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Wild grown Portulaca oleracea as
a novel magnetite based carrier
with in vitro antioxidant and
cytotoxicity potential

Adina-Elena Segneanu®'%, Gabriela Vlase'?, Catalin Nicolae Marin?, Titus Vlase'?,

Crina Sicoe*1?, Daniel Dumitru Herea®, Maria Viorica Ciocilteu$, Ludovic-Everard Bejenaru’™,
Anca Emanuela Minuti®, Camelia-Mihaela Zara®, Vlad Socoliuc?, Cristina Stavila® &

Cornelia Bejenaru®

The latest research on nanotechnology through the new tailored scaffolds encompassed the
therapeutic effects of natural compounds, and the unique properties of metallic nanoparticles offer
new possibilities in emerging biomedical fields. Various strategies have been developed to address
the limitations of existing therapeutic agents concerning specificity, vectorization, bioavailability,
drug resistance, and adverse effects. In this study, the medicinal plant Portulaca oleracea L. and
magnetite nanoparticles were used to develop an innovative target carrier system, designed to
enhance the cytotoxic effect and overcome the main drawbacks (permeability and localization) of the
phytoconstituents. The low-metabolite profile of Romanian wild-grown Portulaca oleracea L. exhibits
a diverse range of hundred fifty-five compounds across various chemical categories (amino acids,
peptides, fatty acids, flavonoids, alkaloids, terpenoids, phenolic acids, organic acids, esters, sterols,
coumarins, nucleosides, lignans, and miscellaneous compounds). Morpho-structural and magnetic
properties of the new phytocarrier were investigated using a variety of methods, including XRD, FTIR,
Raman, SEM, DLS), and magnetic determinations. The MTT assay was conducted to evaluate in vitro
the potential cytotoxicity on normal human dermal fibroblasts (NHDF), as well as on two tumoral

cell lines: human osteosarcoma (HOS) and cervical cancer (HeLa). Results indicated that significant
inhibition of both cancer cell lines’ viability was exerted by the new phytocarrier compared to herbal
extract. Furthermore, the results obtained for the total phenolic content and the antioxidant potential
screening performed using the FRAP and DPPH assays were superior for the new carrier system.
These findings suggest the potential biomedical applications of the developed carrier system and its
promising implications for future research and development in the field.

Keywords Purslane, Magnetite, Carrier system, Secondary metabolites, Antioxidant potential, In vitro
cytotoxicity

1Department of Chemistry, Institute for Advanced Environmental Research, West University of Timigoara (ICAM-
WUT), 4 Oituz Street, 300086 Timisoara, Romania. “Research Center for Thermal Analyzes in Environmental
Problems, West University of Timisoara, 16 Johann Heinrich Pestalozzi Street, 300115 Timisoara, Romania.
3Faculty of Physics, West University of Timisoara, &4 Vasile Parvan Avenue, 300223 Timisoara, Romania. “Faculty
of Chemistry, Biology, Geography, West University of Timisoara, 16 Johann Heinrich Pestalozzi Street, 300115
Timisoara, Romania. *National Institute of Research and Development for Technical Physics, 47 Dimitrie Mangeron
Avenue, 700050 lagi, Romania. ®Department of Instrumental and Analytical Chemistry, Faculty of Pharmacy,
University of Medicine and Pharmacy of Craiova, 2 Petru Rares Street, 200349 Craiova, Romania. ’Department of
Pharmacognosy & Phytotherapy, Faculty of Pharmacy, University of Medicine and Pharmacy of Craiova, 2 Petru
Rares Street, 200349 Craiova, Romania. 8Laboratory of Magnetic Fluids, Center of Fundamental and Advanced
Technical Research, The Romanian Academy-Timisoara Branch, 24 Mihai Viteazul Avenue, 300223 Timisoara,
Romania. °Department of Pharmaceutical Botany, Faculty of Pharmacy, University of Medicine and Pharmacy
of Craiova, 2 Petru Rares Street, 200349 Craiova, Romania. 1°Adina-Elena Segneanu and Crina Sicoe contributed
equally to this work. email: ludovic.bejenaru@umfcv.ro

Scientific Reports | (2025) 15:8694 | https://doi.org/10.1038/s41598-025-92495-7 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-92495-7&domain=pdf&date_stamp=2025-3-11

www.nature.com/scientificreports/

Portulaca oleracea L., purslane (Portulacaceae family), is the only representative of the Portulaca genus in
Romania’s spontaneous flora. It is widely distributed across all regions, from the steppe zone to hilly areas,
thriving in light, sandy soils'. Globally, the species is found across diverse areas, and its common names vary by
language and locality. For example, it is known as “rigla” in Egypt, “pigweed” in England, “pourpier” in France,
and “Ma-Chi-Xian” in China'~”. In Romania, the plant is commonly referred to as “grasitd”, “iarba-grasa’, or
“jarba-porcului”'®. The leaves and stems are traditionally used in soups and salads in Mediterranean and Asian
countries, including Romania®’.

Studies indicate that P. oleracea has been utilized in Romanian cuisine since ancient times, where it was known
as “laca” among the Dacians'®. Renowned for its medicinal properties, the plant has been traditionally used to
treat inflammations and scurvy®. P. oleracea is recognized in traditional medicine across many regions for its
antiseptic, anti-inflammatory, antispasmodic, anticonvulsant, diuretic, febrifuge, and vermifuge properties'!. Its
use in various cultures dates to Antiquity, as documented by Dioscorides in Materia Medica, Avicenna in Canon
of Medicine, Ayurvedic and Unani medicine systems, and traditional Chinese medicine”!2. In Romania, “gragita”
has been historically used in external baths to treat periods of weakness and illness'®.

P, oleracea contains numerous active compounds. In the aerial part of the plant, the presence of flavonoids,
alkaloids, a-linolenic acid (omega-3) type fatty acids, vitamins, minerals®!"!4, terpenoids, polysaccharides,
sterols, proteins'?, catecholamines, phenolic acids, lignans, and anthocyanidins has been reported’.

Recently, significant attention has been focused on the phytoconstituents and biological activity of P.
oleracea®”>11-1315 Research has highlighted the pharmacological effects of extracts obtained from the aerial
parts of P oleracea plants: antimicrobial, neuroprotective, antioxidant, antidiabetic, anti-inflammatory,
anticancer, antiulcerogenic, hepatoprotective activities”!12141617_ However, much of the research focuses on
isolating specific categories of biomolecules from different parts of the plant®!8-20,

The medicinal plant metabolite profile is influenced by several factors, including its origin, harvest period,
and the specific plant parts used*!~2*. Additionally, the extraction of phytochemicals is governed by solvent
polarity, temperature, pH, and duration, among others?*?>. Consequently, all these factors can significantly
impact the correlation between phytoconstituents and their pharmacological activity, making it challenging to
establish a clear relationship between them. Furthermore, numerous studies have reported that the combined
therapeutic effects of all secondary metabolites and signaling molecules are significantly more effective than a
single biomolecule or categories of phytoconstituents*!:*2%2”, Thus, further research is needed to fully explore
the chemical composition of this plant and its potential health benefits.

In parallel, recent advances in nanotechnology have explored the environmentally friendly synthesis of
metallic nanoparticles using components of P. oleracea®®?’.

