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We report results of the studies relating to fabrication of an electrochemical biosensor platform based
on in-situ electrosynthesized manganese oxide (Mn304)-polyaniline (PANI) nanofibers for detection of
bisphenol A (BPA), an endocrine disrupting chemical. The spherical Mn304 nanoparticles synthesized
using cetyltrimethylammoniumbromide were modified with PANI in presence of polyvinyl sulphonic
acid and glutaraldehyde. The tyrosinase (Tyrs) molecules covalently immobilized on the PANI-modified
Mns304 nanofibers surface were characterized using X-ray diffraction, electron microscopy and Fourier
transform infrared spectroscopy. This electrochemical biosensor exhibits a response time of 20s, sen-
sitivity of 0.776 mA pM~! Lcm~2, respectively, and 0.134 mA wM~! Lecm~2 in the concentration ranges,
0.004-0.09 x 10~ molL-! and 0.2-0.8 x 10~ mol L~ of BPA.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Polymeric materials are currently in increased demand in our
daily lives due to their reusability, recoverability and stability [1].
Along with widespread applications of polymeric compounds in
food, drinking water and packaging industry, questions have been
posed on the harmfulness of these chemicals on human beings
and animals. Bisphenol A (2, 2-bis (4-hydroxyphenyl) propane
(C15H1602); BPA) is such a chemical that is used in manufacturing
drinking water bottles, baby feeding bottles and food packaging
industries [2]. It is also used for the synthesis of epoxy resins,
polystyrene resins, polycarbonate, inner coating of food cans, den-
tal sealants, food packaging and drug delivery systems [3]. BPA
and other similar phenolic compounds are, therefore, a natu-
ral threat to our precious environment including drinking water.
BPA is considered as an endocrine disrupting compound (EDC)
since it may trigger secretion of natural estrogen by the human
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endocrine system, resulting in elevated estrogenic activity in the
human body. EDCs are pollutants chemical that are known to affect
the hormonal balance of various species including humans [4,5].
BPA has been reported to have adverse effects such as cancer
|6], decreased semen quality, reduced immunity, heart diseases,
obesity and impaired reproduction in human beings and animals
[7-9]. Hence the detection of BPA in drinking water and food even
at very low concentration is very crucial from a public health
perspective. Several techniques such as high-performance liquid
chromatography, gas chromatography, capillary electrophoresis,
chemiluminescence, [2,10,11] and ELISA have been employed for
the detection of BPA in a given environment. However, these meth-
ods are expensive, time consuming, and require special expertise
for handling the complex procedure. Some immunosensors have
been reported for detection of BPA using BIACORE 3000 sensor chip,
[12] waveguide-based evanescent immunosensor, [13] and piezo-
electric immunosensor [14]. In spite of these developments, there
is enough scope for the development of an improved biosensing
device that can be used for BPA detection.

Manganese oxide (Mn3Qy4) is one of the most stable transi-
tion metal oxides with a spinel structure. It is being explored
for the development of rechargeable lithium ion batteries, catal-
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Fig. 1. (i) Schematic representation of In-situ electropolymerization of Mn3;04-polyaniline nanocomposite (ii) Chronoamperometric current responses during in-situ elec-

tropolymerization of Mn; 04 nanoparticles with aniline monomer.

ysis and molecular adsorption [15-17]. Mn3Oy4 is a tetragonal
Hausmannite with Mn3* and MnZ* ions occupying octahedral and
tetrahedral positions of the spinel structure, respectively. The octa-
hedral symmetry of Mn30Qy4 is tetragonally distorted due to the
Jahn-Teller effect on Mn3* ions. The unit cell of Mn30,4 contains
MnygMngO1¢ in which the oxygen atoms are closely packed with
Mn?2* ionin tetrahedral-site and Mn3* ionin octahedral-site [ 18,19].
The nMn304 exhibits ferrimagnetic behavior at Curie temperature
(Tc =40K) and has excellent electron transport properties [20,21].
Due to excellent electron transfer, stability and electrochemical
properties, nMn304 can perhaps be utilized for biosensing appli-
cations [22].

Polyaniline (PANI) is a conducting polymer that is known to be
cost-effective, environmentally stable and has interesting tunable
conducting properties. The composites of transition metal oxides
and conducting polymers have been used for fabrication of super-
capacitor electrodes [23,24]. The electrochemical polymerization
has been utilized to prepare bioactive nanofiber (NF) of PANI-
nMn304 in presence of aniline, polyvinyl sulphonic acid (PVSA)
and hydrochloric acid. PANI-nMn304 NF is an attractive material
that provides a suitable interface for immobilization of proteins due
to large specific surface area, highly conductive nature and strong
adsorption ability [25-28].

We report results of the studies relating to preparation of
spherical nMn304 via co-precipitation method and electropoly-
merized with aniline in presence of hydrochloric acid (HCL) and
polyvinylsulphonic acid (PVSA) as a binder using chronoamper-
ometric technique. Glutraldehyde (GA) treatment was used to
crosslink tyrosinase (Tyrs) with PANI-nMn304 electrode surface
for detection of BPA using amperometric technique. We discuss the
merits of this interesting nanohybrid biointerface for BPA detection.

