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A B S T R A C T

In this study, the antibacterial, antioxidant and cytotoxicity behaviour of silver ferrite nanoparticles
(AgFeO2 NPs) synthesized through chemical and green routes were compared.
Green synthesis (Bio) of AgFeO2 NPs were prepared by precipitation method using Amaranthus blitum

leaves extract as a reducing agent. Chemical synthesis (Che) of AgFeO2 NPs was mediated by sodium
borohydride as a reducing agent. [AgFeO2 (Bio)] NPs showed reduced size, better monodispersity and
surface area compared to [AgFeO2 (Che)] NPs. The results showed that synthesized NPs have better
antibacterial activity against E. coli than S. aureus. In addition, 250 mg of AgFeO2 (Bio) and (Che) NPs
showed antioxidant efficiency of 98 and 86%. The results showed that [AgFeO2 (Bio)] NPs showed lower
cytotoxicity [AgFeO2 (Che)] NPs against human human embryonic kidney (HEK 293) cells. These results
suggest that [AgFeO2 (Bio)] NPs have improved physicochemical properties thereby they can be used as
an effective biocatalytic material in biotechnology.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In current eons, the development of multifunctional material is
of great significance to solve serious environmental and public
healthcare problem by pathogenic microorganisms and toxic
compounds [1]. Various treatment methods and materials have
been studied to overcome the major cause of chronic infections
and mortality due to microbes [2,3]. In this regard, the nano-
materials such as nanoparticles (NPs), nanofibers, metal–oxide
nanocomposites, nano-hybrid crystals have virtuous properties
such as higher chemical and thermal stability [4–6]. These
characteristic of NPs makes it very useful in various field such
as biomedical sciences, cosmetics, clinical, environmental and
renewable energy technologies [7]. Among the various types of
nanomaterials, silver (Ag) NPs have better antimicrobial activity
and has been extensively used as a disinfectant in many products
including food, textiles and crop protection [8–10]. However, Ag
NPs has drawbacks such as adverse noxious effect, problem of
aggregation, and less magnetic property. Thus, recovering and
recycling of Ag nanoparticles is especially difficult in practical
applications [9,11].
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To overcome these problems and improve the magnetic
property, Ag NPs can be blended with ferrite, magnetic (FeO2)
NPs to improve the separation efficacy. These combinations
enhance the Ag NPs functions such as aggregation, recycling and
reusability of materials [12,13]. Likewise, functionalization of FeO2

NPs with metals such as Au, Ag, Cu, Ag, Pd, Pt has confirmed
immense application in catalysis and biotechnology [14]. Among
the composite AgFeO2 are highly attractive due to its catalytic,
magnetic and electrical traits. Recently, AgFeO2 NPs was consid-
ered to be a promising photocatalyst owing to NPs narrow band
gap and magnetic properties as well as AgFeO2 NPs can be reused
after degradation process [15]. AgFeO2 magnetic composites have
been successfully synthesized by researchers and used as an
efficient antibacterial agent [16]. Formerly, AgFeO2 composite NPs
were synthesized through several methods such as sol–gel, co-
precipitation, hydrothermal, pulsed laser deposition and thermol-
ysis method [17,18]. But, all of these methods engaged high
temperature and pressure conditions and long reaction times [19].
Also, NPs prepared by above methods have toxicity, less stability,
monodispersity, high solubility, and leaching problem; thus limits
NPs usage in real time applications [20]. In the view of these
drawback finding of novel material is crucial.

