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ARTICLE INFO ABSTRACT

Keywords: This research describes the methodology for synthesizing zinc oxide nanoparticles (ZnO-NPs). It
Zn0 demonstrates a unique, cost-effective, and non-toxic chemical technique for producing ZnO-NPs
Synthesis

using the precipitation method with NaOH as reducing and capping agents. The formed nano-
particles have been characterized and analyzed using numerous techniques such as; Fluorescence
emission spectroscopy (FL), X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive X-ray Spectroscopy (EDX), ultra-
violet-visible optical absorption (UV-Vis), Fourier transform infrared spectroscopy (FTIR), and
Thermal gravimetric analysis (TGA). Also, the analytical technique X-ray diffraction studies has
been used which showed that the ZnO-NPs had a Wurtzite hexagonal crystal structure with an
average crystallite size of 34.27 nm. The form and the size of the synthesized ZnO-NPs have been
seen in SEM and TEM photographs. Using J-image, particle size has been obtained at 13.33 nm,
and the grain boundaries were all approximately spherical. Peaks in the FT-IR spectrum of the
NPs indicate the presence of carboxylate (COO) and hydroxyl (O-H) functional groups. According
to these findings, Zn interstitial defects are responsible for the 380 nm emission peak. Since EDX
could not identify any impurities below the detection threshold, we may be sure that Zn and O are
the principal components of the synthesized sample. ZnO-NPs cause an absorption band at
350.34 nm in the UV-Vis spectrum and a band gap of 3.24 eV. The catalytic activity of the
synthesized ZnO nanoparticles (NPs) was evaluated by investigating their effectiveness in
degrading crystal violet (CV) and methylene blue (MB) dyes, along with assessing the degradation
rates. The results demonstrated a high degradation efficiency, with ZnO NPs achieving approx-
imately 96.72 % degradation for CV and 97.169 % for MB dyes, underscoring their remarkable
efficacy in the degradation process. As for antimicrobial activity assessment, the results revealed

Medical applications
Cancer cell
Antibacterial

* Corresponding author.
** Corresponding author.
E-mail addresses: mmalmoneef@pnu.edu.sa (M.M. Almoneef), mawad@ksu.edu.sa (M.A. Awad), haldossari@su.edu.sa (H.H. Aldosari), awatif.
hindi@yahoo.com (A.A. Hendi), haldehish@KSU.EDU.SA (H.A. Aldehish), nmerghani@ksu.edu.sa (N.M. Merghani), Salshammari@ksu.edu.Sa
(S.G. Alshammari).

https://doi.org/10.1016/j.heliyon.2024.e32714
Received 4 March 2024; Received in revised form 5 June 2024; Accepted 7 June 2024

Available online 13 June 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mmalmoneef@pnu.edu.sa
mailto:mawad@ksu.edu.sa
mailto:haldossari@su.edu.sa
mailto:awatif.hindi@yahoo.com
mailto:awatif.hindi@yahoo.com
mailto:haldehish@KSU.EDU.SA
mailto:nmerghani@ksu.edu.sa
mailto:Salshammari@ksu.edu.Sa
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e32714
https://doi.org/10.1016/j.heliyon.2024.e32714
https://doi.org/10.1016/j.heliyon.2024.e32714
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.M. Almoneef et al. Heliyon 10 (2024) e32714

that the ZnO-NPs had negligible impact on Gram-negative bacteria, whereas they exhibited a
discernible effect on Gram-positive bacteria. Additionally, it showed anti-cancer potential against
colon (SW480), breast (MDA-231), and cervix (HELA) lines cells as seen by (MTT) assay. Hence,
due to its simplified processes and cheaper chemicals, our synthesis technique may use in in-
dustrial settings for various applications.

1. Introduction

One material with enormous promise for the advancement and use of nanotechnology is zinc oxide (ZnO). ZnO is an ideal semi-
conductor due to its n-type direct bandgap of 3.37 eV at room temperature. The antibacterial and anticancer characteristics, as well as
the availability and low cost of ZnO, have piqued the curiosity of scientists [1]. Traditional cancer treatments, which include
chemotherapy, radiation, and surgery, have been around for a while. Cancer is characterized by the uncontrolled proliferation of
malignant cells [2]. Zinc oxide nanoparticles (ZnO NPs) have gained significant traction in biological applications during the last
twenty years owing to their low toxicity, cost-effectiveness, and superior biocompatibility. Particularly in the fields of antibacterial and
anticancer treatment, ZnO NPs have shown great promise in biomedicine [3]. Among the many products of ZnO-NPs, which are
synthesized through nanotechnology, are which have the powerful capacity to cause an excess of reactive oxygen species (ROS) to be
produced, release zinc ions, and cause cell death. Zinc is also well recognized for maintaining the structural integrity of insulin.
Therefore, ZnO NPs have also been successfully created for the treatment of diabetes. In addition, ZnO NPs are among the top con-
tenders for bioimaging due to their exceptional luminous qualities [4-7].

