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ARTICLE INFO ABSTRACT
Keywords: Zinc oxide nanoparticles (ZnO NPs) have become a highly regarded substance in various in-
Cytotoxicity dustries especially biologically synthesized ZnO NPs due to their adherence to the principles of

Green synthesis

Musa acuminata

Vero cells

Zinc oxide nanoparticles

green chemistry. However, concerns have been raised regarding the potential cytotoxic effects of
ZnO NPs on biological systems. This study aimed to investigate and compare the cytotoxicity of
ZnO NPs that were synthesized through chemical (C-ZnO NPs) and green approach using Musa
acuminata leaf aqueous extract (Ma-ZnO NPs) on Vero cells.

Characterization of ZnO NPs through Uv-Vis, FESEM, EDX, XRD, FTIR and XPS confirmed the
successful synthesis of C- and Ma-ZnO NPs. MTT and ROS assays revealed that C- and Ma-ZnO NPs
induced a concentration- and time-dependent cytotoxic effect on Vero cells. Remarkably, Ma-ZnO
NPs showed significantly higher cell viability compared to C-ZnO NPs. The corelation of ROS and
vell viability suggest that elevated ROS levels can lead to cell damage and even cell death. Flow
cytometry analysis indicated that Ma-ZnO NPs exposed cells had more viable cells and a smaller
cell population in the late and early apoptotic stage. Furthermore, more cells were arrested in the
G1 phase upon exposure to C-ZnO NPs, which is associated with oxidative stress and DNA
damage caused by ROS generation, proving its higher cytotoxicity than Ma-ZnO NPs. Similarly,
time-dependent cytotoxicity and morphological alterations were observed in C- and Ma-ZnO NPs
treated cells, indicating cellular damage. Furthermore, fluorescence microscopy also demon-
strated a time-dependent increase in ROS formation in cells exposed to C- and Ma-ZnO NPs.

In conclusion, the findings suggest that green ZnO NPs possess a favourable biocompatibility
profile, exhibiting reduced cytotoxicity compared to chemically synthesized ZnO NPs on Vero
cells. These results emphasize the potential of green synthesis methods for the development of
safer and environmentally friendly ZnO NPs.
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1. Introduction

Over the last decade, research on nanomaterial-based products has created great excitement due to improved performance and
functionality. Nanotechnology is the design, characterization, manufacture, and implementation of structures, devices, and systems at
the nanometre scale by regulating their shape and size. Generally, the nanoparticle is a particle of 100 nm or less in size, and there is an
enormous difference between its properties and those of the same material at larger scales [1,2].

Zinc oxide nanoparticles (ZnO NPs) have attracted interest for numerous different applications due to their distinctive and unique
properties, such as electrical, thermal and optical [3,4]. Other properties of ZnO NPs include strong chemical stability, high photo-
stability and high electrochemical coupling coefficient but most importantly their biocompatibility and biodegradability features make
them a material of significant value for biomedical purposes [5,6].

ZnO NPs have been investigated for their ability to act as antibacterial agents in food packaging, effectively inhibiting and
eradicating both common and significant foodborne pathogens [7,8]. The utilization of ZnO NPs have facilitated seed germination,
enhanced seedling vigor, and promoted overall plant growth. Additionally, this nanoscale treatment was found to be beneficial in
augmenting both stem and root development in peanuts [9]. ZnO NPs are also incorporated into ointments, creams, and lotions to
shield the skin from sunburn and UV damage, offering broad-spectrum protection against UVA and UVB rays [10]. Some studies have
also shown that ZnO-NPs are effective on cancer cells [11] surpassing the therapeutic effectiveness of certain conventional chemo-
therapy drugs in comparable ex vivo investigations [12].

Nanoparticles can be synthesized through two approaches which are bottom-up and top-down approaches [13,14]. Although
physical and chemical methods have high-yield production [15], they use reductants and stabilizing agents that are destructive to the
environment, produce a high amount of impurities, are expensive and time-consuming [16]. Currently, the biological synthesis
methods also known as “Green synthesis” for NPs are capturing attention. This method aims to cut the usage of chemicals as a step
forward to create an eco-friendly route in synthesizing ZnO NPs. Microorganism, and plant parts such as flower, stem, and leaf are the
common materials employed for green synthesis method [17].

Banana is among the oldest crops grown in human agriculture history, and M. acuminata, a widely cultivated variety, has played a
significant role in global food cultures. The source of this specific plant family ranges from India to Papua New Guinea, which en-
compasses the area of Southeast Asia [18]. India continues to be the world’s biggest banana producer, accounting for greater than 25 %
of global banana production and Malaysia is ranked 12th in Asia [19]. A significant quantity of waste is produced by banana culti-
vation. The fruit represents only about 12 % of the plant by weight and the residual sections become agricultural waste [20]. The leaves
are large, cheap, and easily available throughout the year which makes it a sustainable plant part to be used in biomedical research
such as green nanoparticle synthesis [21].

With the growing uses of ZnO NPs, exposure to it is higher in this day and age and there is a need for further research to fully
understand the potential adverse effects of ZnO NPs on human health. Excessive exposure to ZnO NPs may lead to adverse health
effects like skin irritation. However, the FDA considers zinc oxide to be a harmless metal oxide that can be safely used [22]. Existing
literature does not provide a comprehensive understanding of the extent and consequences of exposure to ZnO NPs, particularly in
relation to the safe dose. Therefore, caution should be exercised when using ZnO NPs and further research is needed to fully understand
their properties and potential risks.

Furthermore, there is a research gap regarding the comparison between green synthesized ZnO NPs and chemically synthesized
ones. While the advantages of green synthesis, such as adhering to the principles of green chemistry and transforming waste into
beneficial products, are acknowledged, there is a lack of studies that specifically explore the potential of M. acuminata leaves aqueous
extract green-synthesized ZnO NPs for safer and more sustainable applications. Closing these research gaps will contribute to the
literature on the safe doses of ZnO NPs and provide insights into the potential benefits of green synthesis in ZnO NPs production.

Vero cells were chosen for this study because ZnO NPs are known to be eventually transported to the kidneys once inside the body,
making them relevant for studying renal toxicity. Moreover, since various organs are interconnected within the human body, assessing
the toxicity in kidney cells can also serve as a representative indicator for potential toxic effects on other organs. Other than that, Vero
cells closely resemble human cell behaviour, allowing us to evaluate the toxicity of ZnO NPs both in animals and potentially in humans
which makes it a reliable model for cytotoxicity study.

2. Methodology
2.1. M. acuminata leaf aqueous extract

Fresh leaves of M. acuminata were retrieved from Universiti Tunku Abdul Rahman’s Agriculture Farm at Kampar. The leaves were
rinsed using distilled H,0 and dried for four days in an oven at 50 °C before grounding into a fine powder. Then, 50 g of M. acuminata
leaf powder was placed into 1000 mL of distilled H,0 and left for 24 h. The solution was filtered using a muslin cloth and centrifuged
for 10 min at 7000 rpm. The aqueous extract was freeze-dried to obtain the crude extract which was stored at —20 °C.

