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Breast cancer is a leading cause of cancer-related mortality worldwide. Recent studies 

suggest that nanoparticles can enhance therapeutic efficacy. This research investigates 

the effects of zinc oxide nanoparticles (ZnO NPs) conjugated with Safranal on the 

expression of key genes associated with metabolism in Michigan Cancer Foundation 

(MCF-7) breast cancer cell lines. ZnO@Glu-Safranal NPs were synthesized and 

characterized using FE-SEM, transmission electron microscope (TEM), FT-IR, XRD, 

and Zeta potential analysis. To assess the effects of ZnO@Glu-Safranal NPs on the 

expression of MMP1 and mTOR genes, the MCF-7 cell line was treated with the IC50 

concentration of the nanoparticles (165 μg/mL) for 24 hours, while untreated cells were 

used as a control. Changes in gene expression levels were quantified using real-time 

PCR, and p ˂ 0.05 was considered statistically significant. The results showed 

decreased expression of MMP1 (0.87-fold, p = 0.02) and mTOR (0.86-fold, p = 0.03) 

in MCF-7 cell lines compared to the control group. The study demonstrates that 

ZnO@Glu-Safranal NPs effectively modulate the expression of key metabolic genes 

expression in breast cancer cell lines. These findings highlight their potential as an 

effective therapeutic strategy, emphasizing the need for further research into their 

mechanisms and clinical applications to enhance breast cancer treatment outcomes. 

Introduction  

Breast cancer remains one of the most prevalent 

malignancies among women worldwide, posing 

significant health challenges. It is characterized by 

uncontrolled proliferation of breast cells leading to 

tumor formation. The pathophysiology of breast 

cancer involves complex interactions between 

genetic, environmental, and lifestyle factors 

(Rudolph et al., 2016). 

Matrix Metalloproteinase 1 (MMP1), located on 

chromosome 11q22.2-22.3, encodes a zinc-

dependent endopeptidase responsible for 

degrading collagen. MMP1 plays a critical role in 

tissue remodeling and wound healing but is 

frequently overexpressed in cancer, facilitating 

tumor invasion and metastasis through 

extracellular matrix degradation (Puente et al., 

2003). Clinical studies have demonstrated 

significantly elevated MMP1 levels in breast 
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cancer tissues, correlating with poorer overall 

survival, particularly in grade II, nodal-negative, 

ER-positive, and HER2-negative patient 

subgroups. Thus, MMP1 serves as both a vital 

prognostic marker and a potential therapeutic 

target (Wang et al., 2017). 

The mechanistic target of rapamycin (mTOR), 

encoded on chromosome 1p36.22, is a key kinase 

regulating cell growth and survival by integrating 

signals from nutrients and growth factors to control 

metabolism and cell cycle progression. 

Dysregulation of the mTOR pathway is common in 

many cancers, leading to uncontrolled cellular 

proliferation, which has made mTOR inhibitors 

promising candidates for targeted cancer therapy 

(Liu et al., 2017). 

Nanotechnology has emerged as a promising field 

in cancer treatment, offering novel drug delivery 

systems and enhanced therapeutic efficacy (Al-

Thani et al., 2024). Zinc oxide nanoparticles (ZnO 

NPs) have attracted considerable attention due to 

their biocompatibility, antibacterial properties, and 

potential anticancer effects (Sirelkhatim et al., 

2015; Anjum et al., 2021). These nanoparticles 

induce oxidative stress in tumor cells by generating 

reactive oxygen species (ROS), leading to cellular 

damage and apoptosis (Wang et al., 2014; Bai et 

al., 2017; Li et al., 2020). Furthermore, 

conjugation of ZnO NPs with organic compounds 

such as porphyrin (Zhang et al., 2008), chitosan 

(Mohamed et al., 2024), ferulic acid 

(Ezhuthupurakkal et al., 2018), and 

chemotherapeutic agents like doxorubicin (Mishra 

et al., 2022) and methotrexate (Mishra et al., 2024) 

has been shown to enhance their cytotoxic effects 

and improve drug targeting. 

