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ABSTRACT: A new hybrid nanocomposite based on hydro-
thermally synthesized nanostructured NiFe,O, (n-NiFe,O,)
and chitosan (CH) has been explored for bienzyme
(cholesterol esterase (ChEt) and cholesterol oxidase
(ChOx)) immobilization for application as total cholesterol
biosensor. Results of X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), Fourier transform infrared (FTIR), Raman spectros-
copy (RS) and vibrating sample magnetometer (VSM) studies
demonstrate that the ChEt—ChOx/n-NiFe,0,—CH compo- Cholesterol-4-ene-3-one
site film is successfully synthesized. The obtained ChEt—
ChOx/n-NiFe,0,—CH nanocomposite film shows large specific area, high conductivity, good biocompatibility, fast redox
properties and improved antimicrobial activity. The fabricated ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode exhibits largely
improved amperometric biosensing performance, i.e., good linearity (S—400 mg/dL), low detection limit (24.46 mg/dL cm™2),
high sensitivity of 1.73 uA/(mg/dL cm™?), fast response time of 15s, reproducibility of more than 15 times, shelf life of about 90
days and low Michaelis—Menten constant (K,,) value as 7.05 mg/dL (0.1825 mM). Furthermore, this modified bioelectrode has
been utilized for estimation of total cholesterol in human serum samples. This efficient strategy provides new insight into the
design of novel flexible electrodes for a wide range of applications in biosensing, bioelectronics, and clinical applications.
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H INTRODUCTION thrombosis, arteriosclerosis and lipid metabolism dysfunction,
etc.°”® The principal problem confronting the speedy develop-
ment of a cholesterol biosensor lies in deep embedment of
flavin adenine dinucleotide redox center in the protein core that
perhaps prevent direct electrical communication.” Another

Nanoferrites with general formula MFe,O, have recently
opened up new vistas in the frontier field of nanobiomaterial
science and nanotechnology because of their remarkable
electrical and magnetic properties and many potential

applications in spintronics and bioelectronics. ~* Among common prol.al.ern relates to t}_le total number of catalytically
these, application of nanocrystalline ferrites to biosensing has active immobilized enzyme units that are known to be small
aroused much interest.’ For medical diagnostics, biosensors can and are randomly oriented resulting in partial denaturation of
be used to detect glucose, virus, bacteria, neurotoxin, and the immobilized enzyme molecules on the electrode surface. As
cholesterol, etc. Among these, cholesterol esterase (ChEt) and a result, majority of cholesterol biosensors reported till date do
cholesterol oxidase (ChOx) based electrochemical biosensors

have gained much interest for estimation of total cholesterol Received: December 24, 2012

level in blood for treatment of clinical disorders including Revised:  February 15, 2013

atherosclerosis, hypertension, coronary artery disease, cerebral Published: April 12, 2013

W ACS Publications  © 2013 American Chemical Society 8491 dx.doi.org/10.1021/jp312698g | J. Phys. Chem. C 2013, 117, 8491-8502


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

not exhibit desired characteristics due to poor biocompatibility
of the support matrix."’ Keeping this in view, many efforts have
been made to develop suitable support matrices that may
perhaps provide better environment for the efficient immobi-
lization of enzymes and maintenance of the enzymatic
bioactivity so as to increase the linearity, detection limit and
sensitivity of the biosensor.

Enzyme immobilization has recently gained much interest
because the quantity of the desired enzyme is often inadequate
due to enzyme instabilit}r, high cost, and the limited potential
for enzyme recovery.u’l The magnetic nanoparticles (MNPs)
have recently attracted much attention because of their
excellent physical and chemical properties compared to those
of conventional bulk materials.">™7 In this context, ferrites are
a group of important magnetic materials that have many
efficient technological applications including those in biosens-
ing.lg’19 Nickel ferrite (NiFe,0,) is known to be an interesting
territe, due to its technologically important soft inverse spinel
structure. Besides this, the nickel ferrite contains improved
ferromagnetic properties that originate from magnetic moment
of antiparallel spins between Fe’ ions at tetrahedral sites and
Ni®* jons at octahedral sites;*° resulting in high conductivity,
lower eddy current loss, high electrochemical stability, good
catalytic behavior and also abundance in nature.”' Additionally,
nickel ferrite crystallizes as a spinel structure and exhibits
tunable conducting behavior. Because of their large surface-to-
volume ratio, high surface reaction activity, high catalytic
efficiency and strong adsorption ability, nanonickel ferrites can
perhaps be utilized for biosensor applications.””** A recent
report relates to the apglication of NiFe,0, for sensing of
liquefied petroleum gas.** Luo et al. have recently utilized
chitosan/NiFe,O, nanocomposite film as a suitable matrix for
immobilization of enzymes (glucose oxidase and horseradish
peroxidase) to obtain better electrocatalytical response to the
oxidation of glucose® and hydrogen peroxide.” NiFe,O,
nanoparticles show good biocompatibility, noncytotoxicity
and easier preparation process,”’ and it can thus be utilized
to immobilize ChOx and ChEt.