2.2. Phytochemical analysis of M. acuminata leaf extract

The incorporation of phytochemical analysis in this study was to explore of the bioactive compounds present in the aqueous extract.
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2.2.1. Test for coumarins
To 2 mL of extract, 10 % of 1 mL sodium hydroxide (NaOH) was added. Hydroxycoumarin was used as a standard. The development
of yellow shows the presence of coumarins.

2.2.2. Test for flavonoids
To 1 mL of extract, 5 drops of 20 % NaOH and 5 drops of 0.1 M hydrochloric acid (HCI) were added. Quercetin was used as a
standard. The presence of yellow which turned colourless specified the presence of flavonoids.

2.2.3. Test for phenols
To 1 mL of extract, 5 drops of 5 % ferric chloride (FeClg) were added. Gallic acid acted as the standard. Black colouration showed
the existence of phenols.

2.2.4. Test for quinones
To 1 mL of extract, 5 drops of concentrated sulphuric acid (H2SO4) were added. Plumbagin was used as a standard. The appearance
of red colour demonstrated the presence of quinones.

2.2.5. Test for saponins
To 1 mL of extract, 4 mL of distilled HyO was added to the test tube which was then vigorously shaken for 3 min. Saponin was used
as a standard. The existence of saponins was determined by the production of stable foam.

2.2.6. Test for tannins
To 1 mL of extract, 3 drops of 10 % FeCls were added. Tannic acid was used as a standard. The presence of phenols and tannins was
determined by the presence of a green-black colouration.

2.3. DPPH assay

The antioxidant potential of the aqueous extract was assessed through a DPPH assay. The aqueous extract, ascorbic acid, and DPPH
solution were dissolved separately in methanol to get 2 mg/mL. The serial dilutions of the aqueous extract and ascorbic acid were
prepared at concentrations of 100 to 0.05 pg/mL. Then, a volume of 10 pL of DPPH solution was introduced into every well and were
kept for 30 min at room temperature in the dark. After the incubation time, the absorbance was measured at 517 nm. Ascorbic acid was
used as the standard. The scavenging capacity was calculated based on the formula:

(Ao — As)

Percentage of radical scavenging activity (%) =25 % 100%

where A is the negative control (methanol and DPPH solution) absorbance and Ag is the absorbance of the sample.
2.4. ZnO NPs synthesis

To synthesize ZnO NPs through chemical and green synthesis approach, firstly, 0.4 mol of NaOH and 200 mg of M. acuminata crude
extract in 30 mL of distilled HoO were prepared separately, respectively. Under continuous stirring, 0.2 mol of Zn(NO3),e6H20 was
added dropwise into each beaker. The milky white (chemical synthesis) and light green (green synthesis) solutions were left to stir for
2 h, respectively. Then, both the solutions were centrifuged at 8000 rpm for 10 min. The supernatants were decanted and the pre-
cipitates were rinsed twice with distilled HoO and ethanol. Lastly, the pellets were both calcined at 400 °C for 2 h to obtain a white and
light yellowish powder, through chemical and green synthesis, respectively.

2.5. Characterization of ZnO NPs
The structural and morphological characteristics of the synthesized ZnO NPs were explored using a range of analytical techniques.

2.5.1. UV-Vis spectrometry (UV-Vis)

A tiny amount of the nanopowder was re-suspended in around 10 mL of de-ionized H,0 and placed into a 1 cm path quartz cell to
assess the optical properties of both chemical and green synthesized ZnO NPs. It was then scanned from 200 to 700 nm using a UV-
Spectrophotometer (Shimadzu UV-1700, Tokyo, Japan) and the highest absorbance was measured.

The optical band gap (Eg) was calculated using Tauc’s equation as follows:

ahw=A (hv — Eg)2
where hv = photon energy, E,=optical energy bandgap, A = band tailing parameter (constant) and a = absorption coefficient.

2.5.2. Field emission scanning electron microscopy (FESEM)
The structure and morphology of the synthesized ZnO NPs were analysed using Sigma VP (Zeiss) with an acceleration voltage of
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2.5-2.8 keV machine. By adding a tiny amount of ZnO NPs onto the carbon-coated tape, a thin layer of ZnO NPs was created and the
thin film was left to dry. Then, the sample was subjected for FESEM analysis.

2.5.3. Energy-dispersive X-ray spectroscopy (EDX)
EDX (X-max50, Oxford) was used to determine and quantify the elemental composition, chemical purity and stoichiometry of
synthesized ZnO NPs.

2.5.4. X-ray diffraction (XRD)

The crystal phase compositions of both the ZnO NPs were investigated using x-ray diffraction SHIMADZU, XRD-6000, Japan with
the following parameters: Cu-Ka radiation (1.5406 A), operating voltage—40 kV, current 30 mA, in the scan range 10 < 20 < 80°, step
0.02°. Debye-Scherrer’s formula was used to calculate crystallite sizes as follows:

kx
p cos @

Debye — Scherrer equation : D=

where D is the crystallite size (nm), k is a constant (0.94 for spherical particles), A is the X-ray wavelength for Cu Ka radiation (Cu-
Ka = 0.1541 nm), f is the full width at half-maximum (FWHM) [rad] and 6 is Bragg diffraction angle in degree.

2.5.5. Fourier transform infrared spectroscopy (FTIR)

The chemically and green synthesized ZnO NPs powder were mixed thoroughly with potassium bromide (KBr) separately until a
homogenous powder was formed. The sample was then compressed using a hydraulic press to form a compact pellet. The FTIR spectra
were acquired over a range of 4000—400 cm ™! on an FT-IR PerkinElmer Spectrophotometer.

2.5.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was done on C- and Ma- ZnO NPs powder (AXIS Ultra equipped with DLD, Kratos
Analytical, Manchester, UK) using low-resolution survey scans (1 eV step, 80 eV CAE) to identify element surface compositions, while
carbon high-resolution sections (0.1 eV step, 20 eV CAE) were used for chemical characterization. Every sample was analysed from
three different points (the analysis area was nominally 400 x 800 mm).

2.6. Cell culture

The Vero cell line (CCL-81), acquired from the American Tissue Culture Collection (ATCC, USA), was utilised as a model for the
normal cell line. The cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % Fetal Bovine Serum
(FBS) and were kept in a 5 % CO3 incubator at 37 °C. The culture medium was replaced two times per week and the cells were sub-
cultured using trypsin-ethylenediamine tetra acetic acid (EDTA) once a week.

2.7. Treatment of ZnO NPs onto Vero cells

The master stock for C~ZnO NPs and Ma-ZnO NPs was prepared in DMEM at a concentration of 5 mg/mL, separately. A 0.22 m
syringe filter was then used to filter the stock solution. Then, working solutions of 200 pg/mL were prepared in DMEM from the master
stocks of C-ZnO NPs and Ma-ZnO NPs. The Vero cells were seeded into a flat-bottomed 96-well and after 24 h of incubation, serial
dilution of the working solution was done to achieve concentrations of 0.05, 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00,
50.00, and 100.00 pg/mL. In 100 pl of growth medium, an untreated cell population was used as the negative control. The cells were
then incubated for 24, 48, and 72 h in a 5 % CO; incubator at 37 °C before being subjected to cytotoxicity assay, oxidative stress
assessment and flow cytometry.

