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A B S T R A C T

Focusing on the huge importance associated in developing functional materials, this research study describes the
synthesis, characterization of morphology, bactericidal activity and cytotoxic effect of iron oxide nanoparticles
(IONPs). IONPs have been successfully fabricated through thermal decomposition of a diiron(III) complex pre-
cursor. The morphology of the nanoparticle has been delineated with different spectroscopic and analytic
methods. Scanning and transmission electron microscopy (FE-SEM and HR-TEM) analyses estimate the cross
linked porous structure of IONPs with an average size ~97 nm. Dynamic light scattering (DLS) study of IONPs
determines the hydrodynamic diameter as 104 nm. The cytotoxic behavior of IONPs has been examined against
human lung cancer cell line (A549) through different fluorescence staining studies which ensure the mode of
apoptosis for cell death of A549. Furthermore, measurement of reactive oxygen species suggests the destruction of
mitochondrial membrane of Staphylococcus aureus, leading to effective bactericidal propensity which holds a good
promise for IONPs to become a clinically approved antibacterial agent.
1. Introduction

Nano-scale functional materials hold a great promise in constructing
as well as advancing nanoparticle based nano-devises than that of their
bulk material [1, 2, 3]. Extensive research studies have been carried out
on nano-dimensional functional materials for having their unique
physico-chemical properties and their significant contributions to prog-
ress the modern science [4, 5, 6]. It is well documented that the nature of
morphology of the nano-material can have great impact on the electronic
characteristics, magnetic behaviours, catalytic activities, therapeutic ef-
ficacy and so on [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. Among the different
kind of nano-scale materials, iron oxide nano-structures have drawn
paramount attention for their employability in large scale of applications
like design of nanomagnetic materials [7,8], magnetically separable
nano-catalysts as well as photo-catalysts [9, 10, 11], nanomagnetic
sensor [12], semiconductor and imaging devices [13], development of
supercapacitors and batteries [14], improvement of coating materials
[15]and others. Noteworthy, nano-scale iron oxides are found as
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chemically and thermally stable materials and also widely apply in ap-
plications of energy conversion [9,16].

However, in recent times, iron oxide nanoparticles grab significant
attention for their use in designing therapeutics, targeted drug delivery
and other biomedical applications [17, 18, 19, 20]. It is also reviewed
that iron oxide nanoparticles (IONPs) are of special interest for bearing
features like large surface area, small size, lower nanotoxicity, appealing
magnetic properties and less hazardous in living world [21, 22, 23]. In
pursuit of the importance associated with the IONPs, this research work
deals with the design, synthesis, morphological analysis, bactericidal
activity and antiproliferative effect of iron oxide nanoparticles. Thermal
decomposition technique was employed to produce IONPs. SEM and TEM
images, PXRD and other spectroscopic methods were used to depict the
morphology of the nanoparticles. DLS study was employed to estimate
the hydrodynamic size of IONPs. ROS measurement and loss of
trans-membrane potential study against S. aureus bacterial species as well
as mitochondrial depolarization pattern observation ensures about the
potentiality of IONPs to become a promising candidate for clinically
ber 2020
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Figure 2. IR spectra of IONPs and standard iron oxide.
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approved antibacterial agent. The cytotoxic behaviour has been evalu-
ated towards human lung cancer cell line (A549) through different
fluorescence staining methods.

2. Experimental

2.1. Preparation of the precursor

2.1.1. Chemicals, solvents and starting materials
High purity salicyaldehyde (Sisco Research Laboratories Pvt Ltd,

India), 1,3-diaminopropan-2-ol (Sigma-Aldrich, UK) and iron(III) chlo-
ride hexahydrate (Merck, India) were purchased from the respective
sources. All the chemicals including solvents were of Analytical grade
(A.R. grade) and used as received.

