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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most prevalent 
form of primary liver cancer and represents a highly aggres-
sive malignancy that can be fatal if not detected at an early 
stage. In Iraq, most liver cancer cases occur in individuals 
between 50 and 61 years of age [1]. Effective management 
of HCC requires early detection and accurate diagnosis, 
followed by an individualized treatment plan that may 
include immunotherapy, targeted therapy, surgical resec-
tion, or liver transplantation, depending on disease stage 
and severity [2]. However, these treatments are often associ-
ated with major limitations, such as cancer cell resistance, 
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damage to healthy tissues, toxic effects on normal cells, 
poor target specificity, and destruction of healthy cells at 
levels comparable to or greater than cancer cell destruction. 
Moreover, high therapeutic doses may cause a wide range of 
adverse effects and long-term complications, further limiting 
their overall effectiveness [3-7].

Consequently, growing interest has emerged in develop-
ing natural, safer, and more cost-effective therapeutic alter-
natives for managing various diseases, including cancer. 
Advances in modern biomedical research have highlighted 
the potential role of nanoparticles, herbal compounds, and 
complementary medicine in cancer diagnosis and therapy. 
Plant-derived secondary metabolites and natural antioxi-
dants demonstrate potent free radicalscavenging activity, 
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which can mitigate oxidative stress, a major contributor to 
carcinogenesis, thereby offering protective or therapeutic 
benefits [8,9]. Numerous in vitro and in vivo studies have 
also reported that green tea (Camellia sinensis) exhibits 
strong anticancer properties, helping to inhibit tumor ini-
tiation, progression, and metastasis in several cancer types, 
including prostate, bladder, breast, liver, and gastrointestinal 
cancers [6,10].

Furthermore, combining plant extracts with nanoparticles 
has shown promising advantages over conventional treat-
ments by enhancing biological compatibility, improving 
targeted delivery, and reducing systemic toxicity [11,12]. 
The rapidly advancing field of nanotechnology has signifi-
cantly contributed to the development of novel cancer thera-
pies. Over recent decades, a wide range of nanomaterials has 
been evaluated in clinical trials to assess their therapeutic 
efficacy and safety profiles [12]. Nanoparticles (1-100 nm) 
possess unique characteristics, such as biocompatibility, 
low toxicity, structural stability, enhanced permeability and 
retention effects, and improved targeting accuracy, that make 
them ideal candidates for cancer treatment. They can be clas-
sified into several groups, including carbonbased nanopar-
ticles, organic nanoparticles, metalbased nanoparticles, and 
composite nanoparticles. Importantly, nanoparticlemediated 
drug delivery systems consider both tumor microenviron-
ment characteristics and physicochemical factors, enabling 
improved therapeutic outcomes and helping overcome 
various mechanisms of drug resistance [13,14].

Mineral oxides (MOs) have multiple biomedical applica-
tions, including use in biosensors, targeted drug and gene 
delivery, antimicrobial activity, anticancer therapy, and 
cellular imaging [15]. Among them, zinc oxide nanopar-
ticles (ZnO NPs) have attracted significant attention due to 
their selective cytotoxicity toward cancer cells while main-
taining low toxicity toward healthy cells. These properties 
make ZnO NPs promising candidates for cancer diagnosis 
and treatment, as well as for a variety of other bio-based 
applications [16,17].

MATERIALS AND METHODS

Leaves of the Camellia sinensis plant were purchased 
from a local market in Najaf, Iraq. The leaves were washed 
thoroughly with tap water to remove debris and prevent 
microbial growth. They were then air-dried at room tempera-
ture for ten days with occasional manual stirring to ensure 
uniform drying. After complete drying, the leaves were 
ground into a fine powder using an electric milling machine.

