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Abstract The present study is to synthesize iron oxide
nanoparticles on different polysaccharide templates cal-
cined at controlled temperature, characterizing them for
spectroscopic and magnetic studies leading to evaluate
their antibacterial property. The synthesized iron oxide
nanoparticles were characterized by X-ray diffractometer
(XRD), Fourier transform infrared spectroscopy, high res-
olution scanning electron microscopy (HRSEM), high
resolution transmission electron microscopy (HRTEM) and
vibrating sample magnetometer. The iron oxide nanopar-
ticles were tested for antibacterial activity against gram-
positive and gram-negative bacterial species. The XRD
confirms the crystalline nature of iron oxide nanoparticles
with the mean crystallite size of 10 nm. The functional
groups of the synthesized iron oxide nanoparticles were
547, 543 and 544 cm™' characterizing the Fe—O and the
broad bands at 3,398, 3,439 and 3,427 cm ™! were attributed
to the stretching vibrations of hydroxyl group absorbed by
iron oxide nanoparticles. HRTEM analyses revealed that
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the average particle size of the hematite nanoparticles are
about 85, 92 and 77 nm for AF, DF and GF, respectively,
which was a coincident with the results obtained from the
HRSEM analysis. Magnetic measurement exhibited ferro-
magnetic behavior of the a-Fe,Oj3 at the room temperature
with higher coercivity of Hc = 2,303, 2,333 and 1,019 Oe
for AF, DF and GF, respectively. Antibacterial test showed
the inhibition against Aeromonas hydrophila and Esche-
richia coli with significant antagonistic activity.

Keywords Iron oxide nanoparticles - Polysaccharides -
Ferromagnetism - Antibacterial activity

Introduction

Templating is one of the most frequently used methods of
synthesizing materials with structural units ranging from
nanometers to micrometers. Aqueous gel-like lyotropic
liquid crystal with extensive hydrogen bonding and nano-
scale hydrophilic compartments can be employed for direct
templating of nanoscale features (Braun et al. 2005). The
use of biological materials as templates is gaining
momentum and biotemplating takes advantage of the
structural stability and specificity of biological systems to
create novel materials (Sotiropoulou et al. 2008). Synthesis
of well-structured, monodisperse nanostructures of iron
oxide has tremendous interest. Such nanostructures are
extensively used in magnetic materials, as photocatalyst, in
sensors, medical applications such as hyperthermia, tar-
geted drug delivery, magnetic resonance imaging, etc.
(Zhao et al. 2005). Choosing the right material for synthesis
of iron oxide nanoparticles is crucial by varying the pro-
cessing conditions with various forms of iron oxides such as
Fe;04, y-Fe;0sand a-Fe,O5. Precipitation of the aqueous
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Fe?*/Fe* solution (Laurent et al. 2008) or in situ generated
Fe*' solution results in FesO4 and y-Fe,Os, while high
temperature reaction results in o- Fe,O3 (Zhou et al. 2008).
Ferromagnetic particles can also be synthesized through the
hematite route owing to the higher stability of hematite and
then subsequently reduced to magnetite (Zhao et al. 2008).
Recently, the use of iron oxide nanoparticles in photonic
applications has also been reported (Ge et al. 2008). Aga-
rose is a hydrophilic polymer and is widely used in bio-
medical applications and bioengineering (Rochas and
Lahaye 1989). The basic disaccharide repeating units of
agarose consists of (1,3) linked B-D-galactose (G) and (1,4)
linked o-L-(3,6)-anhydrogalactose. Dextran is a water-sol-
uble polysaccharide mainly composed of a-D-(1—6) linked
glucose units and some o-D-(1—3) linked to glucose
branch units. In strongly alkaline solution, dextran interacts
with hydroxyl groups present in the iron oxide particles.
Gelatin is derived from collagen, and it is commonly used to
immobilize drugs and genes to produce controlled released
products for pharmaceutical and medical applications
(Gupta and Gupta 2008). Gelatin, being water soluble,
biodegradable and biocompatible, can also be a promising
candidate for the surface modification of iron oxide.

