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ABSTRACT: The surface modified and aligned mesoporous
anatase titania nanofiber mats (TiO,—NF) have been
fabricated by electrospinning for esterified cholesterol
detection by electrochemical technique. The electrospinning
and porosity of mesoporous TiO,—NF were controlled by use
of polyvinylpyrrolidone (PVP) as a sacrificial carrier polymer in
the titanium isopropoxide precursor. The mesoporous TiO,—
NF of diameters ranging from 30 to 60 nm were obtained by
calcination at 470 °C and partially aligned on a rotating drum
collector. The functional groups such as —COOH, —CHO etc.
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were introduced on TiO,—NF surface via oxygen plasma treatment making the surface hydrophilic. Cholesterol esterase (ChEt)
and cholesterol oxidase (ChOx) were covalently immobilized on the plasma treated surface of NF (cTiO,—NF) via N-ethyl-NO-
(3-dimethylaminopropyl carbodiimide) and N-hydroxysuccinimide (EDC-NHS) chemistry. The high mesoporosity (~61%) of
the fibrous film allowed enhanced loading of the enzyme molecules in the TiO,—NF mat. The ChEt-ChOx/cTiO,—NF-based
bioelectrode was used to detect esterified cholesterol using electrochemical technique. The high aspect ratio, surface area of
aligned TiO,—NF showed excellent voltammetric and catalytic response resulting in improved detection limit (0.49 mM). The
results of response studies of this biosensor show excellent sensitivity (181.6 #A/mg dL™'/cm?) and rapid detection (20 s). This
proposed strategy of biomolecule detection is thus a promising platform for the development of miniaturized device for

biosensing applications.
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1. INTRODUCTION

There is intense interest in the application of one dimensional
(1D) materials such as nanowires, nanofibers, nanotubes, etc., for
the development of medical diagnostics devices.'™® This is
because 1D nanomaterials can facilitate the fast mass transfer to
and from a molecular recognition event along the entire wire
resulting in significant gain in the sensing signal.”~* In particular,
aligned 1D nanofibers may play important role in an electro-
chemical sensor device because of its electrocatalytic activity,
mechanical strength and excellent electron transfer properties
resulting in higher diffusion of redox species.'"®'" It has been
found that the 1D structure can provide faster electron transport
as compared to a nanopartilcles-based film of the same
material.'"> The nanostrutured titania (TiO,) has found
applications in tissue engineering and drug delivery, membranes,
filters, solar cells, and biosensors because of its high specific
surface area, structural uniformity, chemical stability, and
excellent biocompatibility.”"*~'* However, the use of TiO,
nanofibers as biosensing platforms has been limited to a few
analytes (glucose and urea)'®'® with a rather moderate
performance owing to the low isoelectric point (~5.5) of
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TiO,, which prevents stable attachment of biomolecules for
functionalization. In this work, we fabricate an ultrasensitive,
rapid detection, stable biosensing platform based on electrospun
mesoporous aligned anatase TiO, nanofiber (30—60 nm) mats
with hydrophilic surfaces containing —COOH, —CO, etc., which
allow covalent grafting of the sensing biomolecules. In particular,
we demonstrate the efficacy of this platform for the sensing of
esterified cholesterol, with the results that are comparable to or
exceed some of the critical performance matrices achievable by
the use of other nanomaterials based platforms.

The 1D nanostrutured titania such as nanobelts and nanotubes
have excellent electrochemical performances.”’18 Interestingly,
TiO, nanofibers have found several interesting applications
requiring efficient charge transfer, large surface area, and
chemical stability.'**° Kim et al. have reported an ultrasensitive
chemiresistor using electrospun TiO, nanofibers (TiO,—NF)."°
Lee et al. used electrospun TiO, nanorod photoelectrodes to
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investigate charge transport characteristics of high efficiency dye-
sensitized solar cells.”’ Yu et al. reported a crystalline
mesoporous TiO, that shows high photocatalytic activity due
to the szrnergistic effect, mesoporous structure, and crystal-
lization.”

The electrospinning of TiO,—NF is known to be a low cost
and mass production technique that can be used to create
electrically charged jets from polymer solutions or melts by
application of an electric field (~kilovolts).>* ¢ Since electro-
spinning is a continuous process devoid of any contact force for
elongation, very long fibers can be collected into a 3D mat.””**
Additionally, the electrospun TiO,—NF may comprise of a
thinner diameter and a very high surface to volume ratio further
enhanced by porosity.”” The size of TiO,—NF can be easily
controlled by tuning solution viscosity, flow rate of melt, electric
field, humidity etc. The porous structure of TiO,—NF can
facilitate enhanced biomolecules adsorption and improved
diffusion efficiency.'® In this context, we have selectively
removed the polymer phase from electrospun nanofibers to
generate mesoporosity in the resultant nanofibers. It has been
found that the electrospun nanofibers provide higher binding
sites (1 X 107" to 2 X 10'?) to interact with biomolecules leading
to higher sensitivity and detection limit.*

Cholesterol biosensors based on metal oxides and carbon
nanotubes have been developed.®’ ~>* The utilization of anatase
TiO, nanoparticles for developing microfluidic cholesterol
biosensor has been recently investigated.** The direct attach-
ment of biomolecules (such as enzyme, DNA, antibodies, etc.)
with TiO, is a major problem owing to its a low isoelectric point
(~5.5).>* The high-purity single crystal with a high percentage
reactive (001) facets may perhaps lead to improved catalytic
behaviour and stability.*>*° However, the utilization of bare TiO,
nanoparticles has been found to result in poor sensitivity and film
stability.>* The oxygen plasma treatment may perhaps play an
important role via introduction of the functional groups
(—COOH, —CHO, etc.) on its surface that may facilitate the
covalent interaction with NH, group of the enzyme.”’ Addi-
tionally, the hydrophilic nature of metal oxide surface (TiO,) is
chemically compatible with enzyme molecules.*® Tang et al. have
reported chitosan modified TiO,—NF on platinum electrode for
glucose oxidase immobilization to improve electrocatalytic
activity for electro-oxidation of hydrogen peroxide.'® The higher
surface area of the electrospun porous TiO,—NF could thus
provide a favorable platform for immobilization of the
biomolecules resulting in good biocompatibility. The high
porosity of electrospun TiO,—NF may also allow increased
adsorption of enzyme molecules. Among the various other
polymorphs such as rutile, brookite, and anatase, the metastable
anatase form is the most stable because of the lower average
surface energy whose equilibrium créystal shape is largely
dominated by the stable (101) surface.>**®