ZnO nanoparticles (ZnO NPs) were synthesized with 
slight modifications to the method described in [18]. 
Briefly, 20 g of green tea leaf powder was mixed with 
400 mL of distilled water in a 500 mL glass beaker and 
heated on a magnetic stirrer at 80°C and 200 rpm for 15 
minutes. After heating, the mixture was allowed to cool. 
For every 100 mL of the aqueous extract, 0.2 g of pure 
zinc acetate [Zn(CH₃CO₂)₂·H₂O] was added. To adjust 
the pH to neutral, sodium hydroxide (NaOH) was added 
dropwise while observing the color change and formation 
of a white precipitate, indicating the synthesis of ZnO NPs.  

The mixture was then stirred continuously on a magnetic 
stirrer for 24 hours to ensure uniform nanoparticle formation.

The formation of ZnO NPs was confirmed spectrophoto-
metrically by measuring the absorbance wavelength of the 
sample. A maximum absorbance peak at 360.093 nm was 
recorded, consistent with the characteristic optical properties 
of ZnO nanoparticles. The mixture was then filtered using 
Whatman No. 1 filter paper, and the filtrate was collected.

To remove impurities, the filtrate was centrifuged using 
a cooling centrifuge at 4500 rpm for 30 minutes. The 
resulting pellet was washed with distilled water and mixed 
thoroughly using a vortex mixer until fully dispersed. This 
washing and centrifugation process was repeated three times 
to obtain a clear supernatant and purified sediment. The 
final sediment containing ZnO NPs was dried in an oven at 
45°C until complete dehydration. The dried ZnO NPs were 
stored in airtight containers until characterization tests were 
performed, including X-ray diffraction (XRD), to confirm 
nanoparticle formation and structural properties.

X-ray Diffraction (XRD) analysis

X-ray diffraction (XRD) was used to characterize  
the crystal structure of the ZnO nanoparticles. The analysis 
was conducted at the Research Center, University of Tehran, 
Iran. XRD provides information on the average crystallite 
size, structural composition, crystallinity, and phase purity 
of nanoparticles [19].

The dried ZnO NP sample was placed on a clean glass 
slide for analysis. XRD measurements were performed at 
a current of 30 mA and a voltage of 40 kV. The diffraction 
pattern obtained was used to confirm the successful synthesis 
and crystalline structure of the ZnO NPs.

Cell culture

The HepG2 cell line (human hepatocellular carcinoma) 
was obtained from the Exir Research Center. Cells were 
cultured following standard cell bank protocols using 
complete RPMI-1640 medium. The complete medium con-
tained RPMI-1640 supplemented with 10% fetal bovine 
serum (FBS), 1% penicillin-streptomycin (100 U/mL), and 
1% Lglutamine.

Cells were maintained in Tflasks and incubated at 37°C 
in a humidified atmosphere containing 5% CO2. Cell growth 
and proliferation were monitored regularly, and cells were 
used for experiments once they reached 70-80% conflu-
ence [20].

Determination of cell proliferation (MTT assay)

The effect of ZnO nanoparticles biosynthesized from  
C. sinensis leaves on HepG2 cell proliferation was assessed 
using the MTT assay. Cell viability was measured using 
the methylthiazolyltetrazolium (MTT) reagent prepared by 
dissolving 50 mg of MTT powder in 10 mL of phosphate-
buffered saline (PBS).

HepG2 cells were seeded in 96well plates at a density of 
500-10,000 cells per well in 200 µL of complete RPMI-1640 
medium. After 24 hours of incubation, a uniform monolayer 
was formed. Cells were then treated with ZnO NP concen-
trations of 0, 0.5, 1, 2, and 5 µg/mL. Treated and untreated 
control cells were incubated for 72 hours at 37°C.
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Following incubation, 150 µL of fresh medium and 50 
µL of MTT solution (2 mg/mL in PBS) were added to each 
well. Plates were incubated for an additional 4 hours at 37°C 
to allow formation of formazan crystals. After incubation, 
the MTTcontaining medium was carefully removed, and 
200 µL of dimethyl sulfoxide (DMSO) along with 25 µL 
of Sorenson’s glycine buffer (0.1 M glycine, 0.1 M NaCl, 
pH 10.5) were added to each well to dissolve the crystals.