Several researchers have been reported that biotic synthesis of NPs
using microbes such as bacteria, algae, fungi, yeast, virus and plants
[7,21,22]. Among several biological mediated syntheses of NPs,
microbe mediated synthesis is not of practically achievable due to
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the requirements of extremely sterile atmosphere and maintenance.
Thus, the plant extract mediated synthesis were more convenientover
microorganisms owe to ease processing, a lesser amount of biohazard
involvement and maintaining cell cultures [23,24]. It has been
reported that biological materials such as plant source extract and
amino acid mediated synthesis changed the chemical nature of the
noxious NPs as well as easy to synthesize [25]. Many researchers
studied that plant extracts mediated NPs synthesis was nontoxic, low
cost, stable, also extensively used in many fields [7]. It has been
reported that compared to chemical mediated synthesis, plant extract
mediated FeO and Ag NPs holds better particles size, band gap and
enhanced stability, monodispersity [7,20,26]. Previously, it has been
stated that plant like Amaranth family plant leaves extract mediated
NPsshowedenhancedantimicrobialactivities,abilitytoformbiofilms,
exhibited improved photocatalytic activity and less toxicity. In
addition, leaf extracts did not create any toxic by-products compared
to chemical mediated synthesis [10,24]. It was confirmed that
Amaranth family plant extract was an alternate cost-effective and
nontoxic reducing agent for synthesizing NPs [20,26]. Amid amaranth
family, Amaranthus blitum L., holds a high amount of ascorbic acid,
carotene, riboflavin, niacin and thiamine. The plants are generally
applied as a dressing to treat swellings, irritations and lung
disorders [27]. With this perception, this study reports silver ferrite
(AgFeO2) NPs were synthesized by green co-reduction method
using A. blitum leaf extract as a reducing agent and compounds such
as iron (III) nitrate (Fe (NO3)3�9H2O), silver nitrate (AgNO3) were
used as a precursor.

In this study, AgFeO2 NPs were prepared by both chemical co-
reduction precipitation method using NaBH4 as well as by green
co-reduction using A. blitum leaf extract. AgFeO2 NPs by two
methods were compared for the first time in terms of structure,
size, shape, surface area and magnetic properties using various
analytical techniques. Hereafter, green A. blitum leaves extract and
chemical NaBH4 mediated AgFeO NPs was referred to as [AgFeO
(Bio)] and [AgFeO2 (Che)] NPs respectively. In addition, the
antioxidant activity of leaf extract, [AgFeO2 (Bio)] and [AgFeO2

(Che)] NPs were analyzed using 1, 1- diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging test. The disk diffusion method and
minimum inhibitory concentration (MIC) were conducted to
evaluate the qualitative and quantitative antibacterial tendency
of [AgFeO (Bio)] and [AgFeO2 (Che)] NPs against Staphylcoccus
aureus (Gram- positive) and Escherichia coli (Gram- negative).

2. Materials and method

2.1. Materials

The test organisms Escherichia coli (MTCC 7410) and Staphylo-
coccus aureus (MTTC 424)were obtained from the Microbial Type
Culture Collection, Chandigarh, India. Compounds such as iron (III)
nitrate (Fe (NO3)3�9H2O), silver nitrate (AgNO3), sodium borohy-
dride (NaBH4) hydrochloric acid (HCl), sodium hydroxide (NaOH)
dimethyl sulfoxide (DMSO) methanol, α, α-diphenyl-β-picrylhy-
drazyl (DPPH), ascorbic acid, kanamycin, nutrient agar were
procured from Merck and Himedia, India. Dulbecco’s modified
eagle’s medium (DMEM), penicillin-streptomycin-neomycin solu-
tion, fetal bovine serum (FBS) were purchased from Thermofischer
Scientific (New York, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay kit and dimethyl
sulfoxide (DMSO) were procured from Himedia Laboratories
(Mumbai, India).

2.2. Preparation of leaf extract

Initially, A. blitum leaves were collected, then washed with
double distilled water to eliminate unwanted adhering substance
and chopped into small-size pieces. Then 25 g of A. blitum leaves
were extracted with 100 ml of milli Q water at 55 � 2 �C in soxhlet
extractor till the exhaustion. Lastly, the leaf extract was filtered by
vacuumfiltration with a buchner funnel (Whatman No.1 filter
paper). The procedure reported by Sarker and Oba 2020 was
followed to estimates A. blitum leaf extract total antioxidant
capacity (TAC) using DPPH and total phenolic content (TPC) by
Folin–Ciocalteu reagent (FCR). Ascorbic acid and gallic acid were
used as standard for TAC and TPC estimation [28]. The obtained leaf
extract was used for AgFeO NPs synthesis and the filtrate was
stored in a refrigerator (4 �C) for further use.

