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KEYWORDS Abstract Several metal-based nanoparticles (NPs) have been found to be toxic and are known to
Antibacterial: exert adverse health outcomes with irreversible side effects. This highlights the need to discover effec-
Antioxidant; tive, stable, and biocompatible therapeutic components using natural sources. Here, a hexane extract
Cytotoxic activity; of Nigella sativa seeds was used to synthesize iron oxide NPs (NS-IONPs) embedded with N. sativa
Iron oxide nanoparticles; phytoconstituents. The extract acted as a reducing agent that restricted the size of the NS-IONPs
Nigella sativa to 5-6 nm, signifying the potential to be cleared through the renal system. The fabricated NS-

IONPs had a prominent effect on pathogenic gram-negative bacteria, E. coli (19.3 mm) and Sal-
monella typhi (14.2 mm) and lung cancer cells (lowest ICsy of 18.75 pg/mL) mainly by binding to
the phospholipid components of the cell membrane. This resulted in cell shrinkage and further inhib-
ited cell growth. Transmission electron microscopy analyses revealed that the mechanisms of cellular
NP uptake varied depending on the cell type. Accumulation of NS-IONPs inside the cell increased
BAX expression and arrested the cells at the GO/G1 phase, thereby conspicuously extending the GO
phase to initiate necrosis. Thus, these finding suggest that the synthesized NS-IONPs exhibited high
antibacterial activity and effective cytotoxicity against cancer cell lines A549 and HCT116 compared
to IONPs. The innovation of the current study is that the biogenic fabrication of IONPs is simple and
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cost effective results in stable nanomaterial, NS-IONPs with potential antibacterial and anticancer
activity, which can be explored furthermore for various biomedical applications.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To date, several types of nanoparticles (NPs; defined as particles 1—
100 nm in diameter) have been designed and are employed in a wide
variety of fields, including electronics, cosmetics, food, environmental
analysis, paint and dye remediation, and biomedicine (Stark et al.,
2015). Their small size greatly increases their surface area, rendering
them highly reactive and tunable. Nanostructures can be fabricated
using chemical, physical, and biological methods. Biological
approaches and simple bio-reduction methods are generally preferred
to avoid the toxicity and detrimental effects of the chemicals (e.g., cap-
ping agents, reducing agents, and solvents) used to synthesize NPs
(Augustine et al., 2020).

Recently, magnetic iron oxide NPs (IONPs) have garnered increas-
ing attention due to their unique physicochemical properties, low cost,
and low toxicity. IONPs have been extensively studied due to their
magnetic properties (Noqta et al., 2019) and have been widely
employed in the treatment of contaminated industrial sites, as well
as in the fabrication of nanowires, textiles, plastics, nanofiber coatings
(nano.gov), and tissue repair, in addition to biological fluid detoxifica-
tion, immunoassays, cell separation, and drug delivery (Mortimer and
C.j., 2017). However, their size has been a major limitation for medical
applications. Biologically synthesized IONPs with a diameter of 10—
100 nm have been used as an effective tool in medical diagnosis and
the treatment of diseases such as cancer (Byun et al., 2022). Particu-
larly, magnetic IONPs have been employed in targeted drug delivery
by applying an external magnetic field to rapidly deliver a drug to a
specific target site. These NPs have attracted increasing interest in
the field of biomedicine due to their high efficiency, low toxicity, small
size, rapid diffusion into human tissue, low dipole—dipole interaction,
high surface area for the attachment of therapeutic drugs, and low
deposition rate (Ayyanaar et al., 2020).

Cancer, a disease accounting for major causes of death globally.
Every year, approximately 4 lakh children are diagnosed with this
dreadful disease. This has impacted on the peoples’ mental health as
well as their social life. Bacterial infections are another major cause
of death of the cancer patients in hospitals. Drugs that are currently
on the market causes adverse side effects (Sung et al., 2020). Therefore,
it is necessary to find novel therapeutic compounds from natural
resources that have improved efficacy without causing side effects.
With the recent development and popularization of green synthesis
approaches, various plant extracts have been used to synthesize plant
based IONPs that are ecofriendly and functionally effective. Plant-
based IONPs have been fabricated using Rhamnella gilgitica leaf
extract (Igbal et al., 2020); Gardenia jasminoides and Lawsonia inermis
extracts (Naseem and M.a., 2015, 2015); Skimmia laureola (Alam et al.,
2019); Moringa oleifera leaf extract (Aisida et al., 2020); Ageratum
conyzoides root and leaf extracts (Madivoli et al., 2019); Callistemon
viminalis floral extracts (Hassan et al., 2018), and Eichhornia crassipes
leaf extract (Jagathesan and Rajiv, 2018). These extracts are reported
to contain phytochemicals that act as reducing, capping, and/or stabi-
lizing agents.

Here, we assessed the benefits of synthesizing IONPs using Nigella
sativa seed extract. N. sativa (black cumin) is an annual medicinal herb
of the Ranunculaceae family that is native to the Mediterranean region
and is widely used to treat various diseases. This herb contains a wide
variety of alkaloids, terpenoids, saponins, volatile oil, fatty acids, tan-
nins, and other phytocomponents (Almatroudi et al., 2020). In turn,
these bioactive components contain functional groups such as car-
boxyl, methyl, and hydroxyl groups, which may be responsible for

the reduction of ferric ions to produce IONPs. These components bind
to the surface of metal NPs, thus preventing aggregation and maintain-
ing the stability of the NPs. The phytogenically fabricated IONPs
using hexane extract of N. sativa seeds (NS-IONPs) are characterized
using a variety of analytical methods. UV-vis spectrophotometry
was used to study the optical properties of the NPs, powder X-ray
diffraction (XRD) was used to analyze their structure, and X-ray pho-
toelectron spectroscopy (XPS) was employed for surface chemical
analysis. Additionally, Fourier-transform infrared (FTIR) spec-
troscopy was used to identify the functional groups present on the
NPs, whereas XPS, scanning electron microscopy (SEM), EDX,
high-resolution transmission electron microscopy (HR-TEM), and
EDS were all used to evaluate the size, morphology, and surface char-
acteristics of the NPs. The zeta potential of the NPs was also evaluated
to provide insights into the processes that drive NP formation as well
as their surface charges, which can be used to determine the binding
efficiency of the NPs to a given target receptor. Finally, in this study,
the antibacterial and anti-cancer properties of the NS-IONPs synthe-
sized from hexane extract of N. sativa seeds were monitored in vitro
to evaluate their therapeutic efficiency.

