Research

Thermally induced Fe,0; spikes decorated Ag/Fe,0; nanocomposite
fabrication for anti-bacterial and anti-cancer activities

Md. Kaium Hossain'? - Anshuman Mishra® - Aanshi Tiwari® - Bishweshwar Pant* - Shaikat Chandra Dey*> -
Ayushi Tiwari® - Otun Saha’ - Md. Mizanur Rahaman® - Yogesh R. Shukla® - Ashutosh Tiwari® - Md. Ashaduzzaman?32

Received: 8 September 2023 / Accepted: 13 November 2023
Published online: 16 November 2023

© The Author(s) 2023 OPEN

Abstract

In the context of anti-cellular catalytic permutations, the development of thermally-induced nanotechnology is of great
importance. In this study, iron oxides (Fe,05) decorated silver (Ag) core-shell nanocomposite was prepared using a
green thermal decomposition process without using any additional chemicals. The nanocomposite was characterized
for its composition, phase interactions, morphology, and stability using spectroscopic, thermogravimetric, and micro-
scopic techniques. The resultant nanocomposite were also investigated against different types of bacteria and cancer
cell lines. Both Gram-positive bacteria (Staphylococcus aureus) and Gram-negative bacteria (Klebsiella spp., E. coli, and
Pseudomonas) growth was inhibited by the Ag/Fe,0; nanocomposite. The highest 19 mm zone of inhibition (ZOI) was
found for Staphylococcus aureus by the combined effect of Ag and Fe,05. The antibiofilm efficacy of the prepared nano-
composites showed biofilm destruction of 82.56% Staphylococcus aureus and 51.06% Klebsiella spp. Furthermore, the
nanocomposite resulted in 80-90% death of Hela and BHK-21 cells but displayed lower cell toxicity in the case of the
Vero cell line. This pathway of nanocomposites preparation with particle surface engineering would open new doors in
the fields of nanobiotechnology and nanobiomedical applications.
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1 Introduction nanocomposites [1]. Fe,0; nanoparticle possesses both

magnetic and semiconductor properties, which lead to

Composite nanomaterial containing metal and mag-
netic nanocrystals has attracted much interest because
they offer multifunctional applications. In the early
1990s, researchers further targeted to improve the func-
tion of these nanomaterials by preparing multilayered

multifunctional biomedical applications such as anti-
bacterial, anti-fungal, anti-cancer activity, targeted drug
delivery, etc. In addition to that, Fe,O; nanoparticles are
nontoxic in nature and environment friendly [2]. Silver is
reported as one of the most promising metal nanoparticle
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due to its high anti-microbial and cytotoxic properties
from the ancient time. So, the combined effect of Ag and
Fe,O; are gaining the attention of researchers because of
their unique catalytic activity, anti-bacterial activity, and
bio-imaging ability [3].

To date, several different synthetic methods includ-
ing co-precipitation, ultrasonic cavitation, hydrothermal
synthesis, and microwave-assisted synthesis, have been
developed for the purpose of fabricating silver nanopar-
ticles (Ag NPs) decorated with iron oxide composites (Ag/
Fe,0;). For example, Saranya et al. [4] synthesized Fe,0/
Ag nanocomposites in a 2:1 ratio of iron oxide, silver pre-
cursors using one pot microwave-assisted green synthesis
method and Khan et al. [5] used co-reduction method to
prepare Fe,0;/Ag nanocomposite with Algaia Monozyga
leaves extract. For the preparation of hematite-silver heter-
odimer, Trang et al. [6] employed a simple two-step hydro-
thermal synthesis approach. Recently, Al-Zahrani et al. [7]
phytosynthesized Ag/Fe,O; nanocomposite using the
extract of Buddleja lindleyana. They applied these nano-
composites for anti-cancer and anti-microbial applications.
Although Fe,O; performance was highly improved by add-
ing Ag NP in several studies, nanocomposite fabrication is
usually a multi-step process. Therefore, it is important to
engineer the Ag/Fe,0; nanocomposite with an easy and
environmentally friendly method.