The biocompatibility of a biomolecule is known to play an
important role toward the fabrication of a biosensor. Generally,
adsorption of the desired biomolecules directly onto naked
surface of a bulk material may result in its denaturation and loss
of bioactivity. In this context, increased biocompatibility may
perhaps prevent deactivation of the desired biomolecules
arising due to surface modification protocol such as adsorption,
coating, self-assembly, and graft polymerization etc. However,
adsorption of biomolecules onto the surfaces of nanoparticles
may perhaps result in retention of the bioactivity because of
biocompatibility of the environment. Since n-NiFe,O, nano-
particles carry high isoelectric point (>IEP, Ni, and Fe oxide
phase varying from to 6—10.7, they can electrostatically adsorb
enzymes with different charges with the low IEP of enzymes or
proteins, making them suitable for biomolecule immobilization.
Recently, many researchers have focused on the preparation of
novel nanocomposites with good biocompatibility that could be
the promising matrices for enzyme immobilization which in
turn may result in enhanced selectivity and sensitivity of the
desired biosensors. The combination of MNPs with chitosan
has been found to play an important role toward the
immobilization of biomolecules for biosensor applications due
to excellent film-forming ability, high permeability, mechanical
strength, nontoxicity, biocompatibility, low cost, and easy
availability.”®” In this context, the quantitative cytotoxicity tests
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have recently revealed that both uncoated and chitosan-coated
NiFe,O, nanoparticles exhibit noncytotoxic behavior.””* The
nontoxic and biocompatibility nature of the n-NiFe,O,—CH
film may provide suitable platform for biomolecules, for
immobilization of enzymes (ChEt and ChOx) resulting in
improved electron transfer to the underlying ITO glass
substrate. For synthesis of the nanoparticles, low temperature
environment is mostly preferred. Some of the physical and
chemical methods widely used for the synthesis of nanoferrites
relate to ball-milling, sol—gel, coprecipitation, spray pyrolysis,
and hydrothermal methods.”*™*" However, the low temper-
ature (200 °C) hydrothermal route of synthesis of nanoferrites
may be used to yield well-dispersed, pure and homogeneous
nanoparticles.”

We report results of the studies relating to the preparation of
n-NiFe,O, via one-step process using hydrothermal technique.
The uniform nanocomposite film comprising of n-NiFe,O, and
chitosan has been fabricated onto indium tin oxide (ITO) glass
substrate via solution casting. The characterization of the n-
NiFe,0,—CH modified thin film has been accomplished using
FTIR, scanning electron microscopy (SEM), X-ray powder
diffraction (XRD) and Raman spectroscopy studies. The
cholesterol biosensor has been constructed by immobilizing
ChEt and ChOx onto n-NiFe,0,—CH/ITO nanocomposite
electrode. Antimicrobial and seed germination tests of n-
NijFe,0,—CH nanocomposite and ChEt—ChOx/n-NiFe,0,—
CH nanobiocomposite conducted using the disc diffusion
method, reveal strong activity against the common pathogens
and crops indicating biocompatibility of the nanocomposite.
The optimized experimental conditions for the fabrication and
operation of the cholesterol biosensor have also been
established. The resulting biosensor can be used for estimation
of total cholesterol in clinical samples and has many advantages
such as good antimicrobial activity, biocompatibility, high
sensitivity, good repeatability, and reproducibility.

B EXPERIMENTAL SECTION

Materials. Nickel nitrate hexahydrate Ni(NO;),-6H,0, iron
nitrate Fe(NO;);-9H,0, glacial acetic acid (C,H,0,) (70%),
ammonia solution (NH,) (25%), and sodium hydroxide pellets
(NaOH) have been purchased from MERCK (New Delhi,
India). Chitosan powder (85% deacetylation, low molecular
weight), cholesterol oxidase (EC 1.1.36 from Pseudomonas
fluorescens with specific activity of 26.4 U mg™ '), cholesterol
esterase (EC 232.808.6 from P. fluorescens with specific activity
of 13.13 U mg "), horseradish peroxidise (HRP, 316 U mg™"),
O-dianisidine (1%) dye, cholesterol oleate (C4sH;50,), and Brij
solution (polidocanol) have been procured from Sigma—
Aldrich (USA). The stock solutions of ChOx and ChEt (2 mg/
mL) and HRP (1 mg/mL) are freshly prepared in phosphate
buffer (50 mM, pH 7.0). The cholesterol oleate solution is
prepared in 1% Brij solution (polidocanol) prior to use. The
indium—tin—oxide (ITO) coated glass (Balzers) sheet of
resistance of 15 Q/cm is used as the substrate for deposition
of the desired nanocomposite and serves as the working
electrode. All solutions in these studies have been prepared
with deionized water of resistivity not less than 18 MQ cm
taken from a Milli-Q water purification system (Milli-Q, USA).

Characterization. Fourier transform infrared (FTIR)
spectrophotometer (PerkinElmer, Spectrum BX II) has been
used to characterize desired samples in the range of 400—4000
cm™'. The UV-visible spectroscopic studies have been
conducted using UV/vis/NIR spectrometer (PerkinElmer,
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Figure 1. (a) X-ray diffraction pattern, (b) Raman spectrum, (c) TEM images, and (d) VSM (M-H) curves of n-NiFe,0, nanoparticles.

Lamda 950). Raman spectra have been recorded in the range of
200—2000 cm™' at room temperature (25 °C), using a
Renishaw Instruments Raman spectrometer equipped with a
high-performance charged coupled device (CCD) detector.
The 514 nm of argon-ion laser has been used to illuminate the
sample. The surface morphological studies of CH/ITO film, n-
NiFe,0,—CH/ITO film and ChEt—ChOx/n-NiFe,O,—CH/
ITO bioelectrodes have been investigated using scanning
electron microscope (LEO-440). The particle size and shape
have been determined via transmission electron microscope
(TEM) studies (Hitachi Model H-800 instrument). The X-ray
diffraction (XRD) (Rigaku) studies have been used to
characterize the NiFe,O, nanoparticles using 1.5405 A Cu
Ka as the reference. The hysteresis loop, saturation magnet-
ization and coercivity of the nanocrystalline NiFe,O, nano-
particles have been measured by VSM (ADE-DMS, Model EV-
7USA) at a maximum applied field of 1.7S T at room
temperature (25 °C). The cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and amperometric
measurements have been recorded via an Autolab Potentiostat/
Galvanostat (Eco Chemie, The Netherlands). The electro-
chemical measurements have been conducted by using a three-
electrode system with ChEt—ChOzx/n-NiFe,0,—CH/ITO
bioelectrode as the working electrode, a platinum (Pt) wire
as the counter electrode, and saturated Ag/AgCl electrode as a

8493

reference electrode in phosphate buffer (S0 mM, pH 7.0, 0.9%
NaCl) containing S mM [Fe(CN)¢]*™* as a mediator.

