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a b s t r a c t

A label free impedimetric immunosensor has been fabricated using protein bovine serum albumin (BSA)
and monoclonal antibodies against Vibrio cholerae (Ab) functionalized oxalic acid (OA) capped iron oxide
(Fe3O4) nanorods for V. cholerae detection. The structural and morphological studies of Fe3O4 and
OA-Fe3O4/ITO, were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
Fourier transform infrared (FTIR) spectroscopy and dynamic light scattering (DLS) techniques. The aver-
age crystalline size of Fe3O4, OA-Fe3O4 nanorods were obtained as about 29 ± 1 and 39 ± 1 nm, respec-
tively. The hydrodynamic radius of nanorods is found as 116 nm (OA-Fe3O4) and 77 nm (Fe3O4) by DLS
measurement. Cytotoxicity of Fe3O4 and OA-Fe3O4/ITO nanorods has been investigated in the presence
of human epithelial kidney (HEK) cell line 293 using MTT assay. The cell viability and proliferation studies
reveal that the OA-Fe3O4 nanorods facilitate cell growth. The results of electrochemical response studies
of the fabricated BSA/Ab/OA-Fe2O3/ITO immunosensor exhibits good linearity in the range of 12.5–
500 ng mL�1 with low detection limit of 0.5 ng mL�1, sensitivity 0.1 X/ng ml�1 cm�2 and reproducibility
more than 11 times.

� 2015 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Recently, investigators are being utilizing several types of
nanostructured materials including iron oxides (mostly maghe-
mite, c-Fe2O3 and a-Fe2O3 or magnetite, Fe3O4), among which
magnetite is a very promising candidate. These iron oxide nanoma-
terials exhibits wide applications in various fields including elec-
tronic devices, drug delivery, ferrofluid technology, contrast
agents hyperthermia treatment, cell separation, enzymatic assays
biosensors, etc. [1–9] due to their peculiar physical and electronics
properties such as small size, super-magnetic, low toxicity, bio-
compatibility and stability under physiological conditions.
Although, these materials are more susceptibility towards oxida-
tion and their tendency to agglomerate due to availability of strong
dipole–dipole interactions between particles which can be pre-
vented by functionalization with other materials [10]. The proper
functionalization of nanomaterial with desire solvent is important
to prevent aggregation and obtain thermodynamically stable
nanoparticles. Thus, this nanomaterial can be functionalized with
different materials including chitosan, carbon, polymers,
83

84

85

86

87
surfactants, bio-molecules, silica, metals, small polar molecules
including citric acid (CA) etc. [2,11,12] which provide improved
stability and biocompatibility nanoparticles. Moreover, the func-
tionalized nanoparticles with carbon and silica capped a Fe3O4

and c-Fe2O3 NPs control the phase transition of Fe3O4 nanorods
at the time of electrophoretic film deposition and provide
improved the electrochemical properties [2].

It has been observed that nanomaterial functionalized with car-
boxylic acid terminal group exhibit great importance because car-
boxyl group not only render the particles more water dispersible
but also provides a site for further surface modification that can
be utilized for wide applications including biomedical [13–17]. In
this context, carboxylic group containing small molecules like oxa-
lic acid (OA; C2H2O2, OA) and citric acid (CA; C6H8O7) found more
suitable for functionalization of Fe3O4 nanorods. Because, OA and
CA can be adsorbed onto the surface of the nanomaterial by coor-
dinating via one or two of the carboxylate functionalities, leaving
at least one carboxylic acid group exposed, making the nanomate-
rial surface hydrophilic, preventing particle agglomeration, and
providing other functional groups to be used for further surface
modification including oligonucleotides and antibodies or proteins
via covalent bonding [18]. It has been observed that most of studies
reported in literature are based on CA coated iron oxide nanomate-
rial for their biomedical applications including in contrast agent,
drug delivery, targeted cellular imaging, hyperthermia and
(2015),
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biodetection [10,11,19]. De Sousa has been reported that CA coated
nanoparticles (NPs) stable in water and suitable for energy dissipa-
tion under an external ac magnetic field in the rf range which
appropriated for magnetic hyperthermia therapy [20].
Cheraghipour et al., reported that CA capped NPs exhibit remark-
able heating effect during the application of a magnetic field,
which make them attractive for magnetic fluid hyperthermia
applications [21]. NPs coated with both oleic acid and pluronic
loaded with high doses of hydrophobic drugs has been used for
drug delivery [22]. Oxalic acid (OA), has gained importance in
green chemistry organic oxalic acid is essential for human body.
The OA has been utilized as a reductant for silver nanoparticles
synthesis and stabilizing by cetyltrimethyl-ammonium bromide
(CTAB). Thus there is a wide scope to explore the studies on OA
functionalized Fe3O4 for electrochemical biosensing applications.