Safranal, a natural monoterpenoid aldehyde 

(C10H14O) derived from the dried stigmas of 

Crocus sativus (saffron), is primarily responsible 

for saffron’s distinctive aroma and flavor. 

Traditionally used in medicine, safranal has 

recently gained interest for its anticancer 

properties. Malaekeh-Nikouei et al. (2013) 

reported concentration-dependent cytotoxic effects 

of safranal on HeLa and MCF-7 cell lines, with 

enhanced efficacy observed in liposomal 

formulations. Samarghandian et al. (2014) 

demonstrated that safranal inhibits neuroblastoma 

cell growth in a dose- and time-dependent manner. 

Additionally, safranal exhibited chemopreventive 

effects in diethylnitrosamine (DEN)-induced liver 

cancer models by inhibiting cell proliferation, 

inducing apoptosis, and reducing inflammatory 

markers (Abdalla et al., 2022). Mechanistic studies 

by Naghshineh et al. (2015) revealed that safranal 

disrupts microtubule polymerization, suggesting 

its potential as a novel anticancer agent. 

Most existing studies have focused on either the 

effects of ZnO nanoparticles or the 

pharmacological properties of safranal 

individually. However, to the best of our 

knowledge, the combined effects of ZnO 

nanoparticles conjugated with safranal 

(ZnO@Glu-Safranal) have not been investigated, 

representing a critical gap in current knowledge. 

This study aims to address this gap by evaluating 

the impact of ZnO@Glu-Safranal nanoparticles on 

the expression of key metabolic genes in MCF-7 

breast cancer cells. By targeting crucial genes 

involved in cancer development and progression, 

this research proposes a novel therapeutic 

approach that integrates nanotechnology with 

natural bioactive compounds. The findings may 

provide valuable insights for developing more 

targeted and effective cancer therapies, thereby 

advancing the field of precision oncology. 

Materials and Methods 
Synthesis of Zinc Oxide Nanoparticles (ZnO 
NPs) 
To prepare a 10 mM solution, zinc nitrate 

[Zn(NO3)2] (Sigma-Aldrich) was dissolved in 100 

mL of distilled water. This solution was heated to 

80 °C for 60 minutes, after which sodium 

hydroxide (NaOH) was added dropwise to adjust 

the pH to 12.0. The synthesis of ZnO NPs occurred 

by maintaining the Zn(NO3)2 solution at 100 °C. 

Subsequently, one gram of the dried ZnO NPs was 

mixed with 500 mg of D-Glucose in distilled water, 

sonicated for 30 minutes, and then heated at 180 

°C for three hours to produce glucose-

functionalized ZnO NPs (ZnO@Glu NPs). For 

conjugation with Safranal, one gram of ZnO@Glu 

NPs and 100 mg of Safranal (Sigma-Aldrich) were 

suspended in distilled water and shaken for 20 

hours at room temperature. Finally, the resulting 

ZnO@Glu-Safranal NPs were collected and 

freeze-dried (Tajmehri et al., 2024). 

Characterization of ZnO@Glu-Safranal 

Nanoparticles 

 After synthesizing the ZnO@Glu-Safranal NPs, 

various techniques were employed to analyze their 

physical and chemical properties. Given that the 

size and shape of nanoparticles directly influence 

their cellular uptake, the dimensions, morphology, 
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surface characteristics, and chemical composition 