2.1.2. General synthesis of the Schiff base (H3L), its diiron(III) compound
and iron oxide nanoparticles

The compartmental Schiff base, H3L and its diiron(III) complex were
prepared following a reported synthetic route [24, 25, 26, 27, 28]. The
Schiff base was synthesized by condensing salisaldehyde (2 mmol, 0.244
g) and 1,3-diaminopropan-2-ol (1 mmol, 0.086 g) in 25mL ethanol under
reflux for ~10h. Thereafter, the reaction mixture was evaporated to yield
a yellow crystalline product. The Schiff base was stored over CaCl2. Yield,
0.272 g (82.4%). Anal cal. for C17H18N2O3 (H3L): C, 68.48; H, 6.08; N,
9.39; Found: C, 68.40; H, 6.02; N, 9.35. IR (KBr, cm�1): 1630 (s), 3375
(s), UV-Vis (λmax, nm): ~221, 256, 316, 403.

The diiron(III) complex was synthesized by dropwise addition of aq.
methanolic solution (5mL) of FeCl3.6H2O (0.540 g, 2 mmol) into a 10mL
methanolic solution of H3L (0.298 g, 1 mmol) with slow stirring. Then
solid sodium furoate (0.134 g, 1 mmol) was added in small portions into
the red coloured reaction mixture and stirring was extended to 10 min
more. The reddish brown reaction mixture was kept in open air and after
7–9 days, suitable single crystals of diiron(III) complex were separated
out. The brown coloured crystalline product was dried over silica gel.
Yield: (on metal salt basis) 0.399 g (74.0%). Anal. cal. for
C23H24N2Cl2O8Fe2 (1): C, 43.36; H, 3.79 N, 4.39; Found: C, 43.31; H,
3.75; N, 4.36. Selected IR frequencies (KBr pellet, cm�1): 3485 (s), 1621
(s), 1507 (s), 1428(s), 1378(m), 802(m). UV-Vis (λ, nm, 10�4, MeOH):
234, 322, 502.

The IONPs were produced following the thermal cleavage of this
diiron(III) complex as a precursor. Previously, we had reported the X-ray
structure of the diiron(III) complex. The crystal structure exhibited the
existence of an alkoxido-acetato-bridged diiron(III) compound in
Figure 1. Thermogravimmetric analysis
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crystalline phase where each of the iron(III) centres adopt octahedral
coordination geometry. The thermal decomposition profile (Figure 1) of
the diiron(III)-Schiff base complex showed stepwise decomposition of the
metal complex. The precursor produced thermally stable iron oxide
nanoparticles (IONPs) (expt. wt loss ¼ ~80% at 685 �C) upon heating at
700 �C for 3h in a furnace. This is also evident from the comparison of IR
spectra between a standard iron oxide and the end product of thermal
decomposition for diiron(III)-precursor. Other spectroscopic results of
the end product agree very well with the existence of IONPs in the form
of Fe2O3 (Figure 2).

2.2. Physical measurements

A spectrophotometer (FTIR-8400S SHIMADZU) was employed to re-
cord infrared spectrum (KBr) of diiron(III) complex and IONPs in the
range 400–3600 cm�1. NMR spectra were recorded with a Bruker Avance
300MHz spectrometer in DMSO-d6 at 25 �C. The absorption spectra were
measured with a JASCO V-730 UV-vis spectrophotometer. Thermal
analysis was performed with a Perkin Elmer Diamond TG/DTA system in
a static nitrogen atmosphere with a heating rate of 10 �C/min. Elemental
analyses were carried out in a Perkin Elmer 2400 CHN microanalyser.
spectrum of the diiron(III) complex.
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The dynamic light scattering study and zeta potential measurement of the
IONPs were performed at 25 �C on a Malvern Instrument with Zetasizer
Nano ZS90 instrument. The hydrodynamic size of IONPs was measured
by adding 100 μL of IONPs solution to 1.5 mL of water and recorded in
triplicate to find an average number-size distribution.