2.8. Invitro cytotoxicity evaluation of ZnO NPs on Vero cells

2.8.1. MTT assay

MTT assay is a rapid tetrazolium salt-based colorimetric assay with pertinence for the estimation of metabolic activity of viable
cells. After 24, 48, and 72 h incubation of cells treated with C- ZnO NPs and Ma-ZnO NPs, 20 pl of MTT dye (Invitrogen, Molecular
Probes Inc., USA) was applied to each well and the plates underwent incubation in the dark at 37 °C for 4 h in a 5 % CO; incubator.
Following this incubation period, the media was aspirated and 100 pl of DMSO was introduced to dissolve the formazan crystals.
Fifteen mins later, the colour intensity of the wells was measured against a blank reagent at 550 nm by a microplate reader (Bio-Rad
Laboratories, Hercules, CA, USA). Serial dilution of DMSO starting at 100 % was used as the positive control. The equation below was
used to enumerate the percentage of cellular viability with respect to the negative control:

Absorbance of treated cells

Ilular viability (%) = 1
Cellular viability (%) Absorbance of negative control x 100

2.8.2. ROS assay
2'-7'-dichlorodihydrofluorescein diacetate (DCFH-DA) is an intracellular fluorescent probe that is often employed in cellular studies
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to measure the redox state of a cell. Firstly, the DCFH-DA stock solution of 10 mM was concocted in 1 mL of DMSO and a working
solution of 10 uM was prepared by diluting the stock solution 1000-fold in DMEM. After incubation of cells with C- ZnO NPs and Ma-
ZnO NPs, the cells were rinsed once with 1x PBS to dispose of the remaining ZnO NPs and medium. Then, 100 pl of the 2,7-
dichlorodihydrofluorescein diacetate (HoDCF-DA) (Invitrogen, Molecular Probes Inc., USA) working solution was introduced to every
well and the plates were kept in the dark at 37 °C in a 5 % CO5 incubator for 30 min. Subsequently, the cells were washed again to
remove any excess probe. PBS was added to the stained cells and the cytosolic green fluorescence intensity was quantified through a
fluorescent microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) at wavelengths of 485 nm excitation and 530 nm emission.
The positive control cells were exposed to 1 mM hydrogen peroxide. The equation below calculated the percentage of increase in ROS
with respect to the negative control:
Fluorescence of treated cells

Percentage of increase in ROS (%) = Fluorescence of negative control x 100

2.8.3. Flow cytometry

Flow cytometry is a rapid method for analysing large numbers of individual cells using light-scattering and fluorescence where it
provides morphological and spatial information at single-cell resolution. After exposing Vero cells to 100 pl of C- and Ma-ZnO NPs for
72 h, the treatments were removed by washing the cells with 100 pl of 1x PBS. Next, the cells were harvested by trypsinization and
collected, followed by centrifugation at 300g for 5 min. The cells were washed and centrifuged once more. The cells were thereafter
resuspended in 500 pl of binding buffer and subsequently by the dyes, 5 pl of Annexin V-FITC and 7AAD which were incubated for 10
min in dark. Then, the cells were loaded into the Attune NxT Acoustic Focusing flow cytometer (Thermo Fisher Scientific, USA). Two
negative controls were used for this analysis. The first was the unstained sample and the second negative control was stained with 5 pl
of both dyes. The positive control cells were treated with 100 ul of DMSO. A sum of 10,000 events was analysed for each sample. Flow
cytometry data analysis for viability and cell cycle was performed by FlowJo software (Version 10.8.1).

2.9. Microscopic analysis of ZnO NPs on Vero cells

A 6-well culture plate was used to investigate the microscopic analysis of C~ZnO NPs as well as Ma-ZnO NPs on Vero cells for 24, 48
and 72 h at 100.00 pg/mL.

Table 1

Phytochemical analysis of M. acuminata leaf aqueous extract.
Phytochemical Analysis Presence Observation (Standard, Aq. Ex., NC)
Coumarins o

Flavonoids

Phenols

Quinones

Saponins

Tannins

Keys.
T Present in low concentration.
** Present in moderate concentration.
*** Present in high concentration.
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2.9.1. Inverted microscopy

The possible cellular morphological changes of Vero cells upon exposure to C-ZnO NPs and Ma-ZnO NPs were determined through
a Nikon ECLIPSE Ti-S inverted microscope (Tokyo, Japan) at 10x magnification.

2.9.2. Fluorescence microscopy

The qualitative analysis of ROS generation on Vero cells exposed to C-ZnO NPs and Ma-ZnO NPs was visualized using an inverted
fluorescence microscope (Nikon ECLIPSE Ti-S, Tokyo, Japan).

2.10. Statistical analysis

Statistical analysis was conducted to examine the variance and ensure the reliability of the in vitro tests involving Vero cells and the
exposure to C-ZnO NPs and Ma-ZnO NPs. All experiments were performed in triplicates (n = 3) to account for experimental variability
and enhance the validity of the results. The data obtained from these experiments were represented as the mean. One-way analysis of
variance (ANOVA) was employed in SPSS 22 software, and the significance level was fixed at p < 0.05. In succession, Tukey and
Dunnet’s T3 post hoc test was used for multiple comparisons.

3. Results and discussion
3.1. M. acuminata leaf aqueous extract analysis

3.1.1. Phytochemical study
The phytochemicals present (+) in the aqueous extract of M. acuminata leaf are demonstrated in Table 1.

3.1.2. DPPH assay

DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) is a stable free radical and commercially available organic nitrogen radical, which
reacts with electron donor compounds. The delocalization of the spare electron gives rise to the deep violet colour [23-25].
M. acuminata leaf aqueous extract was screened for its antioxidant activity through DPPH assay. Fig. 1 shows the antiradical curve that
was plotted pertaining to the concentration of the aqueous extract and ascorbic acid on the x-axis while its comparative scavenging
activity on the y-axis. The graph indicated that the aqueous extract significantly hindered the formation of free radicals depending on
the concentrations. The DPPH scavenging activity improved proportionately with the aqueous extract quantity. The ECsg of aqueous
extract and ascorbic acid was estimated to be 7.3 pg/mL and 0.028 pg/mL, consecutively.