In this paper, we have synthesized Fe,O; nanospike-
loaded Ag NP following a facile thermal decomposition
method. This method did not require the use of a reduc-
ing agent or any other additional chemicals. Compared to
other conventional synthesis methods, thermal decompo-
sition is relatively simple, cost-effective, environmentally
friendly, and the purity of the product is high [8]. In the
preparation of this nanocomposite, the ratio of precursor
materials (Fe,05; and AgNO;) was adjusted to 2:1 and 1:1
to see the difference in size, structure, morphology, and
the effectiveness of these composites in various applica-
tions. After the nanocomposite was formed, the free Fe, 0,
was removed and a nanospike-like surface was formed by
treating it with conc. HCI. A sustainable green approach to
synthesize and apply in biological activities (such as anti-
bacterial, anti-cancer, etc.) are important aspects that can
contribute in a more ecological way to provide sustainable
healthcare management in the form of diagnosis devices
as a significant aspect [9, 10]. The nanocomposite that was
produced was tested for its effectiveness in controlling the
growth of both Gram-positive (Staphylococcus aureus) and
Gram-negative (Klebsiella spp., E. coli, Pseudomonas) bac-
teria, including their biofilms through its anti-microbial
and anti-biofilm properties and the efficacy of different
types of produced nanocomposite was also compared. It
was observed that the composite showed greater activity
towards bacteria than the individual materials, and with
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increasing the concentration, the activity increases. In
addition to anti-bacterial and anti-biofilm activity, cyto-
toxicity of the produced nanocomposite was also inves-
tigated against Vero, Hela, and BHK-21 cell lines to deter-
mine its activity towards cancer cell and biocompatibility.
The composite showed significant toxicity towards Hela
and BHK-21 but shows lower toxicity against the Vero cell
line. Furthermore, plausible mechanisms for anti-microbial
activity have been proposed.

2 Experimental
2.1 Materials

Ferric oxide red (extra pure, 95%), silver nitrate (extra pure,
99%) were purchased from LOBA Chemie Pvt. Ltd, India.
Hydrochloric acid (37%) was acquired from Merck KGaA
(64271 Darmstadt, Germany). Mueller-Hinton agar and
Tryptic Soy Agar (TSA) were used from Oxoid Limited, UK,
and Sigma Aldrich, respectively. The microbial samples
were taken from the Department of Microbiology, Uni-
versity of Dhaka, Bangladesh. All Chemicals used in the
study were of analytical grade and used without further
purification. Deionized water was used in all experiments.

2.2 Synthesis of Ag/Fe,0; nanocomposite

The Ag/Fe,0; nanocomposite was synthesized directly
by the thermal decomposition method, where Fe,0; was
well mixed and ground with a calculated amount of AGQNO;
to produce a weight ratio of 2:1 and 1:1 of Fe,0; and Ag
in the product. Two crucibles were used to prepare the
samples, which were then separately heated in a muffle
furnace for 1 h at 500 °C. After the furnace was cooled to
room temperature, they were treated with conc. HCl and
was continuously stirred to remove free oxides present in
the products. The product was washed several times with
deionized water before drying at 105 °C. After drying, the
product was ground to separate the agglomerated parti-
cles. Hereafter, products containing 2:1 and 1:1 ratios of
Fe,0; and Ag were named 10g,S and 104;S, respectively.

2.3 Characterization

To obtain the infrared spectra of the nanocomposites, a
Shimadzu IRPrestige21 spectrophotometer (Shimadzu
Corporation, Japan) was used with measurements taken in
the wavenumber range of 4000-400 cm™"'. Using an X-ray
diffractometer (model U1tima IV, manufactured by Rigaku
Corporation, Japan), the crystallinity of the products was
measured within the temperature range of 20-70 °C. The
X-ray diffraction (XRD) patterns of the nanocomposites
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were obtained by scanning continuously within a range
of 5 to 100°, with a scanning speed of 3% per minute. A
thermogravimetric analyzer (TGA-50 Shimadzu, Japan)
was utilized to measure the thermal breakdown behav-
ior of the samples, with readings taken from 20 to 800 °C.
The samples were subjected to a heating rate of 10 °C/min
within an environment of nitrogen, using an alumina cell.
Additionally, FE-SEM and EDS analyses of the sample were
conducted using the JSM-7900F Schottky Field Emission
Scanning Electron Microscope.

