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Abstract: The green biosynthesis of zinc oxide nanoparticles (GBS ZnO NPs) using Ziziphus jujuba
leaves extract assisted by ultrasonic irradiation was reported in this research work. The green
biosynthesized ZnO NPs were characterized using different techniques and the results revealed the
synthesis of hexagonal wurtzite crystal of GBS ZnO nanoparticles; per the XRD measurement, with
average practice size of 90 ± 10 nm; based on both SEM and TEM images, and with specific surface
area of 14.23 m2/g; per the nitrogen gas adsorption/desorption isotherms. The antibacterial activity
of the prepared GBS ZnO NPs was explored against S. aureus and E. coli bacteria using different
evaluation methods; disc diffusion, column (filter), and aqueous solution, and the results showed
the effective antibacterial activities against S. aureus and E. coli bacteria, as the inhibition zones were
15 mm and 11 mm for the E. coli and S. aureus, respectively. Moreover, the anticancer activity of the
green biosynthesized ZnO NPs was evaluated on two different cancer cells; human colon cancer cell
lines (HCT-116) and the human liver cancer (HepG2) cells, and the experiments showed that GBS
ZnO NPs had an outstanding cytotoxic effect on both cancer cell lines, as well as dose-dependent
behavior, as the viability of the cancer cells decreased by using GBS ZnO NPs at concentrations of
10 and 20 µg/mL. Cell lines (HCT-116) and the human liver cancer (HepG2) cells, and the experiments
showed that GBS ZnO NPs had an outstanding cytotoxic effect on both cancer cell lines, as the GBS
ZnO NPs enhanced the cytotoxicity mechanism by generating ROS as the nanoparticles interact with
cells, lower its cellular defense mechanism, and accordingly cause apoptosis to the cell.

Keywords: ZnO NPs; green; biosynthesis; antibacterial; anticancer

1. Introduction

Metal and metal oxide nanoparticles have become increasingly important in many
of the nanotechnology and biological applications such as antibacterial, anticancer, cell
imaging, drug delivery and biosensing [1,2]. Among the metal oxide nanoparticles used,
zinc oxide nanoparticles (ZnO NPs) were found to be easily fabricated, environmentally
friendly, and non-toxic [3,4], but most of the traditional methods used for ZnO NPs prepara-
tion is mostly based on the wet chemical routes which involve the use of various hazardous
chemicals through tedious and long multistep processes associated with the production
of huge quantities of hazardous byproducts, and accordingly harmful chemical waste [5].
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Recently, the application of more eco-friendly methods for the preparation brought more
attention to replacing the hazardous traditional chemicals with more green and eco-friendly
extracts of different natural materials such as plants, fungus, bacteria, and algae, in order
to prepare ZnO NPs, which showed comparable, and higher activities compared with the
traditional ones. For example, various plants part extracts have been used for the green
biosynthesis of ZnO NPs, such as Abelmoschus esculentus (okra) mucilage [6], Azadirachta
indica (Neem) leaf [7], Cuminum cyminum (cumin) [8], Mangifera indica (mango) leaves [9],
Calotropis gigantea leaves [10], Aloe socotrina leaf [11], Cyanometra ramiflora leaves [12], Gano-
derma lucidum [13], and Ziziphus jujube (Sidr or Nabq) [14–16], where the plant extracts are
employed as stabilizing and capping agents to prevent the agglomeration of the nanoparti-
cles and to stabilize the formed nanoparticles [17]. Moreover, eco-friendly prepared zinc
oxide nanoparticles were used for biomedical applications [18,19], antioxidant, antibac-
terial, and anticancer purposes [20–22], in addition to drug delivery [11]. Furthermore,
it is noteworthy to mention that Ziziphus jujube is one of the very common plants in the
region and is characterized by its different medicinal features [23–26], and the existence
of different long chains of natural compounds which could act as capping and stabilizing
agents, and prevent the agglomeration of the nanoparticles [15,16,27,28].

Additionally, the ultrasonic-assisted route for nanoparticle preparation was the focus
of the scientific community attributable to the outstanding preparation rate due to the
tremendous heating effect with high pressure, resulting from the collapse of the acoustic
cavitation [29]. For instance, ZnO NPs prepared through ultrasonic-assisted methods
exhibited exceptional characteristics and activities [30–33]. It is hypothesized that the
combination of the fast-heating effect, application of ultrasonic, and the use of a green and
eco-friendly route for the ZnO NPs preparation could result in nanoparticles with extraor-
dinary biological activity compared to the ZnO NPs prepared through traditional routes.

