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ABSTRACT

Copper oxide nanoparticles (CuO NPs) were synthesised with laser ablation of a copper sheet immersed in deio-
nized water (DW), cetrimonium bromide (CTAB), and sodium dodecyl sulphate (SDS), respectively. The target
was irradiated with a pulsed Nd: YAG laser at 1064 nm, 600 mJ, a pulse duration of 10 ns, and a repetition rate
of 5 Hz. The CuO NPs colloidal were analyzed using UV–Vis spectroscopy, the Fourier transform infrared (FTIR)
spectrometer, zeta potential (ZP), X-ray diffraction (XRD), transmission electron microscope (TEM) and field emis-
sion scanning electron microscopy (FESEM). The absorption spectra of CuO NPs colloidal showed peaks at 214,
215 and 220 nm and low-intensity peaks at 645, 650 and 680 nm for SDS, CTAB and DW, respectively. CuO
NPs’ colloidal results are (−21.6, 1.2, and 80 mV) for negatively, neutrally, and positively charged SDS, DW, and
CTAB, respectively. The XRD pattern of the NPs revealed the presence of CuO phase planes (110) (111), (20-2)
and (11-1). The TEM images revealed nearly spherical NPs, with sizes ranging from 10–90, 10–50, and 10–210 nm
for CuO NPs mixed with DW, SDS and CTAB, respectively. FESEM images of all the synthesized samples illustrate
the formation of spherical nanostructure and large particles are observable. The CuO NPs were tested for antibacterial
activity against Streptococcus mutans by using the well diffusion method. In this method, CuO NPs prepared in DW at
a concentration of 200 μg/mL showed a greater inhibition zone against Streptococcus mutans.
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1 Introduction

Antimicrobial compounds are used in a range of medical applications, including the protection of the
environment, packaging, textiles, and medical equipment [1,2]. Nanotechnology has been proposed as a
promising field of technology for a wide range of biomedical applications. Among the nanomaterials
currently available, metal nanoparticles (MNPs) have been discovered as medicinal agent transporters [3].
NPs are being employed in the medical field as biopharmaceuticals, enzymes, DNA, and monoclonal
antibodies. Until now, NPs have been polymeric and formed of metals and nonmetals. Materials and
bioceramics [4]. Copper oxide nanoparticles (CuO NPs) have received a lot of interest among metal
nanoparticles because of their nontoxicity, low cost, natural abundance, ease of manufacturing, and
exceptional photovoltaic capabilities [5]. The prevalence of biological and bacterial infections has
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increased in recent years, particularly in businesses that directly affect human consumption, such as food, food
items, and water. This growing concern has prompted scientists to develop non-toxic, simple-to-use inorganic
antibacterial nanoparticles. When certain materials, such as metal oxide semiconductors, are reduced to a tiny
size, they can generate new materials with unique optical and electrical properties [6–8]. The technique of laser
ablation in liquid has been used to produce a variety of nanoscale materials with a range of shapes and sizes that
depend on the laser’s strength, wavelength, and pulse duration [9]. Dental caries is an acute illness caused by
harmful bacteria infecting the oral cavity [6]. Streptococci of the oral mucosa, particularly S. mutans, are the
primary plaque-forming bacteria, by the activity of glucosyltransferase (GTFase) [7], they produce acid and
insoluble glucan in water, which is the main source of oral bacteria or biofilm and the onset of tooth decay.
Compared to other microbe groups, there are very few investigations into this bacteria’s effect on metal-
containing nanoparticles (NPs). However, this bacterium is clinically vital in dentistry [6–8]. Resistant
bacteria are spreading worldwide, endangering antibiotic efficacy [9,10]. Smaller nanoparticles seem to
penetrate bacteria better. In fact, interactions with membranes and any harm caused by these interactions are
more apparent in nanoparticles with a positive zeta potential and a small diameter [11]. Zeta potentials were
used as a tool to investigate the modification of bacterial cell surface permeability and maybe bacterial
membrane penetration and subsequent bacterial viability [12–16].