of the synthesized nanoparticles were determined 

using a Scanning Electron Microscope (TESCAN 

MIRA3 FEG SEM, Czech Republic) equipped 

with an energy dispersive X-ray spectrometer and 

a Transmission Electron Microscope (Zeiss 900 

EM, Carl Zeiss Inc., Oberköchen, Germany). To 

identify functional groups, characterize surface 

chemistry, and monitor chemical reactions, 

Fourier-transform infrared (FT-IR) spectroscopy 

was utilized. The FT-IR spectra of the samples 

were measured in potassium bromide (KBr) pellet 

form over the range of 4500–450 cm⁻ ¹ using a 

Perkin Elmer Spectrum 100 FT-IR instrument. For 

assessing the purity and crystalline structure of the 

synthesized nanoparticles, Powder X-ray 

diffraction (PXRD) data were obtained using a 

Philips powder diffractometer (type PW1730, Cu-

Kα X-radiation, λ = 1.54 Å). Additionally, a Zeta 

potential analyzer (Zetasizer Ver. 6.32, Malvern 

Instruments Ltd) was employed to evaluate the 

stability and surface charge of the nanoparticles. 

Effects of ZnO@Glu-Safranal Nanoparticles on 

Cell Viability 
The cytotoxicity and antiproliferative effects of 

ZnO@Glu-Safranal NPs were evaluated in treated 

and untreated MCF-7 cell lines using the MTT 

assay. Cell lines were sourced from the Pasteur 

Institute of Iran and cultured in RPMI1640 

medium with 10% fetal bovine serum at 37 °C. A 

monolayer was established in 96-well plates, with 

a cell density of 1×104 cells per well. Various 

concentrations of the nanoparticles (7.8 to 1000 

µg/mL) were added, while untreated wells served 

as controls. The cells were incubated for 24 hours 

in a 5% CO2 atmosphere. Following incubation, 

200 µL of MTT solution was added to each well, 

and the plates were further incubated at 37 °C for 

4 hours. After removing the medium, 200 µL of 

DMSO was added to dissolve the formazan 

crystals, and absorbance was measured at 570 nm 

using a microplate reader. The percentage of cell 

survival was determined using the following 

formula: 

Survival percentage

=
OD570 of treated wells

OD570 of untreated wells
× 100 

Impact of ZnO@Glu-Safranal Nanoparticles on 

Gene Expression 

The effect of ZnO@Glu-Safranal nanoparticles on 

the expression of metabolic genes in MCF-7 and 

control cells was evaluated using quantitative real-

time polymerase chain reaction (qRT-PCR) 

following a 24-hour treatment with the IC50 

concentration of the nanoparticles. Total RNA was 

extracted from cell samples with TriZol reagent 

and treated with DNase I to remove residual DNA. 

RNA concentration was measured using a Nano-

Drop ND 1000 Spectrophotometer (Wilmington, 

USA). Reverse transcription was performed to 

synthesize cDNA using the SinaClon cDNA 

synthesis kit (Iran). The qRT-PCR analysis was 

conducted in triplicate with gene-specific primers 

(Table 1), and GAPDH was used as an internal 

control gene for normalization. The relative 

expression levels of the target genes were 

calculated using the 2-ΔΔCт method. Each reaction 

mixture comprised 10 μl, including 1 μl of cDNA 

(100 μg/ml) as the template, 1 μl of SYBR Green 

Premix Ex TaqTM (TaKaRa, Japan), 0.6 μl of both 

primers (5μM), and 6.8 μl of diethylpyrocarbonate-

treated water. The cycling conditions included 

an initial denaturation at 95 °C for 10 minutes, 

followed by 40 cycles consisting of 10 seconds at 

95 °C, 15 seconds at 60 °C, and 20 seconds at 72 

°C. 
Table 1- Gene-specific primer sequences for qRT-

PCR. 

Primer Sequence (5ʹ → 3ʹ) Target 

Size (bp) 

MMP1-

Forward 

ATGAAGCAGCCCAG

ATGTGGAG 
137 

MMP1-

Reverse 

TGGTCCACATCTGCT

CTTGGCA 

mTOR-

Forward 

AGCATCGGATGCTTA

GGAGTGG 
146 

mTOR-

Reverse 

CAGCCAGTCATCTTT

GGAGACC 

GAPDH-

Forward 

GTCTCCTCTGACTTC

AACAGCG 
131 

GAPDH-

Reverse 

ACCACCCTGTTGCTG

TAGCCAA 

Statistical Analysis 

For the statistical analysis, one-way ANOVA was 

performed using GraphPad Prism software 

(version 9.0). Experiments were conducted in 

triplicate, and p-values less than 0.05 were 

considered statistically significant. 

