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Abstract

The rates of mortality and morbidity from treatment failures have increased due to microorganisms’ growing resistance to
antimicrobial medicines, signaling a severe hazard in the near future. Copper oxide (CuO) nanoparticles (NPs) were prepared
using the laser penetration in water (LPW) method, which is regarded as an innovative and effective technique for producing
a wide range of nanomaterials. The physical properties of the prepared NPs were studied by identifying them by dynamic
light scattering (DLS), UV-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), field emission scanning electron microscope (FESEM), and energy-dispersive X-ray analysis (EDX). The absorption
spectrum showed two peaks, one with a modest intensity at 650 nm and the other at 280 nm. In the optical characteristics
study, the band gaps estimated for the CuO NPs are 3.6 eV. XRD shows the prepared CuO NPs have a polycrystalline structure
with a pre-indication particle size of approximately 35 nm. The DLS results showed that the synthesized CuO nanoparticle
has 35.19+12.82 nm in size and —21.3 +6.56 in charge. FESEM image shows that CuO NPs have a homogeneous distributed
spherical shape with some accumulation NPs in a cauliflower-like shape. Antibacterial activity of the prepared nanoparticles
was tested against two types of bacterial strains, gram-positive bacteria Staphylococcus aureus (S. aureus) and gram-negative
bacteria Escherichia coli (E. coli), isolated from the infected wounds. AgNO; was used as a control to compare with differ-
ent concentrations of CuO NPs. The result indicated the antibacterial activity of CuO NPs was concentration-dependent and
exceeded the antibacterial activity of the control agent (AgNO;). At CuO NPs, the maximum concentration used was 200 ug/
ml, and the inhibition zone was 16.5 mm and 15 mm for E. coli and S. aureus, respectively.
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Introduction health, driving the need for new antibacterial therapies [3,

4]. There are many reports in the literatures [5, 6] that show

Infectious diseases induced by bacteria affect millions of peo-
ple worldwide [1, 2]. Although many generations of antibi-
otics have been developed, the continuous rise in bacterial
drug resistance is becoming an increasing concern for public
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encouraging results about the activity of different drugs and
antimicrobial formulations in the form of nanoparticles [7,
8]. Several promising antibacterial agents have emerged,
including metal oxide nanoparticles, which means as the
size of materials is reduced to the nanometer regime [9], the
resulting physical, chemical, and biological properties change
noticeably [10, 11].

Metal oxides represent the most diverse class of materials
with properties covering almost all aspects of Materials Sci-
ence and Physics. Nanoparticulate metal oxides are particu-
larly interesting in that they can be prepared with extremely
high surface areas and with unusual crystal morphologies that
possess numerous edges/corners and other reactive surface
sites [12]. These modified features allow the NPs to interact in
a unique manner with cell biomolecules and thus facilitate the
physical transfer of NPs into the inner cellular structures [13].
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Copper oxide nanoparticles (CuO NPs) have attracted a
lot of interest among metal nanoparticles because of their
nontoxicity, accessibility, availability in nature, simplicity of
fabrication, and remarkable photovoltaic properties [14, 15].
CuO NPs have been used in a variety of applications, includ-
ing field emission emitters, high-temperature superconduc-
tors, solar energy conversion, and sensing catalysis [16, 17].
CuO NPs have several properties including high antimicro-
bial activity, good thermal stability, and outstanding biocom-
patibility; hence, they can be used as an antibacterial agent
[18, 19]. It can be easily mixed with polymers providing the
composites with unique physio-chemical properties [20].

CuO NPs’ precise antibacterial mode of action is still not
fully known, although it is becoming clear that numerous
processes are involved in the work. The antibacterial process
of CuO NPs killing bacteria could be summarized by the
production of reactive oxygen species (ROS); proteins and
DNA are reacted with CuO NPs, destroying cell wall mem-
branes [21]. By these techniques, CuO NPs can destroy many
types of microorganisms. The supposed mechanism of CuO
NPs killing the bacteria is summarized in Fig. 1. Actuality,
CuO NPs’ primary antibacterial action is not the Cu ions
released by dissolution outside of the bacterial cell [22]. The
latest study revealed that less than 50% of the total cytotoxic-
ity brought on by CuO NPs was supplied by dissolved cop-
per ions [23]. ROS-induced oxidative stress is essential for
copper’s antibacterial action. CuO NPs may produce ROS
through a variety of methods in addition to immediately

Fig. 1 Antibacterial mechanism
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leaching ions, such as the alteration of mitochondrial mem-
brane potential and the production of singlet oxygen, which
both facilitate DNA deterioration [24].