2. Experimental
2.1. Chemicals and reagents
All chemicals used were of analytical grade. Manganese chloride,

sodium hydroxide, cetyltrimethylammonium bromide (CTAB), ani-
line, HCL, PVSA, GA, tyrosinase (Tyrs), BPA, phenol, resorcinol,

para-aminophenol, ortho-nitrophenol, and hydroquinone were
purchased from Sigma Aldrich, USA. Deionized water used for
all experiments was obtained from Millipore. Phosphate buffer
saline (PBS) was prepared using sodium monohydrate phos-
phate (Na;HPO4) and sodium dihydrogen phosphate (NaH,PO4)
reagents, following standard protocols.

2.2. Synthesis of nanostructured manganese oxide

Colloidal solution of Mn304 was prepared using manganese
chloride (MnCl,) as the precursor. 0.5molL~! of MnCl, and
0.2mol L~ of NaOH were separately dissolved in 250 mL ethanol
and distilled water, respectively and then mixed. Spherical
nMn3;04 was synthesized by co-precipitation method by using
cetyltrimethylammoniumbromide (0.4 x 10~3 mol L-1) as a surfac-
tant [29,30]. Thus formed precipitate was washed with deionized
water and ethanol seven times and dried at 90 °C for 24 h, and then
calcined at 450°C for 4 h.

2.3. Fabrication of the sensor platform

2 mgof nMn304 was dispersed in 12 mL of 1 mol L-! HCL by stir-
ring constantly for 6 h and ultrasonicated for 90 min after which
100 L of 0.1 mol L1 distilled aniline was added. After 3 h of con-
stant stirring in a dark place, 100 L of 0.5 mol L-! PVSA was added
drop-wise while shaking. Subsequently, 10 mL of the solution was
used for electropolymerization using chronoamperometric tech-
nique. The thin film of PANI-Mn304 is shown in [Fig. 1(i)]. The
solution comprising of distilled aniline, PVSA and nMn30,4 dis-
pensed in 1 mol L-! HCL was used to prepare nanocomposite fibers
via electropolymerization. During electrochemical deposition, the
potential was kept at 1.5V for three cycles of 100 s. After each cycle,
electrode was washed with DI water drop-wise in order to form
stable PANI-nMn3O4NF/ITO film and the current flowing through
the electrode deposition was monitored for 100 s. The high current
observed in the initial stage originated due to double layer charg-
ing. The stable electrochemical deposition current of PANI-nMn3 04
NF [Fig. 1 (ii-curve c)] during third cycle was found to be about 10
times higher compared to the second cycle (curve b) and the cur-



N. Singh et al. / Sensors and Actuators B 236 (2016) 781-793 783

‘Splterlcal \rln,O4 nnnnpnrticles

Tyrs-N

isnl.\'anilin e-Mn, O, nanofiber

Enzvme

PANI- n\ln;().,\!*/l [()

(;Iularaf!eh_\'tle Glutaraldehyde
e m—— H

9

(H

~

Tyrs-PANL-nMn,O ,NF/ATO

ek Ho—~ O O)—on

CH, 5
BPA detection %
3

(Tyrosinase)

-ZH*

"
._
CH,
1.5x10™

1.0x10™

-2.0x10™ v v v v v v

P.ANl—nZ\-ln304NFIiTO

2.2-bis (4- phen\lquinune) propane

CV signal

=0.6 -0.4 =-0.2 0.0 0.2 0.4 0.6
Potential(Vv)

Fig. 2. Schematic representation of fabrication of a biosensor platform for detection of endocrine disrupting chemicals and the mechanism for crosslinking with enzyme

molecules.

Table 1

Comparison table for various biosensors characteristics with the fabricated Tyrs-PANI-nMn3; 04NF/ITO bioelectrode.
Electrodes Techniques Linear range (M) LOD (uM) Sensitivity Reference
Molecular Imprinted polymer film EIS 0-12,000 420 0.00411 QmM-"L Apodaca et al. [37]
TyrsAPTES/nTiO/Ti EIS 0.01-1.0 0.01 361.9kQ2mM-'L Singh et al. [3]
Pt/Gr-CNTs CV/DPV 0.06-10 0.042 Zhengetal. [31]
Polypyridyl ruthenium(II) CV/DPV 5-120 0.29 022 pApM-TL Lietal. [38]
Tyrs MWNTs-CoPc-SF cv 0.05-3.0 0.03 Yin et al. [39]
Tyrs/Thionine- carbon (@Y 0.15-45 0.15 85.44+1.5nApM'L Portaccio et al. [40]
MIP Au cv 8-60 13.8 - Huang et al. [41]
Tyrs@PANI-Mn304/ITO cv 0.004-0.8 0.004 0.776 mA ;.LM*‘ Lcm—2 Present Work

rent observed during the second cycle was about 20 times higher
as compared to first cycle (curve a). It was found that the PANI-
nMn304 NF could be uniformly deposited during the third cycle
(curve c) after which PANI-nMn3 04 NF/ITO electrode was dipped in
1% GA for 2 hin a closed vessel for cross linking with enzyme (Tyrs)
molecules. Fresh solution of Tyrs enzyme (0.2 unit/mL) was pre-
pared in PBS (50 x 10~3 mol L1, pH 7.0) and was uniformly spread

(10 nL) onto the PANI-nMn3 04 NF/ITO electrode surface and kept it
in a humid chamber for 12 h at room temperature (27°C). The fab-
ricated Tyrs immobilized PANI-nMn3O4NF/ITO bioelectrode was
stored at4°Cwhen not in use. The proposed mechanism for fabrica-
tion of Tyrs-PANI-nMn3O4NF/ITO bioelectrode and immobilization
of Tyrs onto this electrode is shown in Fig. 2.
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Fig. 3. (i) X-ray diffraction pattern of (i.a) polyaniline, (i.b) spherical Mn3;0,4 nanoparticle, and (i.c) PANI-nMn3;04 nanocomposite (ii) FTIR spectra of (a) polyaniline, (b)

PANI-nMn304/ITO electrode and (c) Tyrs-PANI-nMn304/ITO bioelectrode.

