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An efficient reagentless uric acid biosensor has been realized using a copper oxide (CuO) thin film

matrix grown onto platinum (Pt) coated corning glass substrates by pulsed laser deposition (PLD)

technique. The p-type CuO matrix successfully introduces redox property in the electrode and provides

enhanced electron communication features. Sensing response obtained by the bioelectrocatalytic

oxidation of uric acid by uricase/CuO/Pt/glass electrode was studied without any external mediator

using cyclic voltammetry (CV) and photometric assay. The studies reveal that the uricase/CuO/Pt/glass

bio-electrode exhibits good linearity over a wide range of 0.05 mM to 1.0 mM uric acid concentration

with enhanced response of 2.7 mA/mM and high shelf life (414 weeks). A low Michaelis–Menten

constant (Km) of 0.12 mM, indicate that the immobilized enzyme (uricase) has enhanced affinity

towards its analyte (uric acid). The results confirm promising application of the p-type CuO thin film

matrix for the realization of a reagentless integrated implantable biosensor.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

It is a growing requirement to develop new methodologies for
easy, selective, accurate and reliable quantification of the important
metabolites to be used as an index for the state of health in these
years. Uric acid (UA) is a chief nitrogenous component of biological
fluids such as urine and blood serum. It is one of the primary end
products of purine metabolism in human body and can be used as a
potent indicator for an early warning sign of numerous illnesses and
physiological disorders. The physiological normal level of uric acid
in human blood is between 0.13 and 0.46 mM (Luo et al., 2006;
MedlinePlus: NLM). Abnormal levels of UA in the blood is a
symptom of a number of diseases such as gout, hyperuricemia or
Lesch–Nyhan syndrome, arthritis, diabetes, high cholesterol, renal,
neurological, cardiovascular and kidney diseases. Thus, detection of
UA level dissolved in human physiological fluids is indispensable for
the diagnosis of patients suffering from these disorders associated
with altered purine biosynthesis and catabolism.

Amongst various methods used to detect uric acid, biosensors
based on electrochemical detection methods are known to be the
most popular because a low detection limit, high selectivity
and sensitivity can be easily acquired where matrix plays an
important role. Various matrices have been reported to immobilize
uricase for the analysis of uric acid, such as cellulose acetate
membrane (Gilmartin and Hart, 1994), polyaniline-deposited Pt
ll rights reserved.
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electrode (Kan et al., 2004), polypyrrole and polyaniline film
(Arslan, 2008), chitosan membrane (Perez et al., 2003), polystyrene
membrane (Wang and Hagiwara, 2007), ZnO nano tetrapods
(Wang et al., 2008), Ir-modified carbon electrode (Luo et al.,
2006), polypyrrole film on Pt surface (Cete et al., 2006), ZnO
nanorods-modified glassy carbon (GC) electrode (Zhang et al.,
2004), and polyaniline/carboxylated multiwalled carbon nano-
tubes (c-MWCNTs) deposited on ITO-coated glass plate (Bhambi
et al., 2010) and so on. A brief comparison of the matrices used for
uric acid detection is summarized in Supplementary Table 1. It
may be seen that most of the bioelectrodes suffer from certain
problems in uric acid determination such as time-consuming
sample preparation involving multiple steps, cumbersome fabrica-
tion of the bioelectrode based on crosslinkers, which exhibited lack
of stability, a poor linear detection range, thereby limiting their
application in development of uric acid biosensors. Also, the
continuous monitoring of the metabolites for integrated biosensors
requires the development of reagentless biosensors that are free
from free diffusing redox mediators (Alkire et al., 2011) which can
be accomplished by the direct attachment of the mediator onto the
electrode. However, the mediator may suffer from the problem of
leaching out and requires the attachment of mediator onto the
electrode via covalent bonding. The CuO thin film matrix employed
in the present work is based on its own redox property providing
self mediation for electron transfer from enzyme to the electrode
and alleviates the problems in external mediator based reagentless
biosensor. Thus, it is important to simplify the detection system for
superior catalytic properties for fast, sensitive, and stable detection
of uric acid which still poses a challenge for researchers.
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Therefore, metal oxide based thin film matrices have recently
gained significant attention due to their biocompatibility, simplicity,
high reliability, sensitivity, selectivity, low detection limit, low cost
and compatibility for miniaturization etc. (Saha and Gupta, 2011;
Saha et al., 2009a, 2009b, 2010; Singh et al., 2007). Amongst
different metal oxides that have been exploited as an efficient
electrode for biosensing, copper oxide (CuO), an important p-type
semiconductor metal oxide with a narrow band gap (1.2 eV) is of
immense interest as a matrix in biosensors with virtue of natural
abundance, low cost, non-toxic, good electrochemical activity i.e
catalytic effect resulting from the multi-electron oxidation, high
isoelectric point (IEP�9.5) and the possibility of promoting electron
transfer reactions at a lower potential resulting in direct electro-
oxidation of uric acid. High IEP of CuO is advantageous in immobi-
lization of enzymes having low IEP by physical adsorption technique
on the surface of the matrix. Furthermore, CuO has its own redox
couple i.e it provides direct electron transfer between the redox
protein and electrode, which thus paves the way towards the
fabrication of reagentless bio-electrode providing electron transfer
pathway through the developed biosensor. There are few reports on
using CuO nanostructures and its composites, prepared by chemical
route in glucose (Wang et al., 2010) carbohydrates and hydrogen
peroxide biosensing (McAuley et al., 2008) due to its good stability
and electrocatalytic properties but reproducibility, stability of the
matrix are still major concerns and needs to be overcome.
To the best of our knowledge, no effort has been made towards
the development of CuO thin film based bio-electrode using physical
deposition techniques such as pulsed laser deposition (PLD) and
rf-sputtering, which are known to be preferred for reproducible
and stoichiometric growth of thin films at low temperatures
which are compatible with solid state devices for applications in
implantable biosensor. In this work, a highly stable laser ablated
CuO thin film based bio-electrode has been developed for the
fabrication of reagentless uric acid biosensor having efficient
biosensing response characteristics.
2. Experimental