2.3. Physicochemical characterization of iron oxide nanopartcles

The morphology of the iron oxide nanoparticles (IONPs) was deter-
mined by X-ray diffractometer (Bruker D8 advance) using CuKα radiation
ranging from 20�-80�. The size and shape of the IONPs were assessed
through scanning electron microscopy (FE-SEM, HR-TEM) images. The
SEM images were recorded using a microscope in JSM-6700F FESEM,
JEOL, Japan and TEM images were obtained on a JEM-2100 HRTEM,
JEOL, Japan.

2.4. Antibacterial activity of iron oxide nanopartcles

The in vitro bactericidal study of the IONPs was performed against
different pathogenic bacteria like Staphylococcus aureus, Proteus vulgaris
and Pseudomonas aeruginosa following the method of well diffusion [29].
The pathogenic bacteria were cultured in nutrient broth followed by
incubation for 24 h at 37 �C. Afterwards, 100μL (106 CFU/mL) of the
respective indicator strain was added to the nutrient agar plates to pre-
pare the turf of bacterial culture. 100 μL of the IONPs with a concen-
tration of 1 mg/mL was loaded to the wells which were developed by
boring the agar with a sterile borer. All the plates were incubated for 37
�C for 24 h and subsequently, the zone of inhibition diameter (mm) for
each compound were recorded to compare with the inhibition diameter
of antibiotic streptomycin.

2.4.1. Minimum inhibitory concentration by resazurin assay

2.4.1.1. Preparation of resazurin. The resazurin solution was prepared by
the addition of 0.015 g resazurin to 100 mL sterile distilled water. The
solution was vortexed and sterilized (0.22 μM filter), and kept in a brown
bottle.

2.4.1.2. Resazurin microtitre assay (RMA). The minimum inhibitory
concentration (MICs) of IONPs was detected with RMA following the
Mean of absorbance of untreated cells ðControlÞ �Mean of absorbance of treated cells
Mean of absorbance of untreated cells ðControlÞ � 100
method described by Norazah et al. (2017) [30]. 100 μL of IONPs with a
concentration of 2 mg/mL was added into the first row of the 96-well
micro titre plate. The remaining wells were filled with 50 μL of
nutrient broth. Each well with 50 μL of the test compound having
descending concentrations in a serial manner were performed by two fold
serial dilutions. Finally, 10 μL of Staphylococcus aureus was added to the
well to attain a final concentration of 5 � 106 CFU/mL. This experiment
had two set of controls: a negative control indicates column with normal
saline and a positive control represents a column with antibiotic (strep-
tomycin). After incubation for 24 h, the titre plates were stained by
addition of 10 μL of resazurin (0.015 %) and kept in re-incubation for
another 2–4 h at 37 �C to observe the colour change. The change in
colour from blue to pink revealed that the reduction of resazurin to
resorufin occurred and ensured the presence of bacterial growth. The
MIC expressed the minimum concentration of IONPs which didn't exhibit
the change of colour.
3

2.4.1.3. Oxidative stress study. The development of reactive oxygen
species (ROS) was assessed employing 20,70-dichlorodihydrofluorescein
diacetate (DCFH-DA) as a peroxynitrite indicator which is capable to
distinguish both nitric oxide and hydrogen peroxide inside and outside of
the cells [31,32]. 100 μL suspension of Staphylococcus aureus (5 � 106

CFU/mL) was treated with 200 μM DCFH-DA, and fluorescence emission
was measured at 505 nm with a Synergy H1 hybrid reader (Biotek, USA)
with an excitation at 480 nm. 100 μL IONPs at MIC concentration was
added to the above mixture at log phase of the growth kinetics. The
variation of ROS was estimated by comparing the fluorescence intensities
with that of the control (non-treated IONPs suspensions). The experi-
ments were performed in triplicate.
2.5. Protocol for biological activities

2.5.1. Cell culture
Human lung cancer cell line, A549 was procured from the National

Center for Cell Science (NCCS), Pune, India followed by cultured in
DMEM high glucose medium (Sigma-Aldrich, USA), consisting of 10%
fetal bovine serum and 2% of penicillin/streptomycin (Gibco, Thermo
Scientific, USA). The cell culture was incubated in a CO2 incubator with
humidified atmosphere at 37 �C temperature and 5% CO2 (Thermo Sci-
entific, USA). For experiments, the cell passage 15 or less was used.