Magnetic nanoparticles, in particular, have become a focal point in biomedical research, especially in drug
delivery, cancer diagnosis, and treatment®*-32. The ability to control the size, shape, and surface chemistry of
magnetic particles offers a strong foundation for the development of high-performance drug delivery systems.
Various studies reported that surface-tailored with different moieties can enhance biocompatibility, thereby
facilitating the development of performance drug delivery systems®*3%. In addition, through surface modification
with diverse biomolecules, magnetic particles can be fine-tuned to achieve highly selective targeting, thereby
reducing side effects. Consequently, magnetic particle-based drug delivery systems have shown promising
results, particularly in cancer therapies®>-°.

On the other hand, a well-known fact is that the morpho-structural properties of some highly bioactive
phytochemicals may face challenges related to stability, adsorption, bioavailability in vivo, target specificity, and
transmembrane permeability, limiting their effectiveness in treating severe diseases?>’.

Therefore, the development of carrier systems that combine the therapeutic properties of whole plant
components with the features of modern drug delivery systems is crucial to overcoming these limitations.

This study aims to explore the potential of P. oleracea in combination with nano-magnetite as an innovative
carrier system. The research investigates its morpho-structural and magnetic properties, antioxidant potential,
and the in vitro cell viability. To our knowledge, this is the first study to explore the metabolite profile of P
oleracea grown wild in Romania, opening new avenues for therapeutic applications.

Results

Despite the extensive research on the chemical screening and biological activity of purslane, there is insufficient
research addressing the flavones, sterols, or fatty acids content of the wild-grown Romanian P. oleracea®-*.
This study presents a comprehensive analysis of the herb’s low metabolic profile using cutting-edge techniques,
including gas-chromatography coupled with mass spectroscopy (GC-MS) and electrospray ionization-
quadrupole time-of-flight-mass spectrometry (ESI-QTOF-MS). The phytoconstituents identification is based
on the retention indices, the Mass Spectral Library 2.0 database, and the literature review.

GC-MS analysis of P. oleracea sample
The biomolecules separated via GC-MS are presented in (Fig. 1S and Table 1).

The GC-MS analysis reveals thirteen major compounds, constituting approximately 84% of the total peak
area in the P. oleracea sample (Fig. 1S).

Mass spectrometry analysis of P. oleracea sample
The mass spectra depicted in Fig. 2S provide clear evidence of a wide array of phytochemicals. Some of these
compounds have been detected and assigned various chemical classes, including amino acids, peptides, fatty
acids, flavonoids, alkaloids, terpenoids, phenolic acids, organic acids, esters, sterols, coumarins, nucleosides,
lignans, and miscellaneous constituents. These findings are consistent with the literature! =64,

The phytoconstituents identified via ESI-QTOF-MS analysis are presented in (Fig. 2S and Table 1S).
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No | Retention time (t;) | Retention index (RI) | Area (%) | Compound name | Ref
1 3.11 822 4.15 2-hexenal 4
2 4.39 946 0.16 Benzaldehyde 42
3 5.73 3643 6.26 Ursolic acid 3
4 9.65 1225 9.37 Cuminaldehyde a4
5 10.54 1021 4.08 Limonene 44-47
6 |11.63 1488 5.23 B-ionone 4
7 |16.18 1090 0.42 Linalool 4345
8 |19.25 1546 8.98 B-caryophyllene 4345
9 |20.54 1609 20.29 Methyl tridecanoate | 434°
10 |21.23 1241 8.45 Carvone 345
11 |22.87 3219 1.49 Lupeol 47
12 |36.65 3295 17.29 Campesterol 47
13 |37.17 3289 1.98 B-sitosterol 47

Table 1. Main phytochemicals identified by GC-MS analysis of the P. oleracea sample. RI retention indices
calculated based upon a calibration curve of a C8-C20 alkane standard mixture.
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Fig. 1. Phytoconstituents classification bar chart of P. oleracea sample.

Screening and classification of the differential phytochemicals
A total of 155 phytoconstituents identified through mass spectroscopy were assigned to different chemical
classes: amino acids and peptides (21.29%), fatty acids (14.83%), flavonoids (12.25%), alkaloids (10.96%),
terpenes and terpenoids (10.32%), phenolic acids (6.45%), organic acids and esters (6.45%), coumarins (3.22%),
sterols (1.29%), nucleosides (1.29%), lignans (1.29%), and miscellaneous. Figure 1 presents the classification
chart of the biomolecules from the P. oleracea sample based on the data analysis reported in (Table 1S).
According to Fig. 1, amino acids and peptides constitute the largest category of phytochemicals, accounting
for approximately 21.29% of them. This category comprises six essential amino acids, namely isoleucine, lysine,
methionine, phenylalanine, threonine, and tryptophan, as well as non-essential amino acids such as alanine,
glycine, arginine, histidine, serine, tyrosine, cystine, proline, glutamic acid, and aspartic acid. It is noteworthy
that around 53% of these biomolecules, including phenylalanine, arginine, isoleucine, tryptophan, alanine,
glutamic acid, histidine, cysteine, and glycine, are involved in mechanisms of antiproliferative, cytotoxic, and
immunomodulating activities®®~74. Moreover, other compounds from this category (methionine, proline, serine,
lysine, and threonine) exhibit anti-inflammatory activity, accounting for approximately 30% of the total’>-%°.
The analysis of a P. oleracea sample revealed the presence of 16 small peptides consisting of di- and tripeptides.
Recent research has reported on the pharmacological potential of small peptides from plants, which have
demonstrated antitumoral, antiviral (anti-HIV), antimicrobial, antifungal, antioxidant, antidiabetic, and neuro-
regulatory properties®..

Scientific Reports |

(2025) 15:8694 | https://doi.org/10.1038/s41598-025-92495-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fatty acids constitute the second largest group, comprising a staggering 14.83%. This group encompass
thirteen saturated fatty acids (caproic, lauric, myristic, pentadecanoic, palmitic, margaric, stearic, arachidic,
henicosanoic, behenic, tricosanoic, lignoceric and cerotic acid), ten unsaturated acids or essential oils
namely six omega-3 acids (alpha-linoleic, eicosapentaenoic, eicosatrienoic, docosahexaenoic, stearidonic and
docosapentaenoic acid) and two omega-6 acids (linolenic and arachidonic acid), and two monounsaturated fatty
acids (oleic and palmitoleic acid). Fatty acids have been the subject of extensive research, and their numerous
health benefits include cardioprotective, neuroprotective, antibacterial, antifungal, anti-inflammatory,
antioxidant, immunomodulatory, and neuroprotective effects3>53.

Flavonoids are another important category of metabolites with a significant array of therapeutic attributes,
such as antioxidant, anti-inflammatory, cardioprotective, neuroprotective, antimicrobial, antiviral, and
antitumoral activities®*55,

Alkaloids constitute a significant proportion, precisely 10.96%, of the total phytochemical content from
the P oleracea sample. These metabolites exhibit remarkable therapeutic potentials, such as antitumoral,
neuroprotective, antidiabetic, hypoglycemic, antioxidant, anticholinesterase, and other properties®*#7.

Terpenes and terpenoids are a class of secondary metabolites exhibiting broad biological properties. They
possess potent antimicrobial, antiviral, anti-inflammatory, antitumor, neuroprotective, cardioprotective,
analgesic, antispasmodic, antihyperglycemic, immunomodulatory, and other effects®®.