Preparation of n-NiFe,0, Nanoparticles. The nano-
crystalline NiFe,O, nanoparticles have been prepared via
hydrothermal method according to the method reported
elsewhere’” with some modification. The stoichiometric
molar amounts of Ni(NO;),-6H,0 and Fe(NO,);:9H,0 are
dissolved in deionized water to prepare uniform solution by
stirring. An aqueous solution of ammonia (25%) is added
dropwise into this solution in a Teflon-lined stainless steel
autoclave with steady stirring (2 h), until pH of the final
solution reaches 7—8, when a precipitate is formed. The
autoclave is then placed in an oven and is kept at 180 °C for
about 15 h after which, the autoclave is allowed to cool to the
room temperature. The resulting brown precipitate is washed
several times with deionized water and absolute ethanol to
eliminate the presence of nitrate ions. The solid product is
heated to 90 °C and is dried under vacuum for about 3 h. The
proposed reaction mechanism for the formation of pure
NiFe,0, nanoparticles is shown in eqs 1-3.

2Fe(NO,); + Ni(NO;), + 8NH,OH
— 2Fe(OH); + Ni(OH), + 8NH,NO, (1)
2Fe(OH), + Ni(OH), — NiO + Fe,0, + 4H,0 (2)

dx.doi.org/10.1021/jp312698g | J. Phys. Chem. C 2013, 117, 84918502
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NiO + Fe,0; — NiFe,O, 3)

Preparation of n-NiFe,0,—CH Nanocomposite Film.
First 1 g of chitosan (CH) powder is added into 100 mL of 0.1
M acetic acid, and the mixture is stirred to form a 1 wt % clear
CH solution. The calculated amount of (30 mg) of n-NiFe,O,
nanoparticles is dispersed into 5 mL of CH solution with
stirring at room temperature (25 °C) followed by ultra-
sonication for about 2 h to get a highly viscous CH solution
with uniformly dispersed NiFe,O, nanoparticles. The nano-
composite thin film is fabricated by uniformly spreading a 15
HL solution of n-NiFe,O,/CH nanobiocomposite onto an ITO-
coated glass surface (0.25 cm?®) and is dried for 12 h at room
temperature in a controlled environment after which it is
washed with deionized water to remove any unbound particles.
It has been found that the optimized ratio of CH solution and
NiFe,0, nanoparticles taken as 4:1 and 15 uL of n-NiFe,O,/
CH solution, uniformly dispersed onto ITO surface to prepare
the n-NiFe,0,/CH nanocomposite film, exhibits maximum
amperometric current.

Immobilization of ChOx and ChEt on n-NiFe,0,—CH
Nanocomposite Film. Freshly prepared solution comprising
of ChOx (2 mg/mL) and ChEt (2 mg/mL) taken in the same
ratio (1:1) in phosphate buffer (S0 mM, pH 7.0) is uniformly
spread (10 uL) onto the desired n-NiFe,0,—CH/ITO
nanocomposite electrode. The ChEt—ChOx/n-NiFe,0,—CH/
ITO bioelectrode is kept undisturbed in a humid chamber for
about 12 h at room temperature (25 °C). The ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode is washed thoroughly with
phosphate buffer (50 mM, pH 7.0) containing 0.9% NaCl to
remove any unbound enzyme molecules and is stored at 4 °C
when not in use.

Biocompatibility Test. The effect of n-NiFe,0,/CH and
ChEt—ChOx/n-NiFe,0,/CH solution on the germination of
seeds of mustard and tomato crops has been evaluated using
standard germination assay. The seeds are surface sterilized
with 0.1% (v/v) mercuric chloride for 30 min, washed with
deionized water, soaked in water overnight are kept in an
incubator at 17 and 24 °C, respectively. First, S mL of 1.2%
water agar is poured as medium in each well of 12 wells plates.
Three seeds are kept in each well for desired treatment. Then
10 puL of the CH, n-NiFe,O,/CH and ChEt—ChOx/n-
NiFe,0,/CH solution are used for testing. The distilled
water is used as a control for each plate. The plates of mustard
and tomato seeds are kept in an incubator at 17 and 24 °C,
respectively. Those observations are taken regularly up to 72 h
of incubation period.

B RESULTS AND DISCUSSION

Structural and Morphological Studies (X-ray Diffrac-
tion). The XRD pattern (Figure la) of hydrothermally
prepared NiFe,0, nanoparticles show reflection planes, (2 2
0),(311),(222),(400), (422),and (51 1), indicating
presence of the cubic spinel structure.*® These diffraction lines
provide clear evidence of the formation of the pure NiFe,O,
nanoparticles when compared with the reported values (JCPDS
file number: 10—325). No other phases are seen indicating
phase purity of the NiFe,O, sample. The average crystallite
diameter (d) has been calculated using the Scherrer’s equation,
from the full width at half-maximum (FWHM) of the
diffraction peaks.
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p cos O

(4)

where f is the broadening of diffraction peaks measured at half-
maximum intensity (radians) and A = 1.5406 A, the wavelength
of CuKa. The lattice constant of the NiFe,O, nanoparticles has
been determined using eq 5

a = dhkl\ (h2 + kz + 12) (5)

The crystallite size estimated from the Scherrer’s equation is
found to be as ~7—14 nm and the lattice parameters of
NiFe,0, are found to be as a = b = ¢ = 0.84034 + 0.00351 nm.