2 Materials and Methods

2.1 Sample Preparation
As depicted in Fig. 1, a pure copper square plate 98% (with a thickness of 2 mm) was placed at the

bottom of a glass jar containing 5 mL of DW, and DW was mixed with two aqueous solutions: 8 mM of
CTAB and SDS surfactants, respectively. A copper target was focused using a 600 mJ Q-switched
Nd: YAG laser (pulse duration = 10 ns, wavelength = 1064 nm, repetition rate = 5 Hz, and focal length =
10 cm). To quantify the nanoparticle concentration, the target sample was weighed before and after
ablation using electronic weighing equipment.

2.2 Characterization of CuO NPs
The prepared CuO NPs were characterised using optical, structural, and morphological techniques. A

double beam UV-VIS spectrophotometer (Shimatzu SP8001) was used to measure the absorption spectrum
of CuO NPs within the spectral range (200–800 nm). The Fourier transform infrared (FTIR) spectrometer
type PerkinElmer spectrum two/USA was used to detect the chemical composition and functional groups of
the prepared NPs. The Zeta potential was used to determine the surface charge of nanoparticles where it is a

Figure 1: Schematic diagram of pulsed laser ablation
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measurement of the electrostatic or charge repulsion/attraction between particles. (XRD-6000 model, country
of origin: Japan) It is used to measure the structural properties of NPs by dropping and drying the CuO NPs
solution on an aluminium substrate radiation source at 2θ angle = (20°–80°)

D ¼ 0:94k=bCOSu (1)

where λ is the wavelength of X-ray (1.54060 Å), β is the full width at half maximum of diffraction θ is the
diffraction angle [11]. The transmission electron microscope (TEM)-type (ZEDSS LEO 912 AB-100 KV)
made in Germany was used to determine the size and morphological characterizations of CuO NPs. A
drop of CuO NP solution was put onto a standard gold-coated copper grid for TEM sample preparation.
The morphology and composition of CuO NPs were recorded by field emission scanning electron
microscopy and energy dispersive X-ray spectroscopy, respectively (FESEM; ZEISS SIGMAVP/Germany).

2.3 Antibacterial Activity Assay
Streptococcus mutanswas pre-activated by nutrient broth for 24 h at 37ºC to reach the exponential phase

with a final number of 1 × 106 CFU/mL by McFarland solution before being inoculated on the solid surface
of Muller Hinton agar using the well diffusion method for the antibacterial assay. Then, five wells with 6 mm
diameters were created in agar, and 100 μL of nanoparticle solutions generated by laser ablation at various
concentrations (0.0, 25, 50, 100, and 200 μg/mL) were added. Then all the plates were incubated at 37oC for
24 h. The inhibition zone around the wells was measured for 3 replicates, while the inhibition rate was
calculated according to the following equation:

inhibition rate% ¼ 1� x�minð Þ= max�minð Þ � 100% (2)

Whereas X = colony diameter at any concentration

Min = least inhibition zone

Max = biggest inhibition zone

2.4 Estimation ofMinimum Inhibition Concentration (MIC) andMinimumBactericidal Concentration (MBC)
The Minimum Inhibition Concentration (MIC) of the prepared CuO NPs against S. mutans was measured

by the serial dilution method (0.0, 25, 50, 100, and 200 μg/mL) in Mueller–Hinton broth. All tubes were pre-
inoculated with 10 μL of 1 × 106 CFU/mL of tested bacteria. All inoculated tubes were incubated for 24 h at
37�C. The lowest concentration with no visual turbidity was regarded as the MIC. The MBC of CuO NPs has
been estimated by taking 100 μL fromMIC tubes that have not given any visual turbidity and inoculating them
on Mueller–Hinton surface agar and keeping them at 37�C for 24 h after the incubation period, the lowest
dilution that gave no single colony of growth bacteria considered as MBC.

2.5 Statistical Analysis
All data were statistically analyzed using ANOVA test to express the significant differences at (P < 0.05)

by using least significant differences (LSD).