2.4. Real sample preparation

A real sample solution of BPA was prepared using two types
of plastic products (polyvinyl chloride and polycarbonate mineral
water bottles) available in local market [3,31]. These plastic prod-
ucts were cut into small pieces and washed using double distilled
water. Then 15.0 gm. plastic pieces were added into a 100 mL dou-
ble distilled water and sealed. The solution was then ultrasonicated
for 90 min at 60°C, and kept at 85°C with a water bath for 48 h.
After filtration, the solution was collected in a flask. The extraction
process was repeated three times, and the solutions were collected
in the same flask and the concentration of the stock solution with
BPA was found to be 0.520 x 10~6 mol L-. For dilution of this stock
solution, we used deionized water with desired concentrations.

2.5. Characterization

Spherical nMn304 and its composite with PANI were charac-
terized using X-ray diffraction (XRD, Rikagu) and high resolution
transmission electron microscope (HRTEM, Jeol/JEM 2100). The
surface morphology shapes were studied using field emission
scanning electron microscope (FESEM, ZEISS) and atomic force
microscope (AFM, BRUKER NanoScope®.V-4498BE). The elemental
analysis was conducted using energy dispersive X-ray spectroscopy
(EDAX). Fourier transform infra-red spectroscopy (FT-IR) from

Perkin Elmer, (Spectrum BX II) was used for confirmation of the
functional groupsin Tyrs enzyme immobilized on electrode surface.
X-ray photoelectron spectroscopy (XPS; PHI 5000 Versa Prob II, FEI
Inc.) studies have conducted to investigate the functional groups
and chemical bonding of the synthesized materials. Electrochemi-
cal studies were performed using Autolab Potentiostat/Galvanostat
(Metrohm, Netherlands) in a three-electrode system with PANI-
nMn30,4 deposited on indium tin oxide (ITO) glass substrate as
a working electrode, platinum (Pt) as the auxiliary electrode and
Ag/AgCl as reference electrode in phosphate buffer saline (PBS)
(50 x 10-3 mol L', pH 7.4, 0.9% NaCl) containing 5 x 103 mol L~!
[Fe(CN)g]3~/4~ as mediator.

3. Results and discussion
3.1. Structural properties

Fig. 3.i (a-c) shows the X-ray diffraction (XRD) pattern obtained
for PANI, nMn304, and PANI-nMn304 nanocomposite. The XRD
pattern of PANI film [Fig. 3 (i.a)] shows peaks at 260 =22.07, 31.16,
35.70, 37.98, 46.22, and 51.65 that correspond to (0 2 1), (0 3 1),
(221),(213),(115),and (0 0 6) reflection planes, respectively.
These are well-matched with JCPDS file 53-1891. This indicates that
PANI film is semi-crystalline [32] and the structure is orthorhombic
with cell parameters a=6.98, b=8.63, c=10.44 with respect to a,
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Fig. 4. (a) Wide-scan spectra for various fabricated films in the energy region of 0-1100eV. (b) The XPS core-level spectra of Mn 2 P and (c) core-level spectra of O 1s for

Mn30y4 film.

[3, vy, respectively. The additional peaks found in the XRD spectra
are ascribed to the ITO substrate. The presence of dominant peaks
of nMn30y4 in the XRD pattern for synthesized spherical nMn30y4
[Fig. 3 (i.b)] reveals high degree of crystallinity as well as purity of
the sample. The diffraction peaks seen at 26 =18.11, 28.84, 32.50,
36.15, 44.44, 51.07, 58.37, 60.02, and 64.60 pertainto (10 1), (11
2),(103),(211),(220),(105),(321),(224),and (400) reflec-
tion planes, respectively, are well matched to the tetragonal spinel
structure of Mn304. These results are consistent with the values
obtained for Mn304 (JCPDS files, 89-4837, 80-0382 and 24-0734).
The average crystallite size of nMn304 obtained by Debye-Scherrer
equation is found to be 25-28 nm for the 2 1 1 plane. The nMn304
has a tetragonal Hausmanite structure with body centered lat-
tice parameters as a=5.76 A°, c=9.44 A° with respect to «, and v,
respectively, which are in agreement with JCPDS 24-0734. The XRD
spectra of PANI-nMn304 nanocomposite [Fig. 3(i.c)] shows diffrac-
tion peaks at 20 =21.45°, 31.04°, 35.37°, 45.88°, 51°, and 60.60°
corresponding to (02 1)(103),(221)(115),(105),and (22 4)
reflection planes of the tetragonal phase of nMn3Qy4, respectively.
The crystallite size for PANI-nMn304 nanocomposite is found to be
30-35nm for the (1 0 3) plane. The selected area electron diffrac-
tion (SEAD) indicates crystallinity in PANI-nMn3; 04 nanocomposite
with improved charge transfer properties of the electrochemical
biosensor [inset, Fig. 4 (iii)]. The results indicate that the nMn304
interact with the anilinium cation and oligomers, that are formed
during the initial stage of the polymerization and act as a template
for the self-assembly of the PANI chains in a well-ordered manner.

