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Abstract

Iron oxide nanoparticles (Fe,O, NPs) stabilized with Mentha piperita ob-
tained from Cyprus were synthesized. The study focused on exploring the
anti-migratory potential, cytotoxicity, anti-proliferative and antimicrobial
potential of Fe,O, NPs using wound healing assay, trypan blue, 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and disc diffusion,
respectively. Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), Ultraviolet-Visible spectroscopy (UV-vis), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDX) were used to character-
ize the Fe O, NPs. The spectra obtained from FTIR,XRD, and SEM-EDX con-
firmed the formation of Fe,O, NPs. The analysis of UV-Vis spectra indicates an
absorption peak at 302 nm, thereby confirming both the successful synthesis and
remarkable stability of the NPs. The NPs exhibited uniform spherical morpholo-
gy and contained Fe, O, and N, indicating the synthesis of Fe,O, NPs. Addition-
ally, the Fe,O, NPs formed through biosynthesis demonstrated antimicrobial ca-
pabilities against Escherichia coli and Bacillus cereus. The significant anti-migratory
potential on MDA-MB 231 human breast cancer cells was observed with lower
concentrations of the biosynthesized Fe,O, NPs, and higher concentrations re-
vealed cytotoxic effects on the cells with an IC, of 95.7 ug/ml. Stable Fe, O, NPs
were synthesized using M. piperita aqueous extract, and it revealed antimicrobial
activity on E. coli and B. cereus, cytotoxic, anti-proliferative and anti-migratory
effect on highly metastatic human breast cancer cell lines.
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Introduction

Nanomaterials have caught the attention of medical researchers due to their
advantageous properties. These materials have a similar size to biological mole-
cules such as enzymes, proteins, and lipids, which allows for more effective in-
teractions. When compared to typical drugs, nanomaterials are smaller in size,
with wide surface area, and unique magnetic, physicochemical, catalytic, and me-
chanical properties, and can also accumulate more efficiently in targeted organs,
ultimately enhancing their effectiveness [1]. The NPs have proven to be valu-
able for bridging materials from large to atomic scale. Various precursors such as
iron, nickel, zinc, copper, silver, and gold nanoparticles are commonly utilized in
their synthesis due to their favorable properties and a broad range of applications
[2-4]. The use of eco-friendly methods in nanotechnology is rapidly expanding,
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creating non-toxic and stable metal oxide NPs. These parti-
cles possess unique physical and chemical properties, making
them compatible with the human body and useful for various
purposes, including cancer treatment, drug delivery, medical
imaging, diabetes treatment, biosensors, antimicrobial agents,
and cosmetics [5].

Iron oxide, in its hematite (a-Fe,O,) form, is a thermody-
namically stable substance that exhibits n-type semiconductor
properties [6]. Hematite iron oxide (a-Fe,O,) exhibits a core
and shell structure, giving them both hydrous iron oxides and
metallic iron [7]. By utilizing controlled precipitation meth-
ods that involve inorganic metal salts or washing the material,
Hematite nanoparticles (a-Fe,O, NPs) can be effectively syn-
thesized. The size of these nanostructures can also be adjusted
through calcination. It is important to note that the synthet-
ic method adopted greatly influences the quality of the NPs.
Therefore, by improving the synthetic method used, we can
significantly enhance the quality of the NPs [8]. The therapeu-
tic properties of Fe,O, NPs have been extensively studied be-
cause of their biocompatibility. They are highly favored among
researchers due to their potential to treat diverse medical con-
ditions [1]. Several ways to treat cancer include using Fe O,
NPs to generate reactive oxygen species or localized heat or
combining Fe, O, NPs with a chemotherapeutic drug such as
paclitaxel (Fe,O, NPs-PAX). Studies have shown that Fe O,
NPs-PAX are more effective in destroying prostate tumor cells
in vitro on PC3 and CWR22R human prostate cancer cells
and in vivo on C4-2-cell-derived xenograft tumours in athy-
mic nude mice. Similarly, Fe,O, NPs associated with cispla-
tin have demonstrated more significant cytotoxicity towards
A549 cells as compared to free cisplatin [9, 10]. Costly and
hazardous physical and chemical techniques are involved in
producing metal oxide NPs, often utilizing antagonistic chem-
icals as stabilizers [11].

