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Objective(s): Eugenol, a natural phenolic compound, exhibits diverse biological 
properties, including antimicrobial, antioxidant, anti-inflammatory, and anticancer 
activities. Magnesium oxide nanoparticles (MgONPs) have emerged as efficient 
nanocarriers for drug delivery due to their biocompatibility and stability. This 
study investigated the anticancer potential of free eugenol and eugenol-loaded 
MgONPs (MgONPs@Eugenol) against MDA-MB-231 human breast cancer cells.
Methods: MgONPs were synthesized and loaded with eugenol, followed by 
characterization using Fourier-transform infrared spectroscopy (FTIR) and X-ray 
diffraction (XRD), DLS, ZETA and Electron microscopy. The cytotoxic effects of free 
eugenol, bare MgONPs, and MgONPs@Eugenol were evaluated using the MTT 
assay in MDA-MB-231 cells and normal HUVEC cells. A scratch assay assessed cell 
migration, and gene expression analysis was conducted using qPCR to evaluate 
the expression of apoptosis-related (CASP3, CASP8, CASP9, Bcl-2) and oxidative 
stress-related genes (SOD2, CAT, GPx).
Results: The nanoparticles exhibited a crystalline structure with an average size 
of 215.2 nm, a polydispersity index (PDI) of 0.089, and a zeta potential of –15.48 
mV. The results demonstrated that MgONPs@Eugenol significantly enhanced 
cytotoxicity, reduced cell migration, and promoted apoptosis compared to 
free eugenol in MDA-MB-231 cells. These effects were associated with the 
upregulation of pro-apoptotic genes (CASP3, CASP8, CASP9) and gene expression 
of antioxidant enzymes (SOD2, CAT, GPx), alongside the downregulation of the 
anti-apoptotic gene Bcl-2.
Conclusions: Eugenol-loaded MgO nanoparticles exhibited superior anticancer 
activity compared to free eugenol, suggesting their potential as an effective 
nanocarrier-based therapeutic strategy for the treatment of breast cancer.
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INTRODUCTION
Breast cancer is one of the most frequently 

diagnosed cancers as well as one of the most 
leading causes of cancer-related deaths in women 
worldwide, posing a critical global health concern. 
Established treatment modalities, such as surgery, 
chemotherapy, radiotherapy, hormone therapy, 
and targeted therapy, have undergone substantial 
progress in recent years and have contributed 

to better disease management. Despite these 
advancements, breast cancer still accounts for one 
of the highest cancer-related mortality rates among 
women worldwide, particularly in cases involving 
aggressive subtypes or late-stage diagnosis, 
highlighting the urgent need for more effective and 
targeted therapeutic strategies to improve clinical 
outcomes (1).

Novel therapeutic strategies, such as 
nanoparticle-based drug delivery systems, have 
emerged as promising approaches for improving 

http://creativecommons.org/licenses/by/4.0/.
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the clinical outcomes of breast cancer treatment 
(2). These nanotechnology-driven platforms offer 
several advantages over conventional therapies, 
including enhanced drug stability, controlled 
release, and targeted delivery specifically to tumor 
cells with minimal effects on normal adjacent 
tissues. Consequently, they reduce systemic toxicity 
and minimize side effects, such as fatigue, nausea, 
vomiting, anemia, hair loss, immunosuppression, 
hepatotoxicity, nephrotoxicity, and cardiotoxicity 
(3, 4). Furthermore, nanoparticle-based systems 
improve the bioavailability, biodegradability, 
and therapeutic efficacy of anticancer agents, 
helping overcome drug resistance and non-
specific distribution, ultimately leading to better 
treatment responses and improved patient 
prognosis (5, 6). Nanoparticles also serve as 
carriers for various therapeutic substances, 
encompassing chemotherapeutic drugs, nucleic 
acids, proteins, peptides, and antibiotics (7). 
Naturally derived compounds have recently been 
reported to be delivered by various nanoparticles 
and have demonstrated potential for the treatment 
of various diseases such as neurodegenerative 
disorders (8-11), cardiovascular conditions (12, 
13), inflammatory diseases (14), neuroplastic 
diseases (15), and various types of cancers (16-
18). Eugenol  is a naturally occurring phenolic 
compound found in clove oils. Eugenol has 
traditionally been employed in dentistry to relieve 
tooth pain and in oral care products owing to its 
soothing effect. In recent years, there has been 
considerable interest in their potential therapeutic 
applications comprising antioxidant, antifungal, 
antibacterial, antiviral, analgesic, antiseptic, 
antiplatelet, anti-inflammatory, antiallergic, 
anti-swelling, antioxidant, antimutagenic, and 
anticancer properties (19-24). Moreover, its 
biological effects are attributed to its ability to 
modulate cellular signaling pathways and induce 
cell death in numerous cancer cell lines (25). 
Nevertheless, high doses of eugenol can be toxic, 
making dose regulation essential for clinical and 
pharmaceutical applications (24). Nanoparticles 
can be categorized into various types based on their 
values. For example, based on their composition, 
they can be classified into organic nanoparticles 
(such as liposomes, micelles, dendrimers, and 
polymeric nanoparticles), inorganic nanoparticles 
(nanoparticles lacking carbon are included 
as metal-based and metal oxide-based), and 
carbon-based nanoparticles. Metal oxide-based 