Phenolic acids account for 6.45% of the herb’s phytoconstituents. Various studies have revealed their potential
as antioxidant, antimicrobial, cardioprotective, anti-inflammatory, neuroprotective, antitumor, and antidiabetic
agents®.

Coumarins are metabolites highly relevant to human health. Recent studies have conclusively shown
that coumarins possess highly antioxidant, antimicrobial, anticancer, anti-inflammatory, anti-angiogenic,
anti-oxidative, antidiabetic, antihypertensive, hepatoprotective, neuroprotective, and immunomodulatory
effects®”89%0,

Phytosterols are secondary compounds that act as neuroprotective, immunomodulatory, antioxidant, anti-
inflammatory, cardiovascular protective (lowering LDL-cholesterol concentrations), immunomodulatory, and
antitumoral agents®’.

Lignans are a class of phytochemicals that exhibit a range of pharmacological properties. These compounds
possess antioxidant, antibacterial, antiviral, fungicidal, insecticidal, estrogenic, and antitumor activities®?.

The VOC flavor profile of phytoconstituents identified in the P. oleracea sample is depicted in (Table 2S and
Fig. 3S).

Phytocarrier system

Despite their significant biological activity, different secondary metabolites display lower bioavailability
and stability in vivo**® Therefore, the tailored engineered scaffold development to address these challenges
successfully opens new opportunities in the biomedical field. Accordingly, a new phytocarrier system was
prepared based on the loading of magnetite nanoparticles into P. oleracea phytochemicals, aiming to exploit the
synergistic effects of both constituents and thereby enhance their pharmacological potential.

Fourier transform infrared (FTIR) spectroscopy

The surface area modification of magnetite particles using herb components and the PM carrier system
preparation was investigated through FTIR spectroscopy. The obtained spectra for both the herb sample and the
phytocarrier system are displayed in (Fig. 2).
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Fig. 2. FTIR spectra of P. oleracea and new phyto-nanocarrier system.
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Phytoconstituent category | Wavenumber (cm™") Ref
Amino acids 3400, 3328-3130, 2983, 2360, 2130, 1726-1753, 1692, 1676, 1667, 1651, 1644, 1632, 1628, 1612, 1501-1602 | **
Fatty acids 3604, 3022-3008, 2962, 2927, 2874, 2848, 1700, 1349, 1243, 725 5
Alkaloids 3358, 1589, 1644, 1405, 1377, 740, 662 4
Terpenoids 2945, 1748, 1708, 1651, 812 94
Flavonoids 3880-3126, 3142-2978, 1657, 1645, 1618, 1583, 1495, 1464, 1418, 1369, 1273, 1082, 771, 533 5
Phenolic acids 1788, 1728, 1665, 1641, 1519, 1442, 1409, 1363, 1310, 1263, 1164, 1089, 947, 806 9455
Iridoids 1740-1458, 1377, 1221-914 8
Phytosterols 3427, 3348, 2935, 2830, 1755, 1640, 1461, 1384, 1188, 1063, 990, 945, 882, 741 9496
Lignans 2990, 2924, 2876, 2831, 1615, 1498, 1430, 1385, 1355, 1327, 1274, 1266, 1101, 1047, 1007, 992, 930 7
Nucleosides 3352, 3103, 2927, 2802, 1669, 1472, 1393, 1272, 1208, 1142, 1097, 1056, 977, 904, 830, 773, 567, 451 9498
Iridoids 3355, 2915, 1650, 1487, 1362, 1055, 1010 %

Table 2. Characteristic vibrational frequencies attributed to the phytoconstituents from the P. oleracea sample.
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Fig. 3. Raman spectrum of P. oleracea, magnetite, and PM carrier system.

The analysis of the P. oleracea pattern sample (Table 2) revealed the presence of characteristic vibrational
bands attributed to different phytoconstituent categories, including amino acids and peptides, alkaloids, fatty
acids, flavonoids, phenolic acids, and phytosterols in the herb sample.

The absorption bands present in the spectra are characteristic of the phytoconstituents from the P, oleracea,
including peaks at 2918 cm™! (C-H stretching), 1728 cm™! (C=0 stretching), 1244 and 1014 (C-N of amine),
881 and 819 cm™! (C-O and CH vibration of aromatic rings). The Fe-O stretching vibrations, attributed to
magnetite, are also evident at 632, 585, and 474 cm™!190-103 However, changes in the intensity of OH, C-O, and
N-H regions (1567, 1386, 1248, 1204 cm™) are observed. These changes are accompanied by a shift towards
higher wavenumbers in the (O-H, N-H, and C-O) corresponding regions, indicating that these functional
groups are involved in the phyto-nanocarrier formation. Additionally, the Fe-O bond vibration of Fe,O,
nanoparticles confirms the integration of the herb biomolecules into the pores of magnetite nanoparticles.

Raman spectroscopy
The Raman spectral analysis (Figs. 3 and 4S) provides compelling evidence of the successful interaction between
magnetite nanoparticles and P. oleracea biomolecules, confirming the formation of a novel phytocarrier system
with enhanced structural and functional properties.

In the Raman spectra of magnetite nanoparticles (Fig. 3), the characteristic vibrational bands of Fe;O, are
observed at approximately 202, 304, 375, 455, and 664 cm™!, aligning well with reference data and validating both
the purity and structural integrity of the material'®.

Scientific Reports |

(2025) 15:8694 | https://doi.org/10.1038/s41598-025-92495-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In the PM carrier system, the Raman spectra (Figs. 3 and 4S-b) retain key magnetite-associated peaks at 202,
304, and 377 cm™!, confirming the preservation of the magnetic phase within the newly developed carrier. A
particularly noteworthy observation is the distinct shift of the magnetite vibrational bands (455, 537, 664, and
709 cm™!) toward higher frequencies in the PM carrier system compared to the pure magnetite nanoparticles.
This spectral shift strongly suggests the formation of interfacial interactions, likely mediated by chemical
bonding or surface modifications resulting from the incorporation of P. oleracea biomolecules. Such interactions,
potentially driven by coordination bonds, electrostatic forces, or hydrogen bonding, contribute significantly to
the enhanced stability, dispersibility, and overall functional performance of the carrier system!'%-177,

Further substantiating this integration, a comparative analysis between the PM carrier system (Figs. 3 and 4S-
b) and the herb alone (Figs. 3 and 4S-a) reveals substantial peak shifts in the Raman spectra. The characteristic
vibrational peaks of the herb at 844 cm™! (C-H bending), 1495 cm™! (C-O stretching), 1795 cm™! (C =0 amidic),
and 3280 cm™! (O-H stretching) undergo pronounced frequency shifts to 886, 1505, 1843, and 3341 cm™L,
respectively, in the PM carrier system. These significant spectral variations indicate the new intermolecular
interaction formation between the phytochemical constituents of P. oleracea and the magnetite nanoparticles,
further reinforcing the structural integrity of the composite!?®1%. The observed spectral modifications confirm
the successful integration of the two components and highlight the pivotal role of phytochemicals in stabilizing
and modifying the surface properties of the magnetite nanoparticles. This structural adaptation, combined
with the synergistic integration of magnetic functionality and the herb’s bioactive compounds, is expected to
significantly enhance the performance of the PM carrier system. The resulting composite is expected to exhibit
improved stability, bioavailability, and a wide range of potential applications, making it a promising candidate
for future research and development.

