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Prostate cancer remains a significant health concern due to its high mortality rate, emphasizing 
the need for innovative therapeutic approaches. This study aims to explore the potential anticancer 
effects of a drug nanocomplex containing rosmarinic acid in the treatment of prostate cancer, aiming 
to contribute to the development of safer and more effective treatment options for cancer patients. 
Nanocomposite Graphene Oxide was synthesized following the Hummers’ method. The resulted 
product dissolved in deionized water with rosmarinic acid to prepare the final product. To investigate 
the effects of rosmarinic acid@Se-TiO2-GO, PC3, LNCaP, and normal (HFF-1) cell lines were treated 
with varying concentrations (7.8, 15.6, 31.2, 62.5, 125, 250, and 500 µg/ml) of the nanocomplex. Cell 
viability was assessed using the Resazurin test, while levels of reactive oxygen species (ROS), gene 
expression (Bcl-2 and Bax), and total antioxidant capacity were measured in both cancerous and 
normal cells. The Se-TiO2-GO nanoparticles demonstrated high entrapment efficiency and loading 
capacity for rosmarinic acid. The IC50 values after 24 and 48 h of RA treatment were significantly 
greater than those recorded for treatments involving rosmarinic acid@Se-TiO2-GO. Treatment with 
rosmarinic acid@Se-TiO2-GO resulted in decreased cell viability and increased apoptosis in PC3 and 
LNCaP cells, while showing no inhibitory effects on the normal cell line (HFF-1) at concentrations toxic 
to cancer cells. Additionally, a dose-dependent increase in ROS levels, a decrease in total antioxidant 
capacity, elevated Bax gene expression, and reduced Bcl-2 expression were observed in the cancer 
cells following treatment with the nanocomplex. The cytotoxic effects of rosmarinic acid@Se-TiO2-
GO nanoparticles on prostate cancer cells appear to be mediated through the generation of oxidative 
stress and induction of apoptosis. The unique formulation of these nanoparticles holds promise for 
future prostate cancer treatment strategies.
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Cancer, a formidable disease characterized by an imbalance between cell proliferation and apoptosis, remains a 
major global health challenge. Traditional treatment methods, including surgery, chemotherapy, and radiation 
therapy, often fall short in terms of efficacy and can lead to adverse side effects on healthy tissues1. Prostate 
cancer, in particular, ranks as the second most common cancer among men worldwide2,3, underscoring the 
urgent need for innovative treatment strategies that enhance therapeutic effectiveness while minimizing harm 
to healthy cells4. Nanotechnology has gained attention as a promising approach to overcoming the limitations 
of conventional treatments. Nanostructured systems offer unique advantages such as high precision, low 

1Department of Biology, Faculty of Sciences, Mashhad Branch, Islamic Azad University, Mashhad, Iran. 
2Pharmacological Research Center of Medicinal Plants, Mashhad University of Medical Sciences, Mashhad, Iran. 
3Department of Clinical Biochemistry, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran. 
4Department of Medical Laboratory Sciences, Varastegan Institute for Medical Sciences, Mashhad, Iran. 5Surgical 
Oncology Research Center, Mashhad University of Medical Sciences, Mashhad, Iran. 6Student Research Committee, 
Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran. 7These authors contributed equally: 
Maryam Hosseinzadeh Ranjbar and Elham Einafshar. email: mrassaran78@gmail.com; hashemyi@mums.ac.ir

OPEN

Scientific Reports |        (2025) 15:11568 1| https://doi.org/10.1038/s41598-025-96707-y

www.nature.com/scientificreports

http://orcid.org/0000-0003-0498-3633
http://orcid.org/0000-0002-1323-5250
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-96707-y&domain=pdf&date_stamp=2025-4-4


invasiveness, and reduced side effects, making them ideal candidates for enhancing cancer therapies5,6. 
Concurrently, there is a growing interest in utilizing natural products and compounds derived from plants as 
potential anticancer agents. Herbal products, due to their bioactive compounds, have shown promise in cancer 
prevention and treatment, providing an effective and often less toxic alternative to synthetic drugs7,8.