Here, we have fabricated in situ capped OA-Fe3O4 nanorods for
immunosensor application. A thin film of OA-Fe3O4 nanorods has
been prepared using electrophoretic deposition technique onto
Indium-tin-oxide (ITO) coated glass substrate and utilized for func-
tionalization with monoclonal antibodies specific towards the
Vibrio cholerae and bovine serum albumin (BSA) for V. cholerae
detection using impedimetric spectroscopic technique. V. cholerae
is known to be highly pathogenic which creates a serious health
problem like diarrhea and acidosis in human. Thus, development
of point of care devices has recently gained increasing attention
in diverse fields including clinical diagnosis, environmental moni-
toring and food safety etc. [23,24]. Few immunosensors have been
reported based on nanostructured materials for V. cholerae detec-
tion [25–28]. To the best of our knowledge, this is first time report
on OA capped synthesized Fe3O4 nanorods and even for fabrication
of immunosensor for pathogen (V. cholerae) detection. These 1D
nanomaterials (OA-Fe3O4) nanorods provide direct attachment of
antibodies via electrostatic interactions that may preserve the
structural integrity of the antibodies resulted in higher sensitivity
as compared to CA capped Fe3O4 nanoparticles [19]. Moreover,
the cytotoxicity effect of Fe3O4 nanorods is still unexplored for
application to point-of-care devices.
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2. Experimental section

2.1. Material and methods

FeCl3 (Fe3+); FeCl2 (Fe2+) and NaOH was purchased from Fisher
Scientific Ltd. Oxalic acid (OA; C2H2O4) was purchased from
SDFCL, Mumbai-30. All these chemicals were used to prepare solu-
tions in deionized water without further purification.
Indium-tin-oxide (ITO) coated glass plates were obtained from
Balzers, UK, (Baltracom 247 ITO, 1.1 mm thick) with a sheet resis-
tance and transmittance of 25 X sq�1 and 90%, respectively.
Monoclonal antibodies specific to V. cholerae (Ab-Vc) and bovine
serum albumin (BSA) have been obtained from M/s Genetix
Biotech Asia Pvt. Ltd, India. All other chemicals were of analytical
grade and used without further purification. Deionized water from
Organo Biotech Laboratories, India, was used to prepare the
solutions.
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2.2. Preparation of OA capped Iron oxide nanorods

The magnetite nanorods have been prepared using
co-precipitation technique which is the simpler process followed
by as reported in literatures [29]. We have used 0.2 M (25 mL) of
FeCl3 and 0.1 M (25 mL) of FeCl2 and dissolved in de-ionized water
with stirring, the proposed reaction is give below (1). The capping
was done by maintaining the 1:1 ratio of resulting solution and the
capping agent (OA) of 0.5 gm (10 mL�1) was added drop wise
Please cite this article in press as: A. Sharma et al., Oxalic acid capped iron oxid
http://dx.doi.org/10.1016/j.cbi.2015.05.020
followed by continuous stirring at 80 �C. Then NaOH solution of
2 M (100 mL) was added drop wise at 90 �C with vigorously stir-
ring for 30 min as reported by [30]. The precipitating agent is
NaOH solution (basic medium). Thus obtained dark brown precip-
itation is taken for magnetic decantation and washed several times
with de-ionized water until the pH 7 was noted. Here bare mag-
netite nanorods were prepared without the functionalization,
means the capping agent (oxalic acid; OA) are not dissolved in
the salt solution. The same procedure is followed to obtain the bare
magnetite particle.

The principle reaction for the co-precipitation method is:

Fe2þ þ 2Fe3þ þ 8OH� ! Fe3O4 þ 4H2O ð1Þ
2.3. Cell proliferation study

The biocompatibility test of bare Fe3O4 and OA-Fe3O4 has been
monitored on cells line survival/proliferation (human epithelial
kidney cell line HEK 293) was studied using Methyl Thiazol
Tetrazolium (MTT) assay. HEK 293 is used as test cell line. The
HEK 293 cells are procured from NCC, Pune, India. The cells are
maintained in completed growth medium [10% FBS containing
Dulbecco’s Modified Eagle’s Medium (DMEM) medium] at 37 �C
under humidified 5% CO2 environment. For the assay, cells were
plated at about 6000/well in 96-well tissue-culture plate and were
allowed to attach for 48 h. Next day, the medium on cells was
replaced with MTT containing DMEM medium. The cells were kept
for 6 h at 37 �C to allow reduction of MTT dye to formazan crystals
by living cells. Cells in each wells were solubilized in 200 lL of
dimethyl sulfoxide (DMSO), followed by absorbance measurement
at 570 nm. The% change in proliferation was calculated with
respect to control cells that were not exposed to NPs (control).
All experiments were done in triplicates.

2.4. Preparation of OA-Fe3O4/ITO electrodes by electrophoretic
deposition (EPD)

The thin film of OA-Fe3O4/ITO was deposited on onto the ITO
surface using electrophoretic deposition (EPD) technique using a
DC battery (BioRad, model 200/2.0) as the power supply. 0.25 mg
of OA caped Fe3O4 (OA-NPs) was dispersed in 10 mL acetonitrile
solution and ultra-sonicated for 30 min. To increase the deposition
rate of nanorods onto the ITO surface Mg ions enhance the positive
charge on the material surface which help in transportation of
OA-Fe3O4 towards the cathode surface [26,31]. A platinum foil
(1 cm � 2 cm) was used as an anode and a hydrolyzed
ITO-coated glass plate as a cathode. The two electrodes, placed par-
allel to each other with a separation of 1 cm, were dipped in caped
Fe3O4, NPs colloidal suspension. We have optimized the film depo-
sition onto an ITO plate (0.25 cm2) at different voltages ranging
from 30 to 60 V for 40 s and then removed from the suspension fol-
lowed by washing with de-ionized water to remove any unbound
particles.

