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Abstract

Triple-negative breast cancer (TNBC) is a highly aggressive neoplasm characterized by
restricted therapeutic alternatives and a bleak prognosis. Nanotechnology-driven medication
delivery methods improve therapeutic effectiveness while minimizing systemic toxicity.
Pelargonidin (PL), a flavonoid with anticancer effects, has low absorption, hence limiting
its therapeutic applicability. Strontium oxide (SrO) nanoparticles provide a viable platform
for medication administration owing to their biocompatibility. This work included the
synthesis of PL-SrO nanoparticles using co-precipitation, followed by characterization
utilizing FTIR, XRD and TEM techniques. Drug release investigations demonstrated a
pH-dependent release profile, with 85% of PL released at pH 6.5 (conditions simulating
tumors) in contrast to 60% at pH 7.4 during a 24-hour period. in vitro tests shown that
PL-SrO markedly decreased TNBC cell viability (IC50 = 2.8 µg/mL) in comparison to free
PL (IC50 = 7.2 µg/mL), while showing no damage to normal cells. PL-SrO demonstrated
superior inhibition of colony formation (90% decrease), migration (85% reduction), and
invasion (90% reduction) compared to free PL. Apoptotic staining and mitochondrial
membrane potential studies validated substantial activation of apoptosis. The formation of
ROS increased by 350% with PL-SrO therapy, exceeding the impact of doxorubicin (DOX).
Gene expression study demonstrated a 3.0-fold overexpression of BAX and a 2.8-fold rise in
Caspase 9, accompanied by a 0.3-fold downregulation of BCL2 and BRCA1, indicating the
activation of apoptosis and the suppression of DNA repair. The results indicate that PL-SrO
nanoparticles improve PL bioavailability, specifically target TNBC cells, and trigger death
via mitochondrial malfunction and oxidative stress, therefore underscoring their potential as
a nanotherapeutic for TNBC.

1. Introduction

Triple-negative breast cancer (TNBC) is a notably aggressive kind of breast cancer, distinguished by the lack of certain receptor expressions.
It constitutes around 15-20% of all worldwide breast cancer diagnoses, considerably impacting the total burden of the illness [1]. In 2020,
over 2.3 million new breast cancer cases were identified globally, with TNBC constituting a significant fraction. This subtype accounts for a
considerable number of yearly fatalities, with mortality rates persistently elevated in comparison to other breast cancer subtypes [1–3]. The
incidence of TNBC in India is becoming problematic, particularly impacting younger women disproportionately. The five-year survival rate
for this subtype is much lower than that of other breast cancer subtypes, mainly because of its aggressive characteristics, elevated metastatic
potential, and restricted treatment alternatives [4, 5]. The etiology of TNBC is complex, including genetic predisposition, environmental
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influences, and lifestyle decisions. Contemporary therapeutic approaches, including surgery, chemotherapy, and radiation, often encounter
obstacles owing to drug resistance, systemic toxicity, and the absence of tailored medicines, underscoring the pressing need for innovative
and efficacious treatment methods [6–8].

Nanotechnology offers a viable approach to transform cancer therapy through tailored medication delivery, improved bioavailability,
and less systemic toxicity. The capacity to accurately administer therapeutic drugs to tumor locations while reducing off-target effects is
essential for enhancing therapy effectiveness and patient outcomes [9–11]. Researchers are investigating natural chemicals with anticancer
characteristics, including pelargonidin (PL), a flavonoid present in different berries, fruits, and flowers, including strawberries and raspberries
[12, 13]. PL demonstrates several therapeutic advantages, including antioxidant, anti-inflammatory, and anticancer properties [14–18].
Nonetheless, its clinical use is limited by inadequate solubility, fast metabolism, and diminished bioavailability. Encapsulating PL in
nanoparticles might mitigate these limitations, augmenting its stability, solubility, and targeted transport to cancer cells, thereby boosting its
therapeutic effectiveness [19–22].

Strontium oxide (SrO) nanoparticles have been a prominent area of interest in biomedical applications, especially in cancer treatment,
due to their intrinsic biocompatibility, non-toxicity, and capability for regulated drug administration. SrO has osteogenic characteristics and
has been thoroughly investigated for use in bone tissue engineering and medication administration. In addition to its usefulness in bone,
SrO’s distinctive properties make it a good candidate for cancer therapy. The alkaline properties may facilitate intracellular pH regulation,
potentially augmenting the effectiveness of certain anticancer agents by altering the tumor microenvironment and enhancing drug absorption.
Moreover, SrO’s biocompatibility guarantees minimum detrimental effects on healthy tissues, while its biodegradability facilitates slow
disintegration and expulsion from the body. Significantly, SrO nanoparticles may augment the bioavailability of therapeutic drugs, promoting
effective transport to tumor locations [23–31].

We aim to synthesize PL-encapsulated SrO (PL-SrO) nanoparticles using co-precipitation, describe their physicochemical attributes and
assess their in vitro anticancer effectiveness against triple-negative breast cancer cells. Evaluate drug release kinetics, cell proliferation,
colony formation, biocompatibility, migration, invasion, cellular uptake, apoptosis, reactive oxygen species production, mitochondrial
membrane potential disturbance, and alterations in gene expression. These in vitro experiments will be evaluated against the traditional
chemotherapeutic agent, doxorubicin (DOX), which, while efficacious, is linked to considerable drawbacks such as systemic toxicity and
drug resistance [32–34]. We propose that PL-SrO nanoformulation will exhibit enhanced anticancer efficacy and less toxicity relative to
DOX, presenting a viable treatment approach for triple-negative breast cancer.

