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Introduction

Preparation and evaluation of the biosynthetic
procedure of iron oxide and magnesium oxide
nanoparticles using Hylocereus undatus fruit peel
extract and their anticancer propertiest

Sadia Adnin Oyshi, ©*2 Rumana A. Jahan, Fahima Aktar, © *¢ Md. Zakir Sultan, ©°
Abu Asad Chowdhury,© Jakir Ahmed Chowdhury,® Shaila Kabir®
and Md. Shah Amran*©

Nanoparticles offer enhanced interactions with other materials owing to their enlarged surface area. This
property makes them stronger, more stable and ideal for biomedical applications. Among the various
synthetic methods for nanoparticles, biosynthetic method stands out due to its cost-effectiveness and
environmentally friendly nature. In this context, we developed novel biosynthetic procedures for iron
oxide and magnesium oxide nanoparticles using the extract of Hylocereus undatus (dragon fruit) peel,
which acted as a
characterized using different techniques, such as ultraviolet-visible (UV-VIS) spectrophotometry,

reducing agent and capping agent. The biosynthesized nhanoparticles were

transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), Fourier-transform
infrared spectroscopy (FTIR) and X-ray diffractometry (XRD). To evaluate their anticancer properties, the
nanoparticles were tested on Hela cells (derived from human cervical carcinoma) and BHK-21 cells
(obtained from baby hamster kidney fibroblasts) and compared with the negative control group
(dimethyl sulfoxide) and standard group (Hylocereus undatus fruit peel extract). Results showed that only
less than 5% Hela cells survived in both cases, and less than 5% and 60% BHK-21 cells survived on
administering magnesium oxide and iron oxide nanoparticles, respectively, which were quite better than
the results obtained for the standard and negative control groups. This study reports a safe and rapid
method for the biosynthesis of iron oxide and magnesium oxide nanoparticles using Hylocereus undatus
fruit peel extract and demonstrates their potential as anticancer agents. These findings suggest that iron
oxide and magnesium oxide nanoparticles warrant further investigation for the development of more
effective and safe anticancer drug formulations.

biomedical applications, especially as antioxidant and anti-
cancer agents.® Although various chemical and physical

Nanotechnology is a crucial field of the modern world that
deals with nanometer scale materials, which falls typically in
the 1-100 nanometer range.' It is applied for industrial,
medicinal and energy purposes, exhibiting potential results in
each of these sectors. Moreover, nanoparticles are noted for
their small size, high surface area-to-volume ratio, and unique
optical, magnetic, chemical, and mechanical properties.>
These characteristics make them promising candidates for
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methods are used to synthesize nanoparticles, they often
involve hazardous and toxic chemicals. In contrast, biosyn-
thesis strategies of metal nanoparticles are better than other
strategies due to the low toxicity, cost-effectiveness, eco-
friendliness, reduced time requirements and higher control
ability in composition and distribution of the particle structure
offered by these methods. Generally, the biosynthesis proce-
dure includes a biological compound as a capping and
reducing agent and a precursor.*® In our study, we used Hylo-
cereus undatus fruit peel (HUFP) as the biological compound
and iron chloride hexahydrate (FeCl;-6H,0) and magnesium
nitrate hexahydrate (Mg(NOj3),-6H,0) as precursors to form
iron oxide (Fe,O3;NPs) and magnesium oxide nanoparticles
(MgONPs). The reason behind choosing HUFP as the biological
compound was because it contains chemical compounds, such
as betanin, phyllocactin, hylocerenin, betacyanin, pectin,
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Fig. 1 Schematic of the biosynthesis of the nanoparticles and their
characterization tests.

triterpenoids, and steroids,*” which exhibit various pharma-
cological effects against tumors, inflammation and oxida-
tion.** The antioxidant activity was particularly notable
because these compounds could donate electrons to neutralize
free radicals, indirectly suggesting that the organic compounds
in dragon fruit peel might be capable of reducing metal salt
ions in the synthesis of metal nanoparticles.