Cholesterol is an essential component of mammalian cell
membranes, steroid hormone, cell signaling, and vitamin D30
The ratio of esterified cholesterol and free cholesterol form is
70:30 present in a human blood sample. In the bloodstream, the
lipoproteins are known to carry cholesterol molecules through
arteries. The free cholesterol is confined to the surface of
lipoprotein particles, while the esterified cholesterol molecules
are distributed to the interior. It has also been found that the high
cholesterol accumulation in the blood serum is strongly
correlated with coronary heart disease, arteriosclerosis, brain
thrombosis, lipid metabolism dysfunction and cerebral infarction
(stroke).*' Lower level of cholesterol concentration in blood
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causes hyperthyroidism, anemia, malabsorption, and wasting
syndrome.*”* Thus, the real time determination of esterified
cholesterol is very crucial for clinical diagnosis.

In this study, we demonstrate an efficient cholesterol sensing
platform based on mesoporous aligned anatase TiO,—NF mat
deposited on indium tin oxide (ITO) coated glass substrate. The
oxygen plasma treated porous nanofiber (¢TiO,—NF) surface is
utilized for immobilization of cholesterol esterase and cholesterol
oxidase (ChEt-ChOx) molecules via strong covalent inter-
actions. The proposed ChEt-ChOx/cTiO,NF/ITO biolectrode
is used to detect esterified cholesterol via electrochemical
technique. Finally, we have summarized the excellent efficiency
and performance of the proposed biosensor found for the
esterified cholesterol measurement.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Titanium isopropoxide (97%),
polyvinylpyrrolidone (PVP) (M, =~ 1300000) were obtained from
Sigma—Aldrich, U.S.A. Absolute ethanol and glacial acetic acid (99.8 %)
were purchased from Merck and Fischer Scientific, India, respectively.
Other chemicals including cholesterol oleate (ChOlt), cholesterol
oxidase (ChOx) and cholesterol esterase (ChEt) were of analytical
grade and have been purchased from Sigma Aldrich. N-Hydroxysucci-
nimide (NHS), N-ethyl-NO-(3-dimethylaminopropyl carbodiimide)
(EDC) were purchased from Sigma—Aldrich (U.S.A.). Indium tin
oxide (ITO) coated glass slides (film thickness ~150—300 A) with a
resistance of 70—100 £2/square were obtained from Vin Karola
Instrument, USA. Deionized water from Millipore water systems
(resistivity 18.2 MQ.cm) was used in all experiments. The stock
solutions of ChEt (1 mg dL™") and ChOx (1 mg dL™") were freshly
prepared in phosphate buffer (S0 mM) at pH 7.0. ChOlt solution (400
mg/dL) was first dissolved in 1% polidocanol (Brij) as a surfactant by
heating/stirring resulting in clear and colourless suspension and final
volume was made by addition of 0.9% NaCl solution. Further, different
concentration of ChOIt have been diluted to 25—400 mg/dL using 0.9%
NaCl solution.

2.2. Apparatus and Measurements. Field emission-scanning
electron microscopy (FE-SEM), transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction
(XRD), Raman spectroscopy, and UV—vis spectroscopy were used to
characterize the synthesized TiO, NF. The size and morphology of the
TiO,—NF under different synthesis conditions were characterized by
FE-SEM (Supra 400VP, Zeiss, Germany). The internal morphology and
the phase composition of the fibers were characterized using TEM
(Tecnai G U.S.A.). The elemental composition of the TiO,—NF was
determined through EDX (Oxford Instruments). The XRD measure-
ments were conducted by X’Pert Pro, PAN Analytical, Netherlands, X-
ray system with Cu Ka radiation (4 = 1.54 A) to confirm the phase of the
synthesized TiO,—NF. Raman spectral analysis was performed using
WiTec, Germany, using 532 nm wavelength of laser light. UV—vis
absorbance spectra of the TiO,—NF were determined using Varian Cary
50 Bio UV—vis spectrophotometer. The pore size distribution and total
surface area were measured using the Brunauer Emmett Teller (BET)
method and Autosorb1 software (Quantachrome Instruments, U.S.A.).
The synthesized TiO,—NF was sonicated thoroughly in ethanol to form
a homogenous solution for the absorbance measurement. The FT-IR
spectral analysis of the calcined TiO,—NF was carried out using Perkin
Elmer Spectrometer, U.S.A. The electrochemical investigation was
carried out using Autolab Potentiostat/Galvanostat (Model AUT-
84275) in a three electrode electrochemical cell system consisting of a
working electrode in phosphate buffer saline (PBS; SO mM) containing
(0.9% NaCl and 5 mM [Fe(CN)4]*~/+7). The Ag/AgCl acted as a
reference electrode, and the platinum foil is used as a counterelectrode.