Rosmarinic acid (RA) is a particularly noteworthy natural compound. This phenolic ester, found abundantly 
in herbs such as spearmint, has been traditionally used in various medicinal practices. RA is renowned for 
its diverse biological properties, including anti-inflammatory, antidiabetic, and anticancer activities9,10. Recent 
research has underscored its potential to inhibit metastasis, particularly bone metastasis in breast cancer 
models11,12. Despite its promising properties, RA’s clinical application is limited due to its rapid metabolism 
and low bioavailability, necessitating the development of advanced delivery systems to enhance its therapeutic 
efficacy. Nanotechnology offers a solution to these limitations by providing effective delivery mechanisms for 
RA13,14.

Titanium dioxide (TiO2) nanoparticles, known for their high biocompatibility, controlled release capabilities, 
and low toxicity, are especially promising. TiO2 nanostructures have demonstrated the potential to significantly 
improve drug uptake, extend drug release times, and enhance treatment outcomes15,16. Numerous studies have 
demonstrated that drug delivery systems employing TiO2-based nanostructures can significantly improve 
treatment outcomes17.

For instance, studies have shown that conjugation of drugs like doxorubicin to TiO2 nanoparticles and loading 
of chemotherapeutics on TiO2-based systems can lead to higher drug accumulation and improved cancer cell 
targeting18. Similarly, the conjugation of doxorubicin to TiO2 nanoparticles has shown a synergistic response in 
breast cancer cell lines, while cisplatin loaded on hyaluronic acid-TiO2 nanoparticles resulted in increased drug 
accumulation compared to free cisplatin19.

Selenium (Se), another compound with substantial anticancer properties, adds further value to this approach. 
Selenium acts through mechanisms such as modulating redox-active proteins, regulating immune responses, 
inducing apoptosis, and inhibiting cancer cell invasion and angiogenesis. Its combination with other anticancer 
agents can synergize to boost efficacy while maintaining low toxicity20–22. However, for optimal use in a drug 
delivery system, a suitable carrier substrate is necessary.

Graphene oxide (GO) serves as an excellent carrier due to its unique properties, including a high surface area 
and the presence of oxygen-containing functional groups that enable efficient drug binding. GO is known for its 
biocompatibility, low toxicity, and ability to facilitate interactions like adsorption, π–π bonding, and hydrogen 
bonding. These properties make GO ideal for loading and distributing compounds such as TiO2 and selenium, 
enhancing drug stability and controlled release23.

By leveraging the combined properties of RA, TiO2, and selenium, we aim to create a system that maximizes 
anticancer efficacy while minimizing side effects. The integration of these components into a GO-based 
nanocarrier seeks to optimize the delivery and therapeutic impact of RA in PC3 and LNCaP prostate cancer 
cells. In conclusion, this study proposes an innovative approach that harnesses the synergistic effects of RA, 
TiO2, and selenium to advance prostate cancer treatment. The use of GO as a substrate ensures efficient delivery 
and controlled release, paving the way for enhanced therapeutic outcomes and a reduction in adverse effects. 
This research holds promise for developing new, effective strategies in cancer nanomedicine.

Materials and methods
Chemicals and reagents
The main materials used for the experiments included graphite powder, sodium selenite (Na2SeO3), and 
4-dimethylaminopyridine (DMAP) sourced from Sigma Aldrich. Rosmarinic acid was obtained from Carbosyn 
(FR02310). Additional chemicals such as titanium dioxide, hydrogen peroxide (30% H2O2), sulfuric acid 
(H2SO4), potassium permanganate (KMnO4), sodium nitrate (NaNO3), ascorbic acid, and acetic acid were 
purchased from Merck. The reagent 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
was supplied by Fluka. All experiments were conducted using deionized water.