Fe,O;NPs possess ferro-, ferri-, or super-magnetic properties
that enhance their ability to reach specific organs using an
external magnetic field. Their high reactivity can be localized
within tumor cells through various methods and drive their
potential use.' When these NPs release ferrous or ferric ions in
the acidic environment of lysosomes during endocytosis, it
triggers Fenton and Haber-Weiss reactions, producing reactive
oxygen species (ROS). This process leads to lipid peroxidation
and damage to intracellular macromolecules in cancer cells.****
On the other hand, magnesium oxide (MgO) NPs exhibit anti-
cancer properties through several key mechanisms. They
induce ROS production, leading to the damage and death of
cancer cells, which are particularly susceptible to oxidative
stress. MgONPs trigger apoptosis in cancer cells, reducing their
number. They show selective toxicity towards cancer cells over
normal cells due to differences in cellular environments.***
Additionally, MgONPs disrupt mitochondrial function, causing
loss of membrane potential and cell death, and can arrest the
cancer cell cycle, preventing proliferation. These mechanisms
make MgONPs promising for cancer therapy, with ongoing
research aimed at optimizing their clinical use.”® Using HUFP
extract here as biological agent we are trying to biosynthetically
create iron oxide and magnesium oxide nanoparticles and study
their anticancer effect (Fig. 1).

Experimental
Materials and chemicals

Dragon fruit peel, ferric chloride hexahydrate (FeClz-6H,0),
magnesium nitrate hexahydrate (Mg(NO;),-6H,0), deionized
water, sodium hydroxide (NaOH), dimethyl sulfoxide (DMSO),
HeLa cell line and BHK21 Cell line from Centre for Advanced
Research in Sciences (CARS), DMEM (Dulbecco's Modified
Eagles' Medium).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Collection process of peel extract.

Preparation of the extract

Collection of extract from the peel. Fresh H. undatus fruits
were bought from a local market in Dhaka, Bangladesh. Then,
their peels were removed and washed with water. Following
that, they were cut into pieces and shade dried for 3 days to
expel out the moisture from it and oven dried at 45 °C and
turned into fine powder.

For collecting their extract 5 g of the prepared powder was
mixed into a 2:1 ethanol and deionized water solution in two
different 250 mL beakers. Then, the mixture was heated at 34 °C
for 1 h. After cooling to room temperature, the solution was
filtered through filter paper. Finally, the extract was stored at
—4 °C for further use'® (Fig. 2).

Synthesis of NPs

Synthesis of Fe,O;NPs. For the synthesis of Fe,O;NPs, HUFP
extract was used as the capping agent and ferric chloride hexa-
hydrate (FeCl;-6H,0) was the precursor. Synthesis was done by
mixing 1 part of extract with 1 part of iron salt and 1 part of extract
with 3 parts of iron salt. For each ratio, 100 mL of extract was
added dropwise to 0.1 M FeCl;-6H,O solution at room tempera-
ture. A brownish-black coloured solution confirmed the forma-
tion of iron oxide NPs. The pH was adjusted to 11 by adding 1 M
NaOH. The mixture was stirred using a magnetic stirrer for
30 min. The prepared nanoparticles were separated via centrifu-
gation at 3000 rpm for 20 min and subsequently the nanoparticles
were washed with ethanol and water, respectively for 15 minutes.
Finally, the obtained NPs were dried in a hot air oven at 70 °C for
3-4 h and stored in an air tight container"” (Fig. 3a).

Synthesis of MgONPs. The synthesis of MgONPs was done in
1:5 ratio of extract and magnesium salt. Magnesium nitrate
hexahydrate (Mg(NO3),-6H,0) worked as a precursor and HUFP
extract worked as a capping agent. Three hundred mL of 1 M of
Mg(NO3),-6H,0 was taken in a 500 mL beaker and 60 mL of
HUFP extract was added dropwise into it while magnetic stir-
ring at 80 °C. To adjust the pH at 12, 1 M of NaOH was added
and the resultant mixture was kept stirring for 4 h. As a result,
the solution developed a yellowish colloidal appearance which
indicated the formation of MgONPs.

To separate the nanoparticles, the solution was centrifuged
at 3000 rpm for 10 min. The collected nanoparticles were dried

RSC Adv, 2025, 15, 15366-15374 | 15367
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(a)

Fig. 3

(@) Biosynthesis procedure of Fe,OzNPs.
procedure of MgONPs.