Absorbance was measured at 570 nm using a microplate 
reader [21]. Cell viability was calculated according to the 
following formula:

% Cell viability =     OD Sample     ×100%,

where OD represents Optical Density.

Antioxidant activity (DPPH free radical scavenging 
assay)

The antioxidant activity of ZnO nanoparticles was 
evaluated using a modified method described in [22].  
A stock DPPH solution was prepared by dissolving 6 mg of 
1,1diphenyl2picrylhydrazyl (DPPH) in 100 mL of methanol. 
ZnO NPs were tested at concentrations of 0.12, 0.25, 0.5, 
and 1 μg/mL.

For each concentration, 100 μL of the DPPH solution was 
mixed with 100 μL of the nanoparticle sample in a 96well 
microplate. The plate was incubated in the dark at room 
temperature for 30 minutes to allow the reaction to occur. 
After incubation, the absorbance was measured at 517 nm 
using an ELISA microplate reader. Methanol (200 μL) was 
used as the blank, while 200 μL of DPPH solution served 
as the control.

The DPPH radical scavenging activity was calculated 
using the formula:

DPPH scavenging activity (%) = A₀ − A₁ ×100

where:
A₀ = absorbance of control
A₁ = absorbance of standard

Effects of ZnO nanoparticles on hemolysis

The hemolytic activity of ZnO NPs was assessed using 
a modified protocol based on reference [23]. Fresh whole 
blood was collected from healthy donors, and 285 μL of 
whole blood was transferred into six Eppendorf tubes. Triton 
X100 (15 μL of a decomposed solution) was added as the 
positive control, while phosphate-buffered saline (PBS) was 
used as the negative control.

For the test samples, 15 μL of each ZnO NP concentra-
tion (0.12, 0.25, 0.5, and 1 μg/mL) was added to the tubes 
containing blood. All samples were incubated in a shaking 
incubator at 37°C for 2-4 hours. After incubation, the tubes 
were centrifuged at 8000 rpm for 5 minutes to separate 
plasma from blood cells.

The supernatant was transferred to a 96well microplate, 
and absorbance was measured at 492 nm using an ELISA 
plate reader. The percentage of hemolysis was calculated 
using the equation:

H (%) = 
 OD550nm sample - OD550nm negative 

  ×100,

where OD represents Optical Density.

DNA fragmentation test

The potential genotoxic effects of ZnO nanoparticles 
were evaluated using a DNA fragmentation assay follow-
ing a modified protocol described in [24]. Human genomic 
DNA was used instead of bacterial DNA to assess the direct 
impact of ZnO NPs on eukaryotic DNA integrity.

ZnO NPs were tested at concentrations of 0.125, 0.250, 
0.500, and 1 μg/mL. For each treatment, 100 μL of the 
nanoparticle suspension was mixed with 100 μL of DNA 
solution. A control sample was prepared by mixing 100 μL 
of distilled water with 100 μL of DNA.

All samples were incubated for 2 hours at 37°C in saline 
solution, maintaining phosphate buffering capacity using 
PBS at pH 7.4. After incubation, samples were prepared 
for agarose gel electrophoresis to evaluate any structural 
changes or fragmentation in the DNA.

Agarose gel electrophoresis

Agarose gel electrophoresis was used to analyze DNA 
integrity following nanoparticle treatment. The procedure 
was performed according to the method in [25], with minor 
modifications.

A 1% agarose gel was prepared by dissolving 1 g of 
agarose powder in 100 mL of 1× TrisborateEDTA (TBE) 
buffer. The mixture was heated in a microwave until the 
agarose was fully dissolved. After cooling to 50-55°C, 
ethidium bromide was added for nucleic acid staining.

The molten agarose was poured into a gel tray with a 
comb positioned to create sample wells. After the gel solidi-
fied, the comb was removed and the tray was placed in the 
electrophoresis chamber. DNA samples and controls were 
loaded into the wells.