Synthesis of Se-TiO2-GO
Nanocomposite Graphene oxide (GO) was synthesized from graphite powder following the Hummers’ method 
as outlined in previous studies24–26. For the Se-TiO2-GO composite, 20 mg of GO was initially dispersed in water 
and sonicated to ensure homogeneity. Next, 15 mg of sodium selenite was added, along with 10 ml of ascorbic 
acid, and the mixture was stirred for 30 min. Subsequently, 8 mg of TiO2, also dispersed in water, incorporated 
into the mixture. The resulting mixture was stirred for 24 h. After the synthesis was complete, the mixture was 
washed with deionized water and centrifuged using a Tomy centrifuge (Japan) at 12,000  g for 15  min. The 
precipitate was collected and freeze-dried for further use.

Preparation of Rosmarinic acid@ Se-TiO2-GO
For rosmarinic acid encapsulation, 15 mg of Se-TiO2-GO was dissolved in deionized water, followed by the 
addition of 20  mg of rosmarinic acid dissolved in 1 mL of DMSO/water. This mixture was stirred at room 
temperature for 24 h, centrifuged at 7000 rpm for 15 min, and the supernatant was used to measure unbound 
rosmarinic acid. The precipitate was washed with deionized water, freeze-dried, and stored at 4  °C for later 
analysis.

Characterization and encapsulation efficiency
The size, PDI, and zeta potential of the Se-TiO2-GO and rosmarinic acid@Se-TiO2-GO composites were measured 
using dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS). Surface morphology and structure were 
analyzed via field emission scanning electron microscopy (FE-SEM) using the Mira III FEG. FTIR spectra of the 
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samples were obtained using a Perkin Elmer Paragon 1000 FTIR spectrometer with KBr pellets. Encapsulation 
efficiency and drug loading capacity were determined by centrifuging the rosmarinic acid@Se-TiO2-GO solution 
and analyzing the supernatant at 330 nm using a Cecil CE 2501 UV-visible spectrophotometer27.

The loading capacity and encapsulation efficiency were calculated as:

	
Loading Capacity (%) = (Amount of entrapped rosmarinic acid/Total nanoparticle weight) × 100
Encapsulation Efficiency (%) = [(Initial rosmarinic acid − Free rosmarinic acid) /Initial rosmarinic acid] × 100

Cell line and culture conditions
This study was conducted at Mashhad University of Medical Sciences, Iran. Prostate cancer cell lines (PC3, 
LNCaP) and HFF-1 human fibroblast cells were obtained from the Pasteur Institute of Iran. PC3 and LNCaP cells 
were cultured in RPMI 1640, while HFF-1 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM), 
both media containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells were maintained 
at 37 °C in a 5% CO2 humidified incubator.

Cytotoxicity assay (resazurin test) of the rosmarinic acid, Se-TiO2-GO and rosmarinic acid@
Se-TiO2-GO
The Resazurin cell viability assay assesses the ability of metabolically active cells to convert non-fluorescent 
resazurin into fluorescent resorufin and dihydro-resorufin. This reduction process correlates directly with the 
number of viable cells present in the sample. In brief, PC3 and LNCaP cells were plated in 96-well plates at a 
density of 1 × 104 cells per well and incubated for 24 h. The cells were then treated with various concentrations of 
rosmarinic acid, Se-TiO2-GO, and rosmarinic acid@Se-TiO2-GO (ranging from 7.8 to 500 µg/mL) for durations 
of 24–48 h. After treatment, the medium was discarded, and 10 µL of resazurin solution (0.01 mg/mL, prepared 
in phosphate-buffered saline from Sigma-Aldrich) was added to each well. The plates were incubated for 3 h 
at 37  °C in a 5% CO2 atmosphere and kept away from light. Colorimetric measurements were taken using 
a microplate fluorimeter, targeting excitation and emission wavelengths of 600 nm and 570 nm, respectively. 
The results were expressed as percentage survival rates by comparing the absorbance of treated cells to that of 
untreated controls, and the IC50 values were calculated using GraphPad Prism software (version 6.0).

