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Abstract: Green nano-chemistry is an advanced research
route covering eco-friendly fabrication approaches for synthe-
sizing bimetallic nanocomposites (NCs) to enhance their
therapeutic properties. The current study aims to phytofabri-
cation, characterization, and bio-potential evaluation of novel
selenium-iron (Se—Fe) NCs by utilizing garlic extract. The mor-
phological and physicochemical features of Se-Fe NCs were
evaluated by UV-visible spectroscopy, scanning electron
microscopy, energy-dispersive X-ray, Fourier transform
infrared, X-ray diffraction, and Zeta potential analysis. The
findings showed that garlic cloves extract was a promising
capping and reducing agent for the formulation of the NC.
To explore the antioxidant potential of a bioinspired Se-Fe
NG, 2,2-diphenyl-1-picrylhydrazyl and reducing power assays
were performed. Furthermore, antioxidant efficacy was con-
firmed through antimicrobial activities against clinical patho-
gens. Phytosynthesized Se-Fe NCs (25, 50, 75, and 100 ppm)
showed a dose-dependent response. Higher concentrations of
Se—Fe NCs impose a more potent antioxidant and antimicrobial
potential. The astonishing findings suggest that phytochemicals

* Corresponding author: Amir Ali, Department of Botany, PMAS Arid
Agriculture University, Rawalpindi, Punjab 46300, Pakistan,

e-mail: amirkhan31530@gmail.com

* Corresponding author: Muhammad Yousuf Jat Baloch, College of
New Energy and Environment, Jilin University, Changchun, 130021, China,
e-mail: engr.yousuf@yahoo.com

Tahira Sultana, Khafsa Malik, Naveed Iqbal Raja, Asma Hameed,
Zia-ur-Rehman Mashwani: Department of Botany, PMAS Arid
Agriculture University, Rawalpindi, Punjab 46300, Pakistan

Sohail: College of Biosciences and Biotechnology, Yangzhou University,
Yangzhou 225009, Jiangsu, China

Abdulwahed Fahad Alrefaei: Department of Zoology, College of
Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

in Allium sativum extract are useful reducing agents in the
formulation of well-defined Se-Fe NCs, and such NCs could
act as competitive inhibitors against pathogens. To the extent
of our understanding, Se-Fe NC is the first time synthesized
and demonstrates the distinctiveness of green chemistry and
will give multifunctional applications in nano-biotechnology.

Keywords: Green chemistry, Se-Fe nanocomposites, synth-
esis and structural characterization, antioxidant potential,
antimicrobial activity

1 Introduction

Nanoscale materials are entities with a size of 1-100 nm,
according to the definition given in the context of chemistry.
In recent decades, these nanomaterials have contributed sig-
nificantly to the exponential growth of nanoscience, green
chemistry, and nano-biotechnology [1]. However, nanomater-
ials frequently deviate considerably from their macroscale
counterparts regarding their biological, physical, and che-
mical characteristics despite possessing similar chemical com-
positions [2]. A new addition to the line of nanotechnology is
the formulation of nanocomposites (NCs). An attempt to
investigate the uniqueness of a single nanocomponent can
be overloaded by adding multiple other nanocomponents
that deliver a lot of practical synergistic potential in various
biomedical fields [3]. Monometallic nanomaterial properties
can be enhanced by combining the other material, resulting
in the formation of hybrid NCs [4]. According to some reports,
these are the materials of the twenty-first century because
they possess special architectural features and character com-
binations that are not present in traditional composites.
Therefore, bimetallic NCs are enormously essential and
have gained special attention among scientists in the medicinal
chemistry and biomedical area to treat many diseases [5] effec-
tively. There is still much to learn about these characteristics in
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general [6], despite the fact that their first indication was
recorded in 1992 [7]. Generally, different approaches have
been recognized for the fabrication of metal nanoparticles
(NPs), such as chemical reduction [8], electrochemical [9],
irradiation [10], thermal evaporation, as well as mechanical
approaches and the green phytochemistry synthetic route
[11]. Recently, numerous chemical and classical physical
methods have been applied in NP synthesis but have gained
a detrimental impact on biological and environmental con-
cerns due to the high energy utilization and use of excessive
toxic chemicals [12,13]. In order to solve these demonstrated
environmental issues, exceptional attention has been
focused on developing environmentally benevolent green
nanomaterials that are free from toxic chemicals, more
stable, and cost-effective in their fabrication [14-16]. Conse-
quently, there is growing enthusiasm and demand for effi-
cient green nanochemistry [17,18] because of the enormous
strides it has made to represent one of the top explored and
prospering fields because of its applicability in diverse
human well-being fields [19]. When nanomaterials are ade-
quately prepared by green synthetic procedures, they show
remarkable unique emerging properties and astonishing
applications compared to their bulk materials [20-22]. The
most extensively used approach for synthesizing biocompa-
tible NPs is the fabrication of NPs through plant extracts.
This widely explored method has a significant benefit in that
plants are abundant, simple to get, considerably safer to
handle, and act as a reservoir of several phytomolecules
or secondary metabolites that act as potent biocatalysts
[23,24]. Garlic is a well-known herb, known from ancient
times as Allium sativum, which is the second-largest growing
crop worldwide. The major account of natural bioactive
constituents in garlic extract is organosulfur-based array
of phytochemical compounds with a wide range of biolo-
gical and modulated therapeutic potential and are targeted
for the biogenic formulation and synthesize stable nanoma-
terials [25]. The extract of these cloves contains an array of
phytochemical compounds that can act as reducing agents.
Garlic-based NPs were mainly exploited in the therapeutics
fields and, to a lesser extent, in agriculture, food, and related
areas [26].

