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Abstract

Surface functionalization of iron oxide nanoparticles (Fe,O; NPs) with antibiotics is a novel approach
that opens the door to drug delivery applications. In the present work, we report iron oxide
nanoparticles synthesized by chemical co-precipitation method. As-synthesized nanoparticles were
characterized using field emission scanning electron microscopy (FESEM) , energy dispersive X-ray
(EDX), X-ray diffraction (XRD), ultraviolet (UV)-visible (Vis) spectroscopy, Fourier transform
infrared (FTIR), and vibrating sample magnetometer (VSM). The poly-shaped Fe,O; NPs of size (34
+ 10) nm with hematite (o-Fe,O;) phase were synthesized. The antibacterial activity of
chloramphenicol and gentamicin and their formulation with encapsulated iron oxide nanoparticles was
investigated by the agar well diffusion technique. Drug-encapsulated Fe,O; NPs showed antibacterial
activity against Escherichia coli and Staphylococcus aureus strains, possibly in a dose-dependent
manner. Significant effectiveness was confirmed by the increase in the single range of inhibition
against the tested microorganisms. Furthermore, the effect of iron oxide nanoparticle concentrations
ranging from 1 to 9 pg/uL on bacterial growth was examined.

Keywords: iron oxide nanoparticles (Fe,O; NPs); antibacterial efficacy; biomimetic; drug delivery
systems; chloramphenicol; gentamycin

Introduction

The rise of antibiotic-resistant bacterial types has
made fighting illnesses more difficult. To address
this, scientists are seeking for better and more
effective antibacterial agents. Many studies have
reported on nanoparticles and their antimicrobial
properties [1-6]. Metal oxides have been gained

prominence in biomedical applications due to their
high efficiency and ability to be tailored in size and
form [7-10].
nanoparticles has several advantages that outweigh

Drug delivery in the form of
those of conventional drug delivery techniques. Iron
oxide nanoparticles as part of a nanodrug delivery
system have an advantage over others due to
their remarkable

properties such as strong
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superparamagnetism and a larger easily tunable
surface area. It also helps to achieve site-specific drug
delivery, which helps to overcome the challenges and
concerns of desired bioavailability and further helps
in the elimination of malignant cells. The special
properties
nanoparticles have allowed them to be widely used in
many applications [11-13].

and various ways of creating such

Using the magnetic and biological features of iron
oxide nanocarriers to bind or load drugs has shown to
be an efficient technique to boost the therapeutic
efficacy of these drugs. The majority of drugs can
have their inappropriate properties such as, poor
solubility, high toxicity, nonspecific binding, and
brief circulation half-lives, which may be overcome
by being conjugated to iron oxide nanoparticles
[14-16]. exceptional magnetic
capabilities, iron oxide nanoparticles (Fe,O; NPs) are
biocompatible, stable and environmentally friendly,

In addition to

making them a suitable platform for biomedical
applications. In addition, these nanocarriers are non-
toxic, biodegradable, biocompatible and efficiently
removed from the human body through
metabolism. Several drugs have been combined with

iron

iron oxide nanoparticles to improve its antibacterial
properties [17-19].

In this study, we have reported the synthesis of
Fe,O; NPs conjugated with drugs, chloramphenicol
and gentamicin and compared its antimicrobial

property without Fe,O; NPs.

Experimental

Materials

Iron (III) chloride hexahydrate (FeCl;-6H,0), iron(II)
sulfate heptahydrate (FeSO,-7H,0),
hydroxide (NaOH) were obtained from Sisco
Research Laboratories Pvt. Ltd. (India) and used as
such without further purification. The bacterial
culture media, nutrients broth, and nutrient agar were
purchased from Hi Media, Mumbai, India. Other
materials were purchased from a commercial supplier
included Whatman filter paper (grade 1), acetone,
ethanol, and isopropyl alcohol. Deionized water was
obtained using a Milli-Q system (18.2 MQ-cm’,
Millipore, France). The deionized water was used for

and sodium

the preparation of reagents and culture media. The

two different drugs wused in this study were

chloramphenicol and gentamycin. The bacterial
isolates used for this study were procured from the
Microbial Type Culture Collection (MTCC). They
are Staphylococcus aureus (MTCC — 737), and
Escherichia coli MTCC — 739).