Among several nano-/micro-fabrication techniques [25]
used to produce copper oxide, the pulsed laser ablation (pro-
duction) in water (LPW) is considered a promising tool with
high efficiency to achieve the purpose of varying particle
sizes of the prepared nanostructured materials [26, 27]. This
technique could be represented as a simple [7], effective
[28], and inexpensive tool to synthesize different desired
materials with high purity [29]. Besides, the synthetic of
nanostructured materials inside the liquid route prevents the
formation of contamination that could be harmful to the sur-
roundings as happened by other synthetic techniques [30,
31]. In addition, the preservation of the original materials’
elemental stoichiometry is facilitated by laser production
in water [32]. LPW has high flexibility in choosing abla-
tion parameters and environments [33, 34]. These entire
reasons make this technique one of the common techniques
to be chosen for the production of desired characteristic
nanoparticles.

The present study aimed to prepare CuO NPs using laser
production in water; study the structural, morphological, and
chemical composition, bond type, and optical physical prop-
erties to calculate the band gap; verify the purity of the CuO
NPs; and define the mechanism of the antimicrobial activity
against the most common pathogenic bacteria (Staphylococ-
cus aureus and Escherichia coli).
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Experimental Work
Materials and Method

High-purity copper sheets (99.999%, BDH Chemical Ltd.,
Pool, England) were used to produce CuO NPs by laser
production in water technique. A 10-cm focus lens was
used to collimate the laser beam on the sample. The cop-
per sheet dimension (10 cm X 10 cm X 0.1 cm) was cut into
a small piece (I cmXx 1 cm). Figure 2a shows the copper
sheet plate before cutting. To eliminate any leftover organic
substances, the target was polished and washed with etha-
nol, acetone, and deionized water. The small pieces of target
were impressed underlying 5 ml of deionized water (DW) in
a glass vessel at room temperature. The procedure involved
using a Q-switched Nd: YAG laser (Huafei Tongda Technol-
ogy-DIAMOND-288 pattern EPLS) with wavelength 1064
nm, frequency 1 Hz, pulse width 10 ns, and 1000 mJ laser
energy, and the exposure time was 25 min. Figure 2b shows
the effect of the laser ablation and the production of CuO
NPs by changing the DW color into green.

Mechanism of Generating Nanoparticles

To generate a given NP size distribution, yield, and shape, a
number of variables (laser pulse width, laser fluence, repetition
rate, kind of liquid media, etc.) must be adjusted [35].

Several physicochemical processes are involved in the
generation of NPs during LPW. The first stage involves the
laser’s interaction with the liquid medium, which includes
the creation of electron clouds because of photon absorption
by the molecules of the liquid media. The laser will inter-
act with each liquid medium differently, producing various
results [36]. The interaction of the laser beam with distilled
water produces H* and OH™ ions. The second stage of LPW
involves the laser’s interaction with the copper target. In this
phase, nuclei are formed, the plasma plume is formed, elec-
tron clouds are involved in the ablation process, cavitation
bubbles are formed, and so on [37]. In stage 3 of LPW, nuclei

Fig.2 a Photograph of the cop-
per sheet. b Photograph of the
production of CuO NPs after
the ablation process

a.

develop into NPs inside the cavitation bubble, ions from the
liquid medium are involved in the nucleation process, NPs
grow, NPs collide, NPs aggregate, and NPs age. Figure 3
shows the steps of LPW mentioned above. It is challenging
to include all of the physicochemical equations that regulate
the LPW process in a single simulation [38].

Characterization Techniques

The physical characterization of copper oxide NPs was meas-
ured using different techniques. The crystal structure of the
synthesized CuO NPs was measured by AERIS PANalytical
XRD device with Cu-Ka radiation source at 26 angle=10-80°.
The bond vibrations of NPs in the range of 400-4000 cm™
were measured using 8000 Series FTIR. The optical absorp-
tion of colloidal nanoparticles was measured (200-800) via
UV-Vis spectrophotometer with a double beam (Shimadzu
UV-1800). The particle size and its distribution were measured
by dynamic light scattering (DLS; Malvern Zetasizer ZS, Mal-
vern, UK). The morphology of the nanostructures was exam-
ined with an Axia ChemiSEM FESEM and EDX.

