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A highly efficient rare earth metal oxide nanorods based
platform for aflatoxin detection†

Jay Singh,a Appan Roychoudhury,bd Manish Srivastava,c Pratima R. Solanki,de

Dong Won Lee,a Seung Hee Lee*a and B. D. Malhotra*bd

The nanostructured rare earth metal oxide (samarium oxide, n-Sm2O3) nanorods, prepared using a forced

hydrolysis technique, have been electrophoretically deposited (EPD) onto an indium-tin-oxide (ITO) glass

substrate. This novel platform has been utilized for co-immobilization of monoclonal antibodies of

aflatoxin B1 (Ab-AFB1) and bovine serum albumin (BSA) via electrostatic interactions for food toxin

(AFB1) detection. Thus prepared n-Sm2O3 nanorods have been characterized by X-ray diffraction (XRD),

atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray photoelectron

spectroscopy (XPS) and Fourier transform infrared (FTIR) spectroscopic techniques. The results of

electrochemical response studies of the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode obtained as a

function of aflatoxin concentration reveal a linearity of 10–700 pg mL�1, a detection limit of 57.82 pg

mL�1 cm�2, a response time of 5 s and a sensitivity of 48.39 mA pg�1 mL�1 cm�2 with a regression

coefficient of 0.961. The association constant (Ka) for antigen–antibody interactions obtained is 47.9 pg

mL�1, which indicates high affinity of antibodies towards the antigen (AFB1). The application of n-

Sm2O3 modified electrode for immunosensor analysis offers a novel platform and efficient strategy for

the application of rare earth metal oxide materials in bioelectronics.
1 Introduction

Recent years have seen increased research activity on applica-
tions of the various rare earth (RE) metal oxides in different
elds including materials science, bioscience and biotech-
nology because of their interesting properties and potential
applications.1–4 This is because RE metal oxides are known to
display high surface basicity, fast oxygen ion mobility, efficient
charge transfer ability and interesting catalytic behavior.
Among the various applications such as bioprobes, drug
discovery, medical diagnostics, genetic analysis, and ow
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cytometry of nanostructured RE metal oxides, the applications
to bio-sensing have demanded much attention.5 Among the
various RE metal oxides, samarium oxide (Sm2O3) has aroused
much interest due to its variable valence properties.6 Besides
this, Sm2O3, because of its reasonably high relative permittivity
(15–30), good thermal stability, and large conduction band (>2
eV),10 has been predicted to have applications in solar cells,7

nanoelectronics,8 semiconductor gases, gate insulators and
biochemical sensors.9 Engstrom et al. have used Sm2O3 lm as a
sensing lm to fabricate an ion-sensitive eld-effect transistor
(ISFET) due to its high dielectric constant (�15) and high
thermal stability.11 The Sm2O3 nanocrystals have been found
to act as active catalysts for CO hydrogenation and as a
C2-oxygenated compound.12 Wu et al. have recently reported
sensing characteristics of high-k Sm2O3 based electrolyte–
insulator–semiconductors for urea detection.13 To the best of
our knowledge, no efforts have yet been made to fabricate
biosensors based on RE metal oxide for food toxin detection.

Mycotoxins are the toxic secondary metabolites produced by
fungi that readily grow on crops, such as cereals, nuts, dried
fruits, and beans during plant growth, harvesting, drying, pro-
cessing, and storage.14 Environmental conditions such as insect
damage, temperature, and humidity may result in increased
infection and toxin accumulation. Although hundreds of fungal
toxins are known, a limited number is, however, considered to
play an important part in food safety. Among these, aatoxins
are known to be highly toxic and carcinogenic secondary
J. Mater. Chem. B
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metabolites produced by three anamorphic species of the genus
Aspergillus, A. avus, A. parasiticus and A. nomius.15 Among the
fourmajor aatoxins B1, B2, G1, and G2, aatoxin B1 (AFB1) is the
most signicantly occurring food toxin and is a potent natural
carcinogenic, mutagenic and teratogenic compound. The Inter-
national Agency for Research on Cancer has classied AFB1 as a
human carcinogen since it has been found to be responsible for
human hepatocellular carcinoma.15,16 The World Health Orga-
nization (WHO) classies AFB1 as a class 1 carcinogen.17 The
aatoxins display potency of toxicity, carcinogenicity, and
mutagenicity in the order: AFB1> AFG1> AFB2> AFG2.18Due to the
ubiquitous presence of AFB1 in foodstuffs and its potential risk
to human health and environment, prompt and accurate detec-
tion of this food toxin is urgently required.

