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Abstract: In this study, ultrasonically driven biosynthesis
of zinc oxide nanoparticles (ZnO NPs) using Swietenia
macrophylla seed ethyl acetate fraction (SMEAF) has
been reported. X-ray powder diffraction (XRD) and Fourier-
transform infrared spectroscopy (FTIR) analyses con-
firmed the presence of a pure hexagonal wurtzite structure
of ZnO. Field emission scanning electron microscope images
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revealed the formation of uniquely identifiable uniform
rice-shaped biologically synthesized ZnOsygear particles.
The particle sizes of the biosynthesized NPs ranged from
262 to 311 nm. The underlying mechanisms for the bio-
synthesis of ZnOsygar under ultrasound have been pro-
posed based on FTIR and XRD results. The anticancer
activity of the as-prepared ZnOsypar Was investigated
against HCT-116 human colon cancer cell lines via methyl
thiazolyl tetrazolium assay. ZnOsygar €xhibited signifi-
cant anticancer activity against colon cancer cells with
higher potency than ZnO particles prepared using the
chemical method and SMEAF alone. Exposure of HCT-116
colon cancer cells to ZnOgyrar promoted a remarkable
reduction in cell viability in all the tested concentrations.
This study suggests that green sonochemically induced ZnO
NPs using medicinal plant extract could be a potential
anticancer agent for biomedical applications.
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1 Introduction

Research in nanotechnology is ever-growing and syner-
gistic with the global advancements in science, tech-
nology, and engineering. Coincidentally, materials in
the nanoscale have proven to improve the quality of life
of global inhabitants in various ways due to their novel
properties, which arise from their morphology, distribu-
tion, and size [1]. Applications of nanomaterials have
been widely demonstrated in the fields of civil engi-
neering [2], biomedicine [3], food packaging [4], as well
as in the generation of smart materials [5].

In the category of metallic oxide nanoparticles com-
monly used in the semiconductor and electronics industry,
zinc oxide (ZnO) has been recently studied in-depth, and
its potential is explored in biological, pharmaceutical, and
environmental applications [6,7]. It could also be extended
further to advanced technologies such as chemical gas
sensing, flexible conductors, self-cleaning materials, and
long-term dual-protective cosmeceuticals against UV-A
and UV-B radiation [8]. Some advantages of ZnO nanopar-
ticles include antifungal, anticancer, and antibacterial
properties, high chemical stability, long shelf-life, high
thermal resistance, and low cost [8—10]. Studies on ZnO
are also highly supported from a human safety standpoint
as it is “generally recognized as safe” by the Food and
Drug Administration, USA [11].

Previously, research has been conducted to comple-
tely reduce the scale of particles and evaluate the novel
properties of these nanoparticles. With the ever-increasing
demand for nanomaterials, there is a need for a “greener,”
cleaner, and more sustainable route of synthesis to reduce
their environmental footprint. Currently, the concepts of
green chemistry and green synthesis are becoming more
popular. It is a more sustainable and eco-friendly method
of nanomaterial synthesis which uses less or nonhazar-
dous materials from renewable resources such as plants
and microorganisms [12]. Plant sources are rich in sec-
ondary metabolites (phytochemicals) such as terpenoids,
flavonoids, alkaloids, phenols, and steroids [13,14]. These
phytochemicals possess therapeutic characteristics which
add value to the nanoparticles synthesized from a biome-
dical perspective. For instance, various parts of plants
such as fruits, flowers, seeds, stems, barks, and roots
have been tested for their capabilities to synthesize nano-
materials with various value-added pharmaceutical prop-
erties. Reviews by Bandeira et al. [15] and Kalpana and
Rajeshwari [16] highlighted numerous biological species
such as plants, seaweeds, and microbes, aiding the green
synthesis of ZnO NPs and were then applied in biomedi-
cine based on their properties. Furthermore, Ranjbar et al.
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[17] showed that biosynthesized ZnO NPs using Mentha
mozaffarianni plant extract were effective against human
cervical, breast, and colon cancer cells without significant
side effects on healthy cells.

