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Abstract: This study presents a comprehensive look into the potential therapeutic, antibacterial, and
anticancer properties of a nanocomposite (NC) of gold (Au) and zinc oxide (ZnO). In this study, we
analyzed the adherence between Au nanoparticles (NPs) and ZnO NPs. X-ray diffraction analysis
showed high crystallinity and small crystallite sizes of Au NPs and ZnO NPs, while transmission
electron microscopy showed spherical NPs. Furthermore, histogram analysis showed that the average
particle size of Au NPs is 27 nm, while that of ZnO NPs is 35 nm. The adherence of ZnO NPs on the
surface of Au NPs increased their combined particle size to 51 nm and revealed a high-population
core-shell structure. The activity of Au/ZnO NCs against Escherichia coli was more potent when
compared to that of elemental Au and ZnO NPs alone. The cytotoxic effects of AuNPs, ZnO NPs, and
Au/ZnO NCs against human breast cancer cells (AMG13) and human esophageal adenocarcinoma
cancer cells (SK-GT4) were investigated in this study. We found that AMG13 is more sensitive than
SK-GT4 to the activity of Au/ZnO NCs. The cytotoxicity of Au/ZnO NCs against AMG13 was 89%,
while that against SK-GT4 was 85%. Less cytotoxic effects were recorded against normal cells (MCF7)
when compared with those of cancer cells. Based on these findings, the synthesized Au/ZnO NCs
could be used as a promising strategy for biomedical applications.

Keywords: laser ablation; Au NPs; ZnO NPs; E. coli; cytotoxic activity

1. Introduction

Nanotechnology is the study of manipulating substances on the atomic and molecular
scale, as well as the synthesis and application of materials with dimensions in the order
of a billionth of a meter (10~? m = 1 nm) [1,2]. Proteins, enzymes, nucleic acids, viruses,
secondary metabolites, antibodies, and other biological molecules are all parts of molecular
materials. By self-assembly in benign and environmentally safe conditions, these can
also be used to create complex materials. The goal is to produce novel materials by
fusing natural compounds with manmade or nonbiological components for applications
outside of biology [3]. The biomedical, pharmaceutical, agricultural, and industrial sectors
have all made substantial use of biodegradable nanomaterials. Several techniques have
been developed for synthesizing nanomaterials, including sol-gel [4], sputtering [5], and
laser ablation (LA) [6,7]. The LA technique has been widely used to prepare noble metal
nanoparticles (NMNPs). The synthesis of gold (Au) nanoparticles (NPs) via LA is a simple
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method for creating new phases of nanomaterials that can involve both liquid and solid
phases. Additionally, this method does not require extreme temperature and pressure
conditions, making it an eco-friendly, chemically straightforward, and clean method [8],
favorable in the preparation of NMNPs, particularly Au NPs. The NPs’ average size
and distribution can be adjusted by adjusting the laser fluence, wavelength, and salt
concentration [9].

