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ABSTRACT
In this study, we investigated the cytotoxicity of zincoxide nanoparticles (ZnONPs) encapsulated
in PEGylated Camellia sinensis extract (CL) against L929 fibroblasts and HeLa cervical cancer cells.
Characterization results revealed that the CL/ZnO NPs maintained a spherical morphology with
an average diameter of 40± 5 nm. Moreover, advanced computer vision and texture analysis
have provided intricate details regarding the surfaces of CL/ZnO NPs, revealing crucial morpho-
logical features and distribution patterns that are essential for understanding their interactions
with cellular structures. Statistical evaluation revealed a pronounced cytotoxic effect of CL/ZnO
NPs on HeLa cells, with IC50 values of 13.708µgmL−1 at 48 hours, compared to > 100 µgmL−1
for L929 cells, indicating selective anti-cancer activity of NPs with minimal impact on fibroblast
cells. These findings not only highlight CL/ZnO NPs as effective candidates for anti-cancer ther-
apy but also highlight the synergistic power of combining biotechnologywith AI-driven imaging
for cancer treatments.
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1. Introduction

The use of nanoscience is rapidly expanding across
a broad spectrum of scientific disciplines, encompass-
ing biology, chemistry, physics, materials science, envi-
ronmental science, and pharmaceuticals. Nanostruc-
tures exhibit diverse applications, including antibacte-
rial, anti-cancer, and photocatalytic activities, which are
enabled by their unique characteristics, shaped by their
size and shape. The development and design of mate-
rials within the 1–100 nm size range are central to the
burgeoning fields of nanoscience and nanotechnology
[1–7]. In recent years, inorganic nano-drug carriers have
gained popularity because of their potential to provide
long-term green solutions to a wide range of issues
[8–14]. One area of study is the fabrication of nanos-
tructures using sustainable chemical methods involv-
ing the use of organic compounds or natural extracts
from biomass [15–18]. Given that tea is one of the most
widely consumed beverages worldwide, its potential
health benefits have been extensively studied [19]. Tea
polyphenols, known for their anti-inflammatory, antiox-
idant, and anti-cancer activities [20–23], canbe incorpo-
rated intometal/metal oxide-based nanoparticles (NPs)

to enhance their properties [24–29]. This approach
enables the development of sustainable nano-drug
carriers with improved medicinal properties. Conse-
quently, the integration of sustainable chemistry with
nanostructures holds promising for the development of
innovative and potent treatment strategies for various
diseases in nanotechnology [30–32].

Matcha powder is derived from Camellia sinensis
and is known to contain high levels of bioactive com-
ponents, including catechin, theanine, and caffeine,
which have been found to exhibit antioxidant, anti-
inflammatory, and anti-cancer properties. These bioac-
tive components act as natural cytotoxic compounds
that inhibit cancer cell growth, making them effec-
tive therapeutic options for cancer treatment [33–37].
Studies have shown that matcha can effectively inhibit
the growth of cancer cells in various types of cancers,
including prostate, breast, and lung [38,39]. Camellia
sinensis is a member of the Theaceae family and is
widely cultivated to produce tea in many regions, such
as Turkey, Japan, China, Sri Lanka, and India. Natural
leaves are used to produce several types of biomasses,
including green, black, white, and oolong tea, which
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are also known for their biomedical effects. Studies
have revealed that Camellia sinensis possesses antiox-
idant, anti-inflammatory, and anti-cancer properties,
and green tea is a well-known source of health benefits
[34,35].

Green nanoparticles (NPs) have garnered consider-
able attention in the field of pharmaceutical nanotech-
nology, especially due to their sustainable utilization in
various biomedical applications [40–46]. ZnO is one of
the most frequently studied nano-drug carriers among
metal oxides and bio-matrices, owing to its remarkable
chemical, physical, and biological properties. Accord-
ing to previous studies, oxidative stress, DNA damage,
and mitochondrial malfunction are processes through
which green ZnO NPs induce apoptosis and decrease
cancer cell growth [47–49]. In addition, studies in ani-
mal cancer models have demonstrated the efficacy of
ZnO NPs in reducing cancer growth and preventing
metastasis [50–52]. Jevapatarakul et al. developed a
combination of Cratoxylum formosum crude extract and
ZnO nanosheets and investigated its impact on non-
melanoma skin cancer cells [53]. Researchers have dis-
covered that it demonstrates notable biological activ-
ity against non-melanoma skin cancer cells as it sup-
presses cancer cell growth and induces cell death. It
is important to note that while Eswari et al. found
that green-synthesized ZnONPs using Abutilon Indicum
and Tectona Grandis leaf extracts exhibited potential
for their potential anti-diabetic, anti-inflammatory, and
cytotoxic activities, further research is needed to vali-
date the safety and efficacy of these ZnO NPs in animal
and human studies [54]. In 2017, Nava et al. utilized
a hydrothermal method at high temperature (400°C,
2 h) to synthesize ZnO NPs encapsulated in Camel-
lia sinensis extract (CL). However, their focus was pri-
marily on the synthesis and characterization processes
[55]. Conversely, Çolak employed a solvent method to
fabricate ZnO NPs at a high temperature (100°C and
Zn(Ac)2·2H2O) with a similar emphasis on characteriza-
tion [56]. In contrast to previous literature, our study
aimed to achieve a practical and cost-effective solu-
tion for synthesizing ZnO NPs in green extract using a
sonochemical method at room temperature (30 min),
bypassing the need for high temperatures. While previ-
ous research has concentrated on synthesis and charac-
terization, our study delved into a detailed examination
of the cytotoxic effects of CL/ZnO NPs on L929 fibrob-
lasts and HeLa cervical cancer cells. The objective of our
study was to adopt an energy-saving approach com-
pared to traditional synthesis methods and utilize arti-
ficial intelligence (AI)-supported methods to assess the
potential of CL/ZnO NPs for cancer treatment. These
results suggest that CL/ZnO NPs show potential as
sustainable anti-cancer therapy agents, and the fusion
of biotechnology with AI-aided characterization offers
considerable digital prospects for future cancer treat-
ment solutions.