The analyticalmethods currently being used for AFB1 detection
are thin layer chromatography (TLC),19 liquid chromatography,
high-performance liquid chromatography (HPLC),20 immune-
chromatography,21 enzyme-linked immunosorbent assay (ELISA)22

and electrochemical immunoanalysis.23 Most of these procedures
are time-consuming, highly prone to interferents, and may yield
unreliable results for some food and biological samples due to the
difficulty in obtaining a clear solution for nal measurements.
Electrochemical immunoassay methods combined with specic
antigen–antibody recognitioncanperhapsbeadvantageous for the
determination of AFB1

24 because of their simplicity, low detection
limit, specicity, etc.25,26 To obtain a sensitive, compact and stable
immunosensor platform, the desired antibodies should be
directed in a given orientation on a desired electrode. Many
nanostructured materials such as gold and nickel nanoparticles,
reduced graphene oxide, multiwalled carbon nanotubes and
magnetic nanobeads can be utilized for AFB1 detection.26–30

Compared with spherical nanoparticles, one-dimensional
(1-D) nanomaterials have recently received increasing interest
due to their unique physical and chemical properties.31,32 Nano-
rods with unique catalytic activities and electronic properties
havebeen found to result in improvedsensitivity andselectivity of
the electrochemical biosensors due to increased electron trans-
fer.33 This is because these small dimensional structures can
perhaps be used for efficient transport of electrons. The large
surface area and tunable electron transport of these interesting
nanostructured materials due to quantum connement may
perhapsplayan important role in theoperationof abiosensor.34A
variety of processes have been proposed for the deposition of thin
lmsofnanomaterials on the conductive electrode surface for the
fabrication of electrochemical bio-transducers. Among these, the
electrophoretic deposition (EPD) technique is known to yield a
uniform, dense and porous lm with advantages of reduced
processing time and simple experimental design.27,35 The EPD
can be accomplished via motion of the charged particles,
dispersed in a suitable solvent, towards an electrode under the
inuenceof anapplied electriceld. In addition, as awet process,
EPD provides easy control of thickness and morphology of the
depositedlmby tailoring various parameters such asdeposition
time, applied potential, etc.36

In this work, we have used a forced hydrolysis method to
obtain nanostructured Sm2O3 nanorods deposited onto an
indium-tin-oxide (ITO) glass substrate via the EPD technique
J. Mater. Chem. B
and subsequently co-immobilize monoclonal antibodies of
aatoxin B1 (Ab-AFB1) and bovine serum albumin (BSA) for AFB1

(food toxin) detection. This fabricated immunoelectrode
exhibits low detection limit, low value of association constant
(Ka), fast response time and increased shelf-life.

2 Experimental
2.1 Materials

Samarium(III) nitrate hexahydrate [Sm(NO3)3$6H2O] and sodium
hydroxide (NaOH) were purchased from MERCK (New Delhi,
India). Aatoxin B1 (AFB1), anti-aatoxin B1 mouse monoclonal
antibodies (Ab-AFB1) and bovine serumalbumin (BSA, 98%) were
procured from Sigma-Aldrich (USA). The stock solution of AFB1

was freshly prepared in phosphate buffer (50 mM, pH 7.0) with
10%methanol andaliquoted indifferentworking concentrations
(0–700 pg mL�1). Ab-AFB1 was prepared in phosphate buffer (50
mM, pH 7.0) prior to being used. 0.15 M NaN3 was added into
both these solutions as a preservative and stored at�20 �C when
not in use. The bovine serum albumin (BSA, 98%) was freshly
prepared (2 mg mL�1) in phosphate buffer (50 mM, pH 7.0) and
used as a blocking agent for non-specic binding sites. All other
chemicals were of analytical grade and used without further
purication. The indium-tin-oxide (ITO) coated glass (Balzers)
sheet of resistance 15 W cm�1 was used as a substrate for depo-
sition of the desired nanocomposite that worked as the working
electrode. All solutions in these studies were prepared using
deionised water of resistivity of not less than 18 MU cm taken
from a Milli-Q water purication system (Milli-Q, USA).

2.2 Synthesis of Sm2O3 nanorods

The Sm2O3 nanorods were prepared using a forced hydrolysis
technique. For this purpose, 100 mM of samarium nitrate
[Sm(NO3)3$6H2O] and 1 M of sodium hydroxide (NaOH) were
dissolved in 100 mL of deionized water separately and magneti-
cally stirred for 2 h to obtain clear, transparent, homogeneous
solutions. The aqueous solution of NaOH was added dropwise to
a pale yellowish solution of samarium nitrate until the pH of the
resulting solution reached �11 and was kept under steady stir-
ring for 5 h at room temperature (25 �C). A pale yellow precipitate
of Sm(OH)3 thus obtained was washed several times with deion-
ized water and ethanol until a neutral pH was achieved. The
resulting solution was magnetically stirred for 90 min at 90 �C.
Then aer fast cooling in the cold water, we added 10mLbutanol
and centrifuged this solution at 5000 rpm for 3min. The solution
was subsequently ltered, and further washed with deionized
water and ethanol 4–5 times to remove all the ionic remnants.
The precipitate was then dried at 80 �C for 6 h andwas calcined at
500 �C for 6 h to obtain Sm2O3 nanorods for further character-
ization. The proposed reaction mechanism for the formation of
pure Sm2O3 nanoparticles is shown in eqn (i) and (ii).
Sm(NO3)3 + 3NaOH / Sm(OH)3Y + NaNO3 (i)

2SmðOHÞ3 ���������!
D

500 �C for 6 h
Sm2O3 þ 3H2O (ii)
This journal is ª The Royal Society of Chemistry 2013
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2.3 Electrophoretic deposition of n-Sm2O3/ITO lms

Electrophoretic deposition (EPD) was carried out by using a DC
battery (BioRad, model 200/2.0). Uniform colloidal suspension
of Sm2O3 nanorods was prepared in de-ionized water (1 mg
mL�1) through vigorous stirring followed by sonication for 1 h
prior to EPD. A platinum foil (1 cm � 2 cm) was used as the
anode and a hydrolyzed ITO-coated glass plate as the cathode.
The two electrodes, placed parallel to each other with a sepa-
ration of 1 cm, were dipped in the n-Sm2O3 colloidal suspen-
sion. Optimal conditions for EPD of Sm2O3 nanorods onto an
ITO coated glass surface (0.25 cm2) have been found to be 25mV
for 50 s to obtain a uniform, thin and homogeneous n-Sm2O3

lm that exhibits maximum amperometric current. This n-
Sm2O3/ITO nanocomposite lm was washed with de-ionized
water to remove any unbound particles and dried at room
temperature (25 �C) for 12 h.