Nowadays, ultrasound is common to nebulize solu-
tions into ultrafine mixtures, synthesizing nanoparticles
as well as dispersing them to improve homogeneity [18,19].
Briefly, ultrasonic technology involves using acoustic waves
with a frequency of approximately 20 to 25 kHz and up to
1,000 kHz, which interact with the particles [20]. Ultraso-
nics and sonochemistry are based on the continuous cycles
of formation, growth, and collapse of microbubbles in a
solution that causes structural disruptions and modifica-
tions [21,22]. The collapse of these microbubbles generates
localized energy hotspots with temperatures up to 10,000 K
and pressures up to 1,000 bar [23]. Consequently, these
conditions disrupt weak non-covalent bonds, causing mor-
phological changes, and disintegrating large colloidal
aggregates. Ultrasonic waves could be induced using dif-
ferent equipment. One of which is using a cylindrical probe
(horn) which is immersed into the working solution.
Another is a novel high-intensity ultrasonic tubular reactor
where the waves are emitted radially and are considered for
working solutions of larger volumes [21]. An extensive
review by Wojnarowicz et al. [8] explains the widespread
use of microwave and acoustic cavitation-assisted technol-
ogies to synthesize tailored ZnO nanomaterials and fulfill
the eco-friendly approach criterion. Bayrami et al. [24] used
ultrasonic treatment to aid the biosynthesis of ZnO NPs
using the leaf extract of Vaccinium arctostaphylos and
assessed its antidiabetic, antibacterial, and oxidative activ-
ities. They also synthesized enriched ZnO NPs for antidia-
betic and antibacterial applications using Nasturtium offici-
nale leaf extract through combined microwave and
ultrasound methods [25]. These studies show the ver-
satility and compatibility of ZnO NPs synthesis methods
with various natural extracts to enhance pre-existing biolo-
gical properties.

Swietenia macrophylla (S. macrophylla) also known
as the big-leaved mahogany tree belongs to the Meliaceae
family and is widely found in Asia and tropical and sub-
tropical regions. S. macrophylla is an important indigenous
medicinal plant in Malaysia with potential anticancer, anti-
inflammatory, and antitumor properties [26—28]. The fruit of
this tree was termed as “sky fruit” due to its growth against
gravity [29]. Many phytochemicals consisting of limonoids
could be extracted from different parts of S. macrophylla
such as the seeds, leaves, and branches, and have been
attributed to the bioactivities exhibited by this plant [29].
Some of the identified compounds include swietenine,
swietemahonin E, 3-O-tigloyl-6-O-acetylswietenolide, and
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3,6-0,0-diacetylswietenolide [30]. The ethyl acetate frac-
tion of the seeds of S. macrophylla (SMEAF) was shown to
induce reactive oxygen species (ROS) production in cancer
cells, leading to the activation of apoptosis through the
p53 tumor-suppressing proteins [31,32]. Although many
different plant species had been used in the biological
synthesis of ZnO NPs, no research regarding its synthesis
with the use of SMEAF had been previously reported. Yet,
as SMEAF has great potential in its anticancer properties, it
was hoped that the aid of SMEAF in ZnO NP synthesis
would further enhance its anticancer efficacy at lower con-
centrations. This increase in SMEAF potency would be
beneficial toward future potential users as the dosage
would be significantly reduced without compromising its
performance in inducing cancer cell death. In addition, the
biological synthesis of ZnO NPs could potentially enhance
the delivery of SMEAF to cancer cell lines, as compared to
SMEAF independently.

In this study, highly uniform ZnO nanorice was synthe-
sized using a greener route with the aid of SMEAF and
ultrasonic treatment. As a part of the synthesis process,
SMEAF was obtained from the crude extracts of the seeds
of S. macrophylla through solvent partitioning extraction
methods. The bioextract as a stabilizing agent was added
during the synthesis of ZnO NPs and was assisted with
ultrasonic nebulization. The stabilization and attachment
behavior of SMEAF on the synthesized nanoparticles were
observed. Preliminary qualitative phytochemical screening
was conducted to determine the bioactive substances in
SMEAF. Both the neat samples of ZnO NPs (ZnOcperm) and
samples synthesized with SMEAF (ZnOsygar) Were charac-
terized. Particle size (DLS), morphology (FESEM and STEM),
and chemical properties (FTIR, EDX, and XRD) were also
investigated. Additionally, SMEAF, ZnOcpem, and ZnOsyear
were subjected to anticancer assessments to evaluate their
efficacy against HCT-116 colon cancer cells at different
concentrations.

2 Materials and methods

2.1 Materials

Reagents of analytical grade were utilized without any
further purification steps. Zinc nitrate hexahydrate
(Zn(NOs),-6H,0, 99% AR Grade) was purchased from
Friendemann Schmidt Chemical Company (US). Sodium
hydroxide pellets were obtained from Sigma-Aldrich
(Malaysia). 95% technical grade ethanol was procured
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from Gouden Sdn. Bhd. (Malaysia). HCT-116 cell lines
were gifted by Dr. Goh Bey Hing (School of Pharmacy,
Monash University). RPMI-1640, fetal bovine serum (FBS),
TrypLE Express, and 100x antibiotic—antimycotic were
obtained from Gibco (USA). Phosphate buffered saline pel-
lets, trypan blue, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide (MTT) reagent, and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich
(USA). Cell culture plasticware such as 96-cell culture
plates (NEST, USA), 15 mL and 50 mL falcon tubes NEST
(USA), serological pipettes (Jet Biofil, China), and pipette
tips (Axygen, USA) were also purchased. Other subsidiary
chemicals not involved in the main synthesis or tests were
included for plant-based phytochemical screening and
were used as received.