The novelty of our study lies in the utilization of
PEGylated CL to encapsulate ZnO NPs and evaluate
their impact on human cervical cancer cells (HeLa)
and mouse fibroblast (L929) cells. This approach com-
bines twobiologically active substanceswith thepoten-
tial to enhance anti-cancer properties. By encapsulat-
ing ZnO NPs in the PEGylated CL matrix, we aimed
to enhance stability and bioavailability, potentially
improving efficacy against cancer cells. Consequently,
our study has profound implications for the advance-
ment of sustainable nano-drug carriers in pharmaceu-
tical nanotechnology.

Numerous methods have been developed to char-
acterize organic/inorganic hybrid nanostructures using
AI. For instance, machine learning algorithms and
AI network approaches can be used to identify the
significant surface properties of nanostructures, such
as their shape, size, and morphology, in microscopy
images of nanomaterials produced by methodologies
such as TEM or SEM. AI characterization can also be
used to model how nanomaterials behave under var-
ious settings, for example, when exposed to various
compounds or extreme temperature changes, allow-
ing the estimation of how they will interact with
other materials or biological systems. This is essen-
tial for developing cutting-edge applications in energy,
material science, and biomedicine. The potential for
AI characterization is enormous, and may greatly
accelerate the creation of new nanostructures and
expand our understanding of their properties. We
synthesized sustainable CL/ZnO NPs using a sonica-
tion method and characterized them using various
techniques including XRD, FTIR, SEM, TEM, and AI-
TEM. Furthermore, our investigation of the effects of
CL/ZnO NPs on HeLa and L929 cells revealed that
the NPs displayed significant cytotoxic activity against
cancer cells with minimal toxicity to fibroblast cells.
These findings suggest that the green synthesis of
CL/ZnO NPs could be sustainable nano-drug carri-
ers, highlighting the potential for developing innova-
tive nanotherapeutics for cancer treatment and new
complementary pharmaceutical products for cancer
treatment. Nevertheless, confirmation of in vitro nano-
drug carrier-based sustainability requires further clinical
trials.

2. Materials andmethod

2.1. Materials

Matcha powder was purchased from Arifoğlu Company
(Turkey). Zinc nitrate hexahydrate (Zn(NO3)2·6H2O),
sodiumhydroxide (NaOH), andMF-Milliporemembrane
filterswere purchased fromMerckCompany (Germany).
Polyethylene glycol 400 (PEG 400) was purchased from
Sigma-Aldrich Company (Germany). Ultrapure water
was provided by a Human Ultra-Pure Water System



JOURNAL OF TAIBAH UNIVERSITY FOR SCIENCE 3

(water resistance: 18.3 Mohm) and was used for the
preparation of all NPs.

2.2. Synthesis of CL/ZnONPs

The synthesis of CL/ZnO NPs involved several steps.
First, 5 g of the matcha powder was dissolved in 100
ml of pure deionized water using a magnetic stirrer for
10min at 25°C. The solution wasmaintained in the dark
at room temperature for 48 hours. In the second step, a
solution of 0.1 M Zn(NO3)2·6H2O, and 0.2 M NaOH was
prepared in deionized pure water. In the third step, 0.5
mL of PEG400 and Zn(NO3)2·6H2O solution was added
to the CL solution, followed by NaOH solution dropwise
addedat 30%amplitudeunder a sonicator at 25°C for 30
min. Afterwards, themixture was filtered first through a
0.45 µm pore size membrane filter and then through a
0.22 µmpore sizemembrane filter to remove any impu-
rities and it was dried in a vacuum oven at 80°C. Finally,
CL/ZnONPswere stored at 25°C in a sterile container for
further analysis.

2.3. Characterization of CL/ZnONPs

The synthesized CL/ZnO NPs were characterized using
specific techniques to evaluate their structural and
chemical properties. The following characterization
techniques were employed:

The crystalline structure of the CL/ZnO NPs was
determined using an XRD (Rigaku MiniFlex XRD) equip
ped with Cu Kα radiation (λ = 1.5460 Å) operating
at 30 kV and 100 mA (wide range of 5-90°, scanning
speed of 8°/min and step of 0.01°). The functional
groups and chemical bonds in the CL/ZnO NPs were
investigated using a FTIR (Perkin Elmer Spectrum Two).
The analysis was performed in the frequency range –
400–4000 cm−1 with a resolution of 4 cm−1 and eight
scans to obtain detailed information about themolecu-
lar vibrations and chemical composition of the CL/ZnO
NPs. The UV–Visible absorbance spectrum of CL/ZnO
NPswasmeasuredusing aUV–Visible spectrophotome-
ter (Shimadzu UV-2600) across the wavelength range
of 200–800 nm. The surface morphology and particle
size distribution of the CL/ZnO NPs were examined by
SEM (FEI QUANTA 450). Prior to imaging, the CL/ZnO
NPs were coated with a thin conductive layer (double-
coated with gold) to enhance their conductivity. SEM
imaging provided high-resolution images and valuable
insights into surface properties and particle size char-
acteristics. The structure, size, and shape of the CL/ZnO
NPswere observed using a transmission electronmicro-
scope (Hitachi, HighTech HT7700) operating at 100 kV
in the high vacuum mode. Thin samples of the CL/ZnO
NPs were prepared by dispersing them in a suitable sol-
vent (deionized purewater) and depositing a drop onto
a TEM grid. TEM analysis allowed for the visualization of