3.2. Synthesis of zinc oxide nanoparticles

3.2.1. Visual observation of ZnO NPs formation

Visual characterization is the preliminary test to confirm ZnO NPs synthesis. Zn(NO3)2e6H20, a colourless solution was used as the
precursor in both chemical and green synthesis methods. In chemical synthesis process, colourless NaOH was added which resulted in a
milky white suspension as illustrated in Fig. 2. On the contrary, in the green synthesis of ZnO NPs, a clear dark brownish-green

120.00 4
100.00 1 * * * * * * * * | % ol
80.00

60.00 -

*

40.00 A

*
*

20.00 A

Percentage radical scavenging activity (%)

0.00 | . ’ , H ; : — 0| . ; — B
0.05 0.10 0.20 0.39 0.78 1.56 3.13 6.25 1250 25.00 50.00 100.00
Concentration (ug/mL)

= Aqueous Extract Ascorbic Acid

Fig. 1. DPPH assay of M. acuminata leaf aqueous extract.
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M. acuminata leaf aqueous extract was used which produced a whey colour suspension as shown in Fig. 3.

The colour intensity of the suspensions developed as time progressed, revealing that zinc ions are continuously reduced. Within the
hour, the colour of both the solutions stopped changing which signalled the complete reduction of zinc oxide. After calcination,
chemical and green synthesis methods yielded C-ZnO NPs and Ma-ZnO NPs powder, respectively, with the former being white and the
latter pale yellow. These results corroborated the visual inspection of ZnO NPs synthesis in previous literature [26,27]. About 2.03 g
and 0.617 g of C-ZnO NPs and Ma-ZnO NPs were obtained after calcination, which gave the percentage yields of 53.70 % and 16.32 %,
respectively.

3.2.2. Mechanism of C- and Ma- ZnO NPs synthesis

The mechanism of C- and Ma-ZnO NPs synthesis is presented in Fig. 4. The precipitation method used to synthesize C- and Ma-ZnO
NPs is an example of the bottom-up approach to synthesize NPs [28] where zinc nitrate hexahydrate solution was used as the zinc
precursor salt. NaOH and M. acuminata leaf aqueous extract acted as the precipitating agent. The phytochemical assay and DPPH assay
results prove that there are phytocompounds present in the aqueous extract that aided in the biosynthesis of Ma-ZnO NPs. The
phytocompounds are responsible for the biosynthesis of Ma-ZnO NPs that also act as stabilizing agents. Once the salt and base are
mixed dropwise under constant stirring, it results in a white and pale yellow precipitate for C- and Ma-ZnO NPs respectively, that is
insoluble in water which is zinc hydroxide (Zn(OH)3). OH groups in the precipitating agents reduce the Zn cations to Zn° which results
in the formation of Zn(OH), [29,30]. Subsequently, the precipitate was exposed to thermal treatment at 400 °C to obtain ZnO NPs.
During calcination, the water evaporates and as a consequence, Zn(OH), is converted into ZnO [31].

3.3. Characterization of ZnO NPs

3.3.1. UV-Vis

UV-visible spectroscopy was used to investigate the transmittance spectra and optical properties of both synthesized ZnO NPs in
the wavelength region of 200-700 nm. As shown in Fig. 5 (a and b), the absorption band recorded a characteristic absorption peak of C-
and Ma-ZnO NPs at wavelengths of 371 nm and 360 nm respectively. This means that when the light at these wavelengths is shone on
the NPs, they will absorb more of that light than at other wavelengths.

Fig. 5 (c and d) exhibits the plot («hv)? vs. hv of the prepared ZnO NPs. The values of the energy band gap obtained for C- and Ma-
ZnO NPs were 3.20 and 3.31 eV, respectively. When light with enough energy is absorbed by the NPs, an electron can be excited from
the highest occupied electron energy level (the valence band) to the lowest unoccupied electron energy level (the conduction band). An
energy band gap is a disparity in energy across the valence and conduction bands that allow for the conduction of electricity. With that
said, the intrinsic band-gap absorbance of ZnO occurs between the valence band to the conduction band of O2p orbitals to the Zn3d
orbitals [32].

3.3.2. SEM

SEM analysed the structure and morphology of C- and Ma-ZnO NPs. Fig. 6 (a — d) displays the SEM images of C- and Ma-ZnO NPs
respectively which recognizes that both the ZnO NPs are nano-sized. The micrographs illustrated that both C- and Ma-ZnO NPs
exhibited rod as well as truncated cubic-shaped NPs. In the SEM images of Ma-ZnO NPs, the NPs appear to be well distributed without
aggregation. On the other hand, C-ZnO NPs seem to be composed of individual ZnO NPs and several aggregates.

3.3.3. EDX

The EDX spectrum of C- and Ma-ZnO NPs were verified in the spot-profile mode from one of the densely populated NPs areas as
clearly illustrated in Fig. 7. The analysis revealed distinct peaks of zinc and oxygen atoms that confirm the formation of ZnO NPs in
both samples. The spectra also indicated that both the synthesized ZnO NPs had partial purity. The elemental profile displayed a single
peak of Zn and O at about 0.5 and 1 keV consecutively, as well as double peaks of Zn between 8 and 10 in both spectra. These data
corroborate with previous studies of synthesized ZnO NPs where similar peaks were observed [33-36].

The percentages of the elements inset of Fig. 7 (a) reveal that zinc and oxygen comprised about 40.04 % and 40.76 % of C-ZnO NPs.
Weak signals of carbon atoms were also recorded. The main reason for the presence of carbon in the sample could be due to the carbon

2hrs >
g I
— Ty . —p
50°C : U - -
Zinc nitrate Sodium Forming of Washi leinati Chem
hydroxide Zn0 NPs sl S ZnO NPs

Fig. 2. Chemical synthesis of C~ZnO NPs.
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Fig. 3. Green synthesis of Ma-ZnO NPs.
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Fig. 4. Mechanism of synthesis of C- and Ma-ZnO NPs.

+ Residue

tape used in the procedure. EDX pattern displayed in Fig. 7 (b) indicates that the Ma-ZnO NPs are also composed of zinc and oxygen at
about 38.53 % and 38.51 %. The percentage of elements showed slightly higher signals of carbon atoms in comparison to C-ZnO NPs.
This could be due to the contribution of organic compounds from the aqueous extract that acted as a reducing agent in the green
synthesis which could have introduced carbon into the final product.
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Fig. 5. Absorption peaks of (a) C-ZnO NPs and (b) Ma-ZnO NPs. Energy bandgaps of (¢) C-ZnO NPs and (d) Ma-ZnO NPs in UV-Vis spectrum.
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Fig. 8 (a) shows diffraction peaks of C-ZnO NPs at 31.78°, 34.44°, 36.27°, 47.56°, 56.62°, 62.88°, 66.41°, 67.98°, 69.11°, 72.60°
and 76.99° in the spectra at diffraction lines (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202),
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consequently. These findings are in good agreement with the peaks of the standard card file ICPD-01-070-8070 and are classified as
ZnO hexagonal structures [37]. The XRD pattern of Ma-ZnO NPs includes the (100), (002), (101), (102), (110), (103), (200), (112), and
(201) diffraction lines at 26 values of 31.62°, 34.31°, 36.05°, 47.35°, 56.33°, 62.67°, 67.79°, 68.93°, 77.01° consecutively as shown in
Fig. 8 (b). All of the detected diffraction peaks are in accordance with ICDD 01-071-6424, matching a hexagonal ZnO structure [38,39].
The cell constants of both ZnO NPs were a = 3.249 A and ¢ = 5.205 A. The average crystallite size of C- and Ma-ZnO NPs were
confirmed by Debye-Scherrer’s equation and was estimated to be 41.96 nm and 21.87 nm respectively. C-ZnO NPs are found to be
somewhat larger than MA-ZnO NPs which verifies the findings in SEM where some agglomeration was noted in C~ZnO NPs.