2.3. Synthesis of A. blitum leaves extract and NaBH4 mediated AgFeO2

NPs

[AgFeO2 (Bio)] NPs was prepared by co-precipitation method
[18]. Briefly, 0.1 mmol Fe (NO3)3�9H2O and 0.1 mmol AgNO3 were
dissolved in 75 ml of milli Q water. The solution mixture was
stirred at room temperature for 15 min. Then, 25 ml of prepared
leaf extract (pH 9.0) was added to the mixture drop by drop with
constant stirring at 300 rpm using magnetic stirrer at 50 � 2 �C for
3 h. The colour changes from dark yellow to colourless solution
with dark brown precipitate was confirmed the formation of
[AgFeO2 (Bio)] NPs. Then, the obtained precipitates were collected
by sedimentation, washed using absolute ethanol and three times
in milli Q water to remove unreacted impurities and dried at 50 � 2
�C for 6 h. Likewise, for comparison [AgFeO2 (Che)] NPs was
synthesized with the same procedures but instead of plant extract;
25 ml of 0.1 M NaBH4 solution (pH 9.0) as a reducing agent. The
possible mechanism of AgFeO2 NPs formation by NaBH4 and A.
blitum extract mediated synthesis was shown in scheme S1. After
drying, AgFeO2 NPs in the form of flakes was then powdered using
agate mortar and pestle, obtained [AgFeO2 (Bio)] and [AgFeO2

(Che)] NPs were stored in bottles for further application and
characterization [20].

2.4. Characterization

The synthesized AgFeO2 NPs absorption spectra were obtained
using UV–vis spectrophotometer (Shimadzu UV-1800 Kyoto,
Japan) over a wavelength range of 200–800 nm. IR spectra of
aqueous leaf extracts and AgFeO2 NPs were recorded by fourier
transform infrared spectroscopy (FTIR- Thermo Scientific99 TM Inc.
NicoletTM iSTM5, USA) over a spectral range of 400–4000 cm�1 with
a resolution of 4 cm�1 at room temperature. Crystalline structure
and phase identification of AgFeO NPs were confirmed from X-ray
diff ;raction (XRD) pattern recorded using Rigaku Ultima III powder
X-ray diff ;raction, Japan. The XRD pattern was recorded at u–2u
geometry with CuKα1 (1.5406 Å) at 40 kV and 30 mA over the range
of 10� to 70� with a step size of 0.02�. AgFeO NPs zeta potential and
size distribution of the NPs were investigated using Horiba SZ-100
nanopartica, Japan). Before examination, NPs were dispersed in
deionized water (pH 7 � 0.1) and sonicated for 3 min. Three
replicates were performed for obtaining standard values of
prepared samples. Magnetic measurements of AgFeO NPs carried
out using vibrating sample magnetometer (VSM) Lakeshore 7404
(Westerville OH). Scanning electron microscope (SEM) with energy
dispersive spectrometer (EDS) JOEL 6700 F, Japan at 30 kV was used
to see the morphology and elemental composition of NPs

2.5. Determination of the minimum inhibitory concentration (MIC),
agar disk diffusion and DPPH Assay

The minimum concentration of AgFeO2 NPs that shows
antibacterial activity was quantified. The MIC was determined by
batch cultures containing varying concentrations (0–100 mg/mL) of
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AgFeO2 NPs in suspension. The antibacterial activity of synthesized
AgFeO2 NPs against Staphylococcus aureus (Gram-positive), and
Escherichia coli (Gram-negative) using Kirby–Bauer Disk Diffusion
vulnerability assessment method [19,24]. DPPH assay was followed
to estimate the free radical scavenging activity of A.blitum leaves
extract, [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs were determined by
using nitrogen- centred DPPH scavenging assay [29]. The statistical
significance of these experiment was determined using GraphPad
Prism software (La Jolla, CA, USA) column analysis, one-way ANOVA.

2.6. Cytotoxicity evaluation

Tetrazolium salt (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) based cytotoxicity assay were carried out
with the synthesized nanoparticles. Briefly non-cancerous human
embryonic kidney cells (HEK 293T) were allowed to grow in 25 cm2

cell culture flask till 90 % confluent at 37 �C in a 5 % CO2 incubator.
The cells were then seeded into each well of 96 well microculture
plate and grown for 24 h and treated with the NPs synthesized by
appropriate methods namely [AgFeO2 (Bio)] and [AgFeO2 (Che)]
NPs and FeO2 (Bio) and FeO2 (Che) NPs uniformly suspended in
10 % DMSO in different concentrations ranging from 20 mg to 100
mg. Cells incubated with 10 % DMSO was used as control. After
incubation period of 24 h MTT solution was added to each well at a
final concentration of 1 mg/ml and incubated for 4 h in the dark.
Then the insoluble formazan was dissolved with the solubilization
buffer provided with the kit. The assay was performed in triplicate
and OD was measured at 570 nm.