Raman Studies. According to the classical lattice vibration
theory, there is a strong correlation between the crystal
structure and the lattice vibrations, and hence physical insight
can be obtained via infrared and Raman spectroscopic studies.
It appears that during synthesis of the n-NiFe,O,, the formation
of other phases such as Fe;O,, a-Fe,0;, and y-Fe,O; phases is
also possible. Raman spectroscopy has been used to differ-
entiate the n-NiFe,O, phase from other possible phases such as
Fe;0, and y-Fe,O; that have similar spinel structures and
consequently similar XRD patterns.M’35 Most Raman peaks
found in the spectra of n-NiFe,0, ferrite are close to those of y-
Fe,O; However, it exhibits much stronger peaks at ~1370
cm™! and ~1580 cm ™! than those of n-NiFe,0, ferrite.***> No
Raman peaks are observed in the range of 1300—1600 cm™’,
indicating absence of y-Fe,O; phase in the synthesized
nanoparticles.

The n-NiFe,O, has a cubic inverse-spinel structure belonging
to the space group O, (Fd 3'm).*® The group theory predicts
the following vibrational modes in spinel:

['(AB,0,) = Aj,(R) + E,(R) + T,(in) + 3T, (R)

+ 2A,,(in) + 2E (in) + 4T, (ir) + 2T,,(in)

(6)

where (R), (IR), and (in) represent Raman and infrared-active
vibrations and inactive modes, respectively.

It has been found that n-NiFe,O, exhibits five Raman active
modes (A, + E, + 3T,,) and four infrared active modes (4T},).
A strong band in the spectral range 670—710 cm™' is a
common feature of the Raman spectra of the inverse spinel.’”
This behavior is observed irrespective of the chemical nature of
the divalent cations. These bands may be assigned to stretching
vibrations of the Fe,O, tetrahedral,>”*® whereas A;, modes
observed in the region, 460—640 cm™! might be assigned to
motions of Fe(*) O octahedral.>” The Raman spectrum of the
NiFe,0, is shown in Figure 1b. The observed Raman peaks are
in good agreement with those reported in the literature.>”*°

Transmission Electron Microscopic (TEM) Studies.
Figure 1ciii shows TEM image of the semispherical n-
NiFe,O, nanoparticles. The nanoparticles are monodispersed
and are uniformly distributed without aggregation. The average
size of the particles is found to be as 25—30 nm.

Magnetic Measurements. The M—H plot obtained from
VSM studies as a function of applied magnetic field for
hydrothermally synthesized n-NiFe,O, nanoparticles is shown
in Figure 1d. It can be seen that it exhibits typical characteristics
of superparamagnetic behavior of n-NiFe,O, nanoparticles.
Besides this, the observed saturation magnetization (M,) of 46
Am’/kg, absence of hysteresis loop and nearly immeasurable
coercivity and remanence are obtained. No remanence is
detected indicating a superparamagnetic beaviour, which is

dx.doi.org/10.1021/jp312698g | J. Phys. Chem. C 2013, 117, 8491-8502
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useful for separating magnetic particles from the solution using
the external magnetic field. The superparamagnetic behavior of
n-NiFe,O, nanoparticles suggests that the particles have a
single domain structure due to very small size of the
nanoparticles.

FTIR Studies. The FT-IR spectra of nanocrystalline
NiFe,O, nanoparticles, CH/ITO film, #n-NiFe,O,—CH/ITO
film, and ChEt—ChOx/n-NiFe,O,—CH/ITO bioelectrodes are
shown in Figure 2ai—iv in the range, 400—4000 cm™. It shows

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500

Wavenumber (cm)”

1000 500

Figure 2. (a) FTIR transmission spectra of (i) NiFe,O, nanoparticles,
(ii) CH/ITO film, (iii) n-NiFe,0,—~CH/ITO film, and (iv) ChEt—
ChOx/n-NiFe,0,—CH/ITO bioelectrodes. (b) SEM images of CH/
ITO film (i), NiFe,0, nanopowder (ii), n-NiFe,0,—CH/ITO film
(iii), and ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrodes (iv). Scale
bar corresponds to 10 ym.

two main broad metal—oxygen bands indicating presence of
spinels and ferrites. The FTIR spectra of n-NiFe,0, (curve i)
exhibits weak bands at 3437 cm™' corresponding to O—H
stretching due to physically adsorbed water and two character-
istic absorption bands at 424 and 590 cm™', pertaining to
octahedral and tetrahedral sites of positive ions of nickel ferrite,
respectively.*! The difference in the absorption position of
octahedral and tetrahedral complexes of NiFe,O, crystal is due
to different distance between Fe>*—0”" in the octahedral and
tetrahedral sites. The FTIR spectrum (curve ii) of CH/ITO
electrode exhibits characteristic absorption bands of amino
saccharide at 3455 cm™ arising due to overlapping of —OH
and —NH, bands. The 2923 and 2880 cm™ are due to CH,
stretching and 1652 and 1590 cm™' for carbonyl stretching
(C=0) band of amide I and amide II. The peak seen at 1380
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cm™! is assigned to —C—O stretching mode of —CH,—OH
groups and 1065 cm™' stretching vibration of C—O—C in
glucose circle and 1080—1020 cm ™" bands correspond to CH—
OH in cyclic compounds. The FTIR spectra of the n-NiFe,O,—
CH/ITO electrode (curve iii) exhibits characteristic IR bands
of the functional group corresponding to pure CH (curve ii)
and additional band found at 521 and 461 cm™' indicate
formation of the M—O band. This suggests that the M—O—M
inorganic network is bonded with CH macromolecules via both
hydrogen bonding and ionic bonding in the n-NiFe,0,/ITO
electrode. The presence of CH in NiFe,0, composite facilitates
immobilization of biomolecules via amine and hydroxyl group.
However, ChEt—ChOzx/n-NiFe,0,—CH/ITO bioelectrode
(curve iv) shows broadening of the peak at 3120 and 1644
cm™" due to addition of carbonyl and amino groups of CH,
1557 cm™ corresponding to C—N stretching and N—H
bending modes of amide I band, the 1132 cm! is due to
C—O stretching due to presence of amide bands in protein
revealing immobilization of enzymes onto n-NiFe,0,—CH/
ITO nanocomposite matrix via electrostatic interactions.