Electrophoresis was performed at 80 V for approximately 
60 minutes, depending on the gel size and desired separation. 
After electrophoresis, DNA bands were visualized under UV 
illumination to detect any fragmentation, smearing, or altera-
tions in band pattern compared to the control DNA sample.

RESULTS

X-ray diffraction (XRD) analysis
X-ray diffraction was used to determine the crystalline 

structure of the ZnO nanoparticles biosynthesized from  
C. sinensis leaves. The XRD pattern confirmed the charac-
teristic diffraction peaks of ZnO, indicating the formation 
of highly crystalline nanoparticles.

The analysis revealed prominent diffraction peaks at 2θ 
values of 32.00°, 34.56°, 36.60°, 47.99°, 56.80°, 63.04°, 
and 68.14°, corresponding to the Miller indices (100), (002), 
(101), (102), (110), (103), and (112), respectively. These 
peaks are consistent with the hexagonal wurtzite structure 
of ZnO as documented in the Joint Committee on Powder 
Diffraction Standards (JCPDS card no. 800075).

These findings confirm that the synthesized ZnO NPs 
exhibit a well-defined crystalline structure.

OD550nm positive - OD550nm negative

OD cell control

A₀
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Figure 1. X-ray diffraction pattern of ZnO NPs biosynthesized 
from C. sinensis leaves

Cell viability (MTT assay)

The cytotoxic effect of ZnO nanoparticles on the HepG2 
hepatocellular carcinoma cell line was assessed using the 
MTT assay. Cells were treated with ZnO NP concentrations 
of 0.5, 1, 2, and 5 μg/mL for 72 hours.

As shown in Table 1, cell viability decreased progres-
sively with increasing ZnO NP concentration. The per-
centage of viable cells at each concentration was 42.13%, 
38.03%, 33.56%, and 26.84%, respectively. These data dem-
onstrate a clear dose-dependent reduction in cell viability.

The concentration of ZnO NPs required to inhibit 50% 
of cell proliferation (IC50) was calculated as 2.87 μg/mL, 
indicating strong antiproliferative activity at relatively low 
concentrations.

Microscopic images (Figure 3) show morphological alter-
ations characteristic of cytotoxicity, including cell shrink-
age, loss of adherence, and reduced cellular density. These 
effects intensified with higher nanoparticle concentrations. 
The observed reduction in viability may be attributed to 
generation of reactive oxygen species (ROS), mitochon-
drial membrane depolarization, and subsequent activation 
of caspasedependent apoptotic pathways, which are well-
documented mechanisms of ZnO NPinduced cytotoxicity.
Table 1. Effect of ZnO nanoparticles biosynthesized from  
C. sinensis leaves on HepG2 cell viability

Concentration (μg/mL)

0 0.5 1 2 5

R1 350 128 150 112 105

R2 332 150 144 131 104

R3 361 156 126 121 87

R4 369 161 117 110 83

Mean 353 148.75 134.25 118.50 94.75

Viability (%) 100 42.14 38.03 33.57 26.84

Linear regression equation:

Y = −15.489x + 94.582

IC50 = 2.87 μg/mL

(A) Concentration in μg/mL; (B) Percentage viability (v/v)

Figure 2. Effect of different concentrations of ZnO nanoparticles 
biosynthesized from C. sinensis leaves on the viability of HepG2 
cells after 72 hours of treatment
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  Figure 3. HepG2 cells treated with different concentrations (B-E;  
0.5, 1, 2, and 5 μg/mL) of ZnO nanoparticles biosynthesized from  
C. sinensis leaves

Antioxidant activity of ZnO nanoparticles (DPPH 
assay)

The antioxidant capacity of the ZnO nanoparticles was 
evaluated using the DPPH free radical scavenging assay. The 
reduction of DPPH is visually indicated by a color change 
from dark violet to light yellow, reflecting the ability of the 
sample to neutralize free radicals. ZnO NPs demonstrated 
concentrationdependent antioxidant activity at doses of 0.12, 
0.25, 0.5, and 1 μg/mL.

