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Present study highlights the importance of RF sputtered NiO thin film deposited on platinum coated
glass substrate (NiO/Pt/Ti/glass) as a potential matrix for the realization of highly sensitive and selective
uric acid biosensor. Uricase has been immobilized successfully onto the surface of NiO matrix by physical
adsorption technique. The prepared bioelectrode (uricase/NiO/Pt/Ti/glass) is utilized for sensing uric acid
using the cyclic voltammetry and UV visible spectroscopy techniques. The bioelectrode is found to exhibit

highly efficient sensing response characteristics with high sensitivity of 1278.48 wA/mM; good linearity
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of 0.05-1.0mM, and very low Michaelis—Menten constant (k,;) of 0.17 mM indicating high affinity of
uricase towards the analyte. The enhanced response is due to the development of NiO matrix with good
electron transport property and nanoporous morphology for effective loading of enzyme with preferred

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rapid growth in the development of new materials and
improvements in sensing techniques have led to the evolution
of advanced biosensors which have potential application in the
field of healthcare, biological analysis, environment monitoring and
food industries. Uric acid is an end product of purine metabolism
in human body, a number of diseases and pathological disorders
are related to its high concentration in body fluids (e.g. serum
and urine), such as gout, arthritis, kidney disease, cardiovascular
disease, and neurological diseases. Consequently, uricacid determi-
nation is of paramount importance in the diagnosis of the diseases
caused by disorder of purine biosynthesis and catabolism. Various
matrices including metal nanoparticles, conducting polymer, metal
oxide thin films, etc. have been exploited to immobilize uricase to
fabricate uric acid biosensor. Amongst them, ZnO based metal oxide
matrices have attracted considerable interest of the research com-
munity due to their high reproducibility, stability and shelf life.
However, ZnO is known to have intrinsic native defects related to
zinc and oxygen, which hinders its charge transfer characteristics
giving limited sensitivity.
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Hence, there is an urgent need to identify an alternate matrix,
which gives stable and enhanced biosensing response character-
istics especially for uric acid. Recently, few reports have shown
the importance of NiO thin film matrix for the realization of an
integrated biosensor due to its good electrochemical behavior, oxy-
gen ion conductivity, biocompatibility and high isoelectric point
(IEP)~10.7 (Li et al., 2008; Salimi et al., 2007; Zang et al., 2010;
Safavietal.,2009; Sattarahmady et al.,2010). Most of the biosensors
are based on sol gel derived NiO thin films, however the elec-
tron transfer property of NiO was lower. Therefore, NiO/Chitosan
composite matrix has been utilized for cholesterol biosensor. The
polymer matrix, chitosan, has been incorporated with NiO to
improve the electrical conductivity but it hampers the stability of
the bioelectrode. The electron transfer property may depend on
the growth kinetics of NiO thin film, and no efforts have been made
towards the development of NiO thin films using reproducible RF
sputtering technique for biosensing application despite the fact
that it results in good quality metal oxide thin film with desired
morphology and controlled stoichiometry. Furthermore, there is no
report on the detection of uric acid based on NiO thin film matrix.
Hence, in the present work good quality NiO thin films exhibiting
good electron transfer property has been deposited by RF sputter-
ing technique for the detection of uric acid. Uricase is successfully
immobilized on the surface of NiO matrix by physical adsorption
process and enhanced biosensing response characteristics of the
prepared bioelectrode for uric acid have been determined. Uricase
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catalyzes the in vivo oxidation of uric acid in the presence of oxy-
gen to produce allantoin and CO, as oxidation products of uric acid
and hydrogen peroxide as a reduction product of O,. The uricase
catalytic reaction is as follows:

. . Uri .
Uric acid +H;0 + O, 1€ Allantoin + CO; + Hy0,

Formation of hydrogen peroxide is detected by the amperomet-
ric current measurement during oxidation at the electrode:

Hy05 - 0Oy + 2HT +2e~

The enzymatic electrochemical biosensor relies on shuttling
of these electrons, generated in the biochemical reaction shown
above, from the redox center of the enzyme to the electrode via NiO
thin film matrix. Enzymes, because of their insulated-shell redox
centers, are unable to show direct electrochemistry. The presence
of a redox species (mediator [Fe(CN)g]*>~/4-), in the system, pro-
vides the path for electron transfer from the redox centers of the
enzyme to the electrode using good electron communication prop-
erty of the prepared NiO matrix, which results in increase in peak
oxidation and reduction currents. The current further increases lin-
early with the increase in the concentration of analyte (uric acid)
in the solution.