2.5.2. Cell viability assay
The percentage of cell viability inhibited by IONPs was measured

adopting 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [33]. The stock solution of IONPs in dimethyl sulfoxide
(DMSO) was diluted with the culture media to obtain the working so-
lution of different concentrations. The 96 well plate seeded with 5 � 103

A549 cells per well was treated with working solution and incubation for
24 h. DMSO solution has been used as solvent control. At each well after
incubation, 20 μL of MTT solution (5 mg/mL in PBS) was added and the
plate was covered by aluminum foil and incubated at 37 �C for 4h. After
which 100 μL of DMSO was added to every well for the dissolution of
formazan crystals. The absorbance was monitored at 570 nm using
microplate absorbance reader (iMark™, Bio-Rad, USA). The mean
average was derived from three separate experiments integrated into the
following formula to measure the inhibition percentage:
2.5.3. Acridine orange (AO), ethidium bromide (EB) and hoechst 33258
staining studies

The IONPs mediated apoptosis cell death was assessed using fluo-
rescent based AO/EB and Hoechst 33258 staining methods [34,35]. The
procedure involves treating cells with IC50 concentration of IONPs
derived from MTT assay, harvesting cells to prepare cell suspension, and
staining of 5�105 cells/mL with 25 μL of fluorescent dyes. The untreated
cells serve as controls. The working solution of AO/EB was prepared by
mixing 3.8 μM of AO and 2.5 μM of EB, while 33258 dye was prepared as
1 mg/mL of hoechst. The stained cells were examined under fluorescent
microscope (Carl Zeiss, Axioscope2plus) with UV filter of 450–490 nm
for AO/EB and 355–377 nm for hoechst 33258.



Figure 3. PXRD plot of IONPs.
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2.5.4. Assessment of mitochondrial membrane potential (ΔΨm) (JC1
staining)

The mitochondrial trans-membrane potential of IONPs treated and
non-treated/control cells were evaluated using JC1 staining method
[36]. The staining involved cultivating cells on glass cover slips (22/22
mm) and exposed them with IC50 concentration of IONPs. The cells were
stained with JC-1 dye after an incubation of 12 h. The untreated cells
were grown as control. After staining the fluorescence emission was
observed at ~590 nm in the fluorescent microscope to evaluate theΔΨm.

3. Results and discussion

3.1. Synthesis of the iron oxide nanoparticle (IONPs)

The iron oxide nanoparticle (IONPs) were synthesized by thermal
decomposition of the diiron(III)-Schiff base precursor at 700 �C for 3h in
a furnace. The diiron(III) complex was thermally cleaved in a stepwise
manner under N2 atmosphere to produce iron oxide nanoparticles
(Figure 1). The diiron(III) precursor yields iron oxide nanoparticle in
high efficiency as a thermally stable product. The decomposition profile
for the diiron(III)-Schiff base precursor is previously reported [24]. The
composition of iron oxide nanoparticle was determined through different
spectroscopic methods as well as powder X-ray diffraction studies. The
schematic presentation of the synthetic route of iron oxide nanoparticle
using thermal decomposition technique is given in Scheme 1 and pre-
sented below.
Figure 4. Size distribution plot of IONPs derived from Scherrer's equation using
PXRD data.
3.2. Physico-chemical characterization of IONPs

Different spectroscopic methods have been employed to characterize
the iron oxide nanoparticles (IONPs). Infrared spectrum of the thermally
decomposed end product displayed characteristics peak at 511 cm�1

which is attributed to M-O (Fe–O) stretching of the IONPs and shown in
Figure 2 [25]. No other characteristic peaks have been found in IR
spectrum of IONPs and ensures about the high purity of synthetic IONPs.
The formation of IONPs is further authenticated as evident from the
comparison of IR spectra for a standard iron oxide and IONPs.

