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In the current research, Q-switched Nd:YAG-laser ablation is used to cre-
ate the copper-oxide nanoparticles (NPs). A disc-shaped copper target is
subjected to the ablation procedure, while it is submerged in double-
distilled water. The ablation is carried out with pulse counts ranging from
100, 200, 300, 400, and 500 with two different energy levels, namely,
200 mdJ and 400 mdJ. Transmission electron microscopy (TEM), x-ray dif-
fraction analysis (XRD), and UV-vis spectrophotometry are used to de-
termine the morphological and optical properties of nanoparticles. An in-
crease in the absorbance spectrum with an increase in the number of puls-
es indicates an increase in the concentration of copper-oxide nanoparti-
cles. The peaks of surface-plasmon resonance at 217 nm are seen in the
absorption spectra as the laser pulses increased. A slight reduction in the
optical band gap is occurred too. CuO-NPs’ formation is verified by XRD
analysis, which also reveals that the copper-oxide NPs’ structure is a
monoclinic lattice. Further, the results of the TEM and UV-vis analyses
show that there are presented CuO nanoparticles. CuO nanoparticles,
which are nearly spherical, are found, according to the findings of the
TEM and UV-vis analyses. When 200 mdJ and 400 mdJ of energy are used,
it is discovered that the average diameters of these nanoparticles are of
about 46 nm and 52 nm, respectively. Additionally, our study results
show that CuO NPs at 200 mdJ are more effective for inhibiting S. aureus
and E. coli than they are at 400 mdJ with the same number of pulses.

VY morounomy gocuaimxenui abasamia smasepom Nd:YAG iz mopyisrmiero mo6-
POTHOCTM BUKOPHCTOBYBAJU AJs CTBOPEHHA HAHOYACTHMHOK oKcuay Kympy-
my. [duckomonibHy MigHy MilleHb migmaBaju MPOIERypi abiasArii, 3aHypIioo-
uyy ii y ABiui gucTuaboBaHy BOAy. AOJIAIiI0 MPOBOAUMIN 3 MiAPaXyHKOM iM-
myabciB y miamasoui Bim 100, 200, 300, 400 i 500 3 mBoMa pisHUMU PiBHA-
mu eneprii, a came, 200 mIx i 400 mIx. Hna BusHaueHHA MOPQOJIOTIU-
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HUX Ta ONTUYHUX BJACTHUBOCTEH HAHOUACTUHOK BUKOPHCTOBYBAJU ITPOCBIT-
JIIOBAaJIbHY eJeKTPoHHY MiKpockomito (IIEM), peHTreHiBCchbKY Amppakiiiiny
anamnizy (PIA) Ta cneKTpohoTOMETPUUHY aHAJNisy V BUAUMIiN Ta yabTpadi-
0JIETOBi#l oOJsacTAX cBiTJia. 30iJbIIIeHHSA CIEKTPY IOTJIMHAHHA 3i 306iJbIlIeH-
HAM KiJIBbKOCTM iMIOyJIBCiB CBigUMUTH PO 30i/IbINTeHHA KOHIIEHTpAIlii HaHoua-
ctuHOK oxcunay Kymnpywmy. Ilikum moBepxXHeBOTO IIIAa3MOHHOT'O pe3oHAaHCY 0i-
aa 217 gm Oysu MOMITHI B cHEeKTpaxX HOTJIMHAHHA, KOJIU JIa3epHi iMmysabcu
s0inbmyBanuca. Tako:k BinOysmocs He3HAaUHe 3MEHINEHHA ONTUYHOI 3a6opo-
HeHOI cmyru. YTBopenHa CuO-HaHouacTuHOK Oyso miaTBepmsxkerHo PIA, saka
TaKOXK IIOKasajia, III0 CTPYKTypa HaHOUACTUHOK oKcuay Kympywmy OGysna mo-
HOKJIiHHOIO r'paTHHIe0. Kpim Toro, pesyasratu IITEM Ta cumextpodoromer-
puUuYHOI aHajism mHoKasajaum HasgBHicTh HaHouacTmHOK CuO. HamouacTuHKH
CuO, aki 6ynu maii:ke chepruuHUMU, OYJI0 3HAKIEHO 3TiAHO 3 Pe3yabTaTaMu
IIEM i cmexTpodoromerpuunoi aHamisu. Koaum Oyj0 BUKOpHCTAaHO piBHI
emeprii y 200 m/Ix i 400 Mk, 6yI0 BUABIEHO, IO CePEIHI AiAMETPH ITUX
HAHOYAaCTUHOK CTAaHOBUJIM TpmoOsam3uo 46 um i 52 mm Bigmosigao. Kpim To-
ro, pesyJIbTaTH HAIIOTO MOCIiM:KeHHsS IIOKas3yioTh, IMo CuO-HaHOUYACTUHKU
3a ymoBu 200 MJ[:x Oyam epeKTHUBHINMIMMU AJA iHrioyBamua S. aureus i E.
coli, mik 3a ymoBu piBHA 400 MI[»k 3 Tako0 K KiJTbKicTIO iMIIyabCiB.