Scanning Electron Microscopic (SEM) Studies. Surface
morphological studies of CH/ITO film, NiFe,O, nanoparticles,
n-NiFe,O,—CH/ITO electrode and ChEt—ChOx/n-NiFe,0,—
CH/ITO bioelectrodes have been investigated using SEM and
are shown in Figure 2bi-iv. The CH/ITO film (image i) shows
homogeneous with relatively smooth and crack-free surface.
The SEM image of nanocrystalline NiFe,O, nanoparticles
(image ii) shows the surface to be rough and particles are
agglomerated to each other due to high surface charge of
NiFe,0,. The SEM image of n-NiFe,O,—CH/ITO film surface
(image iii) shows granular and fibrous nanoporous morphology
embedded uniformly in the porous chitosan matrix with
minimum aggregation. It looks as if some of NiFe,O,
nanoparticles perhaps agglomerate and CH perhaps bridges
the individual NiFe,O, particles. However, on the immobiliza-
tion of ChEt and ChOx, the granular and fibril spherical
morphology of n-NiFe,0,—CH/ITO film changes into the
homogeneous globular porous morphology due to presence of
ionic interactions between n-NiFe,O, and biomolecules,
indicating immobilization of enzyme (image iv). Moreover,
this fibrous network of n-NiFe,0,—CH/ITO film provides
increased surface area for the immobilization of biomolecules
resulting in high enzyme loading,

Biocompatibility and Antimicrobial Test. The observa-
tions pertaining to the effect of n-NiFe,0,/CH and ChEt—
ChOx/n-NiFe,0,/CH on mustard and tomato seed germina-
tion shown in Figure 3, parts a and b, respectively, reveal
desired seed germination, of the plant tissue culture, indicating
biocompatible nature of the nanocomposite. The germinated
seeds are counted for each treatment and expressed as % of
germination as shown in Table 1. The length of germinated
seedlings has been measured and compared for each treatment.
All treatments are taken in triplicate. These findings of
antimicrobial and biocompatibility activity of n-NiFe,O,/CH
and ChEt—ChOx/n-NiFe,0,/CH are helpful to maintain the
biological activity of enzyme and provide improved platform for
in vivo studies.

The antimicrobial studies have been conducted by
investigating the development of inhibition zone regularly up
to 72 h incubation period in different algal/fungal/bacterial
strains shown in Supporting Information (Figure S1). The
retardation of inhibition zone is taken as the positive sign
indicating biosafety of n-NiFe,O,/CH modified bioelectrode
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Figure 3. Snapshot of the seed (mustard and tomato) germination in
the plant tissue culture using n-NiFe,0,—CH (a) and ChEt—ChOx/n-
NiFe,0,—CH (b) solution (0.1%), seeds after 4 days of incubation,
revealing proper seed germination, showing the biocompatibility of n-
NiFe,0,—CH and ChEt—ChOx/n-NiFe,0,—CH nanocomposite.

Table 1. Bioassay of n-NiFe,0,/CH (A) ChEt—ChOx/n-
NiFe,0,/CH (B) and Control (C) against Tomato and
Mustard Seeds”

seeds
mustard tomato
seedling seedling
sample % of length % of length
no. sample germination  (cm)  germination  (cm)
A CH/n-NiFe,O, 49.995 9.05 49.995 228
solution
(0.1%)
3.45
B ChEt—ChOx/ 83.33 83.33 295
n-NiFe,0,/
CH solution
(0.1%)
C control 33.33 11.8 49.995 3.55

“Observations: After 48 h, 10 uL samples have been used; average of 5
seeds in replicates.

on the microorganism culture which is shown in Supporting
Information (Table S2).

Electrochemical Studies. Figure 4a shows results of the
cyclic voltammetry (CV) studies revealing that magnitude of
peak current (0.24 mA) of CH/ITO electrode (curve ii) is
enhanced as compared to that of the bare ITO electrode (curve
i, 0.13 mA) .This can be attributed to the presence of positive
charges of CH that are favorable for interaction of ferricyanide
anions. Thus, increased number of [Fe(CN)4]>*~/* ions are
attracted to the electrode surface modified with positively
charged CH due to presence of electrostatic interactions
resulting in increased peak current. After incorporation of
NiFe,O, nanoparticles into CH matrix, the oxidation peak
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current of the n-NiFe,0,—CH/ITO electrode (0.52 mA) is
found to increase (curve iii) due to higher electron mobility
resulting in improved electron transfer. The magnitude of
current response further increases to 0.61 mA for ChEt—
ChOx/n-NiFe,0,—CH/ITO bioelectrode (curve iv) indicating
that n-NiFe,O,—CH/ITO electrode provides native micro-
environment for immobilization of ChEt and ChOx resulting in
enhanced electron transfer between enzyme and the electrode.
The results of differential pulse voltammetric (DPV) studies
reveal similar behavior of the redox potential toward the ChEt—
ChOx/n-NiFe,0,—CH/ITO modified electrode as shown in
Figure 4b.

Figure 4c shows CV spectra obtained of the ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode in PBS (pH 6.4), observed as
a function of scan rate (10—100 mV/s). Figure 4d reveals that
both anodic (Ipa) and cathodic (Ipc) peak currents increase
linearly with the square root of scan rate, v'/? and the observed
potential peak shift (AEp = Epa —Epc) exhibits a linear
relationship (Supporting Information Figure S3) with scan rate
suggesting that the electrochemical reaction at the electrode is a
diffusion controlled process, wherein electrons are transferred
to and from the redox centers of the n-NiFe,0,—CH/ITO
electrode indicating diffusion.*” The observed linear depend-
ence of peak height with sweep rate (with a linear regression
coefficient of 0.979) indicates improved electrocatalytic
behavior.

