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Extraction, LC-QTOF-MS profiling
of bacterial menaquinone (MK)
and characterization of CuFe,O,
nanoparticles loaded MK: potential
anti-cancer via gene expression

Reem M. Farsi'™ & Mohamed S. Abdelwahab?**

Ferrite nanoparticles (FNPs), especially copper ferrite nanoparticles (CuFe,O, NPs), are a promising
platform in nanomedicine for targeted cancer treatment. Consequently, unique CuFe,O, NPs were
functionalized with a bioactive extract derived from Salinicoccus sp. RM1, a halophilic bacterial strain
obtained from the Red Sea. The bacterial extract, abundant in menaquinone (MK) homologs (MK-4
to MK-13) as verified by LC-QTOF-MS, used as an excellent functionalizing agent to produced MK-
loaded nanoparticles (CuFe,O, NPs-MK). Prepared NPs were analyzed using XRD, FT-IR, SEM, EDX,
particle size analysis and magnetic susceptibility analysis, confirming the effective production and
functionalization of the NPs. CuFe,0, NPs modified with MK exhibited significant cytotoxicity against
MCF-7 cells, yielding an 1Cs, of 48.94 pg/ml and a notable 45% reduction in BCL-2 expression, while
BAX expression experienced a marginal 3.4% rise. This study demonstrates its strength in innovative
design and comprehensive characterization of a novel anti-cancer nanocomposite (CuFe,0, NPs-MK),
utilizing sustainably sourced marine MKs to induce apoptosis in breast cancer cells by modulating the
BAX/BCL-2 gene ratio.
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Ferrite nanoparticles (FNPs) have become an essential material in the nanotechnology-driven revolution in
biomedical research due to their distinctive superparamagnetic properties, biocompatibility, and adaptable
surface chemistry"”. These nanoparticles, primarily composed of iron oxides such as magnetite (Fe,0,) or
maghemite (y-Fe,O3), and frequently doped with transition metals like cobalt, manganese, or copper, enable
precise magnetic manipulation for targeted drug administration, imaging, and hyperthermia-based cancer
treatment’.

Various techniques exist for synthesizing CuFe,O4 NPs, each influencing the physicochemical properties of
the resultant material®. The predominant method is coprecipitation, entailing the concurrent precipitation of
Cu** and Fe**/Fe’* salts in alkaline conditions®®. Metal alkoxide precursors are utilized in sol-gel techniques
to produce homogeneous gels, which are subsequently calcined to generate crystalline nanoparticles®=.
Microwave-assisted techniques provide rapid, energy-efficient crystallization, whereas hydrothermal synthesis
uses high-temperature, pressurized reactors to produce highly pure, monodisperse crystals!®-1°.

Various techniques have been developed to alter the surface of ferrite nanoparticles, enhancing their
functionality'®!”. Polymer coatings, such as PEG and chitosan, enhance colloidal stability and biocompatibility.
Silica shell encapsulation enables further functionalization with ligands or pharmaceuticals'®-%’. Biological
functionalization, utilizing enzymes, antibodies, or bacterial extracts, imparts bioactive specificity, whereas
inorganic metal coatings, such as gold, augment optical characteristics?!. Bacterial extracts are an appealing
option due to their intrinsic biocompatibility and versatile biochemical composition??. These extracts, serve as
organic coronas that enhance the cytotoxicity and targeting capabilities of cancer cells®.
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Due to their adaptation to extreme environments, marine microbes generate distinctive secondary metabolites
with significant characteristics. Biomolecules were effectively extracted using organic solvents. Through
meticulous analysis of the extract using liquid chromatography-quadrupole time-of-flight mass spectrometry
(LC-QTOF), bioactive substances were precisely identified [242%24,.

MK-1 to MK-13 are variants of vitamin K, synthesized by bacteria, possessing biological functions that
extend beyond bone metabolism. The longer-chain variants (MK-7 to MK-10) have superior bioavailability
and stability, resulting in prolonged effects on the body. Their capacity to regulate calcium-dependent proteins
and redox processes renders them interesting in cancer therapy, as MKs may affect cell proliferation, induce
apoptosis, and inhibit tumor growth by modulating oxidative stress and mitochondrial pathways?>2%,

The capacity of nanomaterials to modulate gene expression signifies a revolutionary advancement in
precision medicine. Magnetic ferrite NPs excel in surface modifications that enhance endosomal escape and
nuclear localization, while their super paramagnetism facilitates targeted delivery to specific tissues. The
use of bioactive bacterial extracts enhances these methods by augmenting biocompatibility and precision in
targeting?>?>-31. With its complex etiology and wide range of clinical presentations, breast cancer continues to
be a significant problem in the field of global health, making it difficult to treat and prevent’. There is growing
evidence that a complicated combination of genetic, environmental, and lifestyle variables interacts to cause
breast cancer carcinogenesis*’. B-cell Lymphoma 2 (BCL-2) protein plays an anti-apoptotic role, preventing cell
death. BCL-2 is often overexpressed in cancer cells. BCL-2 group members include BAK and BAX, which are
pro-apoptotic elements that cause the release of cytochrome c, suppress mitochondrial function, and initiate
apoptosis*’. Actually, BCL-2 and BAX have contrary activities®®. It has recently come to light that BCL-2 is a
significant clinical prognostic indicator for breast cancer; approximately 85% of breast cancer tumors display
higher protein levels of BCL-2%.

This study demonstrates its strength in innovative design and comprehensive characterization of a novel
nanocomposite (CuFe,O, NPs-MK), utilizing sustainably sourced marine MKs to induce apoptosis in
breast cancer cells by modulating the BAX/BCL-2 gene ratio. LC-QTOF was employed for a comprehensive
investigation of the chemical constituents of the extract MKs. The altered NPs were meticulously characterized
by X-ray diffraction (XRD) for crystallographic assessment, energy-dispersive X-ray spectroscopy (EDX) for
elemental analysis, particle size analysis, and scanning electron microscopy (SEM) for morphological evaluation.

Materials and methods
Materials
Copper nitrate, Ferric chloride, Sodium hydroxide, HCI, Methanol, Ethanol, n-hexane, NaCl, Nutrient broth.

Methods

Seawater sampling and isolation of bacterial strain

Seawater samples were collected from the Red Sea near Rabigh City, Saudi Arabia. About 500 ml of seawater
from different areas is collected in several sterile screw bottles and kept in the refrigerator till the isolation step.
For each sample, before being transferred to agar plates for 72 h, one milliliter was mixed into sterile seawater
nutrient broth (100 ml, pH 7 + 0.2). The mixture was then incubated at 30 °C for 24 h while being shaken at
120 rpm. Following incubation, the colorful colony was selected, cleaned, subcultured, and preserved as a stock
culture for future research?’.