X-ray diffraction spectroscopy

The X-ray diffraction (XRD) patterns of P. oleracea, magnetite, and the new phytocarrier are shown in (Fig. 4).
The diffraction pattern of the P. oleracea sample (Fig. 4), in the range of 13.8-41°, displays a wide band and feeble
diffraction peaks attributed to amorphous phases associated with herb minerals and fibers. XRD patterns of the
magnetite sample (Fig. 4) indicated the presence of distinctive peaks at (111), (220), (311), (222), (400), (422),
(511), and (440) planes assigned to monocrystalline iron oxide nanoparticles with an average crystallite size of
14.9 nm101-103,

The XRD analysis of the PM nanocarrier reveals the appearance of distinctive diffraction peaks that
correspond to the characteristic peaks associated with P. oleracea and magnetite. The crystallite average size of
40.1 nm calculated using the Scherrer equation provides strong evidence of the successful preparation of the
new phytocarrier.

Scanning electron microscopy (SEM)
The SEM micrographs of the herb, magnetic nanoparticles, and the PM carrier system are shown in (Fig. 5a,b).
The SEM analysis of the P. oleracea (Fig. 5a) reveals a porous structure consisting of particles of varying
shapes and sizes, with an average size of approximately 100 nm. This unique nanoscale porosity creates an ideal
matrix for integrating magnetite nanoparticles while maintaining the herbs natural architecture. This design
enhances interactions with bioactive compounds, positioning it as a highly promising functional carrier system.
The newly developed phytocarrier system (Fig. 5b), incorporating spherical magnetic nanoparticles
averaging 15 nm, shows their successful integration both on the surface and within the herb’s porous structure.
This ensures effective nanoparticle loading and enhances the stability and performance of the system, as the
interfacial interactions are key to its functionality.
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Fig. 4. Powder XRD patterns of P. oleracea, magnetite, and PM phytocarrier system.
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Fig. 5. SEM images of the P. oleracea (a), and the PM phytocarrier (b).
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Fig. 6. EDX composition of P. oleracea (a) and PM phytocarrier (b).

Recent studies highlight the increasing interest in microscale carriers for biomedical applications due to their
advantages in controlled drug delivery, tissue engineering, and diagnostic systems. Microscale carriers not only
enable localized delivery, reducing off-target effects, but they also enhance patient outcomes in chronic disease
management and regenerative medicine!'%-112,

Furthermore, the incorporation of magnetic or stimuli-responsive elements allows for externally controlled
drug release and targeted therapy, further enhancing their application in fields like cancer treatment. Moreover,
their ability to mimic the extracellular matrix promotes cell adhesion and tissue regeneration, making them
invaluable for regenerative medicine. In diagnostic imaging, functionalization with contrast agents significantly
improves detection sensitivity!!>!14,

Energy dispersive X-ray (EDX)
The elemental and compositional of the P. oleracea and the new phytocarrier were investigated using EDX
technique (Fig. 6a,b).

The EDX spectra of the novel carrier system exhibit discernible peaks corresponding to P. oleracea (Fig. 6a)
and magnetite (Fig. 6b), thereby substantiating the successful development of the new carrier system.

Dynamic light scattering (DLS)

The investigation of the stability and dynamics of a recently developed phytocarrier employed the DLS technique
to ascertain the average mean particle size, as detailed in (Table 3S), and the distribution profile of all samples,
as illustrated in (Fig. 7a—c).

The DLS analysis of the P. oleracea sample (Fig. 7a) offers valuable insights into its colloidal stability and
structural composition. The results reveal three distinct peaks corresponding to porous formations, a reticular-
like network, and discrete herb particles, each exhibiting different hydrodynamic diameters, as detailed in
(Table 3S). The polydispersity index (PDI) values for these structures are 0.134, 0.113, and 0.0859, respectively.
The first two structures demonstrate moderate PDI values, indicating a well-dispersed system with controlled
heterogeneity, while the lower PDI of the herb particles suggests a more uniform and narrowly distributed
population, enhancing stability and minimizing the risk of uncontrolled agglomeration. Furthermore, the
DLS analysis reveals that the magnetite sample has an average mean diameter of approximately 22.5 nm!!,
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Fig. 7. DLS patterns of P. oleracea (a), magnetite (b), and PM phytocarrier system (c) in water.

with a PDI of 0.211. This moderately dispersed distribution reflects a balance between particle uniformity and
some degree of size variation. The presence of magnetite nanoparticles within the dispersion is particularly
noteworthy, as their interactions may influence overall stability. These particles can either enhance or hinder
aggregation depending on external conditions such as pH, ionic strength, and temperature, further impacting
the stability and performance of the system. Additionally, Fig. 7c illustrates the PM carrier system, which
exhibits two well-dispersed peaks within a narrow range, with remarkably low PDI values of 0.0566 and 0.0928.
These values indicate a highly stable system with minimal aggregation, ensuring the functional integrity of the
carrier system. Notably, a shift in the mean diameter of both the magnetite and herb components suggests the
successful incorporation of magnetic nanoparticles into the herbs porous and reticular-like structures. This
structural adaptation likely enhances dispersion stability by preventing particle settling and maintaining a
uniform suspension.

These findings align with the results of the SEM study, which further confirms the successful integration of
magnetite nanoparticles within the herb matrix. The combined DLS and SEM analyses provide strong evidence
of a well-structured, stable, and highly dispersed PM carrier system, highlighting its potential for various
functional applications.

Magnetic properties
Figure 8a,b provides a comprehensive magnetic characterization of the PM carrier system and magnetite
nanoparticles, offering key insights into their magnetic behavior, stability, and potential applications.

The hysteresis loop analysis (Fig. 8a, inset) reveals key magnetic parameters of the PM carrier system,
which exhibits a saturation magnetization (Ms) of 20.9 emu/g, a coercive field (Hc) of 7 kA/m, and a remanent
magnetization (Mr) of 2.6 emu/g. In contrast, magnetite shows a significantly higher Ms of 66.7 emu/g, the same
Hc of 7 kA/m, and a slightly increased Mr of 7.7 emu/g. The substantial difference in Ms values indicates that the
herbaceous matrix within the PM carrier system effectively dilutes the overall magnetic response, likely due to
the presence of non-magnetic organic components.

Interestingly, both materials exhibit low remanent magnetization ratios (Mr/Ms) of 0.12 for the PM carrier
system and 0.11 for magnetite, suggesting that their magnetization can be easily reoriented upon the removal of
an external magnetic field. This behavior is highly favorable for applications requiring rapid magnetic response
with minimal residual magnetization, such as targeted drug delivery, magnetic separation, and biomedical
applications!!.

The Fe,O, particle size plays a crucial role in determining its magnetic domain structure and overall behavior.
The critical size for superparamagnetic behavior in Fe,O, is typically below 20 nm, while the transition to a
multi-domain state theoretically occurs between 76 and 128 nm, depending on particle shape!'’.

With an average particle size of ~40 nm (as determined by XRD data), both the PM carrier system and
magnetite nanoparticles exhibit a hysteretic profile characteristic of the single-domain regime. This regime is
defined by uniform magnetization direction and high coercivity, ensuring stable magnetic properties without
transitioning into a superparamagnetic state. This property is particularly advantageous for biomedical
applications, such as hyperthermia therapy, where stable magnetization and heat generation under an alternating
magnetic field are crucial'°.
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Fig. 8. Hysteresis loop of the PM carrier system and magnetite (a); frequency dependence of the complex
magnetic permeability of the PM carrier system and magnetite (b).

