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Abstract

ACKGROUND: Conventional breast cancer treatment faces a lot of challenges due to treatment resistance and
undesirable side effects. Oxidative stress pathway is involved in the response of cancer cells to chemotherapeutic
agents and nanomaterials, which is usually related to alteration of malondialdehyde (MDA), tumor protein p53
(TP53), and Cyclooxygenase-2 (COX-2). Methotrexate (MTX) has been proved to have anticancer effect, but its clinical use
is limited. Associating it with zinc oxide (ZnO) could offer a means of enhancing the cellular effects of MTX. This study was
conducted to synthesize MTX—-ZnO nanoparticles (NPs) and evaluate their antiproliferative activity, oxidative stress, and
TP53 and COX-2 gene expression in MCF7 breast cancer cells.
METHODS: MTX-ZnO NPs were synthesized and characterized using UV—Vis spectroscopy, dynamic light scattering, zeta
potential analysis, scanning electron microscopy, and X-ray diffraction analysis. The MTT assay was used to evaluate the
cytotoxic activity against MCF7 cells, enzyme-linked immunosorbent assay (ELISA) to evaluate MDA level, and quantitative
real-time polymerase chain reaction (PCR) to evaluate 7P53 and COX-2 expressions.
RESULTS: The synthesized MTX-ZnO NPs exhibited average hydrodynamic diameter of 56.8 nm, zeta potential of —21.9
mV, and predominantly spherical morphology. MTX—ZnO NPs showed a concentration dependent cytotoxicity, reducing
MCF7 cell viability from 91% to 51%. Treatment with MTX—ZnO NPs resulted in increase of MDA levels (16.8 uM vs.
3.4 uM), suggesting the improvement of lipid peroxidation and oxidative stress after MTX—ZnO NPs treatment. In addition,
TP53 expression increased from approximately 1.5-fold to 10.5-fold and COX-2 expression increased from approximately
3-fold to 57-fold.
CONCLUSION: MTX-ZnO NPs exhibited antiproliferative effects on MCF7 breast cancer cells and were associated with
increased oxidative stress and upregulated 7P53 and COX-2 expression. The results indicate the potential of MTX-ZnO NPs
in breast cancer treatment researches.
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breast cancer therapy are chemotherapy, endocrine therapy,

Introduction

Breast cancer remains one of the leading causes of cancer-
related death for women worldwide, despite advancements
in its treatment. Current treatment options available for

429

targeted therapy and radiotherapy; however these modalities
face a lot of challenges due to resistance to treatment and its
toxic side-effects.(1-3) Oxidative stress is associated with
the molecular pathways involved in the response of cancer
cells to chemotherapeutic agents and nanomaterials, and

Copyright © 2026 The Prodia Education and Research Institute. @ ® @
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC-BY-NC) License. BY NG



DOI: 10.18585/inabj.v18i5.4330

in cell-cycle arrest, DNA repair, senescence and apoptosis
of cancer cells. Oxidative stress is usually marked by the
alteration of malondialdehyde (MDA). This pathway also
involves tumor protein p53 (TP53), a tumor suppressor
gene that may be regulated under oxidative stress, and
Cyclooxygenase-2 (COX-2), which is associated with
inflammatory and stress-related signaling pathways. TP53
and COX-2 both play a role in cellular stress response, but
in different regulatory pathways.(4)

Methotrexate (MTX) is a chemotherapy and anti-
metabolite agent used to treat several types of cancer by
stopping cells from using folic acid to make and repair
DNA. Though it has been proven to have anticancer effect,
its clinical use is restricted due to its non-specific toxicity
and limitations in drug delivery.(1-3) The zinc oxide (ZnO)
nanoparticles (NPs) are considered as a promising carrier
platform because of the surface functionality and biological
properties. Therefore, the interaction of MTX and ZnO
might enhance the interactions between MTX and cells
compared to the free MTX. To understand the cellular
response to MTX—ZnO NPs treatment, it is necessary to
evaluate oxidative stress and cellular damage of the cancer
cell.