Morphological and molecular identification

The morphological and Gram stain analyses of the marine orange bacterial strain were conducted after
isolation and purification. Molecular identification of isolated bacteria was achieved by sequencing the 16S
rDNA gene using the universal primer 785F (5° GGATTAGATACCCTGGTA 3’) and the reverse primer 907R
(5 CCGTCAATTCMTTTRAGTTT 3’) to amplify the 16 S rDNA region through polymerase chain reaction
(PCR)*, followed by sequencing®®, which, from similarity, can be investigated using the BLAST program’. A
phylogeny tree was constructed using MEGA version 11.0.10%42,

Salinicoccus sp. RM1 growth conditions

Salinicoccus sp. RM1 growth (inoculum = 1%) was monitored under agitated conditions (120 rpm) in response
to changes in temperature (20-40 °C), pH (5-10), and NaCl (0-15% w/v). The optical density measured at 600
nm over 48 h was used as a quantitative indicator’.

MK solvent extraction

Salinicoccus sp. RM1 cells were harvested via centrifugation at 5,500 rpm for 5 min to separate the bacterial cells
from the culture media. The separated cells were resuspended in methanol and stirred vigorously (500-700 rpm)
for 2 h to facilitate the extraction of metabolites. The resulting methanolic extract was transferred to a separation
funnel, and liquid-liquid extraction was performed using n-hexane (30 ml, three successive washes) to isolate
non-polar impurities. The methanolic phase, containing the target analyte, was recovered. This fraction was
subsequently dried at 35 °C and subjected to further analysis?.

Preparation of CuFe,O, NPs

0.1 M FeCl, and 0.05 M Cu(NO,), were synthesized in 100 ml of distilled water and agitated until fully soluble
at 60 °C. 0.2 M NaOH was added dropwise to the solution, immediately forming a dark brown suspension.
This solution is stirred for 2 h at 60 °C. The resultant solid was isolated, thoroughly rinsed with deionized water
multiple times, dried, calcinated at 650 °C for 2 h, then ground into a fine powder and stored**.
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Preparation of CuFe,O, NPs loaded with MK (CuFe,O, NPs-MK)
Prepared CuFe,O, NPs were mixed with MK at a 1:1 (w/v) ratio, kept at 30 °C until completely dry, and then
stored in a dry place®.

Characterization of the MK and NPs

Chromatographic conditions of LC-ESI-QTOF-MS

Chromatographic separation was performed using liquid chromatography coupled with mass spectrometry (LC-
MS), operated in both positive and negative electrospray ionization modes (ESI+/-). The separation employed
a binary mobile phase consisting of solvent A (water with 0.1% formic acid) and solvent B (acetonitrile with
0.1% formic acid), delivered at a constant flow rate of 0.500 mL/min under a high-pressure limit of 15,000
psi. A 20.00-minute linear gradient was applied, initiating at 95% A/5% B, transitioning to 100% B by 18.00
min (using curve type 6), holding for 1 min, and returning to initial conditions (95% A/5% B) by 20.00 min.
Column temperature control was not enabled, and the gradient commenced at injection with automated seal
washes every 5.00 min. Mass spectrometric detection utilized Time-of-Flight Mass Spectrometry with mass
spectrometry enhancement (TOF-MS) capability, scanning a mass range of 100-1200 m/z. Data were acquired
under two collision energy conditions: a low-energy function at 6 V and a high-energy function ramped from
15V to 45 V46,

Anti-breast cancer effect on BAX and BCL-2 gene expression in MCF-7 cells

Cell culture

RPMI-1640 was employed for the development of human breast cancer cells (MCF-7). Streptomycin (100 mg/
ml), penicillin (100 U/ml), and 15% FBS (Gibco Life Technologies, Grand Island, NY) were given to the medium
as supplements. The cells were housed in a humidified atmosphere at 37 °C with 15% CO,. Logarithmically
growing cells were employed in all investigations®’.

Cytotoxicity of CuFe,0, NPs-MK

For the purpose of investigating CuFe,O, NPs-MK effects on the proliferation of MCF-7 cells, an MTT
experiment was carried out. In 96-well plates, 2 x 10* cells/well were cultured. After 24 h, concentrations ranging
from 3.9 to 1000 pg/ml of CuFe,O, NPs-MK were introduced for a 48-h effect determination. Control wells,
including cells without CuFe,0, NPs-MK treatment and cells treated with CuFe,0, NPs-MK, were treated with
an equivalent amount (1%) of ethanol. Immediately after the treatment, the media was discarded, and MTT
(200 pl of 2 mg/ml in PBS) was supplied to each well and incubated at 37 °C for 4 hours (5% CO,). Thereafter,
the contents of each well were removed, and 200 ul of DMSO was mixed by pipette and left for 45 s. Finally, the
optical density (OD) was read with a multi-well microplate reader (ELIZA reader, Organon Teknika)?”.

Real-time PCR assay

An RT-PCR test was conducted to examine the expression of BAX and BCL-2 genes following CuFe,O, NPs-MK
administration®®. After 48 h of administration, cells were collected for RNA extraction (TransZol Up Plus RNA
Kit, Cat. No. ER501, Transgenbiotech, China) and complementary DNA (cDNA) generation using the GScript
First-Strand Synthesis Kit (Cat. MB305-0050, GeneDireX, Taiwan) as per the manufacturer’s specifications. The
A260/A280 ratio is applied to evaluate RNA quality using a NanoDrop microvolume spectrophotometer. cDNA
synthesis was conducted according to the protocol, employing 2 ug of pure RNA as the template. The real-time
PCR mixture consisted of SYBR Green qPCR Master Mix 2x (Cat. No. AQ601, TransGen Biotech, China) (10 pl),
a mixture of both reverse and forward primers (2 pl), cDNA (2 ul), and H,O (6 ul). The amplification condition
was established as follows:

preincubation | 15 min at 95 °C

Denaturation | 45 cycles for 10 s at 95 °C

Annealing 30sat58°C
Extension 20sat72°C
Instrument Model Operating conditions
(SSCE“M“)i“g electron microscope | o 3607 A JSM-5300JEOL, JEOL-JFC-1100E Ltd., USA 25KV, 25000X
EDX JSM-6360LA, JSM-5300JEOL, JEOL-JFC-1100E Ltd., USA 25KV, 25000X
Waters ACQUITY UPLC, ESI-MS-XEVO TQD triple quadruple | ) oourry UpLC - BEH C18 1.7 pm — 2.1 x50 mm Column. Flow
UPLC-MS instrument. rate: 0.2 mL\min
Waters Corporation, MA01757 U.S.A. o
XRD X’Pert® Powder, Netherland. )Ki—i;a)y tube target: Cu voltage: 40.0 (kV), scan speed = 12.0000 (deg/
Thermal analysis Perkin-Elmer TGA7 Thermobalance temperature heating range is 20-1000 °C, heating rate is 10 °C min~!