The excellent absorption and scattering efficiency of ZnO-NPs for light in the UV and visible spectrum areas make them potential
optoelectronics materials. Due to their high photoluminescence, ZnO-NPs are well-suited for emission display systems like T.V.s. The
most promising options for photocatalytic degradation seem to be ZnO-NPs. Fabrics and wood may be shielded from UV rays with the
help of ZnO-NPs [8]. Manufactured safely for the planet, ZnO-NPs effectively stop the spread of hazardous bacteria. ZnO-NPs, which
are naturally antimicrobial, are utilized in food and container linings to prevent spoiling fish, peas, and corn. Some innovative bio-
logical uses for ZnO-NPs include medication delivery, antimicrobial treatment, and bioimaging [9].

Multiple investigations have consequently shown that ZnO-NPs kill cancer cells. The survival rate of cancer cells in MCF7, A549,
HL60, and VERO cell lines has been studied at varying concentrations of ZnO. The results show that an increase in ZnO concentration
considerably reduces cell viability of the cell above lines while causing only negligible damage to healthy cells [10].

However, there has been a surge in interest in ZnO’s remarkable antibacterial activity, and research is underway to optimize the
material by reducing its size, concentration, form, and imperfections while maintaining its potent nanobiological toxicity. Negative
bacteria E. coli and other Gram-positive bacteria Research on the antimicrobial properties of ZnO nanoparticles often makes use of
Staphylococcus aureus (S. aureus) as a model organism [11]. Vibrio cholerae and other Gram-negative bacteria live side by side with
Enterococcus faecalis and Bacillus subtilis, two types of Gram-positive bacteria. Physically, it is unique from Pseudomonas aeruginosa,
Proteus vulgaris, and P. vulgaris (ZnO). Moreover, probes are also performed [12,13]. ZnO-NPs made using environmentally friendly
techniques were found to prevent the development of Staphylococcus aureus, Escherichia coli, and other bacteria at a higher rate than
ZnO-NPs made using conventional methods [14]. However, researchers are still trying to pinpoint how ZnO-NPs achieve their anti-
microbial effects. This study will discuss techniques for synthesizing zinc oxide and analyze the physical and optical characteristics of
ZnO-NPs. After that, we will discuss the most critical medical findings and potential medicinal applications in anticancer and anti-
bacterial activities.

In the literature review, various methods were found to have been developed for the production of ZnO nanopowders. These
include sol-gel, microemulsion, spray pyrolysis, electrodeposition, ultrasonic, microwave-assisted techniques, chemical vapour
deposition, hydrothermal, and precipitation. However, chemical synthesis has been frequently employed because of how easy it is to
do and how cheap it is compared to the other methods. The chemical production of ZnO nanoparticles and their characterization by X-
ray diffraction, scanning and transmission electron microscopy, selective area electron diffraction, ultraviolet-visible absorbance, and
photoluminescence spectroscopy are detailed in this study.

2. Materials and experimental methods
2.1. Materials

The details of using materials for ZnO-NPs were clarified in Table 1.

Table 1

The materials information.
Chemicals Chemical’s structure Manufacturer Company Purity %
Sodium Hydroxide NaOH Loba Chemie, India 98 %
Zinc (1) chloride ZnCl, Sigma-Aldrich, Germany 99.95 %
Distilled water H,0 VWR chemicals -
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2.2. Preparation of pure ZnO-NPs

Taking 1 M of zinc chloride (ZnCly) aqueous solution, stirring for half an hour, and then adding 2 M of sodium hydroxide (NaOH)
aqueous solution dropwise to the previous solution is the chemical precipitation technique used to produce pure ZnO-NPs as shown in
Fig. 1. After 3 h of stirring, the thick solution is filtered, cleaned with distilled water, and allowed to dry for 24 h. The resultant residue
is ground and heated to 400 °C in a furnace.