The literature review revealed that various monometallic
and their oxide NPs are formulated by biological means effec-
tively. Still, bioinspired hybrid, bi, or tri-metallic NCs are
reported significantly less. Selenium and iron monometallic
NPs fabricated by phytochemical-based approaches have
gained much interest with increasing green chemistry enthu-
siasm because of their fascinating application in biochem-
istry, environmental remediation, biomedical fields such
as drug delivery systems, pharmaceutical, food industries,
antimicrobial, anticancer, antioxidants, neurodegenerative
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disease and also in the agricultural domain owing to non-
toxicity as both are essential nutrients [27-29]. Iron NPs
have immense application in the biomedical field due to
their super-magnetic potential and excellent antimicrobial
and antioxidant properties [30]. In one of the documented
studies, Allium saralicum extract-assisted iron NPs showed
significant antifungal, antibacterial, antioxidant, and wound
healing potential. Remarkable results reported that Fe NPs
inhibited the growth of all fungi and bacteria dose depen-
dently and significantly showed antioxidant activity [31]. In
another study, it is reported that Eucalyptus robusta extract-
mediated iron NPs showed a remarkable antioxidant effect,
this attribute making FeNPs potent candidate for many
pharmacological applications where free radicals play a
decisive role [32]. Similarly, selenium NPs have been intro-
duced as a trace mineral in biomedical that is considered an
alternative therapy for cellular damage and possesses anti-
microbial and anticancer potential [33,34]. Many reported
studies revealed that the green formulation of selenium NPs
exhibited promising antimicrobial functionality against the
Gram-positive and Gram-negative bacteria [35,36]. Previous
invivo and in vitro studies have shown that green-fabricated
selenium NPs are potent antimicrobial agents at the nanos-
cale that suppress the growth of multicellular and unicellular
fungi up to 70% [6,37]. Selenium is the primary constituent
of antioxidant selenoproteins. Moreover, several in vitro
antioxidant surveys highlight that plant-mediated Se NPs
have remarkable antioxidant activity that confers the
resistance against oxidative stress by scavenging of free
radicals [38,39]. The mechanism behind antimicrobial beha-
vior is that they react with thiol protein, which disrupts the
membrane permeability and stability, and leads to the leakage
of membranes. After internalization, these NPs damage the
cellular organelles, and macromolecules ultimately cause cell
death [40,41]. Because of the broad range of applications of
selenium and iron NPs, the present study was devoted to fab-
ricating NCs using phytoconstituents as reducing agents for
getting synergistic modulated potential. Due to their high bioa-
vailability, it is the first and foremost attempt for the synthesis
of selenium-iron (Se-Fe) composites by bioreduction of
sodium selenite and iron sulfate salts using A. sativum
bud extract with synergistic characters which have never
been achieved by other conventional methods. The garlic
extract-mediated NCs were well characterized through var-
ious analytical techniques such as UV-visible spectrum was
used to ensure the composite formation, morphology, and
surface topography by scanning electron microscope (SEM),
and stretching vibrations or functional groups were detected
via Fourier transform infrared (FTIR) techniques. Energy-
dispersive X-ray (EDX) spectroscopy was done to know
the elemental composition present in prepared Se-Fe NCs.
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The novelty of our research study is based on the fact that
there has yet to be any work reported on phytofabrication
and application of Se-Fe NC. Moreover, the newly synthe-
sized material was assessed for biopotential applications
such as antioxidant and antimicrobial activities.

2 Materials and methods

The phytofabrication of Se-Fe NCs was carried out in the
Nano-biotechnology Laboratory at the Department of Botany,
PMAS Arid Agriculture University Rawalpindi. Furthermore,
bioinspired Se-Fe NCs were evaluated for their bio-potential
applications.