Table 1. Represents the employed techniques for characterizing the structure and their specifications.
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Genes Forward sequence Reverse Sequence

GAPDH | 5-GTC TCC TCT GAC TTC AACAGC G-3" | 5"-ACC ACC CTG TTG CTG TAG CCA A-3°
BCL-2 | 5-ATC GCC CTG TGG ATG ACT GAG T-3" | 5"-GCC AGG AGA AAT CAA ACA GAG GC-3”
BAX 5"-TCA GGA TGC GTC CAC CAA GAA G-3” | 5"-TGT GTC CAC GGC GGC AAT CAT C-3"

Table 2. LC-QTOF-MS analysis of Salinicoccus sp. RM1 extract at ES +ve mode.

83 l: Salinicoccus hispanicus BDS146 (PQ285340.2)
Salinicoccus sesuvii CC-SPL15-2 (NR 108493.1)

Salinicoccus halodurans W24 (DQ989633.1)
Salinicoccus sediminis C18 (OP316831.1)
41 Salinicoccus carnicancri Crm (FJ182049.2)
Salinicoccus siamensis PN7-1 (EF397606.1)
67 - Salinicoccus salsiraiae RH-1 (DQ333949.1)

Salinicoccus jeotgali S2R53-5 (DQ471329.1)
Salinicoccus luteus YIM 70202 (DQ352839.2)
- Salinicoccus sp. RM1 (PX148123)

92 ‘ Salinicoccus roseus M2-1 (KU194371.1)

8s' Salinicoccus amylolyticus B-15-9-11 (ON261519.1)
39 Salinicoccus kunmingensis YIM Y15 (DQ837380.1)
Salinicoccus albus DSM 19776 YIM-Y21 (NR 044133.1)
47 | 1 Salinicoccus alkaliphilus AKS30 (OM423202.1)

3 Salinicoccus kekensis K164 (GU363531.1)

37 Salinicoccus halitifaciens JC90 (NR 108862.1)

Bacillus subtilis BFP2 (LC804382.1)

54

Fig. 1. Phylogenetic tree of Salinicoccus sp. RM1. A bold-style typeface was used to designate Salinicoccus sp.
RM1. The strain names are followed by the GenBank sequence accession numbers. The evolutionary analysis
was carried out using the MEGA 11 software program.

The potency of real-time PCR for the selected genes was relatively quantified and normalized by the
housekeeping GAPDH gene. Both forward and reverse primer sequences are presented in Table 2. Reactions
were conducted in triplicate, and the comparative Livak method (2 - AACT) was used for data analysis.

Statistical analysis

The measurements were performed in triplicate, and the data are presented as the mean+SD. SPSS software
(version 22.0) was used. Analysis of variance (ANOVA) and Tukey’s test were performed with a significance
level of p=0.05.

Results and discussion

Isolation, screening, morphological, and molecular identification

In the present investigation, bacteria were isolated from the Red Sea at Rabigh City, Saudi Arabia, purified, and
cultured on nutrient agar plates. The colonies typically appear small-sized, circular, and convex with smooth,
entire margins. The colonies exhibit a distinct orange-pink non-diftusible pigmentation. Under a microscope,
with Gram staining, the cells appeared as Gram-positive, non-sporing cocci. According to the molecular
identification and the results of the sequence similarity computations, S. roseus M2-1 was our strain’s closest
relative. The bacterial isolate was given the name Salinicoccus sp. RM1 and submitted to GenBank at the NCBI
Nucleotide database (Accession Number: PX148123) (Fig. 1).

Salinicoccus sp. RM1 growth conditions

By examining salinity tolerance, pH, and temperature, Salinicoccus sp. RM1 was physiologically characterized
(Fig. 2). Salinicoccus sp. RM1 developed most optimally at 4.5% NaCl and could withstand salinity levels as
high as 10% after 39 h; in the absence of NaCl, no development took place (Fig. 2A). While a pH of 9 or 10
resulted in noticeably poor growth, a pH of 7 enabled maximum growth (Fig. 2B). Various temperatures (20-
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Fig. 2. Growth of Salinicoccus sp. RM1 in nutrient broth medium at A different NaCl concentrations at 30 °C
and pH=7; B different pH at 30 °C and 4.5% NaCl; and C different temperatures at pH=7 and 4.5% NaCl.

37 °C) were found to promote bacterial growth; 30 °C was shown to be the optimal growth temperature, whereas
40 °C was found to impede growth (Fig. 2C). Consequently, the strain’s development is dependent on NaCl,
and the capacity of Salinicoccus sp. RM1 to thrive at a concentration of 4.5% NaCl indicates that they are either
moderately halophilic or halotolerant, according to the prior results.

The Salinicoccus genus is typically associated with salty habitats, such as salt mines, salted fish, and fermented
seafood; therefore, members of this genus vary in the optimum NaCl concentration required for growth. There
is a strong correlation between the abundance of Salinococcus bacteria in marine habitats and their importance in
processes such as the breakdown of aromatic compounds and the biogeochemical cycles of sulfur and carbon™.
It was reported that marine S. gingdaonensis sp. can grow optimally at 3% (w/v) NaCl and pH 8.5°!, while S.
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kekensis can grow at 8% (w/v) NaCl*2. The optimum growth of the marine S. sediminis was 15% (w/v) at a pH
of 8%3. With a higher NaCl concentration, S. halitifaciens and S. salitudinis can grow at 10-12% (w/v) NaCI>*%,
By controlling their osmotic concentrations in environments with high salt content, the halophilic bacteria can
use osmolytes, which are solutes that are compatible with them. These osmolytes include carbohydrates, amino
acids, polyols, betaines, and ectoines®.