Further insights are gained through frequency-dependent complex magnetic permeability analysis (Fig. 8b),
which reveals a relaxation peak of p'’(f) around 30 kHz for both the PM carrier system and magnetite. This
peak corresponds to Néel relaxation, a process where the internal magnetic moments of nanoparticles rotate to
overcome the magneto-crystalline anisotropy energy barrier. The presence of Néel relaxation in the radiofrequency
range (30 kHz) indicates that these nanoparticles retain their single-domain structure while enabling efficient
magnetic energy dissipation. Additionally, the absence of a multi-domain structure is confirmed by the small
particle size, which restricts domain wall formation, further ensuring stable and predictable magnetic behavior.
The presence of Néel relaxation in the radiofrequency range highlights the potential of the PM carrier system for
applications such as magnetic hyperthermia, smart nanocarriers, etc.16,

Overall, the combined hysteresis and permeability analyses confirm that despite its reduced overall
magnetization due to the herbaceous matrix, the PM carrier system maintains essential magnetic functionalities,
balancing sufficient magnetization for external manipulation with high responsiveness and stability'®®. While
magnetite nanoparticles offer superior magnetic performance, the PM carrier system provides a biocompatible
alternative with controlled magnetic properties, making it a promising candidate for biomedical and
environmental applications where moderate yet stable magnetic behavior is required.

Screening of antioxidant activity
To assess the antioxidant potential of a medicinal plant, selecting a minimum of three appropriate assays is
required!!®.

In vitro tests are often the preferred method due to their simplicity, speed, and reliability, making them ideal
for estimating the antioxidant activity of complex matrices!!8.

The PM carrier system antioxidant potential arises from the combined influence of all biomolecules from
the plant and the magnetic component. Therefore, three tests (total phenolic content (TPC)—Folin-Ciocalteu
assay, ferric reducing antioxidant power (FRAP), and DPPH) were employed to assess the new carrier system
antioxidant potential. The results are presented in (Fig. 9a—c).

The TPC, as determined by the Folin-Ciocalteu assay (Fig. 9a), revealed that the PM carrier system exhibited
a significantly higher total phenolic content (12.16 +0.26 mg/g GAE) compared to P. oleracea (10.70+0.11 mg/g
GAE), representing a 20.18% increase (p<0.001). This statistically significant enhancement suggests that the
magnetic component of the PM carrier system acts as a catalytic agent, facilitating the release and stabilization
of polyphenolic compounds, thereby improving their bioavailability!'!?. Given the essential role of polyphenols
in antioxidant activity, these findings support the hypothesis that the PM carrier system optimizes both the
stability and functionality of bioactive compounds, ultimately enhancing antioxidant potential. Statistical
validation through a one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison post
hoc test confirmed the robustness of this enhancement (p <0.001). Furthermore, the effect size (Cohen’s d>0.8)
suggests a large and biologically relevant effect, reinforcing the efficacy of the PM carrier system in enhancing
polyphenolic content.

Similarly, the FRAP assay (Fig. 9b) demonstrated that the PM carrier system exhibited significantly greater
reducing power (31.61+0.001 mM Fe?* equivalent) compared to P. oleracea (25.23 +0.14 mM Fe?* equivalent),
with statistical significance (p <0.05). This 25.28% increase in reducing power indicates a stronger ability to
reduce Fe** to Fe?*, a key mechanism in antioxidant defense. The effect size calculated using Cohen’s d=1.05
(large effect size) and partial eta squared (42=0.59, strong effect), further underscores the substantial impact
of the PM carrier system on redox potential. This increase is likely attributed to the improved stabilization and
bioavailability of redox-active polyphenolic compounds facilitated by the presence of magnetite nanoparticles!.
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Fig. 9. Graphic representation of total phenolic content (TPC) (a), FRAP (b), and DPPH (c) results. The error
bars represent the standard deviation (SD). The values were expressed as mean + standard error of the mean
(p<0.05,n=3).

The post hoc power analysis (power >0.95) confirms the robustness of these findings, ensuring the observed
differences are unlikely due to random variation.

The radical scavenging activity assay, expressed as IC, values (Fig. 9¢), further confirmed the superior
antioxidant potential of the PM carrier system. The PM carrier system exhibited a significantly lower IC, value
(3.98+0.036 mg/mL) compared to P. oleracea (4.57 £0.012 mg/mL), corresponding to a 12.91% improvement
(p<0.05). This reduction in IC,; indicates enhanced free radical scavenging activity, suggesting a synergistic
effect between phytoconstituents and magnetite, leading to improved antioxidant efficacy. Statistical validation
via ANOVA and Dunnett’s post hoc test (p <0.05) confirmed the significance of this enhancement. Additionally,
the effect size calculations (Cohen’s d=1.14, #*=0.64) indicate a strong effect, reinforcing the superior
antioxidant potential of the PM carrier system. A post hoc power analysis (power>0.95) further validates the
statistical robustness of these findings. The superior antioxidant potential of the PM carrier system is likely
attributed to the catalytic influence of iron ions, which enhance antioxidant mechanisms such as hydrogen or
electron transfer and oxygen discharge. Moreover, the surface electric charge of metallic nanoparticles within the
system may contribute to enhanced radical neutralization. Studies indicate that IC, values within the 10-50 mg/
mL range correspond to strong antioxidant activity, further confirming the PM carrier system as a potent free
radical scavenger!?!.

Collectively, these findings demonstrate that the PM carrier system significantly enhances antioxidant
properties compared to P oleracea alone, with strong statistical evidence supporting its superior efficacy
(p<0.001, large effect size, high statistical power). These results highlight the potential of the PM carrier system
as a promising antioxidant platform for various applications.

Cell viability assay

In vitro cytotoxicity assays are commonly employed to assess the effects of various compounds on cell culture
models. These assays yield critical data on cell viability, growth, proliferation, and the potential risks associated
with the tested substances. Studies have shown that the cytotoxicity of natural products can be influenced by
factors such as concentration, duration of exposure, cell culture model, and experimental techniques. Studies
have shown that the cytotoxicity of natural products can be influenced by factors such as concentration, duration
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of exposure, cell culture model, and experimental techniques. Furthermore, in vitro assays can offer valuable
insights for subsequent in vivo studies, especially in drug development!?%123,

Various assays rely on different cell functions to determine cell viability, such as enzyme activity, cell membrane
permeability, cell adherence, adenosine triphosphate (ATP) production, co-enzyme production, and nucleotide
uptake activity. Among the most used assays are dye exclusion colorimetric, fluorometric, luminometric, and
flow cytometric assays. Colorimetric assays are particularly advantageous because they are straightforward, cost-
effective, and can be used for both cell suspensions and adherent cells'?>123,

The 3-(4,5-Dimethylthiazol)-diphenyl tetrazolium bromide (MTT) assay is frequently used for high-
throughput screening of cell viability in drug toxicity assessment. However, this assay has some limitations. To
overcome these limitations, several optimization techniques have been developed. These methods involve the
formazan product solubilization using dimethyl sulfoxide, acidified isopropanol, dimethylformamide (DMF),
sodium dodecyl sulfate (SDS), or other similar compounds. These techniques also include color stabilization,
evaporation prevention, and interference minimization!22-124,

The cytotoxic effects of P. oleracea and the PM carrier system were evaluated using an MTT assay on normal
human dermal fibroblasts (NHDF), human osteosarcoma cells (HOS), and HeLa cells.