3. Results and discussion

3.1. UV–vis spectral studies

The absorbance spectrum of synthesized [AgFeO2 (Bio)] and
[AgFeO2 (Che)] NPs. was analyzed the wavelength ranges from 200
to 900 nm by UV–Vis spectrophotometry was shown in (Fig. 1A).
The absorbance peak at 214 nm confirmed the existence of
phenolic compounds in the leaf extract (data not shown). UV–vis
absorption of the synthesized NPs dissolved in DMSO shows small
plasmon shift as well as broadening at 356 nm and small
absorption peak nearly at 242 nm which is due to the presence
of AgFeO2 nanocomposite. In addition, when comparing the
synthesized [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs with bare Ag
and FeO2 NPs nanoparticles the absorption spectrum showed a
peak at 391 nm and 214 nm respectively [30]. The optical
Fig. 1. Spectral analysis of A. blitum aqueous leaf extract, biological and chemical medi
AgFeO2 NPs UV–vis analysis. The samples were scanned from 200 nm to 900 nm in 1.00 c
[AgFeO2 (Che)] NPs. obtained over the range of 400 - 4000 cm�1 with a resolution of 4
properties of pure FeO and Ag NPs were studied by UV/Vis
spectroscopy (data not shown). It illustrates pure FeO NPs
spectrum does not show definite absorption maxima wavelength
range from 300 to 800 nm. Similarly, Ag NPs does not show any
maximum absorption at 200 to 300 nm. Likewise Berastegui et al.,
reported UV–Vis measurements of AgFeO2NPs show a strong
absorptions from 300 to 650 nm [31]. Thus, broadening of
absorption at 356 nm in (Fig. 1A) were owing to the presence of
AgFeO2 NPs.

3.2. FTIR studies

The functional groups of the active components in leaf extracts
and potential chemical variations owe to the creation of AgFeO2

NPs were studied using FT-IR spectroscopic analysis. The bonding
configurations of A. biltum were studied using FTIR with the
spectral range from 400 to 4000 cm–1 as shown in the (Fig. 1B). The
intense broad band detected from 3352–3232 cm�1 assigned to the
H-bonded and O��H stretching vibration of phenolic and hydroxyl
group of leaf extract. The sharp peaks appeared on 1636 cm–1

indicates the presence of primary amine NH�� bend. The slight
shift was detected around 2080 cm–1 denote ��CC ¼��stretch
variable. The peaks at 1360 cm�1 and 1324 cm�1 were assigned to
alkane C��H stretch and aromatic amine CN�� stretch. FTIR
analysis also confirm the presence of functional groups (CO��
stretch) such as carboxylic acid, ester, ether; which shows the peak
values at 1084–1012 cm�1. The peaks from 820 and 664 cm�1 are
due to CH�� (aromatic) bond. In addition, from TAC and TPC
estimation the prepared leaf extract 25/100 ml shows 75 mg gallic
acid equivalent (GAE) activity and 80 mg ascorbic acid equivalent
DPPH radical scavenging capacity. These, TAC, TPC estimation and
IR functional groups indicate the existence of polyphenols,
alkaloids and flavonoids of leaf extracts. The bioactive compounds
in A. blitum extract are used to reduce the metal ions into
respective metal [27]. Sarker and Oba 2020 reported that A. blitum
leafy vegetables is abundant sources of antioxidant phytopig-
ments, vitamin C, β-carotene, phenolics, minerals and proximate
[28]. Moreover, these phytochemicals have highly reactive
hydroxyl groups; that provide hydrogen to reduce the free radicals.
The antioxidant and reducing activity were similar molecular
mechanisms [20]. The result confirms that these phytochemicals
were believed to play a role in bio-reduction reaction.

Further, experiments are required for the clarification of real
mechanism and the biochemical pathway to assess the formation
of NPs by plant extract. But, the feasible formation mechanism of
ated AgFeO2 NPs. (a) Comparison of leaf extract, biological and chemical mediated
m path length cuvettes. (b) FTIR spectral analysis of leaf extract, [AgFeO2 (Bio)] and

