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Abstract: Green synthesis of iron oxide nanoparticles has recently attracted considerable attention due
to its eco-friendly nature, ease of implementation, and excellent biocompatibility. In the present work,
nanoscale iron oxide particles have been synthesized at room temperature using ferric chloride
hexahydrate in combination with sandalwood (Santalum album) extract as a natural reducing agent. The
resulting nanoparticles have been thoroughly analyzed using FESEM, EDX, XRD, UV-Vis
spectroscopy, FTIR, and VSM techniques. The synthesis yields poly-shaped iron oxide nanoparticles
with an average diameter of 42.9 + 10 nm. Furthermore, a temperature-dependent change in the soft
magnetic properties of Fe,O3; nanoparticles, with low coercivity and residual magnetism, was observed
after calcination. The antibacterial activity of chloramphenicol and streptomycin, along with their
formulations encapsulated in iron oxide nanoparticles, is evaluated using the agar well diffusion
technique, and the drug-encapsulated nanoparticles demonstrate dose-dependent antibacterial efficacy
against E. coli and S. aureus strains. Chloramphenicol's antibacterial activity has been shown to be
significantly improved in the presence of Fe.O3 nanoparticles compared to streptomycin.

Keywords: iron oxide nanoparticles; Santalum album; green synthesis; antibacterial efficacy;
chloramphenicol; streptomycin.
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1. Introduction

The green chemistry paradigm, which guides the synthesis of biocompatible and
functional nanomaterials, aims to innovate by using sustainable processes. Metal and metal
oxide nanoparticles (NPs) have been successfully produced using many green synthesis routes
[1-6]. Iron oxide NPs are one of the most notable metal oxide NPs among the numerous metals
and metal oxide NPs. The outstanding property of iron oxide nanoparticles have broadened
their range and applications in medical sciences and a variety of other sectors, including gas
sensors, electrochemical, magnetic, and energy storage [7,8]. The superparamagnetic
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properties of iron oxide NPs have led to their widespread use in imaging, drug delivery,
biosensors, and other applications. Furthermore, their distinct features, including
biocompatibility, strong magnetic properties, low toxicity, and catalytic action, have
established them as promising candidates for several biological applications [9]. Drug
distribution in the form of nanoparticles offers various benefits over traditional drug delivery
approaches. Iron oxide nanoparticles in a nanodrug delivery system offer a competitive
advantage over other systems due to their outstanding features, including high magnetic
properties and a larger, readily adjustable surface area [10-12]. It also enables site-specific
drug delivery, helping overcome issues associated with desired bioavailability and facilitating
the removal of malignant cells [13]. It has been proven to be a successful method for increasing
the therapeutic efficacy of these medications by loading or binding pharmaceuticals using the
magnetic and biological properties of iron oxide nanocarriers [14,15]. The majority of drugs
exhibit undesirable characteristics, such as low solubility, high toxicity, nonspecific binding,
and relatively short circulation half-lives, which can be overcome by conjugation to iron oxide
nanoparticles [16]. In addition to their remarkable magnetic properties, iron oxide nanoparticles
(Fe20O3-NPs) are nontoxic, stable, and environmentally benign, making them an ideal platform
for biomedical applications. Additionally, these nanocarriers are safe, biocompatible,
biodegradable, and effectively eliminated from the body through iron metabolism [17-19].

Plant extracts, on the other hand, are gaining recognition and support for the synthesis
of iron oxide NPs because they can serve as stabilizing and reducing agents during synthesis.
Additionally, the biological method for synthesizing iron oxide nanoparticles using plant
extract offers several benefits over both physical and chemical methods, including simplicity,
affordability, environmental friendliness, and lower energy consumption. Furthermore, the
presence of biomolecules on the surface of the NPs, such as flavonoids, alkaloids, terpenoids,
and other hydroxyl-containing functional groups, avoids agglomeration and facilitates the
production of NPs with uniform particle size [20,21].

In this work, we report the synthesis of iron oxide nanoparticles (Fe203 NPs) using
iron tetrachloride hexahydrate as a precursor and various phytochemicals from sandalwood
(Santalum album) extract as reducing and capping agents. Various physicochemical,
morphological, structural, surface functional, optical, and magnetic properties have been
investigated. Nanoformulated antibiotics, such as chloramphenicol and streptomycin,
conjugated to iron oxide nanoparticles, were further investigated for in vitro antimicrobial
activity.

