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Infrared Spectroscopy (FT-IR), X-ray Diffraction (XRD), Energy-Dispersive X-ray
Spectroscopy (EDX), Zeta Potential analysis, and Scanning Electron Microscopy (SEM).
XRD analysis revealed an average crystallite size of 18.66 nm, whereas SEM analysis
indicated an average particle size of 114.38 nm, suggesting particle aggregation. The
anticancer activity of the synthesized Fei.ssMno.sZno.«10s nanoparticles was evaluated
against human leukemia HL-60 cell lines. The results demonstrated significant cytotoxic
activity at higher nanoparticle concentrations, with a pronounced reduction in cell
viability observed at concentrations of 500 and 1000 pg/mL. The percentages of viable
cells at nanoparticle concentrations of 10, 25, 50, 100, 250, 500, and 1000 pg/mL were
85.98%, 83.56%, 84.54%, 98.41%, 97.87%, 29.04%, and 15.81%, respectively. The
calculated ICso value was 470.8 pg/mL. Statistical analysis using one-way ANOVA
revealed highly significant differences among the treatment groups (P < 0.0001). The
coefficient of determination (R?=0.9856) indicated excellent model fitting and confirmed
the strong relationship between nanoparticle concentration and biological response. The
biocompatibility of the synthesized nanoparticles was further evaluated using a hemolysis
assay with red blood cells at concentrations of 64, 128, and 256 pg/mL. The results

showed no significant hemolytic activity or cytotoxic effects on erythrocytes, indicating
that the synthesized nanoparticles were hemocompatible and safe within the tested
concentration range.
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1. INTRODUCTION

Nanomaterials have attracted considerable attention in recent years owing to their unique physicochemical
properties and wide range of industrial, environmental, and biomedical applications [ 1]. The chemical and physical
properties of nanoparticles are strongly influenced by their size, shape, morphology, and nanoscale composition.
These distinctive characteristics have enabled their utilization in numerous fields, particularly in biomedical
sciences [2]. Nanoparticles possess several advantageous features, including tunable structures, biocompatibility,
ease of synthesis, and biomimetic behavior [3]. They have been extensively investigated for antimicrobial and
antioxidant applications; however, their anticancer potential remains an active area of research. Cancer continues
to be one of the leading causes of death worldwide, accounting for approximately 9.6 million deaths annually.
Although surgery, chemotherapy, and radiotherapy remain the primary treatment modalities, each approach is
associated with significant limitations and adverse effects [4].

The increasing use of nanomaterials in biomedicine and drug delivery systems has created a growing demand
for safe, biocompatible, and environmentally sustainable synthesis methods. Several approaches have been
developed for nanoparticle fabrication, including sol—gel synthesis [5], chemical vapor deposition, hydrothermal
processing, and co-precipitation techniques [6]. Among these methods, green synthesis has attracted significant
interest because it is simple, cost-effective, environmentally friendly, and minimizes the use of hazardous
chemicals, solvents, and reducing agents [7]. Nanobiotechnology provides an alternative to conventional physical
and chemical synthesis routes. Various biological resources, including bacteria, fungi, yeasts, viruses, and plant-
derived materials such as leaves, roots, stems, and seeds, have been successfully utilized for the green synthesis
of nanoparticles [8].

Among magnetic nanomaterials, nanoscale cubic spinel ferrites have attracted considerable scientific interest
due to their superior magnetic and structural properties compared with their bulk counterparts. Depending on
particle size and composition, spinel ferrites may exhibit single-domain structures and superparamagnetic
behavior, making them highly attractive for technological and biomedical applications [9].
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ZnFe:04 is a typical spinel ferrite with the formula unit (Zn**)[Fe2**]O4 [10]. In contrast, MnFe:O4 is a
partially inverse spinel ferrite with the formula unit (Mno.s**Feo.2*")[Mno.2**Fe1.s*"]O4, indicating that
approximately 80% of Mn?" ions occupy tetrahedral sites, while the remaining ions are distributed within
octahedral sites [ 1 1]. The magnetic and electrical properties of mixed Mn,Zn:-Fe2Os spinel ferrites can be tailored
by gradually substituting diamagnetic Zn?*" ions for magnetic Mn?" ions. Owing to their high saturation
magnetization, excellent permeability, and low core losses, Mn—Zn ferrites have found applications in transformer
cores, magnetic amplifiers, recording heads, and other electronic devices [ 12,13]. Magnetic nanoparticles (MNPs)
have been widely explored for biomedical applications, including targeted drug delivery, cellular labeling and
tracking, gene therapy, magnetic hyperthermia, and magnetic resonance imaging (MRI) contrast enhancement
[14]. For successful biomedical implementation, MNPs must exhibit low cytotoxicity, high colloidal stability
under physiological conditions, and efficient loading and delivery capabilities for therapeutic agents or genetic
materials [15]. Biological synthesis methods have gained increasing attention because they offer several
advantages over conventional physical and chemical techniques, including environmental safety, reduced toxicity,
mild reaction conditions, and the use of naturally occurring reducing and stabilizing agents. Nanoparticles
synthesized through biological routes are generally more biocompatible, stable, and environmentally sustainable.
Furthermore, plant-mediated synthesis allows the production of nanoparticles with controlled morphologies and
sizes without the need for toxic chemical reagents [16,17].