2.1. Reagents

Uric acid (99.99% pure), Uricase, horseradish peroxidase (HRP),
o-dianisidine dye were procured from Sigma-Aldrich. Sodium
phosphate monobasic anhydrous and sodium phosphate dibasic
dihydrate were obtained from Sisco chemical, India. All chemicals
were of analytical reagent grade and were used without further
purification. All the aqueous solutions were prepared using
deionized water. A 50 mM phosphate buffer saline (PBS) solution
was freshly prepared by mixing solutions of monosodium dihy-
drogen phosphate and disodium hydrogen phosphate containing
0.9% sodium chloride. The pH of the prepared solution was 7.
Enzyme solutions (1 mg/ml) having 4.9 units of uricase were
prepared by dissolving the enzyme in the PBS solution.

2.2. Preparation of CuO thin film based electrode

CuO thin films were grown by Pulsed laser Deposition techni-
que using the fourth harmonic of Continuum Nd:YAG laser at a
l¼266 nm onto platinum (Pt) coated corning glass (Pt/glass)
substrates to obtain the sensor electrodes. The Pt coating
(�100 nm thick) on corning glass was accomplished using
RF-sputtering technique under 100% Ar gas ambient using Pt
metal target (99.99% pure). It is found that the adhesion of Pt on
corning glass substrate is very poor. Hence, a buffer layer of Ti
(�10 nm) was coated onto the glass substrate using a metallic Ti
(99.99% pure) target prior to Pt deposition. CuO thin films
(�110 nm) were deposited by ablating a metal copper target
(99.999% pure) in oxygen rich ambient (50 mTorr) at a fluence
of 1.2 J/cm2 and a repetition rate of 10 Hz. The deposition chamber
was evacuated to a base pressure of 2�10�6 Torr, prior to the
deposition. The CuO films were deposited at a substrate tempera-
ture of 300 1C and target to substrate distance of 4 cm was
maintained. Typical deposition conditions for both Pt/Ti bilayer
and CuO thin film using RF sputtering and pulsed laser deposition
technique, respectively, are mentioned in Supplementary Table 2.

2.3. Fabrication of uricase/CuO/Pt/glass bio-electrode

In order to prepare the uric acid bio-electrode, 20 ml (0.09 U) of
the freshly prepared uricase solution (1 mg/ml in PBS solution) is
drop casted on the CuO/Pt/glass electrode at room temperature.
It was further kept incubated at 4 1C overnight so that uricase
is immobilized electrostatically onto CuO matrix via physical
adsorption technique. Thereafter, the prepared bio-electrode
(uricase/CuO/Pt/glass) was extensively rinsed with buffer to remove
any excess loosely bound uricase. The bio-electrode was dried
under nitrogen flow and kept at 4 1C when not in use.