Results  

Nanoparticles Characterization 
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The successful conjugation of safranal to zinc 

oxide nanoparticles (ZnO NPs) was rigorously 

confirmed using Fourier-transform infrared (FT-

IR) spectroscopy, providing molecular-level 

insights into the chemical interactions responsible 

for the enhanced biological activity of the 

conjugated nanoparticles (Fig. 1). 

The FT-IR spectrum of ZnO NPs (Fig. 1a) revealed 

several characteristic peaks consistent with the 

wurtzite crystalline structure. A broad absorption 

band at 3422 cm⁻¹ corresponds to O–H stretching 

vibrations, attributed to surface hydroxyl groups 

such as alcohols, phenols, or carboxylic acids. 

Peaks at 2924 cm⁻¹ and 2857 cm⁻¹ are assigned to 

C–H stretching vibrations of aliphatic 

hydrocarbons. Carbonyl-related C=O stretching 

vibrations appear at 1695 cm⁻¹ and 1617 cm⁻¹, 

while C–H bending modes are observed at 1515 

cm⁻¹, 1413 cm⁻¹, and 1388 cm⁻¹. Additionally, 

absorptions at 1230 cm⁻¹ and 1023 cm⁻¹ indicate 

C–O stretching from esters, ethers, or alcohols. 

These features collectively confirm the presence of 

surface functional groups and residual organic 

species from synthesis, consistent with previous 

reports (Sirelkhatim et al., 2015). 

The FT-IR spectrum of pure safranal (Fig. 1b) 

displayed a broad O–H stretching peak at 3440 

cm⁻¹ and a C–H stretching peak at 2927 cm⁻¹, 

characteristic of aliphatic hydrocarbons. The 

carbonyl C=O stretch of the α, β-unsaturated 

aldehyde moiety appeared at 1695 cm⁻¹, 

accompanied by C=C stretching vibrations at 1615 

cm⁻¹. C–H bending vibrations at 1515 cm⁻¹, 1413 

cm⁻¹, and 1388 cm⁻¹, as well as C–O stretching 

peaks at 1230 cm⁻¹ and 1023 cm⁻¹, further 

confirmed the molecular structure of safranal. 

The FT-IR spectrum of the conjugated ZnO@Glu-

Safranal nanoparticles (Fig. 1c) exhibited notable 

spectral modifications indicative of successful 

chemical conjugation. The O–H stretching band 

appeared slightly shifted and reduced in intensity 

at 3425 cm⁻¹, suggesting consumption of hydroxyl 

groups during conjugation. The aliphatic C–H 

stretching peak was observed at 2928 cm⁻¹, 

consistent with both ZnO and safranal 

components. Importantly, the carbonyl C=O 

stretching peak exhibited a redshift from 1695 

cm⁻¹ to 1685 cm⁻¹, indicating covalent 

modification of safranal's aldehyde group. A new 

peak at 1555 cm⁻¹ was detected, attributed to C=N 

stretching vibrations, confirming Schiff base 

formation via glutaraldehyde crosslinking. 

Additional peaks at 1398 cm⁻¹, 1275 cm⁻¹, and 

1035 cm⁻¹ correspond to C–H bending and C–O 

stretching from various functional groups. 