Key words: copper-oxide nanoparticles, UV-visible laser ablation, XRD,
TEM, particle size, antibacterial activity.
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1. INTRODUCTION

The nanoparticles (NPs) offer significant scientific benefits as they
serve as a crucial intermediary between macroscopic materials and
atomic or molecular structures. The physical properties of bulk mate-
rials are required to remain constant and independent of size, while at
the nanoscale, the physical properties of nanomaterials exhibit size-
dependent characteristics, such as quantum size effect and quantum
confinement in semiconductor nanoparticles, as well as surface plas-
mon resonance in certain metal nanoparticles [1]. The optimal methods
for synthesizing metallic nanoparticles should exhibit reproducibility
and the capacity to regulate particle shape while achieving uniform
yields. In addition, the method exceptional qualities include the exclu-
sion of toxic precursors, utilization of eco-friendly solvents, mainte-
nance of reaction temperature in proximity to ambient temperature,
and reduction of by-product production [2].

Pulse laser ablation in liquid (PLAL) presents distinct advantages
for the synthesis of nanostructured particles, such as high purity,
simplicity, rapidity, and the absence of the need for sophisticated


https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!

CHARACTERIZATION AND EVALUATION OF THE ANTIMICROBIAL ACTIVITY OF CuO 211

vacuum equipment or chemicals, which may contaminate the final
product and pollute the environment [3, 4]. The PLAL technique,
despite its experimental simplicity, is distinguished by intricate and
rapid mechanisms that can be succinctly described as a series of four
phases. Upon impact with a solid target, the foremost portion of the
laser pulse causes the evaporation of a slender stratum of substance,
thereby instigating the creation of plasma. The plasma generated at
the outset gives rise to a region of elevated optical absorption, which
subsequently absorbs the remainder of the laser pulse and undergoes
ionization to attain a state of high pressure. The isotropic propaga-
tion of a shock wave into the surrounding medium is driven by the
expansion of high-pressure plasma [5]. Throughout the duration of
the laser pulse, the plasma undergoes growth and consistently ac-
companies and reinforces the expansion of the shock. Subsequent to
the cessation of the laser pulse, the shock wave propagates outward
by utilizing the internal energy present within the shock front; the
decay process occurs rapidly and results in the generation of an
acoustic wave within a few 100 ns [6].

The transfer of energy from plasma to liquid results in the genera-
tion of a slender gaseous envelope encircling the plasma, thereby initi-
ating the formation of a cavitation bubble. The elevated internal pres-
sure of the bubble propels it to expand externally. Because of the fluid
mass inertia, the bubble surpasses its state of equilibrium and attains
its utmost radius at the point where the temperature of the bubbles’
interior matches that of the adjacent liquid [7, 8]. Upon reaching a cer-
tain stage, the vapour pressure within the bubble decreases to the satu-
ration pressure corresponding to the temperature of the liquid, which
is approximately one hundred times less than the hydrostatic pres-
sure [9, 10].

