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The aim. This study aimed to synthesize zinc oxide nanoparticles (ZnO NPs) using a green method based on Scute-
llaria Iscanderi L. extract and to evaluate their physicochemical properties and in vitro cytotoxic effects on MCF-7
human breast cancer cells.

Methods. ZnO nanoparticles were obtained via green synthesis using the aqueous extract of Scutellaria Iscan-
deri L. as a reducing and stabilizing agent. The morphology, size, and distribution of the nanoparticles were
analyzed by atomic force microscopy (AFM), scanning electron microscopy (SEM), and dynamic light scatter-
ing (DLS). Elemental composition was determined by SEM-EDX. Cytotoxic activity was assessed using the CCK-8
assay on MCF-7 breast adenocarcinoma cells.

Results. The synthesized ZnO NPs exhibited predominantly spherical morphology with a size range of 40—120 nm.
DLS measurements showed a mean particle diameter of ~40 nm and a polydispersity index of 0.3, indicating good
colloidal stability. EDX confirmed the presence of zinc with a content of 6.87% by mass. Cytotoxicity analysis re-
vealed a dose-dependent reduction in cell viability, with an IC,, value of 126.4 ug/mL.

Conclusion. Green-synthesized ZnO nanoparticles demonstrated favorable structural characteristics and moder-
ate cytotoxic effects against MCF-7 cells. These findings suggest their potential application as a basis for further
development of anticancer nanotherapeutics
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1. Introduction

In recent years, the scope of nanoparticle applica-
tion in clinical practice has significantly expanded.
Nanoparticles are being developed to overcome the limita-
tions associated with free therapeutic agents and to effec-
tively traverse biological barriers-systemic, cellular, and
microenvironmental — which vary depending on the dis-
ease and individual patient characteristics [1, 2]. Nanotech-
nology has attracted increasing attention due to its ability
to produce materials with nanoscale dimensions (1—-
100 nm), offering improved physicochemical and biologi-
cal properties compared to conventional systems.

Among various types of nanomaterials, zinc oxide
nanoparticles (ZnO NPs) have garnered considerable in-
terest due to their broad potential in biomedicine, envi-
ronmental applications, and electronics [3, 4]. According
to [5, 6], ZnO nanoparticles demonstrate high biocompat-
ibility, low toxicity, and cost-effectiveness, making them
promising candidates for biological applications. The
physicochemical properties of nanoparticles — including
size, morphology, size distribution, surface charge, ag-
gregation state, hydrophilicity, and surface functionaliza-
tion — play a critical role in determining their behavior in
biological systems. These parameters directly influence
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cellular uptake kinetics, biodistribution, permeability
through physiological barriers, as well as cytotoxicity
and biocompatibility profiles. Therefore, comprehensive
analysis of these characteristics is essential for predicting
interactions with biological targets, optimizing dosage,
and designing safe and effective nanomaterials for medi-
cal use. Furthermore, in-depth surface characterization
enables precise functionalization and the development of
targeted drug delivery systems [7, §].

To thoroughly evaluate the physicochemical char-
acteristics of the ZnO nanoparticles, this study employed
advanced analytical techniques. The morphology and
surface features of the nanoparticles were assessed using
atomic force microscopy (AFM) and scanning electron
microscopy (SEM), providing detailed visualization of
shape and topography. Dynamic light scattering (DLS)
was used to determine the hydrodynamic size and
polydispersity of the nanoparticles in suspension. To-
gether, these techniques offered a comprehensive under-
standing of the structural and dimensional properties of
the tested material [9, 10].