 cm�1 at room temperature.
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AgFeO2 NPs using A. blitum leaf extract and NaBH4 were conferred
in scheme S1 (see supplementary). The IR spectrum and
phytochemical analysis confirmed that plant extract having
polyphenol group. It was believed that phenol group in A. blitum
extract reduce the metal ions into respective metal and stabiliza-
tion of metal. The IR spectrum of [AgFeO2 (Bio)] NPs show the
suppression of aliphatic compounds in NPs, can be ascribed to the
changes such as redox reaction of the phytochemical compounds
during the [AgFeO2 (Bio)] NPs formation (Fig. 1B). Also, IR results
showing that organic groups from leaf were attached to the
[AgFeO2 (Bio)] NPs surface, which evidently confirmed that A.
biltum leaf extract was acted as a stabilizer for the formation of
NPs. The peak that appeared in the AgFeO2 (Bio) at 520, 412 cm�1 is
due to the iron oxide skeleton (–O–Fe), representing the existence
of AgFeO2 NPs [32]. It was also reported that the adsorption of
reducing agents on the surface of metallic nanoparticles is due to
the presence of organic compound functional groups present in
their molecular structures.

Similarly, scheme S1 clearly indicated that mechanism behind
the synthesis of [AgFeO2 (Che)] NPs. At 50 �C, Fe (NO3)3 and AgNO3

metal precursor reduced by NaBH4, resulting in the formation of
AgFeO2 and sub products. Then reaction product has undergone
separation and purification to obtained [AgFeO2 (Che)] NPs. The
appearance of two peaks around 544 and 466 cm�1 in (Fig.1b) may
be due to the stretching vibrations of the Ag-O bonds and the Fe-O
bonds respectively in [AgFeO2 (Che)] NPs. Similarly, it has been
reported that AgFeO2 prepared by facile precipitation method
confirms the pure AgFeO2 band at 586 cm �1 in IR spectra was due
to the lattice vibrations of AgFeO2 [33].

3.3. XRD structural analysis of NPs

The crystal structures of [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs
were confirmed by XRD pattern, which is shown in (Fig. 2A). XRD
patterns of the synthesized NPs revealed main sharp planes in the
diffractogram, indicating that [AgFeO2 (Bio)] and [AgFeO2 (Che)]
NPs were crystalline in nature. The peaks observed at 14.27, 28.77,
34.8, 37.07, 40.63, 43.78, 50.52, 56.89, 59.64, 60.9, 62.97, 63.25,
68.77 and 72.09 were matching to the diffraction peaks of 2H
polytype hexagonal AgFeO2. The distinct planes, possibly indexed
to (002), (004), (101), (102), (103), (006), (105), (106), (008), (110),
(112), (107) (114) and (201) were observed for NPs sample [9].
Durham, et al., reported that AgFeO2 synthesized via precipitation
Fig. 2. X-ray diffraction and Vibrating sample magnetometer analysis (a) XRD pattern of b
XRD pattern were recorded using Cu K α radiation in the angular range of 2u from 20 to 80
Vibrating sample magnetometer (VSM) analysis of Synthesized [AgFeO2 (Bio)] and [A
temperature with a magnetic field of �15,000 to 15,000 G.
route mostly form a mixture of 3R and 2H delafossite AgFeO2

structure [34]. In addition trace impurities likes hydroxides, Ag and
Ag2O were also found to be in AgFeO2 NPs synthesized by
precipitation method [31]. Markedly, AgFeO2 diffraction patterns
do not show presence of additional impurities also there is no
significant existence 3R phase (Fig. 2A). Thus, the AgFeO2 peaks
corresponded to JCPDS card no. 25-0765. The peaks indexing might
be assigned to the 2H phase resulted in a lattice parameter unit cell
with a(Å) = 3.0390, b (Å) = 3.390, c (Å) = 12.395 besides small
intensity difference was found between the NPs can be owed to the
leaf extract bio-compounds bound to [AgFeO (Bio)] NPs surface
[20,26]

3.4. VSM analysis

The magnetic properties of [AgFeO2 (Bio)] and [AgFeO2 (Che)]
NPs are analyzed using VSM. The magnetization of the AgFeO2

samples measurements were verified by VSM at room temperature
are shown in (Fig. 2B) illustrates a hysteresis loop of [AgFeO2 (Bio)]
and [AgFeO2 (Che)] NPs. It revealed that saturation magnetization
values were found to 87.7 emu/g for AgFeO2 (Che) and 80.7 emu/g
for AgFeO2 (Bio). The magnetic property of [AgFeO2 (Bio)] was
lesser than [AgFeO2 (Che)] NPs. The materials magnetic properties
were mainly depending on various features such as crystallinity,
size and surface coating. Hence, presence of plant extract residues
in [AgFeO2 (Bio)] can reduce NPs saturation magnetization values
[18]. Casbeer et al., reported that ferrite NPs were highly stable and
it have unique magnetic properties. Hence, recovery of NPs from
the medium is very facile; due to this magnetic properties
synthesized NPs are believed to effectively useful in many
applications such as adsorbents, catalysts and antimicrobial agents
[35].