2. Materials and Methods

2.1. Materials.

Ferric chloride hexahydrate (FeCls - 6H20) and sodium hydroxide (NaOH) were
purchased from Sisco Research Laboratories Pvt. Ltd. (India) and used without further
purification. Whatman filter paper (grade 1), acetone, ethanol, and isopropyl alcohol were all
purchased from a commercial provider. A Milli-Q system (18.2 MQ.cm, Millipore, France)
was used to acquire double-distilled water.

2.2. Green synthesis of iron oxide nanoparticles.

Sandalwood (Santalum album) was purchased at a local market. To eliminate dust
particles, the sandalwood was carefully washed with DI water. After washing, the sandalwood
https://nanobioletters.com/ 20f 14
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was dried in an oven at 60°C for 24 hours. After grinding the sandalwood into a fine powder,
a 1000 ppm extract solution was prepared. After half an hour of settling, the extract was filtered
twice through Whatman No. 1 filter paper. Ferric chloride hexahydrate was used as a precursor
in the synthesis of the Fe,O3 NPs. To begin, a homogenous 0.1 M ferric chloride solution was
made by dissolving it in deionized water under constant stirring at room temperature. The
Santalum album extract solution was then added in a volumetric ratio of 1:1 to the ferric
chloride solution at room temperature. 1 M NaOH was added dropwise with continuous stirring
to elevate the pH of the solution to 12, resulting in a black precipitate. The stirring was
maintained at 600 rpm to complete the reaction. It was then maintained for a couple of hours
to stabilize. The precipitate was removed from the solution by centrifuging it at 6000 rpm for
10 minutes. The resultant Fe2O3-NPs were then carefully washed with distilled water multiple
times before being dried for an extended period in a hot-air oven. The NPs were calcined in a
hot furnace for 3 hours at two different temperatures, 500 and 700°C. The dried Fe>O3-NP
powder was used for further investigation and physical characterization.

2.3. Characterizations and instrumentations.

The sample was ultra-centrifuged using a REMI CPR-30 Plus centrifuge. The UV-Vis
absorption spectra were collected using a Shimadzu UV-2600 spectrophotometer with a 1 nm
step in the wavelength range 200-800 nm. The mixture was stirred using a REMI MS-500
magnetic stirrer. A Shimadzu IR-Spirit Fourier transform infrared (FTIR) spectrophotometer
in the wavelength range 4000-400 cm-1 was used to determine the type of surface
functionalization. Using a Bruker D8 Advance diffractometer at 40 kV, 40 mA, and a non-
monochromatic Cu K, X-ray with an angular range of 5-90° and an angular step of 0.02°, the
crystalline character of the NPs was confirmed. The morphologies of synthesized NPs were
examined with a Zeiss field-enhanced secondary electron microscope (FESEM) set to 5 kV.
The composition of Fe,O3-NPs was determined using energy-dispersive X-ray spectroscopy
(EDX). At room temperature, magnetization was measured using a vibrating sample
magnetometer (VSM-7404, Lake Shore, USA).

2.4. Bacterial reduction assay.

Microbial assays were used to evaluate the effectiveness of the investigated iron oxide-
coated antibiotics (chloramphenicol and streptomycin) by comparing the growth inhibition of
sensitive bacteria produced by known amounts of the test antibiotic and a reference drug. In
this study, gram-negative and gram-positive bacteria, E. coli and S. aureus, respectively, were
cultured in nutrient broth overnight at 37°C for 24 hours to study bacterial growth. A
spectrophotometer was used to measure the optical density at 620 nm to evaluate bacterial
growth curves [22].

2.5. Preparation of antibiotic-coated iron oxide nanoparticles.

The use of nanomedicine to deliver antibiotics can improve the efficacy of antibacterial
treatment. Compared with traditional formulations, nanosystems for antibiotic administration
and infection-site targeting offer several benefits. Antibiotic-coated Fe2O3-NPs were prepared
to investigate the role of nanoparticles in microbial activity. Firstly, in order to assess the
combined impact of each standard antibiotic, 10-30 pL of freshly synthesized Fe>O3-NPs
(calcinated @ 500°C) was mixed. Chloramphenicol and streptomycin were the two medicines
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employed in this investigation. S. aureus and E. coli were the bacterial isolates employed in
this study.