2.3. Characterization of synthesized nanoparticles

2.3.1. Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX)

Compositional analysis of the synthesized ZnO-NPs was performed using the same scanning electron microscopy (SEM with EDXA,
JSM-IT500HR-JEOL) that was used to examine the sample’s morphology. The images are shown on a monitor. Present-day commercial
SEMs often include cutting-edge data analysis software and an energy-dispersive X-ray Spectroscopy (EDX) instrument. The EDX also
brought the advantages of employing software to assess the sample’s composition to the table.

2.3.2. Transmission electron microscopy (TEM)

The main size of the ZnO-NPs was measured using transmission electron microscopy (TEM). The Zinclear 60CCT was dissolved in
acetone to remove the ZnO-NPs, which were dried on a glass slide. The obtained powder was dissolved in ethanol at a concentration of
0.01-0.1 mM (using the unit cell of the ZnO crystal as a reference), and TEM (Philips CM10) images were taken.

2.3.3. X-ray diffraction (XRD)

Wide-angle X-ray diffraction (WAXD) experiments were conducted at room temperature using Siemens D5000 (Cu, GAXRD)
equipment running at 40 kV. The CuK radiation, with a wavelength of 1.54178 A°, was the cause of the X-rays. Powder diffraction is
often employed in this project because of the low difficulty of sample preparation and the speed and nondestructive nature of the tests.
The powder diffraction pattern peaks assist in identifying materials quickly, while peak width or position variations help detect crystal
size and texture.

2.3.4. Ultraviolet—visible spectroscopy (UV-Vis)

The UV-Vis spectrometer (PerkinElmer) was used to get readings of the absorption spectra of ZnO-NPs. The suspension was put in a
high-quality U.V. quartz cuvette with a 2-mm passage to reduce scattering. The scattering means the route is substantially more
significant than the pathway of the cuvette in the concentration range we studied; therefore, the scattering may be treated as a single
event.

2.3.5. Fluorescence

A spectrophotometer from PerkinElmer (Waltham, MA, USA) was used to detect the fluorescence of ZnO-NPs in water. A quartz cell
with a 1 cm route length was used to capture spectra ranging from 200 to 900 nm. The excitation wavelength of this experiment was
383 nm, and the emission slits were 1 nm wide.

2.3.6. Thermal gravimetric analysis (TGA)

The analysis was conducted using a PerkinElmer Pyris 1 TGA with a linear heating rate of 10 °C/min under a pure nitrogen
environment at a flow rate of 60 ml/min. The temperature range varied from room temperature to 900 °C. Samples with an initial
weight of 8-9 mg were used for the measurements, and the specimen was in solid form.

-
i

Fig. 1. Preparation steps of ZnO-NPs (a) stirring step, (b) filtering step, (c) grinding step, and (d) final product.
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2.3.7. Fourier transform infrared spectroscopy (FTIR)

To obtain Fourier transform infrared (FTIR) analysis, the synthesized sample powder of about 2-3 mg was combined with about
0.5-1 g KBr, ground in a mortar to a fine, well-mixed powder, and then formed into a disk by exerting high pressure on a PerkinElmer
Spectrum BX (PerkinElmer, Waltham, MA, USA).

2.4. Photocatalytic studies

ZnO-NPs had their photocatalytic potential measured by watching how quickly ponceau in a solution exposed to a visible light
source deteriorates. The experimental flask was used to execute the photocatalytic process, which included adding 5 mg of NPs to 50
ml solutions of methylene blue (MB) and crystal violet (CV) dye at a concentration of 10 mg/L separately. Without NPs, the control
group consists of dye solutions alone. To maintain the chemical component adsorption/desorption equilibrium on the catalyst surface,
the reaction solution was first magnetically stirred in the dark for a few minutes before being exposed to UV radiation. The photo-
catalytic breakdown of the dyes was then accelerated by keeping the solution under a halogen light. A UV-Vis spectrophotometer was
used every 3 h to test the colours’ absorption.

Cy—C
DE% =-2"=x100 Eq.1
Co

The degradation efficiency (DE%) is represented as a percentage, and the variables Co and C are the initial and final dye con-
centrations, respectively.

2.5. Biomedical assay

Cells from the colon (SW480), breast (MDA-231), and cervix (HELA) lines were planted at a density of 2 x 10° cells per well in 100
ul of optimal media in a 96-well plate for the MTT test. Trypan blue exclusion test (0.4 %) utilizing a cell counter established the total
number of cells employed throughout all tests. After 24 h of rest, the cells were treated with varying concentrations of ZnO-NPs (3.125,
6.25, 12.5, 25, 50, and 100 pg/ml). After 24 h of treatment, cells were permitted to continue to increase.