nanoparticles, such as silicon dioxide nanoparticles 
(SiO ₂ NPs), ferric oxide nanoparticles (Fe ₂ O ₃ 
NPs), zinc oxide nanoparticles (ZnO NPs), titanium 
dioxide nanoparticles (TiO₂ NPs), magnesium 
oxide nanoparticles (MgO NPs), and cerium oxide 
nanoparticles (CeO NPs) are formed through the 
combination of positively charged metal ions and 
negatively charged oxygen ions, resulting in stable 
ionic structures driven by strong electrostatic 
forces (26-28). Owing to their distinctive 
physicochemical characteristics, these materials 
are utilized in a wide range of fields including 
healthcare, agriculture, industry, engineering, and 
the environment (29). Among them, MgO NPs are 
highly versatile materials, can be synthesized using 
various methods, and have a unique nanostructure 
with features such as shape and size tunability, 
chemical and thermal stability, high surface area, 
biocompatibility, and biodegradability, which 
can be applied in various aspects of medicine, 
including the delivery of several anticancer agents 
(30, 31). Based on this knowledge, we conducted 
an in vitro study to evaluate the potential of MgO 
NPs as a carrier for eugenol, a naturally derived 
compound, and to assess the anticancer effects of 
this nanoformulated delivery system.

MATERIALS AND METHODS
Synthesis of Magnesium Oxide Nanoparticles (MgO 
NPs)

Magnesium oxide nanoparticles (MgO NPs) 
were synthesized through a controlled precipitation 
method using magnesium nitrate hexahydrate (Mg 
(NO₃) ₂·6H₂O) as the precursor. A 0.1 M solution 
of magnesium nitrate was prepared by dissolving 
2.56 g of Mg (NO₃) ₂·6H₂O in 100 mL of deionized 
water under constant magnetic stirring. Separately, 
a 0.4 M sodium hydroxide (NaOH) solution was 
obtained by dissolving 0.8 g of NaOH in 50 mL of 
distilled water. The NaOH solution was then added 
dropwise to the magnesium nitrate solution under 
continuous stirring to ensure uniform mixing and 
nucleation. The pH of the reaction medium was 
carefully adjusted and maintained at 11, as this is 
a critical parameter that significantly influences 
nanoparticle formation and morphology. Following 
pH adjustment, the reaction mixture was stirred 
for an additional 2 hours and heated to 70 °C to 
facilitate the formation of a white magnesium 
hydroxide (Mg (OH)₂) precipitate. The suspension 
was subsequently centrifuged at 10,000 rpm for 
10 minutes to collect the precipitate. The resulting 
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product was washed twice with ethanol and twice 
with distilled water to remove residual impurities. 
The purified precipitate was then dried in a vacuum 
oven at 100 °C for 6 hours. Finally, calcination 
was carried out at 500 °C for 4 hours in a muffle 
furnace to convert Mg (OH)₂ into crystalline MgO 
nanoparticles.

Eugenol loading into magnesium oxide nanoparticles 
MgO NPs were loaded with eugenol at a ratio 

of 2:1 and named as MgONPs@Eugenol. An 
appropriate amount of eugenol was dissolved in 1 
mL 96% ethanol by vortex mixing. This eugenol 
solution was then combined with the MgO NPs 
suspension and stirred in the dark at 800–1000 
RPM for 24 h to facilitate adsorption. Following 
the incubation period, the mixture was transferred 
to microcentrifuge tubes and centrifuged at 10,000 
RPM for 15 min at 4°C. This process resulted in 
phase separation, with the supernatant containing 
unbound (free) eugenol and the precipitate 
comprising eugenol-loaded magnesium oxide 
nanoparticles (MgO NPs@Eugenol). The excess 
liquid was separated from the precipitate and 
spectrophotometrically analyzed to measure the 
concentration of free eugenol. The absorbance 
value was applied to a pre-established eugenol 
calibration curve to quantify its concentration. The 
loading efficiency was then calculated using the 
concentrations of both free and total amounts of 
eugenol based on the following formula:

	
Eugenol loading  efficiency
 initial concentration of the eugenol concentration of free eugenol 100

initial concentration of the eugenol 

=
−

×

Nanoparticle characterization
A comprehensive set of analytical techniques 

was employed to characterize the physicochemical 
properties of both free MgO NPs and eugenol-
loaded MgO NPs. Dynamic light scattering (DLS) 
analysis was performed using a Zetasizer Nano 
ZS (Malvern Instruments, UK) to determine the 
hydrodynamic particle size, polydispersity index 
(PDI), and zeta potential, providing insight into 
the colloidal stability and particle size distribution 
in suspension. Fourier transform infrared (FTIR) 
spectroscopy was carried out using an FT/IR-6300 
spectrometer (JASCO, Japan) over the spectral 
range of 350–4000 cm⁻¹ to identify characteristic 
functional groups and confirm the chemical 
composition of the nanoparticles. X-ray diffraction 
(XRD) analysis was conducted using a PHILIPS 

PW1730 diffractometer (Netherlands) equipped 
with Cu Kα radiation (λ = 1.54056 Å), operated at 40 
kV and 30 mA. The scanning was performed with 
a step size of 0.05° and a counting time of 1 second 
per step to determine the crystalline structure and 
lattice parameters of the MgO NPs. Morphological 
evaluation was performed using both transmission 
electron microscopy (TEM) and scanning electron 
microscopy (SEM), which provided detailed 
visualization of particle size, shape, and surface 
morphology. In addition, FTIR and zeta potential 
analyses were repeated for MgO NPs@Eugenol to 
assess the loading efficiency. Comparative analysis 
with bare MgO NPs confirmed successful eugenol 
loading, as evidenced by spectral shifts and surface 
charge modification. 