2.2 Synthesis of ZnO NPs from bioresource
2.2.1 Preparation of seed extract fraction

The dried seeds (600 g) of S. macrophylla were acquired
from a local market in Selangor, Malaysia. The voucher
specimen of the seeds (No. KLU46901) was deposited at
the Herbarium of the Institute of Biological Sciences,
Faculty of Science, University of Malaya, Malaysia. First,
the seeds were dried and then ground finely before
soaking in 2.4 L ethanol at room temperature for 72h.
The extract was then filtered from the residue using filter
papers and subsequently evaporated at 40°C using a
rotary vacuum evaporator to produce a dark yellow crude
ethanolic extract. The crude extract was then further frac-
tionated using 800 mL hexane to produce a hexane-
soluble solution and hexane-insoluble residues. The
remaining hexane-insoluble residue was further sepa-
rated using 1:1 ratio solvent-solvent portioning of ethyl
acetate (600 mL) and water (600 mL). The ethyl acetate
fraction was later evaporated via rotary vacuum evapora-
tion to obtain SMEAF.

2.2.2 Plant-based phytochemical screening analysis

Phytochemical screening is a qualitative analysis to iden-
tify medicinally active or bioactive substances found in
naturally occurring species. This screening test was con-
ducted for SMEAF. The method and reagents used in each
test are presented in Table 1. As SMEAF is insoluble in
water, a control was prepared where ethanol was used to
dissolve SMEAF. The quantity of reagents used for the test
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is presented in terms of mass ratio. The tests are qualitative
and result in either a positive or negative response.

2.2.3 Synthesis of ZnO NPs (ZnOchem)

About 0.38 g Zn(NO5),-6H,0 was dissolved in 20 mL dis-
tilled water under gentle magnetic stirring until it dis-
solved completely. The pH of the solution (5.6) was
adjusted to 10, using 0.5 M NaOH under constant moni-
toring using a pH meter. The cloudy mixture was then
ultrasonicated using an ultrasound horn (20 kHz, 100 W;
NexTgen ultrasonic platform, Sinaptec, France) for five
cycles of 15s each with a 12s break at 45W in a water
bath. The mixture was then heated to 85°C under gentle
stirring for 1 h. A white precipitate was observed until this
stage. The mixture was then centrifuged for 5min at
7,000 rpm. Two wash cycles were carried out on the sam-
ples using distilled water. The solvents were removed and
left to dry overnight in an aerated oven at 60°C. The dried
samples were ground using a mortar and pestle before
subjected to characterization.

2.2.4 Synthesis of ZnO NPs with SMEAF (ZnOspmear)
Similar to the chemical route of synthesis, 0.38g Zn

(NOs),-6H,0 was dissolved in 20 mL distilled water under

Table 1: Qualitative phytochemical screening for SMEAF
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gentle magnetic stirring until it dissolved fully. Separately,
0.20 g SMEAF was dissolved in 10 mL ethanol under mag-
netic stirring until it dissolved completely. The extract
was then poured into Zn(NOs),-6H,0 solution under mag-
netic stirring for 10 min (step 1). The mixture was then
ultrasonicated using the horn for five cycles of 15s each
with a 12s break at 45W in a water bath (step 2).
Subsequently, the pH of the solution was adjusted to 10
using 0.5M NaOH and then ultrasonicated again under
the same settings as above (steps 3 and 4). The mixture
was then heated to 85°C under gentle stirring for 1 h (step
5) and centrifuged for 5min at 7,000 rpm (step 6). Two
wash cycles were carried out on the samples using dis-
tilled water. The solvents were removed and left to dry
overnight in the oven at 60°C (step 7) and ground using a
mortar and pestle (step 8) before subjected to further
characterization. The resultant powder has a pale-yellow
appearance. The schematic flow diagram of the synthesis
process and the impact of cavitation on the formation of
ZnOsmear are depicted in Figure 1.

2.3 Characterization of nanoparticles

Preliminary size measurements of the nanoparticles via
dynamic light scattering (DLS) were conducted using the
Malvern Panalytical Zetasizer ZSP (Malvern Instruments, UK).