3.3.5. FTIR

The chemical structures of C- and Ma-ZnO NPs were analysed using the FT-IR spectroscopy technique as shown in Fig. 9 respec-
tively. The peaks indicated the characteristics functional group present on the surface of the synthesized ZnO NPs which were studied
from 4000 cm~'-400 cm ™. The FT-IR spectrum of C-ZnO NPs resulted in various peaks at 3436, 1633 and 530 cm ™ *. The spectrum of
Ma-ZnO NPs displayed the functional groups’ bands at 3433, 1636, 1519, 1441, 1384, 919, 842 and 481 cm~ L. In the green synthesis of
ZnO, several other functional groups are present around the NPs. The presence of signals for various functional groups established the
contribution of phytocompounds from M. acuminata leaf aqueous extract that acted as precipitating as well as capping agents in the
synthesis of Ma-ZnO NPs.

The apparent large peaks at 3436 and 3433 cm ™! match to the stretching vibration of hydroxyl (OH) groups from the water vapour
in the air [40]. The peaks that were observed at 1633 and 1636 cm " are caused by the stretching of the C=0 functional group from
the atmospheric carbon dioxide [41,42]. Generally, metal oxides give absorption peaks in regions between 400 and 600 cm ™' [43].
Strong peaks seen at 530 and 481 cm ™! prominently indicate Zn—O stretching vibration and confirm the formation of ZnO NPs. These
findings are in line with the literature values [27,40,44-46].

The other peaks found only in the spectrum of Ma-ZnO NPs were 1519, 1441, 1384, 919 and 842 cm ™. The peak at 1519 cm ™!
reveals the presence of the C=0 amide II group. At 1441 cm ™}, the -C-H bending vibration band appears [40]. The absorption band at
1384 cm™! correspond to C=O0 stretching of a carboxylic group and aromatic amine C-N stretching [47,48]. The peak at 919 cm™*
denotes the carboxylic acid (O-H) bending vibrations [48] and the = C-H bend arises at 842 cm! [49]. These peaks indicate phy-
tocompounds content such as phenols, amines, carboxylic acids, aromatic amino acids and others that are present in the M. acuminata
leaf aqueous extract. These functional groups interact with zinc and aid in the biosynthesis of ZnO NPs [43].

3.3.6. XPS

The elemental chemical states of C- and Ma-ZnO NPs were studied using the XPS technique. XPS spectra of C- and Ma-ZnO NPs are
displayed in Fig. 10 shows the high-intensity peak of the elements Zn, O, as well as C. As evident in Fig. 11 (a) and Fig. 12 (a), the high-
resolution XPS spectra show the characteristic Zn2p doublet peak. In both C- and Ma-ZnO NPs, the two strong peaks at a binding energy
of 1023.2 and 1046.4 eV attribute to Zn 2ps,» and Zn 2p; 2 consecutively, confirming the existence of the Zn element. The binding
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Fig. 9. FT-IR spectrum of C- (blue) and Ma-ZnO NPs (green).
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energy difference between both peaks which was attributed to spin-orbit splitting was 23.2 eV, denoting the presence of zinc in the
Zn" oxidation state [50-52].

Fig. 11 (b) Fig. 12 (b), portrays the O 1s spectra fitted by two peaks at 530.11 and 531.49 eV for C-ZnO NPs as well as 529.90 and
531.58 eV for Ma-ZnO NPs. The low binding energy peaks of 530.11 along with 529.90 eV represented the O?~ ions binding to Zn?*
ions within the wurtzite hexagonal phase of ZnO NPs [53,54]. The high binding energy peaks at 531.49 and 531.58 eV relate to the
oxygen species on the surface as hydroxyl [50,55].

The XPS spectrum for C 1s Fig. 12 (c)was convoluted into triple peaks at 284.56, 285.90 and 287.93 eV stand for C-C, C-O and
O=C-O consecutively [54,56,57]. The carbon composition in Ma-ZnO NPs further supports the findings in EDX and FTIR.

3.4. In vitro cytotoxicity evaluation of ZnO NPs on Vero cells

3.4.1. MTT assay

The statistics correspond to a dose-dependent cytotoxic effect of ZnO NPs on Vero cells across all time frames in Fig. 13 (a - ¢). The
percentage of cell viability showed a steady drop with increasing doses of C- and Ma-ZnO NPs, indicating that higher concentrations
resulted in a lower percentage of cell viability. Comparable findings have been confirmed by other researchers [58-60]. These findings
emphasize the need to take consideration on dose dependency when assessing the cytotoxic activity of ZnO NPs on Vero cells.

At 24, 48 and 72 h, the percentage of cell viability upon exposure to 100 pg/mL of C-ZnO NPs were 65.92 %, 60.76 % and 53.67 %,
while 100 pg/mL of Ma-ZnO NPs resulted in 75.84 %, 73.64 %, and 63.79 % of cell viability, respectively. The lowest concentration
(0.05 pg/mL) of Ma-ZnO NPs did not cause significant cell death as compared to C-ZnO NPs. The present results indicated that the
treatment of Ma-ZnO NPs exhibited a higher cell viability compared to C-ZnO NPs treatment However, a significant decrease in cell
viability was observed at 72 h, suggesting a more profound cytotoxicity of both the ZnO NPs. This implies that the effects of C- and Ma-
ZnO NPs become more pronounced as the exposure duration lengthens. This observation supports the conclusions drawn in previous
studies [61,62].

At lower concentrations of Ma-ZnO NPs, specifically between 0.05 and 0.39 pg/mL, the percentage of cell viability exceeds 90 % at
24 h. Similarly, at 48 h, the percentage of cell viability remains above 90 % within the range of 0.05-0.20 pg/mL. On the other hand,
when subjected to C-ZnO NPs, only 0.05 pg/mL at 24 h exhibits greater than 90 % cell viability. Therefore, the experiment indicates
that the safe concentrations of C- and Ma-ZnO NPs should be lesser than 0.05 and 0.39 pg/mL at 24 h and lower than 0.20 pg/mL for
Ma-ZnO NPs at 48 h.

The data showed that C- and Ma-ZnO NPs had a similar pattern of concentration- and time-dependent cytotoxicity on Vero cells
which was evidenced by the progressive decline in cell viability percentage. Notably, Ma-ZnO NPs have been found to exhibit lesser
cytotoxicity compared to C-ZnO NPs. This reduced cytotoxicity of Ma-ZnO NPs may be attributed to the green synthesis process which
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involves the use of phytocompounds from M. acuminata leaf aqueous extract that allowed better control over the size and surface
properties of Ma-ZnO NPs. This control is crucial as the physicochemical characteristics of Ma-ZnO NPs influence their interactions
with the cells. The phytocompounds contribute to the formation of smaller-sized, well-dispersed and less-aggregated Ma-ZnO NPs. This
ensures the production of NPs with optimized properties that lead to enhanced biocompatibility and reduced cytotoxicity due to its
lower surface area than the larger chemically synthesized ZnO NPs.