The increase in scavenging activity may be attributed to 
the availability of hydrogen atoms donated by antioxidants 
or the electron-transfer mechanism in which electrons move 
from oxygen to the nitrogen center of the DPPH molecule. 
As the concentration of ZnO NPs increased, the percentage 
of radical inhibition also increased.

The highest scavenging activity (81.627%) was recorded 
at 1 μg/mL, while the lowest (63.730%) was observed  
at 0.12 μg/mL, demonstrating a clear dose-response rela-
tionship (Table 2.)

Table 2. Antioxidant activity of ZnO nanoparticles biosynthesized 
from C. sinensis leaves using the DPPH assay

Sample Concentration 
(μg/mL) Test Result Antioxidant 

activity (%)

B (Control) — 1.7651 —

C 1.00 0.324 81.63

D 0.50 0.328 81.44

E 0.25 0.376 78.72

F 0.12 0.640 63.73

Antihemolytic properties of ZnO nanoparticles

The hemolysis assay demonstrated that ZnO nanoparti-
cles did not induce any detectable damage or lysis of human 
red blood cells (RBCs) at all tested concentrations (0.12, 
0.25, 0.5, and 1 μg/mL). As shown in Table 3, hemolysis 
levels remained 0% across all nanoparticle concentrations, 
in contrast to the positive control (Triton X100), which 
produced 100% hemolysis.

These findings indicate that ZnO NPs biosynthesized 
from C. sinensis leaves exhibit excellent hemocompatibility. 
The absence of RBC membrane degradation suggests their 
potential suitability for preventive or therapeutic biomedical 
applications without inducing cytotoxicity toward human 
erythrocytes.
Table 3. Antihemolytic properties of ZnO nanoparticles 
biosynthesized from C. sinensis leaves at different concentrations

Sample Concentration 
(μg/mL) Test Result Hemolysis (%)

A Positive control 2.4694 100

B Negative control 0.3708 0

C 1.00 0.5851 0

D 0.50 0.5043 0

E 0.25 0.4950 0

F 0.12 0.4887 0

DNA fragmentation test on human DNA

Agarose gel electrophoresis was performed to assess 
whether ZnO NPs caused DNA fragmentation after 2 hours 
of incubation with human genomic DNA. The nanoparticles 
were tested at concentrations of 0.12, 0.25, 0.5, and 1 μg/mL.

The electrophoresis results showed no observable 
DNA fragmentation, smearing, or migration abnormalities 
across all tested concentrations (Figure 4). The DNA bands 
of treated samples were identical to the untreated control 
sample, indicating that ZnO nanoparticles biosynthesized 

E

D

C

Figure 4. Demonstration of the DNA electrophoresis process  
and the absence of fragmentation using different concentrations 
of ZnO NPs (A, B, C, and D): 0.12 μg/mL, 0.25 μg/mL, 0.5 μg/mL, 
and 1 μg/mL
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from C. sinensis leaves do not induce structural damage  
to human DNA under the tested conditions.

These findings support the non-genotoxic nature of the 
nanoparticles and further reinforce their potential biosafety 
for biomedical applications.

DISCUSSION

Xray diffraction (XRD) analysis
The XRD analysis of ZnO nanoparticles biosynthesized 

from C. sinensis leaves revealed a diffraction pattern within 
the 2θ range of 10°-80°. The observed peaks at 32.00°, 
34.56°, 36.60°, 47.99°, 56.80°, 63.04°, and 68.14° corre-
spond to the Miller indices (100), (002), (101), (102), (110), 
(103), and (112), respectively. These reflections indicate 
the presence of a hexagonal wurtzite crystalline structure, 
which aligns with standard data from the Joint Committee 
on Powder Diffraction Standards (JCPDS card no. 800075).

The diffraction peaks confirmed the formation of crys-
talline ZnO nanoparticles, consistent with previous reports 
[26-29]. Studies by researchers such as [30] and [31],  
who synthesized ZnO nanoparticles using strawberry waste 
extract and celery leaf extract, respectively, also reported 
comparable diffraction patterns. This consistency with the 
existing literature reinforces the reliability of the biosynthe-
sis process used in this study.