2.5. Biofunctionalization of OA-Fe3O4/ITO electrodes with antibodies
(Ab) and BSA

The OA-Fe3O4/ITO electrodes were functionalized with mono-
clonal anti-Vibrio cholera antibodies (Ab). The stock solution of
monoclonal antibodies specific towards V. cholerae (Ab;
1 ng mL�1) was freshly prepared in phosphate buffer (50 mM, pH
7.0) and antigen (V. cholerae, Vc) aliquot in different working con-
centrations (1–500 ng mL�1). 10 lL of Ab (1 ng mL�1) solution was
uniformly loaded onto OA-Fe3O4/ITO electrode surface via physical
absorption and kept undisturbed overnight in a humid chamber.
e nanorods as a sensing platform, Chemico-Biological Interactions (2015),
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The positive charge OA-Fe3O4 NPs was electrostatically bound with
the Fc region of antibodies (Ab). Then, these immunoelectrodes
was immersed in 50 mM phosphate buffer saline (PBS) (pH 7.0,
0.9% KCl) to removed unbound antibodies from the surface.
Finally, Ab/OA-Fe3O4/ITO immunoelectrode was treated with
10 lL (1 mg mL�1) bovine serum albumin (BSA, 98%) solution for
about 4 h to block the nonspecific site onto electrode surface.
This BSA/Ab/OA-Fe3O4/ITO immunoelectrode was stored at 4 �C
when not in use. Schematic 1 shows the step wise fabrication of
OA-Fe3O4/ITO electrode and their modification with antibodies
(Ab) and BSA for the detection of Vc concentration (see Scheme 1).
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2.6. Characterizations

The structure, shape and crystallite size of synthesized Fe3O4

and OA-Fe3O4 nanorods were investigated by X-ray diffractometer
(XRD, Rigaku D/Max 2200 diffractometer with CuKa radiation at
k = 1.5406 Å). Scanning electron microscope with dispersive X-ray
spectroscopy (SEM, Zeiss, EVO, 40), high-resolution transmission
electron microscope (HRTEM) images and selected area electron
diffraction (SAED) studies were carried out using a JEOL
JEM-2200 FS (Japan) instrument operating at a voltage of 200 kV.
Samples for TEM analysis were prepared by spreading a drop of
as-prepared products dilute dispersion on amorphous
carbon-coated copper grids and then dried in air at room temper-
ature. Fourier transform infrared spectroscopy (FT-IR) spectra of
Ab/OA-Fe3O4/ITO immunoelectrodes were recorded on a Varian
7000 FT. Dynamic light scattering (DLS) measurements were per-
formed at a scattering angle of h = 90� and laser wavelength of
He/Ne laser of k = 632.8 nm on RINA Netzwerk RNA-technologies.
The probe length scale is defined by the inverse of the modulus
of the scattering wave vector q where the wave vector
q = (4pn/k) sin(h/2), the medium refractive index is n, the excita-
tion wavelength is k (=632.8 nm) and h is the scattering angle.
Further details on dynamic light scattering can be obtained from
Berne and Pecora [32]. The instrument was used in the polarized
mode to determine the particle size of particles. In all experiments,
the difference between the measured and calculated baseline was
not allowed to go beyond ±0.1%. The data that showed excessive
Scheme 1. The preparation of BSA/Ab

Please cite this article in press as: A. Sharma et al., Oxalic acid capped iron oxid
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baseline difference were rejected. Analysis of the measured corre-
lation function yields the translational diffusion coefficient of the
scattering moiety.

The diffusion coefficient is related to corresponding effective
hydrodynamic radius through the Stoke–Einstein relation
Rh ¼
kBT

6pgD
ð2Þ
where, the solvent viscosity is g, kB is the Boltzmann constant, and T
is the absolute temperature.

The zeta-potential measurements were performed on an elec-
trophoresis instrument (model ZC-2000, Microtec, Japan). The
solutions were diluted to know the surface charge of streaming
particles. In the case of the interacting solutions, if one uses the
zeta potential (Z) as an approximation of the surface potential u
of a uniformly charged sphere, the theory gives
Z � u ¼ 4pðr=ejÞ ð3Þ
where r is the surface charge density of the particle, and e and j are
the dielectric constant and Debye–Huckel parameter of the solu-
tion, respectively. It has been shown to a very good approximation
that the surface potential can be determined from the potential
existing at the hydrodynamic slip plane, which is called the zeta
potential. The relationship between the mobility (l) and the zeta
potential is Z = 4p(lg/e). Next, l can be written as l = r/gj, where
g is the viscosity of the solution [33,34].