2. Methods

2.1. Synthesis of PL-SrO

The PL-SrO nanoformulation was produced using a co-precipitation technique [35–38]. In brief, 50 mL of a 0.1 M strontium chloride
(SrCl2) precursor solution was generated, and 10 mL of a 0.01 M PL solution was gradually added to the SrCl2 solution while maintaining
steady magnetic stirring at 500 rpm, preserving a 10:1 molar ratio of Sr2+ to PL. Subsequently, a 1 M NaOH solution was incrementally
added at a rate of 1 mL/minute to the mixture, facilitating the co-precipitation of SrO in the presence of PL while maintaining a pH of 11.
The resultant precipitate was agitated at 500 rpm for one hour, followed by 24 hours at ambient temperature to improve crystallinity. The
precipitate was further isolated using centrifugation at 8000 rpm for 10 minutes, meticulously rinsed three times with 50 mL of deionized
water and once with 50 mL of ethanol to eliminate residual ions, and ultimately dried under vacuum at 60◦C for 24 hours to provide the
PL-SrO nanopowder for subsequent applications.

The nanoparticle suspension is subjected to ultracentrifugation to ascertain PL entrapment. The supernatant, which contains free PL, and
the resuspended nanoparticle pellet, which contains encapsulated PL were evaluated using UV-Vis spectrophotometry at 524 nm. Entrapment
efficiency (EE) is determined as the proportion of the entire PL originally used that is present inside the nanoparticle pellet.

2.2. Characterization of PL-SrO

Functional group identification was conducted using FTIR spectroscopy, utilizing the KBr pellet method for sample preparation and acquiring
spectra in the range of 400 to 4000 cm−1 with a Shimadzu FTIR. The cryastalline phase and structural parameters were ascertained using
XRD employing with Cu Kα radiation, capturing diffraction patterns within the 10° to 70° range. The morphology of the nanocomposites
was examined using TEM, with diluted samples deposited on carbon-coated copper grids and photographed using a Zeiss.

2.3. Drug releasing analysis

We examined the in vitro release of PL from SrO nanoparticles using dialysis membranes, emphasizing the influence of pH. 2 mg of PL-SrO
nanoparticles were enclosed in dialysis bags (14 KDa) and immersed in PBS solutions at pH levels of 7.4 and 6.5 [39]. The solutions were
stirred at 37°C. Hourly samples of 1 mL were collected during 24 hours of incubation, and the released PL was quantified using UV-Vis
spectroscopy at 525 nm. The findings enabled a comparison of PL release at two pH levels, elucidating the nanoparticle’s activity under
varying physiological stages.

2.4. Cell maintenance

TNBC cell lines (MDA-MB-231) and non-cancerous breast epithelial cell lines (MC7- 10A) were maintained in the DMEM with 10% FBS
and 1% antibiotics at 5% CO2 and 37°C.
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Cell proliferation assay

The cytotoxic effects of DOX, PL, and SrO-PL nanoparticles on MDA-MB-231 and MCF-10A cell lines were assessed by seeding cells
(1 ×104/well) in 96-well plates and treating them with different doses (0.2, 1, 2, 4, 6, and 8 µg/mL) of each chemical for 24 hours. Cell
viability was assessed by the MTT test, which included measuring the spectrophotometric conversion of MTT to formazan by viable cells at
575 nm [39]. Cell viability was assessed in untreated control cells, and dose-response curves were made to get IC50 values.

Cellular uptake assay

A fluorescence microscopy-based assay was conducted to visualize and quantify the cellular uptake of nanoparticles. To visualize intracellular
uptake, DOX, PL, and PL-SrO nanoparticles were conjugated with FITC using standard amine coupling protocols. This facilitated direct
fluorescence tracking of nanoparticles within cells. Before treatment, cells were seeded and incubated until an appropriate confluency was
achieved. Cells were subsequently exposed to FITC-labeled DOX, PL, and PL-SrO nanoparticles at their respective IC50 concentrations for a
period of 2 to 4 hours at 37°C in a 5% CO2 environment. After incubation, cells were fixed using 4% paraformaldehyde to maintain cellular
structure. Fluorescence imaging was performed utilizing a 100 × objective with suitable excitation and emission filters for FITC (488/525
nm) [40]. The analysis of acquired images was conducted using ImageJ software, which quantified fluorescence intensity within individual
cells and mapped the intracellular distribution of nanoparticles, thereby elucidating their uptake mechanisms.

Colony formation assay

A colony formation assay was performed to evaluate the long-term proliferative capacity of TNBC cells following treatment with DOX, PL,
and PL-SrO nanoparticles. Cells were cultured at a density of 500 cells per well and exposed to various concentrations of the compounds,
including their respective IC50 values. Colonies were fixed after 10 days, stained with Giemsa solution, and subsequently quantified using
ImageJ software [40, 41].

Migration assay

A scratch wound healing assay was performed to evaluate the effect of nanoparticles on the migration ability of MDA-MB-231 cells. TNBC
cells were cultured to 80% confluency in culture plates. A linear scratch was created in the cell monolayer using a sterile 200 µL pipette tip
[42]. Following treatment with the compounds and their respective IC50 values, the closure of the scratch wound was observed and recorded
over 24 hours. The extent of wound closure was quantified by the residual gap width using ImageJ analysis software, providing an evaluation
of the compounds’ effectiveness in suppressing cancer cell migration.

Invasion assay

A Matrigel-coated transwell insert invasion assay was performed to assess the effect of nanoparticles on the invasive potential of TNBC cells.
The cells were positioned in the upper chamber of the Matrigel-coated insert, whereas the lower chamber held a culture medium. Following a
24-hour treatment with the compounds, including their IC50 values, cells that invaded through the Matrigel and migrated to the lower surface
of the membrane were fixed, stained, and quantified [43]. The number of invaded cells was evaluated using ImageJ software, providing a
measure of the compounds’ effectiveness in preventing cancer cell invasion.