2.4 Invitro biological studies
2.4.1 Antibacterial effect evaluation

The Ag/Fe,0; nanocomposite’s ability to combat patho-
genic bacteria was evaluated against Gram-negative
bacteria strains Klebsiella spp. strain KH15, E. coli Strain
EH9 and Pseudomonas spp. strain Psl1, which were pre-
viously identified as multidrug-resistant clinical isolates,
as well as Gram-positive Staphylococcus aureus strain 6 s,
frequently used for clinical sample analysis. These isolates
were obtained from the Department of Microbiology at
the University of Dhaka, Bangladesh. Five isolates were
subjected to antibacterial sensitivity tests using the agar
well diffusion method described by Bauer A, 1966 [11]. The
three concentrations of Ag/Fe,0; nanocomposites: 5, 20,
and 30 mg/mL with and without controls were used in this
study. The test materials were dispersed in distilled water
and subjected to sonication for 30 min. Optical density
(OD) 0.1 was adjusted on a UV-visible spectrophotom-
eter (Spectrumlab 1200RS, Japan) for all bacterial cul-
tures. Escherichia coli DH5a was used as a reference strain.
The 100 uL of bacteria was consistently spread on Muel-
ler-Hinton agar (MHA) plates from the respective bacterial
culture, and a sterile cotton swab was used to coat the
agar plate. In each agar plate, a sterile well cutter (7.0 mm
diameter) was employed to create an aperture into which
a suspension of nanoparticles was added for each bacterial
strain. Optimal bacterial growth was achieved by incuba-
tion at 37 °C overnight, after which the clear zones around
the well were assessed to determine the anti-bacterial
activity of the Ag/Fe,0; nanocomposites [12].

2.4.2 Anti-biofilm effect evaluation

The anti-biofilm activity of the Ag/Fe,0; nanocomposites
was evaluated by using a 96-well microtiter plate follow-
ing the study by Mohanta et al. [13]. Kostaki et al.’s recom-
mended method was employed to induce the formation
of biofilm on the glass slides [14]. Once the biofilm was
established, the glass slides were cleaned using a 70%
alcohol solution, followed by exposure to UV radiation for

a duration of 15 min. After growing on Tryptic Soy Agar
(TSA) overnight at 37 °C, Gram-negative strains E. coli EH19,
Pseudomonas Spp., and Klebsiella spp. KH15, as well as the
Gram-positive strain Staphylococcus aureus, were stored at
atemperature of 4 °C. After a total of 24 h, the isolated colo-
nies were resuspended in 5 mL of tryptic soy broth (TSB)
in order to produce an overnight culture that would result
in the formation of biofilm. On glass coverslips, the treat-
ment of biofilm with Ag/Fe,0; nanocomposites was carried
out. The coverslips were then placed in a 50 mL falcon tube,
15 mL of anti-bacterial agents were added, and the tube
was centrifuged at 300 rpm for 5 min on a thermo centri-
fuge machine. This process was repeated three times after
each washing with sterile water. Loosely attached cells were
removed by washing with sterile water after taking these
slips from falcon tubes. To count viable cells, agar plating
was employed after a ten-fold dilution and subsequent incu-
bation at 37 °C for 24 h. The number of colonies for each
bacterial strain was expressed as colony-forming units per
milliliter (CFU/mL). The nanocomposite’s anti-biofilm activ-
ity was evaluated by calculating the survival fractions (SF)
based on the ratio of untreated viable cells to treated viable
cells, expressed as a percentage. The percentage killed (PK)
was then calculated as (1-SF) X 100 percent. The anti-biofilm
efficacy of the nanocomposite was assessed using both the
aforementioned method and the log reduction (LR) factor,
which was determined using the formula LR=Log10 (1/SF),
as previously described by Hamilton et al. [15].

2.4.3 Cytotoxic effect

The Vero (obtained from African green monkey kidney
epithelial cells), Hela (human cervical carcinoma cells), and
BHK-21 (derived from baby hamster kidney fibroblast cells)
cell lines were grown in DMEM (Dulbecco’s Modified Eagles’
medium) supplemented with 1% penicillin-streptomycin
(1:1), 0.2% gentamycin, and 10% FBS (fetal bovine serum).
The cells were seeded into a 96-well plate at a density of
Vero cells (1.5x104/100 ul), Hela cells (2.0 x 104/100 L),
and BHK-21 cells (1.5x 104/100 pL), followed by incubation
at 37 °C with 5% CO,. On a subsequent day, an autoclaved
sample of 25 pL was added to each well. Following 48 h of
incubation, any insoluble samples were washed using fresh
media, and an inverted light microscope was employed to
assess sample cytotoxicity. For each sample, duplicate wells
were employed.
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3 Results and discussion
3.1 Structural characterization