PXRD studies have been carried out to find the morphology as well as
crystalline features of IONPs. All the diffraction peaks of IONPs (Figure 3)
are well indexed with the diffraction pattern of standard iron oxide
nanoparticles. CELSIZ programme was employed to obtain the lattice
parameters of IONPs as a¼ b¼ c¼ 8.3512 (3) Å. PXRD study also reveals
that IONPs exist in cubic structure with P4132 space group (Figure 3). No
other diffraction peaks corresponding to impurity are observed which
authenticate the high purity of the synthetic IONPs. The diffraction
pattern of IONPs is well indexed with the diffraction pattern of Fe2O3
compound. Scherrer's equation [37] has been applied to determine the
average crystallite size of IONPs using PXRD data as follows (Figure 4):

L¼ ksλ
ðcosθÞτ
Scheme 1. Preparative procedure of th
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Where L is average crystallite size, ks is the proportionality coefficient ¼
0.9, λ indicates the X-ray wavelength ¼ 1.5406Å, τ is the peak width at
full width at half maxima in radians, and θ is the Bragg's angle. The
histogram of particle distribution of IONPs obtained from PXRD is given
in Figure 4. The average crystallite size is determined as 97 (�3) nm.

The hydrodynamic diameter was also measured by dynamic light
scattering (DLS) study. Figure 5 represents the DLS profile of IONPS. The
e diiron(III) precursor and IONPs.



Figure 5. IONPs size distribution as measured by dynamic light scattering.
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hydrodynamic size measurement suggested that IONPs had an average
size of 104 nm. The average zeta potential of IONPs was calculated as
-12.1 mV in DMSO dispersant. This low value probably ensures the steric
repulsion among IONPs in DMSO. This may be attributed to the hydro-
philic nature of the IONPs which prevents agglomeration. Similar
observation was reported by Tran et al. during his study of antibacterial
activity of iron oxide nanoparticle on Staphylococcus aureus [38].

An electronic spectrum of IONPs has been measured in DMSO me-
dium ranging from 200 nm to 700 nm (Figure 6). An electronic band with
high absorbance and one broad optical band were observed at 265 and
369 nm respectively for the IONPs. The characteristic band at 265 nm is
attributed to n→σ* electronic transition while the electronic band
appeared at 369 nm is assignable for n→π* electronic transition for the
synthetic IONPs [25]. It is commonly observed that the particle size of
IONPs depends on concentration of DMSO. Previously reported data
further supports this observation [39]. In order to justify the stability of
IONPs in DMSO, we recorded electronic spectra of IONPs solution at
different time interval (1st, 3rd, 5th days). The position of electronic bands
for IONPs in this time frame remains almost unaffected (Figure 6). The
electronic bands for IONPs are well documented in reported literatures
[9,18]. Thus, IONPs were stable in DMSO for five days.

The energy of band gap for the IONPs was determined based on the
appearance of the electronic bands in the absorption spectrum of IONPs
Figure 6. Electronic spectra of IONPs recorded on 1st, 3rd and 5th day
in DMSO.
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following the equation, Ebg ¼ 1240/λ (eV), where, Ebg presents the en-
ergy of band gap for the photocatalyst and λ indicates wavelength in nm.
The band gap energy of IONPs is calculated as 3.36 eV (Figure 6). This
band gap energy of IONPs is suitable to act as a good photo-catalyst. The
spectroscopic and morphological characterization of these IONPs along
with synthetic method was partially reported elsewhere [40].

3.3. Scanning electron microscopy analysis

FE-SEM and HR-TEM were employed to examine the surface
morphology, size and shape of IONPs. In the light of micrographs of SEM
(Figure 7), it is revealed that a mixture of hexagonal and elliptical shaped
nanoparticles co-exists together with an average individual size of the
nanoparticle is ~97 nm. However, the distribution of elliptical shaped
particles is dominant in the mixture. Most of the individual nanoparticles
vary from 50 to 120 nm in size for these synthetic IONPs. Figure 7 pre-
sents the image of pure IONPs portrayed that individual grain size of
IONPs is ~97 nm.