Hyperthermia, gene therapy, magnetic targeting, environmental remediation, pig-
ments, catalysts, antimicrobial agents, and soil treatment are just some of the many uses
for gold/zinc oxide (Au/ZnO) nanocomposites (NCs). In order to achieve high purity
without resorting to difficult purification techniques that might necessitate the removal
of harmful chemicals used in the manufacturing process, Au/ZnO NCs were prepared
via the LA technique [10]. Rashid et al. created Au:ZnO core-shell NPs. Their results
showed that the particle size increased with the energy levels and that the surface shell
of ZnO on Au NPs had a significant impact on absorption [11,12]. In a process involving
LA, Au and ZnO NPs were prepared. The results demonstrated that the antibacterial
agent Cur-Au:ZnO in the prepared sample caused the bacterial cells to die by breaking
down their cell walls and entering the cytoplasm. As a photoelectrode material, Au:ZnO
presented a higher photocurrent density than pure ZnO NPs under simulated sunlight,
as described by Shao et al. [13]. A wide variety of internal and external factors could
contribute to the DNA damage brought on by nanomaterials in bacteria. One way that
ROS can be created is through the use of internal assaults. ROS are created during regular
cellular metabolism. These free radicals are extremely unstable, so when they come into
contact with other molecules, the reactions occur very quickly. When free radicals come
into contact with DNA, they set off a chain reaction that leads to the formation of genotoxic
lesions. Examples of what are known as external agents include pharmaceuticals, as well as
gamma, ultraviolet, and X-ray radiation. NPs have the potential to cause exogenous DNA
damage. Previous studies have been conducted on the effects of nanomaterials on bacteria,
but more research is required to better understand the effectiveness of nanoparticles on
pathogenic bacteria [14]. The dispersion of most chemotherapeutic agents throughout
the body, which can result in general toxicity and limited tolerance by patients, presents
various challenges for traditional chemotherapy as a method of cancer treatment. Due
to their ability to silence genes and deliver drugs, metallic nanoparticles (NPs) such as
Ag-ZnO constitute a potentially useful platform for the treatment of cancer. In addition,
they have the ability to be functionalized by targeting ligands, which can reduce the growth
of tumors and eventually cause them to become damaged. Due to the high purity of the
produced nanoparticles in an aqueous solution, the technique of laser ablation has become
an appealing method for fabricating and forming nanomaterial and nanoparticles. This is
because the technique results in the formation of only pure nanomaterial and nanoparticles
in the solution, with no other substances being formed [15]. It has been demonstrated
that ZnO NPs have an extraordinary capacity to generate oxidative stress in cancer cells.
When it comes to increasing the susceptibility of cancer cells” ZnO NPs’ cytotoxicity, this is
one of the processes that plays a role. This property can be attributed to ZnO’s status as a
semiconducting material. ZnO is what causes the production of reactive oxygen species
(ROS), which in turn causes oxidative stress, which ultimately can lead to cell death if the
cells” own antioxidative capacities are overwhelmed. Herein, we prepared Au NPs, ZnO
NPs, and Au/ZnO NCs via LA. Characterizations of their shape and size were undertaken
by transmission electron microscopy (TEM), ultraviolet-visible (UV-Vis) spectrophotometry
X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). We studied the
antibacterial activity of Au NPs, ZnO NPs, and Au/ZnO NCs against Escherichia coli, and
their cytotoxicity against human breast cancer cells (AMG13) and esophageal cancer cells
(SK-GT4) using an MTT assay. Our findings suggested the ability of Au NPs, coated with
ZnO NPs and prepared by laser ablation, to enhance antibacterial and anti-proliferative
roles against cancer cells.
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2. Materials and Methods
2.1. Materials and Reagents

High-purity gold (Au) was modified to create a bright-yellow disk with a diameter
of 15 mm and a thickness of 2 mm (Sigma, St. Louis, MO, USA). Zinc (Zn), at a purity of
98%, was ordered as a powder from VWR International, Radnor, PA, USA, then pressed
by hydraulic pressing at a pressure of 10 T for 10 min to obtain a pellet with a diameter
of 16 mm and a thickness of 3 mm. Roswell Park Memorial Institute (RPMI-1640), methyl
thiazolyl tetrazolium (MTT), trypsin-EDTA, fetal bovine serum (FBS), crystal violate stain,
acridine orange, and ethidium bromide were obtained from Sigma, St. Louis, MO, USA.
Penicillin and streptomycin were purchased from Biosource International, Nivelles, Bel-
gium. However, the other reagents and chemicals used in the current study were employed
in their analytical grades.