2.6. Microbial assay.

The in vitro antibacterial activity of chloramphenicol and streptomycin, as well as their
combination effect with Fe2Os-NPs, was assessed for this purpose using the well diffusion
technique on Mueller-Hinton agar plates. Initially, a spore suspension (20 uL) of the tested
bacteria was inoculated onto Mueller-Hinton agar plates. Drug-coated Fe>Os-NPs were then
placed on agar plates and incubated at 25°C for at least 1 hour to allow pre-incubation diffusion
and reduce the effect of time differences when different solutions were used. After 12-24 hours
of incubation at 37°C, the plates were examined for antibacterial activity by measuring the
width of the inhibition zones for each bacterial culture [22].

2.7. Assessment of increase in fold area.

The mean surface area of the inhibitory zone for pure drugs and Fe2O3-NP-coated drugs
was evaluated to estimate the fold increase in surface area. The fold increase in area of each
examined microorganism was computed using the equation:

(P?- Q%)/IP? 1)

Where P and Q were the zones of inhibition for prescribed drugs and drugs coated with

iron oxide nanoparticles, respectively [22].

3. Results and Discussion

3.1. Morphological, compositional, structural, and chemical characteristics of Santalum
album-derived Fe,O3-NPs.

The morphology of the synthesized Fe,O3-NPs as obtained by FESEM is shown in
Figure 1a. The FESEM image clearly shows that the synthesized iron oxide nanoparticles are
not uniform and can occasionally aggregate. The particles are found to be polygonal in nature
with a size distribution within the range of 42.9£10 nm (inset of Figure 1a). The observed
massive agglomerated clusters were most likely generated as a result of a high surface area to
volume ratio, strong dipole-dipole interactions, van der Waals attractive forces, or magnetic
forces.
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Figure 1. (a) FESEM micrograph of iron oxide nanoparticles (Fe,O3-NPs) synthesized from Santalum album
extract (calcinated at 500°C in air). The inset figure shows the Fe,O3-NPs size distribution histogram; (b)

Compositional analysis by EDX spectra.
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Furthermore, because of the high surface area-to-volume ratio, strong dipole-dipole
interactions, van der Waals attractive forces, and magnetic forces, magnetic nanoparticles
clump together and form large clusters, increasing particle size. The elemental composition of
the Fe2Os-NPs was also determined via EDX analysis. The EDX analysis shown in Fig. 1b
clearly demonstrates the existence of corresponding L , at 0.7 keV, K, at about 6.4 keV, and
another K, line at 0.6 keV due to the presence of O atoms in the nanoparticle. According to the
table in Fig. 1b, the fraction of iron and oxygen atoms in the irradiated area is 37.95 at. % and
61.49 at. %, respectively. The presence of niobium (Nb) at a trace level (0.56 at.%) is most
likely due to minerals in Santalum album. It is indeed important to remember that the carbon
observed in EDX spectra (K o at 0.2 keV) may arise from air or from interactions with organic
molecules during preparation. Any organic contamination tends to produce hydrocarbons on
the sample surface beneath the electron beam, and their amount may increase throughout the
experiment. Hence, EDX analysis indicates that Fe;Oz NPs were successfully synthesized
using Santalum album in a green synthesis process.

The structural properties of Santalum album-derived Fe.O3-NPs were characterized by
XRD. Figure 2a shows the XRD patterns of as-synthesized and 500°C and 700°C calcinated
samples. X-ray diffraction reveals that the calcinated samples (either 500 or 700°C)
demonstrated the development of polycrystalline iron oxide nanoparticles with strong peaks
from the (104), (110), (024), (116), (214) and (300) planes (JCPDS: 01-080-2377), whereas
the nascent sample suffered from crystallization. The strong peaks of nanoparticles rather
illustrate the good crystallinity of calcinated samples. However, the presence of FesO4 and y-
Fe>O3 cannot be detected by XRD because magnetite and maghemite have almost similar
crystal structures [23].
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Figure 2. (a) XRD patterns; (b) Williamson-Hall plot of the Santalum album-d‘:eris\llgcei iron oxide nanoparticles.