Fig. 3 (ii) shows the Fourier transform infra-red (FT-IR) spectra
of PANI, PANI-nMn304 NF, and Tyrs-PANI-nMn304 NF films. The
FT-IR spectrum of bare PANI (curve a) shows characteristic vibra-
tional peaks at 1574, 1478, 1298, 1246, and 804 cm~"'. The peaks
found at 1574 and 1478 cm~! are attributed to the C=C quinoid ring
stretching vibrations and benzenoid structure of PANI, respectively.
The characteristic peak pertaining to PANI backbone is observed
at 804cm~!. The peaks found at 1298 and 1246 cm~! correspond

to the C—N and —C=N stretching vibrations due to emeraldine
salt in PANI indicating that aniline is polymerized at the surface
of ITO electrode with free —NH; groups [25]. The FTIR spectra of
PANI-nMn304 NF shown in (curve b) exhibits additional peaks at
1718 cm~1! and 1449 cm~! due to carbonyl (C=0) stretching of alde-
hyde and C—C stretching of the aromatic ring, respectively. The
peaks observed at 2948 and 2879 cm~! are attributed to the stretch-
ing of —.C—H bond. The FTIR spectra obtained for the nanocomposite
shows similar characteristic peaks. However, the peaks for bare
PANI film are found to be shifted due to the formation of hydrogen
bonding between Mn304 and the —NH groups of PANI. In addi-
tion, the nanocomposite exhibits characteristic peaks at 953 and
530cm™! in the fingerprint region arising due to the vibrations of
Mn-O are associated with the coupling between Mn-0 stretching
modes of tetrahedral and octahedral sites [33]. After immobiliza-
tion of Tyrs on the surface of PANI-nMn304 NF (curve c), the
peaks observed at 1228 cm~! and 1279 cm~! correspond to —C=N
stretching vibrations of the amide. The peaks seen at 1539 cm™!
and 1656 cm~! are attributed to the NH bending in carbonyl amide
bond. These results confirm the surface functionalization of PANI-
nMn304 NF with Tyrs enzyme.

The X-ray photoelectron spectroscopy (XPS) studies were
undertaken to confirm the presence of the functional groups in
nMn304, PANI NF, PANI-nMn304 NF and Tyrs-PANI-nMn3O4NF
films on ITO electrode and the formation of amide between
enzymes and PANI-nMn30,4 NF electrodes. The C 1s, N 1s, and O
1 s peaks in the wide-scan spectrum of PANI NF, PANI-nMn304 NF
and Tyrs-PANI-nMn3 O4NF films are shown in Fig. 4 (i-iii). The Mn
2P, Mn 3P, Mn 3s, and O 1 s peaks found in the wide-scan spectra of
nMn30y4 indicate the formation of nMn304 Fig. 4 (iv). All core-level
spectra were deconvoluted into characteristic peaks using a Shirley
baseline with a Gaussian profile. The Mn 2 P peak for nMn304 film
was deconvoluted and split into two characteristic peaks at binding
energies of 639.7 (Mn2P3,) and 644.4 eV (Mn2Py ;) due to occur-
rence of Mn** (Fig. 4b). The O 1's peaks for nMn30, film at 530.7,
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532.1 and 533.2 eV correspond to Mn—O—C, Mn—O—Mn and Mn-
O—H, respectively and are due to the formation of metal-O—C bond,
and metal-O (Fig. 4c).

The XPS C 1 s peaks found at 284.08, 285.4, and 289.4 eV pertain
to the PANI NF electrode alone, without nMn30,4 and Tyrs enzyme,
due to the C—C group in the aromatic ring, C—N bonds, and the p-p*
“shake-up” satellite, respectively (Fig. 5a, top graph). On incorpo-
ration on nMn30Q4 into PANI electrode, no significant changes of
these C 1s peaks were observed. However, one additional peak at
binding energy of 286.09 eV corresponds to the C=N bond present
in the composite formation and the peak due to the C—C groups
in PANI is shifted to higher binding energy of 0.2 eV (Fig. 5b). After
Tyrs immobilization onto PANI-nMn304 NF, the additional peaks
found at binding energies of 287.0 and 288.6eV, correspond to

N—C=0 and C=0 bonds due to covalent amide bond formation
between Tyrs enzyme and PANI-nMn3 0, in presence of glutaralde-
hyde cross-linker (Fig. 5c). Fig. 3d shows the N 1 s core-level spectra
for PANI NF without nMn30,4 and Tyrs enzyme. The peaks for N
1s core level of PANI at the binding energies of 397.7, 399.3, and
400.5 eV are due to presence of —N=, —-NH-, and —N*-, respectively
in PANI matrix (Fig. 5d). These peaks with modification of nMn304
in PANI matrix were not significantly shifted (Fig. 5e). After enzyme
immobilization, the peak found at 297.9 eV correspond to the core-
level electrons of N 1s (N1), the peak at 399.2 eV is due to amide
bond (CO—NH) formation (N2), and the peak at 402.4 eV is assigned
to presence of =N species in enzymes (N3) (Fig. 5f). However, the
peaks at binding energies of 297.9eV and 399.2eV for N 1s per-
taining to enzymes and PANI are perhaps overlapped. These results
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confirm the formation of composite and covalent immobilization
with Tyrs enzyme molecules.