2. Materials and methods

2.1. Materials

Nigella sativa seeds were purchased from the Yangnyeongsi
herbal medicine market, Seoul, South Korea. The seeds were
washed, air dried for a week and stored at 4 °C in polythene
container until further processing. Iron (III) chloride hexahy-
drate (FeCl;-6H,0), iron (II) chloride tetrahydrate (FeCl,-
-4H,0), commercial iron oxide nanoparticles and citric acid
were purchased from Sigma-Aldrich, ammonium hydroxide
solution (25 %—28 %) was purchased from Merck. All the
chemicals were of analytical grade and all solutions used in
the experiments were prepared using deionized water. Two
gram-negative bacterial strains (Escherichia coli [ATCC
11775] and Salmonella typhimurium [ATCC 13311]) and a
gram-positive strain (Staphylococcus aureus [ATCC 6538])
were used to determine the antibacterial activity of the com-
mercial IONPs and NS-IONPs. The strains were all grown in
nutrient agar medium obtained from Merck, cultured at
37 °C, and preserved in glycerol at — 80 °C until further
analysis.

2.2. Preparation of the plant extract

To produce the seed extract, 5 g of N. sativa seeds were dried in
an oven for 1 h and then ground into a fine powder. The pow-
der was mixed with 50 mL of hexane and left for 2-3 h before
being filtered through Whatman filter paper and stored at
room temperature prior to use.

2.3. Synthesis of NS-IONPs using coprecipitation

IONPs were synthesized using a previously reported coprecip-
itation method (Deshmukh et al., 2019 (2019).) with slight
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modifications. FeCl;-6H,O and FeCl,-4H,0 salts at a 2:1 M
ratio was heated at 60 °C for 5 min. Approximately 20 mL
of the hexane extract from the N. sativa seeds was added and
the mixture was stirred for 2 h at room temperature. Ultrason-
ication was then conducted for 30 min with a probe sonicator
(Sonics, Vibra-cell) at room temperature with an amplitude of
50 % and an on—off pulse of 50 and 10 s, respectively. During
sonication, 50 mL of 25 %—28 % ammonia solution was
added dropwise for approximately 30 min. The suspension
was then allowed to react for another 30 min. A change in
color confirmed the formation of NS-IONPs. Citric acid
(0.02 mg/mL) was subsequently added to the suspension, fol-
lowed by stirring for nearly 1 h at 500 rpm. The suspension
was then centrifuged, and the resulting pellet was washed three
times with deionized water. Finally, the magnetic NS-IONP
pellet was dried in a vacuum at 60 °C for 12 h.

2.4. Characterization of the NS-IONPs

XRD (X’Pert PRO MRD diffractometer, Phillips) was used to
analyze the structure of the IONPs, and XPS chemical analysis
was conducted on an ESCALAB MK II X-ray spectrometer
(Thermo Scientific). XPS is a powerful technique that allows
for the characterization of the photoelectron spectrum of tar-
get compounds. An X-ray diffractometer was used to produce
the X-ray spectrum (Whitfield and L., 2004). The peaks in the
spectrum represent the characteristic kinetic energy of the elec-
trons ejected by the atoms. The photoelectron peak energies
and intensities enable the identification and quantification of
all elements present on the surface of the IONPs except for
hydrogen. FTIR spectroscopy (JASCO 6600, Bruker Corp,
Germany) was used to identify the functional groups and bio-
molecules present in the IONPs. The functional groups in N.
sativa extract responsible for the reduction of the ferric ions
were identified over a 400 to 4000 cm™! range at a resolution
of 4 em™! at 25 °C. A UV-vis spectrophotometer (Jasco V-
770) was used to analyze the optical properties of the IONPs
and the hexane extract. Water and hexane were used as blank
references for the respective samples. The samples were tested
in a quartz cuvette, and the spectra were read at 200-700 nm.
A dynamic light scatterer (DLS) (Photal Otsuka Electronics,
Japan) was used to measure the mean diameter and size distri-
bution of the NPs dispersed in deionized water. A zeta poten-
tial analyzer was also used to monitor the surface charge of the
NPs, which is indicative of the stability of the NPs in a disper-
sion. The NPs were suspended in distilled water and sonicated
for approximately 10 min. The morphology and size of the
synthesized IONPs were characterized using SEM, EDS (Hita-
chi S-4300), and HR-TEM (CM200) images. The IONP sam-
ples were observed at a voltage of 20 kV with a frequency of
2838 cps. To produce a conductive sample, the slides were
coated with a platinum layer. The prepared samples were ana-
lyzed at various resolutions and magnifications.

2.5. Biological activities

2.5.1. Antibacterial analysis

2.5.1.1. Antimicrobial assay. Antimicrobial assay was con-
ducted using agar diffusion. The test organisms used for the
assays were the gram-positive S. aureus and gram-negative
E. coli and S. typhi. Mueller-Hinton agar (MHA) sterilized

in an autoclave at 121 °C for 20 min was poured in a petri dish
and solidified. Spread plates were then prepared by inoculating
100 pL of bacterial (1.5 x 10 ® cells) culture. Inoculation is
made with the broth culture grown overnight diluted to match
0.5 McFarland turbidity standard. Sterile paper discs (10 mm
in diameter) were impregnated with tetracycline (10 pg/mL) as
a positive control. NPs were then added to the medium and
pre-incubated at room temperature for 1 h, followed by incu-
bation at 37 °C for 24 h. The cytotoxicity of the samples for the
target bacterial strain was visualized by monitoring and mea-
suring the diameter of the inhibition zone around the paper
discs.

2.5.1.2. Bacterial growth inhibitory assay. To examine the effect
of NS-IONPs on microbial growth, S. aureus, E. coli, and S.
typhi were individually grown overnight in 100 mL of MHA
broth, 50 mL of which was supplemented with NS-IONPs at
50 pg/mL, whereas the controls were exposed to 50 mL of
untreated medium. After 12 h, bacterial growth was assessed
by measuring the absorbance at 600 nm using an ELISA plate
reader (Varioskan™ LUX multimode microplate reader).