Characterization of the MK and the prepared NPs

UV spectra

The ultraviolet-visible (UV-Vis) absorption spectrum of Salinicoccus sp. RM1 extract offers essential corroborative
evidence for the identification of MKs (Fig. 3A). The observation of distinct peaks at 325 nm and 345 nm
provides deeper insight into the specific structures present. The longer-wavelength absorptions are significant,
as they characterize the influence of the isoprenoid side chain on the chromophore?*. The absorption in this
region indicates the presence of conjugated double bonds in the side chain on the naphthoquinone core. The
morphology and configuration of these peaks align with the longer-chain menaquinones (MK-9, MK-10, and
MK-13). The spectral data support the conclusion that the primary constituents of this marine bacterial extract
are a range of MKs with differing chain lengths, which are crucial for its respiratory function and membrane
structure.

(Fig. 3B) The UV-Vis absorption spectrum of pure CuFe,O4 NPs shows an absorption band around 340 nm,
attributed to charge transfer transitions within the spinel lattice, and a sharp peak at 443 and 475 nm related
to d-d transitions of Cu®>* and Fe®* ions. Confirming the semiconducting nature and good dispersion of the
nanoparticles.

(Fig. 3C) represents CuFe,0, NPs-MK, the UV-Vis spectrum exhibits an absorption band centered at
340 nm, attributed to MK layer, and a sharp peak at 485 nm related to copper ferrite nanoparticles. These shifts
and intensity changes indicate electronic coupling and surface interaction between MK molecules and the
CuFe,0, surface, suggesting successful conjugation or encapsulation. A slight redshift of the main ferrite band
also points to charge transfer or bandgap narrowing due to the organic-inorganic interface.

Proton nuclear magnetic resonance (*H-NMR) spectroscopy

The "H-NMR spectrum of Salinicoccus sp. RM1 extract recorded in CDCl;/DMSO-ds shows multiple diagnostic
signals (Fig. 4). A sharp singlet at ~ 7.27 ppm corresponds to aromatic protons of the naphthoquinone core. The
most intense signal appears at ~ 2.85 ppm, likely corresponding to benzylic methylene protons adjacent to the
aromatic ring or allylic positions. A series of multiplets and doublets between 0.5 and 2.5 ppm is characteristic of
methyl and methylene protons in the isoprenoid side chain. Signals around 3.85 ppm may suggest the presence
of protons near oxygenated or substituted carbons. Interestingly, no clear signals appear in the 5.0-5.5 ppm
region, which typically hosts vinyl protons from unsaturated isoprenoids. This suggests that the compound may
be a partially hydrogenated MK derivative, such as MK-1, MK-3, MK-5, MK-6, MK-7, and MK-9 (II-H,), where
some double bonds are saturated. The overall pattern is in excellent agreement with the structure of MKs with
mid- and long isoprenoid tails.

X-ray diffraction (XRD)

Figure 5A, The XRD pattern confirms the production of a spinel-structured crystalline CuFe,O4 phase. The
diffraction peaks at 20 values of 18.7°, 29.7°, 35.5°, 38.5, 42.7°, 48.4°, and 57.0° correspond to the crystallographic
planes (111), (220), (311), (222), (400), (422), and (511) of the face-centered cubic spinel lattice (space group
Fd-3 m), which match the standard reference pattern for CuFe,O, (JCPDS card No. 25-0283 or 34-0425)%.
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Fig. 3. Ultraviolet-visible (UV-Vis) absorption spectrum of Salinicoccus sp. RM1 extract.
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Fig. 5. The X-ray diffraction (XRD) (A) CuFe,O, NPs, (B) CuFe,0, NPs-MK.

Successful CuFe,O, production is indicated by the intensity and unique nature of the (311) peak at ~ 35.5° the
most intense reflection for the spinel structure. Additionally, the average crystallite size was estimated using the
Scherrer equation (Eq. 1), applied to the full width at half maximum (FWHM) of the most intense peak, which

was 35 nm>S,

D = K/ (cos) (1)

Where A is the wavelength of the Cu-Ka radiation, and  is the full-width at half-maximum (FWHM) intensity
in radians. The % Crystallinity is calculated using the following equation®:
% Crystallinity = [Ac / (Ac + Aa)] x 100 (2)

Where, Ac: Total integrated area under all the crystalline peaks, and Aa: Total integrated area under the
amorphous halo(s). according to Eq. 2 the % crystallinity was 75%%°.
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The XRD analysis of CuFe,0, NPs-MK (Fig. 5B) indicates that the primary CuFe,O, reflections in the
composite XRD vary systematically with the MK quantity, resulting in reduced ferrite peak intensities and
broadening due to surface coating. Comparing to CuFe,Os, there are peak shifts as follows: peak (220) from
29.7 to 21.3, peak (311) shifted from 35.5 to 28, peak (222) from 38.5 to 31, peak (422) from 48.4 to 40.3. An
amorphous halo at low angles indicates disordered or partially amorphous MKs. Generally, MK decreases the
ferrite peak, and the shift suggests that the surface modification, as MK mainly adsorbs without changing the
CuFe,0, structure.

Infrared spectrum of Salinicoccus sp. RM1 MKs & fourier transform infrared of
nanocomposite

The infrared spectrum of Salinicoccus sp. RM1 MKs (Fig. 6A) reveal different vibrational signatures indicative
of MK isoforms MK6-MK9 buried within a complex biological matrix. A notable carbonyl (C = O) stretching
at 1655 cm™, indicative of the quinone moiety in MKs, predominates the mid-IR region, exhibiting a redshift of
around 15 cm™ relative to isolated MKs (usually 1670 cm™")®!. This shift signifies electronic perturbation of the
quinone group. Complementary asymmetric and symmetric C-H stretches at 2920 cm™ and 2850 cm™ originate
from the polyisoprenyl side chains of MK-6 and MK-9 (comprising 6-9 isoprene units), whereas methylene
(CH,) bending vibrations at 1460 cm™" further substantiate the aliphatic nature of these chains®!. At 3000-3600
cm™, the spectra show a large O-H/N-H overlap, indicating hydrogen-bonded water, peptidoglycan hydroxyls,
and amine groups from co-extracted biomolecules®!. Crucially, the absence of sharp nitrate (~1380 cm™) or
sulfate (~1100 cm™) contaminant peaks suggest effective purification. The complex fingerprint region (1000-
1400 cm™) displays overlapping skeletal vibrations from menaquinone’s naphthoquinone ring (C-C/C-0) and
contributions from other cellular constituents®!. The broadening of all major bands, particularly the redshifted
C = O band, reflects a heterogeneous microenvironment where MKs interact dynamically with proteins, lipids,
and ions consistent with their localization in bacterial membranes. These spectral features collectively confirm
the presence of functional groups in the extracted MKs.