2.2. Preparation of a Colloidal Solution of Au/ZnO NCs

An Au plate was immersed in 3 mL of deionized water (DW) in a glass vial and
ablated with 1064 nm pulses from an Nd:YAG laser running at 1 Hz with a pulse length of
9 ns. The ablation was performed for 200 pulses with a laser energy of 800 m] directed at
the target, with a few modifications to the ablation process, as described in [16]. The LA
technique was performed without any movement of the target. Then, 3 mL of DW was
added to a glass beaker with a Zn pellet at the bottom and irradiated separately under
the same conditions used above. As the laser power was increased, the Au NP solution
went from pale pink to deep pink, while the ZnO NPs solution went from pale gray to
pale yellow. To prepare Au/ZnO NCs, different volumetric ratios for Au NPs with ZnO
NPs (1:3, 1:1, and 3:1 v/v) were used. After mixing two colloidal solutions, the second
harmonic laser pulses of 800 m] for 100 pulses were directed at the surface of the solution.
The wavelength of the laser used was 532 nm.

2.3. Characterization of NPs

TEM (ZEISS LEO 912, 100 Kv, Oberkochen, Germany) was used to investigate the
morphology. Image] software (Java 1.8.0, Gaithersburg, MD, USA) was used to determine
the diameter of the particles that were synthesized at the nanometer scale. A double-beam
UV-vis spectrophotometer (Model 1200, Shimadzu, Kyoto, Japan) was utilized to charac-
terize the prepared nanoparticles in the spectral range of 200-1000 nm. X-ray diffraction
analysis (XRD) was performed using the XRD-6000 (Shimadzu, Japan) to confirm the crystal
structure of the nanoparticles. The formation of nanoparticles was confirmed using the
FTIR spectrum of analyses, conducted using the IFS 48 spectrometer (Brucker, Germany)
with a KBr pellet in the range of 4000-500 cm ™.

2.4. Antibacterial Activity of NPs

This experiment was carried out using the agar well diffusion method against
Escherichia coli (E. coli), which was generously provided by the Laboratory of Microbiology
at the Division of Biotechnology, Department of Applied Sciences, University of Technology,
Baghdad, Iraq. E. coli was identified using conventional laboratory protocols [17,18]. The
morphology of E. coli was studied using scanning electron microscopy (SEM) analysis [19].
The cytotoxic potential against E. coli was investigated using an acridine orange/ethidium
bromide staining assay [20]. For antibacterial activity, different volumetric ratios for Au
NPs with ZnO NPs (1:3, 1:1, and 3:1 v/v) were used, while for the cytotoxicity assays and
other experiments, only a ratio of 1:1 was tested. The mass concentration of the latter ratio
was 100 ug/mL for Au NPs, ZnO NPs, and Au/ZnO NCs, respectively.

2.5. Cell Line Culture

The human breast cancer cell line (AMJ]13), human esophageal adenocarcinoma cell
line (SK-GT4), and human breast normal cell line (MCE-10) cells were kindly provided by
the cell bank unit of the Experimental Therapy Department at Al-Mustansiriyah University,
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Baghdad, Iraq. RPMI-1640 culture medium was used for the AMJ13 and SK-GT4 cell lines,
supplemented with 10% Fetal Bovine Serum, 2 mM of L-glutamine, 20 mM of HEPES, and
100 mg/mL of streptomycin and 100 IU/mL of penicillin, using tissue culture flasks (T
25 cm?; Falcon, MI, USA) in a CO, incubator maintained at 37 °C and 5% CO, to allow cells
to attach and spread. Each confluent monolayer was washed with PBS (phosphate-buffered
saline) and detached with Trypsin-EDTA solution to transfer or passage the cell lines, as
described in a previous study [21].

2.6. Methyl Thiazolyl Tetrazolium (MTT) Assay

The cytotoxicity of Au NPs, ZnO NPs, and Au/ZnO NCs was tested using a 96-well
plate-based MTT assay [22,23]. The seeding density for the cell line was 1 x 10* cells/well,
and a confluent monolayer formed after 24 h. The prepared nanoparticles were applied
to the cells and observed for their effects. After 72 h of treatment with the prepared
nanoparticles, the medium was discarded, then 28 uL of MTT solution, in a concentration
of 2 mg/mL, was added, and the cells were incubated for 2.5 h at 37 °C to determine
cell viability. The method used was based on one described in a previous study [24]. A
microplate reader was used to measure the absorbance at 492 nm. The test was run three
times for accuracy. The percentage of inhibition rate for treated cells was calculated using
the following equation [25,26]:

Ac— A
Inhibition rate(%) = % X

100
where Ac is the optical density of the control and As is the optical density of the samples.
After 24 h of incubation at 37 °C, both cell lines were seeded at a density of
1 x 10° cells/mL into 24-well plates and exposed to Au NPs, ZnO NPs, and Au/ZnO
NCs for 24 h. After that, cells were stained with crystal violet and incubated at 37 °C
for 10-15 min [27]. Then, the cells were washed out of the stain and photographed us-
ing an inverted microscope containing a digital camera at 100x magnification to capture
high-resolution images.

2.7. Statistical Analysis

For the statistical study, GraphPad Prism 7.0 software (developed by GraphPad and
located in San Diego, CA, USA) was used. The data were presented in an unpaired format.
Student’s t-test, the standard error of the mean (mean + SD), and a significance level of
p < 0.05 were used to determine whether the results were statistically significant [28].

3. Results and Discussion
3.1. Characterization of NPs

TEM analysis was utilized to analyze the morphology and Image]J software was used
to calculate the size distributions of the prepared Au NPs, ZnO NPs, and Au/ZnO NCs
(Figure 1). As seen in Figure 1A, the TEM image demonstrated that majority of Au NPs have
spherical shapes, and the histogram of size distribution exhibited a mean size of ~27 nm.
Whereas the ZnO NPs were semispherical nanoparticles with fewer aggregations and
had a size of ~35 nm (Figure 1B). Despite using the same methodology and experimental
conditions, the particle size of Au NPs was found to be smaller than that of ZnO NPs, and
this was due to the difference in the physical and chemical properties of both materials.
In addition, the particle size of Au NPs being smaller than the size of ZnO NPs may be
attributed to the melting point [29]. It is well-known that nanosized materials have a lower
melting point which has a small nanoscale. The melting point of gold is 1064 °C, while
the melting point of zinc oxide is 1975 °C. Additionally, the surface tension of the liquid
medium can affect the size of NPs, Au NPs have a higher surface energy than ZnO NPs, and
they are more likely to be stabilized and form smaller NPs in a medium. In contrast, ZnO
NPs may have a lower surface energy, leading to the formation of larger NPs. Au/ZnO
NCs revealed a high-population core-shell structure with a mean size of ~51 nm and were
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observed to be larger in size than Au NPs and ZnO NPs (Figure 1C). Figure 1C shows
an Au NP and its surrounding ZnO. It thus confirms that the black dots seen in the TEM
images are Au NPs which are surrounded by ZnO, causing the size of nanocomposites to
increase. It also suggests that ZnO surrounding Au NPs is polycrystalline in nature

will be confirmed by XRD characterization.
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Figure 1. TEM images with particle size distribution histograms of Au NPs, ZnO NPs, and Au/ZnO
NCs, where (A) is Au NPs, (B) is ZnO NPs, and (C) is Au/ZnO NCs, prepared via laser ablation at

800 mJ. Core referred to Au and shell referred to ZnO.
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XRD is a nanostructure analysis procedure used to determine the crystallinity of metal
NPs. XRD is a crucial technique for investigating crystalline structures, since it shows the
crystal’s atomic arrangement, lattice parameters, and crystalline size [30]. For instance,
Figure 2 shows the XRD pattern of Au NPs diffraction peaks at 26 = 38.2°, 44.6°, and
78.2° corresponding to the (111), (200), (220), and (311) planes, respectively, referring to the
cubic crystal of the Au NPs. The ZnO NPs were recorded to hexagonal quartzite and the
typical diffraction peaks were at 260 = 31.8°, 34.5°, 36.3°, 48.7°, 57.6°, 63.0°, 68.3°, and 78.7°,
corresponding to the (100), (002), (111), (200), (110), (103), (220), and (311) planes. Au/ZnO
NCs were shown as a collection of multiple peaks, which was consistent with the JCPDS
(Joint Committee on Powder Diffraction Standards) in all respects, with the strongest peak
located between 38.2° and 45°, corresponding to the (111) and (200) planes, respectively
(00-001-1172). Planes (100), (001), (101), (110), (103), and (112) had diffraction angles of
31.8°,34.5°, 36.3°, 56.7°, 63.1°, and 68.1°, respectively. These peaks agreed with the JCPDS
data and showed that ZnO NP crystals were wurtzite structures (01-079-0205).