Integration of biosynthesis, green chemistry, nanosci-
ence, and technology has created a network of interconnected
fields to eliminate the hazardous effect of the synthesized NPs
through chemical means. This approach to eco-friendliness
is not only cost-effective and safe, but it is also a preferred
method over other techniques [12]. Developing metallic oxide
nanomaterials, such as Fe, O, NPs, via green route is an ad-
vancement in this field of biomedical research [13]. Iron oxide
is essential in the biomedical field for diagnostic, therapeutic,
drug delivery, and bioremediation purposes. The synthesis of
NPs is a significant concern because biological methods are
eco-friendly, while chemical methods are considered toxic
[14]. Plants are often perceived as a convenient and accessi-
ble means of producing various types of NPs. They are easy
to handle, have no major risks, and are cost-eftective, making
them an attractive option for many people [15]. Plant extracts
contain bioactive compounds that offer numerous health
benefits. These compounds also act as capping and reducing
agents during synthesis, preventing agglomeration, and pro-
viding crucial stability to the resulting NPs [16].

M. piperita, also known as peppermint, is a strongly scent-
ed herb that belongs to the Lamiaceae family and is perennial
and glabrous. For over a millennium, this particular species has

been grown in temperate and subtropical regions [17,18]. It is
commercially valuable and has a distinct aroma (mints) that is
used in pharmaceuticals, herbal formulations, food industries
and cosmetics, which is why it is cultivated in temperate re-
gions of Europe, the United States, Asia, and Mediterranean
countries [19, 20]. M. piperita is a nutritious leafy vegetable
that is rich in vitamins and minerals. It is commonly used as a
flavoring agent in various food items, beverages, chewing gums,
and candies [21, 22]. Mint contains volatile components such
as menthol, menthone, menthyl acetate, menthofuran, and
1,8-cineol. Additionally, it also contains non-volatile compo-
nents like flavonoids, phenolic acids, amino acids, nucleosides,
and terpenoids, which are the primary active components of
mint responsible for its therapeutic potential [22-24]. Plant
compounds such as flavonoids, phenols, and terpenoids are
predominantly found in the leaves, while diterpenes are pres-
ent in the leaves and stems [25]. In addition, the dried leaves
of M. piperita contained essential mineral nutrients like potas-
sium, calcium, sodium, phosphorus, zinc, and magnesium [26].

Our study highlights the successful synthesis of stable
Fe,O, NPs using M. piperita aqueous extract. Spectroscopic
and microscopic methods were utilized to characterize the
synthesized NPs. Our evaluation of the Fe, O, NPs revealed
their anti-migratory, anti-proliferative, and cytotoxic poten-
tial on MDA-MB 231 cells using wound heal, MTT, and
trypan blue assays. In addition, the antimicrobial potential of
the Fe,O, NPs was studied against E. co/i and B. cereus using
standard methods.

Materials and Methods
Materials

Fresh flowers of M. piperita were collected from a farm
in Lefkosa (Lat.34° and 36 N; Long 32° and 35" E) in No-
vember 2021, the Turkish Republic of Northern Cyprus and
authenticated at the Botany Department of Cyprus Interna-
tional University, and a voucher number of CIU/BOT/0012
was given to the specimen and kept at the herbarium of the
institute. All the aqueous solutions were prepared using triple
distilled de-ionized water.

All chemicals and reagents used throughout the experi-
ment are of analytical grades. The chemicals used include: Iron
(III) chloride (FeCl,) (Merc), Dimethyl Sulfoxide (DMSO)
(Sigma-Aldarich Inc.), Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco by Life Technologie, USA), Fetal Bovine
Serum (FBS) (Gibco by Life Technologies, USA), Glycine
(Sigma-Aldarich Inc.), 0.25% Trypsin and 0.4 % Tryphan
Blue (Gibco by Life Technologies, USA), L-Glutamine 200
mm (Gibco by Life Technologies, USA), Distilled Water
(Gibco by Life Technologies, USA), 70% Ethanol (Merck),
and Penicillin (Gibco by Life Technologies, USA).

Biosynthesis of Fe203 NPs

The Fe,O, NPs synthesis with M. piperita was achieved
using the method employed by Yusefi et al. with slight modifi-
cation [27]. Fresh leaves of M. piperita were collected, weighed,
dried, pulverized to powder and extracted in aqueous medium
in an Erlenmeyer flask. Biosynthesis of Fe,O, NPs was carried
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out using 0.001 M FeCl, solution and 20% M. piperita aque-
ous extract. After being centrifuged at 10,000 rpm for 30 min,
the mixture underwent 2 to 3 washes with Millipore water to
eliminate impurities and was kept at 180 °C for five consecu-
tive hours.