Electrochemical studies [cyclic voltammetry (CV) and impe-
dance] were conducted on an Autolab Potentiostat/Galvanostat
(Eco Chemie, Netherlands) using a three-electrode cell using ITO
as working electrode, platinum (Pt) foil as the auxiliary electrode
and Ag/AgCl as reference electrode in phosphate buffer saline
(PBS, pH7.0, 0.9% KCl) containing 3.3 mM [Fe(CN)6]3�/4� as redox
probe.
/OA-Fe3O4/ITO immunoelectrode.

e nanorods as a sensing platform, Chemico-Biological Interactions (2015),
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Fig. 1. X-ray diffraction pattern of (a) Fe3O4 and (b) OA-Fe3O4 nanorods.
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3. Results and discussion

3.1. Characterization of OA-Fe3O4 nanocrystals

Fig. 1 shows the XRD studies of the Fe3O4, OA-Fe3O4 revealed
the purity and crystallinity of the synthesized NPs with the cubic
structure [space group: Fd-3 m] known for the Fe3O4 crystal
(JCPDS Card No. 32-0483) [33,34]. It has been observed that the
XRD pattern of bare and caped magnetite nanorods showed num-
bers of Braggs reflections that may be indexed on the basis of the
face cantered cubic structure of NPs diffraction peaks correspond-
ing to the planes (220), (311), (400), (422), (511) and (440) at 2h
values of 30.18�, 35.6�, 43.66�, 54.18�, 57.77� and 63.45�, respec-
tively, consistent with the standard XRD data for the Fe3O4 phase
(Fig. 1(a and b)). The average crystalline size of Fe3O4, OA-Fe3O4

nanorods were estimated using Debye–Scherrer formula, and the
value obtained was about 25 ± 1and 32 ± 1, respectively. No addi-
tional peaks have been observed indicating the formation of pure
and single phase without any impurities that remain from the
un-reacted precursors. Moreover, it has been noticed that the
peaks are broad and sharp that is an indication of the formation
of very fine particles in the nanoscale range. The calculated inter
d-spacing of crystalline structure determined for the reflected peak
(311) from Bragg’s law is 0.132 nm.

Fig. 2 depicts transmission electron microscopy (TEM) images of
OA-Fe3O4 magnetite products. The well-suspended OA-Fe3O4 has
been prepared in water and is drop cast onto a carbon coated cop-
per grid for the TEM micrograph. Image (a) shows the TEM of
OA-Fe3O4 magnetite nanorods which reveal that good dispersity
20 nm

(a)

Fig. 2. (a) TEM images and (b) HR

Please cite this article in press as: A. Sharma et al., Oxalic acid capped iron oxid
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of OA-Fe3O4 nanorods with sizes of about 30 ± 1 nm and results
are accordance with XRD measurement. The coating of these
nanorods is clearly visible in both images. The corresponding
atomic scale image of the OA-Fe3O4 exhibits the well-organized
lattice planes of Fe3O4 (image b).

3.2. Scanning electron microscope (SEM)

Fig. 3 shows the he surface morphology of (a) OA-Fe3O4/ITO
electrodes and (b) BSA/Ab/OA-Fe3O4/ITO immunoelectrode has
been confirmed by SEM images. Image (a) shows rod shape mor-
phology which is uniform deposition of OA-Fe3O4 onto the ITO sur-
face. After the immobilization of Ab and BSA onto OA-Fe3O4

electrode surface, the morphology of electrode has been changed
and formed the globular shape morphology due to presence of
macromolecular size of antibodies and BSA that confirm the pres-
ence of biomolecules (Ab, BSA) onto OA-Fe3O4/ITO electrode sur-
face (image b).

3.3. Dynamic light scattering (DLS) study

The bare magnetite and OA capped NPs have been characterized
using dynamic light scattering (DLS). It has been found that the
hydrodynamic radius (RH) of OA-Fe3O4 as 115.9 nm and Fe3O4 as
77.4 nm (data not shown). These results indicate that bare Fe3O4

is less hydrophilic as compared to OA capped Fe3O4 nanorods
results indicated that Fe3O4 has been modified with OA. Table 1
shows particle size of bare Fe3O4 NPs and OA-Fe3O4 nanorods
obtained from different techniques.

3.4. Fourier transforms infrared spectroscopy (FTIR) Study

Surface modification of OA/Fe3O4/ITO immunoelectrode after
immobilization of Ab and BSA was confirmed by changing in IR
spectra (Fig. 4). OA/Fe3O4/ITO, Ab/OA/Fe3O4/ITO and
BSA/Ab/OA/Fe3O4/ITO immunoelectrode have been characterized
by using FTIR. The IR spectrum shows main absorptions peak at
3400, 1500, 1090 and 591 cm�1. The sharp peak in the spectrum
around 591 cm�1 was ascribed to vibrations of Fe–O an iron oxide
skeleton in almost all the samples (curve a), while the other
absorptions should be assigned to organic species. The broad band
around 3400 cm�1 was assigned to stretching vibrations of N–H
bonds and adsorbed water molecules, the bands between 1385
and 1610 cm�1were assigned to bending vibrations of N–H (amide
I) and C–H bonds, and the peak at about 1090 cm�1 arises from the
stretching vibrations of C–N bonds [33,34]. Compared with the
uncoated magnetite nanorods, the larger intensity of the OH band
(3400–3500 cm�1) suggested that there was a reaction of the car-
boxylic acid group of acids with the surface hydroxyls of Fe3O4
1 nm

(b)

TEM of OA-Fe3O4 nanorods.
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Fig. 3. SEM images shows (a) OA-Fe3O4/ITO electrode and (b) BSA/Ab/OA-Fe3O4/ITO immunoelectrode.