2.3. Synthesis of Mesoporous TiO,—NF. The mesoporous TiO,—
NF were synthesized using electrospinning method.” Briefly, 0.45 g of
polyvinylpyrrolidone (PVP) powder was added to 7.5 mL of ethanol in a
capped bottle and magnetically stirred for 15 min to ensure uniform
mixing. In the meantime, 1.5 g of titanium isopropoxide (Ti(OiPr),)
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Figure 1. (i). Schematic representation of the electrospinning setup for the synthesis of aligned TiO, nanofibers and (i) biofunctionalized mesoporous

TiO,—NF for esterified cholesterol detection.

was mixed with 6 mL of 1:1 mixture of ethanol and glacial acetic acid
solution and stirred for 20 minutes. Then, the two mixtures were taken
in a glass beaker and stirred for another 12 h at room to form a
homogeneous precursor solution for electrospinning. Subsequently, this
precursor solution was transferred into a plastic syringe which was
connected to a high voltage DC power source by a needle tip. A stainless
steel rotating drum collector wrapped allumium foil with ITO which was
used as the collector for electrospun fibers (Figure 1i). The distance
between the needle tip and collector was 5 cm, and 40 yL/min solution
flow rate with a constant high voltage at 15 kV. The free-standing as-
spun electrospun collected NF were calcined in presence of air at 470 °C
for 4 h to form anatase TiO,—NF. All the experiments were performed
in a controlled environment with relative humidity of 40% and
temperature of 25 °C.

2.4. Oxygen Plasma Treatment. The fabricated TiO,—NF/ITO
electrode surface was used to treat oxygen plasma. During oxygen
plasma treatment, the vacuum pressure was set to 0.005 mbar, and the
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oxidation has been performed in low intensity mode for 0.5 h. Oxidation
voltage was kept at 450 V and the continuous pure oxygen has been
supplied during the plasma treatment. Oxygen plasma can remove
residual organic impurities and weakly bound organic contamination on
the TiO,—NF/ITO surface. Other than enhanced surface adhesion and
wettability properties, it offers ultra clean surface for biomolecules
loading. The TiO,—NF/ITO surface can create various functional
groups, such as —CHO, —COOH, —OH, etc., were confirmed using FT-
IR studies.

2.5. Eenzyme (ChEt-ChOx) Immobilization. For biofunctional-
ization, the fresh solutions of 1 mg/mL ChEt and 1 mg/mL ChOx were
mixed in the ratio 1:1. A 10 L solution of this mixture was uniformly
spread onto oxygen plasma treated TiO,—NF (cTiO,—NF/ITO)
surface via physical absorption and was kept in a humid chamber for 12 h
at 4 °C. The available functional groups (—COOH, —CHO, and —OH)
on surface of cTiO,—NF/ITO film were utilized to interact with —NH,
terminal of enzyme via covalent binding (amide bond) (Figure lii).

dx.doi.org/10.1021/am404931f | ACS Appl. Mater. Interfaces 2014, 6, 2516—2527



ACS Applied Materials & Interfaces

Research Article

Prior to enzyme immobilization, the cTiO,—NF/ITO surface was
treated with EDC-NHS. The —COOH functional groups were activated
using EDC/NHS chemistry in which EDC (0.2 M) works as a coupling
agent and NHS (0.0S M) works as an activator. This ChEt-ChOx/
cTiO,—NF/ITO-based bioelectrode was washed with PBS (pH 7.0) to
remove any unbound enzymes from the electrode surface. The
bioelectrode was stored at 4 °C without exposure to the UV light
when not in use. Without a long term exposure, the bioelectrode
response was stable and reproducible. It has been found that the ChEt-
ChOx/cTiO,—NF/ITO bioelectrode shows very high catalytic behavior
in phosphate buffer saline at pH 7.4 (50 mM, 0.9% NaCl) containing
[Fe(CN)]*™"* (5 mM).

3. RESULTS AND DISCUSSION

3.1. Morphological Studies. FE-SEM images of the as-spun
PVP/Ti(OiPr), composite nanofibers via electrospinning before
calcination are shown in Figure 2. The Ti(OiPr), is used as a sol—

Figure 2. FE-SEM images of the as-spun PVP/Ti(OiPr), composite
nanofibers (a) lower magnification and (b) higher magnification before
calcination.

gel precursor which endures a very fast hydrolysis due to
existence of moisture leading to TiO, gel formation in
electrospun NF. The PVP acts as a carrier polymer for the
Ti(OiPr), precursor which gets detached through calcination
and the residual TiO, retains the continuous NF morphology.
Figure 2a and 2b show low and magnified images of as-spun
TiO,—NF. The key parameters of electrospinning, concentration
of the solution blend (wt. %), solution flow rate and electric field

strength, were varied to fabricate fibers of PVP/(Ti(OiPr),) with
diameter ranging from 165—400 nm. The electrospinning
process was optimized based on the results discussed below. At
a solution flow rate of 40 uL/min, the fiber diameter decreased
with the decrease in the polymer concentration until a critical
polymer concentration (3 wt. %) below which discrete polymer
beads rather than continuous fibers were observed (results not
shown). Good quality, uniform diameter fibers without beads
were obtained at polymer concentration of 6 wt.%. Figure S1
(Supporting Information) shows the variation of fiber diameter
with polymer weight percent. At a higher polymer concentration
of 18 wt. %, thick rough fibers of 400 nm were created. With the
raise in the flow rate of the 6 wt. % solution, the average fiber
diameter increased as shown in the Figure S1 (Supporting
Information). Thus, 40 uL/min flow rate of 6 wt. % solution was
chosen. Further, electric field was also varied under these
conditions. The average fiber diameter was 140 and 210 nm for 3
and 4 kV/cm, respectively. At the lower end of the electric field
strength, fibers of non-uniform diameter formed at low
production rate. The higher end of the range resulted in the
nonuniform fiber morphology, the increased incidence of thicker
the average fibers and the presence of micro-droplets on the
fibers. Hence, an intermediate field strength of 3 kV/cm was
chosen to yield optimally structured nanofiber web. The dense
and partially aligned fiber mats used in this study were thus
electrospun from a 6 wt. % PVP/(Ti(OiPr),) solution on an ITO
substrate mounted on a rotating drum. Figure 2a demonstrates
structure of fibers electrospun in 6 wt. % polymer concentration
and 40 pL/min solution flow rate with a steady use of 3 kV high
electric potential between a tip and collector with a distance of §
cm. Figure 3a shows FE-SEM micrograph of the synthesized
unaligned TiO,—NF (randomly oriented) derived by the
calcination of electrospun TiO,—NF. Using static collector in
electrospinning results in unaligned TiO,—NF because of
instability of polymer jet or melt (Figure 3a). The free-standing
TiO,—NF scaffold is shown in image b and its high resolution
image is shown in image c. Figure 3d shows the FE-SEM image of
calcined TiO,—NF prepared by electrospinning. It can be seen
that TiO,—NF are partially aligned and uniform in diameter.