The three most common types of iron oxides found in nature are magnetite (FesOa),
maghemite (y-Fe203), and hematite (a-Fe203); however, XRD makes distinguishing the
presence of magnetite (FesOs) and maghemite (y-Fe»2O3) difficult because magnetite and
maghemite have nearly identical crystal structures. Among these crystalline phases, hematite
is the most stable form of iron oxide. Chemical co-precipitation, hydrothermal synthesis, and
the sol-gel technique are common methods for producing hematite nanoparticles [24]. These
nanoparticles' particle size and shape may be easily adjusted by changing numerous factors
related to their production technique.
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Using the prominent peaks from Debye-Scherrer's formula, the average crystallite size

(dnp) was computed [13]:
KA
dnp = 2o0ss (2

Where A=0.15406 nm is the wavelength of CuK, radiation, B is the full width at half
maxima (FWHM) of the diffraction peak in radians, and 6 is Bragg’s diffraction angle, k is a
constant (0.9 for spherical shape), respectively. The average crystallite size was determined to
be about 21.9 nm. Additionally, the Williamson-Hall (W-H) plot and the following relationship
were used to calculate the lattice strain from the FWHM of the diffraction peaks [23]:

pCosO = dK—A + 4eSin6  (3)
np

Where ¢ denotes the effective strain. Plotting the term (Bcos) with respect to (4sinf)
for the preferred orientation peaks of Fe;O3-NPs yields the size and associated strain of the
crystallites as well as the fitted line's y-intercept and slope, respectively [25,26]. The W-H plots
for nascent and calcinated Fe>Os-NPs, as shown in Figure 2b, demonstrate that the strain is
exceedingly small.

In addition, FTIR spectra were used to identify functional groups and confirm the
formation of Fe;O3-NPs in the produced samples. Figure 3 depicts the FTIR spectra of as-
prepared and calcined Fe>Os-NPs. The existence of distinct reducing agent functional groups
connected with Fe,O3-NPs was established by FTIR analysis (400-4000 cm) of all samples
(nascent and calcinated samples).
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Figure 3. FTIR spectra of Santalum album-derived iron oxide nanoparticles.

The spectra of Fe,O3-NPs exhibit a distinct band at 570 cm™, which is associated with
iron oxide's Fe-O vibrations [27]. Other stretching vibrations have been seen at the following
frequencies: 2363 cm™ (O=C=0), 2166 cm™ (N=C=N), 2070 cm* (C=C), 1955 cm™ (C=C=C),
and 1754 cm (C=0) [28,29].
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3.2. Optical characteristics of Santalum album-derived Fe;O3-NPs.

The absorbance spectra of nascent and calcinated iron oxide nanoparticles are shown
in Figure 4. The indirect optical bandgap is evident from the gradual absorbance peaks in the
550-800 nm range [30].
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Figure 4. UV-Vis absorption spectra of iron oxide nanoparticles synthesized from Santalum album extract. The
influence of calcination temperature is also shown.

The Tauc method, which is based on the premise that the energy-dependent absorption
coefficient may be given by the following equation, is frequently used to estimate the bandgap
[31]:

(ahv)*r=B(hv—Eg) (4)

Where, v is the photon’s frequency, Egq is the band gap energy, h is the Planck constant,
and B is a constant. The y factor is determined by the type of electron transition and is equal to
1/2 or 2 for direct and indirect transition band gaps [31]. The Tauc plot of nascent and
calcinated Fe2O3-NPs samples is shown in Figure 5. It has been observed that the indirect band
gap decreases consistently as the calcination temperature rises (1.2 eV for nascent vs. 0.975 eV
for 500°C or 0.95 eV for 700°C).
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Figure 5. Estimation of bandgap from Tauc plot using the UV-Vis absorption spectra of iron oxide
nanoparticles synthesized from Santalum album extract.
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3.3. Magnetization measurement Santalum album derived Fe,O3s-NPs.