MCF7 is a widely used breast cancer model cell line
to assess the cellular response of cancer therapy. Several
previous studies reported the effect of MTX-ZnO NPs
on MCF7 cells, however the response of these cells to
continuous 72 h exposure, and the relationship between
the concentration-dependent cell viability, MDA levels, as
well as 7P53 and COX-2 gene expressions have not been
fully characterized as of yet.(5,6) Thus, this study was
to conducted to synthesize and characterize MTX-ZnO
NPs and assess its concentration-dependent effects on the
viability of the MCF7 cells, MDA levels, and 7P53 and
COX-2 expressions after 72 h exposure.

Methods

MTX-ZnO NPs Preparation

Carbodiimide mediated coupling procedure was used to
prepare the MTX-associated ZnO NPs (further referred
to MTX-ZnO NPs).(7) Briefly, a suspension of ZnO
NPs was mixed with MTX in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer and then
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
was used as a coupling agent. The reaction mixture consisted
of 800 uL of ZnO NP suspension, 50 mM HEPES buffer, 5
mM EDC and MTX at 3 mg/mL, which resulted in final
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volume of 1 mL. The reaction mixture was shaken gently at
30°C for 5 h for the MTX interaction with the surface of the
ZnO NPs to take place.(8)

After the association process, MTX-ZnO NPs were
centrifuged at 10,000 rpm for 10 min and washed several
times with deionized water to remove the free drug
molecules and reagents. The resulting MTX-ZnO NPs were
then resuspended in sterile deionized water and kept at 4°C
for further physicochemical characterization and biological
evaluation.(9)

Physicochemical Characterization of MTX-ZnO NPs
The hydrodynamic size distribution of MTX-ZnO NPs was
obtained by dynamic light scattering (DLS) and the zeta
potential was investigated by electrophoretic light scattering
using a Zetasizer Nano ZS instrument (Malvern Instruments
Ltd., Malvern, UK).(10) Meanwhile, the optical properties
of the synthesized MTX-ZnO NPs were evaluated by
UV-visible (UV-Vis) spectroscopy and the changes in the
spectra due to the incorporation of MTX were assessed.
(11) A UV-Vis spectrophotometer was used to record the
spectra in the range of 200-800 nm. The prepared MTX-
ZnO NPs were analyzed by the X-ray diffraction (XRD)
analysis, which was carried out in a 20 scanning range of
10-80°. Morphological characteristics were studied using
scanning electron microscopy (SEM) and Particle size was
determined from SEM micrographs by measuring several
representative particles from SEM micrograph image using
image analysis software, Image J (National Institute of
Health, Bethesda, MD, USA).(12)

Cell Culture

The human breast adenocarcinoma cells, MCF7 were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM) with 10% fetal bovine
serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin and were grown at 37°C in a humidified
atmosphere with 5% CO, and were routinely subcultured to
ensure exponential growth throughout the experiment.

Cytotoxicity by MTT Assay

MTT colorimetric assay was used to evaluate the cytotoxic
effects of MTX and MTX-ZnO NPs against MCF7
cells.(14) The cells were seeded at 4 x 10* cells/mL into
96-well plates and allowed to attach overnight. After cell
attachment, cells were treated with 50 ng/mL free MTX
or MTX-ZnO NPs at various concentrations of 3.12, 6.25,
12.5, 25, 50 ng/mL and were cultured for 72 h. The sham
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group was provided with the same vehicle without MTX
and ZnO nanoparticles.

The culture medium was then replaced with MTT
solution (2.5 mg/mL) following treatment.(15) Plates were
again incubated for an additional 4 h in darkness at 37°C for
the formation of formazan crystals in the cells. The MTT
solution was then removed, and the formazan crystals were
dissolved in dimethyl sulfoxide (DMSO). The absorbance
value was determined at 492 nm with a microplate reader.
The viability of cells was determined by the following
formula (16): Cell Viability (%) = (Absorbance of treated
cells / Absorbance of control cells) x 100. All experiments
were repeated three times, and the results are expressed as
a percentage of untreated control cells. After each treatment
condition, the analysis was made in three replicate wells.