individual CL/ZnO NPs and provided detailed informa-
tion regarding their structural properties. Moreover, the
TEM images of the CL/ZnO NPs underwent a prepara-
tory analysis utilizing advanced AI-driven methodolo-
gies, primarily executed through Python’s powerful
libraries. This initial phase involved image processing
techniques, including normalization and thresholding
with OpenCV, feature extraction through TensorFlow
Keras’ deep learning models, and detailed texture anal-
ysis facilitated by Scikit-image. These AI-enhanced pre-
processing steps were crucial for increasing the images’
clarity and detail, thereby enabling better examination
of NPs characteristics. Subsequently, the pre-processed
imageswere analyzed using the ImageJ software.While
ImageJ itself is not inherently an AI software, it serves
as an invaluable platform for the quantitative analy-
sis of particle size distribution, shape, and structural
properties in AI-optimized images. The combination of
Python’s AI-driven image enhancement with ImageJ’s
comprehensive analysis capabilities underscores our
innovative approach of blending cutting-edge compu-
tational techniques with robust, established imaging
software to achieve unprecedented precision and effi-
ciency in NPs surface analysis.

In this study, we used a combination of advanced
computer vision techniques and texture analysis to
explore the characteristics of CL/ZnO NPs in the TEM
images. This approach, encompassing edge detection,
contrast enhancement, and texture property assess-
ment, provides a comprehensive understanding of NPs
morphology and distribution within the sample. The
TEM imagewas loaded in the colormodeusingOpenCV,
a powerful library for image processing in Python. The
Canny edge detection algorithm was applied to the
image to delineate NP boundaries [57]. This method
is highly effective in highlighting the subtle edges of
small particles, which is essential for an accurate parti-
cle size and shape analysis. The image was converted
to grayscale to facilitate texture analysis using a Gray-
Level Co-occurrence Matrix (GLCM) [58]. The GLCM is a
statisticalmethod for examining the textureof an image
by calculating the frequency with which pairs of pixels
with specific values and in a specified spatial relation-
ship occur in the image. This method provides a variety
of textural features.

• Contrast measures local variations in the gray-level
co-occurrence matrix.

• Dissimilarity: This quantifies texture variations bet
ween a pixel and its neighbor over the entire image.

• Homogeneity: Assess the closeness of the distribu-
tion of elements in the GLCM to the diagonal.

2.4. Cytotoxicity assay

The human cervical cancer cell line HeLa (ATCC® CCL-
2TM) and mouse fibroblast cell line L929 (ATCC CCL-1)
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were obtained from the American Type Culture Col-
lection (ATCC, Manassas, Virginia, USA). HeLa and L929
cells used in the experiments were derived from pas-
sage numbers P5-P10. Both cell lines were cultured
at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, USA) supplemented
with 10% Fetal Bovine Serum (FBS) (Gibco, USA), 100
U/mL penicillin, and 100 µg/mL streptomycin (Multi-
cell, Wisent Bioproducts, Canada). To assess the in vitro
toxicity of CL and CL/ZnO NPs, 100 µL of cell sus-
pension containing 1× 104 cells/well was seeded into
96-well cell culture plates and incubated overnight at
37°C in 5% CO2. Prior to each experiment, the num-
ber of viable cells was determined using a Cedex XS
Cell Counter (Innovatis, Roche, Germany). Serial two-
fold dilutions of CL and CL/ZnO NPs (ranging from
100 to 2.5 µg mL−1) were prepared, and 100 µL
of each sample was added in triplicate to the wells
and incubated for 24 and 48 hours. After the incuba-
tion period, 10 µL of MTT (3-(4,5-dimethyl thiazolyl-
2)−2,5-diphenyltetrazolium bromide) solution (ABCR,
Germany)was added to eachwell and incubated at 37°C
in a 5% CO2 incubator for 4 h. Next, the contents of the
wells were removed and 100 µL of dimethyl sulfoxide
(DMSO) was added to each well to solubilize the for-
mazan crystals. The absorbance of each well was mea-
sured at a wavelength of 595 nm using a microplate
reader (FilterMax F5; Molecular Devices, USA). Cells that
were not treated with CL or with CL/ZnO NP were used
as controls (untreated negative control) and considered
100% viable. The following equation (Eq. 1) was used
to determine the cytotoxic effects of CL and CL/ZnO
NPs [59].

Cytotoxicity(%)

= [(Mean ODcontrol−Mean ODtreated)/

Mean ODcontrol]× 100 (1)

The half-maximal inhibitory concentration (IC50) was
calculated using Calcusyn software.

2.5. Hoechst staining

Morphological changes in HeLa cells were observed
after 48 hours of treatment with CL or CL/ZnO NPs
by confocal microscopy (Leica, Wetzlar, Germany). Flu-
orescence images were obtained using a Leica DMI
4000 B inverted microscope equipped with a spectral
TCS SPE confocal microscope (Leica). To perform this
experiment, cells were seeded on clean coverslips at a
concentration of 1× 105 cells/mL in a 6-well plate and
incubated for 24 hours. Once the cells were attached,
they were treated with the IC50 concentrations of CL
and CL/ZnO NPs for 48 hours. Cells were fixed with 4%
paraformaldehyde for 20 minutes and washed twice
with phosphate-buffered saline (PBS). Afterwards, the
cells were stained with Hoechst 33342 (Sigma Aldrich

Company, USA) at a concentration of 0.1 µg mL−1 for
10 minutes and washed with PBS. Glass coverslips were
removed from the wells and left to dry at room tem-
perature. After mounting, the coverslips were observed
under a confocal microscope, and images were cap-
tured using Leica imaging.