The surface concentration of the electrodes can be calculated
from the following relation of Brown—Anson model.”

n’F*AV

I =
4RT

P (7)
where n is the number of electrons transferred (1), F is the
Faraday constant (96485 C/mol), I* is the surface concen-
tration of the corresponding electrode (mol cm™), A is the
surface area of the electrode (0.25 cm?), V is the scan rate (20
mV/s), R is the gas constant (8.314 J mol™ K™') and T is the
room temperature (300 K). The surface concentration of
ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode (1.29 x 107"
mol cm™?) is higher than that of the n-NiFe,0,—CH/ITO
electrode (1.12 X 107'° mol cm™)/ CH/ITO (5.18 x 107!
mol cm™2)/ bare ITO (2.89 X 10™*! mol cm™2) electrode.

The diffusion coefficient value (D) of the ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode has been estimated from
Randles—Sevcik equation:*>'®

Ip = (2.69 x 10°)n*/?AD">CV'/? (8)
Here I, is peak current of the bioelectrode (Ipa anodic and I,
cathodic), n is the number of electrons involved or electron
stoichiometry (1), A is the surface area of the bioelectrode
(0.25 cm?), D is diffusion coefficient, C is surface concentration
in mol (5§ mM) and V is the scan rate (20 mV/s). The D value
has been obtained as 1.61 X 10™* cm?s™".

Electrochemical Impedance Spectroscopic (EIS) Stud-
ies. EIS studies have been performed to measure impedance
changes of the electrode surface during the modification
process. Nyquist plot commonly includes a semicircle region
lying on the axis followed by a straight line. The semicircular
part seen at higher frequencies corresponds to the electron-
transfer-limited process and its diameter is equal to the charge
transfer resistance (R,), which controls electron transfer
kinetics of the redox probe at the electrode interface. Figure
Sa displays EIS observed for bare ITO, CH/ITO, n-NiFe,0,—
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Figure S. (a) EIS of bare ITO electrode (i), CH/ITO electrode (ii), n-
NiFe,0,—~CH/ITO electrode (iii), and ChEt—ChOx/n-NiFe,O,—
CH/ITO bioelectrode (iv) and (b) change of conjugative current
response as a function of pH ranging from 5.4 to 8.2 on ChEt—ChOx/
n-NiFe,0,—CH/ITO bioelectrode.

CH/ITO electrode and ChEt—ChOx/n-NiFe,0,—CH/ITO
bioelectrode in phosphate buffer (S0 mM, pH 6.4, 0.9% NaCl)
containing [Fe(CN)¢]*/*" (5§ mM) in the frequency range,
0.00—107 Hz. It can be seen from the Nyquist plots that
semicircle of the bare ITO electrode (R, =4.92 K€, curve i),
characteristic of a diffusion limiting step of the electrochemical
process, decreases for CH/ITO film (R, =2.60 K<, curve ii),
and it further decreases for the n-NiFe,O,—CH/ITO nano-
biocomposite film (R, =0.80 K, curve iii). These results
suggest that electron transfer in the n-NiFe,0,—CH/ITO
nanobiocomposite film is easier between solution and the
electrode, ie, NiFe,O, nanoparticles not only provide the
hydrophilic surface, but also promote electron transfer due to
permeable structure of CH/ITO electrode. However, on
immobilization of ChEt and ChOx onto n-NiFe,O,—CH/
ITO electrode, the semicircle part of the bioelectrode further
decreases (Rct =0.54 KQ, curve iv). This suggests that the n-
NiFe,0,—CH/ITO electrode provides desired microenviron-
ment for enzyme loading resulting in high electron pathways
between electrode and the electrolyte resulting in improved
diffusion of ferricyanide molecules toward the electrode
surface.”?

Effect of pH and Working Potential. The pH value of the
electrolyte is important for the performance of the biosensor
since activity of the enzyme is greatly affected by acidity of the
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medium.” The effect of solution pH on the electrochemical
behavior of ChEt—ChOx/n-NiFe,O,—CH/ITO has been
investigated by CV in PBS (50 mM, 0.9% NaCl) containing
[Fe(CN)4]*/* (5 mM) at 20 mV/s scan rate shown in the
Supporting Information (Figure S4). The results show variation
of the CV peak current response of the ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode at different pH 5.4—8.2 in
presence of the same concentration of cholesterol oleate. The
maximum magnitude of current is obtained at pH 6.4 (Figure
Sb) indicating that the ChEt—ChOx/n-NiFe,0,—CH/ITO
bioelectrode is most active at pH 6.4 at which ChOx and ChEt
retain their natural structures. The presence of strong acidic or
alkaline environments would result in denaturation of the
enzyme. Therefore, pH 6.4 is selected as the optimum value of
pH for the fabricated biosensor.

The effect of working potential on the performance of the
bioelectrode has been investigated from 0.1 to 0.8 V in the
presence of cholesterol oleate (200 mg/dL) and a PBS (50
mM, pH 6.4, 0.9% NaCl) containing 5 mM [Fe(CN)s*/*]. The
steady-state current response increases with the working
potential from 0.3 to 0.5 V and it then increases smoothly
from 0.5 to 0.8 V (data not shown). Therefore, 0.5 V is selected
as the working potential for amperometric for amperometric
detection of total cholesterol concentration.

Electrochemical Response Studies of ChEt—ChOx/n-
NiFe,0,—CH/ITO Bioelectrode. Figure 6a shows the electro-
chemical response of ChEt—ChOx/n-NiFe,0,—CH/ITO
bioelectrode obtained as a function of cholesterol concentration
(0—500 mg/dL) using CV technique in PBS (50 mM, 0.9%
NaCl) containing [Fe(CN)¢** (5 mM) as mediator at scan
rate of 20 mV/s.