Milk thistle (Silybum marianum) is one of the medicinal plants that has demonstrated promising
pharmacological and anticancer activities. For centuries, milk thistle has been used in traditional medicine,
particularly for the treatment of liver disorders, including toxin-induced liver damage, cirrhosis, hepatitis, and
jaundice [18]. Although commonly referred to as seeds, the harvested structures are technically fruits; however,
the term “seeds” is widely used in the literature and is therefore adopted in the present study [19]. Milk thistle,
also known as Carduus marianus or wild artichoke, has gained considerable scientific interest over the last few
decades [20]. One of the earliest reports suggesting its potential role in cancer prevention was presented by Mehta
and Moon in 1991 [21], who demonstrated that silymarin acted as a chemopreventive agent against mammary
carcinogenesis in mice exposed to dimethylbenz[a]anthracene (DMBA) and tetradecanoylphorbol acetate (TPA).
Their findings indicated that silymarin exerted stronger chemopreventive effects during the tumor-promotion stage
than during the initiation stage of carcinogenesis. In contrast, earlier pharmacological reviews primarily focused
on the hepatoprotective properties of silymarin and did not extensively address its anticancer potential [22].

Therefore, the present study aimed to synthesize Fei.ssMno.sZno.4104 nanoparticles through a novel,
environmentally friendly green synthesis approach using milk thistle (Silybum marianum) seed extract and to
evaluate their potential anticancer activity against selected cancer cell lines, including liver cancer and leukemia
cells.

2. MATERIALS AND METHODS
2.1 Materials

The chemicals Fe(NOs)s-9H20, Zn(NOs)2:6H20, Mn(NOs)2-4H-20, Na2COs, NaBH4, ethanol (CHsCH20OH),
castor oil, and deionized water were purchased from commercial suppliers and used without further purification.
Milk thistle (Silybum marianum) seeds were obtained from a local market in Iraq. All chemicals used in this study
were of analytical grade and high purity.
2.2 Preparation of Milk Thistle Seed Extract

Milk thistle seeds (50 g) were mixed with 500 mL of deionized water at a ratio of 1:10 (w/v). The mixture
was heated and stirred continuously using a magnetic stirrer at 50°C for 1 h. The resulting extract was filtered
using filter paper, and the filtrate was stored at 4°C until further use [23].

2.3 Biosynthesis of Fei.ssMno.sZno.«104 Nanoparticles

To prepare the precursor solutions, 4.40 g of Fe(NOs);-9H-0, 2.47 g of Zn(NOs)2-6H20, and 2.10 g of
Mn(NOs)2-4H-0 were each dissolved separately in 20 mL of milk thistle seed extract to obtain 0.5 M solutions.
The three precursor solutions were then mixed and stirred magnetically at 50°C and 350 rpm for 30 min.
Subsequently, 1 mL of castor oil was added to the mixture, followed by ultrasonic treatment for 15 min. After
sonication, 6 mL of 1.5 M NaBH. solution was added dropwise under continuous stirring. The pH of the reaction
mixture was adjusted to 7.5 using 3 M Na.COs solution. The resulting suspension was further stirred at 80°C and
350 rpm for 2 h. The precipitate formed was collected using a vacuum filtration system, washed three times with
deionized water and twice with ethanol, and then dried at 180°C for 3 h. Finally, the dried product was calcined at
600°C for 4 h to obtain Fei.ssMno.sZno.4104 nanoparticles.