2.5.1.3. Scanning electron microscopy. SEM analysis was con-
ducted to observe the bactericidal activity of NPs on the sur-
face of microorganism. NS-IONPs were inoculated into the
growth media of the selected microorganisms and the cultures
were incubated overnight. A non-treated culture was also pre-
pared to serve as a control. The treated and untreated were
then processed. First the culture was pelleted out by centrifug-
ing at 2000 RPM for 5 min, the culture pellet was subjected to
dehydration in 30 % ethanol followed by 50 %, 75 % and
finally with 100 % ethanol. Again the culture was pelleted
out by centrifuging at 2000 RPM for 5 min, vacuum dried at
60 °C for 4 h and then it was examined under SEM.

2.5.2. Anticancer activity of the synthesized NS-ION Ps
2.5.2.1. Cell culture and cell line maintenance. Colorectal cancer
cells (HCT116) and lung cancer cells (A549) were purchased
from the American Type Culture Collection (ATCC, Manas-
sas, USA). These cells were cultured in McCoy’s 5A medium
and RPMI-1640 medium, respectively, supplemented with
10 % (v/v) fetal bovine serum and a 1 % penicillin—strepto-
mycin cocktail at 37 °C in a 5 % CO, incubator (Dariya
et al., 2019).

2.5.2.2. Cell viability testing — CCK-8 assay. To assess the cyto-
toxic effects of NS-IONPs, the cancer cell lines HCT116 and
A549 were incubated with various concentrations (1.56 to
100 pg/mL) of IONPs and NS-IONPs. After 24 h and 48 h
of incubation, cell viability was measured using a CCK-§ cell
counting kit following the manufacturer’s instructions. ICs,
values were determined using sigmoidal dose-response
analysis.

2.5.2.3. Observation of cytomorphological changes. Cytomor-
phological changes were observed in the cancer cell lines
HCTI116 and A549 treated with various concentrations of
NPs. After 48 h of incubation, the morphological changes in
the cells were examined using bright-field microscopy. The
media was removed, and the cells were washed with PBS and
fixed for 15 min in 4 % paraformaldehyde. The cells were then
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treated with DAPI to stain their nuclei. Finally, the cells were
observed under a fluorescent microscope (EVOS M7000, Invit-
rogen, Thermo Fisher Scientific).

2.5.24. SEM and TEM analysis of the cells. SEM equipped
with a thin-window EDAX system for X-ray microanalysis
was used to observe the morphological changes in the cancer
cells. TEM analysis of the A549 cells was conducted after
treatment with 50 pg/mL of NS-IONPs for 48 h. The samples
were prepared for analysis as described in a previous study
with slight modifications (De Berardis et al., 2010).

2.5.2.5. Viability assay. Calcein-AM and propidium iodide (PI)
were used as viability stains. Working solutions of the stains
were prepared by diluting the stocks in PBS. Assay solutions
were prepared by diluting 1 pL Calcein-AM and 10 pL PI in
1 mL of PBS. The control and treated cells were grown on
microscopic cover slips, after which they were washed twice
with PBS then treated with 100 pL of assay solution and incu-
bated for 20 min at 37 °C. After washing the cells, DAPI was
added to stain the nuclei and the cells were incubated for
5 min. The cells were then washed and assessed using fluores-
cence microscopy (EVOS M7000 cell imaging system). Live
and dead cells were simultaneously visualized using the double
pass filter for fluorescein and Texas red. The cellular esterase
of viable cells converted Calcein-AM acetoxymethyl ester into
a green-fluorescent product. In contrast, the dead cells were
permeable to PI, which bound to the chromatin and was
observed as red fluorescence.

2.5.2.6. Clonogenicity assay. To perform the colony formation
assay, colorectal cancer cells (HCT-116) and lung cancer cells
(A549) were plated in 6-well plates at a density of 100 cells per
well. The following day, the cell lines were treated with vehicle
(water) and NS-IONPs at specified concentrations (50 &
100 pg/ml) for 48 h. The media were replenished after three
days without re-treatment. After 12 days, the medium was
removed, and cell colonies were stained with crystal violet
(0.1 % in 20 % methanol). Colony numbers were visually
assessed and colonies containing > 50 normal-appearing cells
were counted. The experiment was performed in triplicate.

2.5.2.7. Cell cycle assay. As described above, cells treated with
vehicle and NS-IONPs were harvested after 48 h, then fixed for
1 hat4°Cin 70 % ethanol. Next, the cells were stained with PI
(BioSure, Grass Valley, CA) for 15 min in the dark. FACS
analysis was conducted using a Becton-Dickinson FACS Cal-
ibur flow cytometer (BD Biosciences, Germany). All assays
were performed in triplicate.

2.5.2.8. Apoptosis assay. Cells undergoing apoptosis or necro-
sis were detected using the Annexin V-FITC Apoptosis stain-
ing/detection kit (Abcam). As described above, A549 cells
treated with increasing concentrations of NS-IONPs were ana-
lyzed after 48 h in a humidified incubator (5 % CO,, 37 °C).
The cells were washed twice with PBS and stained with 5 uL
Annexin V-FITC and 5 pL PI diluted in 500 pL Annexin bind-
ing buffer. The samples were then incubated in the dark for
5 min. Finally, the samples were analyzed under a fluorescent
microscope (EVOS M7000, Invitrogen, Thermo Fisher
Scientific).

2.5.2.9. Quantitative RT-PCR. The Trizol reagent was used to
extract total RNA from colorectal cancer cells treated with
NS-IONPs for 48 h. The reaction was performed using an
Applied Biosystems thermocycler using the specific primers
summarized in Table S1. Amplifications were conducted using
the following protocol: initial denaturation (95 °C for 3 min),
followed by 30 cycles of denaturation (95 °C for 1 min), primer
annealing (57 °C for 30 sec), and synthesis (72 °C for | min),
and a final extension step (72 °C for 7 min). Melting curve
analysis was conducted to verify that each reaction produced
only a single product. Gene expression was normalized to that
of B-actin (Ganji et al., 2013).

2.5.2.10. Statistical analysis. Experiments were conducted in
triplicate and repeated at least three times. The data were pre-
sented as the mean % standard deviation (SD) of three inde-
pendent experiments. Significant differences between the
treatments were evaluated based on the SD. Pair-wise compar-
isons were conducted using Student’s t-tests.