3.5. SEM studies and EDX measurements

Morphology of [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs prepared
through facile and single-step reaction were investigated using
SEM as shown in (Fig. 3A and B). The [AgFeO2 (Bio)] NPs seemingly
illustrated mono-dispersed and less aggregation micrograph. In
contrast, (Fig. 3B) of [AgFeO2 (Che)] NPs appeared in more
aggregated form. It was noted that both [AgFeO2 (Bio)] and [AgFeO2

(Che)] NPs were looked like spherical morphology. Moreover, SEM
micrograph depicted that [AgFeO2 (Bio)] NPs have better
iological and chemical mediated AgFeO2 NPs [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs
�. Diffractogram of NPs also corresponded to JCPDS card no:00-025-0765 AgFeO2. (b)
gFeO2 (Che)] NPs magnetization curves obtained by VSM measurement at room



Fig. 3. Scanning electron micrograph of synthesized NPs (a,b) SEM images of [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs at 500 nm resolution respectively, The samples were
prepared by a drop-dry method on glass slide and SEM operating at a voltage of 30 keV (c,d) corresponding energy dispersive X-ray spectra of NPs.

Fig. 4. EDX elemental analysis (a,b) Ag (c,d) Fe (e,f) O element mapping images of AgFeO (Bio) and (Che) NPs.
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Fig. 5. Antioxidant activity by DPPH radical scavenging assay. DPPH scavenging
activity of [AgFeO (Bio)] and [AgFeO (Che)] NPs compared with the standard
ascorbic acid and prepared leaf extract. Results are representative of three replicates
and error bars represent standard deviation. One-way ANOVAs were performed to
evaluate significance comparing the both NPs to the control. A value of p < 0.0001
was considered to be statistically significant as compared to the control.
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morphology and less agglomeration. It was due to leaf extract phyto-
compounds acted as a stabilization agents [24]. The chemical
composition of [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs were
investigated by EDX analysis (Fig. 3C and D). The elemental analysis
[AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs illustrated that composition
of Ag, Fe, and O. In addition, trace amount of C element was present in
[AgFeO2 (Bio)] NPs. The characteristic signals for Ag, O and Fe were
apparently detected at 3, 0.3 KeV and 0.8 for Fe La, 6.5 Fe Ka and 7.0 Fe
Kb, respectively. Furthermore, the composition of the Ag and Fe were
tested in elemental EDX mapping. The mapping of Ag (green), Fe
(yellow) and O (red) was shown in the (Fig. 4). The EDX elemental
Fig. 6. Zone of inhibition (mm) against E. coli and S. aureus and various concentration (10
NPs. by disk diffusion method.
analysis in Fig. 4(a and b) Ag (c,d) Fe (e, f) O element mapping images
of AgFeO2 (Bio) and (Che) NPs clearly indicates that both Ag and Fe
were homogeneously dispersed throughout [AgFeO2 (Bio)] and
[AgFeO2 (Che)] NPs sample [36].

3.6. Charge and size analysis

The Table 1 depicted Zeta potential measurement of [AgFeO2

(Bio)] and [AgFeO2 (Che)] NPs were carried out at a neutral pH
value. The [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs potential was
observed to be -43.8 and -28.6 mV, respectively. Particle size
analysis in Table 1 showed that average size of [AgFeO2 (Bio)] NPs
in 92 nm and [AgFeO2 (Che)] NPs in 110 nm. This can be attributed
to bio-molecules bound toward NPs surface that enhances its
stability by preventing aggregation [24].