UV-vis spectrophotometry was utilized to determine the absorption spectra, concen-
trations, and types of the prepared NPs. Figure 3 displays the UV-vis absorption of Au
NPs, ZnO NPs, and Au/ZnO NCs. The behavior of Au NPs and ZnO NPs was entirely
consistent [31]. The strongest peak for Au NPs was at 525 nm, and the color of the colloidal
solution was pink due to the surface plasmon resonance. Figure 3 also demonstrates that
this peak shifted to red due to aggregation, which produced large ZnO NPs. The blue
line represents the absorption peak of ZnO NPs at 410 nm. The Au/ZnO NCs behavior,
represented by Figure 3, explained the reduced absorption intensity, compared with ab-
sorption intensity for individual elements. Therefore, the intensity absorption peak of Au
NPs shifted to 530 nm and that of ZnO NPs shifted to 415 nm. This occurred because
the addition of Au NPs to the ZnO NPs matrix significantly reduced the surface plasmon
resonance of Au NPs. It is well-known that the size increase of Au NPs causes a red
shift of the surface plasmon band. The characteristic plasmon peak of Au/ZnO NCs was
observed to be broad in the visible region. This investigation is consistent with the findings
of Wang et al. [32].

Au/ZnO NCs samples were examined by FTIR spectroscopy (Figure 4). A peak at
3738 cm ™!, corresponding to the symmetrical frequency of water’s stretching vibration
mode, was used to identify alcohol at (O-H). The presence of carbon dioxide molecules in
the air was detected by looking for the C-H bond stretching at a wavenumber of 2353 cm 1.
In the nitro compound, the bands at 1516 cm ™! corresponded to N-O stretching, whereas
the band at 1647 cm ™! corresponded to C=C stretching. This was in agreement with a
previous study by Liu et al. [33]. Their findings confirmed that the 594 cm ! absorption
peak was related to the ZnO metal (ZnO vibrational modes), although it shifted to lower
wavenumbers.

3.2. Antibacterial Activity of NPs

The antibacterial activity of Au NPs, ZnO NPs, and Au/ZnO NCs was studied against
an E. coli strain, dependent on the volumetric ratio for Au NPs with ZnO NPs according
to 1:3, 1:1, and 3:1, corresponding to 0.25:0.75, 0.5:0.5, and 0.75:0.25 mL, in addition to the
stock samples. As shown in Figure 5, the inhibition zones were measured and reported. In
general, the inhibition zone and activity of Au NPs, ZnO NPs, and Au/ZnO NCs against
E. coli were very active. For more specificity, the mixing ratio (3:1) of Au/ZnO NCs was
more efficient than other ratios and more efficient than Au NPs and ZnO NPs alone, which
meant that the bacterial membrane grew weaker when a mixture of NPs was applied.
Therefore, the inhibition zones were bigger. The mechanism of inhibition by NPs depended
on multiple parameters and was strongly affected by the morphology, shape, and size of
NPs, in addition to the kind of bacterial strain [34]. NPs can interact with bacterial strains
in both physical and chemical methods.
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Figure 2. XRD spectra of Au NPs, ZnO NPs, and Au/ZnO NCs prepared via laser ablation at 800 m].
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Figure 5. Antibacterial activity of ZnO NPs, Au NPs, and Au/ZnO NCs against E. coli. A, non-treated
control bacteria; B, treated with ZnO NPs; C, treated with Au NPs; D, treated with Au/ZnO NCs
ratio (1:3); E, treated with Au/ZnO ratio (1:1); F, treated with Au/ZnO ratio (3:1). Values are shown
as the mean £ SD of measurements taken in triplicate. ** p < 0.01, ** p < 0.001, **** p < 0.0001.