Following this, the bubble undergoes contraction, and the inward
movement persists until the gas reaches a level of compression that
is sufficient to cause a reversal of the motion. Upon rebound, the
bubble releases surplus energy in the form of a secondary shock.
The ejected matter is usually captured by the bubble and eventually
delivered into the water after the bubble collapses. This provides a
relatively straightforward and feasible method for creating nano-
particles with desirable structures and properties [11-13]. Fur-
thermore, the mechanism of nanostructuring surface is contingent
upon various laser parameters, including limited to the number of
laser pulses, energy per pulse, pulse width, and wavelength, as well
as ambient conditions. The technique high level of confinement of
plasma pressure, precise and efficient cooling and ease of use ren-
der it highly advantageous and valuable. The successful application
of this technique is of significant importance in the production of
oxides that are synthesized through chemical reactions occurring at
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the liquid—solid interface [14, 15].

It’s also through various physical parameters of laser radiation,
including laser pulse energy, repetition rates, laser wavelength, fo-
cal spot size, and focusing conditions, that efficient NPs size con-
trol can be achieved [16, 17]. PLAL is used to create a variety of
novel materials, including nanodiamond and related nanocrystals,
metallic nanocrystals, nanocrystal alloys, and metal oxides [18, 19].
The PLAL present methodology exhibits several benefits in compar-
ison to alternative techniques, such as its straightforwardness, lack
of by-products, absence of post-synthesis washing requirements,
economic feasibility, and adjustable experimental parameters. Quan-
tum dots (QD) are a type of semiconductor nanoparticle character-
ized by their zero-dimensional structure. They exhibit distinct opti-
cal properties such as narrow emission peaks and a broad excitation
range. The wavelengths of emission and energy gap of quantum
dots are significantly influenced by the particle size, which is a re-
sult of the confinement effect [20, 21].

Copper is a widely used material due to its plentiful availability,
low cost, thermal and electrical conductivity and antimicrobial char-
acteristics. Colloidal copper-oxide nanoparticles (CuO NPs) are syn-
thesized using pulsed laser ablation technology on a copper target in
a liquid medium. CuO nanoparticles have shown potential for bio-
medical applications due to their antibacterial activity. Moreover,
CuO nanostructured materials show utility in diverse applications,
including biosensors, gas sensors, lithium-ion battery electrode ma-
terials, photo detectors, and supercapacitors [22, 23]. The phenome-
non of surface plasmon resonance (SPR) is contingent upon the mor-
phology and dimensions of the particle, in addition to the optical
characteristics of the nanoparticles their distinctive, particularly
their sharp plasmon absorption peak, make them highly appealing
for biophysical, biochemical, and biotechnological applications [24].
Additionally, the copper oxide nanoparticles exhibited inhibitory
properties against two bacterial groups, namely gram-positive bacte-
ria such as B. subtilis and S. aureus, and gram-negative bacteria
such as E. coli and P. aeruginosa. The inhibitory effects were ob-
served to be dependent on the size of the particles [25, 26].

The present research pertains to the production of copper oxide na-
noparticles through the employment of the PLAL method, where, by
the manipulation of ablated energies and pulse counts, it is exercised
for the purpose of control. The study examined the optical and morpho-
logical characteristics of the samples through the utilization of vari-
ous analytical techniques, including UV-visible spectrophotometry, x-
ray diffraction analysis, and transmission electron microscopy. Fur-
thermore, the study employed CuO NPs to assess their antibacterial
effectiveness against Staphylococcus aureus and Escherichia coli.
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2. EXPERIMENTAL SETUP
2.1. Method for Preparation of CuO Nanoparticles

The colloidal solutions of CuO nanoparticles were synthesized in a
liquid medium by the pulsed laser ablation technique (PLAL). A
disc-shaped target made of high-purity copper (99.99%) with a di-
ameter = 20 mm and a thickness = 2 mm was positioned 10 cm away
from the laser source. The target was placed in a beaker containing
5 ml of double-distilled water (DDW).

Figure 1 illustrates the experimental setup for PLAL. The Q-
switched Nd:YAG is a mechanism to generate high-intensity, short-
duration pulses of light. The experimental setup employed Nd:YAG
laser operating at a repetition rate of 6 Hz, emitting at a wave-
length of 1064 nm and with a pulse width of 10 ns. Under standard
conditions of temperature and pressure, the laser source changed
two distinct energy levels 200 and 400 mdJ. The number of pulses
was systematically altered between 100 and 500, with increments of
100 pulses for each energy level.