3.7. Antioxidant activity of NPs

The antioxidant activity of synthesized [AgFeO2 (Bio)], [AgFeO2

(Che)] NPs and aqueous A. blitum leaf extract was determined by
using DPPH assay (Fig. 5). The free radical scavenging activity of
NPs tends to increase with increasing its concentration, also both
NPs have a significant inhibitory activity against the DPPH radicals.
The NPs antioxidant activity was owed to the shifting of the
electron in oxygen to the odd electron in oxygen surface orbits

�
OH

and O2
�� radicals [26]. Notably, [AgFeO2 (Bio)] NPs exhibits higher

antioxidant activity of 99 % at 250 mg which is in comparison with
control ascorbic acid (Fig. 5). The binding of bioactive constituents
with [AgFeO2 (Bio)] NPs enhanced the antioxidant activity also
owed to small size of monodispersed NPs provide more number of
active sites to scavenge the free radicals and inhibit the oxidation
reactions [37]. Thus, the antioxidant activity of [AgFeO2 (Bio)] NPs
exhibited higher than [AgFeO2 (Che)] NPs. In addition, leaf extract
(250 mg) shows higher inhibition activity of 79.5 %. It was due to
bioactive molecules in the leaf extract were decidedly reactive OH
,20 and 30 mg) of Kanamycin, prepared leaf extract, [AgFeO (Bio)] and [AgFeO (Che)]
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groups donate H to decrease the free radicals. The result confirms
that reducing capacity of leaf extract was increased with increasing
the antioxidant activity of leaf extract [20,26].

3.8. Disc diffusion

The various concentrations of 10, 20 and 30 mg of [AgFeO2 (Bio)]
and [AgFeO2 (Che)] NPs were tested for antibacterial activity
against E. coli and S. aureus by disc diffusion assay. (Fig. 6)
illustrates ZOI diameter measurements for [AgFeO2 (Bio)] and
[AgFeO2 (Che)] NPs, kanamycin and leaf extract. The results clearly
represented that, the prepared [AgFeO2 (Bio)] NPs exhibited higher
antibacterial activity than [AgFeO2 (Che)] NPs and leaf extract
(Table S1). Also, beyond 30 mg of [AgFeO2 (Bio)] showed zone of
Fig. 7. Antibacterial activity of biological and chemical mediated AgFeO2 NPs by agar 

concentration (10,20 and 30 mg) of Kanamycin, prepared leaf extract, [AgFeO2 (Bio)] and [
concentration (20, 40, 60, 80 and 100 mg) of [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs agai
significance comparing the both NPs to the control. A value of p < < 0.0001was consid

Table 1
Shape, structure, zeta potential, particle size and saturation magnetization of AgFeO (B

NPs Shape Structure Zetapotenti

A-AgFeO Spherical 2H polytype hexagonal �43.8 

B-AgFeO Spherical 2H polytype hexagonal �28.6 
inhibition comparable to kanamycin (Fig. 7A and B). The better
activity of [AgFeO2 (Bio)] NPs was due to organic molecules on NPs
surface and significantly rises NPs active site and stability by
inhibiting accumulation than [AgFeO2 (Che)] NPs [38].

3.9. Minimum inhibitory concentration (MIC)

Minimum quantity of NPs required for antibacterial activity was
estimated by the standard MIC method. The results clearly showed
that both [AgFeO2 (Bio)] NPs and [AgFeO2 (Che)] NPs have
bactericidal efficiency on E. coli and S. aureus compared to leaf
extract and kanamycin (Fig. 7C and D). Fig S2 (see supplementary)
clearly showed that E. coli growth was inhibited by 98% and 83.9%
in the presence of 100 mg [AgFeO2 (Bio)] and [AgFeO2 (Che)] NPs
disk-diffusion and broth dilution Assay (a, b) Zone of inhibition (mm) of various
AgFeO2 (Che)] NPs against E. coli and S. aureus respectively. (c, d) Minimum inhibitor
nst E. coli and S. aureus respectively. One-way ANOVAs were performed to evaluate
ered to be statistically significant as compared to the control.

io) and AgFeO (Che) NPs.

al(mV) Particle size(nm) SaturationMagnetization(emu g-1)

92.1 87.6
110.5 80.86



Fig. 8. The in-vitro cytotoxicity of different NPs measured by MTT assay. (a) The cytotoxic effect of AgFeO2 (Bio) and FeO2 NPs synthesised by green co-reduction using A.
blitum leaves extract and AgFeO2 (Che) and FeO2 NPs synthesised by chemical co-reduction precipitation method using NaBH4 on non-cancerous human embryonic kidney
cell lines (HEK 293 T) after 24 h of treatment were evaluated by mitochondrial activity using the MTT assay. The bar graph represents the mean value of three replicates where
cells were treated 20 mg of NPs and cells treated with 10% DMSO were considered as control. (b) HEK 293 T cells treated with different NPs after 24 h incubation. HEK 293 T
cells untreated (left panel) and the cells treated with 20 mg of Ag-FeO2 (middle panel) and with 20 mg of FeO2 (right panel). Magnification: 20 � . One-way ANOVAs were
performed to evaluate significance comparing the both NPs to the control. A value of p < 0.05 was considered to be statistically significant as compared to the control. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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respectively. Similarly, the growth of S. aureus was inhibited by 98%
and 79% in the presence of 120 mg [AgFeO2 (Bio)] and [AgFeO2