Breast cancer (BC) is the most commonly diag-
nosed cancer and remains the leading cause of cancer-re-
lated mortality among women worldwide [11]. Its treat-
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ment requires a multidisciplinary approach involving
surgical intervention, radiotherapy, and both neoadjuvant
and adjuvant therapies. Effective management of breast
cancer aims to achieve maximum therapeutic efficacy
with minimal adverse effects, thereby maintaining the
patient’s quality of life. A carefully selected combination
of therapeutic modalities allows patients to benefit from
reduced recurrence, minimized resistance and toxicity,
and improved long-term outcomes [12, 13]. To evaluate
the biological activity of the ZnO nanoparticles, the
Michigan Cancer Foundation-7 (MCF-7) cell line was
employed [14, 15]. This human breast adenocarcinoma
cell model is one of the most validated in vitro systems
for screening anticancer agents, owing to its stable prolif-
erative capacity, reproducibility of results, and high sen-
sitivity to cytotoxic exposure. The use of MCF-7 cells
enabled a quantitative assessment of the cytotoxicity of
the test material, as well as observation of dose-depen-
dent changes in cancer cell viability. The findings pro-
vide a solid foundation for further preclinical validation
of ZnO nanoparticles as potential anticancer
agents [16, 17].

The aim of the research. This study investigates the
morphology and size of zinc oxide nanoparticles synthe-
sized using Scutellaria Iscanderi L. extract, and evaluates
their cytotoxicity on MCF-7 human breast cancer cells.

2. Planning (methodology) of research
1. Preparation of plant extract.

2. Green synthesis of ZnO nanoparticles.
3. Physicochemical characterization.

4. In vitro cytotoxicity assessment.

3. Materials and methods

The study utilized an extract of Scutellaria Iscan-
deri L. for the green synthesis of zinc oxide nanoparticles
synthesized via a green synthesis approach using the
aforementioned plant extract.

The reducing and stabilizing role of the extract is
attributed to its high content of phytochemicals, mainly
flavonoids and phenolic acids, which act as reducing
agents by converting Zn** ions into ZnO nanoparticles,
while simultaneously adsorbing on the nanoparticle sur-
face and preventing agglomeration, thereby serving as
natural stabilizers.

For atomic force microscopy (AFM), nanoparti-
cles were immobilized on atomically smooth substrates.
Depending on the analysis objective, mica, graphite, and
polymer films were primarily used. These materials are
traditionally preferred in AFM studies due to their flat
surface topography and compatibility with high-resolu-
tion imaging.

To obtain detailed information about the surface
characteristics of the nanoparticle samples, scanning
electron microscopy (SEM) was employed. The JSM-
IT210 model from JEOL (Japan) is one of the modern
SEM systems widely used for the analysis of nanoscale
materials, including nanoparticles. This instrument al-
lows for high-resolution imaging of nanoparticle mor-
phology and their distribution within various matrices or

on material surfaces. For SEM analysis, samples were
prepared by depositing a thin conductive layer onto a
substrate, followed by moisture removal and fixation of
the sample on the specimen holder [2, 18].

To determine surface charge, nanoparticle distri-
bution in solution, and colloidal stability, dynamic light
scattering (DLS) was used. This technique is based on
the scattering of a laser beam by particles or macromole-
cules in a liquid medium due to their Brownian motion.

An initial stock solution of the ZnO nanoparticles
was prepared by dissolving 10 mg of powder in 10 mL
of distilled water, with continuous stirring until a homo-
geneous solution was achieved. The resulting disper-
sion was filtered through a 0.45 yum membrane to re-
move any insoluble particles or aggregates. The filtered
samples were then transferred into specialized plastic
cuvettes for DLS analysis, ensuring minimal air bubble
formation. Prior to measurement, the samples were in-
cubated at room temperature for 30 minutes to allow
stabilization. Measurements were performed using a
Potocor Compact DLS analyzer, calibrated in accor-
dance with the manufacturer’s guidelines. Each sample
was analyzed at a fixed temperature (typically 25°C),
with a minimum of three replicates to ensure statistical
relevance. Particle size and size distribution were deter-
mined based on the analysis of the recorded light scat-
tering data [19, 20].

In this study, the cytotoxicity experiment was per-
formed only once using technical replicates, and there-
fore no formal statistical analysis (such as ANOVA or
Student’s t-test) was carried out. The results were pre-
sented as preliminary findings to demonstrate the
dose-dependent reduction in cell viability. Future work
will include additional experiments with biological repli-
cates and comprehensive statistical evaluation to provide
more robust and comparable results.