Phytoconstituent Test Method Expected observation

Flavonoids Zn test Zn dust is added to a mixture of extract and concentrated Dark brown coloration
HCl (1:2)

Phenols FeCls test Five drops of alcoholic FeCls solution are added to the Blue-green precipitate

extract (1:1)

Phlobatannins Precipitate test

Dilute HCl is added to the extract (1:1) and heated in a

Red precipitate

water bath at 60°C for 10 min

Steroids and terpenoids  Salkowski’s test

extract (1:1:2)

Chloroform and concentrated H,SO, are added to the

Red/brown layer in the
lower chloroform

interphase
Glycosides Keller—Kiliani test ~ Glacial acetic acid, FeCls solution, and concentrated Brown-ring at the
H,S0, are added to the extract (1:1:0.5:1) interphase
Amino acids Ninhydrin test Ninhydrin is added to acetone (1:5) to form a ninhydrin Purple coloration
solution. This solution is added dropwise to the extract
Fixed oils Saponification test  Alcoholic KOH is added to the extract (1:1), with drops of Formation of soap bubbles
phenolphthalein and heated in a water bath at 60°C
for2h
Saponins Froth test Distilled water is added to the extract (2:1) Formation of a stable froth
layer
Alkaloids Wagner’s test lodine and KI powders are added to distilled water Red-brown precipitate

(1:2:15) to form Wagner’s reagent. This reagent is added
dropwise to the extract
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Figure 1: Schematic of the synthesis and the influence of ultrasound on the formation of ZnOgpear (inset).

The samples were dispersed in ultrapure water at 1
mg/mL, and the measurements were performed at 25°C.
The degree of crystallinity of the nanoparticles was mea-
sured via XRD using the Bruker D8 Discover X-ray
powder diffractometer (Germany) equipped with Cu Ka
(A = 0.15406 nm) radiation. The scan was obtained using
40 kV and 40 mA at a scanning rate of 0.02° per sec from
10° to 80°. The crystalline size was computed using the
Debye-Scherrer’s equation, D = (kA)/(B cos 8), where D
is the crystallite size, k is the Scherrer’s constant (0.94)
[14], A is the X-ray wavelength, f is the full width at half
maxima, and 6 is Bragg’s angle. Fourier-transform infrared
spectroscopy (FTIR) analysis was conducted using the
Thermo Scientific Nicolet iS10 Spectrometer (US) to
examine the major functional groups in the synthesized
nanoparticles. The surface morphologies of the nanopar-
ticles were observed under a Hitachi SU8010 field emis-
sion scanning electron microscope (FESEM) (Japan),
which was also equipped with an energy dispersive
X-ray (EDX) spectrometer (Oxford-Horiba Inca XMax50,
Oxford Instruments Analytical, England) for elemental
analysis. The same FESEM equipment was switched into
TE mode to conduct scanning transmission electron micro-
scopy (STEM) analysis.

2.4 Evaluation of cytotoxicity
2.4.1 Cell culture

HCT-116 human colon cancer cells were maintained in
RPMI media supplemented with 10% heat-inactivated
(56°C for 30 min) FBS and 1% 100x antibiotic—antimycotic
(100 U/mL penicillin, 100 pg/mL streptomycin, and 25 pg/mL
amphotericin B) (Gibco, USA). The cells were also kept in a
humidified incubator at 37°C with 5% CO, and were pas-
saged when confluency reaches 70% using TrypLE Express
(Gibco, USA).

2.4.2 Cell treatment and evaluation of cell viability
using methyl thiazolyl tetrazolium (MTT) assay

Cell viability was measured using MTT assay as described
by Goh and Kadir [32] with some modifications. Briefly,
HCT-116 cells were seeded into 96 flat-bottom well plates
at a density of 3,000 cells per well. After 24 h, the cells were
treated with SMEAF, ZnOcpem, and ZnOgygar, at the concen-
trations as given in Table 2 following their proportions, with
cell culture media containing 0.5% (v/v) DMSO as the
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Table 2: Concentrations of SMEAF, ZnOcpem, and ZnOgspear in the
cytotoxic studies against HCT-116

Run Concentration (pg/mL)"

SMEAF (34.6%) ZnOchem (65.4%) ZnOspmear (100%)
1 1.081 2.044 3.125

2.163 4.088 6.25
3 4.325 8.175 12.5

“Percentages presented are the proportions of SMEAF and ZnOchem
within ZnOsmear. Thus, in this experiment, the concentration of
ZnOsnmear per run does equate to the individual concentrations of
SMEAF and ZnOc¢pem, according to their proportions.

vehicle. The untreated cells (negative controls) were treated
with cell culture media containing 0.5% (v/v) DMSO. The
cells were then incubated at 37°C with 5% CO, for 72h
before analyzing their cell viability. Then, 40 pL 5 mg/mL
MTT reagent (Sigma, USA) was added to each well, and the
cells were further incubated at 37°C for 4 h before the media
was aspirated, and the crystals were dissolved in 100 pL
DMSO. The absorbance was measured using a microplate
reader (Bio-Tek, USA) at 570 nm. The percentage cell viabi-
lity was calculated using equation (1), after normalizing all
the samples against the untreated cells.