Synthesis of iron oxide nanoparticles

The chemical co-precipitation method was used for
the synthesis of Fe,O; NPs. Briefly, 2.7 g of iron (III)
chloride hexahydrate (FeCl;-6H,0) and 1.39 g of
iron(Il) sulfate heptahydrate (FeSO,-7H,0) were
dissolved in 50 mL of deionized water separately
under continuous stirring at room temperature to
prepare homogeneous solutions of 0.2 mol/L iron
(IIT) chloride and 0.1 mol/L iron(Il) sulfate solution,
respectively. The two solution were then mixed
together under continuous stirring at room
temperature (300 K). 1.0 mol/L NaOH was added
dropwise with continuous stirring at 600 r/min to
elevate the pH of the solution to 12, resulting in a
black precipitate. It was then held for a few hours to
stabilize. The precipitate was removed from the
solution by centrifuging it for 10 min at 6 000 r/min,
and the resultant Fe,O; NPs were carefully washed
with distilled water before drying overnight in a hot
air oven at 60 °C. The nanopowder was then
calcinated at 500 °C for 3 h in a hot furnace. Dried
Fe,0O; NPs powder was utilized for additional
analytical and physical characterization.

Characterizations and Instrumentations

The ultra-centrifugation of the sample was done with
REMI CPR-30 Plus The
ultraviolet (UV)—visible (Vis) absorption spectra were
taken with a Shimadzu UV-2600 spectrophotometer
for solid samples
SpectraMax iD3

samples, with a step of 1 nm in the wavelength ranges
of 200-800 nm. The stirring of the sample was done
using a REMI MS-500 magnetic stirrer. The nature of

centrifuge machine.

and a Molecular Devices

spectrophotometer for liquid

surface functionalization was assessed using a
Shimadzu IR Spirit Fourier transform infrared (FTIR)
spectrophotometer in the wavelength rang of
4 000-400 cm™. The crystalline nature of the Fe,O,
NPs was determined using a Bruker D8 Advance
diffractometer at 40 kV, 40 mA,
monochromatic CuK, X-ray with an angular range
(20) of 5°-90° and an angular step of 0.02°. The
morphologies of as-synthesized Fe,O; NPs were
investigated using a Zeiss field emission scanning

and a non-
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electron microscope (FESEM) with an accelerating
voltage of 5 kV. The energy-dispersive X-ray
spectroscopy (EDX) was used to evaluate the
Fe,O;  NPs.
Magnetization measurement was performed at room

composition of  as-synthesized

temperature using a vibrating sample magnetometer
(VSM-7404, Lake Shore, USA).

Bacterial reduction assay

Microbial
effectiveness of the investigated iron oxide-coated

assays were used to evaluate the
antibiotics (chloramphenicol and gentamicin) by
comparing the inhibition of the growth of sensitive
bacteria produced by known amounts of the test
antibiotic and a reference drug. Being the most
prevalent species of Gram-negative and Gram-
positive bacteria, E. coli and S. aureus, respectively
were inoculated and incubated overnight at 37 °C in a
nutrient broth for 24 h to study the bacterial growth
curve. A spectrophotometer was used to evaluate
bacterial growth curves by measuring the optical
density (OD) at 620 nm. Activity was tested at
various time intervals ranging from 1 to 28 h at
incubation concentrations of 1-9 pg/pL [20].

Preparation of antibiotic-coated Fe,0; NPs

Nanomedicine for antibiotic delivery can increase the
effectiveness of antibacterial therapy. Nanosystems
for antibiotic delivery and targeting infection sites
have a number of advantages over conventional
formulations. Antibiotic-protected Fe,O; NPs were
prepared to investigate the role of nanoparticles in
microbial activity. For this purpose, drug-coated
Fe,O0; NPs were prepared by mixing nanoparticles (10
cm® of 1 mmol/L Fe,O3) with 10 cm® of 1 mmol/L
drug diluted in 50 mL of double-distilled water and
stirred vigorously for 2 h. This is designated as a
control sample. The two drugs used in this study were
chloramphenicol and gentamicin. The bacterial
isolates used in this study were S. aureus and E. coli.