Reactive oxygen species (ROS) measurement
The intracellular ROS levels were measured using the 2,7-dichlorodihydro fluorescein diacetate (DCFDA, Sigma, 
USA) technique. PC3 and LNCaP cells were incubated for 24 h, followed by incubation with 20 µM DCFDA 
for 30 min. The cells were then exposed to different concentrations of rosmarinic acid@Se-TiO2-GO. Tert-butyl 
hydro peroxide (TBHP) was used as a positive control. Fluorescence was measured at 490/530 nm (excitation/
emission) with a PerkinElmer spectrophotometer.

Total antioxidant capacity (TAC) analysis
Total antioxidant capacity (TAC) was assessed using a commercial assay kit (Teb Pazhouhan Razi, Tehran, 
Iran). Our cell lines were treated with rosmarinic acid@Se-TiO2-GO at concentrations of 10, 15, and 30 µg/ml. 
After treatment, the cells were lysed using a freeze-thaw method, and the lysate was centrifuged at 12,000g for 
15 min using Tomy centrifuge (Japan) to collect the supernatant. We then added the necessary reagents to the 
supernatant, adhering to the manufacturer’s guidelines. Finally, TAC levels were determined by measuring the 
absorbance of the samples against a standard curve.

Gene expression analysis using quantitative real-time PCR (qRT-PCR)
RNA was isolated from PC3 and LNCaP cells treated with rosmarinic acid@Se-TiO2-GO at concentrations 
of 10–30  mg/mL using the RNA extraction kit provided by Pars Tous Biotechnology (Iran), following the 
manufacturer’s instructions. After assessing the purity, concentration, and integrity of the extracted RNA with 
the Thermo Scientific NanoDrop™ Lite, 1 µg of RNA was converted to complementary DNA (cDNA) using a 
cDNA synthesis kit.

Quantitative real-time PCR (qRT-PCR) was conducted using the LightCycler® 96 RT-PCR system from Roche 
(USA), employing SYBR Green as the fluorescent dye. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
served as the internal control. The analysis of relative gene expression changes was performed using the ΔΔCT 
method with GraphPad Prism software (version 6.0). The primers for qRT-PCR, targeting Bcl-2 and Bax, were 
sourced from Pishgaman Co. (Tehran, Iran).

In this study, our research team designed and carefully selected primers to specifically target the genes we 
were interested in. To make sure these primers worked effectively and accurately, we used a serial dilution 
method to create a standard curve and check how well they amplified the target genes.

Statistical analysis
All experiments were analyzed using GraphPad Prism v6, expressed as mean ± SEM. One-way ANOVA was used 
for comparisons, and statistical significance was set at p < 0.05.

Results
Physicochemical characteristics of Se-TiO2-GO
Zeta potential, DLS and PDI
The particle size, polydispersity index (PDI), and zeta potential of the Se-TiO2-GO and rosmarinic acid@Se-
TiO2-GO formulations are summarized in Table 1. The mean particle size of the Se-TiO2-GO and rosmarinic 
acid@Se-TiO2-GO was found to be 314.2 nm and 344.8 nm, with PDI 0.253 and 0.333 respectively. Additionally, 
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the zeta potential measurements revealed positive values for Se-TiO2-GO and negative values for rosmarinic 
acid@Se-TiO2-GO.

Fourier transform infrared spectroscopy (FTIR)
In Fig. 1, distinctive absorbance peaks at 1695 cm− 1 and 3413 cm− 1 are observed, corresponding to the stretching 
vibrations of the carboxyl (C=O) and hydroxyl (-OH) groups present in graphene oxide and rosmarinic acid, 
respectively23,28. The peaks in rosmarinic acid@Se-TiO2-GO are broader than those in Se-TiO2-GO, likely due to 
the incorporation of hydroxyl and carboxyl groups from rosmarinic acid into the spectrum.