3.1.1 Attenuated total reflection infrared (ATR-IR)
spectroscopy

Figure 1a, b shows the ATR-IR spectra of Fe,0; and pre-
pared Ag/Fe,0; nanocomposites. The spectra of Fe,0;
and both 104,S and 104;S showed absorption bands at
3358 cm™', which could be attributed to —OH stretch-
ing vibrations [16]. In the ATR-IR spectrum of Fe,O; in its
pure form, a prominent peak was observed at 549 cm™',
indicating the stretching vibration of the Fe—-O bond pre-
sent in both tetrahedral and octahedral sites. Another
peak was observed at 464 cm™', which corresponds to
the bending vibration of the Fe-O bond [17, 18]. The
spectral change from 549 to 590 cm™' and from 464 to
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482 cm™" might be observed due to the incorporation of
more silver since metal, which interacts with the vibra-
tion of Fe-O bond and causes a gradual spectral shift [3,
19]. These band changes and decreases in peak intensity
for Fe—O vibration from Fe,0; to 104,S and 10,S indicate
successful incorporation of Ag with Fe,Os.

3.1.2 X-ray diffraction (XRD)

The XRD patterns of the simulated metallic Ag, commer-
cial Fe,0; and synthesized Ag/Fe,0; nanocomposites are
shown in Fig. 1c. All samples showed strong diffraction
peaks, indicating good crystallinity. Similar peaks were
observed for the 10g4,S and 1045S samples. In both sam-
ples, the peak appearing at the 20 values of 24.2,33.2,57.5,
and 64.2° is attributed to the (012), (104), (018), and (300)
crystalline structures of Fe,0;, respectively. Besides these
peaks, the crystallographic planes of Ag were detected at
20 angles of 37.8, 44, and 64° representing (111), (200),
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Fig. 1 a, b ATR-IR spectrum; ¢ XRD diffraction pattern; d TGA thermogram of Fe,0; and Ag/Fe,0; nanocomposites
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and (220) planes, respectively. By employing the Debye-
Sherrer equation, the average crytallite size of the Fe,O;
nanospikes was estimated and was found to be approxi-
mately 82 nm for |0g4,S and around 65 nm for 104;S [20].
The high concentration of Ag in 104:S might prevent Fe,0;
nanospike agglomeration, thus reducing the crystal size of
Fe,O; compared to 10g,S.

3.1.3 EDS analysis

Figure 2 shows the EDS spectrum of 104,S and 10S. L-a
line at 2.983 keV, comes from the Ag atoms present in
the nanocomposite, and two K-a lines at 0.525 keV and
6.398 keV, come from the O and Fe atoms respectively [3,
21]. From 2(c), it can be clearly seen that both the com-
posite contain major percentage of Ag, and the amount
of Fe,0; is slightly higher in 104,S.

3.1.4 Thermogravimetric analysis

The TGA thermograms of the Fe,0; and Ag/Fe,0; nano-
composites are shown in Fig. 1d. The initial weight loss
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observed below 400 °C corresponds to the loss of superfi-
cial and chemisorbed water molecules on the nanoparti-
cles surface. The weight loss between 400 and 800 °C can
be attributed to phase transformation from mixed phases
of iron oxides into a- Fe,0; phase [22, 23]. Since monopha-
sic B-Fe,0; crystals are difficult to obtain, it is difficult to
determine the transformation mechanism to a-Fe,0; [24].
The increase in thermal stability of Fe, 05 to 104,S and 1045
might be due to the successful attachment of Fe,O; to the
surface Ag. The lesser amount of Fe,O; creates less vacant
space for superficial water and less probability of Fe,O,
phase transition. This might make 10:S more thermally
stable than I0g,S. From the TGA thermogram, it is under-
stood that the weight loss of the nanocomposites is very
low, and the nanocomposites are thermally very stable.

3.1.5 Morphological characterization

The surface morphology, as well as the size of the Ag/
Fe,O; nanocomposite was monitored using the FE-
SEM technique (Fig. 3). Images of the synthesized Ag/
Fe,O5; nanocomposite reveal the presence of uniformly
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distributed nearly spherical-shaped particles. Fe,0;
nanospikes are evenly distributed on the surface of Ag
microspheres. Large particles can be seen in some of the
images; these are most likely the result of smaller particles
agglomerating into larger ones due to large surface area
and high surface energy [25]. The surface morphology of
the Ag/Fe,0; nanocomposites was observed at 3000x
and 100000x magnifications. To understand the size of
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nanoparticles, 100 particles were arbitrarily selected from
the image, and their diameter was measured with respect
to the scale 100 nm [26].