Cell Titer 96® AQueous One Solution (Promega-G3582) should be used after a 48-h incubation period. To a 96-well assay plate
containing samples in 100 pl of culture media, add 20 1 of Cell Titer 96® AQueous One Solution Reagent. Then, place the plate in an
incubator at 37 °C and 2 h of 5 % carbon dioxide humidity. This experiment aims to quantify the cellular breakdown of MTS that yields
soluble formazan.

Finally, a 96-well plate reader (Molecular Devices -SPECTRA max- PLUS384) should be used to record the absorbance at 490 nm.
Three independent experiments were conducted for each condition. Optical density values were adjusted to those of untreated cells as
a baseline. Therefore, untreated cell viability measurements should equal 100 %, but treated cell viability values should be either less
than or more than 100 %. For the math, we utilized this equation [15]:

Gell viability (%) — Total cells — viable cell} 100

Total Cells Eq. 2

To test the NPs’ antibacterial properties, they were tested on autoclaved nutrient agar (14 g powder dissolved in 500 ml distilled
water). Each Petri dish had 20 ml of agar placed into it, left to set for 15 min at room temperature, and then incubated overnight with
human pathogens. Staphylococcus aureus (+ve), Staphylococcus epidermidis (+ve), Shigella sonnei (-ve), and Salmonella enterica (-ve),
were collected at King Saud University’s Botany and Microbiology lab. The disc diffusion technique was used to examine all bacterial
species simultaneously. After filling the wells with the synthesized ZnO-NPs species employed in the research (1:3 pg and 2:7 pg,

Fig. 2. SEM images of ZnO-NPs.
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respectively), they were incubated at 37 °C for 24 h. It was determined how big the damping zone was.
3. Results and discussion
3.1. SEM and EDX study

The shape of the as-produced ZnO-NPs was examined at different magnifications in the Scanning Electron Microscopy (SEM) as
shown in Fig. 2. The grain boundaries were all roughly spherical, and the particle sizes were easily discernible in a high-magnification
SEM picture. Particles were found to be aggregated consistently, giving the impression of a literary-themed hierarchical sheet [16]. The
EDX analysis of ZnO-NPs, as shown in Fig. 3, provides insight into the elemental makeup of the sputtered Zno-NPs’ films. This data also
allows us to determine the percentages of Zn and O by atomic and molecular weight. Since EDX could not identify any impurities below
a certain threshold, we may conclude that Zn and O are the principal components of the sample [17,18].

3.2. TEM results

The ZnO particles are shown in TEM micrograph form in Fig. 4. This data points to the existence of ZnO-NPs in both quasi-spherical
and irregular shapes. The sample’s modest accumulation levels give it a structure similar to that of a cluster. Photos showing individual
particles prove that the preparation procedure worked. ZnO-NPs were found to have particle sizes varied from 2.3 nm to 50.34 nm with
a particle size distribution of 13.33 nm. According to the published research, these images corroborate the emergence of ZnO-NPs [19,
20]. Images like these prove that nanoparticles are roughly spherical, with most showing facets. Selective electron diffraction (SAED)
confirms nanocrystals’ preferred orientation with a pattern of brilliant rings. The production of ZnO-NPs has also been shown in
transmission electron microscopy images, which confirm the nanoparticles’ hexagonal plane at various magnifications [21].

3.3. XRD study

A peak appears in the diffraction pattern when the strengths of all the diffracted atoms in a crystal are added together, as shown in
Fig. 5. Since there are so many atoms in a bulk crystal, the total tends to converge, resulting in a delta function or a sharp peak.
However, nanoparticles are constructed from tiny crystallites that contain a discrete number of atoms. The X-ray diffraction pattern for
ZnO-NPs has prominent peaks at 2theta values of 31.73°, 34.37°, 36.21°, 47.47°, 56.55°, 62.77°, 66.31°, 67.87°, and 69.01°, corre-
sponding to the planes (100), (002), (101), (102), (110), (103), (200), (112), and (201) [22]. An X-ray diffraction pattern of ZnO
nanopowder is shown in Fig. 5. The processed material likely contains particles on the nanoscale, since the XRD peaks’ lines have
noticeably widened. Full width at half maximum (FWHM) data, peak intensity, location, and width were all computed from these XRD
patterns. The diffraction peaks seen at 31.84°, 34.52°, 36.33°, 47.63°, 56.71°, 62.96°, 68.13°, and 69.18° are characteristic of the
hexagonal wurtzite phase of zinc oxide, with lattice constants a = b = 0.281 nm and ¢ = 0.521 nm (JCPDS card no. 00-036-1451)
[23-25]. Furthermore, the absence of any XRD peaks other than those associated with ZnO verifies that the produced nanopowder
is pure. The average crystallite size of the sample was determined to be 34.27 nm using the Debye-Scherrer formula [26]:
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Fig. 3. EDX results and mapping of ZnO-NPs.
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where 0.89 is Scherrer’s constant, A is the X-ray wavelength, € is the Bragg diffraction angle, and p is the full width at half maximum
(FWHM) of the diffraction peaks.