2. Experimental

The schematic of bioelectrode prepared in the present study
is shown in Supplementary Fig. 1. A 200nm thin platinum (Pt)
film was coated on corning glass substrate by RF sputtering tech-
nique using a Pt (99.99% pure) target in 100% Ar gas ambient at
10 mTorr sputtering pressure. The films were coated at room tem-
perature substrate with an RF power of 100 W. The adhesion of
Pt on corning glass substrate was found to be poor and there-
fore a thin buffer layer of Ti (~20nm) was deposited prior to Pt
thus yielding Pt/Ti/glass substrate. Nickel oxide (NiO) thin film
matrix was deposited on the surface of Pt/Ti coated glass sub-
strate (NiO/Pt/Ti/glass electrode) using a 2in. diameter metallic
nickel (Ni) target (99.99% pure) by RF sputtering technique using
the optimized deposition conditions listed in Supplementary table
lin different batches (four times). The NiO thin film was found to be
transparent and strongly adherent to the substrate. The biolectrode
(uricase/NiO/Pt/Ti/glass) was prepared by successfully immobiliz-
ing 10 L of uricase (1.0 mg/mL, in 50 mM phosphate buffer of pH
7.0) on the surface of NiO thin film via physical adsorption tech-
nique. The prepared bioelectrode (uricase/NiO/Pt/Ti/glass) is kept
overnight for drying at 4°C.

X-ray diffraction (XRD) [Bruker D8 Discover] was used to
identify the crystallographic structure of the deposited NiO thin
film. Activity of the enzyme immobilized on the surface of
NiO/Pt/Ti/glass electrode was studied by photometric assay using
UV-vis spectrophotometer [PerkinElmer lamda 35]. Atomic force
microscopy (AFM) [Veeco DICP2] was employed to study the
surface morphology of the thin films. Cyclic voltammetric (CV)
measurements were carried out on a potentiostat/galvanostat
[Gamry Inc. 600] using a three-electrode system in PBS solu-
tion (50 mM, pH 7.0, 0.9% NaCl) containing a mediator of 5mM
[Fe(CN)g]3—/4~ with Ag/AgCl as the reference electrode.

3. Results and discussion
3.1. Structural and morphological studies

The as grown NiO thin film is found to be polycrystalline (Fig. 1)
with pure cubic phase as indicated by a preferred oriented sharp

XRD peak corresponding to (11 1) plane along with other diffrac-
tion peaks related to weak (200) and (220) planes. The lattice
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Fig. 1. XRD of NiO/Pt/Ti/glass electrode deposited at a substrate temperature
of 400°C. Inset shows AFM of (a) uricase/NiO/Pt/Ti/glass bioelectrode and (b)
NiO/Pt/Ti/glass electrode.

parameter (a=4.21A) is found to be slightly higher than the cor-
responding bulk value (4.17 A), which may be associated with the
expanded lattice due to defects and give rise to tensile stress in the
film. The crystallite size is calculated using the Debye-Scherrer for-
mula (Cullity, 1978) using the preferred oriented (11 1) peak and
is found to be about 10 nm.