3 Results and Discussion

3.1 UV–vis Absorption Investigation
Using a UV-vis absorption spectrophotometer (Shimatzu SP8001), the optical characteristics of the

colloidal were determined. When the laser pulse struck the immersed target, a cloud formed on the
object’s surface. After the surface layer absorbed the laser pulses, a dense plasma was created. Increasing
the solvent density and viscosity restricted the plasma closer to the copper plate surface during laser
ablation of a Cu target. For example, high-pressure shockwaves generated by confined plasma could etch
the surface of the metal plate, causing secondary ablation [17,18]. The absorption spectra of CuO NPs
have an absorption peak near 215 nm and a low-intensity peak near 650 nm. The rise in peak intensity in
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all NP-containing solutions with surfactants over deionised water implies an increase in CuO NPs production
efficiency [18,19]. The density and viscosity of water were lower than those of other solutions, including
surfactants. CuO NPs could be generated in a melting process using deionised water. As a result, the
plasma plume’s temperature, pressure, and density were reduced. The production efficiency of CuO NPs
in SDS was higher than in CTAB as shown in Fig. 2, where surfactants increase solvent density and
viscosity, restricting the plasma at the Cu target’s surface, which increases CuO NPs production
efficiency. The high pressure of the confined plasma at the copper plate’s surface could etch it via a
secondary ablation process triggered by high-pressure shockwaves, generating additional nanoparticles [19].

3.2 FTIR
FTIR is used to determine the nature of bonding vibrations, provides significant information on chemical

bonding within a substance and to examine the adsorption of surfactants onto the surface of CuO NPs [20–
24]. The IR spectra of CuO, CuO-SDS, and CuO-CTAB samples are shown in Fig. 3. The presence of copper
oxide in a monoclinic structure is shown by the vibration bands at 555 and 594 cm−1 and attributed to Cu-O
vibrations, verifying the synthesis of CuO NPs [20,21]. The presence of CO2 adsorbed on the samples’
external surface and the existence of C-H stretching vibration of methyl and methylene groups of CTAB
are responsible for the broad absorption bands at nearly 2137 cm−1. The broad absorption peak at
3332 cm−1 is due to the stretching frequency of absorbed water’s-OH group because nanocrystalline
materials have a high surface-to-volume ratio and absorb moisture. The appearance of a small peak at
1010 cm−1 is attributed to the anionic surfactant molecules where the S=O stretching vibration of SO4

from SDS [22,23]. Furthermore, the band around 1631 cm−1 can be attributed to carboxyl groups and
could be hydroxyls (O-H) bending with copper atoms [20,24,25].

3.3 Zeta Potential
As shown in Fig. 4, the zeta potential (ZP) peak distribution results are −21.6, 1.2, and 80 mV for

negatively, neutrally, and positively charged SDS, DW, and CTAB, respectively. The zeta potential is an
important characterization approach of nanocrystals to determine surface charge, which can be used to
evaluate nanosuspension physical stability. High ZP particles are highly charged, preventing particle
aggregation due to electrostatic repulsion. If the ZP is low, attraction wins over repulsion, and the mixture
coagulates [26]. Other factors affecting the physical stability of produced nanosuspensions include material
characteristics, surfactant presence, and solution chemistry. The surface coverage of anionic surfactants such
as SDS increased when they fully covered the positively charged surface of nanoparticles, reducing re-
aggregation. Using anionic surfactants, SDS may generate multiple layers of surfactants on NP surfaces,
whereas CTAB cannot, so the particle surfaces were charged and thoroughly covered with SDS surfactant [27].
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Figure 2: Absorption spectra of CuO NPs
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3.4 Structural Properties
The phase structure of CuO NPs was investigated using XRD. All of the reflections were well correlated

with the monoclinic crystal phase of the copper oxide structure, and matched phase standard values of the plane
of CuO crystal according to Card No. 96-900-8962, as illustrated in Fig. 5. Table 1 contains a list of all the XRD
parameters of CuONPs. The amazing crystallinity can be attributed to the sharpness and number of peaks in the
XRD pattern. The crystalline size of NPs (C.s) was determined using the Scherrer formula. The following
Table 1 summarises the XRD results for experimental CuO NPs, including the peak position 2, crystalline
size variation, full width half maximum (FWHM), and interplanar spacing (dhkl) and miller index (hkl).