Cell viability (%)
_ Absorbance value of the treated cells
~ Absorbance value of the untreated cells
x 100%

2.5 Statistical analysis

All cytotoxic treatment data on HCT-116 cell lines were
analyzed for significant difference between groups with
one-way analysis of variance and Tukey HSD post hoc test
using Statistical Package for Social Science version 24.0.
The significance value was set at p < 0.05, and the data
were expressed as mean values + standard deviation.

3 Results and discussion

3.1 Plant-based phytochemical screening
analysis

Other than the common parts of the plants (i.e., leaves and
roots), which are typically exploited for their properties,
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seeds also demonstrate significant bioactivities owing to
their phytoconstituents [33,34]. The plant extracts show
great potential as capping and stabilizing agents due to
the presence of a plethora of biocomponents such as phe-
nols, flavonoids, steroids, saponins, and alkaloids [35].
Generally, flavonoids have been widely reported to pro-
vide chemical stability to metal oxide nanoparticles and
could serve as reducing agents [12,15,36]. In this context,
the existence of OH- groups in flavonoids could be dually
responsible for reducing zinc precursors into ZnO NPs
and exhibiting size control through their capping ability
[14,37,38]. The collection of phytoconstituents or sec-
ondary metabolites is common in various medicinal
plants but could vary depending on the species and their
place of origin. Table 3 presents the results of the phyto-
chemical screening tests with corresponding expected
observations for a positive outcome.

3.2 Characteristics of the synthesized
nanoparticles

The preliminary size analysis was conducted on the as-
synthesized nanoparticles using the Zetasizer through
the DLS technique for colloids. It could be seen from
Figure 2(a) that the size of ZnOcper, is slightly smaller,
with a mean of 262 nm and a polydispersity index (PDI) of
0.166. Figure 2(b) exhibits the particle size distribution
for ZnOspgar, Which shows a peak with a mean size of
311nm and a PDI of 0.402. The addition of the plant
extract has increased the particle size. This may contri-
bute to the amalgamation of smaller neighboring parti-
cles to form larger nanoparticles, as further biological
reduction of the zinc ions occurs [39].

Figure 3 shows the XRD patterns of the as-prepared
SMEAF, ZnOchem, and ZnOgyear Samples. The peaks within
the spectra for both the synthesized samples show crys-
talline structures corresponding to the hexagonal wurt-
zite phase of ZnO NPs without any impurities. The
observed peaks at the diffraction angles of 31.7°, 34.4°,
36.2°, 47.7°, 56.5°, 62.8°, 66.3°, 67.9°, and 69.2° corre-
spond to the plane facets of 101, 002, 101, 102, 110, 103,
200, 112, and 201, respectively. These correlations are
made following the Joint Committee on Powder Diffrac-
tion Standards (JCPDS No. 36-3411) for ZnO. The crystal-
line size for the most prominent peak at the plane facet
(101) was computed using Debye—-Scherrer’s equation.
The average crystallite size was found in the range of
26 to 30 nm for both ZnOcpern and ZnOgyear, cOmparable
to the findings obtained by Bayrami et al. [24].
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Table 3: Qualitative plant-based phytochemical screening test results for SMEAF

Phytoconstituent Test Expected observation Outcome
Flavonoids Zn test Dark brown coloration Positive (+)
Phenols FeCls test Blue-green precipitate Negative (-)
Phlobatannins Precipitate test Red precipitate Negative (-)
Steroids and terpenoids Salkowski’s test Red/brown layer in the lower chloroform interphase Positive (+)
Glycosides Keller-Kiliani test Brown-ring at the interphase Positive (+)
Amino acids Ninhydrin test Purple coloration Negative (-)
Fixed oils Saponification test Formation of soap bubbles Positive (+)
Saponins Froth test Formation of a stable froth layer Positive (+)
Alkaloids Wagner’s test Red-brown precipitate Positive (+)