2.1 Materials

All reagents that were used in the current study are of
analytical grade for accurate results. Hydrated salts used
for NCs syntheses like sodium selenite and iron sulfate and
chemicals for antimicrobial study such as 2,2-diphenyl-1-
picrylhydrazyl (DPPH), ascorbic acid, Mueller-Hinton
nutrient agar media, potato dextrose agar (PDA), and
methanol were purchased from Sigma-Aldrich. The deio-
nized water was used throughout the whole study. All
glasswares were properly washed and autoclaved. Garlic
clove extract, selenium, and iron salt solutions were pre-
pared in distilled water. The biological reduction of sele-
nium and iron salt solutions for synthesizing its NCs was
made by garlic extract. Agar well diffusion assay was
used for the antimicrobial experiment.
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2.2 Preparation of A. sativum plant extract

The preparation of garlic extract was initiated after the
collection of garlic buds (shown in Figure 1) and peeled
off the buds, then washed thoroughly with deionized water
to remove all the dust and impurities. After drying the
plant material, 20 g of fresh buds were crushed into a thick
paste. The obtained content is boiled in 400 mL distilled
water on a hot plate for 15 min and then cooled down at
room temperature. The resulting extract was ultimately
filtered through Whatman filter paper for the pure aqu-
eous plant extract. The final extract was used to reduce the
selenium and iron salts into NCs [42].

2.3 Phytosynthesis of Se-Fe NC

To synthesize Se-Fe NCs, 5mM aqueous salt solutions of
sodium selenite and iron sulfate are freshly prepared by
dissolving salts in distilled water. In total, 5 mM selenium
and 5mM iron salt solutions are mixed equally in the flask
and kept on a magnetic stirrer to form a homogenous
Se—Fe salt solution. About 100 mL of the prepared garlic
bud extract was added continuously in aqueous salt solu-
tions dropwise. This reaction mixture was continuously
heated at 70°C and stirred until the color of the solution
changed from clear salt solutions to light brown to dark
brown, which represents the first indicative characteristic
of Se-Fe NCs (as shown in Figure 2). Se-Fe NCs were
visually confirmed by the sequential color change of the
reaction mixture from transparent to light brown to
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Figure 1: Schematic presentation of A. sativum plant extract.
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Figure 2: Visual observation of phytosynthesized Se-Fe NC solution: (a) selenium salt solution, (b) iron salt solution, (c) Se-iron salt solutions, (d) and
(e); Se-Fe NCs solutions at different stirring times and increasing concentration of reducing agent (garlic extract).

brackish to dark brown, which indicates the reduction reac-
tion. Selenium and iron from their respective salt solutions
transformed into Se-Fe NCs at the required concentration of
garlic extract. The minimum and optimal concentrations of
garlic extract have an immense role in the reaction process.
The obtained NC solution was centrifuged at 10,000 rpm for
about 10 min to separate the NCs from impurities. The
obtained NCs were rinsed in distilled water, resuspended
in methanol, and centrifuged thrice. After complete purifi-
cation, the pellet was collected and dried for 12h in a drying
oven at 400°C to obtain Se-Fe NC in powder form for further
characterization, including, optical, morphological, and
chemical characterization of the NC. The freshly phyto-
synthesized Se-Fe NCs were studied through various
characterization techniques.

2.4 Structural characterizations of bio-
inspired Se-Fe NCs

2.4.1 UV-visible spectroscopy

The original formulation and optical characteristics of
Se-Fe NCs were assessed using UV-visible spectrophoto-
metry (Labomed UVD 3500, Los Angeles, CA, USA), which
recorded absorbance from 200 to 900 nm.

2.4.2 FTIR spectroscopy

All transformations in the synthesis process were specifically
analyzed through an FTIR spectrometer (Perkin-Elmer FTIR-
Spectrum, Akron, Ohio, USA) to ensure the biomolecules natu-
rally occurring in garlic extract, which plays a role in metal
reduction, stability, and creation of Se-Fe NCs. The dried NC

was homogenized with potassium bromide, and FTIR analysis
from 400 to 4,000 cm ™ spectral range [43] was carried out.

2.4.3 SEM analysis

The topography or surface morphology of green synthe-
sized Se-Fe NCs was determined through SEM (SIGMA)
analysis. The SEM worked at 5kV and at x10k magnifica-
tion. For the sample preparation, a drop coating method
was adopted in which the sample was put on a copper grid
that was coated by carbon. For drying, the resulting pre-
pared sample was placed under the mercury lamp for
5min. The extra solution was wiped off by blotting paper.
The surface micrographs of the Se-Fe NC were observed at
different magnifications [44].

2.4.4 EDX spectroscopy
The elemental analysis of bioinspired Se-Fe NCs was car-

ried out by the EDX instrument (SIGMA). Thin carbon films
were used for the sample preparation.

2.4.5 X-ray diffraction (XRD) characterization

Amorphous or crystalline state of the Se-Fe NCs was ana-
lyzed via XRD spectroscopy. The dried sample of Se-Fe NCs
was loaded on XRD spectroscopy (Shimadzu XRD-6000) in
20-80° range at a 260 angle.

2.4.6 Zeta potential analysis

Zeta potential analysis was performed to determine the
charge distribution on the Se-Fe NC surface using the



DE GRUYTER

Zetasizer Nano Series (Malvern). For sample preparation,
Se-Fe NCs were added in distilled water, and then the
sample sonicated for 8 min. After sonication, about 0.5 mL
of NC suspension was placed in a cuvette for determination
of the electric charge distribution of the particles.