Herein, a facile and efficient strategy for the eco-friendly and robust preparation of
ZnO nanoparticles using Ziziphus jujuba leaf extract and ultrasonic-assisted with high purity
was explored. The morphological and structural characteristics of the green biosynthesized
ZnO NPs were investigated, and additionally, the antibacterial efficacy of ZnO NPs against
two pathogenic bacteria; gram-positive S. aureus and gram-negative E. coli were explored.
The green biosynthesized ZnO NPs were also explored for anticancer activity on HepG2
(liver cancer) and HCT-116 (colon cancer) cells as liver and colon cancer are major health
problems worldwide.

2. Materials and Methods
2.1. Materials

The leaves of Ziziphus jujuba were collected from Jeddah in October 2019. Zinc acetate
was procured from Sigma-Aldrich(Oakville, ON, Canada). Staphylococcus aureus (ATCC,
25923), and Escherichia coli (ATCC, 25922) was obtained from King Abdulaziz University,
King Fahd center for medical research, Jeddah City. The human colon cancer cell lines
(HCT-116) and the human liver cancer (HepG2) were obtained from the King Fahd Center
for Medical Research, King Abdulaziz University, Saudi Arabia, which was originally
provided from the American Type Culture Collection (ATCC). Cell viability was measured
by a cell counting kit-8 (CCK-8, Lot. No. LE612, Dojindo Molecular Technologies, Rockville,
MD 20850, United States). Dulbecco’s modified Eagle’s medium (DMEM, Biosera, Nuaillé,
France), supplemented with 10% fetal bovine serum (FBS, South America origin, FB-
1001/100) and 1% penicillin/streptomycin (Biosera).

2.2. Preparation of Ziziphus jujuba Leaf and Green Biosynthesis of ZnO NPs

The leaves of Ziziphus jujuba were washed with tap water, followed by deionized water,
and then were later dried in air. The cleaned dried leaves were cut into small pieces and
then ground, and 5.0 g was placed in a beaker containing 100.0 mL of deionized water, and
the mixture was then boiled for 20.0 min, cooled to room temperature, and was centrifuged
at 3600 rpm for 30 min twice to achieve a clear extract. The filtrate was stored at 277 K until
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required for further analysis. For Ziziphus jujuba leaf extract mediated green biosynthesis of
ZnO NPs, 250 mL of 0.2 M (CH3CO2)2Zn solution and 250 mL of 0.5 M sodium hydroxide
solution were prepared using the Ziziphus jujuba leaves extract. The sodium hydroxide
solution was then added drop-wise using a burette to the (CH3CO2)2Zn solution at room
temperature under stirring, followed by a probe sonication using Sonicator Ultrasonic
Processor Part No. S-4000, 1

2 ” Horn, 5” L x1.5” Dia. (12.7 cm × 3.8 cm), Titanium Alloy
(Misonix, Inc.). The ultrasound amplitude was set at 75% and ZnO samples were obtained
at 20 min, and the colloidal zinc oxide precipitate was formed. The colloidal precipitate of
zinc oxide was separated by centrifugation at 3900 rpm for 30 min and washed three times
with distilled water, followed by ethanol, and then was air dried at 333 K for 24 h.

2.3. Characterization of ZnO NPs

Philips X-pert pro diffractometer was used for the x-ray diffraction (XRD) measure-
ments of the ZnO NPs patterns, and the crystal size was estimated using Scherrer equa-
tion [34]. The FT-IR spectra were recorded using FTIR spectrophotometer (Spectrum 100,
Perkin Elmer, Shelton, CT, USA). The zeta potential was obtained through measurement
of the electrophoretic mobility of the particles using a Zeta sizer Nano ZS (Malvern In-
struments GmbH, Malvern WR14 1XZ United Kingdom). The sample holder temperature
was maintained at 298 K. LYRA3, Tescan (Kohoutovice, Czech Republic) scanning electron
microscopy (SEM) operated at 20 kV, and JEOL JEM-1011 high-resolution transmission elec-
tron microscope (TEM) was used to explore the morphological and topographical features
of the green biosynthesized ZnO NPs. NOVA3200e (Quantachrome, Boynton Beach, FL
USA) was used to measure the texture properties of the green biosynthesis ZnO NPs using
the nitrogen adsorption/desorption isotherms at 77 K.