Magnetic hysteresis (M-H) loop measurements at room temperature (300 K) were
carried out with a vibrating sample magnetometer (VSM) equipped with a Lake Shore model
7404 and a maximum applied field of 1 T. Figure 6 depicts a typical M-H loop of nascent and
Fe>O3-NPs powder calcined at 500°C and 700°C. The distinctive hysteresis loop demonstrates
that powders are magnetic in nature. All samples exhibit observable coercivity (Hc) and
residual magnetism (M) (inset of Fig. 6), confirming ferromagnetic ordering.
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Figure 6. M—H loops of nascent and calcinated (500 and 700°C) iron oxide nanoparticles (Fe2O3-NPs)
synthesized from Santalum album extract. The inset shows the magnified view of the M-H loop.

The relatively low coercivity (less than 1000 Oe) and Mr (see Table 1) confirm the
(Fe203) material's soft magnetic nature. The increased M and Hc of calcinated samples
compared to nascent samples demonstrated that Hec and M, are predominantly influenced by
extrinsic factors, such as nanoparticle crystallite size and form, which are predicted to decrease
as the calcination temperature rises. Therefore, the fluctuation in M, and Hc demonstrates that
magnetic characteristics vary with calcination temperature.

Table 1. Magnetic properties (Ms. M, and Hc) of nascent and calcinated Santalum album-derived Fe,O3-NPs.

Sample | Ms(emu/g) | Mr(emu/g) | Hc(Oe)
Nascent 1.65 0.05 82
500°C 131 0.12 148
700°C 1.06 0.1 104

3.4. Bacterial growth inhibition assay and drug delivery applications of Fe,O3-NPs.

A bacterial reduction assay was used to examine the in vitro antibacterial effects of iron
oxide nanoparticles against multidrug-resistant strains of Gram-negative (E. coli) and Gram-
positive (S. aureus) bacteria at various time points (1-24 hrs) and concentrations (10-30 uL).
Figure 7(a) shows digital photographs of the antibacterial study of chloramphenicol-loaded
iron oxide nanoparticles (10 pL).

Figure 7(b) shows that the antibacterial activity was significantly improved when
chloramphenicol-encapsulated Fe.O3 NPs were used as drug carriers compared to
chloramphenicol or NPs alone, mainly because it is essentially a compound consisting of
closely related aminoglycosides and a group of antimicrobial agents that normally inhibit
protein synthesis. The inhibition of protein synthesis or genetic translation is the main
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mechanism of action of these drugs. Phospholipids are created when iron and gentamycin are
combined [32]. The sulfate group forms a covalent bond, coating the nanoparticles [33].
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NPs ' Antibiotics ' NPs+ Antibiotics '
Figure 7. (a) Digital photographs of in vitro antibacterial activity of the chloramphenicol drug (10 uL) loaded
iron oxide nanoparticles against gram-negative (E. coli) and gram-positive (S. aureus) bacteria in Mueller-
Hinton agar plates; (b) Zone of inhibition observed using the Chloramphenicol-coated Fe;O3z-NPs.

Thereafter, the conjugate contributes to cell annihilation primarily through two
mechanisms: first, by inhibiting protein synthesis, and second, by damaging cell membranes.
It thereby produces a highly efficient drug carrier [34]. All investigated species were found to
exhibit a dose-dependent inhibitory effect of Fe.O3-NPs. However, the assessment of increases
in fold activity against E. coli, rather than S. aureus, showed that the maximal antibacterial
activity of chloramphenicol increased with concentration from 10 to 30 uL (see Figure 8).
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Figure 8. (a) Digital images of the antibacterial activity of the chloramphenicol medication (30 pL) loaded iron
oxide nanoparticles in Mueller-Hinton agar plates against gram-negative (E. coli) and gram-positive (S. aureus)
bacteria; (b) Inhibition zone seen with chloramphenicol-coated Fe;Os-NPs.

Similarly, Fe2Os-NPs coated with the antibiotic streptomycin were also studied. Figures
9 and 10 show the antibacterial activity of Fe>Os-NPs at different concentrations.
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Figure 9. (a) Digital images showing the antibacterial activity of iron oxide nanoparticles loaded with the
antibiotic streptomycin (10 uL) against S. aureus and E. coli bacteria on Mueller-Hinton agar plates; (b) Zone of
inhibition shown with Fe,O3-NPs coated in streptomycin.