2.4 Fabrication of the immunoelectrode

The optimal amount of freshly prepared solution (10 mL) of Ab-
AFB1 was uniformly spread onto the desired n-Sm2O3/ITO elec-
trode surface and kept undisturbed in a humid chamber for
about 12 h at 25 �C. The Ab-AFB1/n-Sm2O3/ITO electrode was
washed thoroughly with phosphate buffer (50 mM, pH 7.0) to
remove any unbound antibodies followed by drying at room
temperature (25 �C). The non-specic binding sites of the
modied Ab-AFB1/n-Sm2O3/ITO electrode were blocked by using
bovine serum albumin (BSA, 98%). 10 mL of freshly prepared BSA
solution (2 mg mL�1) was uniformly spread over the Ab-AFB1/n-
Sm2O3/ITO electrode and kept overnight in a humid chamber at
room temperature (25 �C) followed by washing with phosphate
buffer (50 mM, pH 7.0) to remove any unbound biomolecules.
The optimal amount of Ab-AFB1 (10 mL) and BSA (10 mL)
to obtain the maximum amperometric current response in
PBS (50 mM, pH 6.0, 0.9% NaCl) containing [Fe(CN)6]

3�/4�
Fig. 1 Schematic illustration of the electrophoretically deposited Sm2O3 nano-
rods and fabrication of the BSA/Ab-AFB1/n-Sm2O3/ITO immunosensor along
with the biochemical reaction between AFB1 and Ab-AFB1.

This journal is ª The Royal Society of Chemistry 2013
(5 mM) at 20 mV s�1 scan rate was determined using the CV
technique (see Fig. S1 and S2 in the ESI†). This fabricated BSA/
Ab-AFB1/n-Sm2O3/ITO immunoelectrode was dried and further
used for characterization and AFB1 detection. Fig. 1 shows a
stepwise fabrication of the BSA/Ab-AFB1/n-Sm2O3/ITO immu-
nosensor along with the biochemical reaction between AFB1 and
Ab-AFB1 on the n-Sm2O3/ITO electrode surface.

3 Characterization and measurements

The structure, shape and crystallite size of synthesized Sm2O3

nanoparticles have been investigated by X-ray diffraction (XRD)
using aRigakuD/Max 2200 diffractometerwithCuKa radiationat
l ¼ 1.5406 Å. FT-IR spectra of the electrodes have been recorded
with a FTIR spectrophotometer (PerkinElmer, Spectrum BX II).
Transmission electron microscopy (TEM) studies have been
carried out with a JEOL JEM-2200 FS (Japan). The surface
morphological studies of n-Sm2O3/ITO, Ab-AFB1/n-Sm2O3/ITO
andBSA/Ab-AFB1/n-Sm2O3/ITOelectrodes havebeen investigated
using atomic force microscopy (AFM, Model VEECO 440, Nano-
scope). X-ray photoelectron spectroscopy (XPS) has been per-
formed using an Axis-Nova, Kratos Analytical Ltd., Manchester,
UK. The cyclic voltammetry (CV), differential pulse voltammetry
(DPV), electrochemical impedance spectroscopy (EIS) and
amperometric measurements have been recorded on an Autolab
Potentiostat/Galvanostat (Eco Chemie, The Netherlands). The
electrochemical measurements have been conducted on a three-
electrode system with a BSA/Ab-AFB1/n-Sm2O3/ITO immunoe-
lectrode as the working electrode, a platinum (Pt) wire as the
counter electrode, and a saturated Ag/AgCl electrode as the
reference electrode in phosphate buffer saline (PBS, 50 mM, pH
7.0, 0.9% NaCl) containing 5 mM [Fe(CN)6]

3�/4� as a mediator.

4 Results and discussion
4.1 XRD and TEM analysis

Fig. 2a illustrates the XRD pattern of the synthesized product.
The XRD pattern shows broad diffraction peaks, indicating
nanocrystalline nature of the sample. All the diffraction peaks
corresponding to (222), (400), (411), (322), (431), (611), (541),
(622), and (631) planes are in good agreement with JCPDS-no.
25-0749 and conrm the formation of the cubic structure of the
Sm2O3 crystal. No peak corresponding to any impurity has been
detected, suggesting the single phase of the sample. The
average crystallite size calculated by using the Scherrer formula
(eqn (iii)) has been found to be �60 nm.

d ¼ 0:9l

b cos q
(iii)

where b is the full width at half maxima (FWHM) of the
diffraction peaks, q is the glancing angle and l (¼ 1.54060 Å) is
the wavelength of X-ray.