2.4. Antibacterial Activity

The antibacterial activity of green biosynthesized ZnO NPs towards two different
well-known human pathogens; gram-positive S. aureus and gram-negative E. coli were
studied by different methods: disc diffusion, column, and aqueous solution.

2.4.1. Antibacterial Activity by Disc Diffusion Method

The antibacterial activity of green biosynthesized ZnO NPs for two different well-
known human pathogens; gram-positive S. aureus and gram-negative E. coli, was tested
by the disc diffusion method as per the following: 2.8 g of nutrient agar was dissolved
in 100.0 mL of sterile distilled water and the pH of the solution was adjusted to 7.2, then
autoclaved at 394 K for 15 min, then 20 mL of molten agar was poured into the sterile
Petri plate and allowed to solidify. Some 6 mm discs were prepared using a Whatman
No:1 filter paper by punching and putting in vials and sterilizing at 423 K for 15 min, then
the antibacterial activity was evaluated by measuring the inhibition zone. Preculture of
each selected bacterial strain was prepared using 5 mL 0.9% normal saline in a test tube
and a single colony from the bacteria agar plate. The bacterial strains were swabbed on
nutrient agar plates. 1An amount of 100 mg of the green biosynthesized ZnO NPs samples
per 1 mL deionized water was sonicated for 60 min to form a suspension, and then the discs
were impregnated with (50 µL/disc) of green biosynthesized ZnO NPs, where deionized
water was used as a control, all the filter paper discs were allowed to dry for 60 min in
a sterile environment. All the filter paper discs were placed on nutrient agar plates and
left for 15 min, then incubated at 300 K for 24 h, and finally, the antibacterial activity was
evaluated by measuring the diameter of the inhibition zone (IZ) around the disc.
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2.4.2. Antibacterial Activity by Column (Filter) Method

The effect of the green biosynthesized ZnO NPs on the bacteria at aqueous solutions
was investigated by using the column method, as the solid green biosynthesized ZnO NPs
put in a small glass pipette and used as a (column) filter with glass wool, then the 20.0 mL
of E. coli bacteria solution was filtered using the above-mentioned glass pipette, and the
presence of the bacteria was measured at the filtrate by measuring the optical density at
600 nm [35,36].

2.4.3. Antibacterial Activity by Aqueous Solution Method

The effect of the green biosynthesized ZnO NPs on the bacteria E. coli in a liquid
medium was investigated by examining the growth of bacterial cells in the presence of the
green biosynthesized ZnO NPs as the following: 20 mL of nutrient broth was inoculated
with fresh growing bacteria colonies on agar plates. The culture broth was incubated in
a shaking incubator for 24 h at 300 K, and subsequently, an aliquot was transferred to
Erlenmeyer flasks that contain 20 mL nutrient broth amended with different concentrations
of zinc oxide nanoparticles. All the flasks were then incubated in a shaker at 300 K, and at
200 rpm. The control experiment was performed using nutrient broth without zinc oxide
nanoparticles. The growth of the bacteria was examined by measuring the optical density
at 600 nm after 24 h [35,36].

2.5. Cytotoxicity Studies of ZnO NPs

The human colon cancer cell lines (HCT-116) and the human liver cancer (HepG2) cells
were used to determine the cell viability against ZnO NPs exposure. HCT-116 and HepG2
cells were cultured in DMEM in the presence of Fetal Bovine Serum and 1% penicillin-
streptomycin antibiotics. The cells were grown in a CO2 incubator containing at 300 K,
5% CO2 and 95% air. The cells were subcultured at the 3–4-day interval, then were seeded
in 96-well plates at a density of 104 cells/well, and the cell viability was measured by a cell
counting kit-8 (CCK-8). After one day exposure of green biosynthesized ZnO NPs, the 5-µL
kit-8 solution was added and incubated for 70.0 min. By a microplate reader (BioTek, USA),
the cell viabilities were measured at 450 nm. The percentage (%) viability is calculated
according to the following equation:

% viability =

[
OD f or sample well
OD f or control well

]
× 100 (1)

where OD is the optical densities.