3. Results and discussion

Cancer is the most common cause of death worldwide and
therefore has a major impact on society. Chemotherapy or
radiation therapy builds up resistance to drugs in cancer
patients, leading to more complications (Sung et al., 2020).
Therefore, developing novel cancer treatments derived from
natural sources has recently garnered increasing attention. Par-
ticularly, several recent studies have focused on the green syn-
thesis of NPs from plants (Bardania et al., 2020) and
microorganisms (Akhtar et al., 2013). Plant-based NPs are
reportedly more efficient and have a higher yield than those
fabricated via microbial-based synthesis (Sundaram and
Augustine, 2012), and therefore numerous plants have been
employed for NP synthesis. Here, the medicinal plant N. sativa
was used for this purpose. N. sativa seeds contain essential
fatty acids and a large number of phytochemical constituents
with significant medicinal value. Previous studies have synthe-
sized nickel oxide (Boudiaf et al., 2021), gold (Manju et al.,
2016), and silver NPs (Almatroudi et al., 2020) using extracts
from this plant. In this study, IONPs were synthesized from
N. sativa seed hexane extract without the use of toxic or harm-
ful chemicals.

Size is one of the main factors that limit the biomedical
application of NPs. NPs with a diameter of >8 nm are
retained in the kidney, which is referred to as the glomerular
filtration barrier, leading to chronic renal failure. In contrast,
NPs with a diameter smaller than 10 nm can easily pass
through the renal system, thus preventing the retention of
the drugs embedded on the NPs (Bujie et al., 2021). The NS-
IONPs synthesized from N. sativa seed extract in this study
had a diameter of 5-6 nm, whereas those produced from Tri-
dax procumbens leaf extract had a diameter of 80-100 nm
(Senthil and C., 2012). Therefore, this work offers a new strat-
egy for the synthesis of highly retainable, biocompatible NPs
that can clear the renal system. The extract also protected
the NPs from oxidization without affecting their magnetic
properties. Most importantly, the phytoconstituents or
metabolites of the extracts present on the surface of the NS-
IONPs played a therapeutic role against pathogenic bacteria
and cancer cell lines.
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3.1. Characterization of the NS-IONPs

The crystal structure and phase composition of the as-
synthesized NS-IONPs were determined using XRD analysis.
The NS-IONPs exhibited obvious peaks at 20 angles of
30.10°, 35.59°, 43.15°, 53.63°, 56.95°, and 62.61°, correspond-
ing to the (220), (311), (400), (422), (511), and (440) crystal
planes of Fe;Q,4, respectively (Fig. la). This result was in
accordance with previously reported data (JCPDS 79-0419)
(Huang et al., 2019; Meng et al., 2021; Tang et al., 2021).
The relatively high peak intensities indicate that the products
were highly crystalline. The average crystallite size (D) was
quantitatively calculated from the (311) peak using the
Debye-Scherrer formula (Eq. (1)) (Wang et al., 2016):

D = (0.94/Bd Cos 6) (1)

where A represents the wavelength of the Cu Ko line, By
denotes the full width at half maximum (FWHM) of the most
intense diffraction peak of the (311) crystallographic plane.
The average particle size calculated using Scherrer’s equation
was 6.46 nm, which was confirmed through FE-TEM analysis.
FTIR analysis was conducted to characterize and identify
the functional groups bound specifically to N. sativa and the
synthesized NS-IONPs (Rajan et al., 2020). The IR spectrum
of N. sativa exhibited strong adsorption bands at 881, 1089,
1468, and 1743 cm™' corresponding to the —HC—CH—,
C—0, —C—H, and —C=—0 groups, while there were also
two strong stretching vibration bands at 2932 and
2854 cm ™!, which can be attributed to the —C—H stretching
vibrations of the —CH; and —CH, groups present in the
polyphenols (thymoquinone, thymol, and carvacrol) of N.
sativa (Mohammed et al., 2016 (2016).; Tara et al., 2020).
The IR spectrum of the NS-IONPs exhibited adsorption bands
at 3430 and 581 cm™' corresponding to the stretching vibra-
tion modes of hydroxyl (—OH) groups and Fe—O bonds,
respectively (Negut et al., 2018; Siddiqui et al., 2019). Addi-
tionally, the IR spectrum of Fe;O,4 reflected the presence of
—CH; and —CH, groups at 2932 and 2854 cm ™!, which indi-
cates the involvement of the polyphenolic groups of N. sativa
in the synthesis of the NS-IONPs (Fig. 1b). Similarly, Mah-
moudi and his coworkers reported the encapsulation of the
plant extract (hydro-alcoholic extract of Physalis alkekengi-
L) on to surface of NPs improving its stability and biological
activity (antioxidant properties) (Mahmoudi et al., 2019).
The formation and stability of the NS-IONPs produced via
the addition of N. sativa plant extract to a ferric chloride

(FeCl;) precursor were investigated using UV-vis spectral
analysis. Fig. 1c shows that FeCly; and N. sativa exhibited
strong adsorption bands at 317 and 257 nm, respectively
(Yew et al., 2016; Saif et al., 2019). Upon adding the N. sativa
extract to the FeClj solution in the presence of citric acid as the
initial nucleating agent for the formation of Fe NPs, the light-
brown solution rapidly turned dark black, which is indicative
of NS-IONP formation (Fig. S1). UV-vis analysis of NS-
IONP revealed continuous absorption between 200 and
600 nm, which was consistent with the characteristics of com-
mercial FesO4 NPs and confirmed the high dispersibility and
stability of the as-synthesized NS-IONPs (Geinguenaud
et al., 2015). During the formation of the NS-IONPs, the phy-
toconstituents of N. sativa acted as capping agents following
the initial nucleation of Fe NPs by citric acid.

The zeta potential is a measure of the electrostatic potential
of the surface of NPs, which is often used to measure the sta-
bility of the colloidal suspension. The zeta potential of IONPs
is —24.35 mV (Fig. S2) while the zeta potential of NS-IONPs
synthesized using N. sativa extract was —15.61 mV. The poten-
tial decrease is mainly due to the positively charged polyphe-
nols which are incorporated in the particles. The strong
negativity indicating that the NS-IONP suspension was highly
active and that the NPs were not agglomerated (Fig. S2a)
(Kedzierska et al., 2021). More importantly, the phytocon-

stituents of N. sativa contain large numbers of —OH groups
that act as capping agents for the NS-IONPs and generate a
repulsive force that leads to the formation of a highly stable
NP suspension without agglomeration (Kajani and A.-k.,
2019). Moreover, the polyphenolic side chains (methoxy
group) of the phytoconstituents of N. sativa enhance the activ-
ity of the NPs (Shin et al., 2018). These stable NS-IONPs are
highly suitable for use in antibacterial and anticancer analyses.