The lattice constant corresponding to the cubic crystal struc-
ture of Sm2O3 has been calculated to be 10.928 Å using eqn (iv):

a ¼ dhkl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ k2 þ l2Þ

p
(iv)

The size and shape of the Sm2O3 nanoparticles have been
further investigated using the TEM microscope (Fig. 2b). The
J. Mater. Chem. B
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Fig. 2 (a) X-ray diffraction pattern and (b) TEM micrograph. (c and d) HR-TEM micrograph of n-Sm2O3 nanorods. (e) Size distribution histograms and Gaussian fits for
n-Sm2O3 nanorods.
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growth of the rod shaped particles can be clearly seen. The
individual Sm2O3 rod has been selected for HR-TEM analysis
(Fig. 2c–d). Lattice fringes with a d-spacing of 0.32 nm corre-
sponding to (222) and 0.20 nm corresponding to (431) planes
are clearly visible. These observations are in good agreement
with d-values calculated for the respective planes from the XRD
pattern. In order to analyze the size distribution quantitatively
the histogram is tted with the Lorentz function and the mean
size of the particle is calculated to be 57 nm (Fig. 2e).
4.2 XPS and FTIR studies

In order to determine the chemical composition of the
synthesized product, XPS measurements were also conducted.
The wide range XPS survey spectrum of the synthesized sample
shown in Fig. 3a indicates no impurities except for carbon as
the reference. The deconvoluted Sm3d spectrum (Fig. 3b)
consists of two intense bands �1083.1 eV and 1110.2 eV cor-
responding to Sm3+ and a broad peak with low intensity centred
�1096 attributed to the Sm2+ component, suggesting a small
amount of oxygen vacancy. The O1s spectrum as shown in
Fig. 3c was tted by three components. A broad peak at �533.4
eV can be attributed to OH groups, absorbed onto the surface of
particles, whereas peaks at �531.8 eV and �529.2 eV can be
assigned to the oxygen atom of Sm3+–O and Sm2+–O groups,
respectively.32 The coexistence of these peaks reveals the pres-
ence of Sm in two different ionic states; therefore, oxygen
vacancy in the crystal lattice of Sm2O3 is helpful for transferring
the charge.

FTIR spectra of the n-Sm2O3/ITO, Ab-AFB1/n-Sm2O3/ITO
electrode and the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode
J. Mater. Chem. B
are shown in Fig. 3d. The IR spectra of the n-Sm2O3/ITO lm
(curve i) exhibits a broad band observed at 3446 cm�1 and a
small shoulder at 1058 cm�1, corresponding to the O–H
stretching and bending vibration of physically absorbed water
molecules onto the electrode surface. Two strong absorption
peaks observed at 1521 and 1363 cm�1 are assigned to rocking
and wagging vibration transitions of the O–H group. The
appearance of a sharp and intense band at 690 cm�1 is assigned
to the Sm–O stretching vibration mode revealing the formation
of Sm2O3 nanoparticles. The Ab-AFB1 antibodies conjugated
with the n-Sm2O3/ITO electrode (curve ii) provide increased
absorption at 1658 cm�1 due to the carbonyl group and a broad
strong band observed at 3357 cm�1. However, aer immobili-
zation of antibodies, the characteristic peaks containing
carbonyl stretching of the amide I band appear at 1654 cm�1

and N–H bending of the amide II band at 1562, 1167 and
946 cm�1 indicating immobilization of antibodies onto the n-
Sm2O3/ITO electrode.26 A broad band seen at 3337 cm�1 (O–H
stretching vibration) is shied towards the lower wave number
as compared to that of the Ab-AFB1/n-Sm2O3/ITO electrode due
to deactivation of the binding sites of Ab-AFB1. Hence, the Sm–

O–Sm inorganic network is bonded with Ab-AFB1 macromole-
cules via hydrogen bonding as well as electrostatic interactions
between antibodies and n-Sm2O3 nanoparticles. However, the
presence of a 1647 cm�1 peak in the spectrum of the BSA/Ab-
AFB1/n-Sm2O3/ITO immunoelectrode (curve iii) corresponds to
the amide II band of BSA indicating immobilization of BSA on
the immunoelectrode.1 It appears that the immobilized Ab-AFB1

molecules are favourably oriented when the Fc (carboxyl-
terminated group) part is attached to the electrode and its Fab
(amino-terminated site) part binds with the desired antigen
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) XPS spectrum of the Sm2O3 nanorod calcination at 500 �C for 6 h. (b) The XPS valence-band of Sm3d core level spectra and (c) O1s energy-loss spectrum of
the annealed Sm2O3 sample. (d) FTIR spectra of n-Sm2O3/ITO (i), Ab-AFB1/n-Sm2O3/ITO electrode (ii) and BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode (iii).

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 K
or

ea
 I

ns
tit

ut
e 

of
 S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y 
/ K

IS
T

 o
n 

30
/0

7/
20

13
 0

2:
23

:2
1.

 
View Article Online
with a high level of specicity.1 Fig. 1 shows a schematic of
fabrication of the immunosensor and the biochemical reaction
of Ab-AFB1 with AFB1 at the nanostructured surface. The posi-
tively charged n-Sm2O3 binds with the carboxyl groups of Ab-
AFB1 via electrostatic interactions and the free amino terminal
sites of Ab-AFB1 preferably bind with the carboxylic group of
AFB1 molecules.