2.5 Antioxidant activity of bioinspired
Se-Fe NCs

Free radical scavenging activity of novel green synthesized
Se—Fe NCs was determined through the DPPH method. The
DPPH stock solution of 1 mM concentration was prepared
in methanol. Then, newly synthesized Se-Fe NC solutions
were composed of various concentrations (25, 50, 75, and
100 ppm) and added to the DPPH solution separately. The
resulting prepared solutions were finally incubated in the
dark for about 30 min, and then the absorbance of blank
(methanol), ascorbic acid (standard), and a sample was cal-
culated through a UV-visible spectrometer (BioAquarius CE
7250, Cambridge, UK) at the 517 nm wavelength. The percen-
tage of DPPH inhibition or free radical scavenging activity of
Se—Fe NCs was calculated using the following formula [45]:

% DPPH inhibition = Absorbance (control)
— Absorbance (test)/Absorbance (control) x 100

2.5.1 Reducing power assay

The reducing power of garlic extract-mediated Se-Fe NCs
was analyzed by following the mentioned protocol [46]. In
brief, various concentrations (25, 50, 75, and 100 ppm) of
Se—Fe NCs were prepared and homogenized with 2.5 mL of
phosphate buffer and 2.5 mL of 1% potassium ferricyanide.
The resulting mixture was incubated for about 20 min at
500 °C and then cooled instantly. Subsequently, about 2.5 mL
of 10% trichloroacetic acid was added to the above-mentioned
resulting solution, which was then centrifuged at 3,000 rpm
for 8 min. After that, equal amount (2.5 mL) of the supernatant
layer was taken and mixed with distilled water. In the last
step, 1 mL of 0.1% ferric chloride was added to the supernatant
solution, and absorbance at 700 nm was measured using a
spectrophotometer wavelength. In the experiment, ascorbic
acid was taken as the standard. Reducing power percentage
was noted by the following formula:

Reducing power (%) = (Blank absorbance

- Sample absorbance/Blank absorbance) x 100
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2.6 Antimicrobial applications of phytogenic
Se-Fe NCs

2.6.1 Micro-organism strains

In the current study, for antimicrobial activity, several
bacterial and fungal strains were cultured on media plates
containing nutrient agar and PDA, respectively. Both media
were autoclaved (HVE-50 HIRAYAMA) at 121 for 15 min. The
antimicrobial activity of the Se-Fe NC was evaluated against
tested bacteria Escherichia coli (Gram-negative), Staphylococcus
aureus (Gram-positive), and fungal strains (Aspergillus flavus,
F. oxysporum) using antimicrobial assays, which are defined by
their ability to portray the antimicrobial activity. The selected
microorganism strains were obtained from the Department of
Botany at PMAS Arid Agriculture University Rawalpindi.

2.7 Antibacterial and antifungal activity

Phytosynthesized Se-Fe NCs were tested for antimicrobial
activity against clinical pathogen strains using the agar
well diffusion method [47]. The selected pathogen strains
were introduced on the Mueller-Hinton agar media and
then spread on plates uniformly. A sterile metal cork borer
was used to drill about 6 mm diameter wells in the agar
plates. Different concentrations of Se—Fe NCs (25, 50, 75, and
100 ppm) were prepared, and 60 uL NC solutions were
poured into specified wells. The antimicrobial efficacy of
NCs was determined by measuring the inhibition zone
diameter in millimeters around the designed wells with a
measuring scale. In the case of antifungal activity, freshly
cultured fungal spores were collected and placed on PDA.
The spore count was adjusted to 2 x 10° CFU'mL ™" with the
help of a hemocytometer. Antibiotics (Streptomycin, Terbi-
nafine) were used as control. Petri dishes with bacterial
culture were incubated in a dry oven at 37°C for 24h and
fungal plates at about 25°C for 72h. The entire experiment
was conducted in a highly sterilized environment.

2.8 Statistical analysis

All the experiments were conducted in a completely ran-
domized design. Each treatment had three replicates that
were repeated three times, and the data were analyzed
statistically by using SPSS ver. 16.0 software (Chicago, IL,
USA). The mean values and significant differences in the
data were calculated using DMRT at p < 0.05.



6 —— Tahira Sultana et al.

3 Results and discussion

3.1 Visual observation of Se-Fe NCs

The present study revealed that the color of the reaction
mixture for Se-Fe NCs was changed. When a reducing
agent (garlic extract) was added, it transformed from
transparent salt solutions to an ultimately dark brown
composite product that was continuously stirred (Figure 2).
This is the first indicator for the formation of NC solution. The
respective metal ions were eventually reduced when they
were exposed to garlic bud extract within 24 h of the incu-
bation period. The previous studies also revealed that garlic
extract was determined to be a promising reducing agent
[48]. This color change due to the complete reduction of
metal ions can be ascribed to the excitation of surface
plasmon vibrations in the NP [49].