The particle size of Fe,0; in the Ag/Fe,05; nanocom-
posites was in the range of 10 to 110 nm. A maximum
population of the nanoparticles was seen in the range of
70 to 80 nm for 10g,S and 30 to 40 nm for 104sS, which is
agreeable with the results obtained from XRD analysis. The
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smaller size for 1045S than 104,S might be due to the pres-
ence of the greater amount of Ag present in the reaction
mixture. More Ag in 104;S probably prevented agglom-
eration by reducing the magnetic interaction of Fe,0;
in the surface of Ag [27]. As the composite was treated
with conc. HCI after the formation of the nanocompos-
ite, the free oxides leached out from the surface and the
incorporated oxides remained at the surface of Ag. ATR-IR
spectra, XRD analysis, elemental analysis, along with the
FESEM imaging, confirm the successful formation of Ag/
Fe,O; nanocomposite where Fe, 05 nanospikes are firmly
deposited on the Ag microsphere surface.

3.2 Anti-bacterial properties and in vitro biological
applications

3.2.1 Anti-bacterial activity of Ag/Fe,0; nanocomposites

The antibacterial properties of the Ag/Fe,0; nanocompos-
ites synthesized were evaluated by measuring the diam-
eter of the inhibition zone using the agar well diffusion
techniques (Fig. 4).

Primarily, the zone of inhibition (ZOl) was tested using
E.coli DH5a to see the anti-bacterial performance. The
concentration was gradually increased, and finally, three

Fig.4 Anti-bacterial activity of
by Ag/Fe,0; nanocomposites
against a, b E. coli, ¢ Staphylo-
coccus aureus, d Klebsiella spp.
bacteria

concentrations (5 mg/mL, 20 mg/mL and 30 mg/mL) were
selected to see the ZOl as at low concentration, the ZOlI
is low (Table 1). The core of the nanocomposite is com-
posed of Ag, and the outer layer consists of mainly Fe,O;
nanospikes. Since Ag shows more anti-bacterial efficacy
than Fe,O; and it is inside the Fe,0; nanospike layer, the
interaction between bacteria and nanocomposite to pro-
duce reactive oxygen species (ROS) is relatively low. Due
to this, the required concentration of nanocomposite for

Table 1 Diameter zone of inhibition (ZOlI) for different bacteria by
using 04,5 and 1045S

Materials Concentra- Klebsiella E. coli Pseu- S.
tion (mg/  spp. (mm) (mm) domonas  aureus
mL) (mm) (mm)
Fe,0; 5 0 0 0 0
20 0 0 0 7
30 7 8 0 9
10,5 5 (KA1) 0 0 0 0
20 (KA2) 10 7 5 10
30 (KA3) 12 13 8 1
1055 5(KB1) 0 0 0 6
20 (KB2) 12 9 6 14
30 (KB3) 15 16 13 19
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anti-bacterial assay may be relatively high in this case. With
increasing concentration, higher amounts of nanocom-
posites become firmly deposited on the bacterial mem-
brane, and generation of ROS turns out to be sufficient to
show higher anti-bacterial efficacy.

The highest ZOI was found for Staphylococcus aureus,
which is 19 mm, and the lowest was 8 mm for the Pseu-
domonas with a concentration of 30 mg/mL. This might
be due to the difference in the cell wall structure of the
two bacteria. Here, Staphylococcus aureus is gram-pos-
itive, while Pseudomonas is a Gram-negative bacterium.
The Pseudomonas cell wall is made up of lipopolysaccha-
rides, phospholipids, and lipoproteins which together
form a barrier that only allows micromolecules to enter
the cell. On the contrary, the cell wall of Gram-positive
bacteria Staphylococcus aureus is made up of a layer of
peptidoglycan, teichoic acid, and abundant pores. These
pores allow smaller molecules to enter the cell which in
turn causes membrane damage and cell death. In addi-
tion, Gram-positive bacteria carry a high negative charge
on the cell wall surface compared to Gram-negative bac-
teria, which can attract NPs. This could be a reason for
the greater inhibition zone in the case of Gram-positive
Staphylococcus aureus [28, 29]. The anti-bacterial effect
of Fe,O5 was also studied in control experiments and it
was observed that Fe,0; has lower anti-bacterial activ-
ity than the composites. It was observed that the ZOI for
|OgsS is greater than 10g,S. From EDS analysis (Fig. 2), it is
evident that 104,S contains more amount of Fe,0; than
|0¢5S, and as a result more surface area is covered by Fe,0;
nano-spikes. Since Ag is known to have more bactericidal
properties than Fe,0; this nanospikes on the surface of
core Ag slightly inhibit the anti-bacterial activity in case of
|Og,S. From the ZOl|, it can be concluded that the produced
nanocomposites are effective for both Gram-negative and
Gram-positive bacteria and can be an excellent material
for anti-bacterial applications. A similar result was found
by Kulkarni et al. [30].