(b) Biosynthesis

in a hot air oven at 50 °C. Later, the final product was calcined in
a muffle furnace at 400 °C for 2 h to obtain the white powder of
MgONPs*® (Fig. 3b).

Plausible chemical reaction

HUFP contains numerous phytochemicals, with betacyanin
being the most abundant, contributing to its distinct reddish
color.”® The precise mechanisms of the phytosynthesis of
biogenic NPs are not fully understood, though several plausible
pathways have been proposed. In biosynthesis, phytochemicals
found in plant parts often play a crucial role in reducing particle
size. Given the wide variety of phytochemicals, it is challenging to
pinpoint the specific bio-reductant and stabilizing agents
responsible for the production and stabilization of metallic
nanoparticles (MNPs). Since betacyanin is the predominant
phytochemical in HUFP, we hypothesize that it may act as
areducing agent, aiding in particle size reduction and facilitating
the formation of nanoparticles. Notably, betacyanin contains
a betalamic acid structure, which may contribute to size reduc-
tion by donating electrons through its functional -OH group*
and possibly through its nitrogen-containing groups as well. The
exact stoichiometry and resulting products are likely to vary
depending on conditions such as pH, temperature, and pressure.
A plausible reaction involving the -OH functional group is
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Fig. 4 Plausible chemical reaction mechanisms for forming nano-
particles: (a) Fe,O3NPs (b) MgONPs.

illustrated in Fig. 4. The proposed mechanisms for the synthesis
of Fe,O; NPs and MgONPs from HUFP extracts are as follows:

(1) An initial interaction occurs between the precursor salt
solutions of FeCl; and Mg(NOj3), with the betacyanin-rich HUFP
extract, particularly with the betalamic acids present in the extract.
(2) As a result of this interaction, Fe-betalamic acid (Fig. 4(a)) and
Mg-betalamic acid (Fig. 4(b)) complexes are formed. Here, beta-
lamic acid functions as a reducing agent, with its -OH group
contributing to the reduction and control of NP size. (3) Finally,
Fe,O; NPs (Fig. 4(a)) and MgONPs (Fig. 4(b)) are synthesized
through the heating and calcination of the Fe-betalamic and Mg-
betalamic acid complexes at elevated temperatures.

Characterization techniques

The biosynthesized Fe,O;NPs and MgONPs were characterized
for their wavelength absorption, size, geometry, and structural
consequences.

UV-visible spectroscopy

UV-visible spectrophotometry was used to confirm NP forma-
tion. The formation of Fe,O;NPs and MgONPs was verified by
monitoring the surface plasmon resonance band within the
200-800 nm range.

X-ray diffraction (XRD) analysis

XRD was used to examine the crystalline nature of the bio-
synthesized Fe,O;NPs and MgONPs. Powdered samples were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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subjected to X-rays in scanning mode, operated at 30 mA current
with 40 kV voltage and Cu/Ka. radiation with 20-70° in 26 angles
the diffraction pattern was recorded at specific parameters. The
resulting diffraction pattern allowed calculation of average crys-
talline size using the Debye-Scherrer equation:

D = kABcosd

where, k = shape factor (0.94); A = X-ray wavelength (A = 1.5418
A); 8 = full width at half maximum (FWHM) in radians; and § =
Bragg's angle.

Fourier transform infrared (FTIR) spectroscopy

FTIR was employed to identify functional groups involved in
Fe,O3;NP and MgONP synthesis. This technique analyses the
sample's infrared absorption spectrum in the 400-4000 cm*
range, providing insight into capping, reduction, and stabili-
zation mechanisms. Prior to analysis, synthesized Fe,O;NPs
and MgONPs were mixed with KBr to make a transparent pellet.

Transmission electron microscope analysis and energy
dispersive X-ray analysis (TEM-EDX)

The size, shape, and morphology of the biosynthesized Fe,O;NPs
and MgONPs were analysed using a TEM. To prepare the samples
for TEM analysis, the Fe,O;NPs and MgONPs were dispersed in
deionized water using an ultrasonic bath to form a uniform
suspension. A drop of this suspension was then applied to
a carbon-coated copper grid with a lacey carbon film and left to dry
at room temperature. The elemental composition of the synthe-
sized Fe,O;NPs and MgONPs was examined through EDX analysis
using the same instrument used for capturing TEM images.