3.2 UV-visible spectra

The initial synthesis and optical properties of plant-mediated
newly synthesized Se-Fe NCs were further confirmed by the
UV-Vis spectrum. UV-visible analysis is considered to be an
important method to ascertain the stability and formulation
of metal NPs present in the aqueous solution. Figure 3 shows
the existence of selenium nanostructures because of the exci-
tation of plasmon longitudinal vibration at a broad plasmon
surface resonance band 262 nm. Aside from that, the figure
also illustrates the second absorbance peak at 296-316 nm,
which implies the presence of iron NPs. These absorption
peaks were confirmed by previous studies for the green
synthesis of monometallic selenium and iron nanostructures.
According to the literature, a spectrum of nanostructures at
262 nm [50], at 265 nm [51], and broad spectra recorded within
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a wavelength of 200-500 nm display the presence of selenium
NPs [52,53]. Jagathesan and Rajiv [54] stated that using
UV-visible analysis revealed that Eichhornia-mediated FeNPs
had a broad absorption spectrum at 379 nm. Throughout the
whole spectral range, a wide absorbance band was found,
particularly around 350 and 500 nm [55,56]. Respective wave-
lengths of selenium and iron are discrete and separated. The
Se and Fe nanomaterials in a solution generally form aggre-
gates and are discovered to be stable in suspension. SPR
bands are often affected by the synthesized NPs’ shape,
size, surface topography, elemental composition, and elec-
trostatic environment [57].

3.3 FTIR spectroscopy

An evaluation of the FTIR spectrum of garlic clove extract
with the Se-Fe NC FTIR spectrum shows many sharp peaks,
indicating that the phenolic compounds of garlic extract
interact with selenium and iron metal ions. These phyto-
chemicals of extract counter for reducing, stabilizing, and
capping agents that are responsible for the formulation of
stabilized Se-Fe NCs. The FTIR spectra, represented in
Figure 4, exploit the maximum information that confirms
the bonding nature of garlic extract-mediated Se-Fe NC on
the basis of identifying a number of functional groups
residing on the surface of nanostructures. In order to con-
firm the NC’s structure, procedures from the literature
were applied to identify the conspicuous peaks. The spec-
trum displays a number of prominent peaks at certain
regions that are clearly distinguished from weak bands.
From the spectrum, the most substantial peak was observed
at 3,434 cm™, which corresponds to (OH) the functionality of
the hydroxyl group excessively found in phenolic compounds,
which plays a crucial role in the stable formulation of NCs [58].
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Figure 3: UV-Visible spectrum of Se-Fe NCs.



DE GRUYTER

The range within 600 to 1,500 cm™ was regarded as a finger-
print zone and is indicative of the compound. The sharp peaks
in this trademark region for Se-Fe NCs were 1,012 em™ for
C-N group stretching and also due to ether linkage. Moreover,
the C-H distortion peak appeared at 1,375 cm ™, respectively.
The absorption peak at 1,426 cm™ in Se-Fe NC FTIR spectra
represents the C=C stretch. The two absorption peaks
observed at around 1,283 to 1,083 cm™* range were due to
the overlapping of stretch bands of the alcoholic O-H as well
as vibrations of C-O-C ether linkage [1]. In addition, as
depicted in Figure 3, most of the significant and conspicuous
peak noticed at 1,571 cm ! was ascribed to the bending fre-
quencies of the amide group (N-0) NH. In addition, two
weak peaks appear in spectra at 819 and 649 cm™ due to
out-of-plane C-H bending and C—X stretching found in alkyl
halides, respectively. Ultimately, the FTIR spectra showed all
the potential peaks that demonstrate the NC formation. It
also illuminated the significance of phytochemicals present
in plant extract as capping or reducing agents in stabilizing
the overall NC structure. The absorption or stretching peaks
due to various functional groups residing on nanomaterials
are confirmed through all the reported literature; bands at
3,471 and 1,682 cm ™" elaborate stretching and bending vibra-
tions of —~OH. Furthermore, C-H stretching is linked to the
sharp peaks that appeared at 2,359 and 1,483 cm™. Conse-
quently, two vast peaks observed at 2,999 and 2,359 em™t
might be associated with O-H bending vibration. It was
considered that water molecules adhered to the surface.
The small peak at 1,132 cm™ is attributable to the stretching
vibration of the C-OH bond [59]. One of the studies docu-
mented that O-H, N-H, C=0, and C-H functional groups
interact with selenium atoms to form NPs [60]. Another
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scientific study also conducted FTIR spectroscopy and ver-
ified that the presence of phenols and other alkenes in plant
extract due to O-H, C-H and C—C stretching are involved in
the formulation of iron NPs [61].