Microbial assay

drugs coated with

bioconjugated nanoparticles was investigated using

Bacterial  sensitivity to
an agar disk diffusion test. Drug-coated Fe,O; NPs
were placed on agar plates and left at 25 °C for 1 h to
allow pre-incubation diffusion to reduce the effect of
time differences when different solutions were used.
After 24 h of incubation at 37 °C, the plates were
examined for antibacterial activity by measuring the

width of the inhibition zones for each bacterial
culture.

Assessment of increase in fold area

To estimate the fold area increase, the mean surface
area of the inhibitory zone of pure drugs and drugs
coated with Fe,O; NPs was determined. The fold
increase area of each tested bacteria was calculated by
the equation: (B> —4%)/4%, where A and B were the
zones of inhibition for prescription drugs and drugs
coated with Fe,O; NPs, respectively [21].

Results and Discussion

Structural, morphological and chemical

characteristics of Fe,0; NPs

The morphology of the synthesized Fe,O; NPs is
shown in Fig. 1(a). The figure shows that the
synthesized Fe,O; NPs are not homogeneous in
nature and, in some circumstances, agglomerate. The
particles are found to be polygon in nature with a size
distribution within the range of (34 + 10) nm, as
illustrated in Fig. 1(b). The large agglomerated
clusters developed as a result of the accumulation of
microscopic reducing agent building blocks, or it

might be owing to a lack of capping layer.

Furthermore, due to the high surface area to
volume ratio and the strong Van der Waals attractive
interactions, and magnetic forces, magnetic
nanoparticles tend to agglomerate and form massive

clusters, resulting in increased particle size.

EDX analysis was also used to determine the
elemental composition of the Fe,O; NPs. The EDX
analysis in Fig. 1(c) clearly shows the presence of
corresponding L, at 0.7 and K, about 6.4 keV due to
the presence of Fe atoms in the nanoparticle, as well
as another K, line at 0.6 keV due to the presence of O
atoms. The atomic proportion of mass present in the
irradiated area is 19.38% for iron and 80.62% for
I(c)). It is
noteworthy that the observed carbon from EDX

oxygen, respectively (Table in Fig.

spectra (CK, at 0.2 keV) may come from organic
solvents, or supporting grid utilized. Any organic
contamination tends to produce hydrocarbon on the
sample surface under the electron beam, the amount
of which might rise during the measurement.

Besides, a tiny peak detected at around 2.3 keV is
associated with sulfur impurity (S K,), which is likely

https://www.sciopen.com/journal/2150-5578
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Fig. 1 (a) FESEM micrograph of chemically synthesized
Fe,O; NPs. The scale bar corresponds to 100 nm. (b) Fe,O4
NPs size distribution histogram. (¢) EDX spectral analysis of
chemically synthesized Fe,O; NPs.

to arise from iron(Il) sulfate heptahydrate precursor.

Furthermore, the presence of functional groups and
the formation of Fe,O; NPs in the prepared samples
were determined by FTIR spectra. The FTIR spectra
of as-synthesized and calcined Fe,O; NPs are shown
in Fig. 2.

The FTIR analysis (400-4 000 cm') of both
as-synthesized Fe,O; NPs confirmed the synthesis of
Fe,0O; NPs as well as the presence of different
reducing agent functional groups associated with
Fe,O; NPs (Fig. 2). The spectra of Fe,O; NPs shows
two sharp band at 442 and 570 cm™', which are related
to Fe—O vibrations for iron oxide. The weak vibration
monitored at 1 073 cm™ is characteristic of surface
Fe—OH groups [22]. Other stretching vibrations have
been observed at 1 002 cm™” owing to —COO-,
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Fig. 2 FTIR spectra of chemically synthesized Fe,O;NPs.

1 226 cm™ due to C-H, 1 130 cm™ due to C-O,
2 141 cm™ due to C=C=C, and 2 223 cm' due to
N=C=N [23,24].