3.4. UV-vis spectra

The UV-visible absorbance spectrum of ZnO-NPs in aqueous suspension is in Fig. 6 shown. At around 350.34 nm, there is a clearly
visible absorption peak in the spectrum, which may be attributed to ZnO’s natural bandgap absorption. This prominent peak dem-
onstrates both the monodispersed nature of the nanoparticle distribution as well as the predominance of the nanoscale within the
particle size distribution [27]. ZnO was the only peak in the spectrum, indicating that no further peaks were created during the
synthesis. A significant decline follows a strong absorption band at about 350.34 nm. Significant acute absorption of ZnO also shows a
little aggregation of the nanoparticles. Optical band gap can be found out using Tauc’s equation [28]:

(ahv)m=A (hv — Eg) Eq. 6

Where m is a parameter which is 2 for a direct transition, (hv) is the incident photon energy in this instance, (A) is the pre-factor
constant, which is independent of photon energy for this transition and the absorption coefficient () is calculated using absor-
bance information. Our computation yields an optical band gap of 3.24 eV [29]. The overall properties of a material are significantly
affected by the size of the nanoparticles. Thus, in order to comprehend the properties of semiconducting nanoparticles, it is essential to
investigate their size evolution. Using UV-visible absorption spectroscopy, researchers often examine the optical properties of
nanoparticles [30].

3.5. FT-IR analysis

The unique functional group linked to the synthesized zinc oxide nanoparticles was located by means of FT-IR analysis (Fig. 7).
Carboxylate (COO) and hydroxyl (O-H) impurities are indicated as peaks at 1000-4000 cm " in the FTIR spectra of the NPs. Typical of
the zinc oxide nanoparticles produced in this research, the peaks indicate a functional group [31]. The presence of water molecules on
the surface of ZnO-NPs is indicated by a broad band at around 3500 cm™! which corresponds to the O-H stretching mode of the
hydroxyl group. The samples’ absorbance maxima at 1630 and 1396 cm ™! are caused by the symmetric and asymmetric stretching
carboxylates that are attached to the ZnO-NPs during manufacturing, which is in agreement with [32]. The plasma species containing
reactive carbon are likely the carboxylate source during ZnO-NPs production. The number of carboxylate groups in a sample decreases
as nanoparticle size increases. According to Ref. [33], the absorption peak at 440 cm™! is caused by the vibration mode of
metal-oxygen (ZnO stretching vibrations). This finding proves that ZnO nanoparticles were successfully manufactured.

3.6. Fluorescence spectrum

The fluorescence spectrum obtained from a 383 nm-excited aqueous solution of ZnO nanoparticles is shown in Fig. 8. The emission
peaks of ZnO, which typically range from 380 to 750 nm, are all visible in the spectrum. The results of this investigation indicate that
the emission peak at 380 nm is caused by the creation of Zn interstitial defects and that the strong emission at 750 nm, which may have
originated from antisite defects, is caused by the generation of oxygen vacancy defects. It is well recognized that the main causes of

04 3488

T T T T
4000 3000 2000 1000 0
Wavenumber (cm™)

Fig. 7. FT-IR spectrum of the ZnO-NPs.
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Fig. 8. Synthesized ZnO nanoparticles’ fluorescence emission spectrum.

visible luminescence are faults in emission at deep levels, including oxygen vacancies and zinc interstitials [34]. When a
photo-generated hole combines with the defect’s single ionized charge state, it creates a single ionized oxygen vacancy, which in turn
induces emission in ZnO. This is the result of recombining the defect’s single ionized charge state with a photo-generated hole [35].

3.7. Thermal stability

The TGA thermogram for ZnO-NPs is shown in Fig. 9. It should be noted that the observed TGA data of ZnO-NPs show that the
weight loss proceeds in successive stages with increasing temperature. The first step is in the range of 150 °C to about 200 °C,
demonstrating the dehydration of surface-adsorbed water. The second step, which is a major weightlessness tape, occurs in the range of
200 °C to about 350 °C, indicating the loss of OH™ and CO% ", with additional weight loss observed up to a temperature of 900 °C, as can
be seen from the TGA curve, the precursor can be completely decomposed to ZnO after annealing at ~900 °C.