3.4 SEM analysis

The surface topography of newly phytosynthesized Se-Fe
NCs was investigated through SEM analysis. It is regarded
as one of the most renowned analytical approaches for
demonstrating the size and topography of NCs [5]. Figure 5
demonstrates typical SEM photographs of garlic extract-
based Se-Fe NCs, representing the uniform surface topo-
graphy and spherical shape with a fine crystallite nature
having a particle size in the 50-80 nm range. Previous lit-
erature confirmed SEM results of biosynthesized iron oxide
monometallic nanomaterials in the 70 nm range [62] and
selenium in the 45-90 nm range [63]. These images depict
that plant-mediated nanomaterial was highly uniform dis-
tributed and in a stable conformation. Furthermore, these
micrographs revealed no indication of conglomeration with
an unequivocal distribution of the particles, confirming the
stable nature of synthesized NPs.

3.5 EDS analysis

To determine the selenium and iron presence in the phy-
togenic synthesized Se-Fe nanomaterials, EDX spectroscopy

i Sy Q| Garlic Clove extract 100
\ _ b [=5cFencs
\ e A A\
90 \ P ! = A
X / ‘\b‘ Q \
— S Y \ v =
3 v v
* |80 4 v v -
s e S 1S g 90 I
a —_—
8 B = 2 A s . ©
c v ~ I \J ~
FREKE = P 3 - 12
s = '
E 2 ) S o35 &
< - w N8 - &
g = K T <5 © 3
c |60+ £ 80 ° s T2 T
© 2 < S £x £ £
- “ » L0 &«
£ z £ 9 ©r~
s0- = S W s =3
o ) " -
1 Q 2 =
z 9 Z o
40 70 4 o (8] g
7]
x
= ! . ¢ Y V T T T T T T o T
3500 3000 2500 2000 1500 1000
4000 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™! Wavenumber(cm™)

Figure 4: FTIR investigation of (a) garlic clove extract and (b) Se-Fe NCs.
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Figure 5: SEM images of Se-Fe NC at various magnifications.

technique was used. Figure 6 elucidates peaks comparable
to oxygen, selenium, and iron elements. The resulting NC
(Se-Fe) is pure because no residual impurities were noticed.
The presence of Se, Fe, and O confirms the formation of
Se-Fe NCs. According to recently reported literature, the
NC formulation is readily explained by the indication for
the oxygen atom that was also identified in Se-Fe NCs [5].
The proportion of all the existing elements in the Se-Fe
nano-based composite is Fe (31.52%), O (30.08%), Se (15.11%),
and C (23.28%) based on atomic% analysis.
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3.6 XRD analysis

Figure 7 depicts the XRD pattern for the green synthesized
Se—Fe NCs. The pattern represents the crystalline nature of
synthesized NCs because of the presence of Bragg’s reflec-
tions. Peaks were identified using selenium diffraction sig-
nals (220) and (311) and iron signals (422), (511), (533), (620),
and (622). The pattern shows d-spacing values for both
selenium (JCPDS card No. 06-362) and iron (JCPDS card
no. 39-1346). The EDX analysis explained that the presence

Spectrum 1

Figure 6: EDX analysis of Se-Fe NC.
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Figure 7: XRD analysis of Se-Fe NC.

of both selenium and iron peaks in a single pattern shows
the formulation of Se-Fe NCs. Furthermore, the average
crystallite size of Se-Fe NCs was estimated by Scherer’s
equation: D = kA/Bcos 6, where k is constant = 0.94, A is
the X-ray wavelength (0.15406 nm), § is the peak half width,
and 6 is the half of the Bragg’s angle. By following the
equation, the single crystal size of resulting NCs was pre-
dicted in the range of 14-20 nm. Moreover, narrow and
sharp peaks in the spectrum illustrated that Se-Fe NCs
have strong crystallinity.

3.7 Zeta potential spectroscopy

The zeta analysis is a useful characterization technique for
knowing more about the stability of NPs. Zeta potential
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Figure 8: Zeta potential analysis of Se-Fe NC.
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distribution amplitude represents the nanomaterial’s pos-
sible stabilization [64]. The zeta potential findings of the
present study depicted the negative charge (-25.2mV) on
the Se-Fe NCs (Figure 8). In the suspension, if all the NPs
have a positive or negative surface charge, then those particles
will strongly repel to one another. There will be a minimum
inclination for the NPs to join together, which represents their
high stability [36]. The negative charge potential on formu-
lated NCs probably leads to the strong stabilization of the
Se-Fe NCs without aggregation. According to previous reports,
the negative potential was found on green synthesized sele-
nium (-24.4 mV) [34] and iron NPs (-16 mV) [62], respectively,
and these stabilized nanomaterials do not turn to dark amor-
phous when they stored for a long time. The NPs with a higher
zeta potential magnitude showed high stability because of
stronger electrostatic repulsion among the NPs. Our results
are aligned with the previous reported literature.