AFM images of the surface of NiO thin film and uricase immo-
bilized NiO surfaces are shown in the insets (b and a) of Fig. 1
respectively. The surface microstructure of NiO thin film shows
uniformly distributed grains along with nanoporous morphology
[Fig. 1 inset (b)]. The nanoporous structure provides larger sur-
face area, which is advantageous for enhanced enzyme loading
on the film surface. Roughness of the film surface (average root
mean square roughness), an important parameter for sensing appli-
cations that plays a major role in the charge transfer capacity
(Avellaneda et al., 2008) calculated using SPM Lab Analysis soft-
ware, is about 3.7 nm. The same roughness has been obtained using
a Dektak surface profiler (Dektak 150) as well. AFM micrograph of
the surface of uricase/NiO/Pt/Ti/glass bio-electrode [Fig. 1 inset (a)]
shows significant changes in the morphology. The uniformly dis-
tributed globular structure along with an increase in its average
rms roughness from 3.7 to 30 nm was observed indicating the suc-
cessful immobilization of uricase on the surface of NiO thin film
matrix.

Supplementary Fig. 2 shows the FTIR spectra of uric-
ase/NiO/Pt/Ti/glass bioelectrode. The FTIR spectra of NiO/Pt/Ti/glass
electrode is also included in the inset for comparison. The bands at
684.1and461.7 cm~! (inset (a) of Supplementary Fig. 2) correspond
to the stretching vibration mode and the torsional vibration mode
of Ni-O at the tetrahedral and octahedral sites respectively. The
band at 578 cm~! corresponds to the stretching of Ni-O-Ni in the
nanoporous electrode, confirming the formation of NiO matrix and
the absorption band at about 1632cm~! corresponds to H-O-H
bending vibrations mode due to adsorption of water from atmo-
sphere. The appearance of additional absorption bands at 1567.6
and 1652.5cm~! in FTIR spectra of uricase/NiO/Pt/Ti/glass bio-
electrode (Supplementary Fig. 2) correspond to the primary and
secondary amide linkages of enzyme molecule (uricase) indicating
the immobilization of uricase on the surface of NiO thin film, which
isinaccordance with that of free uricase (inset (b) of Supplementary
Fig. 2).
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Fig. 2. CV of (i) Pt/Ti/glass, (ii) NiO/Pt/Ti/glass electrode and (iii) uric-
ase/NiO/Pt/Ti/glass bioelectrode and insets show (a) CV of uricase/NiO/Pt/Ti/glass
bioelectrode with scan rate and (b) effect of pH on the current response of uric-
ase/NiO/Pt/Ti/glass bioelectrode.

3.2. Amperometric and photometric studies

Fig. 2 shows the CV curves obtained for the Pt/Ti/glass,
NiO/Pt/Ti/glass and uricase/NiO/Pt/Ti/glass electrodes at a scan rate
of 200mV/s. It can be observed that the peak oxidation current
for the NiO/Pt/Ti/glass electrode (1.77 mA) is more in compari-
son to that of Pt/Ti/glass electrode (1.02mA) and is attributed
to the enhanced electron transport property of deposited NiO
matrix. Furthermore the effective loading of immobilized uri-
case on the nanoporous surface of the NiO film provides the
increased electrocatalytic surface activity. The oxidation current
decreases to 1.18 mA on immobilization of uricase onto the matrix
surface (uricase/NiO/Pt/Ti/glass), which may be attributed to the
non-conducting nature of enzyme (uricase). The immobiliza-
tion of non-conducting enzyme on the surface of NiO/Pt/Ti/Glass
electrode should results in an increase in a peak-to-peak sep-
aration of the redox peaks. However, an insignificant increase
(~0.02V) in the peak-to-peak separation was observed in the
present work. This may be attributed to the occurrence of oxi-
dation or reduction process at a relatively lower potential due
to effective loading of immobilized uricase with preferred ori-
entation on the nanoporous surface of NiO matrix. Therefore,
even though some potential drop may occur across the bio-
electrode due to presence of insulating enzyme, the observed
increase in peak-to-peak separation is not significant. Inset (a)
in Fig. 2 shows that maximum oxidation current for the uric-
ase/NiO/Pt/Ti/glass bioelectrode is observed at a pH of 7.0 hence
the pH of buffer is maintained at 7.0 for all the measure-
ments.