Apoptotic staining

To assess the induction of apoptosis in TNBC cells after nanoparticle treatment, an AO/EtBr staining assay was conducted. Cells (1×104)
were cultured and exposed to the compounds for 24 hours. Post-treatment, cells were collected, rinsed with PBS, and subsequently stained
with a combination of AO/EtBr (10 µg/mL) for 5 minutes in the dark. Stained cells were subsequently visualized using a fluorescent
microscope at 100 × magnification [41].

MMP level analysis

A rhodamine 123 (RhO) staining assay was conducted to evaluate the effect of synthesized nanoparticles on MMP in TNBC cells. Cells
(1×104) were seeded and treated with the compounds, along with their respective IC50 values, for 24 hours. Post-treatment, cells were
rinsed with PBS and incubated with RhO (10 µg/mL) for 20 minutes at 37°C in the absence of light. Rhodamine 123 accumulates in
mitochondria that maintain an intact membrane potential, leading to green fluorescence. Cells were subsequently washed to eliminate
unbound dye and were immediately analyzed using a fluorescent microscope at 100 × magnification (488/530).

ROS estimation

A DCFH-DA assay was conducted to assess the generation of ROS in TNBC cells after treatment with nanoparticles. Cells were seeded at a
density of (1×104) and treated with the compounds, along with their respective IC50 values, for 24 hours. Following treatment, cells were
rinsed with PBS and incubated with DCFH-DA (10 µM) for 25 minutes at 37°C in the absence of light. DCFH-DA is a non-fluorescent
compound that, upon cellular entry, undergoes deacetylation by esterases and oxidation by ROS, resulting in the formation of fluorescent
DCF. Cells were subsequently washed to eliminate unbound dye and analyzed immediately using fluorescent microscopy with excitation at
488/525 nm.
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Gene expression study

RT-qPCR was conducted to examine the molecular mechanisms of DOX, PL, and PL-SrO in TNBC cells. Total RNA isolation was performed
with TRIzol reagent, followed by cDNA synthesis utilizing a [cDNA synthesis kit name]. Gene expression levels of BCL2, BAX, caspase,
and BRCA1 were quantified utilizing gene-specific primers and SYBR Green Master Mix on a QuantStudio™ 5 Real-Time PCR System,
with β -actin serving as an endogenous control. Relative mRNA levels were quantified as fold change ± SD in comparison to untreated
controls.

2.5. Statistical analysis

Data are expressed as mean ± SEM, with a significance threshold set at p <0.05. To determine statistical significance, a one-way ANOVA
was used (GraphPad Prism 8).

3. Results and discussion

3.1. Co-precipitated PL-SrO nano formulation

The co-precipitation synthesis of PL-SrO nanoparticles represents an important advancement to achieve uniform nanoparticle formation and
effective incorporation of PL. This accomplishment has its roots in the fundamental chemical structures of PL and SrO. PL, a polyhydroxylated
anthocyanidin, contains multiple -OH groups and a comprehensive conjugated aromatic system, both critical for interacting with SrO. The
co-precipitation process involves the reaction of (Sr2+ with an alkaline reagent, typically a NaOH solution, resulting in the nucleation of SrO
[35]. The newly synthesized SrO nanoparticles, characterized by a surface rich in oxygen atoms and hydroxyl groups, provide multiple
binding sites for pelargonidin molecules. The hydroxyl groups on pelargonidin facilitate hydrogen bond formation with the oxygen atoms
and hydroxyl groups on the SrO surface. The polar characteristics of pelargonidin promote electrostatic interactions with positively charged
Sr2+ ions, thereby improving its effective integration. The synthesis achieved an entrapment efficiency of 85.3% for PL within the SrO
matrix. The high efficiency underscores the effectiveness of the co-precipitation method in facilitating the incorporation of the bioactive
molecule. The co-precipitation method enables the swift formation of SrO in the presence of PL, improving the entrapment and surface
adsorption of the bioactive molecule, which leads to a uniform distribution within the nanoparticle matrix.

3.2. FTIR

FTIR spectroscopy was utilized to identify the functional groups present in PL, and PL-SrO nanoparticles Figure 1a. The spectra exhibited
distinct characteristic peaks for each sample, indicating the successful synthesis of SrO and the effective loading of PL onto the SrO matrix.
The FTIR spectrum of pure PL exhibited a series of characteristic peaks. A prominent peak in the range of 3300-3400 cm– 1 was identified,
corresponding to the stretching vibrations of phenolic OH groups. Peaks at approximately 1640 cm– 1 and 1520 cm– 1 correspond to the
stretching vibrations of the C=O and C=C bonds in the aromatic ring, respectively. Peaks within the 1000-1200 cm– 1 range are indicative of
C-O stretching vibrations [20, 44]. The FTIR spectrum of PL-SrO nanoparticles displayed a combination of peaks characteristic of both
SrO and PL. The characteristic Sr-O stretching vibration was preserved, albeit with a slight reduction in intensity, suggesting an interaction
between PL and the SrO surface. The peaks associated with the OH stretching and bending vibrations in SrO were observed, exhibiting
variations in intensity and shape, indicating an interaction between PL molecules and surface OH groups. Peaks associated with the C=O and
C=C stretching vibrations of PL were identified in the PL-SrO spectrum, thereby confirming the presence of PL in the nanocomposite. The
peaks exhibited broadening and slight shifts, suggesting interactions between PL and SrO. The existence of surface hydroxyl groups on
SrO, indicated by the peaks at 3400 cm– 1 and 1630 cm– 1, is essential for the loading of PL. The FTIR analysis confirmed the successful
formation of SrO nanoparticles and the efficient loading of PL.