4.3 AFM analysis

Surface morphologies of the n-Sm2O3/ITO lm, Ab-AFB1/n-
Sm2O3/ITO electrode and BSA/Ab-AFB1/n-Sm2O3/ITO immu-
noelectrode have been investigated by atomic force microscopy
(AFM) as shown in Fig. 4. The AFM image of the electropho-
retically deposited Sm2O3 thin lm onto the ITO surface (image
a) shows the formation of a rough surface with uniformly
distributed nanoporous granular morphology. The granular
and porous morphology of the n-Sm2O3/ITO lm changes into
regular smooth globular morphology aer immobilization of
Ab-AFB1 (image b). This is attributed to immobilization of Ab-
AFB1 via an electrostatic interaction between the positive charge
(Sm3+) on the n-Sm2O3/ITO lm and the negative charge of the
carboxyl group (COO�) of the antibody AFB1. The nano-
structured Sm2O3 lm provides a nanoporous surface resulting
in enhanced antibody loading at the Ab-AFB1/n-Sm2O3/ITO
electrode surface. However, aer immobilization of BSA the
surface morphology of the BSA/Ab-AFB1/n-Sm2O3/ITO immu-
noelectrode (image c) reveals a smoother and even surface due
to blocking of non-specic binding sites of the immobilized
antibodies. The observed value of Rpm (average max height)
increases aer immobilization of Ab-AFB1 (28.3 nm) onto the n-
Sm2O3 surface, as compared to that of the n-Sm2O3/ITO lm
(16.7 nm), indicating immobilization of the antibodies. The
This journal is ª The Royal Society of Chemistry 2013
Rpm value further increases for the BSA/Ab-AFB1/n-Sm2O3/ITO
immunoelectrode (64.9 nm), which conrms immobilization of
the BSA.

4.4 Cyclic voltammetric studies

Fig. 5a shows results of the cyclic voltammetry (CV) studies of
the bare ITO, n-Sm2O3/ITO electrode, Ab-AFB1/n-Sm2O3/ITO
and BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode in PBS
(50 mM, pH 6.0, 0.9%NaCl) containing [Fe(CN)6]

3�/4� (5 mM) at
20 mV s�1 scan rate in the potential range of �0.3 V to 0.6 V. It
can be seen that magnitude of the peak current (Ipa, 0.28 mA) of
the n-Sm2O3/ITO electrode (curve ii) is higher than that of the
bare ITO electrode (Ipa, 0.18 mA, curve i). This is because n-
Sm2O3 nanorods provide improved electrocatalytic behavior,
increased surface area and high surface energy resulting in
enhanced electron transport between the medium and the
electrode. Moreover, the value of the peak current (Ipa, 0.37 mA)
further increases aer the immobilization of Ab-AFB1 onto the
n-Sm2O3/ITO electrode (curve iii). This may be attributed to the
available non-binding sites (i.e. free NH3

+ group) onto the Ab-
AFB1 immobilized n-Sm2O3/ITO electrode that play an impor-
tant role resulting in accelerated electron transfer between Ab-
AFB1 and the n-Sm2O3/ITO electrode. However, magnitude of
the current response (curve iv) decreases aer immobilization
of BSA due to blocking of the non-specic binding sites of
Ab-AFB1 that hinder the electron transfer between the medium
and electrode, indicating immobilization of BSA onto the
Ab-AFB1/n-Sm2O3/ITO bioelectrode. The results of the differ-
ential pulse voltammetry (DPV) studies (Fig. 5b) reveal similar
electrochemical behavior of redox potential.

The results of CV studies conducted on the BSA/Ab-AFB1/n-
Sm2O3/ITO immunoelectrode obtained as a function of scan
J. Mater. Chem. B
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Fig. 4 Two dimensional and three dimensional AFM micrographs of (a) n-Sm2O3/ITO, (b) Ab-AFB1/n-Sm2O3/ITO electrode and (c) BSA/Ab-AFB1/n-Sm2O3/ITO
immunoelectrode.
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rate varying from 10 to 100 mV s�1 are shown in Fig. 5c. It is
observed that magnitudes of both anodic (Ipa) and cathodic (Ipc)
peak currents increase linearly with square root of the scan rate
(y1/2) (Fig. 5d), suggesting that electrochemical reaction is a
diffusion-controlled process. The anodic (Epa) and cathodic
(Epc) peak potentials and potential peak shis (DEp ¼ Epa – Epc)
exhibit a linear relationship (linear regression coefficient
0.9833) with a scan rate indicating facile charge transfer
kinetics in the 10–100 mV s�1 range of the scan rate shown in
Fig. S3 in the ESI†. These results reveal that the n-Sm2O3/ITO
electrode can be used for the immobilization of Ab-AFB1,
providing sufficient accessibility to electrons to shuttle between
the antibodies and the electrode. The diffusion co-efficient (D)
value of the redox species from the electrolyte to the BSA/Ab-
AFB1/n-Sm2O3/ITO immunoelectrode has been calculated using
the Randles–Sevcik equation.37

Ip ¼ (2.69 � 105)n3/2AD1/2Cv1/2 (v)

where Ip is the peak current of the immunoelectrode (Ipa anodic
and Ipc cathodic), n is the number of electrons involved or
electron stoichiometry (1), A is the surface area of the
J. Mater. Chem. B
immunoelectrode (0.25 cm2), D is the diffusion co-efficient, C is
the concentration of redox species (5 mM [Fe(CN)6]

3�/4�) and v
is the scan rate (20 mV s�1). The D value has been obtained to
be 2.26 � 10�5 cm2 s�1.