3. Results and discussion

3.1. Characterization

The characterization techniques mentioned above
(XRD, FTIR, UV, SEM, TEM, and AI-TEM) were employed
to obtain comprehensive information on the synthe-
sized CL/ZnO NPs. These techniques have been used to
determine crystal structure, composition, surface mor-
phology, particle size, and other physical properties.

The XRD graph of the prepared CL/ZnONPs revealed
distinct diffraction peaks corresponding to specific crys-
tal planes (Figure 1). According to the XRD results, the
diffraction pattern displayed well-defined peaks at vari-
ous angles, indicating the presence of crystalline phases
in the nanostructure. The CL/ZnO NPs diffraction peaks
were observed at 32.13°, 34.77°, 36.64°, 47.92°, 56.96°,
63.21°, 66.77°, 68.29°, 69.43 °, 72.97°, 77.32°, and 81.71°,
which were associated with the crystalline planes of
Miller indices (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004), and (202), respectively (JCPDS
database 01-075-1526). Furthermore, the XRD analysis
confirmed that the prepared CL/ZnO NPs comprised a
hexagonal wurtzite ZnO phase. By applying Scherrer’s
Equation (D = 0.9/βcosθ , where β represents the Full
Width at Half Maximum (FWHM), θ denotes the angle
of diffraction, and λ is the wavelength) and consid-
ering the space group P63mc and lattice parameters
(a = b: 2.801 Å and c: 5.149 Å), the average crystal-
lite size of ZnO contained in the synthesized CL/ZnO
NPs was determined to be 95 nm. The lattice parame-
ters and crystallographic orientation of the CL/ZnO NPs
maybedetermined from thepositions and intensities of
the diffraction peaks, which assists in identifying their
structural characteristics. The agreement between the
XRD results and those reported by Alamdari et al. [60]
confirms the successful synthesis of ZnO NPs. This con-
sistency contributes to thegrowingknowledgeof green
synthesis methods for organic/inorganic hybrid nanos-
tructures and highlights the crystalline phases of the
ZnO NPs.

In our previous study, we performed comprehen-
sive FTIR analysis to investigate the molecular compo-
sition and functional groups of the extract [61]. Build-
ing on this knowledge, in the present study, we used
the same extract for the synthesis of ZnO NPs. This
approach allowed us to leverage the natural compo-
nents present in the extract to produce powdered
ZnO NPs in an environment-friendly manner. The FTIR
spectra of CL and CL/ZnO NPs are shown in Figure
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Figure 1. XRD pattern of the CL/ZnO NPs.

2(a,b). The FTIR spectrum of CL showed characteris-
tic peaks at 3283 cm−1 (–OH), 2979 cm−1 (asymmet-
ric –CH2), 1623 cm−1 (C = O stretching of polyphe-
nols), 1512 cm−1 (flavonoids), 1448 cm−1 (–CH bend-
ing), 1371 cm−1 (–CH stretching), 1235 cm−1 (C–O–C
stretching of ether), 1144 cm−1 (C–O stretching), and
1026 cm−1 (–CH in-plane bending) (Figure 2(a)) [61].
These peaks provide insights into the presence of
specific functional groups and molecular structures
within the extract, such as hydroxyl, methylene, car-
bonyl, flavonoid, and –CH groups. The FTIR spectrum
of CL/ZnO NPs showed distinct characteristic peaks,
indicative of their chemical composition and molecu-
lar structure. The peak observed at 3283 cm−1 corre-
sponds to the stretching vibration of hydroxyl ( –OH)
groups, indicating the presence of these functional
groups within the structure. The peaks at 2921 and
2846 cm−1 represent the asymmetric and symmetric
stretching vibrations of the methylene ( – CH2) groups,
respectively, providing information about the struc-
tural arrangement of these groups in the nanostruc-
ture. Additionally, the peak observed at 1625 cm−1 indi-
cated the stretching vibration of the carbonyl (C = O)
groups present in the NPs, highlighting the presence of
these specific constituents. The peak at 1517 cm−1 sug-
gested the presence of flavonoids, which contributed
to the overall chemical composition of the nanostruc-
tures. Furthermore, the peaks at 1449 and 1371 cm−1
correspond to the bending and stretching vibrations,
respectively, of specific –CH and gem-dimethyl (–CH)
groups, providing insight into the molecular arrange-
ment and connectivity of these groups in the structure.

The peaks observed at 1231 and 1145 cm−1 indicate
the stretching vibrations of carbon–oxygen (C–O) and
ether (C–O–C) groups, respectively, providing informa-
tion about the presence and connectivity of these func-
tional groups in the nanostructure. Finally, the peak
observed at 1017 cm−1 corresponded to the in-plane
bending vibration of the CH groups, revealing the
structural arrangement and bonding characteristics of
these groups within the structure. The peak observed
around 510-600 cm−1 in the FTIR analysis of CL/ZnO
NPs can be attributed to the bending vibrations of Zn-O
bonds, providing further evidence for the presence of
these bonds in the nanostructure. Overall, FTIR analy-
sis offers valuable information regarding the chemical
constituents and molecular structure of CL/ZnO NPs,
enabling a comprehensive understanding of their com-
positions and potential applications. Additionally, the
optical bandgap (Eg) was determined utilizing the Tauc
equation (Eq. 2) [62], involving theplot of (αhυ)2 against
the photon energy (hυ), as depicted in Figure 2(c,d),
where α and hυ represent the absorption coefficient
and the photon energy, respectively.