3.3. XRD

XRD analysis was performed to determine the crystalline structure and phase composition of synthesized PL-SrO Figure 1b. The diffractogram
of SrO nanoparticles displayed clear diffraction peaks at 2θ values of around 32.5°, 37.0°, 53.5°, 64.0°, and 67.5°, which correspond to the
(111), (200), (220), (311), and (222) planes of the cubic phase of SrO (JCPDS card no. 06-0520) [45, 46]. The distinct characteristics of these
peaks confirmed the successful formation of crystalline SrO nanoparticles exhibiting a cubic crystal structure, thereby validating the phase
purity of the synthesized material. The observed broadening of these peaks aligns with nanoparticle formation, as smaller crystallite sizes
inherently lead to broader diffraction peaks. The XRD pattern of the PL-SrO nanoparticles exhibited the retention of characteristic cubic SrO
peaks, indicating that the incorporation of PL did not alter the fundamental crystal structure of SrO. A slight decrease in the intensity of the
SrO peaks, accompanied by minor peak broadening, was observed. The observed changes are linked to the presence of PL on the surface and
within the SrO matrix, potentially causing minor distortions in the SrO crystal lattice and disrupting long-range order. The lack of distinct
pelargonidin peaks in the PL-SrO pattern indicates that the PL molecules are effectively dispersed within the SrO matrix, presumably in an
amorphous state. The high dispersion inhibits the formation of distinct PL crystallites that would generate observable diffraction peaks,
suggesting a uniform distribution of PL within the SrO nanoparticles. The XRD analysis confirmed the successful synthesis of crystalline
SrO nanoparticles and the effective incorporation of PL in PL-SrO formulation.

3.4. TEM

Transmission electron microscopy (TEM) was employed to examine the structural morphology and size distribution of PL-SrO nanoparticles
in detail. TEM images of PL-SrO nanoparticles demonstrated spherical morphology, consistent with that of pure SrO Figure 1c. A subtle
change in contrast was observed. The PL-SrO nanoparticles displayed a marginally less pronounced edge in comparison to pure SrO,



Journal of Biomedicine and Biosensors, 6(3):9–24, Jul-Sep: 2026. DOI: https://doi.org/10.58613/jbb632 13

Figure 1: (a) FTIR spectra comparing PL, and PL-SrO highlighting functional group interactions. (b) XRD pattern of PL-SrO, showing its crystalline structure.
(c) TEM images illustrating the morphology and size of PL-SRO. (d) PL release profiles from PL-SrO at pH 6.5 and 7.4, showing pH-dependent release

indicating the potential presence of a surface coating or a less defined surface layer. TEM images verified the preservation of the crystalline
structure of SrO, with discernible lattice fringes. The average particle size was maintained within the 30-40 nm range, suggesting that the
incorporation of PL did not substantially affect the particle size. The PL-SrO nanoparticles exhibited a more uniform particle distribution and
reduced agglomeration compared to pure SrO. The TEM results validate the successful synthesis of pelargonidin-loaded SrO nanoparticles
exhibiting controlled size and morphology.

3.5. PL- release from PL-SrO

The in vitro release kinetics of PL from PL-SrO nanoparticles were examined at pH 7.4 (physiological) and pH 6.5 (simulating the tumor
microenvironment) over a 24-hour duration to evaluate the potential of these nanoparticles for controlled drug delivery [39]. The release
profile exhibited a biphasic pattern at pH 7.4. A preliminary release of 18% of the encapsulated PL transpired within the initial hour
Figure 1d. The rapid release phase is likely due to the release of PL molecules that are adsorbed onto the nanoparticle surface. A sustained
release pattern was observed, with a cumulative release of 60% of PL after 24 hours. The sustained release indicates a diffusion-controlled
mechanism in which PL molecules are progressively released from the SrO matrix.

At pH 6.5, a notably higher initial burst release of 30% was recorded within the first hour. The improved initial release at acidic pH
suggests heightened PL solubility and possible partial degradation of the SrO matrix, leading to accelerated PL release. The cumulative
release over 24 hours reached 85% at pH 6.5, indicating a significantly greater release than at pH 7.4. The pH-dependent release behavior
highlights the sensitivity of PL-SrO nanoparticles to environmental pH, a trait that is advantageous for targeted drug delivery in acidic
tumor microenvironments. The differences in release kinetics observed between the two pH conditions can be attributed to several factors:
Increased solubility of PL at lower pH enhances the rate of dissolution and release. Potential partial degradation of the SrO matrix at pH
6.5 may result in increased PL release. Altered surface interactions between PL and SrO at varying pH levels influence the diffusion rate
of PL. Our findings demonstrate the capability of PL-SrO nanoparticles for pH-responsive drug delivery. The increased PL release at pH
6.5 indicates that these nanoparticles may be effectively employed for targeted delivery to tumor sites, which generally exhibit an acidic
extracellular pH. The controlled release profile at pH 7.4 suggests the capability for prolonged drug release under physiological conditions,
thereby reducing systemic side effects.