Antibacterial Study

Two bacterial strains gram-positive Staphylococcus aureus
(S. aureus) and gram-negative Escherichia coli (E. coli) were
applied in this work. The agar plates for the antibacterial test-
ing were incubated for 24 h to make sure there was no con-
tamination. On separate agar plates, the isolated colonies of S.
aureus and E. coli were put before being mixed with 100 ml of
nutritional broth. At 37 °C and 100 rpm, the bacteria suspen-
sion was cultured in the shaker incubator for an entire night.
For 48 h, the plates containing bacteria and CuO NPs were
incubated at 37 °C. The synthesized CuO NPs were employed
to test the antibacterial susceptibility at the following concen-
trations (25, 50, 100, 150, and 200 mg/ml). Each sample’s
inhibition zones were examined, and a meter ruler was used
to measure each inhibition zone’s diameter. The average result
of this antimicrobial assay was noted [35].

CuO NPs.
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Fig.3 Laser ablation in water (stages of CuO NP formation)

Statistical Analysis

The mean + standard division (SD) was used for the statis-
tical analysis of our results. Excel was also used to evaluate
statistical significance. Results p <0.05 and p <0.01 are
defined as the criteria for statistical significance.

Result and Discussion
The prepared colloidal CuO NPs were dropped on a glass
slab (1 cmx 1 cm) by vaporizing the suspension. The XRD

of the copper sheet and the CuO NPs recorded by using
Cu-Ka radiation is shown in Fig. 4a and b, respectively.
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Figure 4a shows the XRD pattern of the copper sheet used
to produce CuO NPs. It can be clearly noticed that the pres-
ence of sharp peaks obtained at 26 equal to 51°, 74.6°, and
90.3° represents the appearance of copper peak orientations
(200), (220), and (311), respectively. This conflicts with the
Cu card (JCPDS No. 040836). Figure 4b illustrates the XRD
analysis of CuO NPs. The spike shape of the curve and
the produced peaks appeared to be related to the use of a
glass slab as a substrate for XRD analysis, making the back-
ground noisy. The XRD of the CuO NPs indicates peaks
were 32.6°, 38.9°, and 46.25°, which correspond to (110),
(111), and (— 112) planes of CuO NPs. The crystalline size
obtained for these peaks was 45.1 nm, 18.4 nm, and 38.7
nm, respectively. These results are in good agreement with

| | CuO JCPDS 48-1548 | |

40 50

26 (degree)

Fig.4 XRD of a pure copper sheet and b CuO NPs deposited on glass substrate
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Table 1 The XRD structural parameters of CuO NPs

Peak position Orientation Crystallite size d-spacing A)
32.6 (110) 45.1 nm 2.74548
389 (111) 18.4 nm 2.31046
46.25 (=112) 38.7 nm 1.96102

the standard diffraction peak of CuO (JCPDS 48-1548).
The peaks of the prepared CuO NPs tend to be broadly
related to the size of the particles that make the diffraction,
which means smaller particle size makes broader peaks.
The peak position, size orientation, and d-spacing indicated
are summarized in Table 1. The average particle size of the
sample was estimated by using the Debye—Scherrer equa-
tion [39, 40]:

092
~ BCoso’ @)

A is the wavelength (Cu-Ka), f is the full width at the half-
maximum, and @ is the diffraction angle. The prepared sam-
ple has a polycrystalline structure with an average particle
size of approximately 35 nm.

FTIR spectroscopy was performed to identify the func-
tional groups of the synthesized copper oxide nanoparticles.
The FTIR transmittance spectra of the suspended nanopar-
ticles were obtained in the range from 4000 to 400 cm™".
Figure 5 shows the FTIR spectrum of all prepared sam-
ples of CuO NPs. According to Fig. 5, it can be observed