Figure 3. FE-SEM images of the electrospun TiO,—NF after calcination (a) unaligned TiO,—NF, (b) free standing nanofibers mat, (c) its high
resolution image, and (d) lower and (e) higher magnification images of TiO,—NF grown on ITO film. (f) FE-SEM image of dispersed TiO,—NF, inset:

individual TiO,—NF.
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From the FE-SEM analysis (Figure 3), the ratio of partially
aligned TiO,—NF is estimated to ~83 % and the rest are
randomly oriented. The high resolution image in Figure 3e shows
that the TiO,—NF are bead-free solid-shape structures. The use
of rotating drum collector makes the fibers partially aligned
because of the mechanical stretching of fibers during rotation of
the collector. The size of the electrospun TiO,—NF can be
controlled by various factors, such as viscosity of the solution
blend, solution flow rate, electric field strength, ambient
properties (temperature, humidity level, etc.) that may thus
play roles in the biosensing characteristics. A smaller fiber
diameter and increased porosity offer increased specific surface
area allowing enhanced biomolcules loading. It may be noted
that the as-spun fibers when subjected to calcination at 470 °C
undergoes ~60% reduction in diameter (30—60 nm; Figure 3f).
The electrospun nanofiber mats thus formed on the ITO
substrate were calcined at different temperatures: 350, 470, and
600 °C (ramp rate = 8 °C/min) for 4 h. It was observed some
rutile phase appears in the XRD spectra at higher calcination
temperature at 600 °C, whereas higher amounts of carbon
residue were left at 350 °C (data not shown). Thus, the
calcination temperature was optimized at 470 °C for all the
synthesized fibers to ensure carbon residue free pure anatase
phase of TiO, —NF. Clear nanostructure of the fibers can be seen
having a diameter of ~30—60 nm. In our experiments, there was
good adhesion as evidenced by the lack of physical detachment
and good conductivity. Yang et al.** demonstrated similarly
deposited electrospun TiO,—NF mats adhere well on ITO which
allows fabrication of solar cells. The individual TiO,—NF is
shown in the inset of image (Figure 3f). It appears that the TiO,
nanoparticles perhaps assemble to form the continuous fiber
structure. After enzyme functionalization (ChEt-ChOx) on
cTiO,—NF surface, the film surface shows transparent coating
of the enzyme molecules (Figure 4a). It can be seen that these
TiO,—NF get agglomerated by incorporation of enzyme
molecules. The high resolution image shows an individual
TiO,—NF wherein the enzyme molecules are attached to the
pores of the nanofibers resulting in reduced pore size (Figure
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Figure 4. FE-SEM images of the ChEt/ChOx/cTiO,—NF film (a) and
its high resolution image (b). (c) The TEM image of electrospun TiO,
nanofibers, and mesopores are shown in the inset, (d) SAED pattern of
the TiO, nanofibers.

4b). Thus, these TiO, —NF may perhaps be useful to load
enzyme molecules via strong covalent interactions.

The TEM image of TiO,—NF deposited on carbon-coated
copper grid is shown in Figure 4c. It can be seen that the clear
fibrous and homogeneous structures of TiO,—NF are randomly
oriented with average diameter of 70 nm. The observed TiO,—
NF diameter is in strong agreement with the FE-SEM results. In
addition, TEM micrograph (inset of Figure 4c) shows that the
mesopores (pore diameter ~2—50 nm) are present in the fibers
which are also corroborated by the BET studies. It is apparent
that the TiO,—NF seen by FE-SEM micrographs are made of a
number of crystallites which are observed by TEM image.
Selected area electron diffraction pattern (SAED) indicates that
the TiO,—NF are highly crystalline in nature resulting in
improved charge transfer between electrode and the active site of
enzyme (Figure 4d). The SAED pattern of the TiO,—NF reveals
the crystal planes (shown by arrow) which are also evident in the
XRD studies.

The elemental confirmation of TiO,—NF after calcination was
evaluated using EDX mapping (Figure Sa). The EDX mapping
confirms the presence of Ti (image b) and O, elements (image c)
in TiO,—NF. A small amount of carbon was also detected in
EDX spectra of the TiO,—NF (Figure 5d). The quantitative
EDX analysis explains a residual carbon weight percentage of
around 4% and the weight percentage of titanium and oxygen to
be about 55% and 41% (shown in the inset of Figure Sd). A small
amount of carbon was also detected which allows the formation
of functional groups (such as —OH, C=0, C—0—-C, —CHO,
C—0-0H, and C=C) on its surface under the influence of
oxygen plasma treatment as revealed by the results of the FTIR
studies. This carbon residue thus helps in subsequent enzyme
immobilization. The quantitative EDX analysis explains a
residual carbon weight percentage of around 4% and the weight
percentage of titanium and oxygen to be about 55% and 41%
(Figure Sb). The existence of the trace amount of carbon is
probably because of unfinished elimination of the PVP during
calcination which may be more completely eliminated by
calcination at higher temperature. However, higher calcination
temperature may also lead to reduced porosity and also cause the
phase transformation of anatase to rutile phase of titania which is
electrochemically less active.