The XRD patterns of as-synthesized Fe,O; NPs
is shown in Fig. 3(a). X-ray diffraction reveals
the development of polycrystalline iron oxide
nanoparticles with strong peaks from the (012), (104),
(110), (113), (024), (116), (018), (214), and (300)
planes which can be indexed to hematite (a-Fe,05)
having hexagonal configuration (JCPDS Card No.
86-0550). It is worth noting that the three most
common forms of iron oxides found in nature are
magnetite (Fe;O,), maghemite (y-Fe,O;), and
hematite  (a-Fe,O;); however, XRD  makes
distinguishing the presence of magnetite (Fe;O,) and
maghemite (y-Fe,0;) difficult because magnetite and
maghemite have nearly identical crystal structures.
Hematite is the most stable form of iron oxide among
these crystalline phases. Hematite nanoparticles
usually can be produced using a variety of processes,
including chemical co-precipitation, hydrothermal
synthesis, and the sol—gel approach [25]. The particle
size and morphology of these nanoparticles can be
easily tailored by controlling various parameters
specific to their route of synthesis.

On the other hand, the average crystallite size (d.y)
was calculated using the prominent peaks from

Debye—Scherrer formula [26]: d..y = , Where « is

kA

Beost
a constant (0.9 for spherical shape), 1 is the
wavelength of CuK,, radiation (0.15406 nm), f is the
full width at half maximum (FWHM) of the
diffraction peak in radians and @ is the Bragg’s
diffraction angle, respectively. The estimated average
crystallite sizes were found to be around 21.9 nm.
Furthermore, the lattice strain was derived from the
FWHM of the diffraction peaks using the
Williamson—Hall (W-H) plot and the following
relationship [26]:
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Fig. 3 (a) X-ray diffraction patterns and (b) W—H plot from the obtained XRD data of as-synthesized Fe,O; NPs.

kA

Bcosh = +4esind )

cryl

where x is a constant (0.9 for spherical shape), 4 is the
wavelength of CuK, radiation (0.15406 nm), f is the
FWHM of the diffraction peak in radians and @ is the
Bragg’s diffraction angle, d,, is the crystallite size
and ¢ is the effective strain, respectively. For the
preferred orientation peaks of Fe,O; NPs, the term
(Bcosh) is plotted with respect to (4sind), and the
y-intercept and slope of the fitted line determine the
crystallite size and associated strain, respectively [27,
28]. The W-H plots in Fig. 3(b) for as-synthesized
Fe,O; NPs demonstrate that the strain is extremely
modest.

Optical characteristics of Fe,0; NPs

The absorbance spectrum of the as-synthesized
Fe,O; NPs by chemical co-precipitation method is
shown in Fig. 4. The absorbance peak around 300 nm

in Fig. 4 confirmed the formation of Fe,O; NP with
indirect optical band gap [29].

Magnetization measurement Fe,0; NPs

The magnetic characteristics of the synthesized Fe,0;
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Fig. 4 UV—Vis absorption spectra of chemically synthesized
F6203 NPs.

NPs were investigated using a vibrating sample
magnetometer (VSM). The measurements were taken
at room temperature. The magnetization curve (M—H
loop) of as-synthesized Fe,O; NPs produced by
chemical method is shown in Fig. 5 at a maximum
field of 10 kOe. The well-measured hysteresis loop
validates its magnetic behavior. However, maximum
magnetisation (M; = 0.5 emu/g) value is small
presumably due to lack of sufficient calcination.
Furthermore, the obtained relative low coercivity
(H, less than 100 Oe) verifies the soft magnetic
character of Fe,O; NPs [29].
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Fig. 5 Magnetic properties (M—-H hysteresis curve) of
chemically Fe,O; NPs.

Bacterial growth inhibition assay and drug
delivery applications of Fe,O; NPs

The bacterial growth inhibitory activity of iron oxide
nanoparticles against multi drug resistant strains of
Gram-negative (E. coli) and Gram-positive
(S. aureus) bacteria was studied using a bacterial
reduction assay at various time intervals ranging from
1 to 28 h. and at different concentrations in the range
of 1-9 pg/uL, as shown in Fig. 6.