3.8. Photocatalytic studies

By degrading organic MB and CV dyes in a water-based solution exposed to a UV light source lamp, the photocatalytic degradation
efficiency of pure ZnO NPs was examined. The proportion of dye degradation was evaluated using a UV-Vis spectrophotometer. Dye
colours shift and absorb light differently as time passes (Fig. 10-A). While the maximum degradation of ZnO-NPs against CV was
determined to be 96.72 % after 24 h, the maximum degradation of M.B. dyes was 97.169 % (Fig. 10-B). Intense light causes
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Fig. 9. TGA analysis of the synthesized ZnO NPs.
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semiconductor electrons to escape, creating positively charged holes in ZnO, which speeds up the photocatalytic activity of ZnO
nanoparticles [36]. The photoelectrochemical mechanism of ZnO-NPs involves reduction reactions caused by ZnO’s electrons and
oxidation events caused by its holes migrating to its surface. When electrons migrate to the adsorbed O; via the conduction band of
ZnO, superoxide radicals (radical dotO,) are formed. O.H. radicals are produced when the radical dotO, combines with the trapped
electrons to form HyO [37]. Therefore, it is believed that the high photocatalytic degradation of dyes is mainly due to redox reactions
and hydroxyl radicals in ZnO-NPs. Data depicted in Fig. 10-C demonstrates that the degradation rate of dyes increases with progression
when they are exposed to halogen light at various time intervals. Previous investigations produced the same findings. The production
of holes, which are positively charged, and electrons, which are negatively charged, happens when nanoparticles absorb light of a
specific wavelength, which excites the particle and causes an electron shuffle from the valence band to the conduction band [38]. The
hydroxyl radical (radical dotOH) production happens when water molecules in the vicinity react with positively charged holes. In
contrast, the radical anion (radical dotO3) develops when molecular oxygen reacts with negatively charged electrons. In most cases,
the photocatalytic activity of organic dyes is attributed to the hydroxyl radicals (radical dotOH) and the reactive oxygen anion (radical
dot O3) (as shown in Fig. 15 [39].
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Fig. 10. The colours of dyes undergo a shift over time (A), Photocatalytic degradation of dyes (B), Degradation % of ZnO-NPs (C), Catalytic ef-
ficiency of NPs against dyes (D), The half-life period of dyes treated using ZnO-NPs (E). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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The effectiveness of catalysts was assessed by calculating the half-life of dyes by squaring the intersection of the curves representing
the concentration of dye (C/C0) and the degradation rate (1-C/C0). Fig. 10-(D, E) shows the half-life of ZnO-NPs; for M.B. dyes, it was
estimated to be about 6 h, while for CV dyes, it was around 3 h [40]. The photocatalytic utilization of zinc oxide nanoparticles made
from bio-waste and other natural resources to clean up dye-contaminated water, while also reducing environmental impact.

When do comparing our results with similar studies involving ZnONPs-based photocatalysts synthesized through various methods
and documented in the some previous literatures, it’s noteworthy that our findings demonstrate a higher degradation percentage
compared to other reported cases, as highlighted in Table 2.

3.9. Biomedical assay

As the concentration (3.125, 6.25, 12.5, 25, 50, and 100 pg/ml) of ZnO-NPs increased, the cancer rate of cells dropped. According
to Figs. 11-13, the cell viability was at its lowest at concentrations of 50-100 pg/ml of ZnO. The inhibitory effect of the NPs has been
observed in vitro on colon (SW480), breast (MDA-231), and cervix (HELA) cancer cells using the MTT assay. Lower concentrations of
the NPs (3.125-12.5 pg/ml) slightly reduced cell viability in all cells (Figs. 11-13). At higher concentrations (25-100 pg/ml) of NPs,
we decreased cell viability by more than 50 % in all cells. The inhibition of cell viability is concentration dependent in all cells. Both
plant extracts and synthesized nanoparticles showed more toxicity on MDA-231 and HELA cells than on SW480 cells (Figs. 11-13;
respectively).