3.2.2 Plausible mechanism of anti-bacterial activity of Ag/
Fe,0; nanocomposite

The bactericidal impact of the Ag/Fe,0O; nanocompos-
ite could be attributed to the discharge of Ag from the
composite. Since the Ag surface is partly covered with
Fe,0; nanospike, the interaction might occur where the
Ag surface is exposed. The strong interaction between the
silver ion and thiol groups of vital enzymes causes bac-
teria to lose their replication ability [31]. The abundance
of carboxylic and other functional groups results in a
negatively charged surface of the cell at physiological pH.
The electrostatic forces between the opposite charges of
the bacteria and the silver in the nanocomposite might
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be the reason for its adhesion and anti-bacterial activity
[32]. Fe, 05 alone can also show significant anti-microbial
activity, which is reported by several authors [16]. Fe,0;
nanoparticles are very stable in normal environmental
conditions but they become active under UV light where
the defect sites generate ROS such as superoxide radical
anions (0?7) and hydroxyl radicals (OH™) The ROS can lead
to bacterial death by membrane desorption, disruption of
cellular function, etc. [33, 34]. Figure 5a depicts the mem-
brane damage and cell death of bacteria due to the activ-
ity of nanoparticles.

3.2.3 Anti-biofilm activity of Ag/Fe,0; nanocomposites

In the anti-biofilm study, both 104,S and 1045S showed sig-
nificant efficacy against bacterial biofilm. With increasing
concentration, the percent reduction in the biofilm of four
different types of bacteria increased (Fig. 6).

A higher log reduction indicates a better anti-biofilm
activity of the nanocomposites against bacteria. The high-
est logarithmic reduction of 0.52 and 0.76 was observed
for Staphylococcus aureus at a concentration of 30 mg/mL
using 10g,S and 10;S, respectively. In the case of Gram-
negative Klebsiella spp, it was 0.31 and 0.19 (Table S1-S5).
The presence of the nanocomposite killed a biofilm of
82.56% Staphylococcus aureus and 51.06% Klebsiella spp.
The destruction of the biofilm for Gram-positive Staphy-
lococcus aureus was greater than that of any other Gram-
negative bacteria used in this work. The difference in the
structure of the cell wall might be a reason for this destruc-
tion. Figure 5b demonstrates the plausible mechanism of
anti-biofilm activity of Ag/Fe,0; nanocomposites.

3.2.4 Plausible mechanism of anti-biofilm activity

To protect themselves from adverse environmental con-
ditions such as UV exposure, acid exposure, dehydration,
and salinity, different antibiotics and anti-microbial agent
microbes in biofilm produce extracellular polymeric sub-
stances (EPS) such as proteins, DNA, polysaccharides, RNA,
etc. [35]. The breakdown of the biofilm might be due to
the interaction of the Ag/Fe,0; nanocomposite with EPS
and with the bacterial communication system, quorum
sensing (QS), by which bacteria communicate with each
other through the production and detection of signal mol-
ecules. All bacteria employ this cell-to-cell communication
between intra and interspecies bacterial populations to
respond to changes in adverse conditions [36]. Targeting
and disrupting QS signaling systems is possibly the main
mechanism by which Ag/Fe,0; nanocomposite displays
anti-biofilm activity. Gram-negative and Gram-positive
bacteria have peptidoglycan in their cell walls. Cleavage
of these peptidoglycans reduces biofilm formation by
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Fig. 5 The anti-bacterial effect (a)
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altering the composition of teichoic acids and proteins
present in the cell wall, signaling molecules that can mod-
ulate the biofilm-related gene expression [5].