Due to electrostatic interactions, Zn?* ions are able to enter more easily in E. coli
bacteria, which have a larger negative charge than S. aureus bacteria, resulting in enhanced
uptake of ions [35]. Direct physical interactions may take place between bacteria cells and
Zn0O or Au NPs when the two are in close proximity to one another. These interactions may
result in the neutralization of surface electric charge, the deterioration and deformation
of the membrane, and changes in the membrane’s penetrability. In extreme cases, the
membrane may even rupture, resulting in the leakage of cytoplasmic contents and causing
the death of the bacteria. ZnO is positively charged, whereas ZnO/Au materials have a
slight negative charge [36]. These electrical interactions between the two types of materials
are distinct from one another. There is also the possibility that ZnO and Au NPs could
exert their antimicrobial effects via reactive oxygen species (ROS), such as superoxide
anions or hydrogen peroxide [37-39]. Aquatic ZnO and ZnO/Au dispersions promoted
severe oxidative stress and destroyed cellular components such as lipids, proteins, enzymes,
and DNA [40]. This was caused by the increased level of ROS that they created. It was
demonstrated that Au NPs with tiny dimensions could stimulate the creation of holes in the
membrane of E. coli via the ROS mechanism, and that after internalization, S. aureus could
experience an increase in the concentration of intracellular ROS species when exposed
to Au NPs [41,42]. The high surface area to volume ratio that was observed for all the
produced nanostructures led to the production of a greater number of reactive oxygen
species. In addition, ZnO crystals have a diverse chemical composition, which may be a
factor in the material’s enhanced antibacterial action [43].

3.3. Morphology Changes of Bacteria Investigated by SEM

The morphology of bacteria treated with Au NPs, ZnO NPs, and Au/ZnO NCs was
examined using SEM. The variations between the cell structure of bacteria treated with
NPs and the untreated control bacteria were visible in images captured using a scanning
electron microscope. The morphological alterations for E. coli structures, showing moderate
activity from the Au NPs and ZnO NPs, can be seen in Figure 6. It was clear that the
Au/ZnO NCs had a more significant impact on the organisms’ outer membranes, and the
damage to cell membranes was observed in the treated E. coli. In comparison to untreated
bacteria, the treated E. coli exposed to Au/ZnO NCs exhibited higher aggregation and
membrane disruption. Due to the increase in surface tension brought on by the membrane’s
neutralized surface membrane potential, the SEM investigation of bacterial cell membranes
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revealed aberrant structures, membrane rupture, damage, and blebs. Numerous studies
recorded bacterial morphological modifications after exposure to ZnO NPs, and SEM was
used in these experiments. The antibacterial action of ZnO NPs included direct contact
with cell walls, disrupting bacterial cell integrity [44]. ROS production and the release of
antimicrobial ions, particularly Zn ions, may also have been involved [45,46].

Figure 6. Morphological changes investigated by SEM of E. coli. (A) Non-treated E. coli, (B) E. coli
treated with ZnO NPs, (C) E. coli treated with Au NPs, and (D) E. coli treated with Au/ZnO NCs.
Red arrows showing bacterial membrane damage. Scale bar: 1 pm.