Determination of MDA Levels

After treatment, the cell lysates were prepared to assess the
intracellular oxidative stress by measuring MDA levels,
an accepted marker of lipid peroxidation.(16) The MDA
concentration was detected using MDA (Malondialdehyde)
ELISAKit(Cat. No. E-EL-0060; Elabscience Biotechnology
Inc, Wuhan, China) following the manufacturer's
instruction.(17) The kit has detection range of 31.25-2000
ng/mL and sensitivity of 18.75 ng/mL. Absorbance was
read on a microplate reader and the concentrations of
MDA were determined on a standard calibration curve. All
measurements were repeated three times.

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (PCR)

Total RNA was isolated from cancer MCF7 cells and
untreated MCF7 cells using TRIzol reagent, following
manufacturer's instructions.(18) Before complementary
DNA (cDNA) synthesis, the purity and concentration of
the isolated RNA was determined spectrophotometrically.
Total RNA was reverse transcribed with oligo (dT) primers
and cDNA was obtained.(19) This was followed by the
quantitative real-time PCR, which was carried out using the
SyBR Green chemistry technique on an ABI StepOnePlus
Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA).
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The expression of each 7P53 and COX-2 was
normalised to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as a housekeeping gene.(20) The relative gene
expression was determined with comparative threshold
cycle (224¢Y) method. All reactions were performed in
triplicate. Primer sequences of 7P53, COX-2, and GAPDH
were listed in Table 1.

Statistical Analysis

Data were analyzed using GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA).(21) One-way
analysis of variance (ANOVA) was employed and the
Dunnett’s post hoc test was used for the differences among
experimental groups.(22) A p<0.05 was deemed statistically
significant.

Results

Physicochemical Characterization of MTX-ZnO NPs
The nanoscale particles formed have relatively uniform
particle size distribution, as shown by the DLS analysis
(Figure 1A) with an average hydrodynamic diameter of
56.8 nm (Table 2). The electrostatic repulsion between the
particles provides moderate colloidal stability and the zeta
potential is measured as —21.9 mV (Figure 1B).

The characterization of MTX-ZnO NPs using
UV-Vis absorption spectrum showed the characteristic
absorption band at around 341 nm (Figure 1C) indicative
of the optical properties of the prepared MTX-ZnO NPs.
The XRD pattern of the prepared nanoparticles revealed
the characteristic peaks of ZnO (Figure 1D), confirming the
crystallinity of the synthesized nanoparticles. The diffraction
peaks were found at around 31.7°, 34.4°, 36-38°, 47.5°,
56.5°,62.8°, 66.3° and 72.5° which were in good agreement
with the characteristic reflections of hexagonal wurtzite
ZnO. The diffraction pattern obtained was consistent with
the previously reported hexagonal wurtzite ZnO and no
additional impurity peaks were observed.
obtained by SEM
predominantly spherical nanoparticles of size about 55

The micrographs showed

to 58 nm (Figure 1E). SEM analysis showed the average

Table 1. Sequences of primers used for quantitative real-time PCR.

Gene Forward Primer (5-3) Reverse Primer (5-3)
TP53 ACAGCGTGGTGGTACCGTAT GGAGCTGTTGCACATGTACT
COX-2 AGCTTGTGTGTGAGTGGTAG TGAGAGATGGGCTGTTGTGT
GAPDH AAGTTCAACGGCACAGTCAAGG CATACTCAGCACCAGCATCACC
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Figure 1. MTX-ZnO NPs physicochemical characterization. A: DLS
size distribution of MTX-ZnO NPs. B: Zeta potential distribution of
MTX-ZnO NPs. C: UV-Visible absorption spectrum of MTX-ZnO
NPs. D:  XRD pattern of of hexagonal wurtzite MTX-ZnO NPs. E:
Original SEM micrograph results of MTX-ZnO NPs.
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particle size of approximately 56.50 nm which was in
good agreement with the hydrodynamic diameter obtained
from DLS analysis, indicating the presence of relatively
homogenous population of nanoparticles.