The preservation of Zn–O lattice vibrations below 

1000 cm⁻¹ (not explicitly detailed here but 

consistent with ZnO structure) confirms that the 

crystalline ZnO core remains intact post-

conjugation. The covalent bonding mechanism, 

evidenced by the appearance of C=N bonds and the 

redshift in C=O stretching, ensures stable 

attachment of safranal to the nanoparticle surface, 

which is critical for effective and sustained 

therapeutic delivery. Furthermore, the retention of 

carbonyl groups (1685 cm⁻¹) may facilitate 

reactive oxygen species (ROS) generation, 

contributing to the observed enhanced anticancer 

effects in biological assays. 

This comprehensive FT-IR analysis not only 

validates the successful synthesis of ZnO@Glu-

Safranal nanoparticles but also provides 

mechanistic understanding of their improved 

therapeutic performance compared to 

unconjugated components. The chemical stability 

and defined molecular interactions revealed by 

these spectral features support the translational 

potential of this nanoconjugate in cancer therapy. 
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Fig. 1 – FT-IR spectrum of a) ZnO nanoparticles; b) 

Safranal, and c) ZnO@Glu-Safranal nanoparticles. 

The X-ray diffraction pattern of ZnO@Glu-

Safranal nanoparticles (Fig. 2) reveals a highly 

crystalline structure corresponding to the 

hexagonal wurtzite phase of ZnO (JCPDS No. 36-

1451). The characteristic diffraction peaks 

observed at 31.76° (100), 34.42° (101), 36.32° 

(002), 47.54° (102), 56.60° (110), 62.86° (103), 

66.38° (200), 67.96° (112), and 69.10° (201) 

confirm the successful synthesis of phase-pure 

ZnO nanoparticles without detectable impurities. 

The most intense peak at 36.32°, corresponding to 

the (002) plane, demonstrates the preferential 

growth orientation of the nanoparticles, with a 

calculated d-spacing of 2.471 Å that matches well 

with standard values for wurtzite ZnO.  

Crystallite size analysis using the Scherrer 

equation applied to the (002) peak yields an 

average crystallite size of approximately 18 nm, 

based on the measured full width at half maximum 

(FWHM) of 0.45°. The narrow peak width 

indicates good crystallinity, while variations in 

peak broadening among different diffraction 

planes suggest a distribution of crystallite sizes 

within the sample. The presence of broader peaks 

at higher angles, particularly for the (102) plane at 

47.54°, may indicate the existence of smaller 

crystallites or surface defects that could enhance 

the nanoparticles' reactivity and drug-loading 

capacity. 

 

 

 

Fig. 2 - The X-ray diffraction analysis of the 

synthesized ZnO@Glu-Safranal nanoparticles. 

The transmission electron microscopy (TEM) 

image (Fig. 3a) reveals well-dispersed ZnO@Glu-

Safranal nanoparticles (NPs) exhibiting a spherical 

to oval morphology, with diameters ranging from 

25 to 35 nm as determined by direct measurement. 

This size range is consistent with the crystallite 

size of 18 nm calculated from X-ray diffraction 

(XRD) data using the Scherrer equation. The 

observed 10-15% size difference between TEM 

measurements (representing individual particles) 

and XRD results (reflecting crystalline domains) 

suggests the presence of polycrystalline 

nanostructures, where each particle comprises 

multiple crystalline domains. The inset of Fig. 3a, 

showing selected-area electron diffraction, further 

confirms the wurtzite structure of the NPs, with 

diffraction patterns aligning with the XRD peak 

positions. 

The field emission scanning electron microscopy 

(FE-SEM) image (Fig. 3b) displays uniform NPs 

with sizes ranging from 42 to 62 nm, which are 

slightly larger than those observed in TEM. This 

discrepancy can be attributed to several factors: the 

conductive coating required for SEM imaging, 

approximately 5 nm of Au/Pd; the presence of a 

Safranal-glutaraldehyde shell, as corroborated by 

the C=N peak in FT-IR spectra; and mild 

aggregation occurring during sample preparation. 