2.4 MTT Cytotoxicity Assay

The cytotoxic activity of Fei.ssMno.sZno.4104 nanoparticles was evaluated using the MTT assay. A stock
solution of nanoparticles was prepared in 0.2% dimethyl sulfoxide (DMSO), and different concentrations were
obtained through serial dilution. HL-60 leukemia cells were seeded in 96-well plates at a density of 1 x 10* cells
per well in RPMI-1640 medium. The cells were incubated at 37°C in a humidified atmosphere containing 5% CO-
for 24 h. After incubation, the cells were treated with different concentrations of Fei.ssMno.sZno.a104 nanoparticles
and incubated for an additional 24 h under the same conditions. Subsequently, 10 pL of MTT reagent (10 mg/mL)
was added to each well and incubated for 5 h at 37°C. The absorbance was measured at 570 nm using a microplate
reader, and cell viability percentages were calculated relative to untreated control cells [24].
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2.5 Hemolysis Assay

The hemocompatibility of Fei.ssMno.sZno.«104 nanoparticles was evaluated using a hemolysis assay. Fresh
blood was collected from a healthy donor into an EDTA-containing tube under the supervision of qualified
laboratory personnel. The blood sample was centrifuged at 1000 rpm for 10 min to separate plasma from blood
cells. The plasma was discarded, and the red blood cells (RBCs) were washed three times with sterile phosphate-
buffered saline (PBS). After washing, 1 mL of packed RBCs was diluted with 9 mL of PBS to obtain a
homogeneous RBC suspension. Equal volumes of the RBC suspension and nanoparticle solutions at different
concentrations were mixed and incubated for 2 h. PBS and distilled water were used as negative and positive
controls, respectively. Following incubation, the samples were centrifuged at 1000 rpm for 5 min. Hemolysis was
assessed by visual inspection of the supernatant. A red-colored supernatant indicated hemolysis and was
considered a positive result, whereas a clear and colorless supernatant indicated the absence of hemolysis and was
considered a negative result [25].

3. RESULTS AND DISCUSSION
3.1 FT-IR Characterization of Fei.s3Mno.sZno.«:10s Nanoparticles

Fourier Transform Infrared Spectroscopy (FT-IR) is an effective technique for identifying the functional
groups and vibrational characteristics of synthesized materials. Figure | presents the FT-IR spectrum of the
biosynthesized Fei.ssMno.sZno.4104 nanoparticles. Spinel ferrites typically exhibit four characteristic vibrational
frequencies (vi, vz, vs, and va), as reported by Waldron [26]. The v: band, observed in the range of 500-600 cm™,
corresponds to the stretching vibrations of Fe**—0? bonds at the tetrahedral sites. In the present study, a distinct
absorption peak was observed at 550.88 cm™. The v» band, which appears in the range of 350450 cm™, is
associated with the vibrations of metal-oxygen bonds (M?'—0%"), where M?" may represent Zn**, Mn?**, or Fe*
ions occupying octahedral sites. A characteristic peak was observed at 470.94 cm™! [26]. The higher vibrational
frequency observed at tetrahedral sites compared with octahedral sites is attributed to the stronger Fe**—0?" bond
interactions and shorter bond lengths within the tetrahedral coordination environment [27]. Furthermore, the
atomic mass and distribution of metal ions within the spinel lattice influence the observed vibrational frequencies
[28].

3.2 XRD Characterization of Fei.ssMno.sZno..10+ Nanoparticles

X-ray diffraction (XRD) analysis was employed to investigate the crystalline structure and phase purity
of the biosynthesized Fei.ssMno.sZno.4104 nanoparticles. As shown in Figure 2, the diffraction pattern closely
matched the standard pattern reported in the International Centre for Diffraction Data (ICDD) card No. 96-152-
8318 [29], confirming the successful formation of the Fei.ssMno.sZno.a104 spinel ferrite phase. The diffraction
peaks indicated a well-crystallized cubic spinel structure without detectable impurity phases. The average
crystallite size calculated from the XRD data was 18.66 nm, confirming the nanocrystalline nature of the
synthesized material.

3.3 EDX Characterization of Fei.s3Mno.sZno.«104 Nanoparticles

Energy-Dispersive X-ray Spectroscopy (EDX) was used to determine the elemental composition of the
biosynthesized Fei.ssMno.sZno.4104 nanoparticles. The EDX spectrum shown in Figure 3 confirmed the presence
of the major constituent elements of the ferrite structure. The elemental analysis revealed the presence of Fe, Mn,
and Zn with percentages of 51.79%, 13.00%, and 35.22%, respectively, indicating the successful incorporation of
these elements into the synthesized ferrite nanoparticles. The absence of significant impurity peaks further suggests
the high purity of the prepared material.

3.4 Zeta Potential Analysis of Fei.s3Mno.sZno.«104 Nanoparticles

The colloidal stability of Fei.ssMno.sZno.«104 nanoparticles in aqueous media was evaluated using zeta
potential measurements, as shown in Figure 4. Zeta potential is an important parameter that reflects the surface
charge of nanoparticles and their tendency to remain dispersed in suspension. A higher absolute zeta potential
value generally indicates stronger electrostatic repulsion between particles and improved colloidal stability.
Nanoparticles with zeta potential values greater than approximately £30 mV are typically considered stable in
aqueous systems [30].