MTX-ZnO NPs Reduced MCF7 Cell Viability in a
Concentration-dependent Manner

The effect of free MTX and MTX-ZnO NPs on the viability
of MCF7 breast cancer cells after 72 h of treatment was
assessed, and it was observed that the viability rate of MCF7
cells was close to 100% and was significantly higher than
the viability rate of the sham treated cells (97%) in either
case (p<0.05). Meanwhile, 50 ng/mL free MTX treatment
led to cell viability of around 60% (Figure 2).

MTX—ZnO NPs caused a dose-dependent decrease in
cell viability. Cell viability values were approximately 91%,
86%, 70%, 60%, and 51% following treatment with 3.12,
6.25,12.5, 25, and 50 ng/mL MTX-ZnO NPs, respectively.

Table 2. Particle size measurements.

Measured Particle Diameter (nm)
D1 57.30
D2 55.50
D3 56.70
Average 56.50

D1, D2 and D3 are three measurements of the
diameter of individual nanoparticles taken from
the SEM image.
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Figure 2. Viability of MCF?7 cells after treatment for 72 h with
MTX and MTX-ZnO NPs. Data are shown as mean+SD (n =
3). One-way ANOVA was carried out and Dunnett's test used for
statistical analysis. Significant differences (»<0.05) are shown by
different letters.

The results revealed that the viability of cells treated with
MTX-ZnO NPs was comparable to the control group at
concentrations of 3.12 and 6.25 ng/mL, while significant
decreases were observed at 12.5 ng/mL and higher (p<0.05).
Cells treated with 50 ng/mL of MTX-ZnO NPs had the
lowest viability, significantly different from the low-dose
and control groups. The results indicated that MTX-ZnO
NPs showed a dose-dependent antiproliferative effect
against the MCF7 breast cancer cells.

MTX-ZnO NPs Treatment Increased MDA Levels in
MCF7 Cells

The low concentrations of MDA in the untreated cells and
the sham-treated cells (approximately 3.4 uM and 3.0 uM,
respectively) showed no significant difference between the
two groups. The MDA was found to be significantly elevated
with treatment of free MTX to about 12.0 uM. When treated
with 50 ng/mL MTX-ZnO NPs, the increase was further
observed with the concentration of MDA reaching about
16.8 uM (Figure 3).

From the results of the statistical analysis, it was
concluded that there was significant difference between
the MTX and MTX-ZnO NPs treatments and the untreated
control group in terms of MDA. Furthermore, the group
treated with MTX—ZnO NP had significantly higher MDA
levels than the MTX treated group (p<0.05), indicating
the lipid peroxidation was more significantly increased as
a result of the drug delivery by ZnO NPs. These findings
suggest that the increase in MDA accumulation might be a
result of increased oxidative stress response in MCF7 cells
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when exposed to MTX-ZnO NPs than when treated with
free MTX.

MTX-ZnO NPs Treatment Increased 7P53 Expression
in MCF7 Cells

Cellular response to MTX and MTX-ZnO NPs treatment
was evaluated by measuring the relative expression of 7P53
using real-time PCR. Low basal 7P53 levels (around 1.5-
fold) were observed in both MCF7 cells and sham-treated
cells and no difference was detected between these groups.
Treatment with 50 ng/mL free MTX led to a significant
up-regulation of 7TP53 expression (~8.5-fold relative
expression). In cells treated with 50 ng/mLMTX-ZnO NPs,
a further increase was observed with expression of 7P53
reaching ~10.5-fold (Figure 4).

Two treatments of MTX and MTX—ZnO NPs were
significantly different from the untreated and sham-treated
groups in terms of 7P53 expression. Although the elevated
expression of 7P53 was observed in the MTX-ZnO NP-
treated group when compared to MTX-treated group,
the difference between the two treatment groups was not
statistically significant. The results suggest that free MTX
and MTX-ZnO NPs may trigger 7P53-associated cellular
stress pathways with the highest 7P53 expression was
observed in the MTX-ZnO NP group.