Eugenol release from magnesium oxide nanoparticle
An in vitro release study was conducted to 

evaluate the release profile of eugenol from MgO 
NPs@Eugenol under simulated physiological 
(pH 7.2) and tumor microenvironment (pH 4.5) 
conditions. Phosphate-buffered saline (PBS) 
solutions were prepared at pH 4.5 and 7.2 to mimic 
acidic and neutral environments, respectively. 
A nanoparticle loaded with eugenol (50mg) was 
prepared, and was added to 0.5mL of each PBS 
solution at the corresponding pH. The mixtures 
were transferred into dialysis bags with a molecular 
weight cut-off (MWCO) of 12 kDa and immersed 
in 20 mL of PBS buffer at the neutral pH in separate 
containers. The release system was incubated at 
37 °C in a shaker incubator maintained at 100 
rpm to simulate physiological conditions. At 
predetermined time intervals (0.5, 1, 2, 4, 8, 12, 24, 
48, and 72 hours), 1 mL of the external PBS medium 
was withdrawn and immediately replaced with 
an equal volume of fresh buffer to maintain sink 
conditions. The concentration of eugenol in the 
collected samples was quantified using UV–visible 
spectrophotometry by measuring the absorbance 
at the characteristic wavelength of eugenol. The 
cumulative percentage of eugenol released at 
each time point was calculated using a standard 
calibration curve and a drug release equation. 
Based on these measurements, the percentage of 
eugenol released from the MgO NPs under both 
acidic and neutral pH conditions was calculated 
using a standard drug release formula.

Cell culture and cytotoxicity assay
The MDA-MB-231 human breast cancer cell 
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line, a triple-negative line lacking estrogen receptor 
(ER) and HER2/neu expression, was obtained from 
the Iranian Biological Resource Center (IBRC, 
Tehran, Iran) and utilized as a representative 
model for metastatic breast cancer. Primary human 
umbilical vein endothelial cells (HUVECs), isolated 
from neonatal umbilical cords, were also procured 
from IBRC and served as a model for normal 
human cells. Both cell lines were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin. Cells 
were maintained in T25 culture flasks at 37 °C 
in a humidified atmosphere with 5% CO₂. The 
cytotoxicity and growth-inhibitory effects of bare 
MgO NPs, free eugenol, and MgO NPs@Eugenol 
were evaluated using the MTT colorimetric assay. 
Cells were seeded in 96-well microplates and 
allowed to adhere for 24 hours under standard 
culture conditions. HUVEC cells were then treated 
with various concentrations of bare MgO NPs (0, 
10, 25, 50, 100, 150, 200, and 500 μg/mL), free 
eugenol (0, 0.5, 1, 2.5, 5, 10, 20, and 50 μg/mL), and 
MgO NPs@Eugenol (same concentration range as 
eugenol). After 24, 48, and 72 hours of treatment, 
20 μL of MTT reagent was added to each well and 
incubated for 3 hours to allow for formazan crystal 
formation. Subsequently, 100 μL of dimethyl 
sulfoxide (DMSO) was added to dissolve the 
formazan, and absorbance was measured at 490 nm 
using a DANA-3200 microplate reader (Iran).

Cell migration assay
A wound-healing (scratch) assay was conducted 

to assess the migratory capacity of MDA-MB-231 
human breast cancer cells. Cells were seeded in 
12-well plates and cultured until reaching 90–95% 
confluency. After 24 hours, a uniform scratch was 
introduced at the center of each well using a sterile 
100 μL pipette tip. Detached cells and debris were 
removed by washing twice with PBS. Subsequently, 
cells were treated with the IC30 concentrations 
(concentrations causing 10% cytotoxicity, as 
determined by MTT assay) of bare MgO NPs, free 
eugenol, and MgO NPs@Eugenol. Cell migration 
and wound closure were monitored by capturing 
images at 0-, 24-, and 48-hours’ post-treatment using 
an inverted phase-contrast microscope. Quantitative 
analysis of the wound area was performed using the 
MRI Wound Healing Tool plugin in ImageJ software 
(National Institutes of Health, Bethesda, MD, USA), 
enabling the calculation of the percentage of wound 
closure over time.  