3. Results and Discussion
3.1. Nanoparticles Formation

The mechanism of the green biosynthesis of zinc oxide nanoparticles (ZnO NPs) using
Ziziphus jujuba leaves extract assisted by ultrasonic irradiation could be explained as the
following. It is well known that Ziziphus jujube plant contains high concentrations of phyto-
chemicals such as saponins, tannins, phenolic compounds, alpha-tocopherol beta-carotene,
terpenoids, alkaloids, sterols, flavonoids, and fatty acids which act as both reducing agents
as well as capping agents, and prevent the agglomeration of the ZnO NPs due to the
existence of long-chain natural products in the plant extract [28,29]. These compounds may
reduce the zinc ions (Zn2+) to the metallic zero valence zinc (Zn0) and upon the heating
process, the metallic zinc could be oxidized to ZnO NPs. Additionally, a complexation
could occur between the zinc ions present in the solution and any Ziziphus jujuba leaves
extract phytochemicals such as polyphenols, followed by the formation of zinc hydroxide
(Zn(OH)2) through the hydrolysis process and upon heating, the complex decomposes and
forms stable ZnO NPs [15–17,37].

Also, the application of the ultrasonic as a source of heating after the precipitation of
the Zn(OH)2 could assist in the formation of a homogenized solution, which enhanced the
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dehydration of Zn(OH)2 and the fast nucleation of ZnO as well as promoting defects in ZnO
crystals under the influence of intense mechanical action caused by the ultrasonic cavitation,
as the nanoparticles are exposed not only to the action of electromagnetic fields, but also
to shock waves during the collapse of cavitation bubbles, and the ultrasonic energy could
be released into the reactive solution via high-energy jets and provide extreme turbulent
flows as well as high extensive mixing, which prevents the agglomeration to form clusters
or large structures of zinc oxide [38,39]. This directly leads to and facilitates the formation
of the crystalline structure of ZnO NPs without using calcination.

3.2. Nanoparticles Characterization

Figure 1A illustrates the XRD patterns of green biosynthesized ZnO NPs where the
characteristic peaks of hexagonal wurtzite ZnO (JCPDS file no.36-1451) were identified
by the three main diffraction peaks related to the (100), (002), and (101) crystal planes at
2θ = 31.73◦, 34.38◦, and 36.20◦. Using the Scherer equation, the green biosynthesized ZnO
NPs calculated crystallite size was 25.1 nm. Figure 1B showed the FT-IR spectra of the
Ziziphus jujuba leaves extract and green biosynthesized ZnO NPs, where many different
absorption peaks were present. For the Ziziphus jujuba leaves extract FT-IR spectrum, at
3421 cm−l, a strong absorption peak resulted from O–H groups stretching attributed to
the presence of phenols, alcohols, carbohydrates, etc., within the Ziziphus jujuba leaves
extract [40]. Another two peaks at 2925 cm−1 and 1637 cm−1 attributed to the ν (=C–H)
and ν (C=C) stretching vibration. Additionally, another absorption peak appeared at
1637 cm−1, most likely due to the surface-adsorbed water molecule. Moreover, C–S,
R–C–CH3 stretching for sulfur compounds or δ(C–H) bending vibration were presented
at 619 cm−1. Similarly, the stretching vibration of in-plane bending vibration of ν (O–H),
and δ (O–H) bands at 1384 cm−1 and 3421 cm−4, respectively were present. Moreover, the
skeletal C–O and C–C vibration bands of the pyrinoid ring and glycosidic at 1052 cm−1

were pronounced [41]. Meanwhile, the FT-IR spectrum of green biosynthesized ZnO NPs
was analyzed to confirm the purity and phase transformation of the ZnO (Figure 1B). The
green biosynthesized ZnO NPs FT-IR spectrum showed the presence of surface hydroxyl
groups due to the presence of a trace amount of water at 3400 cm−1 was present. Also,
asymmetric and symmetric C=O stretching modes bands centered at about 1640, 1480 and
1370 were present. Moreover, the presence of peaks in the region between 600 and 450 cm−1