In this communication, we report a simple thermal
decomposition route to synthesize o-Fe,O; nanoparticles
using only ferrous sulfate hydrate (FeSO4-7H,0) as raw
material. The iron oxide bound agarose, dextran and gelatin
templates can be used directly by removal of unbound ions,
owing to their remarkable stability, biocompatibility and
biodegradability. The iron oxide nanoparticles thus synthe-
sized have been characterized for the morphology and
magnetic properties. Further, the in vitro antibacterial
activities were evaluated against six bacteria including three
Gram-positive Staphylococcus aureus (S. aureus), Aero-
monas hydrophila (A. hydrophila), Streptococcus pyogenes
(S. pyogenes) and three Gram-negative Pseudomonas aeru-
ginosa (P. aeruginosa), Enterococcus faecalis (E. faecalis),
Escherichia coli (E. coli) bacteria. To the best of our
knowledge, the synergistic impact of magnetic nanoparticles
of iron oxide as antibacterial agent is not yet reported so far in
the earlier literatures and hence this study is conducted to find
the antibacterial activity of magnetic nanoparticles.

Experimental
Materials

All chemicals were procured from M/s Fishur Scientific, India
and used without any further purification. Ferrous sulfate
(FeSO,4-7H,0) was used as source for iron(Il) and agarose,
dextran and gelatin were the template components of the
polysaccharide. High alumina crucibles were employed for
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the calcination reactions. Aeromonas hydrophila (MTCC-
1739), E. coli (IMTCC-1677), S. aureus (MTCC-3160), P.
aeruginosa (MTCC-4030), E. faecalis MTCC-3159) and S.
pyogenes (MTCC-1928) were obtained from the Institute of
Microbial Technology (IMTECH), Chandigarh, India. The
lyophilized culture sample was resuspended in nutrient broth
with 1.0 % NaCl at 37 °C for 24 h into the viable culture
source. All these strains were grown in Tryptic soy broth
(TSB) except for E. coli strains. Escherichia coli strains were
grown in Luria—Bertani (LB) medium. The strains were grown
aerobically at 37 °C, with 10 mL of medium in 18-150 mm
borosilicate glass culture tubes with shaking at 200 rpm under
normal laboratory lighting conditions unless specified.

Preparation of agarose-Fe,O3 (AF), dextran-Fe,O;
(DF), gelatin-Fe,O3 (GF)

A quantity of 2.5 g of polysaccharide (agarose, dextran and
gelatin) was added to 100 mL distilled water, then the mixture
was heated at 90 °C for about 10 min with constant stirring for
dissolution of the polysaccharide. 10 g of ferrous sulfate
hydrate (FeSO,-7H,0) was added to the solution, the resultant
solution was stirred for 30 min. The template—iron mixed
solution was treated at 800 °C (heating rate of 5 °C/min) and
maintained at that temperature for 120 min, after which it was
cooled to room temperature at a rate of 10 °C/min. The so-
obtained powder was collected, washed four times in deion-
ized water and ethanol, and dried at 80 °C for 5 h. Thus the
obtained sample was characterized.

Characterization techniques

The X-ray diffractometer (Bruker Model: D8 Advance)
employing Cu Ka (4 = 1.5406 A, 20 = 10°-80°) radiation
was used to characterize the crystal structure of the sample.
IR spectra were recorded with an FTIR spectrometer
(Perkin Elmer IR Spectrometer) in the range of
400-4,000 cm™ on pressed disks using KBr as binding
material. The surface morphology of the samples was
studied by high resolution scanning electron microscopy
(HRSEM) (F E I Quanta FEG 200) and high resolution
transmission electron microscopy (HRTEM) (JEOL JEM
2100). The magnetic properties of the samples were
investigated by using vibrating sample magnetometer
(EC&G Princeton Applied Research VSM MODEL 155).

Results and discussion

FTIR spectroscopic studies

The FTIR spectra of agarose, AF, dextran, DF, gelatin and
GF are shown in Fig. 1. The dominant bands of the three
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Fig. 1 FTIR spectra of a agarose, AF, b dextran, DF ¢ gelatin, GF

products namely AF at 547 cm™', DF at 543 cm™' and GF
at 544 cm™! are the characteristics of a-Fe,O3 (Barron and
Torrent 1996). The presence of C—O bond stretching of the
C—O-C group in the anhydroglucose ring was observed at
1,096, 1,120 and 1,121 cm™, respectively (Ma et al. 2009).
The bands at 1,406, 1,374 and 1,387 cm™! are due to C-O
bond stretching of the C-O-H group. The symmetric
stretching vibration of C—O-C groups and bending vibra-
tion of water molecules are observed for agarose, dextran
and gelatin at 1,622, 1,644 and 1,670 cm’l, respectively
(Kormann et al. 1989). The peaks exhibited at 3,398, 3,439
and 3,427 cm™! are attributed to the stretching vibrations of
OH, which is assigned to OH-absorbed by iron oxide
nanoparticles.