To investigate the size of the synthesized nMn304 and
PANI NF modified with nMn304, we conducted high resolution-
transmission electron microscopy (HR-TEM). It is found that the
nanostructure contains uniformly sized fine granules [Fig. 6(i-ii)]
of nMn30,4 with hexagonal shape (20-25nm). The clear lattice
fringes seen in SAED pattern [inset, Fig. 6(ii)] indicate highly crys-
talline structure of the nMn30y. In the atomic scale image (i, inset),
two different lattice spacings (d) for (2 1 1) and (1 0 3) planes
obtained are 0.248 nm and 0.276 nm, respectively. These results
are in support of the JCPDS files 24-0734 and 80-0382, respectively
indicating that growth of the nanoparticles occurs mostly along the
211 and 1 0 3 directions. After electropolymerization with ani-
line, the PANI coated nMn304 nanocomposite shows NF network
[Fig. 6(iii-iv)]. A single PANI coated nMn304 NF of about 122.24 nm
diameter is shown in image (iv). The SAED pattern of PANI-nMn3 04
nanocomposite indicates existence of the (1 0 3), (1 0 5) and (0
2 1) planes (inset, iii) that exactly match with the lattice spacing
with d values of 0.280 nm, 0.18 nm and 0.39 nm, respectively (inset
in Fig. 6(iv)). These results reveal that electropolymerized PANI-
nMn304 NF provides a suitable biointerface for uniform linking of
the Tyrs biomolecules. And it can be seen that Tyrs enzyme is uni-
formly attached with PANI-nMn304 NF surface due to inter-particle

interactions of PANI-nMn3 04 NF and Tyrs enzyme molecules via GA
[image (v-vi)].

3.2. Surface morphological studies

The SEM image [Fig. 7(i)] shows that the nMn304 are closely
packed, and porous. The nMn304 exhibits numerous flower-like
aggregations [inset in Fig. 7(i)] and some are elongated in struc-
ture. To investigate the atomic ratio and weight% of Mn and O, we
carried out elemental (EDAX) analysis for the synthesized nMn304
[Fig. 7(ii)]. This study confirms the presence of 35wt% of O and
65 wt% of Mn in the spherical nMn304 indicating high concentra-
tion of manganese and oxygen elements. The EDAX mapping for
nMn304 after calcination containing mixed elements of Mn and
O is shown in Fig. S1(a). The EDAX mapping confirms the pres-
ence of Mn (image b, Fig. S1) and oxygen elements (image c, Fig.
S1) in Mn3O4 nanoparticles. It appears that most nanoparticles
have spherical flower-like microsphere morphology, with globu-
lar 3D structure [Fig. 7 (iii) and (iv)]. After electropolymerization of
nMn304 with PANI on ITO, a fibrous film of PANI-coated nMn30y is
obtained [Fig. 7(v)]. The electropolymerized PANI-nMn304 results
in the formation of symmetrical fibers of PANI-coated nMn30y4
deposited on the ITO substrate. The porous surface morphology
of nanofibrous PANI-nMn30y4 is beneficial for immobilization of
Tyrs enzyme molecules. Further, the PANI-nMn3O4NF/ITO surface
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nanoparticles, (iii and iv) FESEM images of spherical Mn304 nanoparticles, (v) FESEM image of PANI-nMn3;04 nanofibers, and (vi) FESEM image of Tyrs-PANI-nMn304/ITO

bioelectrode after Tyrs immobilization.

was functionalized with GA via amino groups of the polyaniline
surface for binding of the enzyme molecules.After enzyme immo-
bilization, the change in morphology of Tyrs-PANI-nMn3;O4NF/ITO
surface perhaps occurred [Fig. 7(vi)] due to the covalent interac-
tion of GA and enzyme. The FESEM image of enzyme immobilized
on PANI-nMn304 NF shows a well- arranged and uniform fiber
network, that further confirms strong enzyme binding.

The micrograph [Fig. S2 (i)] shows partially uniform spherical
nMn304. The average size of the spherical nMn30, is calculated
as 104nm with average film roughness of 22.7 nm. The mag-
nified image of nMn304 and the 3D image are shown in the
inset of [Fig. S2 (i.a) and (vi)], respectively. After electropoly-
merization of PANI-nMn304 (image ii and iii), the changes in
the grain size distribution, structural arrangement and shape of
the PANI-nMn3O4NF/ITO are observed. The average roughness of
PANI-nMn3O4NF/ITO film is found to be 90.7 nm. [Fig. S2 (iv)] and
its 3D image (v) shows immobilization of the Tyrs enzyme onto
the surface of PANI-nMn3 O4NF/ITO. The Tyrs-PANI-nMn3O4NF/ITO
electrode surface becomes uneven with increased value of aver-
age roughness (331 nm) indicating that Tyrs is adsorbed onto the
PANI-nMn3O4NF/ITO surface.

3.3. Electrochemical studies
The electrochemical impedance can be represented as the sum

of the real (Z’) and imaginary (Z"’) components that mainly origi-
nate from the resistance and capacitance of an electrochemical cell.