The CV studies have been carried out on uricase/NiO/Pt/Ti/glass
bioelectrode as a function of scan rate (v) from 10 to 150 mV/s
to determine the concentration of ionic species on its surface
(inset (a) of Fig. 2). The oxidation peak was found to shift slowly
towards higher potential and the reduction peak towards lower
potential, with increase in scan-rate upto 80 mV/s suggesting a
quasi-reversible process (Manesh et al.,, 2011). Since saturation
(i.e. no more rise and shift in peak oxidation/reduction current
and potential, respectively) is obtained at a scan rate of 90 mV/s
as shown in inset (b) of Fig. 2, the range of scan rate for this
study is taken from 10 to 80 mV/s. The linear regression equations
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Fig. 3. Electrochemical response of uricase/NiO/Pt/Ti/glass bioelectrode as a func-
tion of uric acid concentration: (i) 0.05 (ii) 0.1 (iii) 0.2 (iv) 0.3 (v) 0.4 (vi) 0.5 (vii)
0.7 and (viii) 1.0mM. Inset (a) variation of peak oxidation current as a function of
concentration (b) Hanes plot to determine Michaelis—-Menten constant (ki ).

for both the peak anodic as well as cathodic currents are given
as:

Ipa = 0.066v'/2 +0.088 with R=0.99 and SD =0.015 (1)
Ipc = —0.044v'/2 ~0.127 with R=-0.99 and SD=0.014 (2)

where R is regression coefficient and SD is the standard deviation.
Value of R close to 1 and SD « 1 indicate that both the anodic (Ipa)
and cathodic (Ipc) peak currents increase linearly with the square
root of scan rate (v1/2), suggesting that the electrode reaction is a
diffusion assisted electron-transfer process (Yang et al., 2006). The
plot of anodic peak potential (Epa) with logarithm of scan rate (v)
was linear. Surface concentration (/”) of the ionic species per unit
surface area of uricase/NiO/Pt/Ti/glass bioelectrode is estimated
using the Brown-Anson model (Kaushik et al., 2008) based on the
following equation:

_ n2FZ [Av
Pa™ TTART

where I is the estimated value of surface coverage in mol cm~2;
Ipa/v can be calculated from the slope of Ipa vs. v plot, and found to
be 2.3 x 10~7 mol cm~2 which is relatively higher (Yogeswaran and
Chen, 2007). The results show that the RF sputtered NiO thin film
matrix is providing better platform for the immobilization of the
receptor biomolecules.

Electrochemical response studies of uricase/NiO/Pt/Ti/glass bio-
electrode as a function of uric acid concentration at a scan rate
of 50 mV/s are shown in Fig. 3. The results show that the current
response increases linearly with increasing uric acid concentra-
tion (inset (a) of Fig. 3) in the range 0.05-1 mM (0.15-0.45 mM
physiological range), which is much higher as compared to the
one reported on uric acid biosensor (Ahuja et al., 2010). The sens-
ing response characteristics obtained with all prepared electrodes
were found to be reproducible within +-2% accuracy over the entire
range of uric acid, indicating the high repeatability of the prepared
electrode.

The uricase/NiO/Pt/Ti/glass bioelectrode exhibits low response
time of 5s towards the analyte, which is much faster as com-
pared to the reports available on metal oxide based uric acid
biosensors by other workers (Syed et al., 2011). The prepared bio-
electrode is highly reproducible (25 times) with a detection limit of
about 0.11 mM (1.84 mg/dl), which is lower than the physiological
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range. The lower detection limit is calculated using the expression
3syx/sensitivity, where s is standard deviation obtained from the
peak oxidation current vs analyte concentration curve (Matharu
etal., 2009). Singh et al. (2011) utilized NiO nanostructures synthe-
sized using chemical route for detection of cholesterol and reported
areproducibility of 11 times. The higher reproducibility (25 times)
with enhanced sensitivity optimized in the present work highlights
the importance of RF sputtered NiO thin film matrix for biosensing
application.