Numerous studies investigating the effects of ZnO nanoparticles on various cell lines align with the current research findings. For
instance, Selvakumari et al. demonstrated the antitumor potential of ZnO nanoparticles on breast cell lines, revealing that 31 pg of
these nanoparticles eliminated 50 % of tumour cells [47]. Another study showcased the notable antitumor impact of ZnO nanoparticles
on glioma (T98G) cells without causing cytotoxicity in HEK293 cells. This study also highlighted the genotoxic effects of ZnO
nanoparticles inducing apoptosis in tumour cells, particularly activating the ROS pathway. In a separate investigation by Wahab et al.
the treatment of HepG2 liver cancer and breast cancer cells with ZnO nanoparticles at 25 pg/ml induced apoptosis, reducing viable
cells to below 10 %, and at 70 pg/ml, it decreased SW40 cell viability by 50 % [48]. Furthermore, Boskabadi, S. H. reported on both
dose-dependent and time-dependent assessments of ZnO nanoparticle cytotoxicity, revealing different IC50 values across treated cell
lines. The IC50 results demonstrated that while ZnO nanoparticles exhibited toxicity towards cancer cells, they remained safe and
non-toxic for normal cell types. These outcomes highlight a significant inhibition of cancer cell proliferation based on ZnO nanoparticle
treatment doses. Moreover, higher doses of ZnO nanoparticles and longer incubation times (>48 h) notably decreased cancer cell
survival [49].

While the precise mechanisms responsible for the cytotoxic effects of ZnO-NPs are still under investigation, there is a widely
accepted belief that the generation of reactive oxygen species (ROS) plays a pivotal role. Hence, it is speculated that the principal
reason behind the cytotoxicity of ZnO-NPs in cancer cells lies in their distinct ability to induce oxidative stress. This characteristic trait
is attributed to their semiconductor behaviour. ZnO-NPs, upon surpassing the antioxidant capacity of the target cell, escalate ROS
production, instigating oxidative stress that ultimately leads to cell death [50,51]. The absorption of ZnO nanoparticles through the
respiratory system and gastrointestinal wall can trigger the generation of free oxygen radicals through the ROS pathway, aiding in the
elimination of tumour cells. Studies have shown that the presence of these nanoparticles over tumour cells activates the synthesis of the
iNOS enzyme, leading to the production of nitric oxide, interleukin 1 (IL-1), interferons, and tumour necrosis factor, all contributing to
inflammation. These factors stimulate the iNOS enzyme within tumour cells, creating a positive feedback loop that generates more
nitric oxide. nitric oxide generated by cells follows two paths: first, inducing apoptosis by affecting cell DNA and facilitating deeper
penetration of ZnO nanoparticles, causing cell damage through membrane lipid peroxidation (Fig. 15). Second, nitric oxide decreases
the proliferation and potency of lymphocytes responsible for the anti-inflammatory response, thereby impeding the formation of
anti-inflammatory factors and enhancing apoptosis signals. Consequently, nitric oxide inflicts more damage on tumour tissue and
hinders the activity of anti-inflammatory lymphocytes [52].

Table .3 displays the impact of synthesized ZnO-NPs on bacterial reduction, whereas Fig. 14 illustrates Staphylococcus epidermidis.
The visual elements within the image include the antibiotic positioned at the top, flanked by ZnO on the left and right sides. The
findings revealed that the ZnO nanoparticles, when prepared, exhibited no discernible impact on Gram-negative bacteria such as
S. enterica and S. sonnei. However, they demonstrated an effect on Gram-positive bacteria, notably S. aureus and S. epidermidis.
Conversely, the antibiotic displayed a pronounced effect on all types of bacteria, irrespective of their Gram classification.

Numerous studies have documented the antibacterial activities of zinc oxide nanoparticles (ZnO- NPs), emphasizing that their
efficacy varies based on the sensitivity of the targeted microorganism [53]. Shinde et al. [54] conducted a study on ZnO microspheres
against Gram-positive (S. aureus) and Gram-negative (E. coli), suggesting differences in susceptibility based on the bacteria’s cell wall
structure. Gram-positive bacteria have a thick peptidoglycan layer, providing a physical barrier, while Gram-negative bacteria have a
thinner peptidoglycan layer and an external membrane with lipopolysaccharides. NPs, with various sizes, can easily pass through the
peptidoglycan layer, causing damage. ZnO-NPs interact with carboxylic acid and amino groups in the peptidoglycan layer, inhibiting
cellular processes. The thinner peptidoglycan layer in Gram-negative bacteria makes the cell membrane more susceptible to rupture.
Tayel et al.’s study further highlighted that Gram-positive bacteria are more susceptible to ZnO-NPs attack than Gram-negative bac-
teria. Reddy et al. observed that the minimum inhibitory concentration of ZnO-NPs was lower for Gram-positive (1 mg/ml) compared
to Gram-negative (3.4 mg/ml) [55]. This suggests that higher concentrations of ZnO-NPs are needed to inhibit Gram-negative bacteria,
potentially due to the protective role of lipopolysaccharides in their cell wall (Fig. 15). Similar findings by d’Agua et al. using textiles
containing ZnO-NPs indicated greater sensitivity of Gram-positive bacteria to ZnO than Gram-negative bacteria in terms of antibac-
terial activity [56]. In summary, while nanoparticle morphology is a crucial parameter, the antimicrobial mechanisms of ZnO-NPs are
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Table 2
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Compares the efficacy of the current synthesized ZnO-NPs with values reported in the previous literatures for ZnONPs as photocatalysts.