Figure 2 shows the effects of laser pulses on the copper metal
surface. Before to ablation, the target underwent a series of clean-
ing procedures involving deionized water, acetone, and ethanol to
eliminate any oxide layer that may have formed due to exposure to
air. Additionally, the target was subjected to ultrasonic treatment
to remove any mechanical impurities. In the course of the ablation
procedure, the beaker underwent a gradual rotation to prevent the
formation of craters on the target surface due to the focused beam
and to facilitate the dispersion of the NPs generated through the

Incident laser beam
[ Nd-YAG laser

Mirror
1064 nm

Convex lens €

CuO nanoparticles

Beaker DDW layer

Cu target

Rotator ——

Fig. 1. PLAL system schematic diagram.
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a

Fig. 2. Copper-metal surface ((a) before (b) after) ablated.
movement of the liquid.

2.2. Antibacterial Activity of CuO NPs

The medium was prepared by dissolving 37 grams of Mueller—
Hinton agar (MHA) in one litre of distilled water. The pH of the
medium was regulated to 7.2 and subsequently sterilized in an au-
toclave. Subsequently, into single-use petri dishes and positioned on
a flat plane with a thickness of roughly 5 mm, followed by refriger-
ation at a temperature of 4 degrees Celsius until employment. The
well was made in the MHA with a sterile micropipette tip. In this
study, the antibacterial activity of copper-oxide nanoparticles (CuO
NPs) at two different energy levels of 200 mdJ and 400 mdJ and with
500 pulses was evaluated using two Dbacterial strains, namely
Staphylococcus aureus (gram-positive) and Escherichia coli (gram-
negative). In this procedure, the bacteria were inoculated onto the
media of the plates (MHA) using sterile cotton swabs and were
evenly spread. Subsequently, a volume of 150 ul of a colloidal solu-
tion of CuO nanoparticles was introduced to each of the previously
arranged bacterial. Subsequently, the plates housing both the test
organism and CuO NPs were subjected to incubation at a tempera-
ture of 37°C for duration of 24 hours. Following incubation, the
impact of CuO NPs on bacterial growth was assessed through the
observation of the inhibition zone and the transformation of the
surface into a transparent layer, indicative of the suppression of
bacterial growth.

3. RESULTS AND DISCUSSION
3.1. The Optical Properties of Copper-Oxide NPs

The investigation of spectroscopic absorption in a synthesized colloi-
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dal solution of copper oxide nanoparticles in double distilled water
was conducted using a Shimadzu (UV-1800) UV-vis spectrophotome-
ter. The absorbance of colloidal nanoparticles varies with the wave-
length of their absorption spectra. The findings depicted in Fig. 3
show a favourable relationship between the number of laser pulses
and the level of CuO-NPs’ concentration, as evidenced by the ob-
served increase in absorption. The presence of CuO nanoparticles is
indicated by the elevation of the surface-plasmon resonance peak
(SPRP). Furthermore, with an increase in the number of laser puls-
es, the peak exhibited a reduction in width, while the dimensions of
CuO NPs experienced an increase. Spherical copper oxide NPs were
synthesized based on the detection of a plasmon single peak. The al-
teration in hue of colloidal CuO nanoparticles to a pale green, as de-
picted in Fig. 4, can be attributed to plasmon absorption.

10 CuONPs 2 CuONPs
. E =200 md . E =400 mJ
= 0.8 —— pulses = 100 2 0.8 — pulses = 100
o —— pulses = 200 ® — pulses = 200
I | — pulses = 300 14 ——pulses = 300
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Fig. 3. Absorption spectra of CuO NPs in double distilled water at various
numbers of pulses and different pulse energies.
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Fig. 4. Photograph of the copper-oxide NPs prepared by PLAL using num-
ber of laser pulses and different energies (a) 200 mdJ and (b) 400 md.
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The SPRP is subject to modification by the size of the particles,
resulting in a red shift towards longer wavelengths within the spec-
trum. Furthermore, it can be observed that the nanoparticles
demonstrate a diminished absorption coefficient, resulting in ele-
vated transmission values on the longer wavelength end of the spec-
trum, encompassing the visible range and wavelengths measuring
up to 500 nm. The low absorption phenomenon can be elucidated by
the reduction in energy of the incident photon as the wavelength
increases, which results in the photon’s inability to interact with
the atoms present in the colloidal medium. Hence, the photons will
undergo transmission instead of absorption.