The sharp and welldefined peaks observed in the XRD 
profile indicate a high degree of crystallinity and the absence 
of notable agglomeration among the nanoparticles. This 
suggests uniform particle distribution and nanoscale dimen-
sions, which improve the ability of ZnO NPs to interact with 
cellular membranes. Due to their small size and crystalline 
nature, these nanoparticles may exhibit enhanced biological 
activity, making them promising candidates for preventive 
or therapeutic applications.

Cell viability (MTT assay)

The in vitro cytotoxicity assessment conducted on HepG2 
cells demonstrated a clear dose-dependent decrease in cell 
viability following 72 hours of exposure to ZnO nanopar-
ticles biosynthesized from C. sinensis leaves. The viability 
percentages observed at concentrations of 0.5, 1, 2, and  
5 μg/mL were 42.13%, 38.03%, 33.56%, and 26.84%, 
respectively, confirming the inhibitory effect of ZnO NPs on 
HepG2 cell proliferation. As illustrated in Figures 1 and 2,  
the reduction in viable cells corresponds to increased 
nanoparticle concentration, suggesting enhanced nanopar-
ticle-cell interactions [32].

The anticancer potential of the biosynthesized nanoparti-
cles may partially be attributed to the phytochemical constit-
uents of C. sinensis. Notably, the extract contains vitamin E,  
a potent antioxidant known for its protective and modula-
tory effects on cellular oxidative stress. While vitamin E 
generally acts as a free radical scavenger, its presence in 
the synthesis medium may influence nanoparticle forma-
tion, stability, or interaction with cancer cells. Moreover, 
the inherent selective toxicity of ZnO nanoparticles toward 
malignant cells likely contributes to the observed IC50 value 
of 2.87 μg/mL, reflecting strong antiproliferative activity  
at low concentrations.

The findings of this study align with previous reports. 
Research conducted in [33] demonstrated that prolonged 
exposure to ZnO NPs at concentrations above 25 μg/mL  
significantly reduced the viability of human umbilical vein 
endothelial (HUVEC) cells. Similarly, studies by [34] and 
[35] reported substantial decreases in cell viability in human 
epidermoid carcinoma A431 cells and HepG2 cells, respec-
tively, when treated with ZnO NPs synthesized from plant 
extracts such as Euphorbia retusa. In the latter study, an 
IC50 value of 25.6 μg/mL was reported, further supporting 
the cytotoxic potential of phytogenic ZnO nanoparticles.

The underlying mechanism of ZnO NPinduced cytotoxic-
ity is widely attributed to oxidative stress-mediated apopto-
sis. ZnO nanoparticles are known to release Zn2+ ions, which 
promote electrostatic interactions between the nanoparticle 
surface and negatively charged components of the cancer 
cell membrane. This interaction facilitates the generation 
of reactive oxygen species (ROS), including superox-
ide anion (O2•⁻), hydroxyl radicals (•OH), and hydrogen 
peroxide (H2O2) under oxidative stress conditions [36,37]. 
These ROS species can disrupt mitochondrial membrane 
potential, activate caspase cascades, and ultimately trigger 
programmed cell death.

Based on these observations, the present study concludes 
that the anticancer activity of ZnO nanoparticles biosynthe-
sized from C. sinensis leaves is predominantly mediated 
through ROS generation and oxidative stress, leading to 
apoptosis in HepG2 liver cancer cells.

Antioxidant activity of ZnO nanoparticles (DPPH 
assay)

The antioxidant potential of the ZnO nanoparticles was 
evaluated using the DPPH free radical scavenging assay,  
a simple and reliable technique commonly used to assess the 
electron-donating and hydrogendonating capacity of nanopar-
ticles and plantderived compounds [38]. As shown in Table 2,  
the percentage of DPPH radical scavenging increased pro-
gressively with the concentration of ZnO NPs. The highest 
scavenging activity (81.627%) was observed at 1 μg/mL, 
indicating that the biosynthesized ZnO nanoparticles possess 
significant antioxidant capacity.