3.4. Induces Cell Death of E. coli

Fluorescence microscopy was used to assess the antibacterial effectiveness of the
produced NPs against E. coli. Figure 7 illustrates the use of double staining of acridine
orange/ethidium bromide to distinguish between live and dead E. coli. When acridine
orange attached to the nucleic acid of living bacteria, a fluorescent green light appeared. The
red or orange fluorescence of ethidium bromide is caused by its adsorption on the nucleic
acid of dead bacteria [47]. Healthy bacterial cells will therefore appear green, whereas dying
cells will appear in red. In Figure 7, the results of untreated bacterial cells fluoresced with
green color are shown. Following treatment with ZnO NPs, generated at 800 m], a number
of cells turned red, as depicted in Figure 7B. While in Figure 7C, the bacteria exposed to Au
NPs revealed more red color. Both ZnO NP and Au NP treatments alone were sufficient
to kill bacteria by damaging their DNA. However, Au/ZnO NCs had a higher effect on
bacterial cells than either Au NPs or ZnO NPs alone. In fact, practically all the bacterial
cells there turned red, suggesting that more of them died. Hence, Au/ZnO NCs had the
greatest impact on both bacterial species. Numerous internal and environmental factors
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can lead to DNA damage caused by nanomaterials in bacteria. Internal assaults are one
way that ROS can be created. ROS are created during regular cellular metabolism. Due
to their great instability, these free radicals react with other molecules quite quickly. Free
radicals interact with DNA, triggering a series of events that result in genotoxic lesions.
Pharmaceuticals, gamma, ultraviolet, and X-ray radiation are all examples of what are
referred to as external agents. Exogenous DNA damage may be caused by NPs.

Figure 7. Green and red fluorescence-stained E. coli micrographs. (A) Non-treated E. coli, (B) E. coli
treated with ZnO NPs, (C) E. coli treated with Au NPs, and (D) E. coli treated with Au/ZnO NCs
(100x).

3.5. Cytotoxicity of NPs against Cancer Cell Lines

The capacity of AuNPs, ZnO NPs, and Au/ZnO NCs to stop the growth of cancer cells
was investigated. The findings demonstrated the cytotoxic effects of Au NPs, ZnO NPs,
and Au/ZnO NCs on SK-GT-4, AMJ13, and MCEF-10 cells. As shown in Figure 8, AMJ13
cells were used as the test subject for the cytotoxicity of Au NPs, ZnO NPs, and Au/ZnO
NCs. The cytotoxicity of Au NPs was higher than 75%, whereas that of ZnO NPs was 70%.
The cytotoxicity of Au/ZnO NCs was 89%, which was greater than that of individual Au
NPs and ZnO NPs, and excellent for penetrating a cell membrane. The toxicity levels of Au
NPs, ZnO NPs, and Au/ZnO NCs toward SK-GT-4 cells were approximately 70%, 68%,
and 85%, respectively. However, the Au NPs, ZnO NPs, and Au/ZnO NCs demonstrated
less cytotoxic effects against the normal cell line (MCF-10) when compared with those
observed in cancer cells. The inhibition rate ranged between 9% and 12%.
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Figure 8. Cytotoxic effects of NPs against AMJ13, SK-GT4, and MCF-10 cell lines. (A) Au NPs,
(B) ZnO NPs, and (C) Au/ZnO NCs. Data are represented as mean + SD of triplicate. n.s.: non-
significant ** p < 0.01, *** p < 0.001.