MTX-ZnO NPs Treatment Increased COX-2 Expression
in MCF7 Cells

To assess the effect of MTX and MTX-ZnO NPs treatment
on the gene expression in MCF7 cells, the relative expression
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Figure 3. MDA levels in MCF7 cells after treatment with MTX
and MTX-ZnO NPs. Data are shown as mean=SD (n = 3). One-
way ANOVA and Dunnett's post hoc analysis was carried out.
*p<0.05, **p<0.01, ****p<0.0001; n.s.: not significant.



DOI: 10.18585/inabj.v18i5.4330

151 Hk n.s. Heokok

104 ‘—H_

Relative P53 Expression

0 d
@C){{\ &*’ @2"9 g,‘ﬂ@&
f\}\
©
Figure 4. The relative TP53 gene expression in the MCF7
cells treated with MTX and MTX-ZnO NPs. Data are shown
as meantSD (n = 3). One-way ANOVA and Dunnett's post hoc

analysis was carried out. *p<0.05, **p<0.01, ***p<0.001; n.s.: not
significant.

of COX-2 was quantified. There was no significant
difference between untreated MCF7 cells and sham-treated
cells with the expression level of COX-2 being similarly low
in both cell groups. Treatment with 50 ng/mL free MTX
significantly raised COX-2 expression to ~ 36-fold relative
expression. Cells treated with 50 ng/mL MTX-ZnO NPs
showed an additional increase in the expression of COX-2
as ~57-fold increase in relative expression (Figure 5).

The treated and untreated groups were found to be
significantly different. MTX and MTX-ZnO NPs treatments
significantly up-regulated the COX-2 expression compared
to the MCF7 and sham treated groups. COX-2 expression
was higher in the MTX-ZnO NP-treated group when
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Figure 5. The relative COX-2 gene expression in the MCF7
cells treated with MTX and MTX-ZnO NPs. Data are shown

as mean+SD (n = 3). One-way ANOVA and Dunnett's post hoc
analysis was carried out. *p<0.05, ***p<0.001; n.s.: not significant.
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compared to the MTX-treated group, but expression levels
in both treatment groups were not statistically different. The
highest COX-2 expression was observed in the MTX-ZnO
NPs experimental group.

Discussion

NP-based drug delivery systems have emerged as promising
systems to enhance the therapeutic activity of conventional
anticancer drugs while reducing unwanted side effects in the
systemic circulation.(23) MTX—ZnO NPs were successfully
synthesized and characterized in the present study and the
biological activity of NPs was investigated against MCF7
breast cancer cells.(24) The results showed that MTX-ZnO
NPs had suitable physicochemical properties and were
found to have concentration-dependent antiproliferative
activity along with increased expression of 7P53 and COX-
2 and increased levels of oxidative stress.(25)

The physicochemical characterization of the prepared
MTX-ZnO formulation showed its nanoscale properties.(26)
Dynamic light scattering showed an average hydrodynamic
diameter of 56.8 nm and SEM images indicated that the
majority of nanoparticles were spherical, with an average
size of about 56.50 nm. Results of the zeta potential of —21.9
mV showed that these particles had moderate colloidal
stability, while the absorption band at about 341 nm in the
UV-Vis spectra confirmed that the nanoparticles were being
formed.(27) The results are in line with the previous reports
on ZnO based nanocarriers as stable nanoscale materials
which possess physicochemical properties suitable for
biomedical applications.(28) In addition, the fairly uniform
particle sizes found in the current study may facilitate
nanoparticle—cell interactions.