The spherical morphology observed in FE-SEM is 

consistent with the dominant (002) plane 

orientation identified in XRD, a configuration 
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known to minimize surface energy in wurtzite 

structures. The narrow size distribution, with SEM 

measurements (42-62 nm) encompassing the TEM 

core sizes (25-35 nm), underscores the successful 

conjugation of the NPs while preserving their 

structural integrity, as evidenced by the unchanged 

XRD peak positions following functionalization. 

 

 

 

 

Fig. 3 - a) TEM; and b) FE-SEM image of the 

ZnO@Glu-Safranal nanoparticles. 

The ZnO@Glu-Safranal NPs, with a zeta potential of -

17 mV (Fig 4), exhibit moderate stability, 

suggesting potential for targeting cancer cells. This 

negative surface charge may enhance interactions 

with positively charged cellular membranes, 

facilitating uptake. However, the moderate zeta 

potential also indicates a risk of aggregation, which 

could hinder effective delivery. To optimize their 

therapeutic efficacy against cancer cell 

proliferation, further modifications may be needed 

to improve their surface properties and enhance 

cellular penetration. 

 

Fig. 4 - Zeta Potential Analysis of ZnO@Glu-

Safranal Nanoparticles. 
 

Cell viability assay 
After a 24-hour exposure to the ZnO@Glu-Safranal 

NPs, the IC50 concentration for MCF-7 cells was found 

to be 165 µg/mL. Notably, a significant decrease in the 

viability of cancer cells was observed starting at a 

concentration of 31.25 µg/mL, with the effect becoming 

more pronounced as the concentration increased (Fig. 

5). 

 

 

Fig. 5 - The toxicological effects of various 

concentrations of ZnO@Glu-Safranal nanoparticles 

(ranging from 7.8 to 1000 μg/mL) were assessed 

using the MTT assay after a 24-hour exposure on the 

MCF-7 cell line. The results are presented in 

comparison to control samples (n = 3, ***: P < 0.001). 
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Gene Expression Analysis 

The results indicate that treatment with ZnO@Glu-

Safranal NPs leads to a significant reduction in 

MMP1 gene expression compared to the control 

group (0.87-fold, p = 0.02) (Fig. 6a). This decrease 

suggests that the treatment may negatively impact 

the pathways regulating MMP1, which plays a 

crucial role in extracellular matrix remodeling and 

tissue repair processes. In addition, the results 

demonstrate that treatment with ZnO@Glu-

Safranal NPs leads to a reduction in mTOR gene 

expression compared to the control group (0.86-

fold, p = 0.03) (Fig. 6b). This downregulation 

suggests that the treatment may impact the mTOR 

signaling pathway, which plays a crucial role in 

regulating various cellular processes, including 

growth, proliferation, and metabolism. Reduced 

mTOR expressions could have important 

implications for cellular functions, potentially 

affecting cell growth and survival. 

 

 

Fig. 6 Impact of ZnO@Glu-Safranal Nanoparticles 

on the expression of a) MMP1; and b) mTOR genes 

in MCF-7 treated cells compared to untreated 

control cells (n = 3, *= P  0.05). 

Discussion 

This study evaluated the impact of zinc oxide 

nanoparticles conjugated with safranal 

(ZnO@Glu-Safranal NPs) on the expression of 

genes involved in cancer progression in the MCF-

7 breast cancer cell line. The results showed that 

treatment with these nanoparticles significantly 

downregulated the expression of MMP1 (0.87-

fold; p = 0.02) and mTOR (0.86-fold; p = 0.03). 

These effects suggest a potential role for 

ZnO@Glu-Safranal NPs in attenuating tumor 

invasiveness and proliferation by modulating key 

signaling pathways. These findings directly 

support our hypothesis that ZnO@Glu-Safranal 

NPs can modulate cancer-related gene expression 

by targeting both MMP1 and mTOR, two critical 

mediators of metastasis and cell proliferation. 