These findings align with the study conducted by Ref. [63] who compared two types of ZnO NPs with similar spherical shapes but
distinct average sizes. Chemical ZnO NPs had a mean size of 27.6 nm and green ZnO NPs, exhibited size of 7.8 nm. The chemical ZnO
NPs exhibited higher cytotoxicity compared to the smaller green ZnO NPs. Consistent with El-Waseif’s work, this present study
demonstrated that larger-sized C-ZnO NPs induce greater cytotoxic effects in contrast to the smaller Ma-ZnO NPs.

The shape of the ZnO NPs additionally plays an essential role in its cytotoxic effects. For instance, in the investigation by Ref. [64],
hexagonal shapes and nanorods ZnO NPs were synthesized. Despite having similar size ranges, the nanorods exhibited significantly
lower cytotoxicity at 24 h. The synthesis of rod-shaped ZnO NPs in this experiment aligns with previous research which showed lower
cytotoxicity as compared to other studies reported in the literature.

A study by Ref. [61] reported similar results where ZnO NPs synthesized through the chemical method exhibited the highest
cytotoxicity levels on Vero cells, surpassing those of the green-synthesized ZnO NPs using extracts from Punica granatum L. peel and
coffee grounds. These findings provide compelling evidence that chemically synthesized ZnO NPs induce greater cytotoxicity
compared to green-synthesized ZnO NPs.
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Fig. 13. MTT assay on Vero cells exposed to C- and Ma-ZnO NPs at (a) 24 (b) 48 and (c) 72 h * Indicates the significance difference at p < 0.05
between the negative control and ZnO NPs treated Vero cells for each time interval.

3.4.2. ROS assay

2'-7'-dichlorodihydrofluorescein diacetate (DCFH-DA) is an intracellular fluorescent probe that is often employed in cellular studies
to access the cell’s redox status. DCFH-DA assay was employed to measure ROS levels of C- and Ma-ZnO NPs on Vero cells.

The outcomes of this investigation showed that C- and Ma-ZnO NPs caused an increase in ROS in Vero cells, as shown in Fig. 14 (a—
c). The cells exposed to 0.05 pg/mL of C- and Ma-ZnO NPs demonstrated a small increase in ROS generation by 29.31 and 18.95 % at
24 h, respectively. However, 100 pg/mL of C- and Ma-ZnO NPs at 24 h showed a significant escalation in ROS percentage of 143.67 and
98.71, consecutively. The analysis demonstrated a consistent upward trend in the percentage of ROS increase with higher concen-
trations of both the ZnO NPs across all time intervals. This observation is supported by the notion that several previous studies have
reported similar dose-dependent increases in ROS [65-67].

Furthermore, the quantitative analysis also unfolded the duration-dependent increase in the DCF fluorescence intensity. At 24, 48
and 72 h, the percentage of increase in ROS upon exposure to 100 pg/mL of C-ZnO NPs were 143.67 %, 191.85 % and 244.39 %, while
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Fig. 14. ROS assay on Vero cells exposed to C- and Ma-ZnO NPs at (a) 24 (b) 48 and (c) 72 h * Indicates the significance difference at p < 0.05
between the negative control and ZnO NPs treated Vero cells for each time interval.

100 pg/mL of Ma-ZnO NPs caused an elevation in ROS generation of 98.71 %, 146.03 %, and 192.40 %, respectively. This is evident
that the duration of C- and Ma-ZnO NPs exposure plays a major role in the generation of intracellular ROS [68]. showed that ROS
production of ZnO NPs was time-dependent; where the fluorescence intensity developed within 6 h and was more pronounced after a
24 h exposure on human bronchial epithelial cells [69]. also concluded that ZnO NPs treatment for 24 h, 48 h and 72 h had ROS
generation capability according to the time that is related to the cytotoxic effect on normal skin cells.

Studies into the mechanism of cytotoxic action of ZnO NPs showed that one of the factors contributing to apoptosis in cells treated
with ZnO NPs is the production of intracellular ROS. The findings indicate that as ROS levels increase, there is consequential damage to
the cell and subsequent cell death. While a moderate level of ROS promotes cell proliferation, elevated levels can lead to oxidative
damage of cellular components due to a reduced antioxidant system in the cells [70]. Oxidative stress by the presence of C- and
Ma-ZnO NPs, triggers a cascade of detrimental effects within the cells, ultimately leading to impaired functionality and reduced
viability as observed in MTT assay. ROS can initiate the oxidation of lipids, proteins, and DNA. These oxidative modifications disrupt
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the normal functioning of cellular components, impairing vital cellular processes and triggering cell death pathways. There is a strong
correlation between the observed increase in ROS and the subsequent decrease in cell viability. According to Ref. [71], exposure to 20
pg/mL ZnO NPs at 24 h inhibited 73.5 % of mouse embryo fibroblast cell viability and 50 pg/mL of ZnO NPs resulted in a 5-fold
elevation in ROS levels compared to the controls which underpin the oxidative stress induced cytotoxicity.

The outcomes of the DCFH-DA assay demonstrate that C- and Ma-ZnO NPs showed a resembling dose- and duration-dependent
elevation in intracellular ROS which was proved by the significant rise of ROS production in Vero cells. Noticeably, C-ZnO NPs
substantially enhanced intracellular ROS generation as compared to that of Ma-ZnO NPs when measured quantitatively. The ROS
production percentage difference of C- and Ma-ZnO NPs exposed cells showed an increase of more than 40 % at 100 pg/mL over all the
time frames examined. This shows that C-ZnO NPs induce more oxidative stress in the cells.

The reason behind this observation could be due to the fact that the size difference between C- and Ma-ZnO NPs plays a significant
role in the increase in cellular ROS levels. The reduced surface area of Ma-ZnO NPs limits the contact points available for ROS gen-
eration, thereby decreasing the overall ROS production compared to the larger and more aggregated C-ZnO NPs. Consequently, the
lower levels of ROS generated by Ma-ZnO NPs help to preserve normal cellular functions and minimize oxidative stress-induced cell
death thus demonstrating better biocompatibility.
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Fig. 15. Flow cytometry analysis of Vero cells’ cell viability treated with (a) positive control (DMSO), (b) unstained negative control, (c) stained
negative control, (d) 100 pg/mL C-ZnO NPs, (e) 100 pg/mL Ma-ZnO NPs and (f) graph of the cell viability experiment in triplicates at 72 h.
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3.4.3. Flow cytometry

Annexin V conjugated with fluorescein isothiocyanate (FITC), when used with 7-AAD (7-Aminoactinomycin D), enabled simul-
taneous identification and discrimination of viable cells, cells in early or late apoptosis, necrotic or dead cells as well as the cells’ DNA
content. Flow cytometric analysis provided valuable insights into the dynamics of apoptosis and cell cycle arrest as a consequence to
oxidative stress and DNA damage caused by C- and Ma-ZnO NPs [72].