3.2. Structural Studies. Figure 6a shows the room
temperature Raman spectra of the TiO,—NF after heat treatment
at 470 °C. The resultant spectra indicate the intensification of the
lowest-frequency E, mode. After calcination, a strong peak
appears at 146 cm_§ at the high-frequency side of the E, mode
that is assigned to the anatase phase of TiO,—NF.* Additionally,
the peaks observed at around 396, 517, and 642 cm™ further
confirm the anatase phase of TiO,~NF*® and are assigned for the
By Ajg and E, modes, respectively.

The powder X-ray diffraction (XRD) was carried out to
confirm the crystal phase formation and nanocrystallite size in
synthesized TiO,—NF (Figure 6b). Various peaks of TiO,—NF
were assigned to anatase phase among different polymorph of
TiO,. In particular, the peak at 26 = 25.4° for the plane (101) was
represented in the anatase phase. The peaks found at 26 = 25.30,
36.96, 37.82, 48.04, 53.88, 55.06, 62.68, 68.76, 70.28, 75.04, and
82.16 represent the (hkl) crystal planes for (101), (103), (004),
(200), (108), (211), (204), (116), (220), (215), and (224),
respectively. The dominant peak found at 20 = 25.4°
corresponding to (101) planes of anatase TiO, indicates the
growth of TiO, grains along the (101) direction. All the XRD
peaks were matched with Pearson’s Crystal Data (PCD) (File
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Figure 6. (a) Raman spectra of TiO,—NF(calcined at 470 °C) at room temperature and (b) XRD analysis of the TiO,—NF.

number 1218279). The nanocrystallite size of anatase TiO,—NF
can be calculated from the broadening of corresponding X-ray
diffraction peak (101) by Scherrer’s formula*” (eq 1):

K
p cos @

(1)

where L is the crystallite size, | is the wavelength of the X-ray
radiation, K is usually taken as 0.94, known as Brags constant and
B is the line width at half maximum height, after subtraction of
equipment broadening. Crystallite size (L) of the TiO,—NF by
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means of the Scherrer equation is calculated as ~28.8 nm. This
shows that one fiber grain is approximately three to four
crystallites in electrospinning derived NF which are also
supported by FE-SEM and TEM studies. The optical absorbance
coefficient a of TiO,—NF close to its band edge can be
articulated by the eq 2

a = A(hv — E,)"/hv @)
where « is the absorption coefficient, hv is the photon energy (h
and v are the Planck constant and frequency), E, is the optical

dx.doi.org/10.1021/am404931f | ACS Appl. Mater. Interfaces 2014, 6, 2516—2527
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Figure 8. (i) Cyclic voltammetry (CV) studies of various fabricated electrodes at a scan rate of 20 mV s™" and (ii) CV studies of ChEt-ChOx/cTiO,—
NF/ITO bioelectrode as a function of scan rate [20—120 mV/s]. Inset a: Anodic peak current versus root mean square of scan rate plot. Inset b: Peak
potential versus root mean square of scan rate plot. (iii) Electrochemical impedance spectroscopy (EIS) studies of various fabricated electrodes. Inset:
(A) The Randles equivalent circuit of the EIS spectra for the electrodes a, b, and ¢, and (B) the Randles equivalent circuit of the EIS spectra for the

electrode d.

band gap, A is constant, and n = 2 related to indirect allowed
transition.*® Figure S2 (Supporting Information) shows the
absorption spectra of TiO,—NF. The absorption band edge was
found to be around 372 nm (about 3.35 V) wavelength region.
The band gap energy of TiO, can be estimated by extrapolation
to the zero coeflicient, which was calculated from eq 2. The
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indirect band gap was estimated using Tauc plot shown in the
inset of Supporting Information Figure S1. The band gap (Eg) of
synthesized TiO,—NF (3.35 eV) is higher than 3.2 eV as
compared to that of the bulk TiO,. A blue shift of 0.15 eV has
been observed in the synthesized TiO,—NF owing to smaller
diameter of the fibers compared to that of bulk TiO, material.
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The mechanisms involving phonon confinement and surface
strain has been proposed to explain the blue shift and broadening
of the E, Raman mode in TiO, nanoparticles.** No photon
confinement effect is observed in the main TiO, anatase peak at
146 cm™" as the fiber diameter (30—60 nm) is large compared to
the size where confinement becomes important (<15 nm). Thus,
the mechanism related to the surface strain appears likely.

The higher band gap may be due to the enhancement of
crystallinity of anatase phase calcined at high temperature
~470°C. The value of band gap (TiO,—NF; 3.35 €V) validates
the crystallite size that obtained in XRD studies (28.8 nm) which
is less as compared to that of bulk TiO, (3.2 eV).

For quantifying the specific surface area, the calcined TiO,—
NF were degassed in vacuum at 200 °C for 8 h.The nitrogen
adsorption and desorption isotherms were obtained (Figure 7a).
The pore size distribution was calculated by means of non-local
density functional theory (NLDFT) from the adsorption branch
of the isotherm. The total volume was evaluated from the
adsorbed N, gas at relative pressure (P/P,) of 0.99286. The total
BET surface area was found to be 21.69 m?/ g with an average
pore diameter of 19.98 nm, whereas the pore volume was found
to be 0.1083 cc/g. The mesopore, macropore, and micropore
volume were calculated as 0.065 cc/g, 0.037, and 0.005 cc/g,
respectively. Thus, the pore size distribution indicates a ~61%
mesopores mixture with ~34% macropores and ~5% micro-
pores. Pore size distribution curve along with the isotherm has
been shown in Figure 7(a, inset).