that the maximum absorption is at 3430 cem™!, 2356 cm™!,
1633 cm™', and 678 cm™'. A broad band at 3430 cm™'
appeared and was assigned to the O—H stretching mode of the
hydroxyl group [41]. Metals generally give absorption bands
in regions above [42]. The broad absorption peak at around
3430 cm™! is caused by the adsorbed water molecules since
the nanocrystalline materials exhibit a high surface to vol-
ume ratio and thus absorb moisture [43]. In addition, a
band located at 1633 cm™! is related to the deformation and
elongation vibration of the O—H bond, indicating the pres-
ence of water molecules (H,O). The peak at 2356 cm™! was
attributed to O =C =0 stretching carbon dioxide contami-
nation from the atmosphere. Previous studies mention the
vibrational modes of Cu—O in CuO NPs are responsible for
the high absorption peaks seen in the 500-700 cm™! range
[44, 45]. The observed transmitted band found at 678 cm™!
is attributed to the appearance of Cu—O [45, 46]. All the values
are tabulated with their corresponding bonds in Table 2.

Figure 6 shows the UV-Vis spectra of the colloidal dis-
persion containing particles synthesized by laser ablation of
the Cu target. The figure shows the presence of two regions
of absorption (280 and 650 nm). The peak that appeared at
280 nm results from the inter-band transition of the copper
electron from the deep level of the valence band, while the
peak at 650 nm, commonly known as the surface plasmon
resonance (SPR) peak, results from the inter-band transition
of the copper electron from the upper level of the valence
band. These results are close to the findings reported by
Swarnkar et al. [47].

Fig.5 The FTIR spectrum of 100 =
CuO NPs
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Table2 The transmission bonds and functional groups of the synthe-
sized CuO NPs

Wavenumber Functional group

3430 cm™! O-H stretching vibration
2356 cm™! 0O =C=0 stretching
1633 cm™! O-H bending vibration
678 cm™! Cu-O vibrational mode

The fundamental absorption, which corresponds to elec-
tron excitation from the valence band to the conduction band,
can be used to determine the value of the optical band gap.
The relationship between the absorption coefficients @ and
the incident photon energy hv can be written as [48]:

(ahv) = A (hv — Eg)", 2)

where « is the absorption coefficient, ho is the photon energy,
A is the material-dependent constant, Eg is the band gap
energy, and “n” is a constant associated with the direct tran-
sition in semiconductors. The absorption coefficient of the
copper oxide was estimated using the following formula [49]:

o= 2.3033, 3)

where d and A are the path length and absorbance of the col-
loidal CuO NPs. To compute the direct band gap Eg for CuO
NPs, we used extrapolating the linear region of the plot of
(ahv)? on (x-axis) vs. hv on (y-axis) that was determined by
the x-intercept. The direct band gap of CuO NPs is shown by

the intercept of the tangent to the plot on the x-axis. Figure 6
(inset) shows the band gap estimated using the Tauc method
was 3.6 eV which coincides with the previous reports [50,
51]. The estimated band gap was larger than the previously
reported value for bulk CuO (1.2 eV) [45]. This increased
band gap is attributed to the lowered particle size. When the
size of nanocrystals is smaller than the Bohr radius of the
excited electron-hole pair, the quantum confinement effect
occurs and the band gap energy starts to increase with the
decrease in particle size [52].

DLS analysis was performed to learn more about the size
and stability of the produced CuO NPs and the surface charge
of NPs. In Fig. 7a, the average particle size distribution of
CuO NPs was 35.19 +12.82 nm. From Fig. 7b, the stabil-
ity of colloidal dispersion is confirmed by the optimal value
achieved (—21.3+6.56 mV). This value is big enough to
avoid the agglomeration of particles by electrostatic repulsion.
The strong repelling force between the particles is indicated
by the high absolute zeta potential value, which also inhibits
aggregation [53]. The high negative surface charge of the par-
ticles serves as evidence that the homogeneity is caused by a
repulsive force between them.

FESEM images of CuO NPs and particle size distribu-
tion are shown in Fig. 8a and b. The image shows a homo-
geneous distribution of nanoparticles in the form of spheres
with approximately the same achieved size by the DLS test.
By observing Fig. 8a, it can clearly see the accumulation of
some spheres of NPs in a cauliflower-like shape. The nano-
particle diameter was calculated using the ImageJ program
shown in Fig. 8b.