Figure 4 shows the FTIR spectra of the obtained sam-
ples. A wide peak observed between 3,650 and 3,250 cm™
for SMEAF and ZnOgygar is due to the O-H stretching
vibrations that form hydrogen bonds from the organic
sample [40]. The peak at 2,927 cm™ from both SMEAF
and ZnOgyear corresponds to the asymmetrical stretching
of C—H bonds or alkyl compounds. Another small peak at
2,853 cm ™! from both these samples is linked to the sym-
metric stretching vibration of C-H bonds of lipid com-
pounds [41]. ZnOsyear and ZnOcpem Spectra exhibit a
small common peak at 2,360 cm™, possibly due to the
absorption of CO,. A prominent peak from SMEAF and
ZnOspmrar at 1,727 cm™! corresponds to the C=0 stretching
vibrations, indicating the presence of the ester carbonyl
group. Furthermore, the common peak at 1,436 cm™ indi-
cates C-H deformation vibrations of the possible methyl
ester group. The peak at 1,222 cm™ shows C-0 and COOH
stretching vibrations of the aromatic compounds [42]. A
clear peak at 882cm™ between ZnOsypar and ZnOchem
demonstrates the stretching vibrations of C-N amine
groups [43]. Peaks for SMEAF appearing between 700
and 900 cm™ could be ascribed to C-H bending vibra-
tions, indicating that the extract contains long carbon
chains ("C > 4) [44].

The electron micrographs (Figure 5(a)-(f)) show the
surface morphology of ZnOcpem and ZnOgyrar Samples.

From Figure 5(a)-(c), it can be observed that ZnOcpem
samples exhibit short nanorice structures. ZnOsygar
images, as shown in Figure 5(d)—(f), exhibit that the
nanorice morphologies remain even with the addition
of SMEAF, indicating the effective shape control of the
bioextract on the ZnO NPs. This hypothesis is further
supported by the STEM images, as indicated in Figure
5(g) and (h), which show consistency in the nanorice
shape of ZnOgyar. Furthermore, the particles observed
through STEM are coherent with the size distribution
results obtained through DLS in Figure 2 (262 and 311 nm)
for ZnOcpem and ZnOsyear, respectively, which follows a
normal distribution curve.

Based on the results obtained from characterization,
the following mechanism has been proposed for the
green synthesis of ZnOgygar. Plant extracts containing
various phytochemicals such as terpenoids and flavo-
noids play an important role in reducing the zinc ions
and providing stability [39]. As confirmed in the FTIR
analysis, the phytochemicals in SMEAF were previously
determined to have free O-H and COOH functional
groups. The latter is present in ZnOsygar but absent in
ZnOcpem- These groups would react with ionized zinc
aqua complexes to form zinc-phytochemical complexes,
as depicted in Figure 6. This was followed by active bior-
eduction of the complexes to ZnOguear at elevated
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Figure 2: Particle size distribution of (a) ZnOcpem and (b) ZnOspear-
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Figure 3: XRD diffractograms of (a) SMEAF, (b) ZnOchem, and (c) ZnOsmear-

temperatures. During the synthesis process, the phyto-
chemicals of SMEAF also act as capping agents to provide
stability and prevent overgrowth of the formed ZnOsygar
[38,42].

The zinc ions were encapsulated by the organic cov-
ering of SMEAF, as evident in the TEM micrographs.
There was a temporal activation period at the initial
stage, where zinc ions would be converted from their
divalent oxidation state to their zero valent state, and
nucleation of the reduced zinc occurs [45]. Subsequently,
a period of particle growth would follow, where smaller

zinc particles would agglomerate together to achieve sta-
bility, as more zinc ions are being biologically reduced.
As the growth of ZnOsygar continues, these particles
would agglomerate to form unique morphologies, i.e.,
rice-shaped particles. In the termination phase, the
ability of SMEAF to stabilize and cap ZnOgyrar ultimately
determines its most stable form. From a chemical stand-
point, equation (2) shows the first degree of formation
involving a double exchange of the zinc nitrate precursor
and NaOH, forming zinc hydroxide and sodium nitrate
as the by-product. Equation (3) shows the secondary
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Figure 4: FTIR spectra of (a) SMEAF, (b) ZnOsmear, and (¢) ZnOcpem-
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Figure 5: FESEM micrographs of [(a)-(c)] ZnOchem, [(d)=(f)] ZnOsmear; STEM micrographs of (g) ZnOchem, (h) ZNOsmear-
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Figure 6: Proposed mechanism for the ultrasonic-aided synthesis of ZnOspgar.

decomposition reaction of zinc hydroxide to ZnOsmgar

EDX analysis was conducted to confirm the elements
upon dehydration at elevated temperatures.

present in the samples, and the spectra, as shown in
Figure 7, exhibit the elemental distribution by weight
(inset). The spectra illustrate that the main constituents
in the samples are zinc and oxygen, for both chemical
and hiological synthesis methods. In addition to Zn and O

Zn(NOs),- 6H,0 + 2NaOH 2 Zn(OH), + 2NaNO; ()

Zn(OH), + NaNO; SM%F’A ZnOspmEear G)
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elemental peaks, the presence of C was also detected
in both methods, but greater in weight percentage for
ZnOgpeap. This could be due to a strong link formed
between SMEAF and the ZnO NPs even after several
washing cycles during the synthesis. Similar trends
were observed by Bayrami et al. [24], and in their study,
a rise in the weight percentage of C was noted after
including bioextracts. No other elements were detected
from this analysis, indicating that the samples were pro-
duced without impurities.