Fig. 8(i) shows the EIS spectra of various electrodes obtained as a
function of frequency (0.01-105 Hz) at a bias potential of 0.01 V and
the equivalent circuit for the EIS measurements [inset in Fig. 8 (i)].
The charge transfer resistance (Rcr) between the electrolyte and
electrode can be described by (Eq. (1)), [34]

Rer + ow=1/2

Z(®)=Rs + _
(Co1/2 +1)? + w2C2 (Rer + ow~1/2) 2

Cq (Rer + 0w™/2) 2 4+ 0w~ 1/2 (0w!/2C4 + 1)

(1)
(Cjow1/2 41 + w?C3 (Rc-,- + aw—l/z) 2

where Rs is the solution resistance, Cq is the double layer capaci-
tance, w is the 27f, where f is the frequency, and o is defined by

5_ KT LI
V2F2A DoC: DrC;;

where A is the area of the electrode, D, and Dy are respectively
the diffusion coefficients of oxidant and reductant, C, and Cg" are
the bulk concentrations of oxidant and reductant, respectively, and
other symbols have the standard meanings. The Rct value can be
calculated from semicircular region in the Nyquist plot and it is
found to be lower (551.4 €2, curve b) for PANI-nMn3 O4NF/ITO elec-
trode compared to that of the bare ITO electrode (1.94kS2, curve
a). This is due to the formation of PANI-nMn304 NF that provides
excellent electrical contact between the PANI-nMn304NF/ITO elec-
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Fig. 8. (i) Electrochemical impedance spectroscopy (EIS) spectra of (a) ITO electrode, (b) PANI-nMn304/ITO electrode, and (c) Tyrs-PANI-nMn304/ITO bioelectrode in PBS
(50mM, pH 7.4) solution containing 5mM [Fe(CN)s ]*~/#~ (ii) The cyclic voltammogram of, (a) ITO electrode, (b) PANI-nMn304/ITO electrode, and (c)Tyrs-PANI-nMn30,4/ITO
bioelectrode. (iii) The reproducibility of Tyrs-PANI-nMn304/ITO bioelectrode, and (iv) Repeatability of Tyrs-PANI-nMn3O4/ITO bioelectrode.

trode and electrolyte. The conductive nature of the nanocomposite,
facilitates interfacial electron transfer from electrolyte towards
the collector. Moreover, it appears that nanofibrous PANI suitably
arranges the nMn304 on its surface and provides a better confor-
mation for enzyme immobilization. Further, immobilization of Tyrs
enzyme on PANI-nMn3O04NF/ITO surface, increases the Rcp value
(curve c) due to presence of available functional groups (-NH; and
—CHO) on the electrode surface. The enhancement of R¢p value
(5.21kS2) for Tyrs-PANI-nMn304NF/ITO bioelectrode is due to the
insulating nature of the Tyrs molecules that covalently bind with
—NH; group of PANI via GA. The amount of immobilized enzyme
has been optimized at 10.0 L and the surface coverage of Tyrs-
PANI-nMn3O4NF/ITO bioelectrode was calculated to be (62.76%),
[3].

The electron transfer resistance can be translated into mag-
nitude of current under the equilibrium (Io), heterogeneous
electron-transfer rate constant (HET) and the time constant (T) of
the various electrodes have been calculated by the following Eqs.

((2)-G) 3]

Rcr = RT/nFly (2)
Iy = nFAHET [S] (3)
HET = RT/n*F?*AR¢t [S] (4)
T =RcrCy (5)

where R is gas constant, T is absolute temperature (K), F
is Faraday constant, A is the electrode area (cm?2), [S] is the

bulk concentration of redox probe (molcm=3), n is the num-
ber of transferred electrons per molecule of the redox probe
and Cy is the double layer capacitance. The HET value for
ITO is found to be 0.014 x 10~ cms~!. The HET value of PANI-
nMn3O4NF/ITO electrode (0.048 x 10-6 cms~1) is higher than that
of Tyrs-PANI-nMn3;04NF/ITO bioelectrode (0.0051 x 106 cms—1),
indicating faster electron transfer among the redox couples. The
Tyrs enzyme-immobilized electrode provides hindrance to the
electron transfer resulting in a sluggish electron transfer. Further,
high value of time constant () for Tyrs-PANI-nMn304NF/ITO bio-
electrode (44.2 cms~!) shows slower diffusion rate (8.4cms™!) of
[Fe(CN)s]3~/4- ions at the solution/electrode interface.

The cyclic voltammetry (CV) studies have been conducted to
investigate the electrochemical properties of the fabricated elec-
trodes in the potential range of —0.7 to 0.7 Vata scanrate of 10 mV/s
[Fig. 8(ii)]. After electropolymerization of PANI-nMn304 nanocom-
posite on ITO substrate, the oxidation current decreases (0.04 mA)
[curve b] compared to that of the bare ITO electrode (1.6 mA) [curve
a] revealing that the increased surface area of PANI-nMn3; O4NF/ITO
electrode may obstruct electron transfer. Interestingly, after immo-
bilization of Tyrs enzyme on the surface of PANI-nMn3;O04NF/ITO,
the electrode shows increased current response (0.05mA, curve
c) compared to that of PANI-nMn304NF/ITO electrode (curve b).
This may be attributed to the covalently bonded Tyrs molecules on
the surface of PANI-nMn3 O4NF/ITO providing a promising environ-
ment. The available active sites on Tyrs may be electrochemically
activated in presence PANI-nMn304 NF that perhaps acts as a medi-
ator resulting in accelerated electrons from redox reaction. The CV