Table 1
Particle size of nanorods obtained from different techniques.

Nanorods Nanorods size
from XRD (nm)

Average nanorods
size from TEM (nm)

Hydrodynamic
radius from DLS
(nm)

Fe3O4 29 24 77 (less
hydrophobic)

OA caped
Fe3O4

39 24 116
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nanorods. The signature IR peaks appear at 1036 cm�1, 1374 cm�1

(amide II) are responsible for carboxylate (COO�) stretching (curve
b). The broad hump formed in the region of 2994–3590 cm�1is
assigned to O–H stretching of carboxylic acid group. The presence
of these peaks is evidence of the formation of oxalic acid capped
Fe3O4 nanorods. However, the Fe–O vibration band at 500 cm�1

becomes broader and shifts towards higher wavenumber at
994 cm�1 may be due to the incorporation of BSA (curve d). The
peaks seen at 1650 cm�1 and 1535 cm�1 indicating the presence
of an amide band (I, II) and intensity increased at around
1250 cm�1 assigned to amide (III) revealing the immobilization
of BSA onto the Ab/OA-Fe3O4/ITO electrode.

3.5. Zeta potential study

An imaginary surface (plane of shear) is used to represent the
effective location of the solid–liquid interface, where the liquid
velocity is zero. The equilibrium electric potential at the shear
500 1000 1500 2000 2500 3000 3500 4000

(d)

(c)

(b)

Tr
an

sm
itt
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ce

 (%
)

Wavenumber (cm-1)

(a)

Fig. 4. FTIR spectra of (a) Fe3O4; (b) OA-Fe3O4/ITO electrode; (c) Ab/OA-Fe3O4/ITO;
(d) BSA/Ab/OA-Fe3O4/ITO immunoelectrode.
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plane is called the zeta potential. The isoelectric point refers to
the pH value at which zeta potential is zero. The surface charge
potential of Fe3O4 in water could be explained by surface hydroxyl
groups (Fe–OH). The presence of the hydroxyl group on the synthe-
sized Fe3O4 nanorods surfaces was confirmed by infrared measure-
ment as described. The zeta potential measurement gives the
positive surface charge value of the bare Fe3O4 and OA-Fe3O4

nanorods. The value of zeta potential was found as 12.2, 8.4 mV
for Fe3O4 and OA-Fe3O4, respectively (data not shown). The posi-
tive surface charge is expected due to the formation of Fe–OH2

+ in
an acidic environment. When OA was introduced into magnetite
colloid solution, acid molecules preferred to attach to the surface
of the nanorods because carboxylic acids of OA have a high affinity
for metallic oxides. In this system, the Fe–OH bond at the surface of
Fe3O4 reacted with the carboxylic acid group of the acid molecule
via an acid–base reaction, giving Fe–O–C species with the elimina-
tion of H2O [12].
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3.6. Electrochemical studies

Cyclic voltammetric (CV) has been used to investigate the elec-
trochemical behavior of Fe3O4/ITO and OA-Fe3O4/ITO electrodes
prepared at different voltages (30–50 V) in phosphate buffer
(50 mM, pH 6.0, 0.9% KCl) containing 3.3 mM [Fe(CN)]6

3�/4�at scan
rate of 20 mV/s (Fig. 5). We have optimized the film fabrication at
different voltage and observed that the maximum oxidation and
reduction magnitude of current of the electrolyte in
three-electrode system at different voltage varies from 30 to 50 V
and found that maximum current obtained at 30 V as shown in
inset (Fig. 5). It may be due to deposition of small size nanorods
attracted faster and deposited uniform thin film that enhanced fast
electron transfer from electrolyte to electrode surface. While at
higher voltage (40–50 V) large size nanorods deposited onto ITO
surface to formed thick film and less uniformity resulting in slow
charge transfer. So, all the electrodes have been fabricated at
30 V for further electrochemical studies.