3.4.3.1. Cell viability. In the positive control (Fig. 15 (a)), a higher number of cells were observed in the second and third quadrants
which represent late and early apoptotic cells. This observation strongly suggests that DMSO adversely influenced the apoptosis of
Vero cells. Dissimilarity was seen in both the stained and unstained negative controls Fig. 15 (b and ¢) which displayed more cells in the
fourth quadrant, indicative of viable cells, thus confirming the viability of the cells. In addition, the stained negative control effectively
demonstrates that the dyes used did not induce any discernible effects on the cells.

In the Ma-ZnO NPs exposed cells (Fig. 15 (d)), a higher proportion of viable cells was observed, along with a reduced percentage of
cells in the second and third quadrants, in comparison to the C-ZnO NPs exposed cells (Fig. 15 (e)). These findings indicate that both
the ZnO NPs have cytotoxic effects on Vero cells by induction of apoptosis. However, Ma-ZnO NPs induced lesser cytotoxicity when
compared to C-ZnO NPs. This result validates the outcomes obtained from the cytotoxicity assay. Fig. 15 (f) illustrates a graph dis-
playing the percentage of cell populations in each quadrant for all the samples in triplicates. The analysis demonstrated that both C-
and Ma-ZnO NPs resulted in increased numbers of early apoptotic cells, with just a minor proportion of cells necrosing. These findings
collectively indicate that C- and Ma-ZnO NPs primarily triggered the early apoptotic pathway instead of the necrotic.

Comparable findings to this investigation have been observed in multiple research [73]. determined that ZnO NPs from Sargassum
muticum extract caused a time-dependent increase in late apoptosis in WEHI-3B cells, suggesting an antiproliferative effect through
apoptosis. When exposed to Chem ZnO NPs at varying concentrations for 24 h, MCF-7 cells exhibited more number of early apoptotic
cells and a small percentage of necrotic cells in a dose-dependent manner (Boroumand Moghaddam et al., 2017) [74]. found that
green-synthesized ZnO NPs from Rubia tinctorum root extract induced apoptosis in MCF-7 cells after 24 h, with apoptosis levels
improving as ZnO-NPs concentration increased. These collective studies indicate the potential apoptotic implications of ZnO NPs in
different cells.

3.4.4. Cell cycle

The cell cycle is a series of events that a cell undergoes as it grows and divides into two daughter cells. It consists of distinct phases,
including the G1, S, G2, and M phases. Cells in G1 phase have a lower DNA content than cells in S or G2 phase. Similarly, cells in S
phase have an intermediate DNA content, while cells in G2 phase have a high DNA content. The fluorescence intensity of cells stained
with 7-AAD corresponds to the DNA content, and this information is used to determine the proportions of cells across multiple cell
cycle stages.

In the positive control (Fig. 16 (a)), a predominant population of cells was observed in the G1 phase which suggests that oxidative
stress-induced DNA damage activates cellular signalling pathways, leading to G1 arrest. Both the stained and unstained negative
control cells were found to be evenly distributed across the G1, S, and G2 cell cycle phases, indicating they are undergoing normal
cellular functions Fig. 16 (b and c). Notably, a larger quantity of cells was arrested in the G1 phase upon exposure with C-ZnO NPs as
compared to Ma-ZnO NPs exposed cells (Fig. 16 (d and e)). This verifies that both the ZnO NPs cause DNA damage that subsequently
arrests the cells at the G1 phase. As anticipated, Ma-ZnO NPs induced fewer genetic defects than C-ZnO NPs on Vero cells. This finding
aligns with the results obtained from all previous bioassays which demonstrate that Ma-ZnO NPs induce lesser cytotoxicity than C-ZnO
NPs. Fig. 16 (f) depicts the percentage of Vero cells across each cell cycle for all the samples in triplicates.

When cells are exposed to ZnO NPs, the elevated levels of ROS result in oxidative stress, that causes damage to the DNA. The DNA
damage triggers cellular signalling pathways and induces the G1 phase cell cycle arrest that halts the progression from G1 to S phase. If
the damage caused by ROS and ZnO NPs is extensive, the cells undergo apoptosis to eliminate the potentially harmful cells.
Furthermore, prolonged G1 arrest may lead to senescence, a state of irreversible growth arrest, which can occur as a response to
extensive cellular damage. In summary, exposure to ZnO NPs can induce G1 arrest in cells which is often associated with oxidative
stress and DNA damage caused by ROS generation.

Research has proved that ZnO NPs can promote G1 arrest in various cell types, and the findings of other studies align closely with
the current investigation. A study reported a significant and dose-dependent increase in the SubG1 phase of the cell cycle in MCF-7
cells exposed to ZnO-NPs from Rubia tinctorum root extract [74]. Similarly, a time-dependent increase in the sub-GO/G1 population,
representing apoptotic and dead cells, in WEHI-3 cells exposed to ZnO-NPs from Sargassum muticum extract was observed [73].
Moreover [75], detected significant alterations in the cell cycle, in SHSY5Y cells, together with mitotic arrest, following 3 and 6 h
treatments with chemically synthesized ZnO NPs. These collective findings demonstrate that ZnO NPs can induce cell cycle arrest and
apoptosis, reaffirming their cytotoxic effects regardless of the specific phase at which cell arrest occurs.

3.5. Microscopic analysis of ZnO NPs on Vero cells
3.5.1. Inverted microscopy

Microscopic analysis was performed to evaluate the impacts of C- and Ma-ZnO NPs on Vero cells using inverted microscopy at 24,
48, and 72 h to assess the temporal impact of ZnO NPs on cell morphology. Under microscopic observation, the negative control cells

displayed an epithelial-like morphology, with an elongated shape. The cell membranes were intact, forming a well-defined boundary
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Fig. 16. Flow cytometry analysis of Vero cells’ cell cycle treated with (a) positive control (DMSO), (b) Unstained negative control, (c) Stained
negative control, (d) 100 pg/mL C-ZnO NPs, (e) 100 pg/mL Ma-ZnO NPs and (f) graph of the cell cycle experiment in triplicates at 72 h.

around each cell as observed in Fig. 17 (a and b). However, at 72 h, a decline in cells was observed in the negative control group
(Fig. 17 (c). This could be due to the depletion of the growth medium over time. In contrast, the positive control cells (Fig. 18 (a - c))
exhibited cell rounding and shrinkage (purple circle). Moreover, these cells detached from the culture flask and formed clusters (yellow
circle) as well as fragmented cells with membrane blebbing (red arrow) which is a characteristic feature of apoptotic cells. Addi-
tionally, the presence of apoptotic bodies (pink arrow) further confirmed the occurrence of cellular apoptosis.