790 N. Singh et al. / Sensors and Actuators B 236 (2016) 781-793

40 y.

|
Z 304 .Ag
-
3 J
g { (a)
'g -mmA-u-u a]
O 204 /. Control
/-’

10

0.00 0.05 0.10 0.15 0.20 0.25 0.30
BPA Con. (uM)

oo (iii)

(a) | (A)= 0.12pA + 0.194 mA/UM * BPA Con.(uM)
(b) 1 (A)= 30 pA + 0.033 mA/UM * BPA Con.(uM)
504
404 Linearity (0.2-0.8 pM)
i Sensitvity: 0.134 mA/pMiem’
= r’: 0.993
< 30 SD:1.05p
E (a)
O 204 Linearity (0.004-.09 uM)
Sensitvity: 0.776 mA/M/cm®
r’: 0,992
10 SD: 0.85
T T v T T T
0.0 0.2 0.4 0.6 0.8

BPA Con.(uM)

60 ()

Current(pA)

06 04 02 00 02 04 06 08
Potential(V)
40x10°1 (iy)
35x10° -
3.0x10°
< 25x10°4

2.0x10°

'y

Current(pA
>
=
-]
'3

ONP PAP Ph HQ RS Mixer BPA
Interefernts
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selectivity of Tyrs-PANI-nMn304/ITO bioelectrode.

studies of Tyrs-PANI-nMn3;O4NF/ITO bioelectrode have been con-
ducted as a function of scan rate [Fig. S3]. The anodic (I4) and
cathodic (I¢c) peak currents show linear variation with square root
of the scan rate [inset in Fig. S3], suggesting that the reaction
at the electrode is a quasi-reversible diffusion-controlled process.
Both the peak currents are found to increase with increased scan
rate (10-100 mV/s). The linear relationship of peak current versus
square root of scan rate (v!/2) in Tyrs-PANI-nMn3; O4NF/ITO bioelec-
trode can be derived from the Nernst’s equation due to presence
of electro-active components in the interfacial region. The slope,
intercept and correlation coefficient for the bioelectrode obey the
following anodic (I5) and cathodic (I¢) currents given in Egs. ((6)
and (7)):

I (bioelectrode) = 29.3 pA + 1.60 x 10~ (A2mv~Ts) /%

[Scanrate (mVs™')] /2.12 _ 0.999 (6)

Ic (bioelectrode) = —26.7 WA — 0.76 x 107> (Asz*ls) 12

1/

[Scanrate (mVs™')] %12 2 0.999 (7)

The peak current is obtained by the Randles-Sevcik method, as
described in Eq. (8)

n2F2CAv
Ip = T (8)

where I, is the peak current (A), n is the number of
electrons transferred in the redox process, F is the Faraday con-
stant (Cmol~1),C is the concentration (mM), R is gas constant
(8.314JK-1mol~1), v is the scan rate (40mV/s), A is the area of
fabricated interface (0.25cm?) and T is the absolute temperature
(298 K). The diffusion coefficient of redox probe towards the sens-
ing interface is calculated using Randles-Sevcik Eq. (8)

Ip:2.69 % 10°n3/2AD1/2Cy1/2

The diffusion coefficients are found to be 1.41 x 10-6 cm?/s
and 2.21x10°%cm?2/s for PANI-nMn3O4NF/ITO electrode and
Tyrs-PANI-nMn3O4NF/ITO bioelectrode, respectively. The higher
diffusion after enzyme immobilization may be due to the forma-
tion of PANI-nMn30;4 fibrous film that accelerates the transport of
electrons due to activation of enzyme active sites.

The reproducibility of Tyrs-PANI-nMn3O4NF/ITO bioelectrode
[Fig. 8(iii)] was investigated at 0.01 x 106 mol L~! of BPA concen-
tration. No significant change in the oxidation current was observed
as was evident by relative standard deviation (RSD=6.74%). The
stability of this bioelectrode was tested using repeated measure-
ments under similar conditions. Even after 15 times of repeated
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measurements, [Fig. 8(iv)], the Tyrs-PANI-nMn3O4NF/ITO bioelec-
trode showed identical response as is evident by low relative
standard deviation (RSD=2.99%). The storage stability of the Tyrs-
PANI-nMn3O4NF/ITO bioelectrode was checked for 8 weeks at an
interval of one week. The decrease in the value of current was
found to be about 10% up to 4 weeks after which the current value
decreases to about 40% within 10 weeks.

3.3.1. Bisphenol A detection

Electrochemical response studies of Tyrs-PANI-nMn3O4NF/ITO
biosensor were conducted using CV technique in pres-
ence of 50x10-3molL-! PBS (pH 7.4, 0.9%NaCl) containing
5x10-3molL-! [Fe(CN)s]>~/4~]. The control experiments were
conducted on PANI-nMn304NF/ITO electrode with and without
Tyrs immobilization, using CV technique [Fig. 9(i)] by varying
BPA concentrations. A small change observed in oxidation current
(curve a) can be attributed to non-specific reaction with proteins
on the sensor surface.