The FT-IR spectra of CuFe,O, NPs (Fig. 6B) exhibit unique vibrational modes associated with the spinel lattice
and surface adsorbates. O-H stretching vibrations of physisorbed water molecules cause a large absorption band
at 3400 cm™, whereas the H-O-H bending mode shows a peak at 1630 cm™2°. The fingerprint region below
1000 cm™ indicates spinel structure: a strong band at 570 cm™, corresponding to the intrinsic stretching of
Fe**-O bonds in tetrahedral coordination (A-sites), and a band at 430 cm™, resulting from Cu?**-0 and Fe**-0
vibrations in octahedral coordination. Weak peaks observed between 1380 and 1450 cm™ may be caused by
residual nitrate groups from precursors or ambient carbonate species on high-surface-area nanoparticles'’. The
CuFe,04 NPs produced is phase pure, as there are no organic functional group vibrations above 1500 cm™. This
provides a framework for additional functionalization studies.

CuFe,0, NPs-MK has considerable FT-IR spectra changes (Fig. 6C), indicating surface loading and molecular
interaction. The spinel core is preserved in the low-frequency area, where typical Fe**-O (tetrahedral, ~ 570 cm™)
and Cu®*/Fe**-0O (octahedral, ~ 430 cm™) vibrations are present. However, the organic layer dampens these
bands, resulting in reduced intensity and widening. New MKs fingerprints reveal a distinct carbonyl (C = O)
stretch at 1655 cm™, redshifted by approximately 15 cm™ from the free MKs. This suggests potential coordination
or hydrogen bonding between the quinone oxygen and surface metal ions (Fe**/Cu®*)®%. The asymmetric and
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Fig. 6. (A) Infrared spectrum of the Salinicoccus sp. RM1 extract, (B) FT-IR of CuFe,O, NPs, and (C) CuFe,O,
NPs-MK.
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symmetric C-H stretching vibrations of the polyisoprenyl chain appear as separate peaks at 2920 cm™ and
2850 cm™, respectively, whereas methylene (CH,) bending modes are observed around 1460 cm™¢!. The MK
structure is characterized by overlapping C-C skeletal vibrations, C-O stretches, and methyl deformations in the
fingerprint region, spanning 1000-1400 cm™". The O-H stretching band (~ 3400 cm™) broadens asymmetrically
towards lower wavenumbers, indicating stronger hydrogen bonding between the surface hydroxyl groups
of MKs, adsorbed water, and polar functional groups, which confirms the surface coverage of MK-6, MK-7,
and MK-9. The spectrum changes reveal chemisorption via quinone-metal coordination and hydrophobic
interactions of the isoprenoid chain.

Magnetic analysis of CuFe,O, NPs

The magnetic susceptibility analysis of CuFe,O4 NPs reveals a substantial mass-specific susceptibility X,=
272.056 x 107 cgs at 32.5 °C, indicative of pronounced ferrimagnetic behavior. This elevated value significantly
surpasses baseline paramagnetic responses and aligns with characteristic features of spinel ferrites, where
uncompensated antiparallel spin alignment in the crystal lattice generates strong intrinsic magnetization®.

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis provides critical insights into the morphological characteristics
of both the synthesized CuFe,O4 NPs and their composites with MK. Images in Fig. 7A and B depict the pure
CuFe,O, NPs. Figure 7A, acquired at a relatively low magnification (100X), offers an overview of the sample,
revealing the general distribution and potential large-scale aggregation tendencies of the nanoparticle powder.
In striking contrast, Fig. 7B, captured at high magnification (30,000X), resolves the primary particles with
exceptional detail. This high-resolution view confirms the successful synthesis of CuFe,O, NPs, revealing
predominantly spherical or near-spherical morphologies. Highlights the presence of some interparticle sintering
or aggregation, a common phenomenon in high-surface-area nanomaterials, despite the individual nanoparticles
being clearly discernible at this scale.

Figure 7C and D illustrate the CuFe,O, NPs-MK. Figure 7C (100X), analogous to Fig. 7A, provides a
macroscopic view of the composite material. This view suggests potential differences in bulk morphology or
particle packing compared to the pure nanoparticles, possibly indicating the formation of larger composite
structures or a more cohesive matrix due to the incorporation of MKs. The transformative effect of MK loading
is dramatically evident in Fig. 7D (20,000 X). This high-magnification image reveals that the CuFe,O, NPs
are effectively loaded with the MKs matrix. The MKs appear as a continuous, often amorphous or film-like
phase that coats and bridges individual nanoparticles, forming a cohesive composite architecture. This intimate
association between the ferrite nanoparticles and the organic MKs host matrix is crucial, as it demonstrates
successful composite formation and suggests potential interactions at the interface, which are highly relevant
for the anticipated functionality where synergy between the inorganic and organic components is essential.
The SEM analysis collectively confirms the nanoscale nature of the synthesized CuFe,O4 NPs, reveals their
inherent tendency to aggregate, and unequivocally demonstrates the successful formation of a CuFe O NPs-MK
composite material, where the nanoparticles are uniformly integrated within an MK host. o

Fig. 7. Scanning Electron Microscopy (SEM) (A&B) CuFe,O, NPs, (C&D) CuFe,O, NPs-MK, (E&F) TEM of
CuFe,O, NPs and CuFe,O, NPs-MK.
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Transmission electron Microscopy

Figure 7E, The TEM image of CuFe,O, NPs displays a nearly spherical morphology with ahomogeneous dispersion
of particles. The measured particle sizes vary from around 6.5 to 8.9 nm, signifying nanoscale dimensions and
excellent size uniformity. The fine dispersion and small particle size indicate efficient synthesis and significant
potential for elevated surface area, therefore expanding their catalytic and adsorption characteristics.

The TEM image of CuFe,O, NPs-MK (Fig. 7F) shows nanoparticles with a slightly larger and more variable
size distribution compared to pure CuFe,O4 The observed particle sizes range between 8.5 and 29.4 nm,
indicating partial aggregation and possible interaction between CuFe,O,4 NPs and the MKs. The image reveals a
semi-spherical morphology with good dispersion, suggesting successful incorporation of CuFe,O, into the MK
structure while maintaining nanoscale features favorable for enhanced surface reactivity and stability.

Energy dispersive X-ray

Energy dispersive X-ray (EDX) spectroscopy provides essential elemental composition data for the CuFe,O, NPs
and their MK composites, corroborating structural and compositional differences between the two systems. The
EDX spectrum of the pure CuFe,O4 NPs (Fig. 8A) reveals a predominantly inorganic composition dominated
by iron and copper, with oxygen constituting. The atomic percentages closely align with the theoretical 2:1
stoichiometry of CuFe,O, (Fe/Cu atomic ratio=2.0). The minimal carbon content suggests limited organic
contamination consistent with an unmodified inorganic nanoparticle system.