HR-TEM images (Figure 8) are also recorded for better understanding
of surface morphology and size of the IONPs. HR-TEM analysis displayed
similar kind of surface morphology as evident from FE-SEM. Close look at
surface morphology of IONPs ensures that individual nanoparticles have
well defined surface barrier ranging from 50 to 100 nm size and elliptical
shape. Therefore, scanning electron microscopy image analyses are in
well agreement about the particle size distribution and shape of the in-
dividual nanoparticles of IONPs.

3.4. In vitro antibacterial activity

The bactericidal activity of IONPs was studied against different
pathogenic bacteria employing well diffusion method. The tested IONPs
exhibited notable bactericidal activity through developing large inhibi-
tion zone. The IONPs exhibited a good inhibitory activity against
different pathogens (Figure 9). It was observed that the IONPs displayed
a little bit lesser activity compared to that of the standard drug, strep-
tomycin. The bacteria, Staphylococcus aureus was justifiably chosen for
further MIC assays. The efficiency of destruction of IONPs against
different bacteria depends on important factors including physico-
chemical properties, concentration, nature of bacterial species, imper-
meability of the cell wall and differences in ribosome of microbial cells
[41].

3.4.1. Minimum inhibitory concentration by RMA
The non-toxic resazurin is a blue non-fluorescent dye which is widely

employed to evaluate the cell growth. The metabolically active cell in
bacteria induces irreversible reduction of the blue dye, resazurin to turn
on a highly fluorescent pink, resorufinwhich is subsequently reduced to a
colourless and non-fluorescent molecule, hydroresorufin by oxidore-
ductase within viable cells. Such colour change can be observed visually
and thereby spectrophotometer isn't employed in this microtitre on
resazurin was adopted to reveal the effect of inhibition of IONPs against
S. aureus. The MIC of the IONPs was determined as 12.5 μg ml�1 against
S. aureus (Figure 10). Actually, antibacterial study of five samples
including these IONPs was concurrently carried out. Column 4 and col-
umn 5 represents the negative control (containing phosphate buffered
saline, growth medium and bacteria) and the positive control (containing
streptomycin, growth medium and bacteria) respectively.

3.4.2. Mechanistic insights of antibacterial activity of IONPs
Scientific experiments proves that development of hydroxyl radicals,

superoxide radicals, singlet oxygen, and hydrogen peroxide as summa-
rized as reactive oxygen species (ROS) may cause the damage in proteins
as well as DNA of the bacteria and leading to bactericidal activity in
IONPs through oxidative stress [42, 43, 44]. Nevertheless, the generation
of free radicals in the oxido-reduction process remains the driving force
to introduce oxidative stress on the bacterial cells and transform them



Figure 7. FE-SEM micrographs of IONPs at different magnification.
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non-viable (Scheme 2). Stronger the interaction, stronger will be devel-
opment of ROS which caused the destruction of the bacterial membranes
[45]. Usually, antimicrobial agents able to release active ionic species
through interaction between active sites (–SH) of the proteins in bacterial
cell with antimicrobial agents and introduce cell lysis [42].
Figure 8. HR-TEM images of ION
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In general, nano-scale material may effectively interact with intra-
cellular oxygen andmay put oxidative stress on cell membrane which can
trigger the interference of the cell membrane. The Antibacterial effect of
the IONPs on three different bacterial species is summarized in Figures 9
and 11. The zeta potential for IONPs was found as -12.1 mV in DMSO
Ps at different magnification.