Methods of Synthesis of ZnONPs Dye

Source of Light Degradation Percentage (%) of Dye

Precipitation MB UV lamp 81 % [41]

sol-gel Coomassie Brilliant Blue R-250, Acid Blue, and Congo red UV lamp 70 %, 73 %, and 88 %; respectively [42]
Co-Precipitation method Rhodamine uv 88 % [43]

Hydrothermal Method MB UV irradiation 39.56 % [44]

microwave assisted method MB Sun light 80 % [45]

Green synthesis method tartrazine yellow Visible light 76.1 % [46]

Precipitation MB, and CV ultraviolet light 97.169 % and 96.72 % [current study]

Cell Viability (%)
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Fig. 11. The cell viability percentages of SW480 with different concentrations of ZnO-NPs.
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Fig. 12. The cell viability percentages of MDA-231 with different concentrations of ZnO-NPs.

primarily size-dependent. Smaller-sized ZnO-NPs tend to exhibit optimized antimicrobial activity. Additionally, the surface properties
of nanomaterials play a significant role in influencing interactions with cells and can potentially interfere with the antimicrobial effects

of ZnO-NPs [57].
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Fig. 13. The cell viability percentages of HeLa with different concentrations of ZnO-NPs.

Table 3
The bacterial reduction as an effect of ZnO-NPs.

Bectria Sample ID Zones Inhibition (mm)
Salmonella enterica (-ev) Antibiotic 2.0
ZnO1 0.0
Zn02 0.0
Shigella sonnei (-ev) Antibiotic 2.2
Zn0O1 0.0
Zn02 0.0
Staphylococcus aureus (+ev) Antibiotic 1.9
ZnO1 0.6
Zn02 0.8
Staphylococcus epidermidis (+ev) Antibiotic 2.5
ZnO1 0.8
Zn02 1.0

Staphylococcus
epidermidis

Fig. 14. The antibacterial activity of ZnO-NPs against Staphylococcus epidermidis.
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Fig. 15. Understanding the photocatalytic mechanisms driving antimicrobial and anticancer properties of ZnO nanoparticles.
4. Conclusion

A non-toxic and economical chemical approach was employed to efficiently synthesize zinc oxide nanoparticles, utilizing the
precipitation process with NaOH acting as both reducing and capping agents. XRD analysis unveiled that the ZnO-NPs exhibited an
average crystallite size of approximately 34.27 nm and adopted a Wurtzite hexagonal structure. The presence of ZnO nanoparticles
induced the absorption band at 350.34 nm in the UV-vis absorption spectrum. Notably, no impurities were detected within the EDX
detection range, confirming Zn and O as the primary components of the synthesized sample. TEM analysis provided visual evidence of
the quasi-spherical and irregular shapes of the zinc oxide nanoparticles, with minimal agglomeration resulting in a clustered
appearance. Functional group analysis via FTIR spectroscopy further validated the successful synthesis, with vibrational phonon peaks
in the FTIR spectrum corroborating the presence of ZnO-NPs. A UV-Vis spectrophotometer was employed to analyze the optical
characteristics of synthesized ZnO-NPs. Results unveiled a broad green emission band linked to oxygen vacancies and a distinct ul-
traviolet band indicative of excitonic emission near the band gap (Aexc = 350.34 nm). The photocatalytic performance of the ZnO-NPs
was evaluated through the degradation of dyes. Impressively, they exhibited approximately 96.72 % degradation for CV and 97.169 %
for MB dyes, highlighting their exceptional efficacy in the degradation process. Moreover, the synthesized ZnO nanoparticles exhibited
promising inhibitory effects on the proliferation of cancerous and bacterial cells at specific doses, suggesting their potential integration
into medical devices for antibacterial and anticancer therapies. The finding of this research underscores the promising potential of
ZnO-NPs as a viable candidate for various industrial applications, as well as biomedical applications.
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