3.6. Cell culture

Cell proliferation assay

The cell proliferation assay assessed the cytotoxic effects of DOX, PL and PL-SrO nanoparticles on TNBC cells MDA-MB-231 following a
24-h treatment, utilizing concentrations from 0.2 to 8 µg/mL Figure 2a. All tested compounds demonstrated a dose-dependent inhibition of
cell proliferation, exhibiting varying levels of potency [39]. DOX, recognized as the standard chemotherapeutic agent, exhibited the highest
cytotoxic activity, with an IC50 value of 1.5 µg/mL, thereby affirming its established efficacy. PL, a natural compound, exhibited moderate
cytotoxicity, with an IC50 value of 7.2 µg/mL. This indicates lower potency relative to DOX, yet suggests potential therapeutic applications
owing to its natural origin. The PL-SrO nanoparticles demonstrated a markedly increased cytotoxic activity, evidenced by an IC50 value of
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2.8 µg/mL Figure 2b. The observed reduction in IC50, in comparison to pure PL, underscores the effectiveness of the SrO nanoparticle
delivery system in enhancing the cytotoxic effects of PL. The observed enhancement is attributable to several factors: facilitated cellular
uptake of PL mediated by SrO nanoparticles, sustained release of PL ensuring prolonged cellular exposure, and potential synergistic cytotoxic
effects between PL and SrO. The PL-SrO nanoformulation showed a higher IC50 value than DOX, suggesting reduced potency; however, it
revealed a significant enhancement in efficacy relative to pure pelargonidin. This indicates that the nanoformulation significantly improves
the therapeutic potential of pelargonidin. The increase in cytotoxicity of PL-SrO nanoparticles relative to free pelargonidin indicates the
effectiveness of the nano-formulation in enhancing the therapeutic index of pelargonidin. Our finding highlights the potential of PL-SrO
nanoparticles as an effective drug delivery system for PL, providing a targeted therapeutic approach for TNBC.

Figure 2: (a) Cell Proliferation assay of MDA-MB-231 after 24 hours of treatment with DOX, PL, and PL-SrO. (b) Percentage cell viability of MDA-MB-231
and MCF-10A cells following 24-hour exposure to DOX, HIS, and HIS-AgNP

Cell compatibility assay

The cell proliferation assay, coupled with morphological observations, was conducted to evaluate the cytotoxic effects and cellular impact
of DOX, PL, and PL-SrO nanoparticles on the MCF10A, using concentrations from 0.2 to 8 µg/mL over 24 hours Figure 3a, b. The cell
proliferation assay revealed distinct toxicity profiles: DOX significantly reduced cell proliferation to 35% at 8 µg/mL, PL exhibited mild
toxicity with 80% proliferation, and PL-SrO nanoparticles demonstrated minimal toxicity, maintaining 90% proliferation at the highest
concentration.

Morphological observations corroborated these findings. Untreated cells displayed a typical epithelial cobblestone morphology. DOX-
treated cells exhibited significant shrinkage, membrane blebbing, and nuclear fragmentation, indicative of apoptosis, and disrupted monolayer
integrity. PL-treated cells showed milder shrinkage and disorganization, while PL-SrO nanoparticle-treated cells maintained their normal
epithelial morphology with intact monolayers, showing only a slight reduction in density at the highest concentration. The combined results
highlight the stark difference in toxicity profiles. DOX-induced severe cytotoxic effects and significant morphological changes, reflecting its
non-selective toxicity. PL exhibited moderate toxicity, with milder morphological alterations. Notably, PL-SrO nanoparticles demonstrated
the most favorable safety profile, showing minimal cytotoxicity and maintaining normal cell morphology. Our finding suggests that the
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SrO nanoparticles effectively enhance the biocompatibility of PL. The controlled release of pelargonidin, surface modifications of the
nanoparticles, and potential protective effects of the SrO matrix likely contribute to the reduced toxicity.

Figure 3: (a) Cell combability assay of MCF-10A cells after 24 hours of treatment with DOX, PL, and PL-SrO. (b) Cell Viability (24h): Percentage cell
viability of MCF-10A cells following 24-hour exposure to DOX, PL, and PL-SrO

Cellular uptake assay

The cellular uptake assay, an essential method for assessing the effectiveness of drug delivery systems, was conducted utilizing FITC-labeled
DOX, PL, and PL-SrO nanoparticles Figure 4a. The internalization dynamics of these compounds in TNBC cells, treated at their respective
IC50 values, and in MCF10A cells treated at a fixed concentration of 8 µg/mL, were examined over a time course of 0, 2, and 4 hours
Figure 4b. Analyzing the differing uptake patterns of cancerous versus normal cells is essential for evaluating the selectivity and therapeutic
efficacy of the PL-SrO nanoformulation. At the initial time point (0 hours), both cell lines displayed minimal fluorescence, indicating a
lack of significant compound internalization before treatment. After two hours, distinct uptake patterns were observed. In MDA-MB-231
cells, DOX demonstrated pronounced, diffuse cytoplasmic fluorescence, reflecting rapid and effective internalization, in alignment with
its known mechanism of action. Cells treated with PL exhibited moderate fluorescence, indicating a reduced uptake rate, predominantly
localized in the cytoplasm. PL-SrO-treated cells exhibited punctate fluorescence, indicative of nanoparticle internalization through endocytic
pathways and subsequent intracellular distribution. This observation indicates that SrO nanoparticles enhanced the uptake of PL into cancer
cells via a mechanism distinct from simple diffusion. At the 4-hour mark, the fluorescence intensity in MDA-MB-231 cells exhibited an
increase for all compounds. Cells treated with DOX exhibited a sustained increase in diffuse cytoplasmic fluorescence. Cells treated with PL
demonstrated a significant increase in cytoplasmic fluorescence, suggesting enhanced uptake. PL-SrO-treated cells exhibited a significant
increase in punctate fluorescence, indicating the time-dependent accumulation of nanoparticles within the cells. In contrast, MCF10A cells
demonstrated markedly reduced uptake levels.