In contrast, the EDX analysis of the CuFe,O, NPs-MK (Fig. 8B) reveals a significantly transformed
elemental profile, confirming the successful functionalization of the nanoparticles. A substantial carbon signal
accompanied by the emergence of nitrogen, both signature elements of the organic MKs matrix. Additionally,
the iron, copper, and oxygen peaks remain detectable; their relative intensities decrease due to dilution within
the organic phase. Confirming retention of the nanoparticle’s core composition after MK integration. Additional
elements, including sodium and potassium, are present due to the support of the CuFe,O, NPs-MK on the
glass slide for analysis. This elemental analysis verifies the composite nature, demonstrating the coexistence
and integration of the inorganic CuFe,O, phase within an organic MK. EDX provides direct chemical evidence
supporting the morphological observations from SEM analysis.
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Fig. 8. Energy Dispersive X-ray (EDX) (A) CuFe,O, NPs, (B) CuFe,0, NPs-MK.

Scientific Reports |

(2026) 16:

1194 | https://doi.org/10.1038/541598-025-30886-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

! 100 ' 50
( ) 30 [45

Particle size analysis (PSA)

The particle size analysis of CuFe,O4 NPs (Fig. 9A) reveals a well-distributed nanoscale range with a median
diameter (D50) of approximately 113 nm, indicating the successful synthesis of fine particles. The moderate
polydispersity (PDI=0.688) indicates controlled size variation, making it suitable for multifunctional
applications. Overall, the data demonstrate effective formation of stable CuFe,O, NPs with consistent dispersion
characteristics. The CuFe,O, NPs-MK (Fig. 9B) displays a uniform nanoscale distribution with a median particle
size of 155 nm and two well-defined peaks at 80 and 223 nm, confirming successful menaquinone loading. The
very low PDI (0.0449) indicates excellent homogeneity and stable particle dispersion, making it suitable for
biomedical applications.

Surface area analysis
The surface area, pore volume, and pore radius of CuFe,O4 NPs were assessed using several analytical techniques.
The BET technique indicated a surface area of 55.12 m*/g. The Langmuir technique produced a surface area of
237.56 m’/g, whereas BJH adsorption and desorption resulted in surface areas of 98.75 m*/g and 139.31 m®/g,
with pore volumes of 0.470 cm?/g and 0.491 cm®/g, and pore radii of 2.27 nm and 1.68 nm, respectively. The DH
adsorption and desorption techniques measured surface areas of 103.13 m?*/g and 145.50 m?/g, pore volumes of
0.466 cm®/g and 0.487 cm®/g, and pore radii of 2.27 nm and 1.68 nm. The DFT approach revealed a surface area
of 141.85 m*/g, a pore volume of 0.465 cm®/g, and a pore radius of 6.28 nm, whereas the DR method determined
a micropore surface area of 355.08 m*/g, a micropore volume of 0.127 cm?®/g, and a pore radius of 2.79 nm.

The surface area, pore volume, and pore radius of CuFe,O, NPs modified with MK were assessed using
various methodologies. The BET approach indicated a surface area of 38.63 m?/g, whereas the Langmuir method
documented 152.26 m*/g. The BJH adsorption and desorption techniques produced surface areas of 65.03 m?*/g
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Fig. 9. Particle size analysis of (A) CuFe,O, NPs and (B) CuFe,0, NPs-MK.
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and 90.45 m?*/g, with associated pore volumes of 0.339 cm*/g and 0.350 cm®/g, and pore radii of 2.28 nm and
5.69 nm, respectively. The DH adsorption and desorption techniques yielded surface areas of 67.79 m*/g and
94.22 m?/g, pore volumes of 0.335 cm®/g and 0.347 cm®/g, and pore radii of 2.28 nm and 5.69 nm, respectively.
The DFT approach revealed a surface area of 93.11 m?/g, a pore volume of 0.327 cm®/g, and a pore radius of
6.28 nm. The results validate the mesoporous characteristics of the CuFe,O4 NPs-MK composite. The CuFe,O,
NPs-MK sample had a reduced BET surface area relative to the pure CuFe,O, NPs, suggesting partial surface
occlusion by the MK component. This reduction indicates that MK inclusion somewhat diminishes surface
accessibility while preserving a mesoporous shape conducive to adsorption and catalytic activity.

LC-ESI-QTOF-MS analysis of salinicoccus sp. RM1 MK

Comprehensive LC-QTOF-MS analysis of Salinicoccus sp. RM1 MK was performed under both positive
(ES*), Fig. 10A, and negative (ES"), Fig. 10B, conditions, demonstrating electrospray ionization modes that
characterized the menaquinone homologues present. The retention times, observed m/z values, and compound
assignments are summarized in Fig. 10.

In ES* mode (Table 3), nine distinct signals were observed over a chromatographic window of 0-20 min. A
peak at 0.69 min with m/z 301.1410 corresponded to menadione (vitamin K3), indicating the presence of a low-
molecular-weight quinone fragment or biosynthetic intermediate. Higher homologues were clearly resolved,
with MK-4 (m/z 445.3182, 5.58 min), MK-5 (m/z 513.3828, 6.46 min), MK-7 (m/z 649.5039, 11.35 min), MK-8
(m/z 717.5662, 13.60 min), MK-9 (m/z 785.6285, 15.33 min), MK-10 (m/z 853.6908, 16.24 min), MK-12 (m/z
989.8154, 17.92 min), and MK-13 (m/z 1057.8776, 19.64 min) detected in succession. This pattern reflects the
biosynthesis of long-chain polyprenylated quinones, which are typically associated with Gram-positive bacteria,
including those found in marine environments. The progressive increase in retention time with longer isoprenoid
chains is consistent with their increasing hydrophobicity®*.