Figure 7b shows FTIR spectra of the surface modified TiO,—
NF before and after using oxygen plasma treatment. The peak
found in the finger print region (500—1000 cm™") is assigned to
the O—Ti—O vibration bend (both curve). An absorption peak
seen at 1200 cm™ was attributed to the bicarbonate HCO,
stretching because of CO, absorption of film surface (both
curve). The Ti—OH wide absorption peak (red curve) was
detected at 3275 cm™'. The strong absorption peak seen at
1049.5 cm™" reveals presence of the Ti—O—C group in the
TiO,—NF. The characteristic peak of O—H group at 3542.3
cm™! found in the spectrum corresponds to the hydrogen bond
among the TiO, molecules.*” The broad band seen at about
3000—4000 cm™!, allotted to OH vibration is shown both on
plasma untreated and treated TiO, NF. In the FTIR spectra of
plasma treated TiO,—NF, a new peak seen at 1722 cm™"' can be
allocated to C=0 stretching vibration.’® Another peak was also
noticed in the spectra of plasma treated TiO,—NF at the wave
number of 1324 cm™!, which can be a characteristic to the OH
deforming bond vibration. A band at 1123 cm™ can be assigned
to C—O stretching vibration.>' A strong peak seen at 1600 cm™
reveals the presence of the carboxyl group on TiO,—NF due to
oxygen plasma treatment. The FTIR results indicate that the
surface of plasma treated TiO,—NF is a modified surface which
holds organic functional groups, such as —COOH, C=0, and
—CH,—.

3.3. Electrochemical Studies. Figure 8i shows the cyclic
voltammograms (CVs) obtained for TiO,—NF/ITO (a),
cTiO,—NF/ITO (b), and ChEt-ChOx/cTiO,—NF/ITO bio-
electrodes. It has been observed that all CVs show well-defined
redox properties. The peak-to-peak voltage (AE) of fabricated
Ti0,—NF/ITO electrode [curve, a] was found to be 0.7 V, while
the AE was estimated as 0.9 V for ¢TiO,—NEF/ITO electrode.
The lower AE can be attributed to the fast electron transfer of
[Fe(CN)4]>~/#" species towards the electrode. The presence of
various functional groups (OH, COOH, C=0, etc.) in oxygen
plasma treated TiO,—NF surface may somewhat hinder electron
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transfer resulting in slightly decreased current (0.41 mA)
compared to that of TiO,—NF/ITO electrode (0.43 mA). In
addition, TiO,—NF can act as mediators for oxidation/reduction
between electrode and bulk solution followed by a conduction
channel resulting in enhanced current. After incorporation of
enzymes (ChEt-ChOx) on the mesoporous structure of cTiO,-
NF surface, the magnitude of current is found to decrease
because of inherent insulating nature of enzyme which acts as a
barrier for electron transport. On the other hand, the
mesoporous structure (pore diameter = 2—50 nm) of cTiO,-
NF transducer surface offers a suitable three dimensional
platform for enzyme attachment. Further, the electrochemical
active area (A,.) of the cTiO,—NF/ITO electrode (0.97 cm?) has
been changed by enzyme functionalization (0.86 cm?).

The CV studies were conducted for the ChEt-ChOx/cTiO,—
NE/ITO bioelectrode as a function of scan rate in the range of
20—120 mV/s (Figure 8ii). Anodic and cathodic peaks current/
potential vary proportionally with square root of scan rate (eqs 3
and 4) and peak potential (eqs S and 6) shifts towards higher
value indicating diffusion controlled process (inset, Figure 8ii). It
has been seen that the redox peak potential shifts (anodic peak
potential towards positive potential side and cathodic peak
potential towards negative potential side) as the scan rate
increases from 20 to 120 mV/s. The value of AEP increases as the
sweep rate is increased, disclosing that electron transfer kinetics
has a quasi-reversible behavior. The proportional increase in the
anodic and cathodic peak potentials as a function of square root
of scan rate indicates that the electrochemical reaction is a
diffusion controlled process.

I, =243 X 107°A + 4.96 X 10°A/[mV/s]"/?

X [scan rate (mV/s)]7"/*>  R* = 0.998 3)
I, =—124 X 107*A — 3.01 X 10°A/[mV/s]'"?

X [scan rate (mV/s):|_1/2 R? = 0.994 (4)
V, = 0405V + 0.031V/[mV/s]"/?

X [scan rate (mV/s)]™"/> R* = 0.997 (5)
V, = —0.464 — 0.026V/[mV/s]"/?

X [scan rate (mV/s)]™"/>  R* = 0.995 (6)

The surface concentration for the c¢TiO,—NF/ITO and ChEt-
ChOx/cTiO,—NF/ITO bioelectrodes were calculated using eq
7

Q
nFA,.

I =
(7)

where I is the number of mol/cm? Q is the charge obtained by
integrating the anodic peak, # is the number of electrons involved
in the reaction, and F is Faraday’s constant. It is found that the
surface concentration for ChEt-ChOx/cTiO,—NF/ITO bio-
electrode is 8.83 X 107% mol/cm? compared to the lower
concentration (6.8 X 107 mol/cm?) for the cTiO,—NF/ITO
electrode. This indicates that the ChEt-ChOx molecules interact
strongly with the ¢TiO,—NF matrix surface. The magnitude of
diffusion coefficient (cm?/s) of the various electrodes has been
calculated using Randles-Sevcik equation.”” It has been observed
that diffusion co-efficient for ChEt-ChOx/cTiO,—NF/ITO
bioelectrode (31.3 pcm?/s) is low as compared to that of the
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Table 1. Summary of Sensing Characteristics of the cTiO,—NF Based Biosensor along with Those Reported in Literature

lower detection limit (mg/

working electrode detection range (mg/dL) dL)
NiO nanorods 25—-400 26.0
anatase TiO, 25-400 48.0
cobalt oxide up to 2.0 0.168
Au wire 4 X 107%—24 x107"