are assigned to metal oxygen vibration (Zn–O) of green biosynthesized ZnO NPs [42]. The
surface charge of green biosynthesized ZnO NPs was determined by Zeta Potential analysis
(Figure 1C). The ZnO NPs showed a mean Zeta Potential of +11.9 mV indicating that they
are moderately stable. A large positive value of Zeta Potential indicates better physical
colloidal stability due to the electrostatic repulsions between the individual particles.
Scanning electron microscope (SEM) and transmission electron microscope (TEM) images
of the green biosynthesized ZnO NPs are presented in Figure 2, which showed the irregular
shape and size of the synthesized nanoparticles which may be attributed to the tremendous
heating effect with high-pressure, resulting from the collapse of the acoustic cavitation [30].
The average diameter of the particle size was 90 ± 10 nm, based on both SEM (Figure 2A)
and TEM (Figure 2B) images. The average diameter of the nanoparticles was estimated
manually by measuring the diameters of 12 particles, eliminating the highest and lowest
values, then determining the average using the other 10 readings, and the results revealed
the average diameter of 90 ± 10 nm. The nitrogen gas adsorption/desorption isotherms at
77 K were used to determine the specific surface area of the green biosynthesized ZnO NPs
by applying the BET equation [43], and were found to be 14.23 m2/g, with average pore
volume, and pore diameter of 0.000463 cm3/g and 281.547 Å, respectively.
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Figure 1. X-ray diffraction pattern of green biosynthesized ZnO NPs (A), FT-IR spectra of
Ziziphus jujuba leaves extract and green biosynthesized ZnO NPs (B), and the zeta potential measure-
ment of the green biosynthesized ZnO NPs (C).
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Figure 2. Scanning Electron Microscope (A) and transmission Electron Microscope (B) micrographs
of ZnO NPs.

3.3. Antibacterial Activity of Green Biosynthesized ZnO NPs

The antibacterial activity of green biosynthesized ZnO NPs to gram-positive and
gram-negative bacteria was investigated by different methods; disc diffusion, column, and
aqueous solution. According to the previous study of ZnO NPs antibacterial activity [44], it
was found that the antibacterial activity of ZnO NPs enhanced with increasing interaction
time, and increasing powder concentration, as well as decreasing particle size, in addition to
the bacteria type (gram-positive or gram-negative). Generally, bacteria are characterized by
a cytoplasm, cell wall, and cell membrane. It is well known that the gram-negative bacteria
wall is composed of two cell membranes; an outer membrane and a plasma membrane with
a thin layer of peptidoglycan with a thickness of 7–8 nm, whereas the gram-positive bacteria
contain one cytoplasmic membrane with a multilayer of peptidoglycan polymer, and a
thicker cell wall of 20–80 nm [45]. The advantages of ZnO NPs as an antibacterial agent are
their greater effectiveness on bacteria pathogens, lower toxicity and heat resistance. ZnO
NPs were described by various studies as non-toxic; this aspect enhanced their applications
as an antibacterial agent and pernicious to the microorganisms [46,47].

3.3.1. Disc Diffusion Method

The antibacterial activity of green biosynthesized ZnO NPs against two different
human pathogens was tested by the disc diffusion method and deionized water as control,
and the antibacterial activity was evaluated by measuring the inhibition zones. Figure 3
revealed that E. coli showed a greater significant inhibition zone of 15.0 ± 0.9 mm in the
presence of the green biosynthesized ZnO NPs, whereas S. aureus showed a less significant
inhibition zone of 11.0 ± 1.0 mm, which clearly indicated the antibacterial effect of the
green biosynthesized ZnO NPs. Due to the high antibacterial activity and efficiency of
the green biosynthesized ZnO NPs on the E. coli compared to the S. aureus, the rest of the
experiments exploring the antibacterial activities were conducted on the E. coli only.

3.3.2. Column (Filter) Method

The column method was performed to explore the inhibition efficacy of the ZnO NPs
to the bacteria in water, as the disc diffusion method gives the antibacterial effect only
based on the inhibition zone, but most importantly is to examine this inhibition effect in
real samples containing the bacteria such as water. Accordingly, the effect of the weight of
ZnO NPs on bacteria at aqueous solutions by using the column method was investigated.
The antibacterial activity was studied at different dosages of ZnO NPs:(1, 0.5, 0.02, 0.05,
0.025) g, and the optical density of E. coli was measured at 600 nm and recorded in Table 1
and Figure 4. It was observed that the bacteria were mostly purified with the ZnO NPs
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filter when the weight of zinc oxide was 1 g, indicating the ability of the ZnO NPs to retain
the bacteria and produce pure water, with no sign of bacteria.
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Table 1. The value of absorbance for E. coli bacteria in various dosages of green biosynthesized
ZnO NPs.