4. Results

To further investigate our zinc oxide nanoparti-
cle-containing substance, it was appropriate to study the
shape and size of the formed nanoparticles. As part of
this study, microscopic images of the substance contain-
ing zinc oxide nanoparticles were obtained using atomic
force microscopy (AFM). The resulting images are pre-
sented in Fig. 1.

Fig. 1 shows a 3D image of the surface ultrastruc-
ture with molecular resolution, captured in real time un-
der physiological conditions.

The scan profile, 49.8 nm in length with a resolu-
tion of 144 points, revealed nanoparticles with variable
height ranging from approximately 40 to 120 nm, indicat-
ing significant surface topography fluctuations. The
maximum peak height reached ~225 nm, as indicated by
the color scale in the 3D visualization (Fig. 2).

Such morphological heterogeneity may reflect a
high specific surface area and reactivity, suggesting a
strong potential for interactions with biomolecules and
other substances — features that are highly desirable in
the development of nanomaterials for biomedical, cata-
lytic, and sensor applications.
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Fig. 1. Microscopic analysis of zinc oxide nanoparticles synthesized
using Scutellaria Iscanderi L. extract by atomic force microscopy (AFM)
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Fig. 2. AFM image of zinc oxide nanoparticles. Analysis of particle morphology, length, and width within the tested substance

According to the analysis, the predominant size of
zinc oxide nanoparticles synthesized via green synthesis
using Scutellaria Iscanderi L. extract was 25 nm (repre-
senting 75% of the particles), while the main size distri-
bution ranged from 25 to 120 nm (25%).

Subsequently, the substance was analyzed using
dynamic light scattering (DLS) with a Potocor Compact
analyzer.

To characterize particle size variability, the
polydispersity index (PdI) was calculated. This parame-
ter reflects the width of the particle size distribution:

PdI <0.1 —narrow distribution, high monodispersity;

0.1 <PdI < 0.3 — moderate polydispersity;

PdI > 0.3 — broad distribution, high polydispersi-
ty (Fig. 3).

The histogram shows that ZnO nanoparticles ranged
in size from 25 to 150 nm, with an average diameter of
approximately 40 nm. The even distribution pattern sug-
gests good dispersion and minimal aggregation. This ef-
fect is likely due to the stabilizing role of phytochemicals
present in the Scutellaria Iscanderi L. extract used during
green synthesis. The X-axis represents particle size in
nanometers (nm), while the Y-axis reflects the intensity of
scattered light or the relative particle count. Low intensity
in the region below 50 nm suggests the presence of minor
small-size fractions. A PdI value of 0.3 indicates a relative-
ly narrow and well-controlled size distribution.

To further assess particle morphology, scanning
electron microscopy (SEM) was employed. This high-res-
olution technique enables detailed visualization of parti-
cle shape and distribution on the sample surface, provid-
ing critical insights into the physicochemical properties
of the nanoparticles.

The image clearly reveals nanoparticles with a
predominantly spherical morphology, indicating uniform
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shape distribution and characteristic structural features
of ZnO synthesized via green methods (Fig. 4).

The spectrum reveals distinct peaks correspond-
ing to zinc, confirming the successful formation of zinc
oxide nanoparticles. Minor elements such as C, Na, Mg,
Al Si, Cl, K, and Ca were also detected, most likely due
to residual phytochemicals from the Scutellaria Iscan-
deri L. aqueous extract used during green synthesis.
Since the nanoparticles were not purified prior to analy-
sis, these trace elements remained present in the sam-
ple (Fig. 5).

The findings confirm the feasibility of using
Scutellaria Iscanderi L. extract in the biosynthesis of
ZnO nanoparticles. Based on EDX analysis, the zinc
content in the substance was determined to be 6.87% by
mass, which is consistent with the expected composition
of biosynthesized ZnO nanomaterials.