The electrochemical response of (a) Fe3O4/ITO; (b)
OA-Fe3O4/ITO; (c) Ab/OA-Fe3O4/ITO; (d) BSA/Ab/OA-Fe3O4/ITO
immunoelectrode have been observed in phosphate buffer saline
(50 mM, pH 6.0, 0.9% KCl) containing [Fe(CN)6]3�/4� at scan rate
of 20 mV/s (Fig. 5). It has been observed that the magnitude of oxi-
dation current enhanced of OA-Fe3O4/ITO electrode (curve b) as
compared to bare Fe3O4/ITO (curve a) as shown in Fig. 5. It may
be due to OA capped Fe3O4 nanorods containing negative charge
due to availability of carboxyl group facilitate fast transfer of elec-
tron originate from the negatively charged [Fe(CN)6]3�/4� medium
leading to enhanced heterogeneous electron transfer. Moreover,
the enhancement of electrochemical signal due to self oxidation
e nanorods as a sensing platform, Chemico-Biological Interactions (2015),
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Fig. 5. CV of (a) Fe3O4/ITO; (b) OA-Fe3O4/ITO; (c) Ab/OA-Fe3O4/ITO; (d) BSA/Ab/OA-
Fe3O4/ITO at scan rate of 20 mV/s and inset shows the current of OA-Fe3O4/ITO
electrode as a function of deposition voltage.
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of OA to carbon dioxide as mentioned in Eq. (4) [35]. However, the
magnitude of current is increased and slightly shifted towards
lower potential after the immobilization of antibodies onto
OA-Fe3O4/ITO electrode resulting in reduced tunneling distance
for diffusion of electrons from the bulk solution leading to
enhanced current. It is due to the availability of gibbosities on
OA-Fe3O4/ITO electrode surface facilitates the shorten distance
and enhanced the magnitude of current due to improved heteroge-
neous electron transfer. These results indicate the significant
increase in the heterogeneous electron transfer rate results due
to strong interaction of antibodies with OA-Fe3O4/ITO electrode.
However, the magnitude of current is not much changed but
slightly shifted towards higher potential after incorporation of
BSA onto Ab/OA-Fe3O4/ITO electrode (curve d).

HCOO—COOH! 2CO2 þ 2Hþ þ 2e� ð4Þ

Fig. 6(A and B) shows the CV of OA-Fe3O4/ITO (A) and
BSA/Ab/OA-Fe3O4 (B) immunosensor as a function of scan rate
varying from 10 to 100 mV/s. It was observed that in both bioelec-
trodes the magnitude of both anodic (Ipa) and cathodic (Ipc) peak
currents increased linearly with square root of the scan rate
(v1/2), suggesting that electrochemical reaction was a
diffusion-controlled process.

The anodic (Epa) and cathodic (Epc) peak potentials and potential
peak shifts (DEp = Epa � Epc) of OA-Fe3O4/ITO (A) and
BSA/Ab/OA-Fe3O4/ITO immunoelectrode was observed to exhibit
a linear relationship (linear regression coefficient 0.98) with the
scan rate indicating facile charge transfer kinetics in the scan rate
range from 10 to 100 mV s�1 in PBS containing 3.3 mM
[Fe(CN)6]3�/4�. These results revealed that immunoelectrode pro-
vide sufficient accessibility to electrons between the electrolyte
and the electrode. The diffusion co-efficient value of the redox spe-
cies from the electrolyte to OA-Fe3O4/ITO and
BSA/Ab/OA-Fe3O4/ITO immunoelectrode were calculated using
the Randles–Sevcik [36] Eq. (5) as shown below. The obtained val-
ues have been mentioned in Table 1.

Ip ¼ ð2:69� 105Þn3=2A D1=2Cv1=2 ð5Þ

where Ip is the peak current of the BSA/Ab/OA-Fe3O4 immunoelec-
trode (Ipa anodic and Ipc cathodic), n is the number of electrons
involved or electron stoichiometry, A is the surface area of the elec-
trode (0.25 cm2), D is the diffusion co-efficient, C is the
Please cite this article in press as: A. Sharma et al., Oxalic acid capped iron oxid
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concentration of redox species {3.3 mM [Fe(CN)6]3/4} and v is the
scan rate (20 mV s�1).

The electroactive surface area (Ae) of the OA-Fe3O4/ITO and
BSA/Ab/OA-Fe3O4/ITO immunoelectrode was determined from
the calculated diffusion co-efficient and the Randles–Sevcik equa-
tion [36].

Ae ¼ S=ð2:99� 105Þn3=2CD1=2 ð6Þ

where S is the slope of the straight line obtained from the graph of Ip

versus scan rate1/2. The Ae value of the OA-Fe3O4/ITO (A) and
BSA/Ab/OA-Fe3O4/ITO immunoelectrode has been found to be 0.62
and 0.53 mm2, respectively.

The surface concentration of ionic species of these electrodes
was estimated using Brown–Anson model [36].

Ip ¼
n2F2I�AV

4RT
ð7Þ

where n is the number of electrons transferred which is 1 in this
case, F is Faraday constant (96485.34 C mol�1), A is surface area of
the electrode (0.25 cm2), R is gas constant, I* is surface concentra-
tion of ionic species of immunoelectrodes (mol/cm2), T is 298 K,
and Ip/V is the slope of calibration plot (scan rate value). The surface
concentration of OA-Fe3O4/ITO and BSA/Ab/OA-Fe3O4/ITO immuno-
electrode was found to be 1.9 � 10�8 and 1.99 � 10�8 M/cm2,
e nanorods as a sensing platform, Chemico-Biological Interactions (2015),
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respectively. The results indicate that OA-Fe3O4/ITO electrode pro-
vides increased electroactive surface area for loading of antibodies
(Ab). However, after the immobilization of Ab, the surface concen-
tration changed confirms the presence of Ab and BSA
ontoOA-Fe3O4/ITO electrodes surface with multilayer coverage.