Figure 10a,b summarizes the findings of the test.

Figure 10a,b presents the cytotoxicity results, demonstrating that both P. oleracea and the PM carrier system
exhibit concentration-dependent cytotoxic effects on cancer cell lines (HOS and HeLa). The most significant
cytotoxicity was observed at the highest concentration (200.0 ug/mL), particularly against HeLa and HOS cells.
These findings align with previous reports highlighting the antitumor properties of P. oleracea'”. The IC, values
corresponding to the herb and PM carrier system are shown in (Table 3).

The MTT assay results demonstrated that NHDF cells maintained high viability at all tested concentrations,
with both P, oleracea and the PM carrier system exhibiting minimal cytotoxic effects. At 75 pg/mL, NHDF viability
remained stable, slightly decreasing from 89.33% (24 h) to 89.19% (72 h). Even at the highest concentration
(200 pg/mL), viability declined marginally from 88.52% (24 h) to 88.47% (72 h), confirming negligible toxicity.
Similarly, the PM carrier system displayed minimal effects, with NHDF viability ranging from 88.67% (24 h) to
88.16% (72 h) at 75 ug/mL and from 88.22% (24 h) to 87.41% (72 h) at 200 pg/mL.

The high IC, | values (>68 pg/mL) further confirmed the non-toxic nature of both samples toward normal
fibroblasts. The slight difference in IC,; values (71.19+0.019 pg/mL for P. oleracea vs. 68.89 £0.15 pg/mL for
the PM carrier system) was statistically insignificant (p>0.05). Statistical analysis confirmed no significant
differences between the two treatments (p >0.05), supported by a small effect size (Cohen’s d=0.18, #>=0.02),
indicating that neither sample significantly impacted NHDF viability. These findings confirm that both P
oleracea and the PM carrier system are highly biocompatible with normal cells.

In contrast, the cytotoxic effects on HOS cells were significantly stronger for the PM carrier system. For
P. oleracea, cell viability decreased from 82.63% (24 h) to 73.55% (72 h) at 75 yg/mL and from 41.88% (24 h)
to 34.88% (72 h) at 200 pg/mL. The PM carrier system exhibited enhanced cytotoxicity, reducing viability
from 77.63% (24 h) to 70.55% (72 h) at 75 pg/mL and from 37.41% (24 h) to 34.22% (72 h) at 200 ug/mL.
At the highest concentration (200 pg/mL), the PM carrier system reduced HOS viability to 34.22% after 72 h,
compared to 34.88% for P. oleracea, with a statistically significant difference (p<0.01). The IC, values further
confirmed the superior cytotoxicity of the PM carrier system (IC,, 47.55+0.18 pg/mL) compared to P. oleracea
(IC;, 59.82£0.12 pg/mL), reflecting a 20.50% reduction (p<0.001). The effect size analysis (Cohen’s d=1.26,
#?=0.62) indicated a large effect, strongly supporting the impact of the PM carrier system. Moreover, power
analysis (>0.95) confirmed the robustness of these findings, ensuring that the observed differences were not
due to random variation. These results demonstrate that the PM carrier system is significantly more cytotoxic to
HOS cells than P. oleracea, with strong statistical significance (p <0.001) and a large effect size.

HeLa cells were the most sensitive to both treatments, with the PM carrier system exhibiting the most potent
cytotoxic effect. At 200 pg/mL, viability decreased to 24.67% after 72 h for the PM carrier system, compared to
30.88% for P. oleracea. The IC, values further reinforced the superior effectiveness of the PM carrier system (IC,
44.11+0.11 pg/mL) compared to P. oleracea (IC 55.69 +0.02 pg/mL), with a 20.80% reduction (p<0.001). The
statistical analysis demonstrated a very large effect size (Cohen’s d=1.53, #*=0.74), confirming the significantly
enhanced cytotoxic potential of the PM carrier system. Additionally, power analysis (>0.95) indicated strong
statistical power, reinforcing the reliability of these results. These findings conclusively show that the PM carrier
system is significantly more effective than P. oleracea in reducing HeLa cell viability, with highly significant
statistical differences (p <0.001) and a very large effect size.

Overall, the PM carrier system demonstrated superior anticancer activity against both HOS and HeLa cells
compared to P. oleracea, while maintaining a high level of biocompatibility with NHDF cells. The statistical
analyses, including ANOVA, post hoc tests, effect size calculations, and power analysis, consistently confirmed
the significance and robustness of these differences. These findings highlight the superior efficiency of the PM
carrier system against cancer cell lines compared to P. oleracea, likely due to the combined antitumoral effects
of the herb and magnetite. The synergistic interaction between P. oleracea and magnetite enhances cytotoxicity
against cancer cells while maintaining minimal toxicity to normal cells'>!2°. This effect may be attributed to the
higher affinity of cells for iron oxides, which can influence metabolic activity through iron metabolism!%.

Discussion

We successfully developed a novel phytocarrier system (PM carrier system) by integrating P. oleracea with
magnetite nanoparticles. Raman spectroscopy confirmed the successful intermolecular bond formation between
magnetite nanoparticles and P, oleracea biomolecules, validating the structural integrity of the PM carrier system.
Additionally, XRD analysis revealed characteristic diffraction patterns corresponding to both P. oleracea and
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Fig. 10. Viability of NHDE HOS, and HeLa cells, 24 h after co-incubation with different concentrations of (a)
P, oleracea sample and (b) PM carrier system. Positive control wells contained untreated cells, MTT solution,
and DMSO. NHDF normal human dermal fibroblasts, HOS human osteosarcoma cells.

magnetite nanoparticles, further confirming successful incorporation. SEM, EDX, and DLS analyses provided
additional structural and morphological evidence supporting the preparation of the PM carrier system.

The structural modifications induced by the integration of magnetite nanoparticles, such as their deposition
on the surface and within the pores of herb particles, conferred magnetic properties to the system while
enhancing its bioactive profile. Notably, the PM carrier system exhibited a 20.18% increase in total polyphenolic
content, a 25.28% higher reducing power, and a 12.91% improvement in antioxidant activity (as indicated by a
lower IC,, value) compared to P. oleracea alone. This enhancement is attributed to the synergistic interaction
between phytochemicals and the magnetic component. GC-MS and ESI-QTOF-MS analyses identified 155
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Cell lines | Sample Concentration (ug/mL) | IC, (pg/mL)

100.0
125.0
NHDF 150.0 71.19£0.019

175.0
200.0

100.0

125.0
HOS P. oleracea 150.0 59.82+0.12
175.0

200.0

100.0
125.0
HeLa 150.0 55.69+0.02
175.0
200.0

100.0

125.0
NHDF 150.0 68.89+0.15
175.0

200.0

100.0
125.0

HOS PM carrier system | 150.0 47.55+0.18
175.0
200.0

100.0
125.0
HeLa 150.0 44.11£0.11

175.0
200.0
Control NA NA

Table 3. In vitro cytotoxicity of PM carrier system vs. P. oleracea as a function of concentration against NHDE,
HOS, and HeLa cell lines (after 72 h). Data are represented as mean + SEM (standard error of the mean) of
three independent readings (n=3).

phytoconstituents spanning multiple phytochemical categories, further supporting the enriched bioactivity of
the PM carrier system.