Streptomycin's most potent antibacterial action was also extremely significant against
S. aureus and E. coli. E. coli showed the largest rise in fold area (0.96) for the drug streptomycin
at 30 uL concentration, followed by S. aureus, which showed an increase in fold area (0.64)
for the drug streptomycin, while a much smaller increase in fold area (0.26) was observed for
S. aureus with chloramphenicol as a drug. Antibiotics chloramphenicol or streptomycin,
without Fe;O3-NP encapsulation, were evaluated in vitro against E. coli and S. aureus, as
shown in Figures 7-10.

The zone of inhibition for chloramphenicol coated with Fe203 nanoparticles was larger
than that of the drug alone, as seen in Figures 7 and 8. Figures 9 and 10 show that similar results
were obtained with streptomycin-coated Fe>Oz nanoparticles. As a result of the preceding
research, it is clear that chloramphenicol- and streptomycin-coated iron oxide nanoparticles
were particularly effective against both gram-positive and gram-negative bacteria, as indicated
by a greater fold increase in the zone of inhibition diameter. Similar results have also been
reported in the literature where iron oxide nanoparticles were synthesized by the co-
precipitation method using various plant or fruit extracts as reducing agents [35-41].

The iron oxide nanoparticles, on the other hand, exhibited no negative or side effects
on microbial activity. As a result, this property of Fe,Os-NPs as an effective drug carrier may
be investigated further for drug delivery systems. Although the mechanism of contact between
nanoparticles and the components of microorganisms' outer membranes is unknown, the
particles' interactions with these components are likely to induce structural modifications or
degradation. The mechanisms of the probable improvement in the antibacterial activity of iron
oxide nanoparticle conjugates, in our opinion, remain an unanswered question that requires
further investigation.

Based on the abovementioned discussion, it can be predicted that Fe>O3z-NPs
encapsulated with chloramphenicol and streptomycin antibiotic will become an efficient drug
carrier against bacterial pathogens due to enhanced surface area, chemical stability, and
adequate size of the produced NPs. However, extensive experimental trials on animals are
needed before using Fe2Os-NPs as potential antimicrobial agents.
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Figure 10. (a) Digital photographs of the antibacterial activity of iron oxide nanoparticles loaded with the
antibiotic streptomycin (30 pL) against the microorganisms S. aureus and E. coli on Mueller-Hinton agar plates;
(b) Streptomycin-coated Fe,O3-NPs are used to display the zone of inhibition.

4. Conclusions

In summary, nanoscale iron oxide particles were synthesized under atmospheric
conditions using a simple, eco-friendly green synthesis method that employed ferric chloride
hexahydrate as a precursor and various phytochemicals from sandalwood (Santalum album)
extract as reducing and capping agents. Systematic analysis of iron oxide nanoparticles
utilizing FESEM, EDX, XRD, FTIR, UV-Visible, and VSM validated their synthesis.
Polyshaped iron oxide nanoparticles with a size of 42.9+10 nm were synthesized. The magnetic
properties of the manufactured Fe>Os-NPs were investigated at room temperature using a
vibrating sample magnetometer, with a very low saturation magnetisation. The presence of
detectable coercivity (Hc) and residual magnetism (M) in all samples demonstrates
ferromagnetic ordering. The increased M, and Hc of calcinated iron oxide samples as compared
to nascent ones demonstrated that Hc and M, are predominantly influenced by external
characteristics such as crystallite size and particle formation, and so are tuned by calcination.
As a result, the fluctuation in M, and Hc demonstrates that magnetic characteristics vary with
calcination temperature. In addition, drug nanofomulation was used to study in vitro
antibacterial efficacy. To achieve this, streptomycin and chloramphenicol encapsulated Fe2Osz-
NPs were synthesized as nanoformulated antibiotics for in vitro antibacterial activity against
gram-positive (S. aureus) and gram-negative (E. coli) bacteria on Mueller-Hinton agar plates.
In comparison to streptomycin, the antibacterial activity of chloramphenicol was observed to
be enhanced considerably in the presence of Fe;Os-NPs.
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