Additionally, the absorbance peak at 1388 cm− 1 indicates the presence of carbonyl groups in GO23. The peak 
in the 1400–1350 cm− 1 range is attributed to C-O-C stretching in rosmarinic acid28. The FT-IR spectrum of the 
two nanocomposites also shows the presence of TiO2, as evidenced by a broad band observed at 1006 cm− 1, 
which is assigned to the Ti-O bond of TiO2. The appearance of an absorption peak at 476 cm− 1 indicates the 
presence of Se-O, consistent with previous research findings29.

Surface morphology and elemental composition (FESEM and EDX)
FESEM images (Fig. 2A,B) provided insights into the morphology and structure of Se-TiO2-GO and rosmarinic 
acid@Se-TiO2-GO. Nanoparticles of Se-TiO2-GO were distributed across the GO sheets, presenting varied 
shapes within the nanoscale range. The addition of rosmarinic acid led to distinct formations that covered much 

Fig. 1.  FTIR spectra of Se-TiO2-GO and rosmarinic acid@Se-TiO2-GO.

 

Sample Average size (nm) PDI Zeta potential (mV)

Se-TiO2-GO 314.2 ± 21.32 0.253 16.3 ± 1.26

rosmarinic acid@Se-TiO2-GO 344.8 ± 43.2 0.333 − 33.1 ± 2.64

Table 1.  Physicochemical characteristics of Se-TiO2-GO and Rosmarinic acid@Se-TiO2-GO formulations.
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of the GO surface. Elemental mapping from EDX analysis (Fig. 2C) confirmed the presence of carbon (C) and 
oxygen (O) from GO and rosmarinic acid, as well as selenium (Se) and titanium (Ti), indicating successful 
nanocomposite synthesis.

Drug entrapment and loading efficiency
The rosmarinic acid content within the synthesized nanoparticles was measured to evaluate loading and 
entrapment efficiency. After synthesis, the nanocomposites were centrifuged, and free rosmarinic acid in the 
supernatant was quantified via UV-visible spectrophotometry. The Se-TiO2-GO formulation exhibited an 
entrapment efficiency of 68.7% and a loading capacity of 43.2%.

Effect of rosmarinic acid and rosmarinic acid@Se-TiO2-GO on cell viability of PC3 and LNCaP cell lines.
The effects of both rosmarinic acid and rosmarinic acid@Se-TiO2-GO were tested on PC3, LNCaP, and HFF-

1 cell lines using increasing concentrations (7.8 to 500 µg/ml) over 24 and 48-hour periods. Results indicated 
that the IC50 for PC3 cells treated with rosmarinic acid was 85 µg/ml at 24 h and 59 µg/ml at 48 h (Fig. 3A). 
LNCaP cells showed IC50 values of 102 µg/ml and 64 µg/ml at 24 and 48 h, respectively (Fig. 3B). The treatment 
with rosmarinic acid@Se-TiO2-GO resulted in lower IC50 values for both cell lines, at 43 µg/ml and 22 µg/ml for 
PC3 (Fig. 3C), and 56 µg/ml and 29 µg/ml for LNCaP (Fig. 3D).

The HFF-1 cell line had IC50 values of 186 µg/ml and 140 µg/ml at 24 and 48 h, respectively, after exposure 
to rosmarinic acid@Se-TiO2-GO (Fig. 4).

Reactive oxygen species (ROS) production in cancer cells
ROS levels in PC3 and LNCaP cells were measured following treatment with rosmarinic acid@Se-TiO2-GO at 
concentrations of 10, 15, and 30 µg/ml (Fig. 5A, B). Data indicated a significant dose-dependent increase in ROS 
levels at 15 and 30 µg/ml, suggesting that the treatment enhanced oxidative stress in cancer cells compared to 
untreated controls.