αhυ2 = k(hυ − Eg) (2)

The optical properties (log A, α, hν, and (αhυ)2) were
calculated to determine the bandgap energy of CL/ZnO
NPs. The estimated Eg value for CL/ZnO NPs was deter-
mined to be 3.33 eV. The experimental results obtained
are consistent with data reported for other ZnO NPs in
the literature [63].

The SEM image, SEM-EDX mapping pattern of the
element distribution (Zn and O) in the scanned area,
andSEM-EDXanalysis ofCL/ZnONPswere conducted to
investigate the morphology of the CL/ZnO NPs (Figure
3a–d). Upon careful examination of the SEM micro-
graph, it was evident that it was difficult to distinguish
the borders of certain ZnO NPs (Figure 3a). This can be
attributed to the presence of a matrix shell composed
of CL surrounding the ZnO NPs. The unique properties
of this matrix shell play a significant role in explain-
ing the indistinct NPs boundaries observed in the SEM
images. The PEGlayted CL matrix increases the surface
area of CL/ZnONPs, preventing them from aggregating
or agglomerating over time. The PEGlayted CL matrix
shell, acting as a bridgingmedium, facilitates the homo-
geneous distribution of NPs. Consequently, the indi-
vidual CL/ZnO NPs borders were more challenging to
discern in theSEM images. In linewith theEDXspectrum
of the CL/ZnO NPs, the obtained peaks in the spectrum
corresponded to Zn and O (Figure 3d). The weight per-
centages derived from the analysis indicated that Zn
and O accounted for 80.34% and 19.66% of the CL/ZnO
NPs, respectively. In summary, SEM and SEM-EDX analy-
sis revealed thepresenceof abio-tea extractmatrix shell
surrounding the CL/ZnO NPs, which led to difficulties
in distinguishing individual CL/ZnO NPs boundaries in
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Figure 2. FTIR graphs of (a) CL and (b) CL/ZnO NPs, (c) UV – Vis
absorption spectra, and (d) Tauc plot of the CL/ZnO NPs.

the SEM images. Weight percentage analysis confirmed
the presence of Zn and O in the CL/ZnO NPs. Addition-
ally, NaOH played a crucial role in the sonosynthesis
process by adjusting the pH, promoting the precipita-
tion of Zn ions, and facilitating the formation of ZnO
NPs, thereby contributing to the control of particle size
and morphology. This sonoprocess is elucidated by the
following Eqs. (2-5) [64,65]:

Zn2+ + 2OH− ultrasoundwaves←→ Zn(OH)2 (3)

Zn(OH)2 + 2OH− ←→ [Zn(OH)4]
2 (4)

[Zn(OH)4]
2− + 2OH− ←→ ZnO2

2− + 2H2O (5)

ZnO2
2− + H2O←→ ZnO + 2OH− (6)

In Figure 4, the study of CL/ZnO NPs involved vari-
ous imaging techniques, including (a) traditional TEM,
(b) AI-supported TEM images in threshold mode-8 bit,
(c) AI-supported TEM images in Red Blue Green (RGB)
mode-8 bit, (d) AI-supported surface plot, (e) RGB color

histogram of the CL/ZnO NPs, and (f) AI-enhanced TEM
images of CL/ZnONPs showing detailed surface charac-
teristics and texture analysis results, whichwere used to
carefully analyze the morphology of CL/ZnO NPs.

In the characterization of CL/ZnO NPs using Trans-
mission Electron Microscopy (TEM), we employed a
suite of advanced computational techniques to aug-
ment traditional imageanalysismethods. This approach
was driven by the necessity to extract detailed mor-
phological and textural information from the TEM
images, which are crucial for understanding the NPs’
interactions with biological systems. To achieve this,
we utilized several Python libraries that are known
for their robust capabilities in image processing and
analysis.

• OpenCV (cv2): A foundational library for image pro-
cessing tasks, including imagenormalization, thresh-
olding, and contour detection. OpenCV facilitated
the initial processing of TEM images, preparing them
for further analysis.

• TensorFlow Keras with the VGG16 model: Lever-
aged for deep learning-based feature extraction. This
pre-trained neural network model was instrumen-
tal in identifying and quantifying intricate features
within the NPs, offering insights beyond conven-
tional analysis methods.

• Scikit-image (skimage): Used for a broad spectrum
of image processing tasks, supporting the enhance-
ment and quantification of image features. This
library complementedour analysis by facilitating tex-
ture analysis and edge detection.

This AI-modified surface characterization enabled
better visualization and differentiation of the differ-
ent structures and features of CL/ZnO NPs. The surface
properties of the NPs were determined using a sur-
face plot and 3D visualization approach. The AI support
of this method probably assisted in precisely evaluat-
ing and displaying the surface data, thereby providing
important insights into the topography of CL/ZnO NPs.
RGB color channels were used to describe the distri-
bution of colors in a picture using the RGB color his-
togram. The color distribution and intensity changes
of CL/ZnO NPs can be used to infer certain NP char-
acteristics or attributes by analyzing the RGB color his-
togram of these particles. Researchers have thoroughly
analyzed and understood the structural and optical
characteristics of NPs using these imaging techniques,
providing new insights into their prospective applica-
tions in a variety of disciplines, including nanotechnol-
ogy, materials science, and biological research [64–66].
Figure 4(a–e) provide valuable insights into the sur-
face characteristics of the CL/ZnO NPs, offer significant
information for further analysis andunderstanding. TEM
images revealed the ZnO NPs in high-resolution detail,
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Figure 3. (a) SEM image, SEM-EDXmappingpatternof theelementdistribution: (b) Znand (c)O in the scannedarea, and (d) SEM-EDX
analysis of CL/ZnO NPs.

highlighting their well-defined spherical shape. Addi-
tionally, the utilization of AI algorithms in image pro-
cessing and analysis enhances our understanding of
the CL/ZnO NPs. The AI-supported TEM image of the
ZnO NPs provides further insight into the nanostruc-
ture, aiding in more precise and effective characteriza-
tion of their surface characteristics. This cutting-edge
approach improved our understanding of the spherical
shape and well-defined morphology of ZnO NPs. Fur-
thermore, the observed small particle size, averaging
40± 5 nm, indicates a synthesis process that led to the
formation of highly homogeneous organic/inorganic

hybrid nanostructures as CL/ZnO NPs. This small size
indicates the effectiveness of the employed synthesis
method, which allows the production of ZnO NPs with
excellent surface characteristics.