The optical band gap was calculated using linear extrapolation of
the equation’s (ahv) versus (hv) curve by fitting Tauc’s relation
[27]. The direct optical band gap is determined using the absorption
coefficient calculated as a function of the incident photon energy.
CuO nanoparticles were generated using 100 to 500 numbers of
pulses at various laser energies of 200 mdJ and 400 mdJ:

(ahv)'* = D(hv - E""), (1)

where D is a constant and v represents the photon energy.

The absorption coefficient (o) is influenced by both the incident
photon energy and the material’s properties. This relationship has
been utilized to calculate the absorption coefficient, which is con-
tingent on the absorbance (4) and the thickness (d) [28]:

2.303A
o=—.
d

Figures 5 and 6 show the optical band gap of copper oxide nano-
particles decreased as the number of pulses has increased. This re-
sult could be due to the quantum confinement effect. This increase
is a result of quantum confinement.

Figure 7 as the number of laser pulses increases, the concentra-
tion of CuO NPs causes an increase in the absorption coefficient.

From the surface-plasmon resonance peak, copper oxide nanopar-
ticles optical constants can be evaluated their values. The refractive
index (n) is directly proportional to the concentration of CuO NPs.
The refractive index can be calculated by [29, 30]:

4R i Kk R+1 ,
(R-1) R-1

(2)

(3)

where R and K, the reflectance and extinction coefficient, respec-
tively. The extinction coefficient can be calculated from the rela-
tionship [31]:


https://www.sciencedirect.com/science/article/abs/pii/S0168900217308069#!

CHARACTERIZATION AND EVALUATION OF THE ANTIMICROBIAL ACTIVITY OF CuO 217

— pulses = 100, E*= 4.45 ¢V — pulses = 100, £, = 4.47 eV
— pulses = 200, E”% 3.72 eV — pulses = 200, /= 3.70 eV
-
—pulses = 300, E7= 3.44 eV — pulses = 300, £, = 3.36 eV
e
— pulses =400, E7= 3.05 eV — pulses =400, E, = 3.03 eV
— pulses = 500, E”= 2.91 eV 19 pulses =500, E'= 2.94 eV
T cuones o 11§, CUONFE
S 0] E=200mJ S e =0m
i 5 9]
= =8
.;m ‘;“CD 71
| 6.
g £ 5
= ~ 4
= = 2
g Ot
04
6 2 3 4 5 6
Photon energy, eV Photon energy, eV
a b

Fig. 5. Tauc plots of the CuO NPs prepared with various laser pulse ener-
gies of (a) 200 mdJ and (b) 400 md.
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Fig. 6. Optical band gap values for prepared CuO NPs at various energies
as a function of the number of pulses.
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The electric field of light interacts with the electrons in the na-
noparticle in a way that is different from the way it interacts with
electrons in bulk materials. This effect is more pronounced for
smaller particles because the surface area-to-volume ratio increases
as the particle size decreases. In particular, the electric field near
the surface of a nanoparticle is enhanced, leading to an increase in
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Fig. 7. Absorption coefficient versus wavelength of CuO NPs.
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Fig. 8. Refractive index versus wavelength for copper-oxide NPs.

the refractive index and extinction coefficient with the number of
laser pulses an increase as shown in Figs. 8 and 9.

Evaluation of the real and imaginary parts of the dielectric con-
stant is done using the complex dielectric constant
e=¢ —ig, = (n+iK)*. The real (¢,) and imaginary (g) parts of the
dielectric constant are related to the refractive index and extinction
coefficient by the following relationships [32]:

g, =n’-K?, (5)

g, =2nk. (6)

Figure 10 the increase in the real and imaginary dielectric con-
stants of copper oxide nanoparticles with increasing laser pulse

number can be attributed to the enhanced polarization and in-
creased scattering and absorption of light, respectively.
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Fig. 9. Extinction coefficient versus wavelength for copper-oxide NPs.