Effect of Rosmarinic acid@Se-TiO2-GO on the total antioxidant capacity (TAC)
The influence of rosmarinic acid@Se-TiO2-GO on TAC in cancer cell lines was evaluated (Fig.  6A, B). The 
LNCaP cell line showed a marked reduction in TAC at a concentration of 30 µg/ml, whereas the PC3 cell line 
exhibited significant TAC decreases at both 15 and 30 µg/ml, implying enhanced oxidative stress.

Gene expression analysis of Bax and Bcl-2
The impact of rosmarinic acid@Se-TiO2-GO on pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) gene expression 
in PC3 and LNCaP cell lines was analyzed (Fig. 7A–D). Treatment with 15 and 30 µg/ml of the nanoparticle 
led to a significant increase in Bax expression and a concurrent decrease in Bcl-2 expression in both cell lines, 
indicating induced apoptosis compared to the untreated control groups.

Discussion
Prostate cancer is the most prevalent malignancy among men and is recognized as the second primary cause 
of cancer-related deaths among the male worldwide30. Prostate cells can be categorized into two subtypes: 
AR+ (hormone-sensitive) and AR− (hormone-refractory). LNCaP cells are a representative example of the 
AR + subtype, whereas PC-3 cells are classified as AR-. As a result, we explored both cell lines in this research31. 
Despite existing research that highlights the chemopreventive capabilities of rosmarinic acid (RA) in combating 
various forms of cancer, the exact mechanisms driving its effectiveness remain not fully elucidated. Conventional 
chemotherapy, designed to target rapidly dividing cells, frequently lacks specificity, thereby impacting healthy 
cells as well as cancerous ones32,33. This underlines the critical need for innovative chemotherapy agents that 
possess reduced toxicity levels. Challenges such as RA’s poor solubility, limited bioavailability, and instability 

Fig. 2.  (A,B) The FESEM images of Se-TiO2-GO and rosmarinic acid@Se-TiO2-GO (C) EDX of rosmarinic 
acid@Se-TiO2-GO.
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have necessitated the exploration of alternative delivery methods32,34. One of the promising advancements is 
utilizing nanoparticles to optimize RA’s bioavailability and therapeutic potential. In this study, we pioneered the 
creation of a novel nanocomposite, rosmarinic acid@Se-TiO2-GO, which marks the first exploration of this RA 
formulation’s effectiveness in treating prostate cancer.

Our research involved testing the effects of both rosmarinic acid@Se-TiO2-GO and RA alone on PC3 and 
LNCaP prostate cancer cell lines, along with HFF-1, a normal cell line. We observed that the IC50 values after 
24 and 48 h of RA treatment were nearly double those recorded for treatments involving rosmarinic acid@Se-
TiO2-GO, indicating greater potency for the nano formulation. Importantly, the IC50 levels for the HFF-1 cells 
suggested that at the therapeutic doses intended for cancer cells, the nanoparticle formulation did not adversely 
affect normal cells, highlighting its safety and efficacy.

According to our research, the IC50 for PC3 cells treated with rosmarinic acid was 85 µg/ml at 24 h and 
59 µg/ml at 48 h. Our findings align with previous studies, such as research involving Ls174-T colorectal cancer 
cells, which demonstrated that RA preserved over 70% cell viability and reduced metastasis without notable 
cytotoxicity34,35. Jaglanian et al. also found a dose-responsive decline in proliferation for both androgen-
independent PC-3 and androgen-dependent 22RV1 prostate cancer cells when treated with RA36. Similarly, 
studies show that RA decreases cell viability in 22RV1 and LNCaP prostate cancer lines by modulating CHOP/
GADD153, promoting androgen receptor degradation, and reducing xenograft tumor growth37. Moreover, 
rosmarinic acid has been shown to induce a dose-dependent decrease in the proliferation and viability of PC-3, 
DU145, and LNCaP prostate cancer cells36.