The value of the heterogeneous electron transfer rate constant
(Ks) obtained for OA-Fe3O4/ITO and BSA/Ab/OA-Fe3O4/ITO immu-
noelectrode was estimated to be 0.11 and 0.12 s�1 according to
the model of Laviron as in eq. (8) [37].

Ks ¼ mnFv=RT ð8Þ

where m is the peak-to-peak separation (0.14 and 0.15 V, respec-
tively), The highest value of Ks was found in case of OA-Fe3O4/ITO
electrode as compared to BSA/Ab/OA-Fe3O4/ITO immunoelectrode,
Table 2 shows the electrochemical parameters: anodic peak current
(Ipa), cathodic peak current (Ipc), charge transfer rate constant (Ks),
diffusion coefficient (D), electroactive surface area (Ae), average sur-
face concentration (I*) of ionic species obtained for respective
electrodes.

3.7. Electrochemical impedance spectroscopy study

Electrochemical impedance spectroscopy (EIS) is an effective
tool for studying interfacial properties of surface modified elec-
trodes. In the EIS, the semicircular diameter of the EIS spectra gives
a value of the charge transfer resistance (RCT) that reveals electron
transfer kinetics of the redox probe at the electrode interface.
Moreover, RCT depends on dielectric characteristics of the elec-
trode/electrolyte interface. The EIS studies has been investigated
in PBS containing 3.3 mM [Fe(CN)6]3�/4� in the frequency range
0.01 –105 Hz. The semicircular part corresponds to the electron
transfer limited process; its diameter is equal to the electron trans-
fer resistance (RCT) which controls the electron transfer behavior of
the redox probe at the electrode interface. Fig. 6(C) shows the
Nyquist plot of the impedance of respective modified electrodes
(a) Fe3O4/ITO; (b) OA-Fe3O4/ITO; (c) Ab/OA-Fe3O4/ITO and (d)
BSA/Ab/OA-Fe3O4/ITO immunoelectrodes. It has been observed
that RCT for Fe3O4/ITO electrode (curve a) is smaller than that of
OA/Fe3O4/ITO electrode (curve b). This suggests that Fe3O4/ITO
electrode improved conductivity of the electrode and that the pos-
itively charged which facilitate diffusion of the negatively charged
[Fe(CN)6]3�/4� ions towards the electrode surface. After the immo-
bilization of Ab onto the OA-Fe3O4/ITO electrode, the RCT value
decreases, revealing that non-binding sites on Ab facilitate electron
transfer between the OA-Fe3O4/ITO electrode and electrolyte.
Further, RCT decreases after the immobilization of BSA onto the
Ab/OA-Fe3O4/ITO, revealing that BSA blocks non-specific sites onto
Ab/OA-Fe3O4/ITO that perhaps perturb electron communication
between the BSA/Ab/OA-Fe3O4/ITO immunoelectrode and ITO
surface.

3.8. Electrochemical response studies

The EIS response studies of the BSA/Ab/OA-Fe3O4/ITO immuno-
electrode were conducted as a function of V. cholerae concentration
Table 2
Shows the electrochemical parameters: anodic peak current (Ipa), cathodic peak
current (Ipc), charge transfer rate constant (Ks), diffusion coefficient (D), electroactive
surface area (Ae), average surface concentration (I⁄) for respective electrodes.

Electrodes Ipa

(lA)
Ipc

(lA)
Ks

(s�1)
D (cm2 s�1) Ae

(mm2)
I⁄

(mol cm�2)

Fe3O4/ITO 65.4 �46.2 0.14 4.34 � 10�12 – 1.39 � 10�8

OA-Fe3O4/
ITO

89.6 �76.7 0.11 8.15 � 10�12 0.62 1.9 � 10�8

BSA/Ab/OA-
Fe3O4/ITO

93.7 �94.96 0.12 8.9 � 10�12 0.53 1.99 � 10�8

Please cite this article in press as: A. Sharma et al., Oxalic acid capped iron oxid
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(12.5–400 ng/mL) in PBS containing [Fe(CN)6]3�/4� containing
3.3 mM [Fe(CN)6]3�/4�as shown in Fig. 7. The BSA/Ab/OA-Fe3O4/
ITO immunoelectrode were treated with 30 mL of V. cholerae con-
centration and then incubated for ten minutes at room temperature
(25 �C). It was found that the RCT value decreases with increasing
concentrations of antigen (Vibrio cholera). It may be due to
antibody-antigen complex formation which enhanced the charge
transfer rate resulting in decrease RCT value and increased sensitiv-
ity (inset Fig. 7). The detection range found as 12.5–500 ngmL�1

with low detection limit of 0.5 ng mL�1calculated by using the
3rb/m criteria, where m is slope of the calibration graph and rb is
the standard deviation of the blank signal. The sensitivity of the
BSA/Ab/OA-Fe3O4/ITO calculated by the slope of the linear regres-
sion curve is 0.1 X/ng mL�1cm�2, which is higher than the previous
reported CA-Fe3O4 nanoparticles. The electrochemical response
studies of bare Fe3O4 (uncapped) based BSA/Ab/Fe3O4/ITO immuno-
electrode have been conducted as a function of V. cholerae concen-
tration at similar condition [Data not shown]. It has been
0 5 10 15 20 25 30
0