The surface concentration of the BSA/Ab-AFB1/n-Sm2O3/ITO
immunoelectrode can be estimated from the plot of current
versus potential (CV) using the Brown-Anson model,26 via the
following equation.

Ip ¼ n2F2gAv/4RT (vi)

where n is the number of electrons transferred (1), F is the
Faraday constant (96 485 C mol�1), g is the surface concentra-
tion of the corresponding electrode (mol cm�2), A is the surface
area of the electrode (0.25 cm2), v is the scan rate (20mV s�1), R is
the gas constant (8.314 J mol�1 K�1) and T is room temperature
(25 �C). The surface concentration of Ab-AFB1/n-Sm2O3/ITO
(8.08� 10�11 mol cm�2) is higher than that of the BSA/Ab-AFB1/
n-Sm2O3/ITO (4.83 � 10�11 mol cm�2), n-Sm2O3/ITO (6.02 �
10�11 mol cm�2) and ITO (4.01 � 10�11 mol cm�2) electrodes.

The value of the heterogeneous electron transfer rate
constant (Ks) obtained for the BSA/Ab-AFB1/n-Sm2O3/ITO
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) Cyclic voltammogram and (b) differential pulse voltammogram of bare ITO (i), n-Sm2O3/ITO (ii), Ab-AFB1/n-Sm2O3/ITO (iii) and BSA/Ab-AFB1/n-Sm2O3/ITO
immunoelectrode (iv). (c) CV of the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode with increasing scan rate from 10 to 100 mV s�1. (d) The magnitude of current vs.
potential difference as a function of square root of scan rate (10–100 mV s�1) measured in PBS (50 mM, pH 6.0, 0.9% NaCl) containing [Fe(CN)6]

3�/4� (5 mM) at 20 mV
s�1 scan rate in the potential range of �0.3 V to 0.6 V.
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immunoelectrode has been calculated from the Lavrion
model:38

Ks ¼ mnFv/RT (vii)

wherem is the peak-to-peak separation (0.23 V), F is the Faraday
constant (96 485 Cmol�1), v is the scan rate (20 mV s�1), n is the
number of transferred electrons (2), R is the gas constant (8.314
J mol�1 K�1) and T is room temperature (25 �C). The value of Ks

is found to be 0.36 s�1, which indicates fast electron transfer
between the immobilized antibodies and electrode due to the
presence of Sm2O3 nanoparticles.
4.5 Electrochemical impedance spectroscopy (EIS) studies

The electrochemical impedance spectroscopy studies have been
carried out to measure the impedance change of the electrode
surface as a result of the modication process. In EIS, the
semicircular diameter of the EIS spectra yields a value of the
charge transfer resistance (RCT) that reveals electron transfer
kinetics of the redox probe at the electrode–electrolyte interface.
The linear part of the low-frequency region corresponds to the
diffusion process. Fig. 6a shows the EIS spectra of bare ITO, n-
Sm2O3/ITO, Ab-AFB1/n-Sm2O3/ITO and BSA/Ab-AFB1/n-Sm2O3/
ITO immunoelectrode, where RCT is the charge transfer resis-
tance of the electrode andelectrolyte interface inPBS (50mM,pH
6.0, 0.9% NaCl) containing [Fe(CN)6]

3�/4� (5 mM). The EIS
spectra have been recorded in the frequency range, 0.1–107 Hz
with perturbation amplitude of 0.05 V. Under the open circuit
condition, the magnitude of DC potential is 0 mV with 5 data
points per frequency decade is used duringmeasurements of EIS
spectra. As shown in the Nyquist plot, an RCT value of n-Sm2O3/
This journal is ª The Royal Society of Chemistry 2013
ITO (RCT ¼ 2.11 kU, curve ii) is smaller than that of the bare ITO
electrode (RCT¼ 5.21 kU, curve i). This suggests that the n-Sm2O3

lm results in improved conductivity of the electrode and the
positively charged Sm3+ ions facilitate diffusion of the negatively
charged [Fe(CN)6]

3�/4� ions towards the electrode surface. The
RCT value further decreases for the Ab-AFB1/n-Sm2O3/ITO elec-
trode (RCT ¼ 1.55 kU, curve iii) aer immobilization of the AFB1

antibodies indicating that non-binding sites on Ab-AFB1

promote electron transfer between the Ab-AFB1/n-Sm2O3/ITO
electrode and the electrolyte.Moreover, aer the immobilization
of BSA onto the Ab-AFB1/n-Sm2O3/ITO electrode, signicant
enhancement in RCT (3.06 kU, curve iv) is observed. This may be
due to insulating nature of the BSA layer that perhaps hinders
diffusion of ferricyanide ions toward the electrode surface
resulting in an increased value of RCT. The observed change in
RCT aer BSA immobilization can be assigned to the dielectric
and insulating features at the electrode–electrolyte interface
indicating immobilization of antibodies.