Antibacterial activities were enhanced when

gentamycin and chloramphenicol coated Fe,O; NPs

https://www.sciopen.com/journal/2150-5578



Nano Biomed. Eng., 2023, 15(2)

175

Fig. 6 Antibacterial activity of the drug loaded iron oxide nanoparticles against (a) Gram-negative (E. coli) and (b) Gram-positive

(S. aureus) bacteria.

were utilized as drug carriers, since it is essentially a
compound  consisting  of  closely  similar
aminoglycosides and a family of antimicrobials that
normally inhibits protein synthesis (Fig. 6). The
primary mechanism of action of these medications is
the suppression of protein production or genetic
translation. Gentamycin, when coupled with iron,
produces phospholipids [30]. It creates a coating
surrounding the nanoparticles, with the sulphate
group forming a covalent link [31]. The conjugate
then participates in cell annihilation by primarily two
mechanisms: first, by interfering with protein
synthesis, and second, by generating damage to cell
membranes. As a result, it gives birth to a very
effective drug carrier [32]. It has been observed that
all of the examined species showed Fe,O; NPs dose-
dependent inhibitory effect. It is anticipated that due
to increased surface area, chemical stability and
appropriate size of the synthesized NPs, Fe,O; NPs
coated with chloramphenicol
antibiotic becomes

and gentamycin
an effective drug carriers.
Chloramphenicol or gentamycin antibiotics with or
without Fe,O; NPs encapsulated were tested in vitro
against E. coli and S. aureus, as illustrated in Figs. 7
and 8, respectively. As shown in Fig. 7, the zone of
inhibition for the chloramphenicol drug coated with
Fe,O; NPs increased when compared to the drug
alone. Similar results were also observed for
gentamycin drug coated Fe,O; NPs as can be seen
from Fig. 8 As a

investigations, it s

result of the preceding
obvious  that  both
chloramphenicol and gentamycin drug coated iron
oxide nanoparticles were extremely efficient against
both Gram-positive and Gram-negative bacteria, as
evidenced by a greater fold increase in the zone of

inhibition diameter.

On the other hand, the Fe,0; NPs had no adverse
or side effects on the microbial activities. Hence, this

5L
10

Zone of inhibition (mm)

7 Chloramphenicol+
Fe,0,NPs
7/ Chloramphenicol

S. aureus

Fig. 7 Zone of inhibition observed using the chloramphenicol-
coated Fe,O; NPs. There was a significant inhibition observed
in both the bacterial strains using the drug coated
nanoparticles in comparison to the drug alone.

Zone of inhibition (mm)

Gentamycin+
Fe,O,NPs

7/ Gentamycin
S. aureus

Fig. 8 Gentamycin-coated Fe,O; NPs produced an inhibitory
zone. The drug-coated nanoparticles inhibited both bacterial
strains significantly and more effectively than the antibiotic
alone.

feature of Fe,O; NPs as an effective drug carrier
might be further explored for drug delivery systems.
Although between
nanoparticles and the constituents of microorganisms'
outer membrane remains unknown, it is probable that
the particles interact with the outer membrane's
building parts may cause structural alterations or
deterioration. In our opinion, the mechanism(s) of

the mechanism of contact

https://www.sciopen.com/journal/2150-5578
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possible enhancement of the antibacterial activity of
iron oxide nanoparticle conjugates is still an open
question and needs further studies.

Effect of concentration of Fe,O; NPs on
bacterial growth

The effect of iron oxide nanoparticle concentration on
Gram-positive and Gram-negative bacteria has also
been examined. The bacterial growth and optical
density values measured at different time intervals
(1-28 h) employing varying quantities of Fe,0O; NPs
in the nutritional broth medium (herein denoted as
control) containing E. coli are depicted in Figs. 9 and
10. A slight decline in optical density (OD) at 620 nm
has been found with increasing concentration of
nanoparticles in the nutritional broth medium where
bacteria are inoculation, which correlates directly to
lower bacterial growth.

1.4
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E 10} "3ngul
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% 06Fmo pg/ul
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Fig. 9 The figure elucidates the statistical distribution of
optical density values observed at different time intervals
(1-28 h) using different concentrations of Fe,O; NPs in the
nutrient broth medium containing E. coli.
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Fig. 10 The statistical distribution of optical density values

observed at different time intervals (1-28 h) using different

concentrations of Fe,O; NPs in the nutrient broth medium
containing S. aureus.