In ES™ mode (Table 4), the early part of the chromatogram (0.5-0.7 min) contained a cluster of signals
indicative of structurally related MKs and their oxidative or degraded derivatives. A signal at 0.516 min (m/z
541.2509) was assigned to MK-4 or a closely related derivative, while m/z 557.2253 (0.517 min) represented an
oxidized MK-4 species. Two overlapping peaks at m/z 585.2153 and m/z 601.1894 were assigned to MK-7 and
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Fig. 10. LC-QTOF-MS analysis of Salinicoccus sp. RM1 extract (A) ES+ve mode and (B) ES-ve mode.
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Retention Time (min) | Observed m/z | Suggested Compound
0.69 301.1410 Menadione (K3)

5.58 445.3182 MK-4 (K2-4)

6.46 513.3828 MK-5 (K2-5)

11.35 649.5039 MK-7 (K2-7)

13.60 717.5662 MK-8 (K2-8)

1533 785.6285 MK-9 (K2-9)

16.24 853.6908 MK-10 (K2-10)

17.92 989.8154 MK-12 (K2-12)

19.64 1057.8776 MK-13 (K2-13)

Table 3. LC-QTOF-MS analysis of Salinicoccus sp. RM1 extract at ES +ve mode.

Retention Time (min) | Observed m/z | Suggested Compound
0.516 541.2509 MK-4 or derivative
0.517 557.2253 Oxidized MK-4

0.517 585.2153 MK-7

0.517 601.1894 MK epoxide

0.603 585.2147 MK-7 (confirm)

0.607 579.2060 MK-5 or degraded form
0.610 557.2190 MK-4 derivative

0.610 541.2504 MK-4 related

14.944 797.874 MK-10

15.747 782.650 MK-8

Table 4. LC-QTOF-MS analysis of Salinicoccus sp. RM1 extract at ES -ve mode.

the MK epoxide form, respectively. Additional confirmation of MK-7 was provided by a second peak at 0.603
min (m/z 585.2147). Minor signals at m/z 579.2060 (0.607 min) and m/z 557.2190 (0.610 min) suggested the
presence of MK-5 or degraded MK-4 derivatives, while m/z 541.2504 (0.610 min) indicated another MK-4-
related ion. In the later retention range, two prominent peaks were detected at 14.944 min (m/z 797.874, MK-
10) and 15.747 min (m/z 782.650, MK-8), corresponding to longer-chain MKs that were also observed in ES*
mode?.

The combined ES* and ES™ profiles confirm that the marine bacterial methanolic extract predominantly
contains long-chain MKs (MK-7 through MK-10, MK-12, and MK-13), which are typical for many halophilic
species. The detection of menadione (Ks) at an early retention time suggests active quinone biosynthesis, as
menadione is a known precursor in the pathway toward fully prenylated menaquinones. The presence of oxidized
and epoxide derivatives in ES™ mode indicates either in vivo oxidative modifications or in vitro degradation
during extraction and analysis. The dominance of MK-7, MK-8, MK-9, and MK-10 aligns with previous reports
of MK profiles in marine actinomycetes and halophilic cocci, which often exhibit a mixed distribution of mid- to
long-chain homologues®. These quinones are essential components of the bacterial electron transport chain and
can serve as chemotaxonomic markers for species identification®. The broad spectrum of MKs, along with their
oxidized forms, reflects the organism’s metabolic adaptation to a saline marine environment, where respiratory
flexibility is advantageous.

Anti-breast cancer effect on BAX and BCL-2 gene expression in MCF-7 cells

Cytotoxicity of CuFe,0, NPs-MK

The effect of CuFe,0, NPs-MK on MCF-7 cells’ growth was illustrated by the viability assay (Fig. 11A), and dose-
response data were generated (Fig. 11B). At the lowest concentrations tested (3.9 and 7.8 pg/ml), the compound
exhibits minimal toxicity, with effects barely above a baseline level of approximately 6%. As the concentration
increases, the effect begins to accelerate markedly; between 15.6 ug/ml and 125 pg/ml, the toxicity percentage
rises steeply from 15.65% to 97.88%, indicating a period of highly sensitive response where each doubling of
concentration produces a substantial increase in cell death. This is followed by a plateau effect at the highest
concentrations (250 to 1000 pug/ml), where the toxicity reaches its maximum efficacy of nearly 100%, and further
increases in dose yield no significant additional effect. The most critical of these is the IC,, value, which is the
half-maximal inhibitory concentration. This value, calculated to be approximately 48.94 pg/ml, represents the
potency of the compound and the concentration required to achieve 50% toxicity in the cell population.

In general, CuFe,O4 NPs exert anti-cancer effects through several mechanisms. They induce lethal oxidative
stress by using released copper and iron ions to convert the tumor’s hydrogen peroxide into toxic radicals that
damage cells®’. Additionally, they disrupt the cell’s energy production (TCA cycle), leading to a toxic buildup of
damaged proteins that triggers cell death®®-70. Furthermore, the ferrimagnetic property of CuFe,O4 NPs enables
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Fig. 11. Cytotoxicity of CuFe,0, NPs-MK against MCF-7. Microscope imaging (A), dose-response (B), mean
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magnetic hyperthermia, generating localized heat that can directly denature cellular proteins and structures,
causing the ablation of cancer cells when an external magnetic field is applied”’. As drug carriers, they enable
combined chemo-photothermal therapy, where near-infrared light triggers both drug release and localized
heating, resulting in synergistic attack’!. In summary, CuFe,O, NPs kill or inhibit cancer cells through ROS-
mediated oxidative stress, induction of apoptosis, enhanced effects when doped, and by augmenting other
therapies, such as radiotherapy.
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Gene

GAPDH | Average Cq | ACq | AACq | 27 (-AACq)

- Control | 15.395

— Treated | 14.940

BAX

— Control | 26.883 11.488 | 0.048 | 1.034
— Treated | 26.380 11.440

BCL2

- Control | 25.625 10.230 | 0.858 | 0.55
— Treated | 26.027 11.088

Table 5. Quantitative PCR (qPCR) analysis data.

Material Cancer Cell Lines | Reference
CuFe;04 NPs-MK MCE-7 This work
CuFe,0,@BSA-FA-CUR MCE-7 32
Dy-doped CoFe,-xDy,Os, coated with HPGCD | MCF-7 and A375 | 3!
Fel06510, NCs MCE7 i
CuFe,0, decorated with BSA U-87 cells 2
CuCexFe,-xO4 MCEF-7 2
Gold nanoparticles MCE-7 7

Table 6. Fabricated Nanoparticles with anticancer activity.

Real-time PCR assay

Based on quantitative PCR (qQPCR) analysis, the effect of CuFe,O, NPs-MK on gene expression is represented by
the changes in BAX and BCL-2 expression, as determined through key calculations that involved normalizing to
the GAPDH housekeeping gene and calculating the fold change. Cq values were determined, and subsequently,
gene expression changes were calculated (Table 5). It was observed that there is an increase in BAX (pro-
apoptotic) expression (1.03-fold), which is very slight based on this data (3.4%). BAX protein promotes cell
death by permeabilizing the mitochondrial membrane. An increase, even a small one, pushes the cell towards
apoptosis.