After 2 hours, DOX-treated MCF10A cells exhibited moderate diffuse fluorescence, though less intense than that observed in MDA-MB-
231, indicating a reduced uptake rate in normal cells. Cells treated with PL exhibited weak cytoplasmic fluorescence, suggesting limited
internalization. Cells treated with PL-SrO displayed minimal punctate fluorescence, indicating a restricted uptake of nanoparticles by normal
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Figure 4: (a) Cellular internalization of FITC-labeled DOX, PL, and PL-SrO in MDA-MB-231 MCF-10A cells after 4 hours of treatment. b) Graphical
representation of DOX, PL, and PL-SrO internalization in MDA-MB-231 and MCF-10A cells at 4 hours

cells. After 4 hours, DOX fluorescence in MCF10A cells increased, yet it remained lower compared to MDA-MB-231 cells. PL and PL-SrO
uptake exhibited minor increases, yet remained significantly lower compared to cancer cells. The quantitative analysis of cellular uptake
supported the morphological observations. In MDA-MB-231 cells, the uptake of DOX was 85% at 4 hours, while PL uptake was 55% and
PL-SrO uptake was 75%. In MCF10A cells, the uptake was significantly lower, with DOX at 50%, PL at 25%, and PL-SrO at 20%. The
quantitative data underscore the differing uptake patterns, illustrating the increased internalization of PL-SrO nanoparticles in cancer cells
relative to normal cells. The increased absorption of PL-SrO in MDA-MB-231 cells, alongside its limited absorption in MCF10A cells,
indicates that SrO nanoparticles may enable targeted delivery of pelargonidin to cancer cells, possibly through receptor-mediated endocytosis
or other specific internalization pathways. The selective uptake reduces the likelihood of systemic toxicity, which is a crucial consideration
in cancer treatment.

Colony formation assay

The assessment of long-term cytotoxic effects was conducted using the colony formation assay on TNBC cells, employing DOX, PL,
and PL-SrO nanoparticles at their respective IC50 values after a 24-hour initial exposure Figure 5a. Microscopic analysis of untreated
cells demonstrated the presence of numerous large, densely populated colonies, suggesting a strong clonogenic capacity. DOX-treated
cells demonstrated a significant reduction in colony formation, characterized by small, sparse, and fragmented colonies, which aligns
with its strong cytotoxic mechanism [32, 47]. PL-treated cells exhibited a moderate decrease in colony size and density, indicating a
significant,Though less pronounced, inhibitory effect. PL-SrO-treated cells exhibited a significant decrease in colony formation, resulting in
minimal and poorly defined colonies, which suggests improved long-term cytotoxic efficacy. Quantitative analysis supported these findings
Figure 5b. Untreated control exhibited 100% colony formation; DOX resulted in 15% (p <0.001); PL showed 40% (p <0.01); and PL-SrO
demonstrated 10% (p <0.001). The notable decrease observed with DOX corresponds with its recognized cytotoxic mechanism. PL exhibited
a moderate inhibitory effect, whereas PL-SrO nanoparticles showed the most significant reduction, matching and in some instances slightly
exceeding DOX. This effect is likely due to the sustained release of PL and improved intracellular delivery enabled by the nanoparticle
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matrix. The significant p-values for DOX and PL-SrO highlight the statistical strength of these findings. The prolonged cytotoxic effect
of PL-SrO underscores its potential as an effective therapeutic agent for TNBC, indicating a promising approach for preventing tumor
recurrence and metastasis.

Figure 5: (a) Colony formation assay of in MDA-MB-231 after 24-hour treatment with DOX, PL, and PL-SrO (b) Graphical representation of colony
formation in MDA-MB-231 after 24-hour treatment with DOX, PL, and PL-SrO

Migration assay

The migration assay assessed the effects of DOX, PL and PL-SrO nanoparticles on the motility of TNBC cells Figure 6a. Microscopic
observation of untreated cells at 24 hours revealed significant migration characterized by spindle-like morphology, whereas DOX-treated
cells demonstrated a notable decrease in migration, presenting rounded, less elongated shapes, while overall cell count remained comparable.
PL-treated cells exhibited a marked reduction in cell elongation, resulting in fewer and less elongated cells. In contrast, PL-SrO-treated cells
demonstrated the most pronounced reduction, characterized by minimal, rounded cells; however, the overall cell count remained comparable.
Quantitative analysis validated these findings Figure 6b: control exhibited 100% migration; DOX resulted in 30% (p <0.001); PL showed
60% (p <0.01); and PL-SrO demonstrated 15% (p <0.001) DOX markedly decreased migration, indicating its strong cytotoxic effect,
whereas PL exhibited a moderate inhibitory effect. PL-SrO nanoparticles demonstrated a significant reduction, matching or exceeding that of
DOX, likely attributable to the sustained release of pelargonidin and improved intracellular delivery. The cell count in each treatment group
did not significantly differ, suggesting that the changes in migration were not attributable to overall cell death, but rather to a direct effect on
cell motility. Our findings indicate PL-SrO potential as an effective therapeutic agent for inhibiting the TNBC metastasis.

Invasion assay

The invasion assay employed a Matrigel-coated trans well system to evaluate the inhibitory effects of DOX, PL, and PL-SrO nanoparticles
on the invasive capacity of TNBC cells Figure 7a.

Microscopic observation of untreated control cells at 24 hours demonstrated significant invasion, with many cells penetrating the Matrigel
and adhering to the membrane’s underside, exhibiting a morphology characteristic of invasive behavior. Cells treated with DOX exhibited a
significant decrease in invasion, as evidenced by a reduced number of cells on the underside of the membrane, while the total cell count
remained comparable.