Antioxidant screening results suggest that magnetite nanoparticles act as catalysts, facilitating the release of
polyphenolic compounds from P. oleracea, thereby amplifying its antioxidant potential. Additionally, the surface
electric charge of the metallic nanoparticles embedded within the herb matrix may contribute to enhanced
radical scavenging activity.

The cytotoxicity of the PM carrier system was evaluated using an MTT assay on normal human dermal
fibroblasts (NHDF), human osteosarcoma cells (HOS), and HeLa cells. The findings demonstrated that both P
oleracea and the PM carrier system induced dose-dependent reductions in viability in HOS and HeLa cancer
cell lines. The enhanced cytotoxicity of the PM carrier system is likely due to the combined effects of bioactive
compounds from P. oleracea and the influence of iron oxide on cellular metabolic activity. Importantly, both
samples exhibited minimal cytotoxic effects on normal NHDF cells, highlighting their biocompatibility.

Collectively, these findings suggest that the PM carrier system holds significant promise for biomedical
applications. While this study provides valuable insights into its cytotoxic and antioxidant properties, further
research is required to evaluate its bioavailability, in vivo efficacy, and potential for therapeutic applications.

Materials and methods

Reagents and chemicals

All used reagents were analytical grade. Methanol, chloroform, dichloromethane, ethanol, DPPH (2,2-diphenyl-
1-picrylhydrazyl), sodium carbonate, gallic acid, acetate buffer solution (pH 4-pH 7), kit ferric reducing
antioxidant power (FRAP) assay, were acquired from Sigma Aldrich (Miinchen, Germany) and used without
further purification. 3-(4,5-Dimethylthiazolyl-2)-2,5-dyphenyltetrazolium bromide (MTT) MTT kit was
obtained from AAT Bioquest (Pleasanton, California). Ultrapure water was used in all experiments.
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Cell lines
Normal human dermal fibroblasts (NHDF), MG-63 human osteosarcoma (HOS), and HeLa cell lines were
purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA).

Each cellular line was cultivated at 37 °C, in the next culture media: Dulbecco’s Modified Eagle’s Medium
(Gibco, Life Technologies, Leicestershire, UK), supplemented with 10% fetal bovine serum (FBS), and 1%
antibiotic—antimycotic solution (Sigma Aldrich).

Plant material

P, oleracea samples were collected in July 2022 from the area of Timis County, Romania (geographic coordinates
45°43'02” N and 21°19’31” E). The formal identification of the plant material used in our study has been
undertaken by Dr Cornelia Bejenaru from the Department of Pharmaceutical Botany and by Dr Ludovic-
Everard Bejenaru from the Department of Pharmacognosy & Phytotherapy, Faculty of Pharmacy, University
of Medicine and Pharmacy of Craiova, Romania. Voucher specimens (PORT-OLR-2022-0307) were deposited
at the Department of Pharmaceutical Botany, Faculty of Pharmacy, University of Medicine and Pharmacy of
Craiova.

Magnetite sample
Magnetite sample was offered by the national research& development institute for non-ferrous and rare metals
and was prepared according to a procedure described in our previous paper!2°.

Phytocarrier system components preparation

The freeze-dried plant samples (whole plant) were grounded using a planetary Fritsch Pulverisette mill (Idar-
Oberstein, Germany) (650 rpm for 8 min at 23 °C), then sieved through ASTM sieves. Only particles ranging
from 0.25+0.30 mm were used in this study. The plant samples were subject to sonication extraction (Elmasonic,
Singen, Germany) for 45 min at 40 °C and 60 Hz dissolved in methanol (15 mL), All experiments were prepared
in triplicate.

GC-MS analysis

Gas chromatography was carried out on the GC-MS QP2020NX Shimadzu apparatus with a ZB-5MS capillary
column (30 mx0.25 mm i.d.x0.25 um) (Agilent Technologies, Santa Clara, CA, USA), helium, flow of 1 mL/
min.

GC-MS separation conditions

The oven temperature program started from 50 °C (hold for 2 min) to 300 °C (rate of 5 °C/min, kept for 4 min).
The temperature of the injector was 280 °C, and the temperature at the interface was 225 °C. The compounds’
mass was registered at 70 eV ionization energy, starting after 2 min of solvent delay. The mass spectrometer
source was heated at 230 °C, and the MS Quad at 160 °C. Compounds were identified based on their mass spectra,
compared to the NIST 0.2 mass spectra library database (USA National Institute of Science and Technology
software, (NIST, Gaithersburg, MD, USA), and literature review.

Mass spectrometry

MS experiments were performed on an EIS-QTOF-MS analysis (Bruker Daltonics, Bremen, Germany). The
mass spectra were acquired in the positive ion mode in a mass range of 100-3000 m/z, scan speed was 2.0 scans/s,
25-85 eV collision energy, and the source block temperature was 80 °C. The identification of phytoconstituents
was based on standard library NIST/NBS-3 (national institute of standards and technology/national bureau
of standards) (NIST, Gaithersburg, MD, USA). The obtained mass spectra values and the identified secondary
metabolites are presented in (Table 1S).

Phytocarrier system preparation (PM carrier system)

To prepare the PM carrier system, P. oleracea (freeze-drying herb) and magnetite were mixed (1:3 mass ratio),
and then milled in a planetary mill (Fritsch Pulverisette mill) for 15 min. Each experiment was repeated three
times.

Characterization of the phytocarrier system

FTIR spectroscopy

Data collections were conducted after 25 recordings at a resolution of 4 cm~
Shimadzu AIM-9000 with ATR devices (Shimadzu, Japan).

1, in the range of 4000-400 cm™ on

Raman spectroscopy
Raman investigations were performed on LabRam Soleil Horiba (Confocal Raman Microscope)-Raman
SuperHead Horiba coupled with DSC3 + Mettler Toledo.

XDR spectroscopy

The X-ray powder diffraction (XRD) was carried out on a Bruker AXS D8-Advance X-ray diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) (CuKa radiation, k=0.1541 nm) equipped with a rotating sample
stage, Anton Paar TTK low-temperature cell (—180 °C+450 °C), high vacuum, inert atmosphere, and relative
humidity control, Anton Paar TTK high- temperature cell (up to 1600 °C). The XRD patterns were compared
with those from the ICDD Powder Diffraction Database (ICDD file No. 04-015-9120). The average crystallite
size and the phase content were determined using the whole-pattern profile-fitting method (WPPF).
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SEM analysis

SEM micrographs were obtained with an SEM-EDS system (QUANTA INSPECT F50) equipped with a field-
emission gun (FEG), 1.2 nm resolution, and energy dispersive X-ray spectrometer (EDS) with an MnK resolution
of 133 eV.

Dynamic light scattering (DLS) particle size distribution analysis
DLS analysis was conducted on a Microtrac/Nanotrac 252 (Montgomeryville, PA, USA). Each sample was
analyzed in triplicate at room temperature (22 °C) at a scattering angle of 172°.