The ability of NPs to act as anticancer agents is diverse, and it strongly depends on
the shape, type, and size of NPs, as shown in Figure 9, which represents the morphological
changes of the cells when compared with untreated cells (control). Due to their superior
activity, spherical Au NPs are preferred over semispherical or randomly shaped ZnO NPs.
However, different characterizations and activities can emerge when Au NPs are combined
with ZnO NPs to form NPs (Figure 9A-H). In comparison to other nanoparticles, it was
discovered that ZnO NPs had a cytotoxic impact that was directed specifically at malignant
cells when tested in in vitro conditions. They are capable of undergoing additional surface
engineering so that they exhibit greater selective cytotoxicity [48]. ZnO nanoparticles
were found to have a cytotoxic effect on many human glioma cells, but no cytotoxic
effect was found in normal human astrocytes, as stated in a previous study carried out by
Ostrovsky and colleagues [49]. ZnO nanoparticles were found to possess a considerable
preferred potential to destroy malignant T cells, according to the findings of another
study conducted by Hanley and colleagues [50]. Oxygen is necessary for life, but when it
undergoes a redox reaction, it can become a dangerous reactive oxygen species (ROS). ROS
are chemically reactive molecules that can either be non-radical or radical. They are created
from neutral molecular oxygen (O;) and are made up of peroxide (O,72), oxide (O72),
superoxide (O, 1), and hydroxyl radical (OH-!). Due to the unique material properties
that nanoparticles (NPs) possess, there is a possibility that they could be useful in the fight
against cancer. For the purpose of diagnosis and treatment of cancerous tumors, many
nanoparticles (NPs), including metal oxide NPs and silver NPs, have been utilized [51].
Zinc oxide nanoparticles, often known as ZnO NPs, have shown significant promise
for use in the diagnosis and therapy of cancer cells that have malignant tumors. ZnO
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nanoparticles demonstrated excellent biocompatibility and biodegradability, in addition to
unique physicochemical properties. ZnO NPs have shown the ability to kill cancer cells
by generating reactive oxygen species (ROS) and destroying mitochondria in malignant
tumor cells [52]. ZnO nanoparticles are potential candidates to serve as active carriers for
the directed and sustained delivery of anticancer medicines into malignant tumor cells [53].
ZnO and TiO2 are two examples of inorganic heterogeneous catalysts that have a wide
variety of applications in the nano-structural, biological, and pharmacological fields [54].
Both these materials, which have wide bandgaps and have a bandgap energy (Eg) of 3.37
and 3.2 eV, respectively, have valence electrons that are able to absorb photons in the
high-energy part of the solar spectrum, i.e., UV, and then excite to the conduction band.
This is accomplished by using the energy of the bandgap. The findings of the present
study suggested that zinc oxide nanoparticles could potentially develop into an anticancer
candidate. ZnO nanoparticles exhibit increased cytotoxicity as a result of zinc-mediated
protein activity imbalance and oxidative stress [55]. It has been shown that ZnO NPs have
the extraordinary capability to generate oxidative stress in cancer cells. This is one of the
processes that contribute to the cytotoxicity of ZnO NPs when it comes to cancer cells.
ZnO is a semiconducting material, which explains why it has this feature. ZnO causes the
production of ROS, which in turn causes oxidative stress, which can ultimately result in
cell death if the antioxidative capacity of the cell is overwhelmed [56].

Figure 9. Morphological changes of cancer cells after treatment with the prepared NPs. (A) Non-
treated AMJ13 cells, (B) Au NP-treated AM]J13 cells, (C) ZnO NP-treated AMJ13 cells, (D) Au/ZnO
NC-treated AMJ13 cells, (E) non-treated SK-GT4 cells, (F) Au NP-treated SK-GT4 cells, (G) ZnO
NP-treated SK-GT4 cells, and (H) Au/ZnO NC-treated SK-GT4 cells.
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4. Conclusions

Using pulse laser ablation at 800 m]J, a successful preparation of Au NPs, ZnO NPs,
and Au/ZnO NCs was produced, which tested for their antibacterial potentials against
E. coli and their cytotoxic properties against the breast cancer AMG13 cell line and the
esophageal cancer SK-GT4 cell line. In the prepared Au/ZnO NCs, the Au NPs were
spherical in shape with a size of around 27 nm, and the ZnO was polycrystalline in nature
with a wurtzite structure. Compared with the ZnO, the Au/ZnO NCs exhibited increased
light absorption and a widened photo-response, indicating that the incorporation of Au
NPs with ZnO NPs increased the capacity of UV and visible light absorption, and hence
enhanced the photogeneration rate of electrons and holes by light excitation in a wide
spectral region. Au and ZnO NPs showed promising antibacterial activity and were more
effective when combined as an NC in varying volumes. The results demonstrated that
breast cancer cells were shown to be more sensitive than esophageal cancer cells. The
proliferation rate of normal breast cells demonstrated a less cytotoxic effect when compared
with those observed in cancerous cells. Based on current outcomes, the prepared Au/ZnO
NCs could represent a promising strategy for biomedical applications.
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