ZnO (mg) A (600 nm)

1000 0

500 0.195

200 0.461

50 0.514

25 0.658

0 1.071
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3.3.3. Aqueous Solution Method

The effect of different concentrations of biosynthesized ZnO NPs against E. coli was
studied using the shake flask method as a function of ZnO concentration as shown in
Figure 5 and Table 2. It is clear from the figure and the table that the growth of the bacterial
cells in presence of ZnO NPs was lower than that of cells in the control, indicating that
ZnO NPs could inhibit the growth of bacterial cells. The percentage of bacterial growth
decreased to 0.32% for the E. coli with increasing the ZnO NPs concentration, as the growth
of E. coli bacterial cells significantly inhibited with the increase of ZnO NP concentration
from 20 µg/mL to 600 µg/mL, and the maximum reduction in bacterial growth was
observed at 600 µg/mL. Moreover, there was a sharp reduction in the growth of E. coli with
an increase in the concentration of ZnO NPs, which agreed well with previous study [48].
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Table 2. Antibacterial activity of ZnO NPs aqueous solution method (using nutrient broth shake
flask test).

Concentration of Green
Biosynthesized ZnO NPs (µg/mL)

Test Organisms Optical Density (O.D.) after 24 h
(600 nm)

E. coli (O.D) Growth (%)

0 1.564 100.00

20 0.772 49.35

40 0.652 41.71

60 0.384 24.55

80 0.301 19.24

100 0.282 18.04

200 0.111 7.10

300 0.023 1.47

400 0.024 1.53

500 0.016 1.02

600 0.005 0.32
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The above results, which showed the efficient inhibition of the bacterial activity of
the green biosynthesized ZnO NPs, especially in the case of the gram-negative bacteria
E. coli, could be attributed to different reasons. E. coli is a gram-negative bacterium; the
cell wall is composed of a single layer of peptidoglycan enclosed by the outer membrane,
which facilitates the interaction with NPs and eases its destruction. In contrast, S. aureus
is a gram-positive bacterium, and it is very difficult to destroy the thick cell wall as it
consists of many layers of peptidoglycan. The inhibition mechanism of the ZnO NPs
could be attributed to the generation of reactive oxygen species (ROS) including hydrogen
peroxide (H2O2), OH− (hydroxyl radicals), and O2

−2 (peroxide), as the ROS could cause
damage to the cell as a result of the ZnO NPs localized interaction. This interaction usually
enhances the membrane permeability, and the internalization of ZnO NPs due to the loss
of proton motive force, as well as the uptake of toxic dissolved zinc ions. These actions
may lead to the weakness of the mitochondria, lower the intracellular outflow, and release
gene expression of oxidative stress which causes eventual cell growth inhibition and cell
death [49,50]. Also, the enhancement in the antibacterial activity can be attributed to surface
defects on the ZnO abrasive surface texture, which could be produced in this study, due
to the application of the ultrasonic treatment during the preparation process [39,40]. In
addition, the bacterial inhibition in the presence of the green biosynthesized ZnO NPs
may be due to the enhancement in the bacterial membrane permeability for the entry of
abrasive texture ZnO NPs, and ultimately causes disorganization of the membrane and
changes at the protein level occurs, which leads to the inhibition of cellular metabolism
causing the bacterial cell death [50]. Moreover, the toxicity of green biosynthesized ZnO
NPs against the E. coli is intensified as a result of the persistent contact between the bacterial
cellular membrane and the nanoparticles [51]. The zeta potential measurement showed that
green biosynthesized ZnO NPs were positively charged, which could bind more tightly to
negatively charged bacterial surfaces (E. coli) and show higher antimicrobial effects [52,53].
Moreover, it was reported that the toxicity of ZnO nanoparticles on the bacterial cell may
be attributed to the creation of a positive zeta potential that is completely different from
the other biological sources employed for the preparation of the nanoparticle [54]. The
ZnO NPs penetration into the bacterial membrane usually leads to the respiratory enzymes’
deactivation and outflow of cytoplasmic contents enhancement, which causes membrane
damage and leads to the death of the bacteria [7].

3.4. Cytotoxicity Studies of Synthesized ZnO NPs

The cytotoxicity of ZnO was studied on two kinds of human cell cancer, human colon
cancer (HCT-116) and human liver cancer (HepG2), and the cell viability was measured by
a cell counting kit-8.