X-Ray diffraction analyses

The powder XRD patterns of AF, DF and GF are shown in
Fig. 2. All samples could be indexed to the hexagonal o-
Fe,O5; phase (JCPDS 33-0664), with no characteristic
peaks of other impurities, thus suggesting the high phase
purity of the as-synthesized products. The strong and sharp
diffraction peaks indicate the high crystallinity of these
samples (Liu et al. 2005). The XRD data also revealed that
the o-Fe,O3 obtained had rhombohedral structure. A
hematite crystal has a rhombohedrally centered hexagonal
structure of corundum type with a close packed lattice in
which two-third of the octahedral sites are occupied by
Fe’ ions (Sreeram et al. 2009). In a typical crystal unit,
each Fe atom is surrounded by six oxygen atom, where
each oxygen atom is bound to four Fe atoms. Due to these
characteristics of the corundum structure, the surface
hydroxyl configuration of the various crystal face of
hematite is quite different (Jitianu et al. 2002). The major
diffractions were observed from (012), (104), (110), (024)
and (116) planes of a-Fe,O; for all the cases. The average
crystallite sizes of the prepared a- Fe,O3; were calculated
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Fig. 2 Powder X-ray diffraction pattern of AF, DF and GF

using Debye—Scherrer equation (D = 0.94/(f Cos0)),
(where, D is the crystallite size (diameter), A is the wave
length of X-ray, i.e., 1.540598 A, f is the value of FWHM,
which is expressed in radians and 0 is the Bragg’s angle)
and found to be around 10 nm.

Morphological studies

The surface morphologies of the prepared AF, DF and GF
were studied using high resolution scanning electron
microscope, as shown in Fig. 3. It is evident from the
HRSEM images that the particles are dumbbell nature and
the average size of iron oxide particles are about 90, 97 and
80 nm for AF, DF and GF, respectively. The difference in
the crystallite size calculated using X-ray diffraction and
particle size obtained by SEM is due to the fact that the
particles composed of several crystallization domains are
observed by X-rays while whole particle is observed with
SEM (Vazquez et al. 1998). The increase in grain size
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Fig. 3 HRSEM micrographs for a AF, b DF and ¢ GF

100 nm

Fig. 4 HRTEM micrographs of a AF, b DF, ¢ GF (inset shows SAED patterns)

occurred due to the further agglomeration of primary par-
ticles, when the sample was annealed at higher temperature
(800 °C).

Further analyses on the hematite nanoparticles are carried
out by selected area electron diffraction (SAED) and high
resolution TEM (HRTEM). Figure 4a, b, ¢ displays the high
magnification TEM image of an AF, DF and GF. The mor-
phology of the nano-sized hematite particles showed a
dumbbell shape nature. These dumbbell-shaped nanoparti-
cles are joined together to form bundles of aggregates. The
mean size of particles was about 85,92 and 77 nm for AF, DF
and GF which was coincident with the results obtained from
the HRSEM analysis. The corresponding selected area
electron diffraction (SAED) pattern is shown in inset of
Fig. 4. The ED pattern consists of concentric rings along
with spots over the rings. This feature indicates the poly-
crystallinity of the sample (Pawaskar et al. 2002).