The oxidation state and surface elemental composition of
the as-synthesized NS-IONPs were analyzed using XPS and
the results are presented in Fig. 2. The wide-scan spectrum
of Fe;04 (Fig. 2a) reveals the presence of iron (Fe), carbon
(C), and oxygen (O) (Tang et al., 2021; Madhuvilakku et al.,
2017; Reddy et al., 2018), whereas the deconvoluted C 1s spec-
trum of the NS-IONPs (Fig. 2b) exhibited an intense peak at
284.90 corresponding to sp> C—C bonds, with the peaks at
286.44 and 288.71 being ascribed to the presence of C—O
and —COOH, respectively (Madhuvilakku et al., 2017). The
O 1s spectrum of the NS-IONPs was deconvoluted into three
peaks at 530.00, 531.31, and 533.13 eV, which may be attribu-
ted to the presence of lattice oxygen in metal oxides (Fe—O),
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Fig. 2 X-ray photoelectron spectra of the NS-IONPs. (a) Survey, (b) C 1s, (c) O 1s, and (d) Fe 2p spectra.

residual oxygen-containing groups (O—H), and surface oxygen
complexes of the carbon phase (C—O and C=0), respectively
(Fig. 2¢) (Tang et al., 2021; Rajan et al., 2020; Reddy et al.,
2018). The high-resolution XPS spectrum of Fe 2p (Fig. 2d)
exhibited two central Fe2ps,, and Fe2p,, spin—orbit doublets
at 710.93 and 724.80 eV, as well as corresponding satellite
peaks at 715.91 and 733.06 eV, respectively, which may be
attributed to the presence of Fe*" and Fe>" ions. The energy
difference (AE) between Fe2ps;, and Fe2p;, was 13.7 eV,
which is in good agreement with the standard Fe;O04 XPS spec-
trum (Madhuvilakku et al., 2017).

HR-SEM images were used to investigate the surface mor-
phology of the NS-IONPs (Fig.. S3). NS-IONPs with a rough
surface and a spherical morphology were observed, and the
diameter of these NPs was < 50 nm. The particles at the surface
were agglomerated, which may be due to the magnetic nature
of the Fes04 NPs (Yew et al., 2016; Rahman et al., 2017). The
chemical composition of the NS-IONPs analyzed using SEM-
EDX confirmed the presence of iron and oxygen, with atomic
percentages of 45.01 % and 54.22 %, respectively (Fig. S3).

The morphology, size, and crystallinity of the as-
synthesized NS-IONPs were characterized via HR-TEM anal-
ysis (Fig. 3). The majority of the NS-IONPs were roughly
spherical and exhibited a narrow size distribution ranging from
5to 10 nm. The smaller size of the NS-IONPs indicated that N.
sativa acted as a capping agent, thus inhibiting the growth of
NPs. Similarly, in another interesting study, when glycine
was introduced during the synthesis of the nanoparticles, the
reaction mixture produced magnetite nanoparticles with diam-
eters of 5.35 = 1.13 nm and when it was not, 8.74 £+ 1.18 nm
NPs were synthesized (Bardania et al., 2013; Bardania and
Raheb, 2019). TEM image analysis demonstrated that some
of the NS-IONPs formed agglomerations, which may be due
to the magnetic nature of smaller-sized NPs (Fig. 3 a, b)
(Shin et al., 2018). The particle size distribution of 56 particles

was measured using the Image] software (Fig. 3c, inset) and
the mean particle size was 6.10 = 0.89 nm (SD = 0.89 nm),
which was consistent with the average particle size calculated
using XRD analysis (6.60 nm) (Fig. la). The NPs also showed
an inter-planar separation (i.e., lattice fringe width; Fig. 3d) of
2.3 A, which confirmed the successful synthesis of NS-IONPs
(Fig. 3d) (Siddiqui et al., 2019). The selected area electron
diffraction (SAED) pattern of the NS-IONPs showed six white
spotty diffraction rings corresponding to the (220), (311),
(400), (422), (440), and (511) planes of spinel magnetite,
illustrating the polycrystalline nature of the NPs and agreeing
with the XRD results (Fig. 3e) (Dutta et al., 2017). EDS ele-
mental mapping revealed the presence of Fe, C, and O, with
Fe and O concentrated in the central region of the NS-
IONPs. TEM-EDS analysis showed that the as-synthesized
NS-IONPs were composed of Fe (14.05 %), O (26.78 %),
and C (59.17 %) (Fig. 3f) (Kajani and A.-k., 2019) (Fig. S4).

3.2. Biological activities

3.2.1. Antibacterial activity analysis

The antibacterial activity of the synthesized IONPs and NS-
IONPs at 60 °C was analyzed against three medically impor-
tant pathogenic microorganisms: Staphylococcus aureus,
Escherichia coli, and S. typhimurium. IONPs did not show
any effect on the microorganisms. Similar report was recently
published which showed that magnetic nanoparticles did not
exhibit toxic effect on both bacterial as well as eukaryotic cells
(Bardania and Raheb, 2019). Recently the metal-polyphenol
complexes has gained attention due to its versatile biochemical
functions (catalysis and anti-oxidation process) as biocompat-
ible ligands (Kim et al., 2021). The NS-IONPs exhibited
antibacterial activity against the gram-negative bacteria
E. coli and S. typhimurium but had little effect on the gram-
positive bacterium Staphylococcus aureus. E. coli i3 a non-
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Fig. 3 High-resolution transmission electron microscopy (HR-TEM) images of (a,b) NS-IONPs at different magnifications, (c) particle
size distribution of selected NS-IONPs, (d) lattice fringe width of the NS-IONPs, (e) SAED pattern of the NS-IONPs, and (f) elemental

mapping of the NS-IONPs showing the presence of Fe, O, and C.