Gene expression analysis
Quantitative real-time PCR (qRT-PCR) was 

employed to assess the impact of bare MgO NPs, free 
eugenol, and MgO NPs@Eugenol on the expression 
of apoptosis-related genes such as caspase-3 
(CASP3), CASP8, CASP9, and Bcl-2, in addition 
to oxidative stress-related genes including SOD2, 
CAT, and GPx1. MDA-MB-231 breast cancer cells 
were cultured at a density of 7 × 10⁵ cells per well 
in 6-well plates. Following a 24-hour incubation, 
the cells were treated with the IC50 concentration 
of each compound. Total RNA was extracted 
using TRIzol reagent (Invitrogen) in accordance 
with the manufacturer’s instructions. The isolated 
RNA was subsequently reverse-transcribed into 
cDNA utilizing M-MLV enzyme with oligo (dT) 
and random hexamer primers (YTA, Iran). qPCR 
was conducted using SYBR Green Real-Time 
PCR Master Mix (YTA, Iran) along with the gene-
specific primers detailed in Table 1. GAPDH was 
utilized as an internal reference gene. Amplification 
was carried out on a Mic-qPCR system, initiating 
with a denaturation step at 94 °C for 5 minutes, 
followed by 40 cycles consisting of denaturation at 
94 °C for 15 seconds, annealing at the gene-specific 
temperature for 10 seconds, and extension at 72 °C 
for 10 seconds. All reactions were performed in 
triplicate. The relative expression levels of the genes 
were determined using the 2−ΔΔCt method.

Statistical analysis
Graphical representations and statistical 

analyses were performed using GraphPad Prism 
version 8.4 (GraphPad Software, Inc., La Jolla, CA, 
USA). Statistical significance was assessed using 
an unpaired Student’s t-test and one-way analysis 
of variance (ANOVA) for comparison of two 
groups and more than two groups, respectively. A 
P-value of less than 0.05 (P < 0.05) was considered 
statistically significant. All in vitro experiments 
were conducted in triplicates.

RESULTS
Magnesium oxide nanoparticles synthesize and 
characterization 

Magnesium oxide nanoparticles (MgO 
NPs) were synthesized using sodium hydroxide 
(NaOH) as a precipitating agent, followed by 
thermal treatment to ensure complete calcination. 
A comprehensive set of physicochemical 
characterization analyses was performed to evaluate 
the properties of the synthesized MgO NPs (Fig. 1). 
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Dynamic light scattering (DLS) analysis (Fig. 1A) 
revealed an average particle size of 215.2 nm and 
a polydispersity index (PDI) of 0.089, indicating 
a narrow size distribution and high degree of 
uniformity. The zeta potential measurement 
(Fig. 1B) showed a surface charge of −15.48 mV, 
suggesting adequate colloidal stability and minimal 
particle agglomeration. Figure 1C presents the 
Fourier-transform infrared (FTIR) spectrum of the 
synthesized MgO nanoparticles (NPs), employed 

to elucidate the chemical bonding and identify 
the functional groups present on the nanoparticle 
surface. Distinct absorption bands corresponding 
to C–C, C–O, and C–N stretching vibrations were 
observed, indicating the presence of these organic 
functional groups likely originating from residual 
precursor materials or surface adsorbates. In the 
region below 1000 cm⁻¹, characteristic peaks 
associated with O–H bending and C–O stretching 
were detected. Notably, a prominent absorption 

Table 1: Primer Sequences for Real-Time PCR  
 
 

Gene name Sequence (5'->3') Product size
CASP3 F: TTCTTCACCATGGCTCAGAAGCACAC 

202 bp 
R: AAGCACTGGAATGACATCTCGGTCTG 

CASP8 F: ACAAGGGCATCATCTATGGCA 
218 bp 

R: TCTCGTTTGAGGTGATGATAAATC 
CASP9 F: GTGGATTGCACGTGGCCTCTT 

216 bp 
R: TTGGCACCACTCAGGAAGACG 

BCL2 F: TGGCCTTCTTTGAGTTCGGTG 
126 bp 

R: GGATCCAGGTGTGCAGGTGC 
SOD2 F: CTGGACAAACCTCAGCCCTAAC 

136 bp 
R: ACCTGAGCCTTGGACACCAAC 

CAT F: GTGCGGAGATTCAACACTGCCA 
109 bp 

R: CGGCAATGTTCTCACACAGACG 
GPx1 F: GTGCTCGGCTTCCCGTGCAAC 

123 bp 
R: CTCGAAGAGCATGAAGTTGGGC 

GAPDH F: ACAACTTTGGTATCGTGGAAGG 
101 pb 

R: GCCATCACGCCACAGTTTC 
 
  

Table 1. Primer Sequences for Real-Time PCR

 
 

 

Figure 1: MgO NPs characterization. A) Size and PDI of MgO NPs determined to be 215.2 nm and 0.089, 
respectively, through DLS (N=3). B) Zeta potential of MgO NPs obtained using the Zetasizer and found to be -
15.48 mV. C) FTIR spectra of MgO NPs. D) XRD pattern of MgO NPs. SEM images of MgO NPs to identify 
the surface morphology. The scale bars used here is 200 nm. F) TEM image of MgO NPs. The scale bar used 
here is 25 nm. 