0.45

0.00 T T T T T ;
200 250 300 350 400 450 500 550

—— pulses = 100, ¢, ‘; 0.08
1 — pulses = 200, g = 0.14

iser

— pulses = 300, g=0. 21
—pulses = 400, z. = 0 29
—pulses = 500, sm; 0.38

CuONPs
E =200 mJ

A

A, nm
a

— pulses = 100, g, 72 9
—— pulses = 200, & 237

orn

—— pulses = 300, ¢ = 4.3

rsn

—pulses = 400, ¢ = 5.1

fspR

—pulses = 500, g = 5.7

CuONPs
=200 mJ

| T T T T T r
200 250 300 350 400 450 500 550

A, nm
c

0.45

— pulses = 100, g = 0.08
— pulses = 200, & = 0.08
— pulses = 300, s = D 13
— pulses = 400, E]g; 0.30

— pulses = 500, s: 0.36

0.00 T T T T T T
200 250 300 350 400 450 500 530

A, DI
b

— pulses = 100, ¢, = 2.9

s

-pulses = 200, ¢ = 3.6

T

— pulses = 300, ¢ _= 4.6
—— pulses = 400, g, = 5.1
— pulses = 500, &, _= 5.6

CuONPs
E =400 mJ

300 350 400 430 500 550

A, nm
d
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The relationship between the linear refractive index and the line-
ar absorption coefficient can be used to determine the optical con-
ductivity of CuO NPs [31]:

_anc

cTopt. 4TC 4

where ¢ is the speed of light in a vacuum. The increase in optical
conductivity can be attributed to the greater number of excited
electrons with increasing concentrations of CuO NPs, as shown in
Fig. 11.

(7)
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Fig. 11. Optical conductivity versus wavelength of CuO NPs as a function
number of laser pulses.
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Fig. 12. XRD patterns of the samples prepared by laser ablation in DDW.
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3.2. Morphology and Particle Size Analysis for CuO NPs
3.2.1. X-Ray Diffraction Patterns

The XRD patterns of CuO NPs in DDW laser-ablated at 200 mdJ and 400

mdJ with same number of pulses (500) are shown in Fig. 12. The average

crystallite size was computed using the Debye—Scherrer equation [33]:
kA

— X-ray , 3
* BcosO (3)

where the shape factor constant k is of 0.9, A, the x-ray wave-
length is of 0.15406 nm, P is the full width at half-maximum
FWHM intensity in radians, and 6 is the diffraction angle (Bragg
angle). The calculated average crystallite size for CuO nanoparticles
is found to be between 50 nm and 73 nm for 200 mdJ and 400 md,
respectively. The analysis of x-ray diffraction patterns revealed
that CuO NPs have the crystallographic planes of monoclinic (1 1
0),110),(-111),(112),((020),(020)and (11-3)can be in-
dexed to the diffraction peaks at about 26 =32, 35, 51, 58 and 61°
conformed to the ICSD standard No. 98-004-3181; 01-089-2531.
Furthermore, the diffraction peaks at around 26 =28, 46, 59 and
61° can be assigned to the crystallographic planes (4 0 0), (0 2 6), (0
0 8), and (0 2 8) which can be regarded as an orthorhombic crystal
system. This is consistent with the standard ICSD No. 98-008-5080.
The XRD results also corroborate the absence of impurities in the
ablated nanoparticles, as the XRD patterns do not contain any
peaks other than CuO nanoparticles. Using Scherrer’s equation, the
mean crystallite size of each sample was determined.

As shown in Table, the mean crystallite size of laser-ablated na-
noparticles increases marginally with increasing pulse energy, ac-
cording to the literature [34, 35].

CuO nanoparticles may be formed by two common processes, the
thermal evaporation of atomic (and ionic) species from the liquid—solid
interface and the thermally-induced discharge of nanometer-size mol-
ten droplets from the target. At the interface of liquid and target, the
adiabatic expansion of the created plasma confines the surrounding
double distilled water. The presence of PLAL in DDW solution results
in an oxygen-rich cavitation bubble environment. Plasma’s high tem-
perature and pressure create the chemical conditions for the formation
of CuO. Therefore, species within the plasma plume can interact to
produce CuO nanoparticles. Eventually, the plasma is extinguished,
and the CuO structures solidify [36, 37]. In addition, DDW can react
with molten particles, and molten Cu oxidation contributes to the for-
mation of CuO. Consequently, both of these phenomena may be respon-
sible for the formation of CuO structures [38, 39].
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Fig. 13. TEM images and the particle size distribution of copper-oxide NPs
with (a) 200 mdJ (b) 400 mdJ at 500 pulses.