After the texture analysis, image preprocessing was
performed by applying Gaussian blur for noise reduc-
tion, which is crucial for minimizing false edges and
enhancing the real features in the TEM images. Con-
trast enhancement was achieved through histogram
equalization, a technique that improves the contrast in
an image by stretching the range of intensity values.
This technique converts a contrast-enhanced image
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Figure 4. (a) TEM, (b) AI-supported TEM images (threshold mode-8 bit), (c) AI-supported TEM images (RGB mode-8 bit), (d) AI-
supported surface plot, (e) RGB color histogram of the CL/ZnO NPs, and (f ) AI-enhanced TEM Image of CL/ZnO NPs showcasing
detailed surface characteristics and texture analysis results.

into a binary one. This process isolates NPs from the
background, making it easier to analyze their distri-
bution and morphology. The processed images (origi-
nal, contrast-enhanced, and thresholded) were visual-
ized and saved. This provides a valuable reference for
comparative analysis and documentation. Figure 4(f)
shows the results of the Canny edge detector, which
revealed the precise boundaries of the NPs and pro-
vided a clear demarcation for further morphological
analysis. Texture analysis results from theGray-Level Co-
occurrence Matrix (GLCM) of the TEM image revealed a
contrast value of 719.77. This high value suggests sig-
nificant local variation in the gray-level co-occurrence

matrix. The TEM image indicates a substantial degree
of variability in the intensity values across the surface
of the NPs. High contrast values are typically associ-
ated with images that have a high level of detail and
clearly defined edges, which are crucial for differenti-
ating between different NP structures. The dissimilarity
value for the enhanced image was 20.83. This value
quantifies the variation in gray-level values between
a pixel and its neighboring pixels across the entire
image. This dissimilarity value implies that there is con-
siderable textural irregularity within the NPs aggrega-
tion. This metric is particularly useful for assessing the
heterogeneity of the physical makeup of the NPs. The
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Figure 5. Dose – and time-dependent cytotoxic effects of CL on HeLa (cervical cancer) and comparison with L929 (Fibroblast) cells
serving as controls, after 24 and 48 hours of treatment. The cytotoxicity was assessed using the MTT assay, with results expressed
as percentages relative to untreated controls. Data are presented as mean± standard error (SE) based on three independent experi-
ments conducted in triplicate. Bars within cell types displaying asterisks denote significant differences determined by Welch’s t-test
(∗p ≤ 0.05, ∗∗p ≤ 0.01).

homogeneity of the images is 0.07. A lower homo-
geneity value indicates less uniformity in the gray-level
spatial distribution. In our TEM image, this suggests
that the NPs and the matrix they were embedded in
do not have a uniform texture. This could be indica-
tive of the varying material compositions or phases
within the sample. These texture parameters provide
a comprehensive quantitative description of the NPs
surfaces, offering a deeper understanding of their mor-
phological characteristics. When combined with other
image processing techniques and AI algorithms used
in this study, these metrics contribute significantly to a
more nuanced understanding of NPs, aiding the devel-
opment of applications where surface properties are
critical.

3.2. Cytotoxicity assay

In this study, CL and CL/ZnO NPs were used to assess
their cytotoxicity in HeLa and L929 cells. Standard cyto-
toxicity assays, includingMTT,wereused toquantify cell
viability and provide a reliable measure of the effects
of the NPs. The cell viability was evaluated at different
concentrations (2.5, 5, 10, 25, 50, and 100 µg/mL) for 24
and 48 hours. Figures 5 and 6 show the cytotoxic effects
of CL and CL/ZnO NPs, respectively, on HeLa and L929
cells over two timeperiods at various concentrations. As

shown in Figure 5 and Figure 6, cytotoxicity increased in
both cell lines with increasing concentrations of CL and
CL/ZnONPs. After 48 hours of treatment, the IC50 values
of CL and CL/ZnO NPs in HeLa cells were found to be
73.556 µg mL−1 and 13.708 µg mL−1, respectively; the
is as compared of L929 cells IC50 > 100 µg mL−1 and
91.986 µg mL−1, respectively. Previously, the cytotox-
icity of ZnO NPs against HeLa cells has been reported
[67], corroborating our findings. Thomas et al. observed
decreased viability of cancerous cells in a dose –and
time-dependent manner, with an IC50 value of 31.6
µg mL−1 by ZnO NPs prepared from Solanum nigrum
methanolic extract [67]. Similarly, Naiel et al. reported
dose-dependent cytotoxicity of bio-synthesized ZnO
NPs using an aqueous extract of sea lavender, Limo-
nium pruinosum (L.) Chaz., which showed higher toxic-
ity towards cancer cells than towards normal cells [68].
Ilangovan et al. reported that sustainable synthesis of
ZnO NPs using aqueous extract of Tagetes erecta flower
decreased the 50% cell viability of Hela cells at 26.53
µgmL−1 [69]. In the present study, CL/ZnONPs showed
higher toxicity towards cancer (HeLa) cells than towards
normal (L929) cells. Our findings agree with those of
several previous studies, which have shown that syn-
thesized ZnO NPs showed higher cytotoxicity towards
cancer cells [70,71]. For instance, Shivyari et al. (2022)
observed that ZnO NPs synthesized using Artemisia
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Figure 6. Dose – and time-dependent cytotoxic effects of CL/ZnO nanoparticles on HeLa (cervical cancer) and L929 (fibroblast) cells
after 24 and 48 hours of treatment. Cytotoxicity was assessed using the MTT assay, with results expressed as percentages relative
to untreated controls. Data are presented as mean± standard error (SE) from three independent experiments, each conducted in
triplicate. Statistical significance was determined using Welch’s t-test, with bars indicating significant differences within cell types
denoted by asterisks (∗p ≤ 0.05, ∗∗p ≤ 0.01).