Additionally, the decrease in BCL-2 (an anti-apoptotic protein) expression (0.55-fold) is the most significant
finding. BCL-2 protein acts as a guardian of the mitochondria, inhibiting cell death”?. A 45% reduction in its
levels severely impedes the cell’s ability to suppress apoptosis. The balance between these two proteins is more
important than the absolute level of either one. The BAX/BCL-2 ratio is a key indicator of cellular commitment
to apoptosis, which was found to be 1.88; this near-doubling of the BAX/BCL-2 ratio strongly suggests that
CuFe,0, NPs-MK treatment shifts the balance in favor of programmed cell death. The pro-apoptotic mechanism
of CuFe,O, NPs-MK demonstrates a clear and mechanistically sound anti-cancer effect by targeting the intrinsic
(mitochondrial) pathway of apoptosis. It downregulates the protective shield (BCL-2) and slightly upregulates
the executioner (BAX).

Additionally, altering the BAX/BCL-2 ratio is a primary goal of many modern anti-cancer therapies. A key
limitation of this study is the reliance on gene expression data (BAX/BCL-2 ratio) from the MCF-7 cell line to
infer apoptotic activity without subsequent protein-level or functional validation. While alterations in mRNA
levels of these key regulators are a strong indicator of apoptotic initiation, they do not conclusively prove the
execution of cell death. The absence of Western blot analysis for BAX/BCL-2 protein expression or functional
assays such as Annexin V/PI staining means that the precise anti-cancer mechanism remains to be fully
elucidated. Future studies will prioritize these confirmatory experiments to solidify the proposed mechanism
of apoptosis induction.

Our findings align with several studies that have reported gene expression changes in MCF-7 cells following
exposure to various compounds. Gold NPs upregulated pro-apoptotic BAX and down-regulated BCL-27°.
Additionally, natural compounds such as carvacrol and Dioscorea extract induced the upregulation of Bax
expression and downregulation of BCL-2 gene expression’*”>. In conclusion, a compound that can effectively
lower BCL-2 levels is highly promising, as BCL-2 is overexpressed in many cancers, including breast cancer,
which renders them resistant to cell death”. This is achieved in our study of the CuFe,0, NPs-MK effect on
gene expression in MCF-7. Additionally, our work was compared to similar studies, as shown in Table 6, to
demonstrate the efficiency of our approach.

Safety and efficacy of CuFe,0, NPs—MK composites
The CuFe,O4 NPs-MK system differs from other nanoparticle drug composites due to the synergistic bioactivity
of bacterial menaquinones (MKs). To improve solubility, biodistribution, and controlled release, traditional
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nanoparticle drug formulations load small-molecule chemotherapeutics (e.g., doxorubicin, paclitaxel) or
gene therapeutics onto liposomes, polymeric micelles, mesoporous silica, or metal oxide carriers’®-%’. These
methods utilize nanoparticles as passive carriers or triggerable release platforms, and drugs as active cytotoxic
agents. Instead, the addition of MKs with biological activity (e.g., redox and mitochondrial pathway regulation)
may have both intrinsic therapeutic impact and a payload. Unlike composites, where the carrier is inactive
and the therapeutic impact depends only on the drug load, this dual activity may improve efficacy with lower
nanoparticle burdens.

For safety, many nanoparticle-drug combinations must address issues related to carrier toxicity and
biocompatibility. Researchers suggest that nanoparticles made of iron oxide or ferrite can damage healthy cells
by generating reactive oxygen species or undergoing ion leaching®!. Using pure CuFe,O, nanoparticles alone was
found to be lethal in CCO (crab cell line) cells, raising concerns about their biocompatibility®?. In other ferrite
systems, such as those containing cobalt or zinc, surface coatings and modifications can reduce genotoxicity and
oxidative stress in non-cancerous cells®>. The use of bacterial MKs as a coating or corona may reduce the toxicity
of bare ferrite cores by creating a biomimetic barrier that protects cells from direct contact with reactive surfaces.

Conclusion

In conclusion, this study successfully demonstrates the synthesis of copper ferrite nanoparticles (CuFe,O4 NPs)
functionalized menaquinones (MKs) extracted from the marine bacterium Salinicoccus sp. RM1 (CuFe,O, NPs-
MK). LC-QTOF-MS analysis of MKs revealed that they are rich in long-chain MK homologs. Comprehensive
characterization of CuFe,0, NPs and CuFe,O, NPs-MK, performed via XRD, FT-IR, EDX, SEM, magnetic
analysis and particle size analysis verified the successful formation and functionalization of the nanoparticles.
The gene expression results provide a strong mechanistic rationale for the anti-cancer effect of CuFe,O, NPs-
MK, as it successfully targets the mitochondrial apoptosis pathway by crippling the cell’s primary survival signal
(BCL-2) and promoting a cell death signal (BAX). This study was designed as an initial investigation to identify
promising gene expression signatures. The significant modulation of the BAX/BCL-2 ratio provides a robust
rationale for a deeper mechanistic inquiry. Consequently, our future work will directly address this limitation
by quantifying the protein expression of these and other apoptotic markers, and by employing functional assays
to confirm and quantify the induction of programmed cell death visually. The next immediate step is to confirm
the induction of apoptosis at both the protein and functional levels using Western blot analysis for BAX, BCL-2,
and cleaved caspase-3, as well as flow cytometry with Annexin V/PI staining.

Furthermore, expanding this research to a panel of cancer cell lines, including other breast cancer subtypes
(e.g., MDA-MB-231) and cancers from different tissues, will determine the breadth of its efficacy. Finally,
investigating the upstream signalling pathways that lead to the altered BAX/BCL-2 ratio will provide a more
complete understanding of the compound’s mechanism of action. Also, this study aligns with the UN Sustainable
Development Goals (SDG 3: Good Health and Well-Being, SDG 9: Industry, Innovation, and Infrastructure, and
SDG 14: Life Below Water) by developing a novel anti-breast cancer agent. In summary, CuFe,O, NPs-MK
composite synthesized in this work represents a promising nanotherapeutic agent.

Data availability

All data generated or analyzed during this study are included in this published article. The datasets of DNA se-
quence of the isolated bacterial strain analyzed during the current study are available in the GenBank repository
(accession number: PX148123)[https://www.ncbi.nlm.nih.gov/nuccore? term=PX148123](https:/www.ncbi.nl
m.nih.gov/nuccore? term=PX148123).
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