3.3 ZnOchem and ZnOgpear-induced dose-
dependent cytotoxicity

The application of ZnO NPs in cancer treatment is advan-
tageous as these nanoparticles possess inherent cytotoxi-
city against cancerous cells in vitro [46,47]. Endocytosis
of NPs is a prerequisite for the cytotoxic effects, which
leads to cell death rather than being present on the extra-
cellular level. The application of ZnO NPs for anticancer
effects is supported by the cationic (positively charged)
nature of the nanoparticles that induce electrostatic
attraction. Hence, cationic nanoparticles exhibit greater
toxicity potential toward cancer cells than their anionic
or neutral counterparts as cancer cells have negatively
charged phospholipids [48]. The small size and surface
properties of ZnO NPs are also more selective toward
cancer cells compared to that of normal cells [48]. The
generation and elevation of intracellular ROS levels could
evoke certain biological responses in the cancer cells
attributed to induced oxidative stress. p53 deficient colon
cancer cells are also deemed more susceptible to ZnO-
induced cell death than p53 proficient colon cells such
as HCT-116 [46]. This is due to the presence of p53 tumor-
suppressive protein, which acts as a pivotal regulator
which decides the biological response of the cancer cells
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depending on the concentration of ZnO NPs. Setyawati
et al. [49] highlighted that reduced loading of ZnO nano-
material induces lower oxidative stress. It then triggers
the upregulation expression of anti-oxidative genes via
the p53 pathway as a defensive mechanism for homeo-
static regulation. Conversely, once the concentration of
ZnO nanomaterial is beyond a threshold value, proapop-
totic genes would instead be stimulated by the p53 sig-
naling mechanism, leading to cell death [31]. In addition,
ZnO NPs can also indirectly disrupt the cancer cell cycle,
specifically at the proliferation stage. The reduction in the
proliferation rate is even more significant in p53 profi-
cient cells, suggesting that the putative p53 function of
cell cycle arrest at G1 is triggered to limit the inheritance
of cellular damage by future progeny [49].

SMEAF also reported having anticancer and anti-
tumor properties against colon cancer. A study showed
that SMEAF could induce HCT-116 colon cancer cell death
by increasing oxidative stress within the cells, leading
to the depletion of total glutathione (GSH), and a loss
of mitochondrial potential in the cellular mitochondria
[32]. Besides, SMEAF was also found to increase DNA
fragmentation and induce cell cycle arrest at the G1-S
transition phase [32]. In addition, another investigation
further reveals that SMEAF not only depletes GSH but
also induces ROS production within the HCT-116 cells.
Furthermore, the elevated levels of p53 protein, cas-
pase-3/7, caspase-9, and Bax/Bcl-2 ratio were also reported,
suggesting that SMEAF acts against colon cancer cells via
the intrinsic apoptosis pathway [31].

Therefore, to determine whether ZnOgygar can induce
increased cell death in the HCT-116 cells compared to
ZnOcpem and SMEAF alone, HCT-116 cells were treated
with ZnOgpmear for 72 h. Similarly, the cells were treated
with SMEAF and ZnOcper, individually in proportion to
their concentration within ZnOsygar, as presented in
Table 2. From the data obtained in Figure 8, it could be
noted that the cell viability of HCT-116 is not affected by
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Figure 7: EDX spectra (a) ZnOchem, (b) ZnOsmear With elemental weight and atomic distribution percentages (inset).
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was determined using MTT assay. Error bars represent standard
deviation in measurement, and a significant difference was set at
p <0.05 (n > 3).

the SMEAF treatment (1.081 or 2.163 pg/mL) and dis-
played a slight drop to 98.09 + 1.61% when the concen-
tration increased to 4.325pg/mL. The obtained data on
the cytotoxicity of SMEAF against HCT-116 is coherent
and correlated well with the earlier findings by Goh and
Kadir [32]. In their study, a decrease in the cell viability
to slightly under 80% after incubating the cells with
10 pg/mL SMEAF for 72h was observed [32]. Hence, as
the concentration used in the current study is about
4.325 pug/ml, it is expected to have less cell toxicity.

On the other hand, ZnOcpe, induces cell death at
4.088 and 8.175 pg/mL, where the percentage of cell via-
bility is lowered to 76.3 + 4.37% and 66.0 + 8.55%, respec-
tively. The cytotoxicity displayed by ZnOcpen, is supported
by Mohamad Sukri et al. [50], where the synthesized ZnO
NPs using Punica granatum peels showed a reduction in
the cell viability approximately 20% against HCT-116 cells
at a concentration of 7.81 ug/mL of the biosynthesized ZnO
NPs. This finding shows the competence of the biosynthe-
sized ZnO NPs using the plant extracts, which could match
those synthesized by its chemical precursors in anticancer
applications.