spore-forming commensal species that harmoniously coexists
in the human intestine as part of the microbiota, helping to
prevent the colonization of harmful pathogenic bacteria. How-
ever, some strains cause food poisoning, pneumonia, and uri-
nary tract infections (Delmas et al., 2015). Salmonella
typhimurium, a facultative anaerobic pathogenic bacterium
causes typhoid fever, a high fever with neurological abnormal-
ities (Chaudhuri et al., 2018). As summarized in Table 1, the
NS-IONPs had a dose-dependent effect on both of the afore-
mentioned gram-negative pathogenic bacteria. A concentra-
tion of 100 pg/mL of NS-IONPs produced strong
antibacterial activity (19.3 mm) against E. coli, similar to the
effect exhibited by 10 pg/mL of tetracycline, a commercial
antibiotic (Fig. 4). Furthermore, the diameter of the zone of
inhibition against S. typhimurium NS-IONPs exhibited a min-
imum size of 12.4 mm and maximum of 14.2 mm at a NS-
IONP concentration of 25 pg/mL and 100 pg/mL, respectively.
Similar research has been conducted using silver NPs synthe-
sized using N. arvesis seed extract. An analysis of the antibac-

terial effect of the silver NPs on six bacterial species (Bacillus
subtilis, Streptococcus pyogenes, E. coli, S. typhi, S. aureus,
and Proteus mirabilis) demonstrated that silver NPs dose-
dependently inhibited the growth of the pathogenic bacteria
(Chahardoli et al., 2017).

Our bacterial growth inhibitory assays also confirmed the
inhibitory effect of NS-IONPs on the growth of gram-
negative bacteria but only negligible effects on the gram-
positive bacterium S. aureus (Fig. S5). The higher concentra-
tion (>400 ng/mL) of NPs exhibited significant effect on S.
aureus. The NS-IONPs can easily penetrate the cell membrane
of gram-negative bacteria compared to the gram-positive bac-
teria. The positively charged methoxy protons of the polyphe-
nols would have positively affected the activity. Polyphenols
have already been reported to exhibit significant antibacterial
activity. The observations suggested that interaction likely
between the positively charged polyphenols with the negatively
charged bacterial cell surface. SEM imaging illustrated the
potential effect of NS-IONPs on E. coli. The treated bacterial

Table 1 Antibacterial activity of the NS-IONPs.
Bacterial species Control NS-IONPs

(Tetracycline)

10 pg/mL 25 pg/mL 50 pg/mL 100 pg/mL
E. coli 18.6 + 0.12 11.2 £ 0.15 15.8 £ 0.14 19.3 £ 0.04
Salmonella typhi 17.4 £ 0.06 12.4 + 0.26 13.3 £ 0.12 142 = 0.11

The numbers represent the zone of inhibition in mm.

Each value represents mean value + standard deviation of three replicates.
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Fig. 4 Antibacterial activity of NS-IONPs.

samples appeared smaller (i.e., an indication of growth retar-
dation) compared to the control and the surface morphology
was strongly affected, with many damaged bacteria being
detected (Fig. 5). These findings contradicted those of a previ-
ous study conducted by another research group. Specifically,
the authors studied the effect of iron and gold nanoparticles
on E. coli and found that these particles abruptly increased
the size of E. coli (Shin et al., 2018). S. typhimurium was com-
paratively less affected (only its surface morphology was mod-
ified) than E. coli (Fig. S6).

3.2.2. Anticancer activity analysis

3.2.2.1. CCK-8 assay. The cytotoxic effect of IONPs and NS-
IONPs was examined using CCK-8 assays with colorectal can-
cer (HCT116) and lung cancer (A549) cell lines at 24- and 48-h
intervals. The IONPs did not exhibit any effect on both the
cancer cell lines. The results were presented as ICsq calculated

in pg/mL (Table 2). The toxicity of the NS-IONPs was exam-
ined at different concentrations (1.56 to 100 pg/mL) and com-
pared with that of the control. Higher NS-IONP
concentrations had stronger inhibitory effects on cell growth
(Fig. 6 a and b; Table 2) and these effects were also time-
dependent. The cells were initially subjected to treatment for
24 h, but there was no significant effect compared to the con-
trol. Therefore, the treatment time was increased to 48 h, after
which a significant toxicity effect was apparent. First, NS-
TIONPs were used to treat HCT116 cells, and the proliferation
assay results revealed that the NPs had a significantly more
potent cytotoxic activity (ICso = 89.5 pg/mL; p < 0.001)
(Fig. 6a) in a dose- and time-dependent manner. Fig. 6b pre-
sents the CCK-8 assay results, which confirm the significant
in vitro cytotoxic effect of the NS-IONPs against A549 cancer
cells (p < 0.001). High concentrations of NS-IONPs showed
promising cytotoxic activity against the tested cell lines. In a

41‘9
o
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Fig. 5 Scanning electron microscopy images of E. coli - control (before treatment) and treated (after treatment with NS-IONPs).
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Table 2 Effect of different concentrations of NS-IONPs on two cancer cell lines.

Concentration (ug/ml) % Cell viability (% Inhibition)

1.56 3.125 6.25 12.5 25 50 100 ICs
HCT-116 86.27 (13.73)  82.52 (17.48)  76.94 (23.06)  64.53 (35.47)  60.00 55.92 (44.08)  52.81 (47.19)  89.50
(40.00)
AS549 95.75 88.64 84.32 67.31 28.87 13.22 4.03 18.75
(4.25) (11.36) (15.68) (32.69) (71.13)  (86.78) (95.97)
() HCT116
[
2
8
S
3
<
Fig. 6 In vitro cytotoxicity against (a) HCT-116 cells and (b) A549 cells assessed using CCK-8 assays. The values represent the

mean + SD (n = 3). Statistical significance: *** P < 0.001 and * P < 0.05.

previous study, the ICsy of an n-hexane extract of N. sativa
seeds against A549 cell lines was reported to be 31.00 ng/mL
(Bourgou et al., 2012), whereas the ICsy of the NS-IONPs in
the present study was 18.75 pg/mL. These results demonstrate
the superior effects of NS-IONPs compared to the free extract.
Magnetic IONPs synthesized from an aqueous extract of the
seaweed Sargassum muticum have also been reported to exert
similar cytotoxic effects. Specifically, the ICsy values of the
aforementioned IONPs in the HeLa and HepG?2 cell lines were
12.5 pg/mL and 23.83 pg/mL, respectively (Namvar et al.,
2014). Table 2 summarizes the percentages of cell viability
and inhibition at 48 h post-treatment. At a higher concentra-
tion of 100 pg/mL, the A549 cells exhibited maximum inhibi-
tion of 95 % compared to 47.15 % in the HCT116 cell line.
Thus, the NS-IONPs at higher concentrations exhibited a
more promising cytotoxic effect against A549 cancer cells com-
pared to the HCT116 cells.