According to a study by Liu in 2024, rosmarinic acid specifically inhibits the non-inflammatory effects of 
COX-2. The researchers applied rosmarinic acid in combination with ginsenoside Rg1 to colon cancer cells. 
In this study, metastasis of the cancer was inhibited by the COX-2-MYO10 axis in both in vivo and in vitro 
models38.

Zeta potential measurements of our formulation revealed distinct properties: Se-TiO2-GO showed a positive 
zeta potential, while rosmarinic acid@Se-TiO2-GO had negative values, which may affect stability, dispersibility, 
and cellular interactions.

Electrostatic forces are essential for the uptake of these charged nanoparticles, as the adsorption of proteins 
onto the surface can alter their physical and chemical behavior, impacting cellular absorption and overall efficacy.

Fig. 3.  Effect of rosmarinic acid and rosmarinic acid@Se-TiO2-GO on cell viability of PC3 and LNCaP cell 
lines.

 

Scientific Reports |        (2025) 15:11568 6| https://doi.org/10.1038/s41598-025-96707-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 5.  Effect of rosmarinic acid@Se-TiO2-GO on reactive oxygen species in tumor cells (∗shows a significant 
difference between each concentration and the control group (*p value < 0.05, ** p value < 0.01, *** p 
value < 0.001)).

 

Fig. 4.  The IC50 of the HFF-1 cell line after 24 and 48 of rosmarinic acid@Se-TiO2-GO treatment.
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Characterization through FT-IR spectroscopy confirmed the attachment of RA to the nanocomposite, 
shown by increased O-H peak intensities indicative of hydroxyl groups from RA. FESEM and EDX analyses 
supported this, revealing structural changes on the graphene oxide surface due to π-π stacking and electrostatic 
interactions that facilitate drug delivery. EDX data confirmed the inclusion of selenium and titanium, validating 
the successful conjugation of the nanoparticle components.

Fig. 7.  Effect of rosmarinic acid@Se-TiO2-GO treatment on gene expression cells (∗ shows a significant 
difference between each concentration and the control group (* p value < 0.05, ** p value < 0.01, *** p 
value < 0.001)).

 

Fig. 6.  Effect of rosmarinic acid@Se-TiO2-GO the total antioxidant capacity (TAC) cells (∗ shows a significant 
difference between each concentration and the control group (* p value < 0.05, ** p value < 0.01, *** p 
value < 0.001)).
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Cancer tissues often have elevated reactive oxygen species (ROS)33,39, which contribute to genetic instability, 
enhanced proliferation, and drug resistance40,41. Xu et al. explored RA’s anti-metastatic functions, demonstrating 
its ability to inhibit cell migration, adhesion, and invasion in a dose-dependent manner while reducing ROS 
levels by enhancing the levels of reduced glutathione42. Rosmarinic acid also suppressed the activity of matrix 
metalloproteinase-2 and -9, effectively inhibiting tumor metastasis both in vitro and in vivo43.

Rosmarinic acid’s unique characteristics as both a phenolic acid and a flavonoid-related compound enable 
it to bind metal ions. This binding inhibits the formation of free radicals and effectively halts oxidative chain 
reactions. Furthermore, rosmarinic acid can influence the activity of key enzymes associated with oxidative 
stress, such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)44.

Our study showed a dose-dependent ROS increase in PC3 and LNCaP cells treated with the nano formulation, 
suggesting that these raised levels trigger oxidative stress, leading to apoptosis.

In normal, healthy cells, there is a balance between ROS production and antioxidant defenses45. To provide 
more reliable evidence, we also examined the total antioxidant capacity (TAC) of the prostate cancer cell lines. 
Following treatment with 30  µg/mL of the nano complex, there was a significant decrease in TAC, which 
correlated with increased ROS production in the cancer cells. Notably, even 15 µg/mL of the nano complex 
significantly reduced the antioxidant capacity in the PC3 cell line compared to LNCaP, which may reflect 
inherent differences between these two cell lines.