However, when ZnO NPs are synthesized using SMEAF,
ZnOgyear displayed even significant cytotoxicity com-
pared to treating the cells with SMEAF or ZnOcpem, inde-
pendently. The toxicity of ZnOgygar on HCT-116 cells
increases dose-dependently, where the percentage of
cell viability is reduced by 14.34 + 4.3%, 29.49 + 2.64%,
and finally 56.36 + 2.63% when treated with 3.125, 6.25,
and 12.5 pg/mL of ZnOsygear, respectively. Although this
significant decrease in cell viability was expected at first
glance, the concentration used in ZnOgypar treatments
seems to be much higher than the individual treatment
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of SMEAF or ZnOcpem. However, the concentration of
ZnOgymear is the combined concentration of both SMEAF
and ZnOcpen,- This is depicted in Figure 8, where it show-
cases how the concentration of ZnOgygar matches up to
the concentration of SMEAF and ZnOcpem, Creating an
accurate comparison across all three types of treatment.
Thus, based on the results obtained, the effectiveness of
ZnOgsmear has been demonstrated in which ZnOgygar is
even more effective against HCT-116 as compared to
SMEAF or ZnOcper, independently, suggesting that the
synthesis of ZnO NPs using SMEAF can further enhance
the existing cytotoxic potential of ZnO NPs or SMEAF
against colon cancer cells. To further support our claim,
it was previously reported that 1 mg/mL SMEAF reduces
the viability of HCT-116 cells to 75.63 + 1.11% [31]. How-
ever, in this study, a significant drop in cancer cell via-
bility to 85.66 + 4.3% was observed using just 1.081 pg/mL
SMEAF to aid the synthesis of ZnO NPs. On the other hand,
although HCT-116 are p53 proficient cells and therefore
less susceptible to ZnO-induced cell death, ZnOgygar still
managed to induce significant cell viahility reduction at
the relatively low loadings, suggesting its efficiency as an
anti-cancer agent against HCT-116 [49]. Hence, this study
demonstrates the compatibility and synergistic effect of
SMEAF in the green synthesis of ZnO NP and in inducing
HCT-116 cell death, and thus, a new potential treatment
against colon cancer.

Subsequently, for future studies, expanding the cur-
rent research through further fractionating SMEAF and
in-depth exploration of its mechanism of action within
colon cancer is warranted. This is better to identify the
compounds responsible for their anticancer properties
and shed light on the pathways it partakes in reducing
cancer cell viability. As described earlier, SMEAF was
previously reported to trigger cell apoptosis through the
intrinsic apoptotic pathway via the elevation of the Bax/
Bcl-2 ratio and the activation of both caspases-3/7 and 9
[31]. Thus, through a bioassay-guided fractionation approach,
the efficacy of bioactive-enriched fraction(s) and/or com-
pound(s) extracted from SMEAF can be tested on cancer
cells, specifically on these effector proteins. This could also
be done in conjunction with ZnO or other metallic oxide
nanoparticles’ biosynthesis to evaluate their effectiveness
as an anticancer agent as compared to uncoupled SMEAF.

4 Conclusion

In the present work, a facile sonochemical-assisted bio-
synthesis of ZnO NPs using SMEAF was successfully
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demonstrated. FESEM micrographs showed the nanorice
shape of ZnOsygar using ultrasound. DLS analysis evi-
denced that these particles have a mean patrticle size of
311 nm, following a normal distribution curve. XRD analysis
revealed the hexagonal wurtzite structure of ZnOgyar When
the synthesis was mediated using SMEAF. FTIR spectro-
scopy analysis confirmed various functional groups and
related compounds in the ZnO NPs and SMEAF, such as
O-H, alkyl compounds, aromatic compounds, and long
carbon chains of SMEAF. EDX analysis evidenced the pre-
sence of elemental carbon, oxygen, and zinc in both
ZnOgprar and ZnOgpem Without any impurities. In addition,
the mechanism underlying the formation of biologically
synthesized ZnO NPs was investigated and proposed.
ZnOsyear displayed in vitro cytotoxic effects against HCT-
116 colon cancer cells with higher potency by MTT assay.
This has reduced cell viability by 56.36 + 2.63% at 12.5 ug/mL
compared to SMEAF and ZnO NPs prepared by chemical
precipitation as separate constituents. The findings of this
study suggest that the ultrasonically assisted green synthesis
of ZnO employing herbal plant extract could play a role in
nanotechnology with biomedical applications.
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