3.5 SEM Characterization of Fei.s3Mno.sZno.«1Q4 Nanoparticles

The surface morphology and particle size distribution of Fei.ssMno.sZno.s1O4 nanoparticles were
investigated using Scanning Electron Microscopy (SEM). Representative SEM micrographs and particle size
distribution histograms are presented in Figure 5. The SEM analysis revealed agglomerated particles with an
average particle size of 114.38 nm, which is considerably larger than the average crystallite size of 18.66 nm
obtained from XRD analysis. This difference can be attributed to the aggregation of multiple crystallites into larger
particles due to their high surface energy and magnetic interactions. The observed agglomeration behavior is
commonly reported in magnetic ferrite nanoparticles and results from strong interparticle magnetic attraction,
leading to the formation of larger clusters. This phenomenon is clearly visible in the SEM micrographs.
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3.6 Anticancer Activity of Fei.ssMno.sZno.«104 Nanoparticles

The cytotoxic activity of biosynthesized Fei.ssMno.sZno.«1Os nanoparticles against HL-60 human
leukemia cells was evaluated using the MTT assay. Cells were exposed to nanoparticle concentrations of 10, 25,
50, 100, 250, 500, and 1000 pg/mL for 48 h, and cell viability was assessed relative to untreated control cells. The
percentages of viable cells were 85.98%, 83.56%, 84.54%, 98.41%, 97.87%, 29.04%, and 15.81% at
concentrations of 10, 25, 50, 100, 250, 500, and 1000 pg/mL, respectively. A pronounced reduction in cell viability
was observed at concentrations of 500 and 1000 pg/mL, indicating enhanced cytotoxic activity at higher
nanoparticle concentrations. The calculated ICso value was 470.8 ng/mL (Figure 7). Statistical analysis using one-
way ANOVA revealed highly significant differences among treatment groups (P < 0.0001). Furthermore, the
coefficient of determination (R? = 0.9856) demonstrated a strong concentration—response relationship. These
findings indicate that Fei.ss3Mno.sZno.4104 nanoparticles exhibit cytotoxic activity against HL-60 leukemia cells and
may have potential applications in cancer-related biomedical research. Similar observations have been reported
for magnetic nanoparticles used in drug delivery, diagnostic imaging, and anticancer applications [31-33].

3.7 Hemocompatibility Assessment of Fei.s3Mno.sZno.«:O4 Nanoparticles

The biocompatibility of Fei.ssMno.sZno.4104 nanoparticles was evaluated through a hemolysis assay using
red blood cells at concentrations of 64, 128, and 256 pg/mL. As shown in Figure 8, no evidence of hemolysis was
observed at any of the tested concentrations, indicating that the synthesized nanoparticles exhibited good
hemocompatibility and did not induce significant damage to red blood cells. According to the accepted
classification of hemolytic activity, hemolysis rates ranging from 0-9% indicate non-toxic behavior, whereas
values of 10—49%, 50-89%, and 90—100% correspond to slight, moderate, and severe toxicity, respectively [25].
The obtained results suggest that the synthesized Fei.ssMno.sZno.4104 nanoparticles are biologically safe within the
investigated concentration range and may be suitable for further biomedical applications.
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3. CONCLUSION

In the present study, Fei.ssMno.sZno.4104 nanoparticles were successfully synthesized using a novel,
simple, cost-effective, and environmentally friendly biosynthesis approach that combined co-precipitation,
ultrasonic treatment, and green chemistry techniques with milk thistle (Silybum marianum) seed extract. The
synthesized nanoparticles were comprehensively characterized using FT-IR, XRD, EDX, zeta potential analysis,
and SEM. XRD analysis confirmed the formation of a crystalline cubic spinel ferrite structure with an average
crystallite size of 18.66 nm, whereas SEM analysis revealed an average particle size of 114.38 nm, indicating
particle aggregation. The biological evaluation demonstrated that the synthesized nanoparticles exhibited cytotoxic
activity against HL-60 human leukemia cells, particularly at higher concentrations. Cell viability decreased
markedly at concentrations of 500 and 1000 pg/mL, and the calculated ICso value was 470.8 pg/mL. Statistical
analysis revealed highly significant differences among treatment groups (P <0.0001), with a strong concentration—
response relationship (R? = 0.9856). Furthermore, hemolysis studies performed at concentrations of 64, 128, and
256 ng/mL demonstrated no detectable toxic effects on red blood cells, indicating good hemocompatibility within
the tested concentration range. Overall, the findings suggest that biosynthesized Fei.ssMno.sZno.4104 nanoparticles
possess promising physicochemical and biological properties that may support their future application in
biomedical fields. Nevertheless, additional investigations involving apoptosis assays, molecular mechanism
studies, and in vivo evaluations are required to further elucidate their therapeutic potential and biological safety.
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