MWCNT-Au up to 240 8.0
ZnO nanoparticles 40 X 107°-2.0 X 1072 1.48x107°
electrospun TiO,— 25—400 19.3

NF

sensitivity (,ul%{ (mg/dL)/ K, value (mg/ stability
cm dL) (days) ref
3.07 6.4 90 Ali et al*
243 5.6 35 Ali et al**
111 19.6 Salimi et al®
0.021 280.0 50 Aravamudhan et
als
0.014 286.8 120 Guo et al®®
0.0086 188.0 90 Umar et al*?
181.6 3.26 120 Present work

other electrodes such as cTiO,—NF/ITO (74.5 pcm?*/s and
TiO,—NF/ITO (80.8 ucm?/s).

3.4. Electrochemical Impedance Spectroscopy (EIS)
Studies. EIS studies provide an effective method to obtain
Faradic impedance between electrode and electrolyte interface.
Figure 8iii shows the Nyquist plots obtained for different
electrodes in the frequency range 0.01—10° Hz (0.01 V
potential). The semicircle diameter of EIS spectra gives a value
of charge transfer resistance (R¢r) in the higher frequency range
that reveals electron transfer kinetics of the redox probe at the
electrode interface. In the plot, a linear straight line at 45° to the
real axis (Z’) at lower frequencies indicates the diffusion limited
transfer process. The Ry value of an electrode depends on
dielectric characteristics of the electrode/electrolyte interface.
The Rcr value of the electrospun TiO,—NF/ITO electrode
(curve a, 1.11 kQ) is found to increase as compared to that of
ITO electrode (curve a, 1.0 k). This may be due to the
semiconducting properties of TiO,—NF grown on ITO
electrode. After the oxygen plasma treatment, this electrode
(TiO,—NF/ITO) provides higher Ry value (curve ¢, 1.38 kQ).
However, after enzyme attachment on the surface of the cTiO,—
NE/ITO electrode, the Ry value was again found to increase
(curve d, 1.61 kQ). The constant phase element (CPE) or
double layer capacitance of cTiO,—NF/ITO electrode increases
to the value of 9.04F as compared to that of the bare TiO,—NF/
ITO electrode. The CPE value is found to decrease for the ChEt-
ChOx/cTiO,—NF/ITO bioelectrode as compared to that of the
other electrodes. Thus, these results confirm the enzyme
functionalization on cTiO,—NF surface. The corresponding
Bode plots in EIS measurement for various electrodes are shown
in Figure S3 (Supporting Information).
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The ChEt-ChOx/cTiO,—NE/ITO bioelectrode has been
characterized by analyzing the following important parameters
such as heterogeneous electron transfer rate constant (k) and
time constant (7) for redox probe containing [Fe(CN)]>~4~
ions. These studies allow interfacial interaction of biomolecules
as well as help in the characterization of the structural features of
the sensing interface and for explaining the mechanisms of
chemical processes occurring at the electrode/solution inter-
faces. The corresponding k, of the modified electrode has been
calculated by using charge transfer kinetics:

RT
n’F*A_R_.C

ecct

ko=

(8)

where R is the gas constant, T is the temperature, 7 is the electron
transferring constant of the redox couple, F is Faraday constant,
A, is the effective area of the electrode, and C is the
concentration of the redox couple in the bulk solution. The k,
value of the ChEt-ChOx/cTiO,—NF/ITO bioelectrode (2.56
x107'2/s) is higher than that for cTiO,—NF/ITO electrode
(2.6x107"%/s), indicating a faster electron exchange between the
redox species. The ChEt-ChOx immobilization on ¢TiO,—NF/
ITO shows a sluggish electron charge transfer rate constant
resulting in the generation of low capacitance at the electrode
surface. The observed lower value of time constant (7) for the
ChEt-ChOx/cTiO,—NF/ITO bioelectrode (11.65 X1073) as
compared to that of the cTiO,—NF/ITO electrode 12.42 x1073
is perhaps due to the slow diffusion of [Fe(CN)]>~/*~ ions at the
electrode enzyme layer/solution interface.

3.5. Electrochemical Response Studies. The cyclic
voltammetric response of the ChEt-ChOx/cTiO,—NF/ITO
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Figure 10. (i) Selectivity studies of the ChEt-ChOx/cTiO,—NF/ITO bioelectrode in presence of interferents electrodes and (ii) reproducibility
stability of the ChEt-ChOx/cTiO,—NF/ITO bioelectrode. Inset: Current response in repeated use of ChEt-ChOx/cTiO,—NF/ITO bioelectrode.

bioelectrode has been carried out with successive addition of
cholesterol oleate (ChOlt) (Figure 9a) concentration. The
magnitude of peak current rises sharply with increasing ChOlt
concentration [25—400 mg/ dL]. During the enzymatic reaction,
the cholesterol molecules first react with ChEt on sensor surface
and produce cholesterol and fatty acids. This cholesterol again
produces cholesterol-4-ene-3-one or cholestenone and H,O, by
reacting with ChOx. Finally, instead of mediator electrons, the
TiO,—NF directly accepts these generated electrons via re-
oxidation of H,0, resulting in enhanced current (Figure lii).
Figure 9b shows the linear plot between the magnitude of current
and ChOlt concentration and the linear fit of the calibration
curve is followed by eq 9

I(A) = 3.8 X 10*A + 4.54 x 10 °A/(mg/dL)

R*= 0992 9)