  

Fig. 1. MgO NPs characterization. A) Size and PDI of MgO NPs determined to be 215.2 nm and 0.089, respectively, through DLS 
(N=3). B) Zeta potential of MgO NPs obtained using the Zetasizer and found to be -15.48 mV. C) FTIR spectra of MgO NPs. D) XRD 
pattern of MgO NPs. SEM images of MgO NPs to identify the surface morphology. The scale bars used here is 200 nm. F) TEM image 

of MgO NPs. The scale bar used here is 25 nm.
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band within the range of 400–600 cm⁻¹ is attributed 
to Mg–O stretching vibrations, a hallmark of 
MgO structures. Figure 1D presents the X-ray 
diffraction (XRD) pattern of the synthesized MgO 
nanoparticles, revealing a series of well-defined 
and sharp diffraction peaks indicative of their 
crystalline nature. Prominent reflections appear at 
2θ values of approximately 37°, 43°, 62°, 74°, and 
78°, corresponding to the characteristic planes 
of the face-centered cubic (fcc) phase of MgO. 
The most intense peak, located near 2θ ≈ 43°, is 
attributed to the (200) crystallographic plane, while 
the peaks near 62° and 78° correspond to the (220) 
and (222) planes, respectively, further confirming 
the presence of a cubic crystalline structure. The 
sharpness and intensity of these diffraction peaks 
reflect a high degree of crystallinity, and the 
absence of additional peaks confirms the phase 
purity of the nanoparticles. Figures 3E and 3F 
depict the morphological features of the MgO NPs 
as assessed by scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM), 
respectively. SEM imaging (Fig. 3E) revealed 
noticeable agglomeration, a typical behavior for 
MgO NPs due to their high surface energy and 
strong van der Waals interactions. The nanoparticles 
exhibited irregular morphologies, potentially 
arising from non-uniform crystal growth or partial 
sintering during calcination. Darker regions in 
the micrograph reflect areas of increased particle 
density. In contrast, the high-resolution TEM 
image (Fig. 3F) provided clearer visualization of 
individual nanoparticles, which predominantly 
displayed spherical to slightly irregular shapes 

with an average diameter of approximately 
25 nm—consistent with SEM observations. 
Despite some degree of agglomeration, the TEM 
analysis confirmed the presence of well-dispersed 
particles with clearly defined crystalline structures, 
corroborating the XRD results.

Eugenol loading into magnesium oxide nanoparticles 
and validation

To fabricate the eugenol-loaded nanoparticles 
(MgO NPs@Eugenol), synthesized MgO 
nanoparticles were combined with eugenol at a 2:1 
weight ratio and continuously stirred for 24 hours 
to facilitate adsorption. The resulting suspension 
was subjected to centrifugation, followed by 
repeated washing with ethanol and distilled water 
to remove any unbound eugenol. The final product 
was collected and dried for further analysis. The 
eugenol loading efficiency was calculated to be 
95%, indicating highly efficient incorporation of 
the active compound. To confirm the successful 
loading and evaluate potential modifications, a 
series of physicochemical characterizations were 
performed on the MgO NPs@Eugenol composite. 
According to Fig.2A, the surface charge of the 
synthetic MgO NPs was found to be -11.74 mV. 
Given that eugenol is a neutral (uncharged) 
molecule, its adsorption onto the MgO NPs surface 
results in a shift of the zeta potential toward less 
negative values. Specifically, the zeta potential 
of the MgO NPs increased from –15.48 mV to 
–11.74 mV following eugenol loading, indicating a 
modification of the surface charge and confirming 
the successful loading of eugenol on the MgO NPs. 

 

 

Figure 2: MgO NPs@Eugenol characterization indicating the successful loading of eugenol into MgO NPs.  A) 
Zeta potential of MgO NPs@Eugenol obtained using the Zeta sizer and found to be -11.74 mV. B) FTIR spectra 
of MgO NPs, free eugenol, and MgO NPs@Eugenol. 

  

Fig. 2. MgO NPs@Eugenol characterization indicating the successful loading of eugenol into MgO NPs.  A) Zeta potential of MgO 
NPs@Eugenol obtained using the Zeta sizer and found to be -11.74 mV. B) FTIR spectra of MgO NPs, free eugenol, and MgO NPs@

Eugenol.
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Moreover, the functional groups and chemical 
properties of bare MgO NPs, free eugenol, and 
MgO NPs @ Eugenol were compared. As shown in 
Fig.2B, no new peaks were observed in the FTIR 
spectrum of MgO NPs @ Eugenol compared to 
the spectra of bare MgO NPs and free eugenol. 
Furthermore, none of the characteristic peaks 
disappeared, and all absorption bands remained 
within their expected wavenumber ranges. The 
presence of overlapping peaks suggests the absence 
of any significant chemical interactions between 
eugenol and the MgO NPs, indicating that eugenol 
maintained its original chemical structure upon 
loading, and the interaction with the MgO NPs was 
likely physical rather than chemical in nature.