Additionally, earlier work, such as Yang et al.‘s research on metastatic colorectal cancer, indicated that RA 
can heighten ROS production and suppress epithelial-mesenchymal transition (EMT) via p38/AP-1 pathways, 
with miR-1225-5p mediating its anti-metastatic effects46. RA has also been highlighted for its protective and 
anticancer properties in various studies, emphasizing its utility across different cancer types. For instance, 
Ngo et al. reviewed RA’s protective effects against prostate, colorectal, and other cancers, highlighting its dose-
dependent anticancer potential across various stages of cancer development47. Moreover, Areti et al. found that 
rosmarinic acid prevented functional deficits, reduced oxidative stress, and improved mitochondrial function in 
a rat model of oxaliplatin-induced peripheral neuropathy48.

Apoptosis, disrupted in many cancer types, can occur via intrinsic and extrinsic pathways4. The impact of 
rosmarinic acid on prostate cancer cell apoptosis was analyzed, showing that rosmarinic acid down regulated 
procaspase-9, Bcl-xL, and Bcl-2, thereby inducing apoptosis through both apoptotic pathways49,50. In our in vitro 
study, rosmarinic acid@Se-TiO2-GO significantly reduced the viability of cancer cells. The nanoparticles likely 
exerted cytotoxic effects by elevating ROS levels, decreasing total antioxidant capacity, increasing Bax (pro-
apoptotic) gene expression, and reducing Bcl-2 (anti-apoptotic) expression, as confirmed by real-time PCR. These 
findings are consistent Jang et al. (2018) study, which investigated the pro-apoptotic effects of rosmarinic acid 
in human prostate cancer cell lines. They demonstrated that rosmarinic acid induces apoptosis by modulating 
HDAC2 expression. Their study revealed that rosmarinic acid affects the expression of key proteins involved in 
the intrinsic mitochondrial apoptotic pathway, including Bax, Bcl-2, caspase-3, and cleaved poly (ADP-ribose) 
polymerase 1 (PARP-1), through the up regulation of p53 as a result of HDAC2 down regulation. This led to 
increased apoptosis in PC-3 and DU145 cells, suggesting that rosmarinic acid not only inhibits cell survival but 
also promotes apoptosis in prostate cancer cell lines, positioning rosmarinic acid as a potential novel therapeutic 
agent .

This study is the first to specifically investigate how rosmarinic acid, in combination with titanium oxide and 
selenium-doped graphene oxide, affects prostate cancer cells like PC3 and LNCaP. We successfully highlighted 
the roles of Bax and Bcl-2 in this process. However, while rosmarinic acid is known to interact with multiple 
signaling pathways, the exact mechanisms involved remain unclear. Additionally, further research is needed, 
both in vivo and in vitro, to fully uncover the anticancer potential of this combination and its applicability in 
real-world treatments.

Conclusion
This study successfully synthesized rosmarinic acid@Se-TiO2-GO nanoparticles, demonstrating that their 
optimized average size and negative surface charge improved both bioavailability and biodistribution, 
facilitating targeted delivery to cancer cells. When PC3 and LNCaP prostate cancer cell lines were treated with 
these nanoparticles at varying concentrations, results showed a dose-dependent increase in reactive oxygen 
species (ROS) production, a decrease in total antioxidant capacity, upregulation of Bax gene expression, and 
downregulation of Bcl-2 expression. These observations imply that the nanoparticles exert their antitumor 
effects primarily through the induction of ROS. Collectively, the findings suggest that rosmarinic acid@Se-TiO2-
GO nanoparticles could be a promising addition to future treatment protocols for prostate cancer. Nonetheless, 
further investigation is essential to comprehensively determine their mechanism of action and overall therapeutic 
efficacy in prostate cancer.
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