3.2.2.2. Cytomorphological changes. Significant cytomorpho-
logical changes were observed in cancer cell lines, with the cell
density decreasing as the concentration of the NS-IONPs
increased. Fig. S7 clearly shows nucleus shrinkage in all the
cancer cell lines, with the A549 cells exhibiting the highest
degree of nucleus shrinkage. The yellow arrows in Fig. S7
show cells undergoing cell lysis. The results clearly demon-
strate that NS-IONPs exhibit more potent cytotoxic activity
against AS549 cells compared to the HCTI116 cell lines.
Fig. S8a presents the accumulation of NPs inside A549 cells,
with lysis occurring after 48 h of treatment. The NS-IONPs
were absorbed into all cell types, as demonstrated by the
absence of NPs in the growth media (Fig. S8b). Similarly,

Almatroudi et al. (Almatroudi et al., 2020) analyzed silver
NPs synthesized from N. sativa seed extract and reported mor-
phological changes in breast cancer cell lines, highlighting their
potential for use in biomedical applications. Cytotoxicity
induced by different NPs has been ascribed to a variety of
mechanisms.

3.2.2.3. SEM and TEM analysis of the cells. In the present
study, SEM imaging confirmed that the cancer cells shrank
upon treatment with NS-IONPs compared to the control
(Fig. 7). The EDX results for the control A549 cell lines before
and after NS-IONPs treatment are illustrated in Fig. S9. The
NS-IONPs tended to bind to the membrane, as the EDX anal-
ysis clearly shows the loss of phosphorus, which is one of the
principal components of the plasma membrane. Similar effects
were also observed on E. coli (Fig. S10). Specifically, the NS-
IONPs were bound to the surface of the cells. The TEM
images (Fig. 7c and d) demonstrated that the bound NS-
IONPs were progressively absorbed into the cell through the
membrane and formed aggregates both inside and outside of
the cells. After 48 h of treatment, cell lysis was also observed.
Overall, our results demonstrated that NS-IONPs exhibited
more significant anticancer activity against A549 cancer cells
than against HCT116. Youhannayee et al.(Youhannayee
et al., 2019) reported that the uptake of coated NPs was signif-
icantly higher in prostate cancer cells compared to normal
benign cells. The examined TEM images demonstrated no
specific interaction of NP with the cell organelles. However,
each cell type exhibited unique NP uptake mechanisms
(Youhannayee et al., 2019). In the present study, the particles
were readily absorbed into the cells and accumulated in the
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A549 Cell lines
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Fig.7 Scanning electron microscope images of the A549 cells — (a) Control — before treatment, (b) cells after treatment with NS-IONPs;
transmission electron microscope images of the A549 cell lines (c) cell uptake of NS-IONPs, some particles were slightly aggregated as they
were absorbed into the cell, (d) cells undergoing lysis after 48 h of NS-IONP treatment.

Bright field
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Fig. 8 Cellular viability assay illustrating the live/dead cells due to the effect of NS-IONPs on HCT116 and A549. C, control; T, treated.

cytoplasm, resulting in cell lysis. In the future, this could be
used as a template to study the molecular mechanisms under-
lying the anticancer activity of NPs (Fig. 7c and d).

3.2.2.4. Viability assay. A cellular viability assay was per-
formed using the live cell stain Calcein-AM and the dead cell
stain propidium iodide (PI). Fig. 8 illustrates the control (un-
treated) and NS-IONP-treated (50 pg/ml) HCT116 and A549
cell lines at 48 h post-treatment. As expected, the control sam-

ples were not stained with PI, and therefore all of the live cells
were stained green. DAPI was used to stain the nuclei, which
facilitates the estimation of the number of cells in the view win-
dow. DAPI staining also demonstrated that the NS-IONP
treatment substantially decreased the live cell counts in both
the cell lines. Mortality was observed in both NP-treated cell
lines, with the A549 cell line exhibiting a higher percentage
of dead cells. The control and NP-treated A549 cells exhibited
significant differences in mortality rates, as demonstrated by
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Fig. 9  Cell cycle effects of NS-IONPs in lung cancer cells (A549). <50 Treat” and ““100 Treat” represent cells treated with NS-IONPs at

concentration of 50 pg/ml and 100 pg/ml, respectively.
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Fig. 10  A549 cells induced with (a) 50 pg/ml and (b) 100 pg/ml of NS-IONPs for 48 h and stained with the Annexin V-FITC Apoptosis

detection kit. The cells in apoptotic/necrotic state were detected.

Calcein-AM staining. Concretely, the merged image of the
treated A549 cells demonstrated that the NS-IONPs had detri-
mental effects. Fig. 8 also clearly shows that the HCT116 cells
were substantially less affected by the NS-IONPs.

3.2.2.5. Clonogenicity assay. The ability of a single cell to pro-
liferate indefinitely to form a colony was analyzed through a
clonogenic assay or colony formation assay. Here, these clono-
genic assays were conducted to assess the cytotoxicity of the
NS-IONPs (i.e., the effects of NPs on cell proliferation). After
treatment in an NP environment, a cell is deemed to be viable
if it survives and can divide to form clones (a small colony of
genetically identical cells). Fig. S11 shows the results of the

clonogenic assay. In cell line A549, the formation of the colony
was significantly inhibited in the NS-IONP-containing medium
(100 pg/ml) compared to untreated cells, suggesting that their
effects were additive. As expected, the sensitivity of the HCT-
116 cell line was significantly lower than that of the A549 cells.
Therefore, our findings demonstrated that the NS-IONPs ini-
tiate an irreversible cell arrest process or otherwise exert ‘cidal’
and not ‘static’ activity.