RCT(c) < RCT(b) < RCT(d) < RCT(a) (viii)

4.6 Effect of pH

Evaluation of a suitable pH for the buffer solution is very
important since it may inuence electrochemical behavior of
the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode because
activity of the immobilized antibody is known to be pH
dependent. The effect of solution pH (in the range of 5.5 to 8.0)
on the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode has been
investigated by the CV technique (Fig. 6b) in PBS (50 mM, 0.9%
NaCl) containing [Fe(CN)6]

3�/4� (5 mM) at 20 mV s�1 scan rate.
J. Mater. Chem. B
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Fig. 6 (a) Electrochemical impedance spectra of bare ITO (i), n-Sm2O3/ITO (ii), Ab-AFB1/n-Sm2O3/ITO (iii) and BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode (iv). (b) CV
studies and (c) conjugative change in current response of the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode as a function of pH (ranging from 5.5 to 8) in PBS (50 mM,
0.9% NaCl) containing [Fe(CN)6]

3�/4� (5 mM).
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As seen in Fig. 6c the oxidation peak current increases from pH
5.0 to 6.0 and the highest magnitude of peak current is obtained
at pH 6.0. When pH further increases, the oxidation peak
current decreases gradually and the potential peak shis to
higher values. This may be attributed to non-availability of the
positively charged moieties (Sm+3) present on the matrix as the
pH of the solution approaches its isoelectric point resulting in
decreased interaction between [Fe(CN)6]

3�/4� ions on the n-
Sm2O3 surface and also for loss of the activity of immobilized
antibodies at elevated pH. This result suggests that the BSA/Ab-
AFB1/n-Sm2O3/ITO immunoelectrode is most active at pH 6.0
for AFB1 detection and at this pH, Ab-AFB1 and BSA retain their
natural structures and do not denature. Moreover, it appears
that higher pH is responsible for desorption of the biomolecule,
and the current response decreases by �19% at pH < 8.0.
Thus all the experiments have been conducted at pH 6.0.
The results of electrochemical measurements have been carried
out in triplet sets under identical conditions revealing good
reproducibility.
4.7 Electrochemical response studies of the BSA/Ab-AFB1/n-
Sm2O3/ITO immunosensor

The electrochemical response studies (Fig. 7a) of the BSA/Ab-
AFB1/n-Sm2O3/ITO immunoelectrode have been performed as a
function of AFB1 concentration (0–700 pg mL�1) in PBS (50 mM,
pH6.0, 0.9%NaCl) containing [Fe(CN)6]

3�/4� (5mM) at 20mVs�1

scan rate using the CV technique. The oxidation peaks are
obtained around 0.3 V corresponding to the biochemical reaction
between Ab-AFB1 and AFB1. The magnitude of peak current is
found to increase on successive addition of AFB1. This is assigned
to the formation of an antigen–antibody complex between AFB1
J. Mater. Chem. B
and Ab-AFB1 on the electrode surface that acts as an electron
transfer accelerating layer for transfer of electrons. The corre-
sponding calibration curve (Fig. 7b) shows that themagnitude of
peak current increases almost linearly with increasing AFB1

concentration and saturates at higher concentration of AFB1.
However,underoptimized conditions themodiedBSA/Ab-AFB1/
n-Sm2O3/ITO immunoelectrode shows good linearity to AFB1 in
the broad concentration range, 10–700 pg mL�1 with a linear
regression co-efficient of 0.961. The sensitivity of the fabricated
immunoelectrode calculated from the slope of the curve is found
to be 48.39 mA pg�1 mL�1 cm�2. The standard deviation and low
detection limit for the immunoelectrode are obtained to be 9.329
mA and 57.82 pg mL�1 cm�2, respectively.

The association constant (Ka) for the BSA/Ab-AFB1/n-Sm2O3/
ITO immunoelectrode, estimated from the Hanes plot i.e., the
graph between [substrate concentration] and [substrate
concentration/current] (Fig. 7c), has been found to be 47.9 pg
mL�1. The value of Ka depends on various factors such as the
matrix and the method of immobilization of antibodies that
could bring different conformational changes in the antibody
structure. The small Ka value indicates increased affinity of the
immobilized antibodies of the BSA/Ab-AFB1/n-Sm2O3/ITO
immunoelectrode to the antigen that can be attributed to
favorable conformation of Ab-AFB1 and higher loading onto the
n-Sm2O3/ITO electrode surface.
4.8 Thermal stability, response time, reproducibility,
interferences and shelf-life of the BSA/Ab-AFB1/n-Sm2O3/ITO
immunoelectrode

The current response of the fabricated BSA/Ab-AFB1/n-Sm2O3/
ITO immunoelectrode as a function of temperature (in the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 (a) Electrochemical response study of the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode with respect to the AFB1 concentration (0–700 pg mL�1) in PBS
(50 mM, pH 6.0, 0.9% NaCl) containing [Fe(CN)6]

3�/4� (5 mM). (b) Calibration curve and the variation in current as a function of AFB1 concentration. (c) Hanes plot,
which plots the substrate concentration (X-axis) and substrate concentration/current (Y-axis).
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range of 15–60 �C) has been investigated by the CV technique in
PBS (50 mM, pH 6.0, 0.9% NaCl) containing [Fe(CN)6]