0 100 200

Record 242:Se-Fe
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3.8 Bio-potential applications of
biocompatible Se-Fe NCs

3.8.1 Antioxidant activity (DPPH)

One of the foremost promising and reliable methods for
determining antioxidant effectiveness is the DPPH assay,
which was designed using recognized and renowned prac-
tices. Owing to the accumulation of reactive oxygen species
(ROS) in terms of free radicals, many types of persistent
diseases, including oxidative damage, cancer, protein degra-
dation, diabetes mellitus, and liver and brain dysfunctions,
have emerged. In addition to this, the presence of ROS in the
body islinked to a number of additional disorders, including
aging, cataracts, and cardiovascular issues [65]. The DPPH
efficacy of Se-Fe NCs was evaluated by observing a change
in color. From Figure 9, it was observed that the DPPH
scavenging method showed effective inhibition potential
of Se-Fe NCs by increasing the concentration from 25 to
100 ppm. The maximum scavenging efficiency of biogenic
Se-Fe NCs and standard (ascorbic acid) was 77.30% and
94.16%, respectively, at 100 ppm concentration. The poten-
tial of antioxidant activity of green synthesized nanomater-
ials was enhanced due to the influential association with
various phytochemicals present in the bud extract of A.
sativum, which are responsible for the synthesis of stable
NCs. However, the protocol followed for the synthesis of
Se-Fe nanomaterials tends to enhance the antioxidant
potential and aid in the reduction of DPPH radicals. The
plant extract phytochemicals adhered on nanomaterials are
found to be electron-enriched species and neutralize the
free radicals by donating electrons [66]. Current study out-
comes were in line with the results of phytosynthesized iron
and selenium NPs individually. Our results are strongly
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coherent with previous studies in which the average percen-
tage DPPH antioxidant efficacy of green synthesized sele-
nium NPs was 75% inhibition at 600 pg'mL™ concentration
[67]. Recently Kokila et al. [68] mentioned that plant-mediated
16 nm sized selenium NPs inhibit 50% scavenging potential at
22.5 ugmL ™. Another study of biosynthesized iron NPs docu-
mented the DPPH scavenging activity 17.25% at 50 pg'mL ™.
Iron NPs have a strong ability to donate an electron and serve
as ROS scavengers or inhibitors; however, they act as primary
antioxidants [69]. The DPPH scavenging activity assay out-
comes in this current study show that plant-based NC was
potently active.

3.8.2 Reducing power assay

Figure 9 depicts the reducing power of the garlic extract-
mediated Se-Fe dose-dependent NC response. By increasing
the concentration of NCs and ascorbic acid (standard), redu-
cing potential was increased consistently. The outcomes of
the DPPH experiment revealed that Se-Fe NCs and ascorbic
acid showed 76.17% and 87.52% scavenging activity through
reducing assay, respectively. Surprisingly, Se-Fe NCs exhib-
ited better results due to the excessive presence of an array
of phytochemicals in the garlic extract. However, these sec-
ondary metabolites such as phenols, saponins, polyphenols,
and sulfur-containing substances have antioxidant activity
because these are electron donors [70]. Our study results are
coherent with previous reports and observed that fenugreek
seed-mediated iron NPs showed 60% reducing power at
110 ug'mL™" [71]. Due to their strong antioxidant potential,
these iron NPs are potent aspirants for supplementary phar-
macological studies where ROS production plays a critical
role [32]. A recent study documented that garlic extract-
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Figure 9: Antioxidant activities of Se-Fe NCs. Data represent the mean values of triplicates with + standard error for each treatment in three repeated
experiments. Annotation of columns data with different alphabet (s) represents the significance at (p = 0.05).
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Table 1: Zone of inhibition of biogenic Se-Fe NCs for selected clinical
pathogens

Microbial strains NC concentrations (ppm)

25 50 75 100
Zone of inhibition (mm)
E. coli 13.88 18.1 23.09 26.89
S. aureus 15.06 19.89 24.96 29.04
A. flavus 10.11 13.26 17.96 22.66
F. oxysporum 13.11 16.74 211 24.32

based selenium NPs showed a maximum reducing power of
80.37% at 400 ppm concentration, which is a very high dose
of NPs [72].

3.8.3 Antimicrobial activity of Se-Fe NCs

In the present work, the antimicrobial potential of phyto-
synthesized Se-Fe NC was checked and measured through
the agar well diffusion method against selected clinical
microbial strains, which were E. coli, S. aureus, A. flavus,
and Fusarium oxysporum. Different concentrations of NCs
ranging from 25, 50, 75, and 100 ppm were used and eval-
uated zone of inhibition against selected pathogens as pre-
sented in Table 1. The results represent that at 100 ppm
concentration of NC zone of inhibition against S. aureus

Phytofabrication, characterization, and evaluation of novel bioinspired selenium-iron NCs