Figure 10. Minimum inhibitory concentration of IONPs with various com-
pounds against S. aureus using RMA. C1- Negative control [Broth þ phosphate
buffered saline (2 fold diluted) þ bacteria þ dye]; T1- [Broth þ Au(III)-bipy
complex 1 (2 fold diluted) þ bacteria þ dye]; T2- [Broth þ Au(III)-phen com-
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dispersant at 25 �C. The IONPs exhibited greater sensitivity towards
gram-positive bacteria (S. aureus) and displayed lower activity towards
gram-negative bacteria (P. vulgaris, P. aeruginosa). In this case, the greater
bactericidal activity can be manifested on the electromagnetic interac-
tion between oppositely charged IONPs and S. aureus leading to the
development of ROS which subsequently put an oxidative stress through
oxido-reduction processes.

In order to confirm the bactericidal property of IONPs, ROS mea-
surement studies of S. aureus in presence of IONPs at MIC concentration
was performed. Figure 11 shows the kinetics for the DCFH-DA oxidation
of bacterial cell upon treatment with IONPs. IONPs were added in log
phase of bacterial growth. ROS was also traced in absence of IONPs.
Scientific documents prove that ROS can also develop under non-stress
conditions and may counteract by ROS scavenging enzymes in
S. aureus bacteria such as superoxide dismutase (SOD). Nevertheless,
IONPs (Figure 11) enhance the fluorescence intensity significantly which
is directly correlated with the quantity of ROS developed for S. aureus
bacterial cells. The increment nature of ROS in S. aureus upon treatment
of IONPs bacterial cell may cause the damage of iron-sulphur clusters as
well as IONPs and thereby release ferrous ion. Now, these Fe2þ ions can
react with H2O2 to produce hydroxyl radical through Fenton reaction and
can destroy DNA, lipid and proteins of the bacteria [46]. This phenom-
enon manifests the bactericidal activity in IONPs through oxidative stress
which blocks the synthesis of proteins and causes a restriction to further
growth of the organism. This is further evident from the depolarization
effect in JC-1 staining (Figure 13). The bactericidal efficiency of IONPs
increased with increase in concentration and acts as a dose dependent
drug. Therefore, the growth inhibition of the bacterial species is the
reflection of cell destruction induced by nanomaterials [41, 42, 43, 44,
45, 46, 47, 48, 49]. Previously, Arakha et al. and Lee et al. showed similar
kind of antibacterial effect induced by IONPs [42,49].
Figure 9. Inhibitory effects of the IONPs and streptomycin against pathogenic
bacteria using well diffusion assay. The results were compared with the control.

plex 2 (2 fold diluted) þ bacteria þ dye]; T3 [Broth þ iron oxide nano (2 fold
diluted) þ bacteria þ dye]; C2- Positive control [Broth þ Streptomycin (2 fold
diluted) þ bacteria þ dye].
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3.5. In vitro cytotoxicity assays for the IONPs against human lung cancer
cell line (A549)

The cytotoxic effects of IONPs on the human lung cancer cell line,
A549 were investigated adopting MTT assay [33]. The IC50 value from
the assay was estimated as 970 � 5, μG/mL, in which concentration cell
survival was reduced to nearly half compared to untreated cells. Further
results of dose-dependent cytotoxicity of IONPs for 24-hour incubation
confirmed that cytotoxic effect can be increased with increased dose over
a given period of time (Figure 12).
Scheme 2. Proposed model for bactericidal effect of IONPs against bacte-
rial cells.



Figure 11. IONPs induced production of ROS and represent change in fluo-
rescence intensity with DCFH-DA oxidation in presence of IONP for S. aureus.

Figure 12. Dose dependent cytotoxic effect of IONPs on A549 cell lines in
24h incubation.