3�/4�

(5 mM) at 20 mV s�1 scan rate. It can be seen (Fig. 8b) that the
amperometric current response increases linearly up to 50 �C
aer which it shows a sharp decrease, indicating that the
immobilized biomolecules get denatured aer 50 �C. These
Fig. 8 (a) Electrochemical response time of the BSA/Ab-AFB1/n-Sm2O3/ITO immun
Ab-AFB1/n-Sm2O3/ITO immunoelectrode from 15 to 60 �C. (c) Shelf-life curve for th

This journal is ª The Royal Society of Chemistry 2013
results suggest that antibodies bioconjugated with n-Sm2O3

nanorods are thermally stable.
The response time of the BSA/Ab-AFB1/n-Sm2O3/ITO immu-

noelectrode has been determined by measuring amperometric
current response by varying the incubation period from 2 to 60 s
(Fig. 8a). This biosensor achieves 95% of the steady-state current
oelectrode from 2 to 60 s incubation period. (b) Effect of temperature on the BSA/
e BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode as a function of days.
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Table 1 Characteristics of the BSA/Ab-AFB1/n-Sm2O3/ITO bioelectrode along with those reported in the literature for aflatoxin B1 detection, with their important
parameters

SN Bioelectrode
Detection range
(pg mL�1)

Detection limit
(pg mL�1) Sensitivity Ka value

Response
time (s)

Shelf-life
(days) Ref.

1 BSA-anti-AFB1/Au NPs 500–10 000 100 1.4 mS ng�1 mL�1 — — 12 23
2 HRP-anti-AFB1/nano

Au/TiO2/RTIL/Naon/GCE
100–12 000 50 0.12 mA ng�1 mL�1 — — 19 24

3 BSA/a-AfB1/DMSO/
RnNi-lm/ITO

50–1000 327 0.59 mA ng�1 dL�1 1.3 � 1014 mol L�1 5 60 26

4 BSA-anti-AFB1/RGO/ITO 125–1500 150 68 mA ng�1 mL�1 5 � 10�4 ng mL�1 — 45 27
5 AFO/MWCNTs/Pt 1000–225 000 500 1.06 nA ng�1 dL�1 7.03 mM L�1 44 23 29
6 BSA/aAFB1-C-AuNP/MBA/Au 100–1000 179 0.45 mA ng�1 dL�1 — 60 — 39
7 BSA-anti-AFB1/AuNps/

PTH-GCE
600–2400 70 1.23 mA ng�1 mL�1 — — — 40

8 BSA/Ab-AFB1/n-Sm2O3/ITO 10–700 57.82
pg mL�1 cm�2

48.39
mA pg�1 mL�1 cm�2

47.9 pg mL�1 5 60 Present
work
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in less than 5 s revealing fast electron exchange between the
immobilized antibodies and the n-Sm2O3/ITO electrode. Aer 5
s, the current response becomes almost constant indicating that
5 s is the response time of the fabricated immunoelectrode.

The interference studies of this immunosensor have been
investigated in the presence of another food toxin namely
ochratoxin-A (10.0 pg mL�1) using CV (see Fig. S4 in the ESI†).
There is no signicant change in the current response as
evident by the observed very low relative standard deviation
(0.39%) indicating that this immunosensor is highly selective
for this particular food toxin.

The shelf-life of the BSA/Ab-AFB1/n-Sm2O3/ITO immunoelec-
trode (Fig. 8c) has been evaluated by measuring amperometric
current response in the presence of 100 pg mL�1 standard AFB1

solution inPBS (50mM,pH6.0, 0.9%NaCl) at a regular interval of
1 day up to 20 days and then aer a gap of 10 days. It has been
found that the fabricated immunoelectrode retains its activity up
to94%aer20days, 89%aer 30days, 84%aer 40days and falls
to 73%aer 60 dayswhen storedunder refrigerated conditions (4
�C). The reproducibility of the proposed immunosensor has been
estimated by repetitive measurement of current response with
100 pg mL�1 standard AFB1 solutions in PBS. The results
obtained in 15 repeated measurements show an RSD of 2–3%,
indicating that the obtained data are reproducible. The sensing
characteristics of the BSA/Ab-AFB1/n-Sm2O3/ITO immunosensor
are summarized in Table 1 along with those reported in the
literature.23,24,26,27,29,39,40
5 Conclusions

This work describes an electrochemical immunosensor with
Sm2O3 nanorod modication for food toxin (AFB1) detection. It
has been demonstrated that the electrophoretically deposited n-
Sm2O3 lm can be used for immobilization of the Ab-AFB1 and
BSA for blocking non-specic binding sites of Ab-AFB1 to detect
aatoxins. The results of electrochemical studies conducted on
fabricated BSA/Ab-AFB1/n-Sm2O3/ITO immunoelectrode show a
high sensitivity of 48.39 mA pg�1 mL�1 cm�2, broad linear range
(10–700 pg�1 mL�1), low detection limit of 57.82 pg�1 mL�1
J. Mater. Chem. B
cm�2, and fast response time of 5 s. Moreover, the superior
sensing performance of this immunoelectrode has been
combined with high thermal stability, good reproducibility and
long-term stability. These studies have revealed a new prom-
ising platform for the application of rare earth metal oxide
materials that have implications in clinical diagnostics, anti-
body screening and proteomics research.
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