Eugenol release from magnesium oxide nanoparticles
The release behavior of eugenol from MgO NPs@

Eugenol was evaluated under two physiologically 
relevant pH conditions—pH 4.5 (acidic) and pH 7.2 
(neutral)—to mimic the tumor microenvironment 
and normal physiological conditions, respectively. 
The release experiments were conducted using 
a dialysis bag diffusion technique, and the 
concentration of eugenol released at various 
time intervals was quantitatively determined via 
UV-Vis spectroscopy. As illustrated in Figure 3, 
eugenol release was markedly enhanced at acidic 
pH compared to neutral conditions, highlighting 
the pH-sensitive release characteristics of the 
nanocomposite. This pH-responsive behavior is 
particularly advantageous for targeted drug 
delivery in acidic tumor environments. Moreover, 
the release profile demonstrated a sustained release 
pattern extending over 72 hours, indicating a 

gradual and controlled diffusion of eugenol from 
the nanoparticle matrix. The release plateaued after 
84 hours, beyond which no significant additional 
release was detected, suggesting the near-complete 
exhaustion of the loaded drug.

Cell proliferative assay
The cytotoxic effects of bare MgO NPs, 

free eugenol, and MgO NPs@Eugenol were 
systematically assessed using the MTT assay in 
both normal cells (HUEVCs) and MDA-MB-231 
breast cancer cells. Treatments were administered 
at concentrations ranging from 0 to 500 μg/mL for 
bare MgO NPs, and from 0 to 50 μg/mL for both 
free eugenol and MgO NPs@Eugenol. Cell viability 
was measured at 24, 48, and 72 h post-treatment to 
evaluate both time- and concentration-dependent 
effects. As shown in Figure 4, all tested formulations 
exhibited low cytotoxicity toward HUEVCs, 
with only a marginal decrease in cell viability 
observed across all time points, underscoring 
the biocompatibility of the treatments with 
normal cells. In contrast, Figure 5 demonstrates 
a pronounced cytotoxic effect on MDA-MB-231 
breast cancer cells, with cell viability significantly 
reduced in a dose- and time-dependent manner. 
Among the tested groups, MgO NPs@Eugenol 
exhibited the most potent antiproliferative activity, 
with IC₅₀ values consistently below 10 μg/mL at all-
time intervals. The calculated IC₅₀ values for each 
formulation in both normal and cancer cell lines 
are summarized in Table 2.

Cell migration assay
The anti-migratory effects of bare MgO 

 
Figure 3: In vitro drug release assay. The percentage of cumulative release of eugenol from MgO 
NPs@Eugenol, where blue and red lines indicate pH=4.5 and pH=7.2, respectively, mimic the tumor and 
physiological conditions, respectively. 

  

Fig. 3. In vitro drug release assay. The percentage of cumulative release of eugenol from MgO NPs@Eugenol, where blue and red lines 
indicate pH=4.5 and pH=7.2, respectively, mimic the tumor and physiological conditions, respectively.
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NPs, free eugenol, and MgO NPs@Eugenol 
were evaluated in MDA-MB-231 breast cancer 
cells using a wound-healing (scratch) assay. 
Confluent monolayers of MDA-MB-231 cells 

were scratched and subsequently treated with 
the IC₃₀ concentrations of each formulation. 
Sequential microscopic images of the wound area 
were captured at 0, 24, and 48 h post-treatment, as 

 
Figure 4: MTT assay results and cell viability analysis of HUVEC cells after treatment with A) 0-500 μg/mL of 
bare MgO NPs, B) 0-50 μg/mL of free eugenol, and C) 0-50 μg/mL of MgO NPs @ Eugenol for 24- 72 h.   
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B) 0-50 μg/mL of free eugenol, and C) 0-50 μg/mL of MgO NPs@Eugenol for 24- 72 h.   
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illustrated in Figure 6A. The percentage of wound 
closure was quantified using ImageJ software 
(Figure 6B). At the initial time point (0 h), the 
wound area was standardized to 100% across all 
experimental groups. After 24 hours, the control 
group exhibited a substantial reduction in wound 
width, reaching approximately 40% closure, 
consistent with the high intrinsic migratory 
capacity of MDA-MB-231 cells. In contrast, the 
wound areas in the treated groups remained 
significantly wider, indicating impaired cell 

migration. By 48 h, near-complete wound closure 
was observed in the control group, whereas cells 
treated with bare MgO NPs and free eugenol 
showed moderate inhibition of migration. Notably, 
the MgO NPs@Eugenol group displayed the most 
pronounced inhibition, with approximately 75% of 
the wound area remaining unclosed compared to 
the control. These findings demonstrate that MgO 
NPs@Eugenol significantly impairs the migratory 
ability of MDA-MB-231 cells, suggesting potential 
anti-metastatic properties of this components.

Table2: IC50 value (μg/ml) of bare MgO NPs, free eugenol, and MgO NPs@Eugenol across HUEVC and MDA-MB-231 cells after 24, 48, and 
72 h of treatment.  
 
 

 IC50 (μg/ml) (HUVEC) IC50 (μg/ml) (MDA-MB-231) 
24 h 48 h 72 h 24 h 48 h 72 h 

MgO NPs > 1000 > 1000 >1000 245.11±0.29 177.29±0.89 150.04±0.97 
Free eugenol 65.49±0.26 72.29±0.57 30.98±0.36 14.19 ± 0.91 9.79 ± 0.402 8.45 ± 0.99 

MgO 
NPs@Eugenol 

41.97±0.71 35.84±0.21 15.28±0.37 11.75 ± 0.92 6.18 ± 0.26 3.65 ± 0.51 

 

Table 2. IC50 value (µg/ml) of bare MgO NPs, free eugenol, and MgO NPs@Eugenol across HUEVC and MDA-MB-231 cells after 24, 
48, and 72 h of treatment.