A comparison study of bacterial growth under
normal and iron oxide nanoparticle conditions
indicated the effect of iron nanoparticle on bacterial
growth. Under normal conditions, the growth curve of
E. coli clearly represented the lag- log, stationary, and
death phases, as shown in Fig. 9, but under the effect

of different concentrations of Fe,O; NPs, the growth

curve was deformed (i.e., 1, 3, 5, 7, and 9 pg/ulL) The
gradual shortening of log phase was observed,
demonstrating that iron nanoparticles have a micro
biostatic effect on E. coli in a concentration
dependent way. In the case of iron oxide (3 pg/uL)
treated bacterial cells, the untreated bacterial sample
reached ODyg,, at the 20th hour (Fig. 9). The
inhibition is assumed to be caused by reactive oxygen
species (ROS), superoxide radicals (O,), hydroxide
radicals (*OH), and singlet oxygen ('O,) produced by
the Fe,O; NPs [33]. ROS generation has been
identified oxide
nanoparticles, which may cause oxidative stress,
inflammation, and subsequent damage to proteins,

membranes, and DNA, which is one of the key causes

in a wide variety of metal

of nanotoxicity.

Similar observations have also been found for
S. aureus. Fig. 10 depicts the optical density values
obtained at various time intervals (1-28 h) using
varying quantities of Fe,O; NPs in the nutritional
broth medium containing S. aureus.

The OD measurements as shown in Fig. 10
revealed that the presence of Fe,0; NPs had no effect
on the quantity of bacteria. However, and more
importantly, the live/dead assay results showed that
after 12-14 h, the ratio of live/dead bacteria was
significantly lower in the solution with the highest
dose (9 pg/uL) of Fe,O; NPs compared to the control
sample, as well as the low and medium dose samples;
the same trend was observed after 12 and 24 h.
Several factors contributed to the bactericidal
properties of the currently researched Fe,O; NPs [34].
ROS-induced oxidative stress is the primary
mechanism through which antibacterial medicines
and antibiotics work [35]. ROS, which include
superoxide radicals, hydroxyl radicals, hydrogen
peroxide (H,0,), and singlet oxygen ('O,), can harm
bacteria's proteins and DNA. In this investigation, the
concentration of nanoparticles made a significant
impact to the reduction of S. aureus activity. Kim
et al. discovered a similar concentration-dependent
trend while studying the antibacterial activities of
iron oxide nanoparticles on S. aureus and E. coli [36,
37]. Therefore from the above-mentioned discussion,
it is clear that iron oxide nanoparticles is reasonable
well suited for antibacterial efficacy and drug
delivery.

Conclusion

https://www.sciopen.com/journal/2150-5578
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In this study, nano scaled Fe,O; NPs were
synthesized under atmospheric conditions utilizing a
simple chemical co-precipitation process including
ferric chloride and ferrous sulfate. Comprehensive
analysis of iron oxide nanoparticles employing
FESEM, EDX, XRD, FTIR, UV-Vis, and VSM
investigations confirmed their synthesis. Polyshaped
Fe,O; with a diameter of (34 = 10) nm were created.
At ambient temperature, the magnetic properties of
the generated Fe,O; NPs were studied using a VSM
with a very weak magnetisation value of (M, =
0.5 emu/g). The synthesized drug-encapsulated
(gentamycin and chloramphenicol) nanoparticles
showed antibacterial activity against the E. coli and
S. aureus bacterial strains putatively exhibiting
effects in a dose dependent manner. The effect of iron
oxide nanoparticle concentration on both Gram-
positive and Gram-negative bacteria has also been
examined. There is a minor drop in OD at 620 nm
with increasing nanoparticle content in the nutrient
broth medium containing E. coli and S. aureus. Due
to advancements in the field of surface chemistry,
assessing the chemical stability and appropriate size
of the synthesized NPs, it becomes of paramount
interest to develop Fe,O; NPs and explore them
further using the antibiotics coated composites as an
effective drug carrier.
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