3.4.1. The Human Colon Cancer (HCT-116) Cell Viability

The human colon cancer cell viability was studied in the presence of ZnO NPs, and
the results showed that synthesized ZnO NPS showed an outstanding cytotoxic effect
on the HCT-116 cell line, as morphological changes of the HCT-116 cells were observed
as it is presented in Figure 6. Additionally, the results showed dose-dependent behavior
using different concentrations of ZnO NPs; 2, 5, 8, 10, 20, 30, 40, 50, 60, 70, 80, 100, 125,
and 150 µg/mL, and an IC50 value of 50 µg/mL on cancer cells was observed. The
results described a significant reduction in cell viability subsequent treatment with 70 to
150 µg/mL. Although significant differences in cell viability were observed between 10 and
70 µg/mL, a remarkable difference was observed only between 10 and 20 µg/mL. Figure 7
showed the graphical representation and the morphological changes due to the effect of
ZnO NPs on the HCT- 116 cancer cells.
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3.4.2. The Human Liver Cancer (HepG2) Cell Viability

The cytotoxicity effect of ZnO nanoparticles on the HepG2 (human liver cancer) cells
was explored; as liver cancer is a significant health problem worldwide [55]. Viability and
apoptosis of the cell in the presence of NPs were analyzed by using a cell counting kit-8
(CCK8) assay. The biosynthesized ZnO NPs showed an excellent cytotoxic effect on the
HepG2 cell line, as the morphology of the HepG2 cells was changed. Figure 8 presents the
dose-dependent behavior by using different concentrations of ZnO NPs from 10, 25, 50, 100,
125, and 150 µg/mL. The results showed a significant reduction in cell viability subsequent
treatment with 10 to 50 µg/mL. However, significant differences in cell viability were
observed between 100 and 125 µg/mL, and Figure 9 showed the graphical representation
of the morphological changes due to the effect of ZnO nanoparticles on cancer cells. It is
noteworthy to mention that the cytotoxicity of ZnO NPs was high on HepG2 cells compared
with HCT-116 cells.
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The cytotoxicity mechanism of ZnO NPs has not been completely investigated, but
the major component is the ROS that is generated in most interactions, as the nanoparticles
interact with cells, lower its cellular defense mechanism, and accordingly cause apoptosis to
the cell. However, when ROS production is more than the antioxidative defensive capacity
of the cell, it will lead to the oxidative stress of the biomolecules, leading to cell death [56].
Additionally, ZnO NPs could release their Zn2+ ions under the physiological conditions.
Therefore, the dissolution of nanoparticles, which triggers the release of Zn2+, and the
ROS are generated because of the internalization of the nanoparticles, which may lead
to higher cytotoxicity of the cancer cells. Furthermore, the released Zn2+ can trigger the
formation of intracellular ROS, which may be the main factor for oxidative stress and cell
damage [57–59].

Our results confirm that synthesized ZnO NPs using Ziziphus jujuba leaves aqueous
extract assisted with ultrasonic irradiation showed preferential apoptosis to cancer cell
HCT-116 and HepG2. ZnO NPs could be used as a promising cure for colon and liver
cancer, although the internal mechanism needs to be discovered in the future.
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4. Conclusions

The green biosynthesized ZnO nanoparticles from the Ziziphus jujuba leaves aqueous
extract assisted with ultrasonic irradiation were prepared and the XRD and TEM measure-
ments confirm the synthesis of ZnO NPs with an average particle size of ~25 nm. The green
biosynthesized ZnO NPs were evaluated biologically for their antibacterial efficacy against
S. aureus and E. coli. The bacterial cells’ growth was significantly inhibited in the presence
of the nanoparticles and enhanced more with increasing the ZnO NP concentrations, and
this attributed to the bacterial membrane permeability enhancement for the entry of the
abrasive texture nanoparticles, which ultimately leads to the cellular metabolism inhibition
leading to bacterial death. Additionally, the cytotoxicity of ZnO was studied on two kinds
of human cell cancer, human colon cancer (HCT-116) and human liver cancer (HepG2).
The cytotoxicity mechanisms of ZnO NPs are not completely investigated, but the major
component is the reactive oxygen species (ROS) that was generated in most interactions,
as the ZnO nanoparticles interact with cells, lower its cellular defense mechanisms, and
accordingly, cause the apoptosis to the cell.
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