Magnetic studies

Generally, the magnetic properties of materials have been
dependent on factors, such as the morphology and crystal
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Fig. 5 Magnetization curves of AF, DF and GF at 300 K

structure (including impurities or substitutions) of the
samples (Cudennec and Lecerf 2006; Subarna et al. 2007).
As the size of the hematite particle decreases to the micro/
nanometer scale, materials can exhibit unusual magnetic
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Table 1 Antibacterial activity of iron oxide nanoparticles

Samples Gram positive

Gram negative

S. aureus (mg/mL) A. hydrophila (mg/mL) S. pyogenes (mg/mL)

P. aeruginosa (mg/mL) E. faecalis (mg/mL) E. coli (mg/mL)

125 25 50 125 25 50 125 25 50 125 25 50 125 25 50 125 25 50
AF - -+ - -+ - -+ - -+ - - - = = 4t
DF -+ - I = o + o+t - + o+ - - = =+ 4t
GF - - 4+ - + o+ - - 4+ - -+ - - - =+ o+t

“~” No significant change (or) inhibition
“+” 1 % increase in primary inhibition
“++4” 2 % increase in primary inhibition
“+++4" 3 % increase in primary inhibition

behaviors that are quite different from those of conven-
tional bulk materials (Sorescu et al. 1999). Figure 5 shows
the magnetic hysteresis loops of AF, DF and GF at 300 K
in the applied magnetic field sweeping from —20 to 20
kOe. It can be seen that no saturation of the magnetization
for all the three samples as a function of the field is
observed up to the maximum applied magnetic field, which
is similar to the reported literature (Liu et al. 2005; Nie-
derberger et al. 2002). The hysteresis loop indicates that
these hematite nanoparticles have ferromagnetic behavior,
and the magnetization at the maximum applied magnetic
field (M.x) are 0.804, 0.650 and 0.640 emu/g for samples
AF, DF and GF, respectively. All the three samples possess
wide open M-H loops with the remanent magnetization
(M,), the coercivity (H.) of 0.306, 0.269, 0.267 emu/g,
2,340, 2,333 and 1,019 Oe, respectively. It is clearly seen
that the GF exhibited an extremely small hysteresis loop
and low coercivity compared to both AF and DF. In the
case of AF and DF, both exhibited larger hysteresis loops
and coercivity, further confirming that the hematite particle
size of GF was smaller than those of AF and DF (Liu et al.
2008). This was also consistent with the findings from
HRSEM and HRTEM. The high coercive values may be
partly attributed to a surfactant-free surface because no
surfactant is used in this study (Cao et al. 2006; Zeng et al.
2008).

Antimicrobial activity

Antibacterial activity of iron oxide nanoparticles was ana-
lyzed using well diffusion method against selected bacterial
species. Bacterial inoculums were prepared by growing a
single colony overnight in nutrient broth and adjusting the
turbidity to 0.5 McFarland standards. Mueller—Hinton agar
(MHA) plates were inoculated with this bacterial suspension
and various volumes of iron oxide nanoparticles in 12.5, 25
and 50 mg/mL were added at the center well with a diameter
of 8 mm. These plates were incubated at 37 °C for 24 h. The

tetracyclin was used as a positive control for bacterial species
as commercial control for the antibacterial assay. The anti-
bacterial agents were used in their commercial presentation
to prepare a stock solution adjusted to the concentration of
1.25 mg/mL™" (30 pg per well) (Magaldi et al. 2004). All
experiments were done in triplicates to obtain concurrent
results and the standard deviations were tabulated (Table 1).
The results showed a inhibition on A. Hydrophila and E. coli
with iron oxide nanoparticles. Based upon the antibacterial
parameters, the iron oxide nanoparticles did not show any
significant changes in dose of 12.5 mg/mL, but there was a
considerable increase in the inhibition with the increase in
dosage. Similar phenomenon was reported for the antibac-
terial effect of iron oxide nanoparticles (Tran et al. 2010).

Conclusion

The Iron oxide nanoparticles were synthesized on to novel
biopolymer template using the simple thermal decompo-
sition method. As evidenced from FTIR, good interaction
between hematite and polysaccharide functional groups
controls the hematite crystal growth. The XRD measure-
ments revealed a pure phase o-Fe,O;. HRSEM and
HRTEM confirmed dumbbell nature of the iron oxide
nanoparticles obtained at 800 °C and the lowest particle
size was found to be 77 nm for GF. The magnetization
measurements of the iron oxide nanoparticles prepared at
800 °C exhibit ferromagnetic behavior at room tempera-
ture for all the samples. The hematite nanoparticles have
outstanding antimicrobial efficiency against some bacterial
pathogens. It is concluded that further exploration on this
field is needed to develop eco-friendly bionanomaterials
for biomedicines.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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