In vitro evaluation of the cytotoxicity of the zinc
oxide nanoparticle-containing substance. In vitro studies
were carried out to assess the acute toxicity of the sub-
stance containing zinc oxide nanoparticles using the
MCEF-7 cell line (human breast adenocarcinoma). MCF-7
breast adenocarcinoma cells were selected because breast
cancer is the most prevalent malignancy in women
worldwide, and this cell line is one of the most validated
and reproducible in vitro models for evaluating antican-
cer activity of nanoparticles. The experiments were con-
ducted at the “Scientific Laboratory of Innovative Phar-
maceutical Compounds” of the Tashkent Pharmaceutical
Institute. At the initial stage, the MCF-7 cells were cul-
tured for 2-3 days until the required confluency was
achieved. Subsequently, the cells were seeded into
96-well plates at a density of 10,000 cells per well and
incubated for 24 hours to allow for proper adhesion and
recovery under standard incubator conditions (Fig. 6).
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Fig. 3. DLS histograms of ZnO nanoparticle size distribution: a — full size range from 25 to 150 nm;
b — predominant fraction centered at ~40 nm; ¢ — distribution curve demonstrating Pdl = 0.3, indicating moderate
monodispersity and good colloidal stability

Fig. 4. SEM micrograph of zinc oxide nanoparticles

To evaluate the cytotoxic effect of the ZnO nanopar-
ticles, a series of test solutions was prepared. The stock
solution (5 mg/mL) was initially dissolved in distilled water.
Serial dilutions were then performed to obtain intermediate
concentrations of 2.5 mg/mL, 1.0 mg/mL, 0.5 mg/mL, and
0.25 mg/mL. Each solution was subsequently diluted 1:100
in culture medium (DMEM supplemented with 10% FBS

and 1% antibiotics) to achieve final working concentrations
of 500, 250, 100, 50, and 10 pg/mL, respectively (Fig. 7).
After a 24-hour preincubation period, the culture
medium was replaced with fresh medium containing the
corresponding concentrations of the test substance. The
plates were then incubated for an additional 24 hours to
allow the compound’s effects to manifest. Following in-
cubation, the medium was removed and CCK-8 reagent
diluted in PBS was added to each well. The plates were
further incubated for 3 hours under standard condi-
tions (37 °C, 5% CO,) to assess cell viability (Fig. 8).
After incubation with the CCK-8 reagent, optical
density was measured using an ELISA microplate reader
(Model: ELMR-112) at the wavelength recommended by
the kit manufacturer. The experimental data were ana-
lyzed to determine the IC,, value — the concentration at
which cell viability is reduced by 50%. The selected
concentration range was based on data from previous
studies of similar substances. The IC, value for MCF-7
cells treated with the zinc oxide nanoparticle-containing
substance was determined to be 126.4 pg/mL. A signifi-
cant dose-dependent reduction in cell viability was ob-
served: at 25 pg/mL, viability was reduced by approxi-
mately 25%, and at 50 pg/mL — by around 30% (Fig. 9).
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Fig. 5. SEM-EDX spectra of ZnO nanoparticles: a — overall spectrum highlighting Zn peaks; b — spectrum region for
light elements (C, Na, Mg); ¢ — spectrum region for intermediate elements (Al, Si, Cl); d — spectrum region showing K

and Ca, likely from residual plant-derived compounds
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Fig. 8. Results of cell viability assessment of MCF-7 cells using the CCK-8 assay
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Fig. 9. Cytotoxicity analysis of the zinc oxide
nanoparticle-containing substance on the human breast

cancer cell line MCF-7
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The IC,, value for the zinc oxide nanoparti-
cle-based substance was determined to be 126.4 ug/mL,
with a clear dose-dependent decrease in cell viability
observed as the concentration increased.