The cytotoxicity results indicated that the MTX—
ZnO NPs caused the decline of cell viability of MCF7
cells in a concentration-dependent manner.(29) The
viability of the cells decreased gradually with increasing
concentrations of the nanoparticles up to about 51% at
the highest concentration used.(30) Cytotoxicity effects
have also been observed, depending on the concentration
of the nanomaterials, and are often explained by oxidative
stress, impaired mitochondrial function and activation
of cell death pathways in cancer cells. The antiproliferative
effect is therefore congruent with the emerging data on
the efficacy of the ZnO-based nanocarriers for anticancer
applications.(31)

The increase in MDA levels after the MTX-ZnO NP
treatment also highlights oxidative stress. MDA is regarded
as a marker of lipid peroxidation and oxidative damage to
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the cells.(32) The MDA level was significantly higher in
cells treated with MTX—ZnO NP than in untreated and free
methotrexate-treated cells, showing enhanced oxidative
stress after MTX-ZnO NP treatment.(33) The observations
are in line with other reports that ZnO nanoparticles cause
oxidative stress and overproduction of reactive oxygen
species (ROS), which results in cell damage.(34)

These gene expression data are also suggestive of
mechanisms of cellular stress. The expression of 7P53
increased significantly after treatment with both free MTX
and MTX-ZnO NPs with the highest expression observed
in the MTX-ZnO NPs treated group.(35) 7P53 plays a
critical role in regulating responses to DNA damage, cell-
cycle arrest and apoptosis during cellular stress.(36) The
expression of 7P53 was found to be higher in the MTX—
ZnO NP-treated group but it was not found to be statistically
significant when compared with the free MTX-treated
group.(37) The simultaneous rise in 7P53 expression and
MDA levels, however, as well as the drop in cell viability,
were indicative of activation of stress pathways following
NP treatment.

The expression of COX-2 was also significantly
COX-2 is
associated with inflammatory signaling; however, it has

elevated following treatment. commonly
been shown that it can be also induced by oxidative and
cellular stress.(38) The expression of COX-2 was found
to be up-regulated in both free methotrexate and MTX—
ZnO NP-treated groups when compared with untreated
control group.(39) The COX-2 expression was highest in
the MTX-ZnO NP-treated group, but was not statistically
different from free MTX.(40) The results indicate that the
up-regulation of COX-2 might be a stress response to MTX—
ZnO NP treatment.

Exposure to MTX-ZnO NPs was associated with
increased oxidative stress along with elevated expression of
TP53 and COX-2, and reduced viability of MCF7 cells. These
findings support the antiproliferative activity of MTX-ZnO
NPs and suggest an association between oxidative stress
and their biological effects. Further studies are needed to
elucidate the molecular mechanisms underlying the effect.

This study evaluated the effect of free MTX and
MTX-ZnO NPs in various concentration, however, there
is no control group of pure ZnO to allow the individual
effect of ZnO on the MTX-ZnO system. This should be
considered for future research to be included. There was
also no specific procedures performed to determine whether
there is interference in the MTT assay associated with the
use of these nanoparticles. Additionally, chemical proof of
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MTX association and quantitative drug loading efficiency
were not quantified. Protein-level assessment of TP53
and COX-2 and evaluation of additional inflammatory
mediators such as nuclear factor-kappaB (NF-«xB), tumor
necrosis factrot (TNF)-0, and prostaglandin E2 (PGE2)
were not performed and should be included in further
studies. The observed increase in MDA and gene expression
are associations with decreased cell viability and not direct
evidence of cytotoxicity. Further assays looking at activation
of pathways, apoptosis and ROS generation are needed to
determine the mechanism. Finally, the results are presented
in an in vitro model of MCF7 cells, so replication in other
experimental models might be useful.

Conclusion

The MTX-ZnO NPs were successfully synthesized and
characterized by nanoscale dimensions and favorable
physicochemical properties. MTX-ZnO NPs exhibited
concentration-dependent antiproliferative activity against
MCFT7 breast cancer cells accompanied by increased MDA
levels; upregulated 7P53 and COX-2 gene expressions were
also observed. These results suggest that the antiproliferative
effect of MTX-ZnO NPs might be associated with cellular
stress responses in cells and also to a decrease in the viability
of MCF7 cells. The results indicate the potential of MTX—
ZnO NPs in breast cancer treatment researches.
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