The characteristic color change from deep violet (control 
DPPH solution) to yellow reflects the reduction of DPPH 
radicals. This reaction occurs when antioxidants donate 
hydrogen atoms or electrons to DPPH, converting the 
unstable free radical into a stable, nonradical form. The 
reaction mechanism may involve hydrogen atom transfer 
(HAT) or single-electron-transfer (SET) processes, where 
electron density is shifted from oxygen toward the nitrogen 
center of the DPPH molecule [39-41]. The pronounced color 
change observed in this study therefore supports the active 
participation of ZnO NPs in radical neutralization.

The present study's findings align with prior reports. 
For example, [42] demonstrated that ZnO nanoparticles 
synthesized using Azadirachta indica leaf extract exhib-
ited enhanced radical scavenging activity, with increasing 
concentration correlating with greater antioxidant potential. 
Similarly, studies reported in [43] and [44] showed that ZnO 
nanoparticles biosynthesized from Capsicum chinense fruit 
extract exhibited superior antioxidant and anticancer activity 
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compared to conventionally synthesized ZnO NPs. These 
findings collectively confirm that phytogenic synthesis 
enhances the antioxidant properties of ZnO nanoparticles, 
likely due to the presence of polyphenols, flavonoids, and 
other bioactive compounds from plant extracts adhered to 
the nanoparticle surface.

Taken together, the results support the conclusion that 
ZnO nanoparticles synthesized using C. sinensis leaves 
exhibit strong antioxidant activity with a clear dose-depen-
dent increase in free radical scavenging. This antioxidant 
potential contributes to their broader biomedical relevance, 
including possible roles in mitigating oxidative stress, 
reducing cellular damage, and complementing anticancer 
mechanisms.

Antihemolytic properties of ZnO nanoparticles

The hemolysis assay results demonstrated that ZnO 
nanoparticles did not induce measurable degradation or 
lysis of human red blood cells (RBCs) at any of the tested 
concentrations (0.12, 0.25, 0.5, and 1 μg/mL), as shown in 
Table 3. Hemolysis remained at 0% for all ZnO NP treat-
ments, whereas the positive control exhibited 100% hemo-
lysis, confirming the specificity and sensitivity of the assay.

These findings are consistent with reports from previous 
studies [45,46], which demonstrated that ZnO nanoparticles 
synthesized from various plant extracts, such as Allium 
cepa, Asparagus racemosus, and Citrus limon, did not 
induce hemolysis in RBCs when tested alongside MCF7 
and HeLa cell lines. Similar observations were reported in 
studies [47,18], where ZnO NPs and biocomplexes syn-
thesized using Lagerstroemia indica were found to exhibit 
anticancer potential without causing erythrocyte membrane 
damage.

Collectively, these results suggest that ZnO NPs synthe-
sized from C. sinensis leaves are highly hemocompatible and 
do not induce structural damage to human erythrocytes even 
at the highest concentrations tested. This property supports 
their potential use as anticancer agents, particularly at low 
therapeutic doses where systemic toxicity must be mini-
mized [48].

Fragmentation test on human DNA

The absence of DNA damage at the concentrations used 
in the study indicates that ZnO NPs did not induce detectable 
DNA damage under the tested conditions. These findings 
are consistent with those of previous studies [49,50], which 
found that the ZnO NPs/Rr protected human DNA from 
damage caused by H2O2 photolysis, and with those of 
another study [51], which found that the inhibitory effect 
of DNA damage increased with increasing concentration.

CONCLUSIONS

Zinc oxide nanoparticles (ZnO NPs) showed high efficacy 
in inhibiting the viability of human liver cancer cells after 
a 72-hour incubation period. Even though the concentra-
tions used were very low, they did not cause hemolysis  
or affect human DNA. ZnO NPs also showed high efficacy  
in removing free radicals generated in cells.
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