5. Discussion

In the present study, zinc oxide nanoparticles
(ZnO NPs) were synthesized via a green route employing
an aqueous extract of Scutellaria Iscanderi L., yielding
predominantly spherical particles with nanoscale disper-
sion. Atomic force microscopy (AFM) and scanning
electron microscopy (SEM) revealed spherical morphol-
ogies with a dominant fraction of ~ 25-40 nm, while
dynamic light scattering (DLS) indicated a mean hydro-
dynamic diameter of approximately 40 nm and an overall
distribution range of 25-150 nm. The close agreement
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between the microscopic (AFM/SEM) and hydrodynam-
ic (DLS) size values is characteristic of plant-mediated
synthesis protocols, in which phytochemical constituents
facilitate the formation of stable, well-dispersed spheri-
cal nanoparticles on the scale of several tens of nanome-
ters [2]. The polydispersity index (PdI = 0.3) observed in
this work reflects moderate size uniformity and satisfac-
tory colloidal stability of the suspension. In the context of
green synthesis, such PdI values are frequently associat-
ed with phytomolecule capping, wherein plant-derived
biomolecules function simultaneously as reducing and
stabilizing agents, suppressing aggregation and improv-
ing dispersion stability in aqueous media. This stabiliza-
tion mechanism likely underlies the morphological repro-
ducibility achieved here despite the simplicity of the
synthesis protocol [21]. SEM—EDX elemental mapping
confirmed zinc as the primary constituent, accompanied
by trace elements (C, Na, Mg, Al, Si, Cl, K, Ca). These
minor components are most plausibly residual bioorganic
and mineral compounds originating from the S. Iscan-
deri extract — such as loosely bound polyphenols, sugars,
and ions — which may alter surface properties, including
protein adsorption capacity and zeta potential, and there-
fore influence biological interactions. Similar elemental
profiles have been reported for other unpurified plant-me-
diated ZnO NPs [22].

In vitro testing on the MCF-7 human breast adeno-
carcinoma cell line demonstrated a clear dose-dependent
cytotoxic effect, with an IC_; value of 126.4 ug/mL. The
literature consistently indicates that ZnO NP-induced cy-
totoxicity is primarily mediated through overproduction of
reactive oxygen species (ROS), disruption of mitochondri-
al function, activation of caspases, and induction of apop-
totic pathways — mechanisms well-documented for both
chemically and biogenically synthesized ZnO NPs. In
some reports, phytochemical surface coatings attenuate
direct nanoparticle-membrane interactions, shifting
IC,, values towards higher concentrations relative to chem-
ically synthesized analogues [19].

The degree of consistency between our results and
those reported in similar international studies is substan-
tial. For instance, Mongy and Shalaby (National Re-
search Centre, Cairo, Egypt) reported biosynthesized
ZnO NPs using Rhus coriaria fruit extract with an aver-
age size of approximately 20.5 nm and a clear dose-de-
pendent cytotoxicity toward both MCF-7 and MDA-
MB-231 cells, with IC, values in the range of
35.0-44.9 pg/mL for MCF-7 and 55.5-63.7 pg/mL for
MDA-MB-231 [20]. Comparable systems have also been
developed internationally, such as ZnO NPs synthesized
from Camellia sinensis extracts by Mandal and col-
leagues (Tribhuvan University, Nepal, in collaboration
with Indian research centers) [23], and from Pelargonium
odoratissimum by Abdelbaky et al. (Assiut University,
Egypt) [21]. In addition, Anjum et al. (Quaid-i-Azam
University, Islamabad, in collaboration with Indian insti-
tutions) reviewed the applications of ZnO NPs for cancer
diagnosis and therapy [19]. These studies highlight the
ongoing exploration of topical oncological, antimicrobial,
wound-healing, and anticancer applications of green-syn-
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thesized ZnO nanoparticles across different scientific
centers. Nevertheless, reported IC,, values vary widely,
which may be explained by differences in phytochemical
composition of the plant extract, post-synthesis purifica-
tion, nanoparticle aggregation behavior, and methodolog-
ical variations in cytotoxicity assays. Such discrepancies
emphasize the urgent need for standardized synthesis
protocols, purification steps, and biological testing meth-
ods to enable reproducible and comparable results across
laboratories.