Table 1. ANOVA results for the effects of CL and CL/ZnO NPs on cell viability in HeLa and L929 cells: concentration and duration
analysis.

HeLa Cells L929 Cells

Concentration effect Duration effect Concentration effect Duration effect

CL F = 31.95, p < 0.0001 F = 4.10, p = 0.0523 F = 38.62, p < 0.0001 F = 24.83, p < 0.0001
CL/ZnO NPs F = 207.04, p < 0.0001 F = 413.78, p < 0.0001 F = 145.56, p < 0.0001 F = 1.58, p = 0.2183

scoparia extract hadmuch less effect on normal human
foreskin fibroblast (HFF) cells against Huh-7 liver can-
cer cells [72]. Another study reported that synthesized
ZnO NPs from Nilgirius ciliatus were found to be cyto-
toxic towards MCF-7 cancer cells but nontoxic towards
normal L929 fibroblast cell lines [73].

A comparative analysis of the cytotoxicity of CL and
CL/ZnONPs inHeLa and L929 cellswas performedusing
ANOVA. Figure 7 illustrates the comparative analysis of
the cytotoxic effects of CL and CL/ZnO NPs on L929
(fibroblasts) and HeLa (cervical cancer) cells at various
concentrations.

The ANOVA results provided insights into the statis-
tical significance of the effects of CL and CL/ZnONPs on
the viability of HeLa and L929 cells, considering differ-
ent concentrations and durations (Table 1).

To assess the effects of CL and CL/ZnO NPs on
HeLa and L929 cells, the effects of concentration
and duration were examined. For CL in HeLa cells,

a highly significant concentration effect (F = 31.95,
p < 0.0001) indicated substantial differences in cell
viability across concentrations, whereas the duration
effectwasmarginally significant (F = 4.10, p = 0.0523),
suggesting a less pronounced but notable difference
between 24 and 48 hours. Similarly, CL on L929 cells
exhibited highly significant effects for both concentra-
tion (F = 38.62, p < 0.0001) and duration (F = 24.83,
p < 0.0001), emphasizing substantial differences in cell
viability across concentrations and between the two
durations. In contrast, CL/ZnONPs showedhighly signif-
icant concentration effects on both HeLa (F = 207.04,
p < 0.0001) and L929 (F = 145.56, p < 0.0001) cells,
indicating significant differences in cell viability at var-
ious concentrations. The duration effect of CL/ZnO
NPs on HeLa cells was highly significant (F = 413.78,
p < 0.0001), highlighting a notable difference between
24 and 48 hours. Surprisingly, the duration effect of
CL/ZnO NPs on L929 cells was not significant (F = 1.58,
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Figure 7. Comparative analysis of the cytotoxic effects of CL/ZnOnanoparticles andCLonHeLa (cervical cancer) andL929 (fibroblast)
cells after 48 hours of treatment. Cytotoxicity was quantified as percentages relative to untreated controls. Data are represented as
mean± standarderror (SE) fromthree independent experiments, each conducted in triplicate. Comparative analyseswereperformed
with Welch’s t-test. Statistically significant differences within cell types are indicated by asterisks, with ∗p ≤ 0.05 and p ≤ 0.01
denoting levels of significance.

p = 0.2183), suggesting that the duration did not sig-
nificantly affect the cell viability. These findings under-
score the distinct responses of HeLa and L929 cells
to CL and CL/ZnO NPs, in terms of concentration and
duration.

These results suggest that both CL and CL/ZnO
NPs exhibited a marked decrease in cell viability with
increasing concentrations. This trend was evident in
both cell lines, although it was more pronounced in
HeLa cells, suggesting heightened sensitivity of cancer
cells to NPs-induced cytotoxicity. A significant increase
in the cytotoxicity was observed at 48 hours compared
with 24 hours at all concentrations. This indicates that
NPs exert a cumulative effect over time, potentially
enhancing their therapeutic efficacy. Although both
the nanostructures demonstrated considerable cyto-
toxicity, subtle variations were observed. CL/ZnO NPs
encapsulated in CL showed slightly enhanced efficacy,
particularly at higher concentrations and longer expo-
sure times. This enhancement can be attributed to the
synergistic effect of the bioactive compounds in the
CL extract. Notably, the cytotoxic effects were more
pronounced in HeLa cells than in L929 cells. This differ-
ential cytotoxicity underscores the potential selectivity
of these NPs towards cancer cells, which is a desirable
trait in cancer therapeutics tominimize harm to healthy
tissues.

3.3. Hoechst staining

The cytotoxic effect of CL/ZnO NPs was confirmed by
microscopic examination of the changes in the mor-
phology of HeLa cells using Hoechst 33342 staining
under a confocal microscope (Leica TCS SPE DMI4000B
ConfocalMicroscope).When compared toCL, HeLa cells
treated with IC50 concentration of CL/ZnO NPs showed
morphological changes such as shrinkage, distorted
shape,membraneblebbing, granulation, andvacuoliza-
tion in the cytoplasmas an indicator of cytotoxicity after
48 hours (Figure 8a–c).