The cells exposed to C-ZnO NPs exhibited a gradual progression of morphological changes over time. At 24 h, no distinct alteration
in cell morphology was observed (Fig. 19 (a)). However, at 48 h, the cells started to exhibit signs of cellular distress as they began to
lose their normal shape. Furthermore, the presence of apoptotic bodies was observed suggesting that the C~ZnO NPs exposure trig-
gered apoptotic pathways in the cells (Fig. 19 (b)). At 72 h, the effects of C-ZnO NPs exposure became more pronounced as the cells
shrank and detached from the culture flask. Membrane blebbing was also noticed, further indicating cellular damage and disruption

Fig. 17. Inverted microscopy images of Vero cells in the negative control group at (a) 24 h, (b) 48 h, and (c) 72 h.
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Fig. 18. Inverted microscopy images of Vero cells in the positive control group at (a) 24 h, (b) 48 h, and (c) 72 h.

(Fig. 19 (c)). These cumulative findings demonstrate that the exposure to C-ZnO NPs induced significant morphological changes and
apoptotic responses in the cells.

The cells exposed to Ma-ZnO NPs initially appeared healthy and exhibited a normal morphology at both 24 and 48 h, as shown in
Fig. 20 (a and b) respectively. However, a minor observation at 48 h showed that a few cells had retracted into a spherical shape,
suggesting a slight alteration in cellular structure. It was not until 72 h that more pronounced signs of cellular injury became apparent.
At this stage, the Ma-ZnO NPs exposed cells displayed significant cell shrinkage, fragmentation, and the presence of apoptotic bodies
(Fig. 20 (c)). These details suggest that the prolonged exposure to Ma-ZnO NPs induced progressive damage to the cells over time,
leading to cellular injury and the initiation of apoptotic pathways.

Other studies have also shown that exposure to varying concentrations of ZnO NPs resulted in a gradual loss of their characteristic
phenotype, including loss of monolayer, cell rounding and shrinking in comparison to untreated control cells (Fouda et al., 2018;
Majeed et al., 2019). A431 cells treated with ZnO NPs displayed characteristic apoptotic changes, while A549 cells exposed to ZnO NPs
showed a round morphology with nuclear condensation [76,77].

3.5.2. Fluorescence microscopy

Fluorescence microscopy imaging of the DCFH-DA assay provided a valuable tool for qualitatively visualizing intracellular ROS
levels in Vero cells upon exposure to C- and Ma-ZnO NPs. According to Fig. 21 (a and b), the negative control cells at both 24 and 48 h
displayed baseline levels of ROS with minimal fluorescence intensity. However, a slight elevation in fluorescence was observed at 72 h,
which could due be to the stress induced by the depletion of the growth medium (as depicted in Fig. 21 (c)). Conversely, the positive
control groups exhibited a notable increase in the level of ROS as indicated by the intense cytosolic green fluorescence intensity (as
illustrated in Fig. 22 (a). Moreover, the morphological changes in these cells became evident at 48 h, characterized by a loss of their
normal morphology. At 72 h, the cells exhibited rounding and shrinking as depicted in Fig. 22 (b and c).

Cells treated with C-ZnO NPs exhibited a small increment in ROS generation at 24 h (Fig. 23 (a)). At 48 h, a slightly higher level of
ROS signals became evident; however, the cells still maintained their characteristic healthy epithelial shape (Fig. 23 (b)). Interestingly,
at 72 h, a substantial elevation in ROS formation was noticed in cells exposed to C-ZnO NPs with the normal cellular morphology loss
and the presence of some cellular deformation, as depicted in Fig. 23 (c). These findings suggest that prolonged exposure to C-ZnO NPs
induces a progressive rise in ROS production, thereby indicating the cytotoxic effects of C~ZnO NPs.

Analogously, the cells treated with Ma-ZnO NPs revealed a similar pattern. At 24 h (Fig. 24 (a)), minimal ROS production was
observed. However, at 48 h, a noticeable increase in green fluorescence, indicating elevated ROS levels (Fig. 24 (b). The trend
continued at 72 h, with the highest intensity of fluorescence seen in Fig. 24 (c). Additionally, the cells exposed to Ma-ZnO NPs
exhibited irregularly shaped cell membranes and had lost their characteristic morphology. These observations highlight that prolonged
exposure to Ma-ZnO NPs induces a gradual elevation in ROS production that can cause cellular damage.

These findings indicate that both C- and Ma-ZnO NPs exhibit similar time-dependent increases in ROS levels, with C-ZnO NPs
demonstrating a slightly higher elevation in fluorescence intensity compared to Ma-ZnO NPs. This observation aligns with the

Fig. 19. Inverted microscopy images of Vero cells exposed to 100 pg/mL of C-ZnO NPs at (a) 24 h, (b) 48 h, and (c) 72 h.
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Fig. 20. Inverted microscopy images of Vero cells exposed to 100 pg/mL of Ma-ZnO NPs at (a) 24 h, (b) 48 h, and (c) 72 h.

Fig. 21. Fluorescence microscopy images of Vero cells in the negative control group at (a) 24 h, (b) 48 h, and (c) 72 h.

Fig. 23. Fluorescence microscopy images of Vero cells exposed to 100 pg/mL of C-ZnO NPs at (a) 24 h, (b) 48 h, and (c) 72 h.

quantitative data presented earlier. In support of these findings, a study by Ref. [78] demonstrated an increase in ROS levels in HepG2
cells following 6 h subjection to ZnO NPs. Furthermore [69], illustrated a gradual increase in green fluorescence intensity in ZnO
NPs-treated normal skin cells over different culture times of 24, 48, and 72 h. These references highlight the consistent impact of ZnO
NPs on cellular oxidative stress over prolonged durations.
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Fig. 24. Fluorescence microscopy images of Vero cells exposed to 100 pg/mL of Ma-ZnO NPs at (a) 24 h, (b) 48 h, and (¢) 72 h.

4. Conclusion

The cytotoxicity studies reveal that C-ZnO NPs and Ma-ZnO NPs exhibit dose- and time-dependent effects on Vero cell viability. The
safe concentrations (more than 90 % cell viability) of C- and Ma-ZnO NPs are lesser than 0.05 and 0.39 pg/mL at 24 h and lower than
0.20 pg/mL in the case of Ma-ZnO NPs at 48 h. Furthermore, the mechanism of Vero cell death indicated that both C-ZnO NPs and Ma-
ZnO NPs induced early apoptotic pathways. Additionally, the lesser DNA damage noted in Vero cells treated with Ma-ZnO NPs sup-
ports the notion that green synthesized ZnO NPs are less harmful to normal cells. It is evident that both C-ZnO NPs as well as Ma-ZnO
NPs exert cytotoxic effects on normal cells through ROS production, direct interactions with the cells, and the induction of apoptosis.
However, the relatively lower adverse effects of Ma-ZnO NPs compared to C-ZnO NPs make them a more suitable choice for incor-
poration into everyday products. By promoting the utilization of green synthesized ZnO NPs, we can move closer to achieving sus-
tainable development objectives while minimizing the impact on human health and the environment.
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