Anticancer test

The anti-cancer effect of Fe,O;NPs and MgONPs was observed
qualitatively and quantitatively. The qualitative test was done by
checking cytotoxicity against HeLa and BHK21 cells and the
quantitative test was done by checking cytotoxicity against HeLa
cells. HeLa and BHK21 cell lines were maintained in DMEM
containing 1% penicillin-streptomycin (1:1), 0.2% gentamy-
cin, and 10% foetal bovine serum (FBS). HeLa cells (2 x 10%/100
uL) and BHK21 cells (1.5 x 10*/100 uL) were seeded onto a 96-
well plate and incubated at 37 °C in a CO, incubator (Nuaire,
USA). A 50 pL (30 mg mL™") sample of Fe,O;NPs and 50 pL
(3 mg mL ") of MgONPs (autoclaved) were added to each well
for qualitative testing and a 25 p sample from different doses of
Fe,O;NPs and MgONPs was applied for quantitative testing.
After 48 h of incubation, insoluble samples were washed out
with fresh media and cytotoxicity was examined under a trin-
ocular microscope with a camera (Optika, Italy). Duplicate wells
were used for each sample.'”**

Results and discussion
Analysis of nanoparticles

UV-visible spectroscopy. The UV-visible spectrophotometer
was used to analyse the biosynthesis and stability of Fe,O;NPs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-visible spectrum of Fe,OsNPs (1:1), Fe,OsNPs (1:3), and
MgONPs (1:5).

and MgONPs. The absorbance range of 250-400 nm was
adjusted to detect the presence and stability of Fe,O3;NPs and
MgONPs. The ideal wavelength of 275 nm was observed in the
UV-VIS spectroscopy readings for synthesized Fe,O;NPs and
MgONPs>*~** (Fig. 5).

Fourier transform infrared (FTIR) spectrum. The Fe,O;NPs
and MgONPs were capped and reduced by secondary metabo-
lites. FTIR spectroscopy was utilized for the detection of
secondary metabolites in Fe,O;NPs and MgONPs. The FTIR
spectra of Fe,O;NPs synthesized from HUFP extract exhibited
substantial absorption peaks at 474.49 cm™ ', 1084.70 cm ™,
1477.47 cm ™', 1627.92 ecm ™ ' and 3435.22 cm ™~ for the 1: 1 ratio
and 478.35 cm™ %, 601.79 cm ™%, 1083.99 cm™!, 1477.47 cm ™,
1622.13 cm ™' and 3427.71 cm™ " for the 1: 3 ratio (Fig. 6). The
peaks at 474.49 and 474.35 cm™ " ensured the presence of Fe-O
bond in the sample.®* The peaks at 3427.71 cm ' and
3435.22 cm” ' represent -OH bond stretching from the aqueous
phase. Moreover, the peaks at 1477.47 cm ' indicates C-H
stretching, 1622.13 cm™" and 1627.92 cm ™' indicates C=C
stretching, 1084.70 cm™ " and 1083.99 cm ' generally indicates
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Fig. 6 FTIR spectrum of Fe,OsNPs (1:1), Fe,OsNPs (1:3), and
MgONPs (1:5).
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C-O stretching, ensuring the presence of alkane, conjugated
alkene and secondary alcohol in the HUFP extract as observed
by a previous study.*

The peak at 464.84 cm ™" ensured the presence of the Mg-O
bond in MgONPs (Fig. 6). The peak at 3452.58 ecm™ " represents —
OH bond stretching from the aqueous phase, the peak at
2927.94 ecm ! indicates the stretching vibrations of aliphatic
C-H bonds, 1627.96 cm ' indicates the presence of C=0
stretching of alkenes and the peak at 1384.89 cm™ ' indicates the
bending vibrations of the methyl (-CH;) group. Additionally,
the peak at 1082.07 cm™ " indicates the presence of functional
groups involving C-O stretching vibrations of alcohol.*®

The shift in peak position in the range of 400-4000 cm™
ensures that these functional groups contain compounds
bound to the iron oxide and magnesium oxide surfaces (Fig. 6).