Characterization of Fe20O3 NPs
The analysis of Fe, O, NPs using UV-Vis spectroscopy

was conducted using a Shimadzu UV-2450 instrument, in
which the NPs were dissolved in deionized water and thor-
oughly mixed with a sonicator. The resulting solution was then
filtered and placed in a 10 mm cuvette, where the spectrum
was measured across the wavelength range of 200 to 900 nm
at room temperature. Furthermore, functional groups in the
Fe,O, NPs were identified by employing a FTIR operating at
a frequency range of 500 to 4000cm™. The crystalline nature
of the Fe,O, NPs was assessed using the Rigaku ZSX Primus
IT X-ray diffractometer (XRD). This involved using powdered
samples in the X-ray diffractometer, equipped with CuK ra-
diation, to examine the structural characteristics of the NPs.
Additionally, the morphological structure of the NPs was ex-
amined using a SEM, and elemental mapping was conducted

through EDX.
Determination of antimicrobial activity

Antimicrobial activity of Fe,O, NPs on B. cereus (ATCC
9634) and E. coli (0157:H7) was carried out on Muller-Hin-
ton agar [28]. After treating the organisms with Fe O, NPs
and letting them incubate overnight, inhibition zones were
evaluated following standard microbiology-based protocols by
NCCLS (National Committee for Clinical Laboratory Stan-
dards) recommended by World Health Organization.

Cytotoxicity, proliferation, and anti-migratory assay

The effect of the synthesized Fe,O, NPs on MDA-MB
231 cells were assessed by employing a modified procedure
based on the method described by Umar et al. [29]. These cells
were subjected to varying concentrations of the extract, spe-
cifically 500, 250, 50, and 10 pg/ml, for a period of 24 h. Fol-
lowing removing the treatment, diluted trypan blue was intro-
duced and incubated it for 10 min in darkness. Subsequently,
the number of both dead and viable cells were counted.

Cell proliferation after exposure to various Fe,O, NPs
concentrations was evaluated in MDA-MB 231 cells using
the methodology detailed in Umar et al. with slight modifica-
tion [5]. Specifically, cells were treated with Fe, O, NPs at 500,
250,50, and 10 pg/ml concentrations, with an initial cell count
of 3 x 10*. Following removal of the culture medium, 600 pl
growth media was introduced, and 5 mg/ml of M'TT was add-
ed to the cells. After the incubation period, the MTT solution
was aspirated, and a mixture of DMSO (890 pl) and glycine
buffer (110 pl) was added. Additionally, absorbance was mea-
sured at 570 nm using an Absorbance Microplate Reader
(ELX 800TM). Multiple measurements were conducted.

The anti-migration ability of Fe,O, NPs was studied on
MDA-MB 231 cells, following some methods with slight
modifications [30]. Cells were cultured in 35 mm dishes,
and lines were drawn on the dishes to create scratch wounds.

MDA-MB 231 cells were plated at 1 x 10°ml and 5 x 10°/ml

per dish; pipette tips were used to create three scratch lines,
treated with 50 and 10 pg/ml and incubated for 24 h. Cap-
tured images of the initial and subsequent wounds using a
camera attached to an inverted microscope at x100 magnifica-
tion. Image processing software (Image]) was used to analyze
the recovery wound area and calculate cell migration using
equation 1.

Mol=1- E
WO

Where, Mo I, motility index; W, the width of the wound at 24
h; and W/, initial wound width at 0 h.

(1

Statistical data analysis

Our experimental results using averages and associated
standard deviations were displayed and carefully examined the
data using IBM SPSS Statistics version 21 and employed a
one-way ANOVA and Student’s t-test where applicable. The
experiments were conducted in triplicates, each time main-
taining a sample size of at least n > 3. P-values below 0.05 as
indicative of statistical significance were considered.

Results and Discussion
Characterization

In this study, Fe,O, NPs were synthesized using M. piper-
ita extract as a stabilizing agent. The synthesis was rapid due
to the phytoconstituents in the plant extract that serve as re-
ducing agents.

UV-Vis spectra analysis was used to validate the forma-
tion of Fe,O, NPs a few hours after the reaction and as a result
of color shift (from greenish to reddish brown). The UV-Vis
validation revealed an absorption peak at 302 nm, which can
be attributed to the surface plasmon resonance effect due to
the formation of Fe,O, NPs, as shown in figure 1. Our absorp-
tion peak is within the range at which Fe,O, NPs are absorbed
because studies revealed that Fe O, NPs appear at an absorp-
tion peak rate of 295 - 305 nm [31].