Figure 13. The result shows the cytotoxic effects of IONPs on A549 cancerous
cell line through AO/EB, hoechst and JC1 staining. The image illustrates the
staining of control and IONPs treated cells.
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3.6. Morphological observation of apoptosis

Morphological changes are essential features of cells that undergo
apoptotic cell death. The fluorescent based AO/EB and hoechst staining
were used to illustrate the morphological changes induced by IONPs.
Based on the morphological features, the cells in AO/EB staining were
differentiated into normal/viable, apoptotic and necrotic. The normal
cells have always been green fluoresced and also have uniform chromatin
with intact cell membrane. Whereas apoptotic cells have various
morphological characteristics, such as cell shrinkage, chromatin
condensation, blebbing, and nuclear fragmentation, it has been fluo-
resced orange-red in color. Although the necrotic cells have fluoresced as
orange-red, they will have the morphology that has swelled. AO/EB
staining results suggest that incubating the IONPs for 24 h induces
apoptosis in A549 cells than the necrosis mode of cell death (Figure 13).
Compared with treated, the untreated cells have more viable cells. The
results obtained from the hoechst stain are in good agreement with the
AO/EB staining results. The IONPs treatments were found to induce
morphological characteristics such as cell shrinkage, chromatin
condensation, and fragmentation (Figure 13). Figure 14 demonstrates
the percentage of apoptosis induced by IONPs observed through AO/EB
and hoechst staining. It was demonstrated in AO/EB staining that IONPs
treatment exhibit ~45% of cell death through apoptosis and ~6% by
necrosis (Figure 14a) [34, 35, 36]. The % of cells exhibiting
8

abnormalities was estimated as ~44% in hoechst study (Figure 14b). The
findings showed that the majority of cells succumbed to cell death by
apoptotic mode.

3.7. Loss of mitochondrial membrane potential (ΔΨm)

Mitochondria play a pivotal role in triggering the signalling of cell
death via both intrinsic and extrinsic apoptosis pathway. In healthy cells,
mitochondrial membrane potential has been preserved in such a way that
mitochondria energize the cellular functions. Whereas in the case of
apoptosis induced by a drug molecule, mitochondria begin to lose its
membrane potential and releases cytochrome C into the cytosol. That
further activates the caspases mediated apoptosis cell death and thus the
anticancer agents were engineered to target cancer cell proliferation. In
our study, using the cationic dye JC-1 was used to assess the collapse of
ΔΨm induced by the IONPs. The JC-1 dye typically accumulates in
mitochondria of healthy cells and emits orange-red fluorescence whereas
it fluoresces green in cytosol when the mitochondrial membrane is
depolarised. Our research results show that JC-1 stained cells emit green
color under fluorescent microscopic observation, as induced by IONPs.
Red color emission was observed during staining of untreated cell
(Figure 12).



Figure 14. Cytotoxic effect of IONPs on A549 cells after exposure for 24 h through (a) AO/EB staining (b) Hoechst staining. Error bars represent mean � SD (n ¼ 3).

S. Das et al. Heliyon 6 (2020) e04953
4. Conclusions

Herein, we describe the synthesis and morphological analysis of an
iron oxide nanoparticle derived from thermal decomposition of a
diiron(III)-Schiff base precursor. The morphology of the iron oxide
nanoparticle (IONPs) has been analysed by powder XRD including
scanning and transmission electron microscopy images. The average size
of the hexagonal shaped cross linked porous nanoparticles was deter-
mined as ~97 nm and the hydrodynamic diameter was estimated 104 nm
by dynamic light scattering studies. Study of the cytotoxic activity of
IONPs on human lung cancer cell line (A549) reveals that nanoparticles
induce the mode of apoptosis for the destruction of lung cancerous cells.
The loss of mitochondrial membrane potential in lung cancer cell was
further observed through depolarization pattern. Evaluation of antibac-
terial activity of the IONPs against different bacteria suggests that
development of oxidative stress through opposite charged electromag-
netic interactions and production of ROS remain the driving force for the
potential antibacterial property. Thereby, IONPs hold a good promise to
become a suitable alternate for clinically approved antibacterial agent.
Further detailed investigations on drug delivery towards A549 cell lines
as well as other cancerous cell lines may provide valuable information
about therapeutic dose and side-effects in chemotherapy.
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