The oxidation peak seen at 0.35 V corresponds to the
oxidation of H,O, arising due to the enzymatic reaction
between enzyme (ChEt—ChOx) and cholesterol oleate. The
increase in value of the oxidation current with increasing
cholesterol oleate concentration (5—500 mg/dL) results in
increased concentration of H,0, during the enzymatic reaction.
This may perhaps be due to well-aligned cubic spinel network
of n-NiFe,0, nanoparticles that act as good acceptor of
electrons (generated during reoxidation of enzyme) that are
transferred to electrode via Ni**/Fe®* redox couple resulting in
increased electrochemical current response. The calibration
curve (Figure 6b), shows that magnitude of the oxidation peak
current increases linearly with increasing concentration of
cholesterol oleate. As can be seen, the response current
enhances as the concentration of cholesterol increases and
saturates at high concentration of cholesterol. Under optimized
conditions, the steady-state current of the fabricated cholesterol
biosensor shows a linear range from $ to 400 mg/dL with linear
regression coefficient of 0.9801. The sensitivity of the ChEt—
ChOx/n-NiFe,0,—CH/ITO bioelectrode obtained from the
slope of the curve is found to be as 1.703 uA/(mg/dL cm™2).
The standard deviation and low detection limit for the
bioelectrode have been found to be as 13.8864 uA and 24.46
mg/dL cm™?, respectively. The response time of the ChEt—
ChOx/n-NiFe,0,—CH/ITO bioelectrode has been measured
to be as 15 s and is attributed to faster electron communication
feature of n-NiFe,0,—CH/ITO electrode. The desired total
plasma cholesterol for an individual is known to be less than 5.2
mM (200 mg/dL), with the high level of cholesterol being
considered as greater than 6.2 mM (240 mg/dL). The
fabricated biosensor covers a wide range of cholesterol
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Figure 6. (a) Electrochemical response of ChEt—ChOx/n-NiFe,O,—
CH/ITO bioelectrode with respect to cholesterol oleate concentration
(5—500 mg/dL) in phosphate buffer (50 mM, pH 6.4, 0.9% NaCl)
containing 5 mM [Fe(CN)4]>™#" at the scan rate of 20 mV/s . (b)
Calibration curve of the variation in current as a function of cholesterol
oleate concentration and (c) Hanes plot between the substrate
concentration and substrate concentration/current.

concentration, promising for the clinical diagnostics of total
cholesterol.

The Michaelis—Menten constant (K,,) for the ChEt—ChOx/
n-NiFe,O,—CH/ITO bioelectrode, estimated by Hanes plot i.e.
graph between [substrate concentration] and [substrate
concentration/current] (Figure 6¢c) has been found to be as
7.0571 mg/dL (0.18 mM). The value of K,, depends on various
factors such as the nature of matrix and the method of
immobilization of enzymes, that may bring different conforma-
tional changes in the enzyme structure as the enzyme kinetics is
environment sensitive.”* The small K,, value indicates high
affinity of the immobilized enzymes of ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode that is attributed to favorable
conformation of ChEt and ChOx and higher loading onto n-
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Figure 7. (a) Effect of interferents, on electrctrochemical response of ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode (inset bar graph of different
interferents). (b) Effect of temperature on ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode from 15 to S5 °C. (c) Electrochemical response time
from § to S0s incubation period. (d) Shelf life curve for ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode as a function of day. (&) Determination of
cholesterol concentration: (i) prepared standard cholesterol solution and (ii) cholesterol concentration in serum samples.

NiFe,0,—CH/ITO electrode surface. This nanostructured
matrix provides high electron communication between the
enzyme’s active site and the electrode along with high surface
area providing a suitable native environment that helps in
effective immobilization of enzyme in large amount on the
surface of the matrix. Moreover, majority of the matrices used
for fabrication of biosensors require cross-linkers for enzyme
immobilization. However, this is not a necessity for the metal
oxide based matrix, used in the present study, owing to its high
IEP (e.g,, Ni and Fe oxide have IEP varying from 6.6 to 10.7)
which make it suitable for immobilization.
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Enzyme Activity Studies. The apparent enzyme activity
(U cm™) is defined as one unit of enzyme activity that results
in the conversion of 1 ymol of cholesterol into cholest-4-ene-3-
one per minute. It can be estimated using the method based on
the difference of absorbance observed before and after the
incubation of enzyme bound electrode.* The apparent enzyme
activity is evaluated using the following equation.

enz

a

-2y _
p (Uem™) = AV /ets

©)

Here A is the difference in absorbance before and after
incubation, V is the total volume (3.08 cm?), € is the millimolar
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extinction coefficient (7.5 for o-dianisidine at S00 nm), t is the
reaction time (min), and s is the surface area (0.25 cm?) of the
electrode. For measurement, a solution of 20 uL of HRP, 10 uL
of dye (o-dianisidine), and 50 uL of 200 mg/dL cholesterol
oleate is diluted by adding 3 mL of PBS (pH = 7.0) and is kept
in a thermostat at 25 °C. The ChEt—ChOx/n-NiFe,O,—CH/
ITO bioelectrode is incubated in PBS for about 3 min after
which, this bioelectrode is removed and the absorbance of the
solution is measured at 500 nm using a double beam
spectrophotometer to estimate the concentration of product
produced as a result of enzymatic reaction. The apparent
enzyme activity has been found to be as 0.6038 U cm™
indicating that 0.6038 units of enzyme per cm’ actively
participate in the enzymatic reaction.

Effect of Interferents, Thermal Stability, Response
Time, Stability, and Reproducibility of the ChEt—ChOx/
n-NiFe,0,—CH/ITO Bioelectrode. The influence of common
interferents on the fabricated ChEt—ChOx/n-NiFe,O,—CH/
ITO bioelectrode has been determined in PBS (50 mM, pH
6.4, 0.9% NaCl) containing [Fe(CN)4]>~*~ (5 mM) at 20 mV/
s scan rate using CV technique shown in the Supporting
Information (Figure SS). The change in electrochemical
current response has been measured in PBS containing equal
amount (1:1) standard cholesterol oleate (200 mg/dL)
solution along with normal physiological concentration of
different interferents such as glucose (S mM), urea (1 mM),
lactic acid (LA, 0.5 mM), uric acid (UA, 0.1 mM) and ascorbic
acid (AA, 0.05 mM). The value of oxidation peak current
decreases by 4.24%, 1.33%, 1%, 5.33%, 2.36%, and 1.65% on
addition of glucose, AA, LA, urea, UA, and mixture of these
interferents, respectively shown in the bar graph of Figure 7a.
These results indicate that response of ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode does not significantly get
affected due to presence of these interferents.