The Michaelis—-Menten constant (k) value of prepared bioelec-
trode is obtained using Hanes plot (inset (b) in Fig. 3) (Walker,
2000). The estimated value of k;;; =0.17 mM is obtained and is found
to be much lower in comparison to the reported values (0.238 mM)
for uric acid biosensor based on metal oxide matrices (Zhang et al.,
2004). The low k;; value indicates that the bioelectrode based on
RF sputtered NiO thin film has high affinity towards the uric acid
which may be attributed to the alignment of immobilized uricase
onto the NiO matrix is in favourable direction with higher loading.

Sensitivity of the prepared bioelectrode for uric acid is found to
be 1278.48 wA/mM with linear regression coefficient of 0.99, which
is much higher in comparison to the earlier reported results on
uric acid biosensors based on other matices (Ahuja et al., 2010).
The high sensitivity of the uricase/NiO/Pt/Ti/glass bioelectrode is
attributed to the high electron transfer characteristics, excellent
adsorption ability, high electrocatalytic activity and effective load-
ing of enzyme on nanoporous surface of sputtered NiO thin film.

To carry out the photometric enzyme assay, the uric-
ase/NiO/Pt/Ti/glass bioelectrode is dipped for 2 min in 3 mL PBS
solution containing 20 wL horseradish peroxidise (HRP), 20 L
o-dianisidine dye and 100 L of analyte (uric acid) in varying con-
centration. The difference between the initial and final absorbance
of the prepared bio-electrode was measured at a fixed wavelength
(500 nm) and their values were plotted as a function of uric acid
concentration in Supplementary Fig. 3. The uricase enzyme activ-
ity increases with an increase in the concentration of uric acid
(Supplementary Fig. 3). The amount of bound enzyme is deter-
mined from the apparent enzyme activity (aibb) calculated using
equation

aB(Uem) = ¥

where A is the difference in absorbance before and after incu-
bation, V is the total volume (=3.17cm?3), ¢ is the millimolar
extinction coefficient for o-dianisidine (7.5 for o-dianisidine at
500 nm), t is the reaction time (2 min), and s is the surface area
of the electrode (Saha et al., 2009). The value of apparent enzyme
activity of uricase on the NiO/Pt/Ti/glass electrode is found to
be about 4.14 x 10~2 unit/cm?2, indicating that 4.14 x 10~2 units of
uricase are actively working on unit electrode surface area. The
selectivity of uricase/NiO/Pt/Ti/glass bioelectrode is determined by
measuring response current in CV analysis on addition of nor-
mal concentration of interferents in the human serum such as
glucose (5.6 mM), cholesterol (5mM), urea (1 mM), ascorbic acid
(0.1 mM) and dopamine (0.1 mM) at normal concentration of uric
acid (0.1 mM) indicating maximum interference of 2.5% (inset
of Supplemenatry Fig. 3). The shelf life studies of the prepared
uricase/NiO/Pt/Ti/glass bioelectrode shows that it retains more
than 90% of activity even after 4 months which is much higher

compared to the reports available on other biosensors based on
NiO (Singh et al., 2011). This may be attributed to the highly sta-
ble and biocompatible NiO thin film matrix obtained in the present
study using RF sputtering technique.

4. Conclusion

In conclusion, RF sputtered NiO thin film matrix with
nanoporous morphology has been successfully exploited for uric
acid biosensing in the physiological range due to its excellent
electron transfer capabilities besides high adsorption ability and
electrocatalytic activity. The uricase/NiO/Pt/Ti/glass bioelectrode
exhibits high sensitivity of 1278.48 wA/mM, with fast response
time of 5 s and low detection limit of 0.11 mM (lower than the low-
est physiological range). The bioelectrode is reproducible atleast 24
times with a shelf life of about 4 months indicating that RF sput-
tered NiO thin film is an attractive matrix for realization of highly
sensitive and stable uric acid biosensor.
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