Fig.6 UV-visible spectra of the
collided CuO NPs (inset: band
gap of CuO NPs)
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Fig.7 DLS measurement: a particle size distribution, b zeta potential measurement

The corresponding energy-dispersive X-ray EDX results
are presented in Fig. 9. The EDX spectra provide analytical
data about the samples in both qualitative and quantitative

Fig.8 a FESEM image of CuO NPs, b diameter distribution

forms. EDX data represent the appearance of a high per-
centage of Cu and O. The appearance of the carbon peak is
due to the drop-casting of CuO NP suspension while it is
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Fig. 9 EDX results (table inset,
the atomic percentage of ele-
ments)
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exposed to carbon existing in the atmosphere. The presence  Antibacterial Activity

of a silicon (Si) peak is a result of CuO NPs being depos-

ited on a glass substrate for conducting an EDX analysis.  Antibacterial activity is the killing or reduction of bacteria
The atomic percentage elements of the CuO NPs are pre-  without overall toxicity to the body’s tissue surrounding
sented in the table inset of Fig. 9.

Fig. 10 Antibacterial activity

of CuO NPs against E. coli and
S. aureus. Data are presented

as (mean=+SD (¥p <0.05;
**p<0.01; ***p <0.001); n=3)
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Fig. 11 Plate inhibition zone
assay showing the antibacte-
rial activity of a E. coli and b
S. aureus (numbers 1, 2, and 3
refer to the concentrations 100,
150, and 200 pg/ml, respec-
tively)

activity was evaluated using the agar well diffusion method.
Figure 10 shows the inhibitory zone of CuO NPs against E.
coli and S. aureus. The use of silver nitrate (AgNO5) was as a
calibrated agent and compared with different concentrations
of CuO NPs. The synthesized CuO NPs were employed to
test antibacterial susceptibility at the following concentra-
tions: 25, 50, 100, 150, and 200 pg/ml. The inhibitory zone
of CuO NPs was measured after 48 h of incubation. Particu-
larly, it was discovered that the diameter of the inhibitory
zone correlated with the number of nanoparticles present in
the medium.

In comparison to the effect on gram-negative bacteria,
the effect of CuO NPs on gram-positive bacteria growth was
shown to be stronger at higher concentrations (150, 200 pg/ml)
than gram-negative. This might be related to the alteration in
the cell wall construction of these two classes [55]. CuO NPs
have more antibacterial effects on gram-positive bacteria than
gram-negative bacteria. Gram-positive bacteria have higher
amounts of peptidoglycan and protein content in the cell wall.
This behavior is due to copper having a higher affinity for pro-
teins compared to lipids [21]. With respect to gram-positive S.
aureus, it was found that the inhibitory zone sizes were ranging
from 6 and 15 mm, as the nanoparticle concentration increased
from 25 to 200 pg/ml. The inhibitory zones for gram-negative
E. coli were found to have widths of 4 and 16.5 mm and nano-
particle concentrations of 25 and 200 pg/ml, respectively. The
concentrations of 150 and 200 ug/ml exceeded the antibacterial
activity of the control agent (AgNO;). Figure 11 represents the
inhibition zones of the maximum concentrations (100, 150,
200 pg/ml). It can clearly see the increase in the diameter of the
inhibition zones as the concentration increased from 100 to 200
pg/ml. The lowest concentration of an antimicrobial that will
prevent a microbe from growing visibly after an overnight incu-
bation period, known as a minimum inhibitory concentration

(MIC), was 25 pg/ml for both strains. CuO NPs prepared using
pulsed laser production in DW show a significant antibacterial
action on both E. coli and S. aureus.

Conclusion

According to this study, the copper sheet was successfully
ablated with an Nd:YAG laser after being submerged in
distilled water to create copper oxide nanoparticles. Based
on the findings of the current study, higher energy regions
(1000 mJ) are used to produce the required concentration of
CuO NPs with average particle sizes of approximately 35 nm
in size, which is the most desired size. FTIR and the opti-
cal study show the appearance of copper oxide with a band
gap equal to 3.6 eV for CuO NPs. XRD analysis shows the
CuO nanoparticles are in polycrystalline structures. FESEM
results show an aspherical structure with sometimes accu-
mulation of some spheres of NPs in a cauliflower-like shape.
Although the low concentration of CuO NPs was used in the
antibacterial study, a significant antibacterial activity was
observed from CuO nanoparticles synthesized because of the
large surface area of NPs. The results demonstrated that cop-
per oxide NPs produced by the LPW method might be used
to eliminate dangerous and harmful bacteria because they
possess antibacterial activity.
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