'The Fe,O, NPs functional group was determined by ana-
lyzing their FTIR spectra within a range of 400 to 4500 cm™,
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Figure 1: UV-Vis spectrum of the synthesized Fe,O, NPs.
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as presented in figure 2. The peaks indicated the stretching vi-
bration of Fe-O and Fe-O-H stretching observed at 764 cm™
and 618 cm!, respectively [32]. The participation of the plant
extract in the synthesis of Fe,O, NPs was indicated by the
stretching of aliphatic and aromatic N-O amine oxide stretch
bands at 841 cm™ and 1066 cm™, respectively [32]. Addition-
ally, firm peaks at 1971 cm™ and 2156 cm™ were associated
with the O-H stretching vibration of surface-adsorbed water
molecules [33]. Stabilizing and capping of NPs are achieved
due to the participation of phytochemicals such as flavonoids

and phenols [2].

The phase purity of the Fe,O, NPs synthesized using M.
piperita was ascertained using XRD, as shown in figure 3. The
prominent peaks observed from our XRD analysis at 012,104,
110,113,202,024,116,018, 214,300, 208, 1010 and 220 cor-
respond to 20 values of 24.05°%, 33.01°, 35.53°, 40.74°, 49.31°,
53.87°,57.41°,62.27°,63.85°,71.69°,75.32°,and 80.5°, respec-
tively. The crystalline nature of our synthesized Fe,O, NPs was
confirmed, following the presence of the peaks mentioned re-
cently and is in conformity with many studies [34]. The XRD
pattern revealed from our synthesized Fe,O, NPs results from
reduced metal oxide ions by M. piperita extract, and an average
crystal size of 26 nm was calculated using equation 2.

Crystal size(D) = kA )

(Bcosd)
From equation 2, A represents the shape factor, f8 is the to-
tal width half maximum in radians, and 6 is the Bragg’s angle
in radians for Cu-Ka radiation.

'The synthesized Fe,O, NPs were examined using SEM to
determine their morphology and chemical composition. The
results showed that the Fe,O, NPs had an irregular spherical
shape without agglomeration (Figure 4). This could be due to
phytochemicals present in the M. piperita extract. Although
there was a variability in the size, the average size of the NPs
from the SEM image was between 21 - 26 nm. The surface
morphology of the NPs plays a significant role in understand-
ing their role, and the involvement of plant extract in reducing
their size has been previously reported [35].

Additionally, the chemical composition of the Fe O,
NPs was revealed by the EDX spectra present. The result re-
vealed that the NPs contained a high percentage of Fe and
O, with small amounts of N and Ca also present (Figure 5).
This confirmed the participation of the M. piperita extract in
the formation of the NPs. Furthermore, an elemental mapping
showed that Fe and O were distributed in the NPs at 76.23%
and 27.40%, respectively.

Antimicrobial activity

The effectiveness of synthesized Fe,O, NPs against B. ce-
reus and E. coli was ascertained and compared to M. piperita,
and ciprofloxacin (control group). Our result revealed good
antimicrobial potential on the bacteria, and our synthesized
Fe,O, NPs revealed significant antimicrobial effects on both
B. cereus and E. coli. When compared with M. piperita aqueous
extract similar (p < 0.0001; Figure 6a). In addition, significant
difference was also observed when compared with ciproflox-
acin treated group (p < 0.0001; Figure 6a). The antibacterial
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potential revealed by our NPs against both bacteria might be
as a result of metallic irons present in the NPs, less effect was
seen in those treated with the plant extract. Our findings align
with numerous studies, demonstrating the potential of Fe,O,
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Figure 6: (a) Antimicrobial potential of Fe,O, NPs compared with M.
piperita extract, M. piperita extract, and ciprofloxacin. (b) Predicted mech-
anism against the antimicrobial activity of synthesized Fe,O, NPs using
KM piperita extract. **P<0.0001.

NPs synthesized using biological means against E. co/i, B. Ce-
reus, Staphylococcus aureus, and Pseudomonas aeruginosa [36-39].
Irshad et al. revealed the antibacterial activity of synthesized
Fe,O, NPs using Punica granatum peel extract against vari-
ous microorganisms [40], and their findings follow our results.
According to our research, the microbial potential can be at-
tributed to the release of metallic ions by NPs, as shown in

figure 6b. These ions attach to the bacterial cell wall through

electrostatic interaction, targeting thiol functional groups. The
Fe,O, NPs can then penetrate the cell wall, enabling the entry
of nutrients. This process ultimately leads to decreased protein
levels and cell death, as illustrated in the accompanying pre-
dicted mechanism diagram (Figure 6b).