3.2.2.6. Cell cycle analysis. Cell proliferation and cell survival
are often related to cell cycle molecules (Maddika et al.,
2007). According to previous studies, cancer cells with faulty
checkpoints are more susceptible to anti-cancer drugs
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(Gabrielli et al., 2012). Thus, compounds that interfere with
the cell cycle checkpoints can be effective anticancer agents.
Here, cell cycle analyses were conducted by staining the
DNA of the A549 cells with PI (DNA binding dye with an
absorption maximum of 535 nm) and their fluorescence was
analyzed using flow cytometry. First, the DNA content in trea-
ted and untreated A549 cells was analyzed. The DNA content
was characterized by measuring the fluorescence emission by
the PI-DNA complex, which has a maximum absorption at
617 nm. Our findings indicated that the NS-IONPs induced
GO0/G1 arrest in the A549 cells (Fig. S11 b & c¢), thereby induc-
ing apoptosis or necrosis. Furthermore, there was a decrease in
the percentage of cells in the control group (69.81 %) (Fig. S11
a) compared to the high concentration treatment (49.56 %) at
the G0/G1 phase. In contrast, we observed an increase in the
number of cells in the sub-GO peak, which may be attributed
to irreversible DNA damage. The percentage of dead cells
increased considerably in the 100 pg/ml treatment (65 %) com-
pared to the control (0.53 %). As illustrated in Fig. 9, NS-
IONPs dose-dependently decreased the percentage of cells in
the S phase. Specifically, the percentage of control cells in
the S phase was nearly 10.9 %-4.08 % but decreased to
4.54 %-7.96 % and 3.27 %-7.49 % at 50 pg/ml and 100 pg/
ml NS-IONPs, respectively. Therefore, the cells arrested at
the GO/G1 stage due to accumulation of NS-IONPs underwent
late apoptosis or necrosis. Silver nanoparticles at 25 and 80 pg/
mL have also been found to induce G2/M arrest. Furthermore,
in another study that evaluated the cytotoxicity of super-
paramagnetic iron oxide nanoparticles (SPION), significant
apoptosis was observed at a concentration of 80 x 10> M
(Mahmoudi et al., 2009). The cells were arrested within 48 h
of treatment in the G0/G1 phase, indicating that NS-IONPs
can arrest the cell cycle. These cells will eventually undergo
apoptosis (a desirable form of cell death in cancer) if they
are arrested at a specific stage of the cell cycle. DNA damage
is the primary factor leading to necrosis and cell death, as
depicted in Fig. 9.

3.2.2.7. Apoptosis assay. Apoptosis (programmed cell death)
leading to necrosis has been proven to have a major impact
on tumor regression. This process is spontaneous and occurs
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Fig. 11  Effects of different NS-IONP concentrations (png/mL)
on the expression of signal molecules involved in the control of
apoptosis. Each value represents the mean + standard deviation,
*p < 0.05; ¥** p < 0.001, ns-not significant.

due to external stimuli such as the administration of drugs
or anticancer agents. Unlike flow cytometry, which cannot dis-
tinguish between apoptotic and necrotic cells, the annexin V-
FITC apoptosis detection method is a very sensitive approach
developed to identify the different cells undergoing apoptosis
and necrosis (Baskic et al., 2006). Here, we observed that the
cells that absorbed high concentrations of NS-IONPs sponta-
neously underwent necrosis. A549 cells were exposed to 50 and
100 pg/ml of NS-IONPs and were incubated for 48 h, then
stained with the Annexin V-FITC apoptosis detection kit to
detect the cells in apoptotic/necrotic state. As illustrated in
Fig. 10, a large percentage of the cells underwent necrosis at
high concentrations of NS-IONPs. Apoptotic and necrotic
cells are easily distinguished from normal healthy cells. Shrink-
ing and rounding of the cells was also observed. The early
apoptotic cells exhibited a shrunk and condensed nucleus with
chromatin, which was manifested as bright green arcs. Late
apoptotic cells and necrotic cells appeared as condensed
shrunk red nuclei.

3.2.2.8. Quantitative RT-PCR. Additionally, quantitative RT-
PCR (qRT-PCR) analysis was performed to verify the expres-
sion of apoptosis-related genes at the messenger RNA level
(Fig. 11). The induction of apoptosis is generally considered
to be an effective strategy for cancer treatment. Biogenic
NPs induced programmed cell death in cancer cells through
activation of apoptotic genes (Datkhile et al., 2021). Thus,
the expression of BCL2 (an anti-apoptotic gene) and BAX (a
pro-apoptotic gene) was examined before and after treatment
with different (50 and 100 pg/mL) concentrations of NS-
IONPs. Several studies have reported that increased BAX
expression and decreased BCL2 expression induces cell death
(Nachmias et al., 2004). Cells were treated for 48 h with either
a vehicle (control) or NS-IONPs and mRNA was extracted to
conduct qRT-PCR analyses using B-actin as a reference gene.
NS-IONP treatment significantly (p < 0.001) increased BAX
mRNA expression levels and decreases BCL2 levels but treat-
ment at 100 pg/mL did not significantly affect the expression
levels of P53 in the A549 cell lines compared to the control.
But at low concentration of 50 pg/mL there was significant
(p < 0.05) expression. Collectively, these findings indicate that
NS-IONPs inhibit cell proliferation by inducing cell death,
suggesting that these NPs could be used as a basis for the
development of novel cancer treatments.

4. Conclusion

To the best of our knowledge, our study is the first to characterize the
cytotoxic activity of IONPs synthesized using a hexane extract from N.
sativa seeds. The green synthesis of NS-IONPs (size 5-6 nm) using N.
sativa hexane extract was validated by UV-vis, XRD, FTIR, XPS,
SEM, EDX, HR-TEM, and EDS analysis. The NS-IONPs were con-
jugated with polyphenols of the N. sativa extract. Along with citric
acid, these polyphenols acted as reducing and capping agents, thus
enabling the synthesis of NPs with lower aggregation and higher reac-
tivity. Moreover, the NS-IONPs exhibited bactericidal effects against
gram-negative bacteria. NS-IONPs dose- and time-dependently
exerted cytotoxic effects on the A549 and HCTI16 cell lines, with
the former being the most sensitive. The cells were arrested at G0/
G1 phase extended their GO phase to undergo necrosis due to accumu-
lation of NS-IONPs. Collectively, our findings demonstrated that NS-
IONPs are highly efficient anticancer and antibacterial agents. The
NS-IONPs demonstrated efficient cellular uptake, which would
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enhance their therapeutic efficacy and make them suitable candidates
for biomedical applications. Future studies should focus on elucidating
the molecular mechanisms responsible for the inhibition of cancer cell
proliferation by NS-IONPs.
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