The cytotoxicity studies revealed that CL/ZnO NPs
were more effective than CL at inhibiting the viabil-
ity of HeLa cells. Numerous studies have shown that
Camellia sinensis is a rich source of nutritional flavonoids
such as epigallocatechin gallate and epigallocatechin
[74,75]. Catechins have been reported to have anti-
cancer effects, and many cell-based and animal stud-
ies have provided evidence to support the anti-cancer
effects of catechins [76–78]. The mechanisms under-
lying the anti-cancer effect may be related to the
induction of apoptosis, inhibition of tumor angiogen-
esis, antioxidant effects, and anti-inflammatory effects,
which have been reported inmany studies [78–81]. The
greater cytotoxic effect of ZnO NPs can be attributed
to numerous variables associated with their increased
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Figure 8. Representative confocal imaging of HeLa cells
stained with Hoechst-33342. (a) HeLa cells in the absence of CL
and CL/ZnO NPs (control) (b) HeLa cells treated with the IC50
concentration of CL for 48 hours (c) HeLa cells treated with the
IC50 concentration of CL/ZnO NPs for 48 hours. Themorphology
of HeLa cells showing the cytotoxic effect of CL/ZnO NPs. The
white arrows denote small or fragmented nuclei and shrunken
cytoplasm (43.9 µm).

surface area and small particle size. A greater number of
reactive sites, higher adsorption capacity, and improved
cell penetration are factors that lead to the increased
toxicity observed for smaller ZnONPs [82]. Another pos-
sible mechanism of the cytotoxic effect of CL/ZnO NPs
may result from the generation of higher amounts of

ROS via apoptosis due to the photo-activation of ZnO
NPs and the release of Zn ions from the NPs into the cell
culture, which effectively influences cancer cells by dis-
rupting their cell surface and protein leakage [83–85].
These results underscore the encouraging potential
of CL and CL/ZnO NPs for cancer therapy. The dose-
dependent and time-dependent cytotoxic effects, com-
bined with their specificity towards cancer cells, estab-
lish these nanostructures as promising contenders for
targeted cancer treatment. The incorporation of natural
compounds into CL/ZnO NPs is important for enhanc-
ing their cytotoxic effects and potentially reducing side
effects.

The comparative experimental findings presented in
Table 2 provide a comprehensive overview of the sur-
face properties of the ZnO NPs used in cancer research.
Specifically, the table highlights significant changes in
terms of shape and size, shedding light on the distinct
morphological characteristics of these NPs in different
experimental settings. In general, spherical ZnO NPs
offer advantages such as large surface area, good cel-
lular uptake, optimal drug loading capacity, superior
targeting ability, and excellent biocompatibility, which
potentially contribute to their efficacy in cancer treat-
ment. However, it has been observed in various studies
that the specific effects of ZnO-based nanostructures
on cancer cells depend on the distinctive features of
their morphology and the specific type of cancer cells
targeted.

4. Conclusion

In this study, we successfully synthesized novel CL/ZnO
NPs by using an economical and easily applicable
sonication method and performed AI-assisted surface
characterization. The Python libraries utilized in our
work –OpenCV, TensorFlow Keras, and Scikit-image –
played pivotal roles in uncovering nuanced details of
CL/ZnO NPs. Remarkably, our investigations on cer-
vical cancer cells (HeLa) and normal fibroblast cells
(L929) demonstrated the significant cytotoxic activity
of CL/ZnO NPs against cancer cells, while exhibiting
minimal toxicity to normal cells. The present study
has some limitations, such as the underlying molec-
ular mechanisms of cytotoxicity or apoptosis, which
have not been detailed. Further studies on the underly-
ing mechanisms could advance our knowledge. This in
vitro study underscores the potential of biosynthesized
CL/ZnONPs as organic/inorganic hybrid nano-drug car-
riers, offering fresh insights into the development of
innovative nanotherapeutics and complementary phar-
maceutical products for cancer treatment. Furthermore,
these results highlight the potential of sonosynthe-
sized CL/ZnO NPs as organic/inorganic hybrid nano-
drug carriers, presenting viable solutions for the devel-
opment of innovative nanotherapeutics and comple-
mentary pharmaceutical products for cancer treatment.
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Table 2. A comprehensive overview of the surface properties of ZnO NPs in the context of cancer nano-based research.

Sample Cancer cells Surface properties Ref.

Ag/ZnO nanostructures HepG2 human liver cancer cells rod-like structures with an average size of
22–58 nm

[86]

Au-decorated ZnO nanorods MCF-7 human breast cancer cells rod-like structures with average length and
diameter of 84.4 nm and 11.7 nm

[87]

Manilkara littoralis leaf extract
ZnO nanorods

MCF-7 human breast cancer cells rod-like structures with size range of 50–200
nm.

[88]

Core-shell ZnO microspheres HepG2 and MCF-7 cancer cells spherical in shape with an average diameter of
19 nm.

[89]

Morinda tinctoria leaf
extract-ZnO NPs

MCF-7 cancer cells spherical in shape with an average diameter of
8–10 nm.

[71]

ZnO-curcumin nanocomposite CHO–K1 cells and in vivo Swiss albino mice,
C57BL/6

spherical structure with a diameter of 50 nm [26]

CL/ZnO NPs HeLa and L929 cells spherical structure with a diameter of
40± 5 nm

This study

In the future, our work may lead to the development of
more effective cancer treatment strategies in the field of
nanomedicine. In conclusion, the present study demon-
strated that spherical ZnO-basednanostructures exhibit
favorable surface properties and structural character-
istics when interacting with cancer cells, underscoring
their significant potential in in vitro cancer research and
future clinical investigations.
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