The conjugation of safranal to ZnO NPs was 

confirmed through standard characterization 

techniques (FT-IR, TEM, and zeta potential 

analysis), which provide strong evidence for 

successful chemical binding. However, future 

research should include quantification of binding 

efficiency and assessment of nanoparticle stability 

under physiological conditions to support 

translational potential. 

The downregulation of MMP1, a gene closely 

associated with extracellular matrix degradation 

and cancer metastasis, supports the hypothesis that 

these nanoparticles may interfere with the invasive 

potential of breast cancer cells. This finding aligns 

with earlier studies. For instance, George et al. 

(2022) reported that ZnO nanoparticles coated with 

Rubus fairholmianus extract triggered apoptotic 

pathways in MCF-7 cells, while Ahamed et al. 

(2011) demonstrated oxidative stress-mediated 

modulation of gene expression by ZnO NPs in 

A549 cells. These prior findings reinforce the 

current results by suggesting that ZnO-based 

nanoparticles, including our ZnO@Glu-Safranal 

formulation, may reduce tumor aggressiveness 

through oxidative and apoptotic pathways 

involving MMP suppression. 

Similarly, Mozdoori et al. (2017) showed that 

porphyrin-conjugated ZnO nanoparticles 

influenced the expression of genes associated with 

non-classical cell death in MCF-7 cells. Bai et al. 

(2017) found that ZnO NPs caused stress-related 

protein expression changes using Western blot 

analysis, and Wang et al. (2020) reported 

mitochondrial dysfunction and ROS generation 
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following ZnO NP exposure, although apoptosis 

markers were unaffected. 

The modulation of matrix metalloproteinases 

(MMPs) by nanoparticles has been reported in 

several studies. MMPs are typically low in normal 

tissues but elevated in cancer, contributing to 

tumor progression (Gonzalez-Avila et al., 2022). 

For example, Hashimoto et al. (2016) showed that 

PVP-coated gold and platinum nanoparticles 

inhibited MMP1 activity in fibroblasts and 

MMP8/9 in macrophages. Wu et al. (2016) and 

Zhang et al. (2015) reported reduced MMP2 and 

MMP9 expression in gastric and squamous 

carcinoma cells following gold nanoparticle 

treatment. Conversely, Franková et al. (2016) 

found that silver nanoparticles increased MMP1 

but decreased MMP3 expression in keratinocytes. 

Not all nanoparticles suppress MMPs. Liu et al. 

(2014) showed that citrate-coated gold 

nanoparticles increased MMP9 in A549 cells, 

while Pascarelli et al. (2013) found upregulation of 

MMP1, MMP3, and MMP13 in osteoarthritic 

chondrocytes treated with PVP-coated NPs. ROS-

mediated activation of MMPs by TiO₂, nickel, and 

cobalt nanoparticles has been described by Wan et 

al. (2011) and Annangi et al. (2015). Armand et al. 

(2013) linked TiO₂ NP-induced MMP1 

upregulation to IL-1β pathways in human lung 

fibroblasts. These heterogeneous outcomes 

highlight the importance of nanoparticle 

composition and functionalization. The observed 

MMP1 downregulation in our study further 

supports the notion that surface-conjugated agents 

like safranal can influence the direction of MMP 

regulation. 

In vivo studies show variable outcomes. Park et al. 

(2010a, 2010b) reported transient MMP induction 

by Pt and Fe₃O₄ NPs, while Blum et al. (2014) 

observed persistent MMP9 elevation after CdO NP 

exposure. Ambalavanan et al. (2013) reported 

increased MMP9 in neonatal mice exposed to TiO₂ 

NPs, and Morimoto et al. (2011) found no 

significant MMP2 changes with NiO NPs. On the 

other hand, Au and Pt nanoparticles reduced 

MMP2 and MMP9 expression in diabetic and liver 

tissues, respectively (Opris et al., 2017; Medhat et 

al., 2017). Gadolinium metallofullerenol NPs also 

reduced MMP expression and inhibited tumor 

growth (Kang et al., 2012). 