During detection of BPA, the bioelectrode was immersed
in PBS solution containing various concentrations of BPA
(0.004-0.8 x 10~ molL-1). Due to the oxidation of BPA into 2,
2-bis (4-phenylquinone) propane in presence of Tyrs enzyme,
two electrons are generated [Fig. 9 (ii)] that produce the cur-
rent. It was observed that magnitude of the current gradually
increased with increasing BPA concentration [Fig. 9(ii)]. In addi-
tion, this enhancement of electrochemical current may be due
to well-arranged and homogenous network of bio-interface of
the PANI-nMn30,4 nanofibrous film that provides a good path
for electron transfer to current collector via manganese ion
[35,36]. The three-dimensional nanofibrous morphology in PANI-
nMn304NF/ITO electrode resulted in improved electronic and ionic
transport due to uniform distribution and conductive nature of
PANI-nMn304 NF. The detection time of this biosensor was to
be 20 indicating faster electron communication feature of PANI-
nMn304 NF. The sensor calibration curve [Fig. 9(iii)] showed good
linearity in a wide concentration range of 0.004-0.8 x 10~ mol L1,
The current varied linearly with BPA concentration with a cor-
relation coefficient of 0.993. The sensitivity of the fabricated
biosensor calculated from the slope of calibration curve was
found to be 0.776mA wM~! Lcm~2 and 0.134mA pM~!Lcm~—2
for a lower concentration range (0.004-0.09 x 10~ molL-1) and
higher concentration (0.2-0.8 x 10~ molL-1), respectively. The
high sensitivity of this biosensor was due to high surface-to-
volume ratio and conductive nature of PANI-nMn304 NF with
better electron transportation from electrode surface to the elec-
trolyte. This sensor could be used to detect minute amount of
BPA (0.004 x 106 mol L~1). The low value of the Michaelis-Menten
constant (Kp,) obtained [0.0075 x 10-6 mol L] using Hanes plot
reveals that PANI-nMn304 NF matrix facilitates increased enzyme
activity due to improved conformation of Tyrs. The increased activ-
ity of Tyrs with covalent bonding indicates strong affinity between
the BPA and the active site of Tyrs resulted in low Kp,. The observed
higher affinity of Tyrs-PANI-nMn3O4NF/ITO based biosensor can
be attributed to favorable orientation of Tyrs and higher loading
of Tyrs molecules. Table 1 contains characteristics of this sensor
along with others reported in literature for BPA detection. The
selectivity of Tyrs-PANI-nMn3O04NF/ITO bioelectrode [Fig. 9(iv)]
was determined in presence of BPA (0.5 x 10~ molL~1) concen-
tration with normal concentration of interferent such as phenol
(1.0 x 10~ mol L-1), ortho-nitrophenol (1.0 x 10-6 molL-1), para-
aminophenol (0.8 x 10-3 molL~1), resorcinol (1.0 x 10~ mol L~1),
hydroquinone (0.8 x 106 mol L-1), and all mixers. The response of
the Tyrs-PANI-nMn3O4NF/ITO bioelectrode was not significantly
affected in the presence of interferents during BPA detection. The
oxidation current value remained nearly same for all interferents
with respect to BPA. The prepared biosensor was tested to detect
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Fig. 10. (i) Cyclic voltammogram comparison study of Tyrs-PANI-nMn3;04/ITO
bioelectrode as a function of synthetic BPA and real sample BPA concentration
(0.001-0.008 M) in PBS (50 mM, pH 7.4) solution containing 5 mM [Fe (CN)g].3~/4-.

BPA concentrations inreal samples [Fig. 10 (i)]. In comparison to the
standard BPA concentrations (curve b), the bioelectrode showed
little difference at low real BPA concentrations other than higher
concentration of BPA detection (curve a).

4. Conclusions

A cost-effective, reproducible, selective and highly sensitive
PANI-nMn304 NF based biosensor platform has been demon-
strated for BPA detection. We have electropolymerized in-situ
PANI-nMn304 NF on an ITO substrate and used that for surface
functionalization with Tyrs enzyme molecules via GA treatment.
The fibrous surface of PANI-nMn304 NF performs a cross link
with GA molecules for covalent immobilization of Tyrs enzyme
resulting in improved sensing characteristics for monitoring BPA
concentration. This biosensor is sensitive to 0.004 x 106 mol L~!
concentration of BPA due to the PANI-nMn304 NF biointerface,
Mn?Z* jon and cationic polyaniline that improves the charge
transfer properties between electrode and electrolyte. The Tyrs-
conjugated PANI-nMn304 NF provides suitable conduction path
during oxidation of BPA leading to a fast electrochemical response
(20s). This biosensor exhibits higher sensitivity (0.776 mA pM~!
Lcm~2), low detection limit 0f 0.004 x 10~ mol L1, lower K, value
0.0075 x 10~ mol L-1 with linear regression coefficient at 0.993
and awide linear range of 0.004-0.8 x 10-% mol L~!. The Tyrs-PANI-
nMn304NF/ITO-based biosensor provides a suitable platform for
excellent electrochemical sensing parameters due to the integra-
tion of PANI-nMn3O4NF and Tyrs via GA. The fabricated biointerface
shows excellent sensitivity, selectivity, and good reproducibility
and can be explored for monitoring other clinical substances such
as low density lipoprotein, glucose, myoglobin etc.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2016.06.050.
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research is mainly focused on synthesis of nanoscale metals and metal oxides for
energy and chemical sensing applications.
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