3.5 Morphologies of CuO NPs

3.5.1 TEM Imaging
The particle size distribution and morphological properties of CuO NPs were studied using TEM. The

TEM image and particle size distribution of CuO NPs generated in a DW environment are demonstrated in
Figs. 6a and 6b, where the TEM image indicates that a spherical graphitic shape of CuO NPs with a particle
size distribution ranged between 10 and 90 nm were observed, and the majority of NPs are near to each other,
resulting in a chain-like pattern. Previous research has shown that laser ablation synthesis of metal NPs in
DW results in NPs with constant aggregation [28]. Figs. 6c and 6d show TEM visualisation and a narrow
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Figure 3: FTIR of CuO NPs with different solutions

Figure 4: Zeta potential of CuO NPs colloidal with (a) SDS, (b) DW, and (c) CTAB
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size distribution of nanoparticles (10–50 nm). The size of nanoparticles generated in SDS surfactant was
determined by the competition between successive particle growth and SDS coating. Thus, raising the
SDS concentration may improve the protection of Cu particles by SDS molecules against diffusion-based
incorporation of Cu atoms. Consequently, the particle surfaces were completely coated with SDS
surfactant molecules, preventing further development due to surface charges [29]. Figs. 6e and 6f
demonstrate that spherical, nonhomogeneous, and non-agglomerated CuO NPs were generated at CTAB
colloidal (20 to 200 nm). CuO NPs prepared in SDS have a smaller average size than those prepared in
CTAB. The proportion of smaller nanoparticles generated by nanosecond pulsed laser ablation in SDS
solution was higher than in CTAB solution, which was attributable to the stability of the nanoparticles’
solution. The longer tail of the CTAB surfactant and the extensive surface coverage attained by the SDS
surfactants may explain the larger NP size produced by CTAB. The SDS solution inhibited NPs growth
more than the CTAB solution [30].

Figure 5: XRD of CuO NPs

Table 1: XRD of CuO NPs

2θ (Deg.) FWHM (Deg.) dhkl Exp. (Å) G.S (nm) hkl dhkl Std. (Å) Card No.

35.86 0.574 2.50 14.6 (11-1) 2.51 96-900-8962

32.81 0.604 2.73 13.7 (110) 2.73 96-900-8962

39.06 0.635 2.30 13.3 (111) 2.31 96-900-8962

53.86 0.54 1.70 16.4 (020) 1.71 96-900-8962

49.18 0.69 1.85 12.6 (20-2) 1.85 96-900-8962

58.58 0.665 1.57 13.7 (202) 1.57 96-900-8962

68.43 0.69 1.37 13.8 (220) 1.36 96-900-8962

66.62 0.755 1.40 12.6 (31-1) 1.40 96-900-8962

61.81 0.604 1.49 15.3 (−113) 1.48 96-900-8962
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3.5.2 FESEM Imaging
As shown in Figs. 7–9, several FESEM images of CuO NPs prepared in different solutions (DW, SDS,

and CTAB) were captured to perform morphology of CuO NPs, where drops of each colloidal sample were
dried on quartz slides. Due to the nanoparticle production method, large particles are observable on the
samples. This is a typical outcome of laser ablation. When high-intensity laser pulses contact a copper
target, the interaction zone’s temperature rises to its boiling point, causing an explosion in which
nanodroplets (clusters of free atoms) are blasted from the target onto the substrate surface. These
nanodroplets can solidify on the substrate and form spherical micrometric and submicrometric particles,
which seem to be formed as a result of fine nanoparticle aggregation while ionized matter nucleates and
grows [31,32]. The EDS examination indicates that even the micrometric particles are copper or copper
oxide, as shown in Figs. 7–9. Furthermore, some agglomerated nanoparticles were observed in DW while
the strong interaction between SDS/CTAB and Cu ion prevented copper atoms from aggregating into
larger particles. This is a common effect of laser ablation due to the mechanism of nanoparticle creation
[33]. It is clear in the FESEM images that the morphology of laser ablated nanostructures is spherical in
shape and does not change significantly with changing liquid media such as SDS and CTAB, and the size
of CuO nanospheres is slightly decreased with ablation in the SDS surfactant and increased in CTAB.
This prompted the use of SDS and CTAB surfactants as nanoparticle stabilizing agents, which protect
them from aggregation and other external influences [34].