-_ 1"

is 29.04 mm, 26.89 for E. coli, 22.66 for A. flavus, and 24.32
for F. oxysporum. These outcomes documented better anti-
microbial potential of garlic-mediated Se-Fe NCs than the
garlic extract used as standard. At the same concentration
(100 ppm) of A. sativum bud extract, several other inhibi-
tion zones, 26.38, 22.87, 18.11, and 19.93 mm, were observed,
respectively. Outcomes of the study are confirmed with
previous results in which iron NPs demonstrated that the
maximum inhibition zone for Bacillus subtilis and Asper-
gillus niger was 19 mm [73], and Aloe vera-mediated sele-
nium NPs showed inhibition zones 12 and 10 mm against
S. aureus and E. coli, respectively [74]. In the current study,
it was also observed that Gram-positive bacteria were
shown to be more susceptible to Se-Fe NCs than Gram-
negative. It could elucidate the sensitivity of bacteria to
iron and selenium NPs because the thick peptidoglycan
coating present on Gram-positive bacteria presumably
allows for an adequate level of contact between pathogens
and NPs. Comparatively, Gram-negative bacteria have a thin
peptidoglycan coating in between their cytoplasmic and cell
membranes, which serve as their boundaries. In this situa-
tion, getting Fe NPs into the thin layer is very challenging
[75]. In reference to selenium NPs, they exhibit significant
antagonistic effects on the membranes of Gram-negative
bacteria and their polysaccharides. Due to this, bacterial
fatality may require a more significant selenium nanoma-
terial accumulation on the surface of Gram-positive bac-
terial membranes. As a result, Gram-negative bacteria
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Figure 10: Antimicrobial activities of Se-Fe NCs. Data represent the mean values of triplicates with +standard error for each treatment in three
repeated experiments. Annotation of columns data with different alphabet (s) represents the significance at p = 0.05.
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Figure 11: Antimicrobial mechanism of NPs.

show strong resistance power against SeNPs [76]. From the
results mentioned above, it was considered that Se-Fe NCs
are potent and promising antimicrobial nano-products in
the treatment of pathogenic infections (Figure 10).

3.8.4 Antimicrobial mechanism of Se-Fe-based
nanomaterials

In recent studies, different antimicrobial mechanisms of
nanomaterials have been proposed. The antimicrobial
action of NPs is generally defined as adhering to various
models, such as NPs being causative agents for oxidative
damage [77]. These release metal ions affect the antimicro-
bial potential of respective metal-based nanomaterials [78]
and other non-oxidative approaches [79]. Eventually, these
different mechanistic ways can happen concurrently. NPs
inhibit the synthesis of the cell wall and cell’s membranous
system, disturb energy transduction pathways, free radicals
such as ROS are produced, photocatalysis, interference with
enzyme activity, and degrade DNA, amino acids, and pro-
teins [80]. The results of the present work elucidate the
mechanism of Se-Fe NCs, which disinfect the pathogens in
several ways. Monometallic selenium NPs have garnered
significant interest in treating clinically significant patho-
gens such as bacteria, fungi, viruses, and other parasites,
due to their excellent therapeutic proficiency and nearly
completely devoid of detrimental effects [81]. In another
study, a leakage test was performed and demonstrated
that many proteins and some polysaccharides were released
out of the cells after reacting with green synthesized SeNPs.
It was discovered that the rupture of cell walls and altera-
tions in membrane permeability were responsible for the
leakages of proteins and polysaccharides. Additionally, the

change in free radical concentration reveals that oxidative
destruction may be a major factor in antimicrobial activities
[82]. In contrast to the antimicrobial activity of iron mono-
metallic NPs, the proposed mechanism is that particles
accumulate in the cytoplasm and penetrate the cell wall
of a pathogen in order to trigger the membrane to burst,
resulting in the release of cellular substance and ulti-
mately the death of the microorganisms [83]. The above-
mentioned outcomes from the current study clearly depict
the synergistic potential of Se-Fe NCs in an antimicrobial
mechanism that disrupts the cell membranes and causes
oxidative stress (Figure 11).

4 Conclusion

This study successfully introduced green-synthesized Se-Fe
NCs and their significant bio-potential applications for the
first time, demonstrating the efficacy of green nano-chem-
istry in therapeutic applications. It is obvious from the
results of the current investigation that A. sativum bud
extract was proven to be an effective reducing agent, and
it is an economically viable, efficient, and commercially fea-
sible green synthesis method for the NC. The formation
of Se-Fe NCs was confirmed through UV-Vis absorption
spectra, which exhibit strong peaks in the range of 262-316 nim;
surface morphology and particle size were identified from
SEM, which showed that NCs were near to spherical shape
and further crystallite size confirmed from XRD that was in
14-20 nm range. FTIR characterization confirmed the Se-0-Se
and Fe-O-Fe types of bonding formation. Further elemental
composition was investigated through the EDX spectrum,
which confirmed the presence of Se, O, and Fe in the sample.
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The stability of particles was assessed by zeta potential analysis,
which showed that NCs are negatively charged. Synthesized NCs
showed strong stability and antioxidant and antimicrobial effi-
cacy due to the synergistic effect of selenium, iron NC, and
phytochemicals adhered to the nanomaterials. Finally, the hio-
genic approaches enrooted the green revolution and an eco-
nomic threat-less way for designing antimicrobial nano-products
with required biocompatibilities. Future directions for our
research will focus on the resulting NC specific characteris-
tics and detailed applications.
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