(Che)] NPs respectively. These results depicted that increase in
concentrations of NPs, the final bacterial concentration was
decreased [39]. Therefore, the optimum MIC was found to be
100 mg/mL of [AgFeO (Bio)] NPs for E. coli and 120 mg/mL of
[AgFeO2 (Bio)] NPs for S. aureus. Also, significant reduction of CFUs
were observed [AgFeO2 (Bio)] NPs against E. coli and S. aureus (data
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not shown). In addition, the results indicate that NPs were more
effective against E. coli compared to S. aureus because of the thin
outer membranes of Gram -ve strains as against the Gram + ve
strains possessing an additional thick peptidoglycan layer [19].
Therefore, NPs may entered the cell membrane effortlessly
compared to other molecules and involves in DNA damage which
in turn reduces cell viability [40]. Further, experiments are
required to assess the impact and deliverance of metal ions from
NPs to a bacterial cell.

3.10. Cytotoxicity studies

The cell viability assay revealed that human embryonic kidney
cells treated with NPs synthesised by green co-reduction using A.
blitum leaves extract showed a slight decrease in the viability than
the untreated cells whereas the cells treated with NPs synthesized
by chemical co-reduction precipitation method using NaBH4

showed a very poor viability of around 5%. Ag functionalized
FeO2 NPs (Bio) showed a higher viability (�80 %) than the non-
functionalized FeO2 NPs (�60 %) (Bio) when compared to their
respective controls (Fig. 8A). The kidney cells were able to survive
in the presence of NPs synthesised by green co-reduction and not
with NPs synthesized by chemical co-reduction (Fig. 8B). HEK cells
were viable till 20 mg of Ag-FeO2 and FeO2 and beyond this the cell
viability was drastically reduced which depicts that the usage of
NPs beyond 20 mg in drug conjugation or biomedical applications
might be toxic to the non-cancerous cells.

The particles used in conjugation with drugs and therapies will
be rapidly cleared through kidneys [41,42] and hence a study of
toxic effects of the NPs having potential biological application on
the kidney cell lines provides an insight in to the application as well
as the mode of synthesis of NPs. in vitro toxicity of several Fe based
NPs varies depending on the type of cell lines and the physical
properties such as size shape and surface coating of the NPs.
Various studies with Iron oxide based NPs at a concentration of 100
mg/ml showed toxicity due to oxidative stress developed by the
generation of reactive oxygen species [43]which is evident from
our studies also, however Ag functionalised iron NPs synthesized
by green reduction in this study showed toxicity at a concentration
greater than 200 mg/ml which makes this a promising material for
several biomedical applications.

4. Conclusions

Our results clearly showed that [AgFeO2 (Bio)] NPs possess
much superior properties compared to [AgFeO2 (Che)]. The
characterization results showed that [AgFeO2 (Bio)] NPs have
smaller particles size, better surface area and monodispersed as
compared to [AgFeO2 (Che)] NPs. The synthesized AgFeO2 (Bio) NPs
showed better antimicrobial activities for E. coli and S. aureus than
AgFeO2 (Che) NPs. MIC values for [AgFeO2 (Bio)] was estimated to
be 100 mg for E. coli and 120 mg for S. aureus. The toxicological
impacts of [AgFeO2 (Bio)] were tested and compared to [AgFeO2

(Che)] NPs against HEK cells. The results depicted that [AgFeO2

(Bio)] NPs cytotoxicity was lesser than [AgFeO2 (Che)] NPs. The
result also depicted that A. blitum leaf extract was a better
substitute to toxic reducing agents such as NaBH4.AThe results
evidently shows that [AgFeO2 (Bio)] NPs exposed better morphol-
ogy, size, reduced aggregation and high biocidal activity compared
to [AgFeO2 (Che)] NPs. Combining the high antibacterial, less
toxicity and magnetic properties. Thus [AgFeO2 (Bio)] NPs will be
useful for harmless clinical and environmental applications.
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