3.3 Cytotoxicity of Ag/Fe,0; nanocomposites

The cytotoxic effect of the Ag/Fe,0; nanocomposites in
their natural state was investigated using three different
cell lines: Vero, BHK-21, and Hela. To investigate the cyto-
toxic effect, the highest concentration used to investigate
the antibacterial effect (30 mg/L) was selected. A control
experiment was also performed to find out the effect of
phosphate buffered saline-PBS (pH ~ 7.4). After washing
the cells with PBS, more than 95% of cells of all cell lines
were survived, indicating no significant effect of the buffer.
Figure 7a—c show the microscope image for the analysis of
cytotoxicity on Hela cancer cell lines with the nanocom-
posites produced. A similar percentage of cell survival was
observed for both I0g,S and |0sS. The prepared 104,S and
[0¢5S show very high toxicity (cell survival 10-20%) against

Hela cells. This result indicates that the synthesized nano-
composite may be a potential anti-cancer material [37, 38].

The previous studies reported the potential anti-cancer
activity of Ag/Fe,0; nanocomposite [30]. The toxic effect
of 10g,S and 104;S on BHK-21 is shown in Fig. 7d—-f. The
survival percentage of BHK cells indicates that the nano-
composites kill nearly 80-90% of cells. BHK cells are capa-
ble of both reproducing themselves in hamster tissues
and producing tumors when injected into adult hamsters
[39, 40]. As BHK cells cause tumors, the nanocomposite
can be used as material to destroy these cells, and further
research might develop its activity. The cytotoxic effect
of Fe,0; was also investigated. The moderate cytotoxic
effects were measured with Hela and BHK cell lines (cell
survival 30-40%). The toxicity in Vero cells is shown in
Fig. 7g-i. Approximately 70-80% of Vero cells survived in
the experiment, which is an indication of less toxicity of
nanocomposites for mammalian cells and bodies [17, 41].
Kulkarni et al. [30] reported a similar kind of result that
the produced nanocomposite did not show significant

Fig. 7 Inverted light microscope images of cancer cell Hela a in the
absence of nanocomposite, in the presence of b 104,S and ¢ 104;S;
BHK-21 cells d in the absence of nanocomposite, in the presence of
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cytotoxicity against normal cells. A lower concentration of
nanocomposites might kill a lesser percentage of normal
cells. The cytotoxic effect of the nanocomposites might
be due to the formation of ROS, which damage the essen-
tial cell components such as lipids, DNA, and proteins,
leading to the death of the cells. Mitochondrial function
decrease, lactate dehydrogenase (LDH) release, apoptosis,
aberration and DNA damage might also be some reasons
[42, 43]. In a study by Saranya et al. [4], the anti-cancer
potential of Fe,0;/Ag nanocomposite against lung cancer
(A549 cell line) was evaluated. The MMT assay revealed
that treated cells had reduced cell viability compared to
control cells. The findings suggested that concentrations
of Fe,05/Ag ranging from 100 to 200 pg/mL were not toxic
to A549 cells, but higher concentrations (300-400 pug/mL)
exhibited a significant decrease in cell viability. However,
pristine Fe,05 at the same concentration showed lower
cytotoxicity towards the cells. The authors attributed the
higher anticancer efficacy of Fe,05/Ag than Fe,0; to the
generation of (ROS) that induce cell death in breast cancer
cells (MCF-7).

4 Conclusion

The present work highlights the in situ ROS-mediated anti-
bacterial and anti-cancer activity of Ag/ Fe,0; nanocom-
posite which was successfully synthesized using a simple,
faster, more efficient, and environmentally friendly thermal
decomposition route. The morphology along with the ATR-
IR, XRD, and EDS data, confirmed a successful formation of
Ag/Fe,0; nanocomposite where Fe,0; nanospikes were
found to be distributed on the surface of the Ag micro-
sphere. The Ag/Fe,O; nanocomposite presents a signifi-
cant opportunity for the development of materials that
have the potential for efficient application in biomedi-
cal fields such as nanomedicine and pharmacotherapy.
The high ZOl in case of anti-bacterial study and a higher
percentage of biofilm reduction ability makes them a
suitable candidate for future exploration. Careful tuning
and surface modification in the particle surface might
improve their efficacy. Cytotoxicity towards Hela and BHK
cell line indicate their potential to be a candidate in can-
cer research if biocompatibility can be achieved more by
modification in the preparation process of the nanocom-
posites. Finally, this work contributes to the fundamen-
tal understanding of bioactive nanomaterial production
using a greener approach which could find relevant bio-
medical applications.
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