The thermal stability of the ChEt—ChOx/n-NiFe,O,—CH/
ITO bioelectrode has been studied by measuring the current
response at different temperatures ranging from 15 to 55 °C
(Figure 7b). It can be seen that the amperometric current
response of the modified bioelectrode is enhanced with
increasing temperature up to 45 °C, and then goes down as
the temperature turns higher. This phenomenon may be
attributed to the fact that the enzyme is denatured at high
temperature.7

For the determination of response time (Figure 7c) of
ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode, amperomet-
ric current response is measured from 5 to 50 s. The magnitude
of current increases initially (S—15 s) and after 15 s, it becomes
almost constant indicating that 15 s is the response time of
ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode.

The reproducibility of the proposed cholesterol biosensor
has been studied. Repetitive measurements have been carried
out in 10 mL PBS containing 200 mg/dL cholesterol oleate.
The currents obtained in 15 repeated measurements show a
RSD of 2—3%, confirming that the obtained data are
reproducible. Thus, the n-NiFe,0,—CH/ITO electrode
efficiently retains enzyme activity and the fabricated cholesterol
biosensor has a good reproducibility.

The shelf life of ChEt—ChOx/n-NiFe,O,—CH/ITO bio-
electrode (Figure 7d) has been determined by measuring
electrochemical current response of a 200 mg/dL standard
cholesterol oleate solution at regular intervals of 1 day up to 10
days and then after a gap of 10 days. It has been found that the
bioelectrode retains its enzyme activity up to 94% after 20 days,
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91% after 30 days, and 84% after 60 days and falls to 78% after
90 days when stored under refrigerated condition (4 °C). The
high stability can be attributed to the use of chitosan and the n-
NiFe,0, network. Since chitosan in aqueous solvent is
protonated and is positively charged, it can thus be strongly
adsorbed onto the n-NiFe,O, network. The interaction
between n-NiFe,O, and chitosan results in increased retention
of enzymes on the surface. In addition, n-NiFe,O, can strongly
adsorb enzymes and prevent the leakage of the immobilized
enzymes.*>* The high sensitivity and high stability of the
fabricated biosensor indicates that the n-NiFe,O, network
structure along with chitosan provides an excellent biocompat-
ible microenvironment for the immobilization of the enzymes.

Response of ChEt—ChOx/n-NiFe,0,—CH/ITO Bioelec-
trode with Serum Samples. Attempts have been made to
estimate total cholesterol using ChEt—ChOx/n-NiFe,0,—CH/
ITO bioelectrode in serum samples obtained from a clinic
located in New Delhi, India. During these experiments, the
ChEt—ChOx/n-NiFe,0,—CH/ITO bioelectrode is dipped in
PBS containing serum samples and response current is
observed using CV technique at 20 mV/s scan rate (Figure
7e). It can be seen (Table 2) that magnitude of the current

Table 2. Determination of Total Cholesterol in Serum
Samples

cholesterol value of current value of current obtained
concentration  obtained with serum  for pure cholesterol oleate
(mg/dL) sample (mA) sample (mA) % RSD

132 0.503 961 0.500 027 0.79

137 0.508 55 0.497 405 2.24

170 0.516 089 0.512 483 0.70

191 0.528216 0.521 333 132

203 0.530 511 0.522 644 1.51

214 0.531 822 0.5292 0.50

obtained with serum samples and prepared standard cholesterol
oleate solution is in reasonable agreement, indicating that
cholesterol biosensor has a great potential for practical
application for the analysis of total cholesterol in real clinical
samples. Table S6 (Supporting Information) contains results of
the studies using the ChEt—ChOx/n-NiFe,0,—CH/ITO
bioelectrode including others reported in the literature.

Bl CONCLUSIONS

A novel biocompatible and antimicrobial cholesterol biosensor
has been fabricated by immobilizing ChOx and ChEt on the
surface of n-NiFe,O, magnetic nanoparticles (~16—32 nm)
synthesized by hydrothermal route. The ChEt—ChOx/n-
NiFe,0,—CH/ITO bioelectrode shows rapid response (15 s),
high sensitivity of 1.703 uA/(mg/dL cm™?), broad linear range
(5—400 mg/dL), standard deviation (13.8864 wA), low
detection limit (24.46 mg/dL cm™), good reproducibility
and long-term stability. The wide detection range and high
sensitivity have been assigned to the enhanced current response
arising due to presence of the monodispersed n-NiFe,O,
nanoparticles in chitosan matrix and its good biocompatibility
and antimicrobial behavior maintain biological activity of the
immobilized enzymes and facilitates electron transfer produced
in the enzymatic reaction. The low value of Michaelis—Menten
constant of 0.18 mM indicates high enzyme affinity to
cholesterol. Moreover, this total cholesterol biosensor virtually
eliminates role of other analytes present in the serum samples.

dx.doi.org/10.1021/jp312698g | J. Phys. Chem. C 2013, 117, 8491-8502



The Journal of Physical Chemistry C

The results clearly suggest that antimicrobial and biocompatible
n-NiFe,O,—CH nanocomposite is a promising platform for the
development of other in vitro/in vivo biosensors, biomolecular
electronic devices. The challenge is to develop suitable scalable
nanofabrication method for commercialization of the n-
NiFe,0,—CH nanocomposite for other biomedical and
nanobioelectronics applications.
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