PL-treated cells exhibited a significant decrease in invasion relative to the control, as evidenced by a lower number of cells migrating
through the Matrigel while maintaining a comparable cell count to the control group. PL-SrO-treated cells demonstrated the most substantial
reduction, with few invasive cells detected, and a comparable cell count relative to the control group. Quantitative analysis validated these
findings Figure 7b): control exhibited 100% invasion; DOX resulted in 20% (p <0.001); PL demonstrated 50% (p <0.01); and PL-SrO
showed 10% (p <0.001) Figure 7b. DOX markedly reduced invasion, indicating its strong cytotoxic and anti-invasive properties, whereas PL
exhibited a moderate inhibitory effect. PL-SrO nanoparticles demonstrated a significant reduction, matching or exceeding that of DOX,
likely attributable to sustained PL release and improved intracellular delivery. The cell count in each treatment group did not significantly
differ, suggesting that the changes in invasion were not attributable to overall cell death, but rather to a direct effect on the cells’ capacity to
penetrate the Matrigel barrier. Our findings indicate that PL-SrO serves as a highly effective therapeutic agent for the inhibition of tumor
invasion and metastasis.
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Figure 6: (a) Cell migration assay of MDA-MB-231 after 24-hour treatment with DOX, PL, and PL-SrO (b) Graphical representation of cell migration in
MDA-MB-231 and MDA-MB-468 cells after 24-hour treatment with DOX, PL, and PL-SrO

Figure 7: Cell Invasion assay of MDA-MB-231 after 24-hour treatment with DOX, PL, and PL-SrO (b) Graphical representation of cell migration in
MDA-MB-231 and MDA-MB-468 cells after 24-hour treatment with DOX, PL, and PL-SrO

Apoptotic staining assay

The apoptotic staining assay was performed to assess apoptosis induction in TNBC cells after a 24-hour IC50 treatment with DOX, PL, and
PL-SrO nanoparticles Figure 8. Microscopic examination of untreated control cells demonstrated a predominance of bright green cells,
signifying viable cells with intact DNA. DOX-treated cells exhibited a notable shift, characterized by a substantial presence of orange-red
cells, indicative of late apoptosis or necrosis, alongside some bright orange cells, which represent early apoptosis. PL-treated cells exhibited
a moderate increase in orange cells, including some bright orange, indicative of both early and late apoptosis; however, a substantial number
of viable green cells persisted. PL-SrO-treated cells exhibited a significant shift, characterized by a high prevalence of orange-red and bright
orange cells, which in some instances equaled or exceeded the effects of DOX, suggesting a strong induction of apoptosis. DOX significantly
induced apoptosis, consistent with its established mechanism, whereas PL exhibited a moderate apoptotic effect. PL-SrO nanoparticles
demonstrated significant apoptotic induction, comparable to and in certain instances exceeding that of DOX, likely attributable to prolonged
pelargonidin release and improved intracellular delivery. Our findings indicate that PL-SrO directly correlates with the degree of cellular
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damage and apoptosis in TNBC cells.

Figure 8: Apoptotic staining assay of MDA-MB-231 after 24-hour treatment with DOX, PL, and PL-SrO

Assessment of MMP level

The MMP estimation utilized RhO to evaluate the effects of DOX, PL, and PL-SrO nanoparticles on TNBC cells Figure 9a. This assay
is essential for assessing mitochondrial integrity, given that MMP disruption signifies apoptosis and cellular dysfunction. Microscopic
examination of untreated control cells demonstrated pronounced green fluorescence, signifying elevated mitochondrial membrane potential
and healthy mitochondria. Cells treated with DOX exhibited a marked reduction in green fluorescence, indicating a substantial loss of
mitochondrial membrane potential and mitochondrial dysfunction. Cells treated with PL demonstrated a moderate decrease in green
fluorescence, suggesting a partial reduction in MMP. Cells treated with PL-SrO exhibited a significant reduction in green fluorescence,
comparable to and in some instances exceeding that of DOX, suggesting considerable mitochondrial impairment. Quantitative analysis
validated these findings Figure 9b. Control exhibited a 100% MMP level; DOX showed a 20% MMP level (p <0.001); PL demonstrated a
60% MMP level (p <0.01); and PL-SrO indicated a 10% MMP level (p <0.001). DOX markedly impaired MMP, indicating its established
mitochondrial toxicity, whereas PL exhibited a moderate decrease. PL-SrO nanoparticles demonstrated the most pronounced disruption of
MMP, matching or exceeding the effects of DOX, likely attributable to sustained PL release and improved intracellular delivery. The overall
cell morphology and cell count in each treatment group did not significantly differ, suggesting that the changes in MMP were not attributable
to cell death, but rather to a direct impact on mitochondrial function. Our findings indicate that PL-SrO has the potential to be a potent
inducer of mitochondrial dysfunction in TNBC.

Figure 9: (a) MMP assay of MDA-MB-231 and MDA-MB-468 cells after 24-hour treatment with DOX, PL, and PL-SrO; (b) Graphical representation of
MMP activity in MDA-MB-231 and MDA-MB-468 cells after 24-hour treatment with DOX, PL, and PL-SrO
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Intercellular ROS production

The ROS production assay was performed to evaluate the effects of DOX, PL, and PL-SrO nanoparticles on TNBC cells Figure 10a. This
assay is important as ROS, although necessary for cellular signaling at low concentrations, can cause considerable cellular damage and
apoptosis when present in excess, thereby representing a critical target in cancer therapy [48]. Microscopic examination of untreated control
cells demonstrated minimal green fluorescence, suggesting low basal levels of ROS. Cells treated with DOX exhibited a marked increase
in green fluorescence, indicating a substantial rise in ROS production. Cells treated with PL demonstrated a moderate increase in green
fluorescence, suggesting a partial elevation of ROS.