 
Fig.6: Scratch assay to investigate the migration of MDA-MB-231 cells after treatment with bare MgO NPs, 
free eugenol, and MgO NPs@Eugenol.  A) Sequential microscopic images and wound closure rates. B) Scratch 
width ratio calculated using image J through the means of three individuals. * p-value less than 0.05. 
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Gene expression analysis
Gene expression analysis was employed to 

investigate the effect of treatment with IC50 of bare 
MgO NPs, free eugenol, and MgO NPs@Eugenol 
on the expression levels of apoptosis-associated 
genes such as CASP3, CASP8, CASP9, and BCL-2, 
as well as some oxidative stress-associated genes 
such as SOD2, CAT, and GPx1 in MDA-MB-231 
cells.  As depicted in Figure 7A, CASP genes were 
significantly upregulated in free eugenol- and MgO 
NPs@Eugenol-treated cells compared to untreated 
control cells, whereas BCL-2 was significantly 
downregulated in free eugenol- and MgO NPs@
Eugenol-treated cells compared to control cells. 
In addition, the most significant differential 
expression was observed for CASP3 and BCL-2 in 
free eugenol- and MgO NPs@Eugenol-treated cells 
compared to the control. No significant changes 
in the expression levels of apoptosis-associated 
genes were observed in the bare MgO NP-treated 

cells compared with those in the control. With 
respect to oxidative stress-associated genes, Figure 
7B demonstrates that treatment with both free 
eugenol and MgO NPs@Eugenol led to significant 
upregulation of SOD2, CAT, and GPx1 in MDA-
MB-231 cells. Notably, the expression levels of these 
genes were substantially higher in cells treated with 
MgO NPs@eugenol than in those treated with free 
eugenol, indicating that the nanoparticle-based 
delivery system had an enhanced antioxidant 
response.

DISCUSSION 
Breast cancer remains a major global health 

concern, representing the most commonly 
diagnosed malignancy and the leading cause of 
cancer-related mortality among women worldwide. 
According to recent statistics from the World 
Health Organization (WHO, 2023), approximately 
2.3 million new cases and over 670,000 deaths 

 
Fig.7: Gene expression analysis in MDA-MB-231 cells treated with MgO NPs, free eugenol, and MgO NPs @ 
Eugenol using qPCR. A) Expression levels of apoptosis-associated genes including CASP3, CASP8, and CASP9.  
(B) Expression of oxidative stress-associated genes, including SOD2, CAT, and GPx1. Gene expression levels 
were normalized to GAPDH expression levels.  *, **, and *** represent p-values of <0.05, 0.005, and 0.0005, 
respectively. 

 

 

Fig. 7. Gene expression analysis in MDA-MB-231 cells treated with MgO NPs, free eugenol, and MgO NPs @ Eugenol using qPCR. A) 
Expression levels of apoptosis-associated genes including CASP3, CASP8, and CASP9.  (B) Expression of oxidative stress-associated 
genes, including SOD2, CAT, and GPx1. Gene expression levels were normalized to GAPDH expression levels.  *, **, and *** represent 

p-values of <0.05, 0.005, and 0.0005, respectively.
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were reported globally, underscoring the profound 
burden of this disease. Despite the availability 
of multiple therapeutic modalities—including 
surgery, chemotherapy, radiotherapy, hormonal 
therapy, and targeted treatments—the prognosis 
for many patients remains suboptimal. Factors 
such as therapeutic resistance, off-target drug 
effects, tumor heterogeneity, and systemic toxicity 
contribute to reduced treatment efficacy and a high 
incidence of both acute and chronic adverse effects. 
These limitations underscore the critical need for 
the development of more selective, effective, and 
safer therapeutic strategies that can overcome 
the inherent challenges of current breast cancer 
management. (32). 

Nanoparticles as an advancement of 
nanotechnology, possess anticancer, antibacterial, 
antifungal, antiviral, antioxidant, anti-
inflammatory, and anti-infective properties 
(33-37). In addition, nanoparticle-based drug 
delivery systems have gained considerable 
attention in oncology because of their capacity to 
enhance drug solubility, enable targeted delivery 
to tumor tissues via the enhanced permeability 
and retention (EPR) effect, and protect bioactive 
compounds from degradation. Concurrently, 
nature-derived compounds have shown promising 
biological and medical properties, particularly 
anticancer properties, alone or in combination 
with chemotherapeutic drugs (38-40); However, 
their clinical application is hindered by their 
poor aqueous solubility, volatility, bioavailability, 
and rapid metabolism. It has been reported that 
the delivery of these bioactive compounds with 
nanoparticles can overcome these challenges (41, 
42).