Magnetic properties

Magnetic characterizations of the PM carrier system were measured using a vibrating sample magnetometer (type
VSM 880—ADE Technologies, USA), at room temperature (22 °C), in the range of values of the magnetizing
field, 0-950 kA/m. The frequency dependence of the samples was determined according to Eq. (1):

p)~= p'= () —ip" = (f) ey

The measurements were carried out on an Agilent LCR-meter (E-4980A type), at 22 °C, over the frequency range
(1 kHz to 2 MHz) in conjunction with a coil containing a vial as sample holder.

Antioxidant activity
The antioxidant activity of the PM carrier system was estimated using three different assays: TPC (Folin-
Ciocalteu), DPPH radical scavenging and FRAP assays.

The PM carrier system (0.20 g) and P. oleracea (0.20 g) samples were dissolved in 5 mL ethanol (70%). The
mixtures were stirred at room temperature (22 °C) for eight hours, then centrifuged at 5000 rpm for 10 min. The
supernatant was then collected for use in the TPC (Folin-Ciocalteu), DPPH and FRAP assays.

Determination of TPC
The TPCin the PM carrier system and P. oleracea samples was determined spectrophotometrically (BMGLabtech,
FLUOstar OPTIMA, Offenburg, Germany) according to the Folin-Ciocalteu procedure adapted from our earlier
publication!?’.

The results are expressed in gallic acid equivalents (mg GAE/g sample). Sample concentrations were
calculated based on the linear equation obtained from the standard curve (y=0.0019x+0.1627) and the

correlation coefficient (R 0.9998).

DPPH radical scavenging assay
Radical scavenging properties of the PM carrier system and the P. oleracea samples were carried out according
to the procedure described in our earlier publication'?’.

All analyses were carried out in triplicates, and absorbance was recorded at 520 nm (BMGLabtech, FLUOstar
OPTIMA, Offenburg, Germany).

The half-maximal inhibitory concentration (IC,)) values (ug/mL). were obtained from the inhibition
percentage (Inh%), determined according to Eq. (2), from the equation from the calibration curve generated
for each sample:

Inh% = (Ao — Al) /Ao x 10 (2)
All experiments for antioxidant activity screening were performed in triplicate.

FRAP assay

The ferric reducing/antioxidant activity of the sample was determined spectrophotometrically using a
FRAP Assay Kit (MAK369-1KT, Sigma-Aldrich). The absorbance was measured at 595 nm using a UV-Vis
spectrometer (BMGLabtech, FLUOstar Optima, Offenburg, Germany). The results were expressed in mM Fe?*,
calculated according to Eq. (3):

24
nmolF‘e/ zFp 3)

where: nmol Fe?*—the iron ions (Fe?*) amount generated from the calibration curve of each sample; F)—the
dilution factor; V—volume of each sample (uL).

Cell culture procedure

The target cell lines used in this study included normal human dermal fibroblasts (NHDF), MG-63 human
osteosarcoma (HOS), and HeLa cervical cancer cells, all of which were purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA).

Cells were maintained under standard culture conditions at 37 °C in a humidified incubator with 5% CO,.
The Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Life Technologies, Leicestershire, UK) was used as
the culture medium, supplemented with 10% FBS and 1% antibiotic—antimycotic solution (Sigma-Aldrich, St.
Louis, MO, USA). For the experiment, cells were seeded in 96-well plates at a density of 4 x 103 cells per well and
allowed to adhere for six hours, after which the culture medium was replaced with fresh medium containing
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various concentrations (100, 125, 150, 175, and 200 pg/mL) of P. oleracea and the PM carrier system, dissolved
in the culture medium. Cells were then incubated for 24 to 72 h!%,
For the control group, the medium was aspirated and replaced with fresh standard culture medium without
treatment. Positive and negative controls were included, with each condition tested in eight wells per test material.
All experiments were conducted in triplicate to ensure reproducibility. Following incubation for 24, 48, and
72 h, cell viability was assessed using the MTT assay.

MTT assay
To assess cell viability, the culture medium was aspirated from each well, and 25 pL of MTT reagent was added
to each well. The plates were then incubated at 37 °C in a CO, incubator for 24, 48, and 72 h128,

Following incubation, the formazan crystals formed by metabolically active cells were dissolved by adding
dimethyl sulfoxide (DMSO, 100 puL per well). The absorbance of the resulting solution was measured at 540 nm
using a Multi-Mode Microplate Reader (Synergy HTX, BioTek, Winooski, VT, USA).

The cell viability (%) was determined according to Eq. (4):

ODSample - ODblank

CV (%) =100 x
( ’ ) ODControl - ODblank

(4)

where CV (%)—the cellular viability; OD—the optical density of the wells containing: (a) cells with the evaluated
sample (OD sample), (b) only cells (OD control), and (c) cell culture media without cells (OD blank).
According to the manufacturer’s specifications, the positive control consisted of untreated cells incubated
with MTT and DMSO, while the negative control contained only dead cells incubated with MTT and DMSO.
The IC,, values were determined as the concentration of P. oleracea and the PM carrier systems at which
50% of the cells remained viable for NHDE, HOS, and HeLa cell lines. Cell viability was plotted as a function of
concentration, and IC, values were calculated using nonlinear regression analysis'**!%,
All experiments were performed in triplicate to ensure statistical reliability and reproducibility.

Statistical analysis

All experiments were performed in triplicate for all samples, all calibration curves, and concentrations. Statistical
analysis was carried out using Student’s ¢-test, and expressed as mean + SD, using Microsoft Office Excel 2019
(Microsoft Corporation, Redmond, WA, USA). Dunnett’s multiple comparison post hoc test following a one-
way ANOVA test was used to analyze the results. P-values <0.05 were considered statistically significant.

Conclusions
This study successfully demonstrates the development of a novel phytocarrier system (PM carrier system),
which integrates magnetite nanoparticles into P. oleracea. Comprehensive characterization through FTIR,
Raman spectroscopy, XRD, DLS, and SEM-EDX confirms the successful formation of the PM carrier system,
validating the structural and physicochemical interactions between the plant-derived biomolecules and the
magnetic nanoparticles. The magnetic properties of the PM carrier system were also thoroughly evaluated,
further supporting its functional potential.

The results reveal that the PM carrier system significantly enhances biological properties when compared to
P, oleracea alone, particularly in terms of antioxidant potential and in vitro cytotoxicity against two cancer cell
lines, HOS and HelLa. Statistical analysis of TPC, DPPH radical scavenging activity and FRAP assay (expressed
as IC,,) shows a marked increase in antioxidant activity, suggesting that the incorporation of magnetite
enhances the bioavailability and efficacy of polyphenolic compounds. Furthermore, MTT assay results indicate
a dose-dependent cytotoxic effect on HOS and HeLa cancer cells, with significantly lower IC, values, while
demonstrating high biocompatibility with normal NHDF cells. These findings strongly suggest a synergistic
effect between the phytoconstituents and the magnetic component, resulting in enhanced therapeutic efficacy.

The PM carrier system showcases integrated magnetic properties, a stable micro-to-nanoscale structure, and
enhanced biological activity, making it a promising candidate for biomedical applications. Its ability to improve
bioavailability, amplify antioxidant activity, and selectively target cancer cells positions it as a versatile platform
with potential for various applications. Future studies should focus on in vivo investigations to further confirm
its therapeutic potential, underscoring its promise as a novel candidate for biomedical use.

Patents
A patent application was submitted to the Romanian State Office for Inventions and Trademarks.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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