Figure 7: FESEM images of CuO NPs synthesied in DW (a) FESEM at mag = 10.00 KX, (b) FESEM at
mag = 50.00 KX, and (c) EDS
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3.6 Antibacterial Assay
The antibacterial efficacy of CuO NPs against Streptococcus mutans was examined. The well diffusion

method was utilized to identify the presence of an inhibitory zone in order to evaluate the antibacterial ability
of different nanoparticle concentrations. CuO NPs improved antibacterial activity where the inhibition zone
diameters increased with CuO NPs concentrations (0.0, 25, 50, 100, and 200 μg/mL). As the concentration of
CuO NPs increases, so does its antibacterial activity. As shown in Figs. 10–13, where inhibition rate of
Streptococcus mutans and inhibition zone of colony diameters increase with CuO NPs concentrations, it
can be observed that there can be statistically significant differences in concentrations of CuO NPs and
the materials used in preparing the nanoparticles (DW, SDS, and CTAB) because the p value was less
than 0.05, where the higher concentration of CuO NPs prepared in DW being more effective as an
antibacterial agent. Numerous sulfur-containing proteins line bacterial cell membranes, making them
susceptible to silver nanoparticles’ reactions with sulfur-containing amino acids on both sides of the
membrane. The Cu ions produced by CuO NPs have been hypothesised to connect with phosphorus
moieties in DNA, blocking DNA replication, or to react with sulfur-containing proteins, blocking enzyme
functions and affecting cell viability and, ultimately, cell death. Uncertainty remains as to whether a
single mechanism or a mix of processes caused the death. One of these may be attributable to the
interaction of AgNPs with the bacterial cell wall and the simultaneous entry of Ag ions into bacterial
cells. Electrostatic interaction between positively charged NPs and negatively charged bacterial cell

Figure 8: FESEM images of CuO NPs synthesied in SDS (a) FESEM at mag = 10.00 KX, (b) FESEM at
mag = 35.31 KX, and (c) EDS
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surfaces is crucial for NPs’ activity as a bactericidal agent and is responsible for much of the antibacterial
activity of NPs in general. The current study, like earlier studies, shows that NPs lead to mitochondrial
and DNA damage, resulting in cell death. This is because mitochondrial damage and the upregulation of
the expression of many apoptotic proteins are the causes of cell death [35,36]. CuO NPs can cause
oxidative stress, heterogeneous changes, and abnormalities in cellular uptake, electrolyte imbalances, and
protein deactivation when they interact with DNA, lysosomes, ribosomes, and enzymes. NPs can also
cause gene expression and enzyme inactivation [37,38]. Metallic nanoparticles (MNs) and their
accompanying ions produce superoxide radicals (ROS), which cause oxidative stress in cells. Metallic
nanoparticle dissolution and attachment on bacterial membranes, resulting in membrane rupture and
dissipation of the protein motivational force, enhanced permeability [39]. Nanotechnology was also used
in orthodontic brackets and wires/ligatures. Biofilms tend to collect on micro-implants and orthodontic
retainers. CuO NPs and (CuO-ZnO) NPs displayed better antibacterial effects than ZnO NPs. In vivo,
orthodontic retainers with AgNPs demonstrated a substantial antibacterial effect against S. mutans during
deboning. Due to NPs’ cellular toxicity and rising evidence of their potentially harmful effects, caution
should be exercised in their widespread use [40,41].

Figure 9: FESEM images of CuO NPs synthesied in CTAB (a) FESEM at mag = 10.00 KX, (b) FESEM at
mag = 50.00 KX, and (c) EDS
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4 Conclusion

The results demonstrated that ablation with a Q-switched Nd: YAG laser is capable of preparing CuO
NPs with nearly 215 and 650 nm absorption spectra for CuO NPs ablated in DW, SDS, and CTAB,
respectively. Ablation in DW, SDS, and CTAB liquids results in spherical particles of CuO NPs, with a
smaller particle size of SDS than CTAB. An in vitro assay showed that prepared CuO NPs have
significant antibacterial activity against Streptococcus mutans.
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