MgO NPs have garnered significant attention 
in the biomedical field because of their diverse 
applications, including the development of 
biosensors, cancer diagnostics and treatment, 
and medical imaging technologies, which are all 
primarily attributed to their wide range of beneficial 
characteristics such as notable catalytic activity, 
high reactivity, superior absorption properties, 
biocompatibility, non-toxicity, biodegradability, 
and cost-effectiveness, making them highly 
suitable for incorporation into various functional 
and therapeutic materials (43, 44). Studies have 
also reported MgO NPs as valuable drug delivery 
systems to enhance the therapeutic potential and 
efficacy of drugs (45, 46).

Based on the above-mentioned background, 

the present study focused on the synthesis of MgO 
NPs and the evaluation of their physicochemical 
properties, which play a crucial role in determining 
their biological interactions, biodistribution, 
safety, and therapeutic potential (47). Therefore, 
thorough characterization was conducted to ensure 
a comprehensive understanding of their functional 
capabilities. The results of our study illustrated that 
the size, PDI, and zeta potential of synthesized 
MgO NPs were determined to be 215.2 nm, 
0.089, and -15.48mV, respectively, indicating the 
suitable size, dimension, low dispersity, and surface 
charge for systemic circulation. Furthermore, 
FTIR/XRD and SEM/TEM assays indicated the 
crystalline and spherical structure of the MgO 
NPs. Then, we explored the potential of MgO NPs 
as delivery vehicles to enhance the therapeutic 
efficacy of eugenol which is a bioactive compound 
of Syzygium aromaticum (clove) and is known 
for its pharmacological properties, against breast 
cancer cells, thereby addressing both the biological 
activity and pharmacokinetic limitations of this 
natural compound. The results demonstrated that 
the MgO NPs@Eugenol exhibited significantly 
higher cytotoxicity against MDA-MB-231 breast 
cancer cell line compared to free eugenol. This 
enhancement can be attributed to multiple factors, 
including improved the bioavailability, improved 
intracellular uptake, controlled release, increased 
accumulation of the bioactive compound within 
cancer cells, and synergistic biological mechanisms 
(17, 48). Furthermore, this nanoparticle 
formulation appeared to reduce the effective 
dose required to inhibit cell viability, as the IC50 
value of free eugenol and MgO NPs @ Eugenol 
calculated to be 8.45 ± 0.99 and 3.65 ± 0.51 µg/
mL, respectively, after 72 h of treatment in MDA-
MB-231 cells, suggesting a potential reduction in 
systemic toxicity although needs to be validated 
by in vivo experimental design. Moreover, based 
on scratch assay, the anti-migratory effect of 
MgO NPs@Eugenol was much stronger than free 
eugenol in treated-MDA-MB-231 cells as both 
compared with untreated cells. Then we intended 
to investigate the effect of free eugenol and MgO 
NPs@Eugenol on the apoptosis and oxidative 
stress pathways, through some of their critical hub 
genes, demonstrating a significant upregulation 
of caspase (CASP) genes such as CASP3, CASP8, 
and CASP9, significant downregulation of Bcl-2 
as well as significant upregulation of SOD2, CAT, 
and GPx. Regarding oxidative stress-associated 
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genes, treatment with bare MgO NPs led to the 
downregulation of genes encoding antioxidant 
enzymes, suggesting a possible impairment in 
the cellular antioxidant defense mechanism. 
This decrease in expression may indicate that 
bare MgO NPs contribute to oxidative stress by 
reducing the activity of key protective enzymes. 
In contrast, treatment with free eugenol and a low 
concentration of MgO NPs@Eugenol resulted in 
significant upregulation of these antioxidant genes, 
indicating a potential protective role of eugenol 
in mitigating oxidative stress by stimulating the 
production of antioxidant enzymes, either alone 
or in a controlled nanoparticle formulation. 
The enhanced anticancer observations of this 
study align with previous reports demonstrating 
improved cytotoxic effects of eugenol when 
delivered via nanocarriers through synergistic 
mechanisms. For instance, Kurnia P et. al reported 
that eugenol-loaded chitosan nanoparticles 
suppressed the migration, inhibit the epithelial-
mesenchymal transition (EMT), and induced 
apoptosis in human HeLa cervical cancer cell line 
through CASP3 activation and Bcl-2 inactivation 
(49). Li et. al, also determined the efficacy of 
eugenol-loaded chitosan in inducing apoptosis 
and inhibiting metastasis in rat C6 glioma cells 
(50). In addition, Shahbazi et. al also indicated that 
eugenol-loaded mesoporous silica nanoparticles 
exerted higher anti-proliferative, anti-migratory, 
apoptosis inducing, and increasing SOD activity 
than free eugenol through the upregulation of 
genes involved in apoptosis such as CASP3, CASP8, 
and CASP9 as well as downregulation of genes 
involved in metastasis such as MMP2, MMP9, and 
KRAS (51). 

CONCLUSION 
To the best of our knowledge, this is the first study 

to evaluate the anticancer activities of eugenol-loaded 
magnesium oxide against breast cancer. MgO NPs@
Eugenol can more effectively exert antiproliferative 
and antimigratory activities, and induce expression 
levels of pro-apoptotic genes and oxidative stress-
associated genes compared with free eugenol. 
Therefore, eugenol loading into MgO NPs can be 
suggested for the drug delivery fields as a potential 
therapeutic approach for breast cancer treatment.
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