Practical relevance. The practical relevance of
this work lies in the potential translation of S. Iscan-
deri-derived ZnO NPs into topical or localized antican-
cer therapies. Their demonstrated nanoscale size, stabil-
ity, and cytotoxicity profile make them promising
candidates for incorporation into gels, ointments, or
wound dressings designed for the management of super-
ficial malignant lesions, where controlled local release
can minimize systemic exposure and reduce side ef-
fects. Importantly, the potential scope of application is
not limited to oncology; these nanoparticles could also
be adapted for antimicrobial coatings, wound-healing
formulations, and dermatological treatments, expand-
ing their pharmaceutical utility. The inherent phyto-
chemical coating from S. Iscanderi may confer addi-
tional bioactivity and biocompatibility, offering an
advantage over purely chemically synthesized ZnO NPs.
The environmentally benign nature of the synthesis
further enhances its appeal for pharmaceutical manu-
facturing, aligning with sustainable production princi-
ples and reducing regulatory concerns associated with
toxic reagents.

Research limitations. Nevertheless, several lim-
itations should be acknowledged. The cytotoxicity evalu-
ation was restricted to a single cancer cell line (MCF-7),
without inclusion of normal, non-malignant cells, thereby
precluding selectivity analysis and therapeutic index de-
termination. The nanoparticles were not subjected to
rigorous post-synthetic purification, leaving residual or-
ganic and mineral components that could influence both
physicochemical properties and biological effects. Mech-
anistic pathways underlying cytotoxicity — such as reac-
tive oxygen species (ROS) generation, mitochondrial
membrane depolarization, and caspase-mediated apopto-
sis — were not directly assessed, limiting mechanistic in-
terpretation. Finally, the absence of in vivo pharmacoki-
netic, biodistribution, and toxicity studies constrains the
translational scope of these findings.

Prospects for further research. Future research
should address these gaps by performing parallel testing
on malignant and non-malignant cell lines to determine
selectivity; conducting mechanistic assays to quantify
ROS levels, mitochondrial potential changes, and apopto-
sis-related protein expression; optimizing synthesis pa-
rameters to improve uniformity and reproducibility; and
implementing preclinical in vivo studies to evaluate
safety, biodistribution, and therapeutic efficacy. Such
efforts will be essential to move this promising green-syn-
thesized nanomaterial toward clinical applicability and
integration into modern pharmaceutical systems.
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6. Conclusion

Based on a comprehensive physicochemical anal-
ysis, the zinc oxide nanoparticle-containing substance
synthesized using the extract of Scutellaria Iscanderi L.
exhibited stable spherical morphology and nanoscale di-
mensions. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) revealed that the parti-
cle sizes predominantly ranged from 40 to 120 nm, with
a homogeneous structure and well-defined spherical
shape. Dynamic light scattering (DLS) further con-
firmed the colloidal stability of the nanoparticles in sus-
pension, showing a size distribution from 25 to 150 nm
with a mean diameter of approximately 40 nm, consistent
with SEM data. These characteristics indicate that the
material is highly reproducible and suitable for biomedi-
cal applications. The cytotoxic activity was evaluated in
vitro using the MCF-7 breast cancer cell line, revealing a
significant dose-dependent decrease in cell viability,
with an IC, value of 126.4 pg/mL.

The observed inhibitory effect of ZnO nanoparti-
cles may involve multiple mechanisms, including oxida-
tive stress, ROS generation, disruption of membrane in-
tegrity, and imbalance of intracellular homeostasis,
which together can trigger apoptosis in cancer cells.
However, ROS induction is not the only mechanism of

anticancer action and excessive ROS may also affect
healthy tissues. Therefore, further studies — including
ROS quantification, antioxidant rescue assays, and selec-
tivity testing on non-malignant cells — are necessary to
clarify the therapeutic window [26-28].

Thus, the findings indicate the promising poten-
tial of the tested substance as a candidate for further
preclinical evaluation in the field of anticancer nanoth-
erapeutics.
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