X-ray diffraction (XRD). The crystallinity of the synthesized
Fe,O;NPs and MgONPs using HUFP extract indicates that the
crystal planes of (202) and (431) corresponding to the peaks at
31.716 and 45.455 according to XRD analysis (Fig. 7(a)). The
peaks at 31.06, 45.45 and 53.49 correspond to those of (202),
(431) and (512) planes, respectively, indicating the formation of
Fe,O3NPs (1:1) and (1:3) (Fig. 7(b)). The intense and sharp
peaks undoubtedly revealed that Fe,O;NPs formed by the
reduction method using HUFP extract were crystalline in nature
according to Te JCPDS file 019-0629.>° On the other hand, XRD
data of MgONPs (1:5) indicates that the crystal planes of (200),
(220) and (222) correspond to that of 42, 62.19 and 78.47 which
confirms the formation of MgONPs (Fig. 7(c)). They were veri-
fied using the JCPDS standard XRD data (no. 01-023-0074).%%%'

Transmission electron microscopy and energy dispersive X-
ray (TEM-EDX). The resultant colloidal particles were
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Fig. 7 XRD spectra of nanoparticles: (a) Fe,OzNPs (1:1), (b) Fe,O3NPs
(1:3) and (c) MgONPs (1:5).
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Fig. 8 TEM images of Fe,Oz NPs.

characterized to determine the shape and size of nanoparticles
using transmission electron microscopy (TEM). Different TEM
micrograph images of the synthesized Fe,O;NPs and MgONPs
were obtained, which are displayed in Fig. 8 and 9. The particle
sizes ranged from approximately 6 nm to 14 nm for Fe,O;NPs
and 14 nm to 20 nm for MgONPs.*>%*

The EDX spectrum of the materials are depicted in Fig. 10(a)
and (b), which show the elemental analysis of the synthesized
Fe,O;NPs and MgONPs, respectively.** This analysis demon-
strated a prominent indication of a metallic iron and magne-
sium area at 6.5 keV and 1.5 keV, respectively and confirmed the
formation of Fe,O;NPs and MgONPs synthesized through the
utilization of HUFP. A high peak of oxygen and moderate signal
of copper was observed. Furthermore, low signals for carbon
and sodium were detected as a result of the chemicals used in

Fig. 9 TEM images of MgONPs.

Ix-_ - | B i TT_

(a) (b)

Fig. 10 EDX spectrum of (a) Fe,Oz NPs and (b) MgONPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fe,O;NP preparation. Similar peaks were observed for MgONPs,
which might be due to the use of different chemicals during
sample preparation.

Anti-cancer activity. The impact of biosynthesized Fe,O;NPs
and MgONP on cell viability was investigated qualitatively and
quantitatively using two different cell lines: HeLa cells and
BHK-21 cells.

Qualitative test. Cytotoxicity was seen in HeLa cells and BHK-
21 cells. The cytotoxicity effect of biosynthesized Fe,O;NPs and
MgONPs are shown in Table 1 and Fig. 11, 12.

The data presented in the table and figures indicate that all
cell lines survived without damage when no solvent (DMSO) was
used. However, approximately 5% of cells are damaged after
48 h in the presence of DMSO. We considered HUFP extract as
the standard which showed cell damage in less than 95% in
both cells. Conversely, green-synthesized Fe,O3;NPs and
MgONPs exhibited significant toxicity towards HeLa cell lines,

Table 1 Qualitative test on Hela cells and BHK-21 cells

Cell survival (%)

Name of sample Dose (UL) HeLa cell BHK-21 cell
Absence of solvent 50 100 100

In presence of solvent 50 >95% >95%
HUFP extract (standard) 50 >95% >95%
Fe,03;NPs 50 (30 mg mL™")  <5% 60-70%
MgONPs 50 (3mgmL™")  <5% <5%

© @ ©

Fig.11 Anticancer test (qualitative) on Hela cells: (a) in the absence of
solvent, (b) in the presence of solvent, (c) treated with dragon fruit peel
extract, (d) treated with Fe,O3zNPs and (e) treated with MgONPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 Anticancer test (qualitative) on BHK-21 cells: (a) in the absence
of solvent, (b) in the presence of solvent, (c) treated with dragon fruit
peel extract, (d) treated with Fe,O3zNPs and (e) treated with MgONPs.