Cytotoxic, anti-proliferative, and anti-migratory potentials

The effect of various concentrations (0 to 500 pg/ml) of
Fe,O, NPs on MDA-MB 231 following 24 h incubation peri-
od, the effect on the cytotoxicity and proliferation were deter-
mined using trypan blue assay and M'T'T, respectively (Figure
7a and 7c). Light microscopy images of the cells treated with
various concentrations of Fe,O, NPs are also shown in figure
7b and 7d. The Fe,O, NPs concentrations used in this study
are 0, 10, 50, 250, and 500 pg/ml, and all the concentrations
have demonstrated cytotoxic effects in concentration concen-
tration-dependent manner. A significant decrease in cell num-
ber was observed in those cells treated with 250 and 500 pg/
ml (p < 0.0001; n = 3). Cells treated with 50 and 10 pg/ml of
Fe, O, NPs did not show any significant changes in cell viabil-
ity when compared with the control group (p > 0.0001; n > 3).
Similarly, the same concentrations of the Fe,O, NPs that are
toxic to the cell were also applied to study their anti-prolifera-
tive potential and effect in a concentration-dependent manner,
and a significant decrease in cell number was observed in those
cells treated with 250 and 500 pg/ml (p < 0.0001; n = 3). In ad-
dition, 50 and 10 pg/ml of the synthesized NPs did not show
any significant changes in cell viability compared with the
control group (p > 0.0001; n = 3). Susanne et al. reported con-
centration-dependent cytotoxic and antiproliferative effects
on MDA-MB 231 cells treated with Fe,O, NPs, which also
agrees with our findings [40]. Yusefi et al. revealed the cyto-
toxic potential of Fe, O, NPs against A549, MCF7, HCT116
and HONEJ1, and the effect is also found to be concentration
dependent as observed in our studies on MDA-MB 231 cells
[27]. Phytochemicals present in plant extract play an essential
role in the synthesis and stabilization of the NPs, and some of
them have revealed their ability to inhibit transduction and
metastasis in cancer cell lines [41, 42].

The cytotoxic potential revealed by our NPs might result
from Fe' released from Fe,O,-NPs and its participation in the
cell’s metabolic activities [35]. Furthermore, the cytotoxic and
anti-proliferative effect of zinc oxide NPs synthesized using
plant extract revealed a strong effect on the viability of human
breast cancer cells, which is found to be concentration-depen-

dent [5].

MDA-MB 231 human breast cancer cells were treated
with 50 and 10 pg/ml Fe O, NPs because they neither showed
significant toxicity nor decreased the proliferation of the cells.
Furthermore, 10 and 50 pg/ml synthesized Fe,O, NPs showed
an anti-migratory effect on MDA-MB 231 cells determined
using wound healing assay (Figure 8). The motility index of
MDA-MB 231 was drastically reduced with increased con-
centration of the synthesized NPs, as shown in figure 8, and
50 pg/ml revealed the lowest motility index when compared
with the remaining Fe O,-NPs concentrations. In addition,
all Fe, O,-NPs concentrations revealed significant differences
relative to the control (p < 0.0001; n > 3; Figure 8). Li et al. re-
ported that fabricated Fe,O, NPs capped with polydopamine
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promote mesenchymal stem cell migratory potential, which
agrees with our findings [43]. Medicinal plants containing
quercetin as an active ingredient showed anti-metastatic activ-
ity on strongly and weakly metastatic MatLYLu and AT-2 rat
prostate cancer cell models, respectively [29, 43, 44].

Conclusion

Fe,O, NPs were synthesized through a green route us-
ing M. piperita and characterized using UV-Vis, FTIR, XRD,
SEM, and EDX analyses. The UV-Vis spectra of the synthe-
sized NPs indicated an absorption peak at 302 nm, confirming
both the successful synthesis and remarkable stability of the
NPs. The synthesized NPs exhibited uniform spherical mor-
phology and contained Fe, O, and N, indicating the successful
synthesis of Fe,O, NPs. Moreover, the Fe,O, NPs synthe-

sized through biosynthesis showed antimicrobial capabilities
against E. co/i and B. cereus. Additionally, the biosynthesized
Fe,O, NPs showed significant anti-migratory potential on
MDA-MB 231 human breast cancer cells at lower concentra-
tions, while higher concentrations revealed cytotoxic effects on
the cells with an IC,  of 95.7 pg/ml. In summary, stable Fe O,
NPs were synthesized using M. piperita aqueous extract, which
demonstrated antimicrobial activity against E. co/i and B. cere-
us, as well as cytotoxic, anti-proliferative and anti-migratory
effects on highly metastatic human breast cancer cell lines.
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