Z' (kΩ)

0 100 200 300 400 500

14

16

18R
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Fig. 7. Shows electrochemical response studies of BSA/Ab/OA-Fe3O4/ITO as a
function of antigen concentration of 12.5–400 ng/ml and inset shows the respective
RCT values at zero potential in PBS containing 5 mM [Fe(CN)6]3�/4� (inset (A):
Randles equivalent circuit, where Rs: solution resistance, RCT: charge transfer
resistance, Zw: Warburg impedance, and Cdl: double layer capacitance).
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Table 3
Shows a comparative biosensing characteristics of BSA/Ab/OA-Fe3O4/ITO immunoelectrode along with reported in literature.

Electrode/
immobilization/transducer

Transducer Biomolecules Detection range Low detection
range

Sensitivity Refs.

BSA/Ab/CA-Fe3O4/ITO Electrochemical impedance
spectroscopy

Antibodies 12.5–500 ng ml�1 0.32 ng ml�1 0.03 X/ng ml�1cm�2 [19]

Nickel oxide
nanowires/ITO

Electrochemical impedance
spectroscopy

Antibodies 37–350 ng ml�1 0.553 ng ml�1 11.12 X/ng ml�1cm�2 [25]

RGO-TiO2/ITO Electrochemical impedance
spectroscopy

Antibodies 10–450 ng/mL 0.15 ng mL�1 21.8 � 10�3 lF/
ng mL�1/cm2

[26]

Lipid layer Chemiluminescence HRP/ganglioside
GM1

1 pgmL�1–1 ngmL�1 0.8 pgmL�1 – [27]

Gold-coated AFM
microcantilevers

Dynamic force microscopy Antibodies 1 � 103–1 � 107

CFU/ml.
1 � 103 CFU/ml, �146.5 pg/Hz [28]

BSA/Ab/OA-Fe3O4/ITO Electrochemical impedance
spectroscopy

Antibodies 12.5–500 ng ml�1 0.5 ng ml�1 0.1 X/ng ml�1cm�2 Present
work
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Fig. 8. Effect of Fe3O4 and OA-Fe3O4 Nanorods on the proliferation of HEK 293 cells.
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observed that the RCT value does not change significantly as com-
pared to OA capped Fe3O4 nanorods based [BSA/Ab/OA-Fe3O4/ITO]
immunoelectrode. These results indicate that the OA-Fe3O4 nanor-
ods [BSA/Ab/OA-Fe3O4/ITO] immunoelectrode shows higher inter-
action of antibodies with antigens and exhibits improved
biosensing properties. The stability of BSA/Ab/OA-Fe3O4/ITO immu-
noelectrode obtained 50 days (80%) and reproducibility more than
11 times. Table 3 shows the comparison of biosensing properties
of BSA/Ab/OA-Fe3O4/ITO immunoelectrode along with reported in
literature.

3.9. Effect of cytotoxicity

Fig. 8 shows the relative percentage proliferation of HEK 293
cells in the presence of Fe3O4 and OA-Fe3O4 nanorods, respectively;
in the concentration range 0–100 lg mL�1. The MTT assay results
indicated that viability of HEK 293 is not affected in the presence
of Fe3O4 and OA-Fe3O4 nanorods, resulted normal growth of cells.
These results suggest that nanorods are biocompatible and do
not have toxic affect on human cells in vivo studies. However,
the OA-Fe3O4 nanorods exhibit higher biocompatibility over
Fe3O4 indicated that OA-Fe3O4 nanorods facilitate cell growth.
Similar results reported with Hela cell lines [38].

4. Conclusions

Biocompatible magnetite nanorods prepared by co-precipitation
method and stabilized by coating with oxalic acid (OA). We have
successfully functionalized Fe3O4 nanorods with OA that confirmed
by TEM, FTIR and DLS. These NPs has been deposited using
electrophoretic deposition technique onto ITO surface for immobi-
lization of monoclonal antibodies against V. cholerae and BSA for V.
Please cite this article in press as: A. Sharma et al., Oxalic acid capped iron oxid
http://dx.doi.org/10.1016/j.cbi.2015.05.020
cholerae detection using impedimetric techniques. The results of
these studies obtained as linearity 12.5–500 ng mL�1 with low
detection limit of 0.5 ngmL�1, sensitivity 0.1 X/ng mL�1cm�2 and
reproducibility more than 11 times. This type of electrode has
the potential to be of general use for designing new electrochemi-
cal immunosensors for detection of other clinically important
antigens.
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