resulting in only 5% survival after 48 h. Additionally, BHK21 cell
lines showed a similar survival rate in MgONPs (5%) but higher
survival rates for Fe,O3;NPs (around 60-70%) after 48 h at the
same doses (Fig. 12). This increased toxicity is likely owing to
higher nanoparticle doses, as observed in a previous study. The
escalating nanoparticle concentration may induce excessive
ROS-mediated oxidative stress, leading to DNA damage. This
sensitivity to ROS suggests the potential for targeting cancer
cells via ROS-mediated mechanisms, as cancer cells tend to be
more vulnerable than normal cells.*® Iron and magnesium-
based NPs have ROS inducing properties that could selectively
eliminate tumor cells and hinder tumor growth. Also, Fe,O;NP
damages cancer cells (HeLa cell) more than normal cells
(BHK-21) whereas MgONP damages both cells equally. This
indicates more selectivity of Fe,O;NPs than MgONPs towards
cancer cells.

Quantitative test (MTT assay) on HeLa cells. Cell viability
was assessed after treatment with different concentrations of
Fe,O;NPs and MgONPs on HeLa cell line using the MTT assay.
Fe,O;NPs and MgONPs demonstrated a strong cytotoxicity
effect for the tested cell line compared with the untreated cell
and the cell treated with HUFP extract (standard). Furthermore,
higher cell mortality occurs at higher concentrations of the NPs.
To check the inhibition effect, the reaction was incubated for
48 h. Fig. 14 and 15 displays the variations in the percentage of
inhibition in NPs used to treat HeLa cells. In addition, the
cytotoxicity activity effect of Fe,O;NPs and MgONPs against
HeLa cells were detected by the treatment of different concen-
trations of the prepared nanoparticles (control, 3.75, 7.5, 15 and
30 mg mL " for Fe,O;NPs and control, 0.375, 0.75, 1.5 and 3 mg
mL~" for MgONPs) to check the inhibition of the tumor cells.

RSC Adv, 2025, 15, 15366-15374 | 15371
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The maximum cell growth inhibition (85.97%) was perceived
for Fe,O;NPs with a concentration of 30 mg mL™" (Fig. 14). On
the other hand, maximum cell growth inhibition (85.97%) was
perceived for the MgONPs with a concentration of 3 mg mL ™"
(Fig. 15). The dose-dependent approach (MTT assay) on HeLa
cell after treatment with altered concentrations of the prepared
Fe,O;NPs and MgONPs of HUFP is shown in Fig. 13. The results
showed a relationship between the % cell viability and % cell
inhibition for HeLa cell lines with the concentration of the NPs.
As the concentration of the NPs decreased, the viability of the
HeLa cell lines decreased dose-dependently Fig. 13. The detec-
ted decrease in cell viability indicates the anticancer properties
of Fe,O3;NPs and MgONPs.>*%”

100 4
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Fig. 13 Quantitative test: survival rate of Hela cells at different doses
of (a) Fe,O3NPs and (b) MgONPs.
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Fig. 14 Quantitative test with Fe,Oz NPs: (1) 3.75 mg mL™2, (2) 7.5 mg
mL™%, (3) 15 mg mL™%, and (4) 30 mg mL~%.
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Control group

3 4

Fig. 15 Quantitative test with MgONPs: (1) 0.375 mg mL™?, (2) 0.75 mg
mL™% (3) 1.5 mg mL™, and (4) 3 mg mL™%.

Conclusions

This study reports a safe and rapid method for the synthesis and
characterization of Fe,O; and MgO nanoparticles using H.
undatus fruit peel extract. The synthesized nanoparticles
showed significant (p < 0.05) anticancer activities compared to
standard drug and negative control in in vitro models. The
Fe,O;NPs showed more selectivity towards cancer cells than
MgONPs but it can be controlled with dose adjustments. The
findings of this research indicate that Fe,O; and MgO nano-
particles can be further studied for creating more effective and
safe formulations as ideal anticancer drugs.
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