analyse the mor-
phology and particle-size distribution of Ag NPs at 6.36 J/cm?® and
12.78 J/cm® with 500 pulses. In Figure 6, the FE-SEM image and
distribution histograms show information for Ag nanoparticles with
a size range from 31 nm to 63 nm. The spherical shape and uniform
distribution of the nanoparticles are obvious. UV-Vis and TEM
measurements support these findings.

3.2.3. Antibacterial Activity of Ag NPs

The inhibitory activity of silver nanoparticles was examined against
two bacterial strains: Klebsiella pneumoniae and Staphylococcus au-
reus. Using the etch diffusion method on the surface of the agar to
determine the effect of the prepared nanoparticles with two laser
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Fig. 6. FE-SEM micrographs of Gaps and the particle size distribution for
(a) 6.36 J/cm? (b) 12.73 J/cm? at 500 pulses.

fluences of 6.36 J/cm? and 12.73 J/cm? with 500 pulses. The con-
trol medium as a negative control (the solution used in the experi-
ment (DIW)) does not show a growth-inhibiting effect on bacterial
strains. Additionally, silver ions released from the nanoparticles
can also cause damage to bacterial DNA and interfere with cellular
processes. On the other hand, due to particle size, our study reveals
that silver NPs exhibit varying degrees of antibacterial activity; it
was found through our study that the inhibitory effect of the silver
nanoparticles is greater for the particles prepared at 6.36 J/cm?,
more effective compared to the nanoparticles prepared at 12.73
J/cm? and with the same number of pulses as shown in Fig. 7 and
Fig. 8.

The ability of nanoparticles to interact with cell walls or even
pass through them and directly change intracellular components de-
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Fig. 7. The antibacterial activity test results for Ag NPs prepared for laser
fluences of 6.36 J/cm? and 12.73 J/cm? at a number of 500 pulses for: (a)
Klebsiella G(+v,), (b) S. aureus G(-v,).

i

AgNPs, AgNPs,
6.36 J/cm? 12.73 J/cm?

Fig. 8. Histogram for the inhibition zone as a function of the sample pre-
pared for laser fluences of 6.36 J/cm? and 12.73 J/cm?.

pends largely on their physical and chemical properties, such as
concentration and type of substance. This also allows them to have
an inhibitory effect on pathogenic bacteria. Due to the low concen-
tration of nanoparticles prepared using PLAL technique compared
to other techniques, it is observed that there is weak diffusion of
NPs, which produces a rather weak inhibition zone.

4. CONCLUSION

Pulsed-laser ablation of a silver target immersed in deionized water
is used to synthesize noble metal nanoparticles. The result shows that
the ablation rate increased as the number of pulses increased and the
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laser fluence increased. The absorption spectra show a sharp and sin-
gle peak at around 400 nm, which produces a stronger plasmon reso-
nance. TEM and FE-SEM images indicate a change in the size of Ag
nanoparticles with increasing laser fluence, and the surface morphol-
ogy is predominantly spherical. Furthermore, the findings of our
study indicate that Ag nanoparticles have an antibacterial effect
against both Klebsiella pneumoniae and Staphylococcus aureus, espe-
cially at low laser fluences.
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