These findings illustrate the complexity of NP 

effects on MMP regulation, which can vary 

depending on NP size, composition, surface 

chemistry, and cellular context. The underlying 

mechanisms are still under investigation, but 

proposed explanations include direct NP-MMP 

interactions or modulation through ROS and 

inflammatory pathways. Our findings contribute to 

this growing body of evidence by showing that 

ZnO@Glu-Safranal NPs selectively suppress 

MMP1, potentially through antioxidant and anti-

inflammatory actions of safranal, warranting 

further mechanistic studies. 

mTOR is another critical signaling molecule 

involved in cell growth, metabolism, and survival 

(Saxton and Sabatini, 2017). Aberrant mTOR 

activity is common in cancer, making it an 

important therapeutic target. Compared to 

conventional chemotherapies, mTOR inhibitors 

generally exhibit better tolerability (Hua et al., 

2019). Several NPs have been shown to modulate 

mTOR: inhibitory effects have been reported for 

iron oxide (Khan et al., 2012), zinc oxide (Roy et 

al., 2014), TiO₂ (Zhang et al., 2016), and bismuth 

NPs (Liu et al., 2018), while copper oxide 

(Edelmann et al., 2014) and gold NPs (Wang et al., 

2012) activate mTOR. Our findings of mTOR 

downregulation are in line with previous reports of 

NP-induced mTOR suppression, suggesting that 

ZnO@Glu-Safranal NPs may interfere with cancer 

cell metabolism and survival signaling. 

Despite these findings, the precise mechanisms by 

which NPs influence mTOR remain unclear. 

Recent work challenges the “proton sponge” 

hypothesis and instead points to the involvement of 

lysosomes in NP-induced signaling (Lunova et al., 

2019). Sub-cytotoxic NP exposure may cause 

oxidative stress and disrupt organelles such as 

lysosomes and mitochondria, linking cellular stress 

responses with mTOR modulation. Further studies 

are required to unravel these dynamics and 

understand their implications in cancer therapy. 

Given the known antioxidant properties of 

safranal, it is plausible that ZnO@Glu-Safranal 

NPs reduce mTOR activity by attenuating 

oxidative stress, which merits further investigation 

in future mechanistic studies. 

Study Limitations 
This study focused on evaluating changes in the 

mRNA expression levels of MMP1 and mTOR in 

response to ZnO@Glu-Safranal nanoparticles but 

did not include functional validation assays such as 

Western blotting, apoptosis assays, or assessments 

of long-term effects on cellular metabolism. 
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Additionally, control groups treated with 

individual ZnO nanoparticles or safranal alone 

were not included, which limits the ability to 

distinguish their independent contributions to gene 

expression changes. Despite these limitations, the 

study was designed as a preliminary investigation 

to provide initial insights into the gene-level 

effects of the conjugated nanoparticles on cancer-

related pathways. Future studies are encouraged to 

incorporate protein-level validation, functional 

assays, and comparative groups to more 

comprehensively assess the biological impact and 

therapeutic potential of these nanoparticles. 

Conclusions 
This study demonstrates that ZnO nanoparticles 

conjugated with Safranal (ZnO@Glu-Safranal) 

significantly modulate the expression of key 

regulatory genes involved in tumor metabolism 

and progression in MCF-7 breast cancer cells. 

Notably, the treatment resulted in downregulation 

of MMP1 and mTOR, which may indicate a 

reduction in metastatic potential and metabolic 

activity. These findings underscore the therapeutic 

potential of combining nanotechnology with 

natural bioactive compounds such as Safranal. 

However, due to resource limitations, functional 

assays to confirm these gene expression changes at 

the protein or cellular level were not performed, 

and this represents a limitation of the current study. 

Further in-depth studies are warranted to elucidate 

the molecular pathways involved and to assess the 

clinical relevance of ZnO@Glu-Safranal in cancer 

therapy. 
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