This biosensor shows a wide detection range (25—400 mg/
dL) and can be used to detect blood cholesterol in the
physiological condition. The ChEt-ChOx/cTiO,—NF/ITO
bioelectrode exhibits high sensitivity of 181.6 mA/mg dL™'/
cm?* compared to those reported in literature. Ali et al.** have
reported the sensitivity (2.4 yA/mg dL™'/cm?) of microfluidic
cholesterol biosensor using anatase-TiO, nanoparticles (Table
1). Using oxygen plasma treated TiO,—NF in the proposed
biosensor perhaps plays an important role in enhancing the
loading capacity and better stability of biomolecules resulting
from their covalent immobilization. In addition, the higher
sensitivity is perhaps because of the formation of TiO,—NF that
provide a conduction channel for electron transfer between bulk
solution and the electrode leading to enhanced current density. A
superior electrochemical performance of aligned carbon nano-
fibers has been observed possibly because of a more effective
electron transfer from the electroanalyte to the current
collector.>* Thus, the excellent charge transfer properties of
this highly crystalline TiO,—NF provide a suitable platform for
improved biosensor characteristics as compared to those of other
materials (Table 1). The lower detection limit is estimated as
19.3 mg/dL (049 mM) using 30,/m criteria, where o}, is
standard deviation and m is the slope of the curve. The value of
the enzyme—substrate kinetics (Michaelis—Menten constant,
k) has been obtained using the Lineweaver—Burk plot revealing
affinity of enzyme for desired analyte (Figure S4, Supporting
Information). The Lineweaver—Burk eq 10

2525

I 1 K
—_= 4

where I is the steady-state current after addition of the substrate,
C is the bulk concentration of the substrate, and I, is the
maximum current measured under saturated substrate condition.
It may be noted that k,, is dependent both on matrix and the
method of immobilization of enzymes that in turn bring out
conformational changes resulting in different values of k. Also,
the value of k., for the bound enzyme can be lower or higher than
that of purified enzyme. We have obtained the value of k, for the
ChEt-ChOx/cTiO,—NF/ITO bioelectrode as 3.26 mg/dL,
which is much lower than the reported values (Table 1). The
observed lower k,, value is due to the functionalized nanofibers
formation of TiO, on transducer surface indicating high affinity
for cholesterol to ChOx and ChEt onto cTiO,—NF/ITO surface
for faster biochemical reaction. This result can perhaps be
attributed to the higher stability of biosensing electrode. The
cTiO,—NF based biosensor achieves 92% of the steady-state
current in less than 20 s indicating fast electron exchange
between the ChEt-ChOx and cTiO,—NF/ITO electrode (Figure
SS, Supporting Information).

3.6. Selectivity Studies. The selectivity of the TiO,—NF
based biosensor has been tested using normal concentration of
various interferents such as ascorbic acid (AA), uric acid (UA),
glucose (G), lactic acid (LA), urea, and all mixer present in the
blood samples (Figure 10i). The current response has been
monitored for the ChEt-ChOx/cTiO,—NF/ITO bioelectrode in
PBS containing equal amount of ChOIlt (200 mg/dL) and
interferents (1:1 ratio). A negligible effect was observed with all
the interferents except lactic acid as evident by low relative
standard deviation (RSD = 1.7%). The storage stability of ChEt-
ChOx/cTiO,—NF/ITO bioelectrode has been determined by
measuring change in the current response at regular interval of 1
week for about 4 months. This ChEt-ChOx/cTiO,—NF/ITO
bioelectrode was stored at 4 °C without exposure to the UV light.
Without a long term UV exposure, the bioelectrode response was
stable and reproducible. It has been found that bioelectrode
retains 95% response after about 3 weeks.

3.7. Reproducibility Studies. The reproducibility of the
ChEt-ChOx/cTiO,—NF/ITO bioelectrode has been investi-
gated in presence of 200 mg/dL of ChOlt concentration (Figure
10ii) using CV technique. No significant change in current value
was observed after using at least 10 times under similar
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conditions of repeated measurements as evidenced by the low
RSD of 3.19% (n = 10). After nine measurements, the current
response of the ChEt-ChOx/cTiO,—NEF/ITO bioelectrode
decreases slightly because of the denaturation of biomolecules
(Figure 10ii, inset). This result indicates that the proposed
bioelectrode shows good precision.

4. CONCLUSIONS

We have demonstrated the synthesis of mesoporous aligned
(partially) TiO,—NF grown on ITO electrode using electro-
spinning technique. Surface functionalization of TiO,—NF by
oxygen plasma treatment introduces functional groups (COOH,
CHO, OH) for efficient immobilization of biomolecules such as
ChEt-ChOx. This mesoporous and oxygen plasma function-
alized TiO,—NF mats surface followed by EDC-NHS chemistry
allows a stable loading of biomolecules. In addition, the high
aspect ratio of TiO,—NF improved the charge transfer between
electrode and bulk solution properties resulting in higher
sensitivity towards the electrochemical total cholesterol
detection. The titania nanofiber platform functionalized with
ChEt and ChOx biomolecules was found to have good precision
and reproducibility for esterified cholesterol detection. Highly
crystalline, horizontally aligned TiO,—NF shows enhanced
voltammetric current leading to higher signal to noise ratio.
Lower detection limit (0.49 mM) and wide range detection (25—
400 mg/dL) of cholesterol can be attributed to the strong amide
bond formation on sensor surface. Selectivity studies of the
fabricated biosensor show no significant change in redox current.
Thus, plasma treated, aligned, mesoporous electrospun TiO,
nanofiber mat shows excellent electrochemical and catalytic
behavior that, with suitable functionalization, can have potential
use in other efficient electrochemical biosensors for detection of
other analytes including low density lipoproteins, urea, etc. Thus,
this biosensor could be useful for the development of a point-of-
care diagnostics device.
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