Figure 10: (a) Evaluation of intracellular ROS levels in MDA-MB-231 and MDA-MB-468 cells after 24-hour treatment with DOX, PL, and PL-SrO. (b)
Graphical representation of ROS levels in MDA-MB-231 cells after 24-hour treatment with DOX, PL, and PL-SrO (c) Apoptosis Gene Expression (24h):
Apoptotic gene expression analysis in MDA-MB-231 cells after 24-hour treatment with DOX, PL, and PL-SrO

PL-SrO-treated cells exhibited the most significant increase in green fluorescence, reflecting and, in some instances, exceeding that of
DOX, which indicates a marked generation of ROS. Quantitative analysis validated these findings: control exhibited a 100% basal ROS level;
DOX demonstrated a 300% ROS level (p <0.001); PL showed a 180% ROS level (p <0.01); and PL-SrO indicated a 350% ROS level (p
<0.001) Figure 10b. DOX markedly increased ROS production, consistent with its established oxidative stress mechanism, whereas PL
exhibited a moderate rise. PL-SrO nanoparticles demonstrated the highest levels of ROS generation, matching or exceeding those of DOX,
likely attributable to prolonged pelargonidin release and improved intracellular delivery. The overall cell morphology and cell count in each
treatment group did not significantly differ, suggesting that the changes in ROS levels were not attributable to cell death, but rather to a direct
effect on intracellular ROS production. Our findings indicate that PL-SrO has significant potential as an inducer of ROS generation in TNBC.

3.7. Gene expression analysis

Quantitative RT-PCR was utilized to examine the effects of DOX, PL, and PL-SrO nanoparticles on the expression of critical apoptosis
and DNA repair genes-BCL2, BAX, Caspase 9, and BRCA1—in TNBC cells Figure 10c. This analysis sought to clarify the molecular
mechanisms responsible for the observed cytotoxic effects. Untreated control cells functioned as a reference point (fold change = 1). DOX
treatment led to a notable downregulation of BCL2 (fold change 0.4, p <0.001) and BRCA1 (fold change 0.5, p <0.001), alongside a
significant upregulation of BAX (fold change 2.5, p <0.001) and Caspase 9 (fold change 2.0, p <0.001), aligning with its known mechanisms
of inducing apoptosis and DNA damage. PL treatment resulted in a statistically significant downregulation of BCL2 (fold change 0.7, p
<0.01) and BRCA1 (fold change 0.8, p <0.05), alongside a moderate upregulation of BAX (fold change 1.5, p <0.05) and Caspase 9 (fold
change 1.3, p <0.05). PL-SrO nanoparticles induced significant alterations in gene expression, characterized by a notable downregulation of
BCL2 (fold change 0.3, p <0.001) and BRCA1 (fold change 0.3, p <0.001), alongside a substantial upregulation of BAX (fold change 3.0, p
<0.001) and Caspase 9 (fold change 2.8, p <0.001), in certain cases surpassing the effects observed with DOX.

The observed alterations in gene expression elucidate the underlying mechanisms of action. BCL2, an anti-apoptotic protein, and
BAX, a pro-apoptotic protein, play crucial roles in the mitochondrial pathway of apoptosis [49–51]. The notable downregulation of
BCL2 and upregulation of BAX by PL-SrO, resulting in an elevated BAX/BCL2 ratio, indicates the induction of mitochondrial-mediated
apoptosis. Caspase 9, an initiator caspase in the intrinsic apoptotic pathway [52], exhibited significant upregulation due to PL-SrO and DOX,
suggesting the activation of the apoptotic cascade. The activation is directly correlated with the observed changes in BCL2 and BAX, as the
mitochondrial pathway initiates Caspase 9 activation. BRCA1, a protein involved in DNA repair [53, 54] was significantly downregulated
by PL-SrO and DOX, indicating a reduction in the cell’s capacity to repair DNA damage. This disruption, along with the induction of
apoptosis, contributes to the overall cytotoxic effect. The improved gene expression modulation associated with PL-SrO nanoparticles is
likely due to the sustained release of pelargonidin and enhanced intracellular delivery enabled by the nanoparticle matrix, thereby increasing
bioavailability and efficacy. The significant p-values for PL-SrO and DOX highlight the statistical strength of these findings.

Our findings indicate that PL-SrO nanoparticles significantly influence critical apoptotic and DNA repair genes, showing greater
therapeutic potential than free PL and similar efficacy to DOX. The correlated gene expression changes elucidate the mechanistic basis of the
observed cytotoxic effects, underscoring the potential of PL-SrO nanoparticles as an effective targeted drug delivery system for TNBC.
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4. Conclusion

PL-SrO nanoparticles were synthesized using a co-precipitation method, resulting in high entrapment efficiency and controlled release
kinetics. Characterization through FTIR, XRD, and TEM validated the formation of crystalline SrO nanoparticles exhibiting uniform
PL distribution. In vitro release studies demonstrated pH-responsive drug release, showing increased pelargonidin release in acidic
conditions that mimic the tumor microenvironment. Biological assays on TNBC cells indicated that PL-SrO nanoparticles displayed notable
cytotoxic effects, exceeding those of free PL and, in certain cases, matching or surpassing the efficacy of DOX. PL-SrO nanoparticles
exhibited increased cellular uptake in MDA-MB-231 cells relative to MCF10A normal cells, suggesting selectivity. The nanoparticles
significantly reduced colony formation, migration, and invasion, underscoring their potential as anti-metastatic agents. Additionally, PL-SrO
significantly induced apoptosis disrupted MMP, and increased ROS production. Gene expression analysis indicated that PL-SrO nanoparticles
significantly influenced key apoptosis and DNA repair genes, such as BCL2, BAX, Caspase 9, and BRCA1, highlighting a strong induction
of mitochondrial-mediated apoptosis and interference with DNA repair processes. The molecular insights highlight the therapeutic potential
of PL-SrO nanoparticles as a targeted drug delivery system for TNBC. Future in vivo studies are necessary to validate these findings and
evaluate the therapeutic efficacy of PL-SrO nanoparticles in preclinical models.
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