3.2.2. Transmission Electron Microscopy (TEM)

Transmission EM analysis was used to confirm the average particle
size, size distribution, and morphology of individual CuO nanopar-
ticles prepared by the PLAL technique under 200 mdJ and 400 mdJ
with 500 pulses. Analysis of TEM images uses the Image J pro-
gram. The TEM image in Fig. 13 clearly shows that the aforemen-
tioned NPs have morphology, which is almost spherical. Copper ox-
ide NPs diameters between 44 and 51 nm were confirmed by the
TEM image. Using TEM analysis, which is consistent with that ob-
tained from x-ray diffraction, On the other hand, because CuO na-
noparticles tend to agglomerate, the agglomeration of nanoparticles
can be attributed to the absence of antiagglomeration agents in the
colloidal aqueous solution.

4. ANTIBACTERIAL ACTIVITY OF COPPER-OXIDE NPs

The diameter of inhibition zones was estimated using a meter ruler,
and the mean value for each organism was recorded for two types of
bacteria. The samples of CuO NPs with 500 pulses and laser ener-
gies of 200 mdJ and 400 mdJ were poured into wells on plates. DDW
was used as a negative control to determine the antibacterial activi-
ty. According to our investigation, the CuO NPs produced did not
significantly suppress the growth of the bacteria S. aureus G(+ve)
and E. coli G(-ve). A surge in bacterial resistance may be to blame
for this. Additionally, efficiency of nanoparticle synthesis by the
PLAL technique is low compared with other synthesis techniques
[34]. The copper-oxide NPs prepared by PLAL have inhibitory areas
that can be seen in Figs. 14, 15 for both the energy and pulse con-
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Fig. 14. Photograph of the antibacterial activity test of CuO NPs prepared
for Staphylococcus aureus and Escherichia coli.
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Fig. 15. Histogram of antibacterial activity for CuO NPs at 200 mJ and
400 mdJ with the same number of 500 pulses.

figurations indicated. For the same number of pulses, the 200-mdJ
nanoparticles were more effective than the 400-mdJ ones. In many
instances, it is still unclear whether the death of the bacterium was
caused by a single mechanism or a mixture of mechanisms. Nega-
tively charged bacterial cell surfaces and positively charged nano-
particles may attract each other electrostatically. In contact with
bacterial cells, copper oxide nanoparticles can pierce the cell wall
and break the cell membrane, causing the release of cellular con-
tents and ultimately cell death.

5. CONCLUSIONS

Copper-oxide nanoparticles can be easily produced by using the laser
ablation technique on a copper target in double-distilled water. Af-
ter several analyses were performed to investigate and characterize
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the Cu NPs, according to UV-visible spectroscopy, the absorbance
increased as the number of pulses increased. As the number of laser
pulses increased, the plasmon peak at 217 nm redshifted. The com-
pounds associated with the oxidation of Cu NPs into CuO NPs were
produced by the reaction of dissolved oxygen in water with the Cu
NPs. At the same number of pulses, copper-oxide NPs prepared at
400 mdJ have a larger size than samples prepared at 200 mdJ. CuO
nanoparticles have a spherical shape and diameters ranging from 46
nm to 52 nm for 200 mdJ and 400 mdJ, respectively. However, com-
pared to Escherichia coli (gram —ve) bacteria, the tested Staphylo-
coccus aureus (gram +ve) bacteria demonstrated a higher sensitivi-
ty to copper-oxide NPs. This is due to variations in the molecular
makeup of the cell walls of these bacterial strains. The results of
our study show that when the laser energy is low and the same
number of pulses, copper oxide nanoparticles have a stronger anti-
bacterial effect against S. aureus and E. coli, respectively.
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