2.4. Experimental characterization

2.4.1. Electrochemical

To study the electrochemical properties of the bio-electrode,
cyclic voltammetric measurements were carried out using a
Potentiostat/ Galvanostat (Gamry Inc. 600) having a three-elec-
trode electrochemical cell configuration with Ag/AgCl serving as
reference electrode, platinum foil as counter electrode and uri-
case/CuO/Pt as working electrode. 10 ml of phosphate buffer
saline (PBS) solution (50 mM, 0.9% NaCl) was used as the electro-
lyte in electrochemical cell without any mediator.

2.4.2. Optical

Optical properties of the prepared uricase/CuO/Pt/glass bio-
electrode were studied using a UV–visible spectrophotometer
(Perkin Elmer lambda 35) in order to determine the apparent
enzyme activity of the bio-electrode. For photometric assay,
uricase/CuO/Pt/glass bio-electrode was dipped in 3 ml PBS solu-
tion containing HRP solution (1 mg/ml), 20 ml solution of o-dia-
nisidine dye (1% in H2O) (freshly prepared) and different
concentrations of uric acid solution. After 2 min of incubation of
bio-electrode, absorbance corresponding to the oxidation of
o-dianisidine, was measured at fixed l¼500 nm for monitoring
the enzyme kinetics.

2.4.3. Structural and surface morphological

The crystalline structure and phase of the prepared CuO thin
film was characterized by X-ray Diffraction (XRD) technique
(Bruker D8). The film thickness was measured using a surface
profiler (Dektak 150A). The surface morphology and stretching
bonds of the prepared CuO/Pt/glass electrode and uricase/CuO/Pt/
glass bio-electrode were investigated using atomic force micro-
scopy (AFM) (Veeco DICP2) and FTIR spectrophotometer (Perkin
Elmer; Model Spectrum BX) respectively.
3. Results and discussion

3.1. XRD studies

XRD pattern of the CuO thin film deposited on corning glass
substrate at a temperature of 300 1C is shown in Supplementary
Fig. 1. Well defined reflection peaks corresponding to (110), (002)
and (111) planes of CuO were observed for the deposited thin
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films and are in good agreement to the corresponding values
reported for the monoclinic crystal structure of copper oxide
(JCPDS File no. 5-0661, 1991), indicating that the as-deposited
films are single phase and polycrystalline. Average crystallite size
was calculated from (111) peak using the Debye Scherrer’s
formula and is found to be about 11 nm.
3.2. FTIR studies

The as-deposited CuO thin film and uricase immobilized CuO
thin film were grown on Si substrates and characterized by the
Fourier transform infrared (FTIR) spectroscopy in transmission
mode. The corresponding spectra are shown in Fig. 1. FTIR spectra
of the CuO thin film shows strong absorption bands at around
420, 442, 480, 508 and 606 cm�1 (Fig. 1(a)). The mode at
420 cm�1 confirmed the formation of monoclinic CuO phase
(Vaseem et al., 2008). The high-frequency mode at 606 cm�1 is
reported to be a Cu–O stretching vibration along the [1̄01]
direction and the mode at 508 cm�1 is related to Cu–O stretching
vibration along [101] direction (Kliche and Popovic, 1990). In
addition, observed modes at 442 and 480 cm�1 also corresponds
to the vibrational bands of CuO (Balamurunga and Mehta, 2001).
In the FTIR spectra of uricase/CuO/Pt bio-electrode (Fig. 1(b)),
Fig. 1. FTIR spectra of (a) CuO/Pt/glass electrode and (b) uricase/CuO/Pt/glass bio-

electrode. Inset shows the corresponding AFM micrographs along with their 3-D

images.
absorption bands at 990, 1085, 1652 and 3289 cm�1 are observed
which corresponds to C–H bonding of alkene, C–N vibrations,
amide linkage of enzyme and O–H stretching respectively, con-
firming the effective immobilization of uricase on CuO/Pt elec-
trode. It is important to note that on uricase immobilization,
modes corresponding to CuO disappear and only one peak at
520 cm�1 is observed (Fig. 1(b)), which may be due to the
uniform immobilization of bulky uricase molecules on the surface
of CuO thin films.

3.3. AFM studies

The surface morphology of CuO/Pt/glass electrode in the
presence and absence of uricase was characterized using atomic
force microscopy (AFM) technique. Inset of Fig. 1(a) and (b) shows
the AFM images of as-deposited CuO thin films before and after
uricase immobilization, respectively. 3-dimensional scan of the
respective electrodes are shown in their insets. AFM image of the
as-deposited CuO thin film reveals the formation of rough surface
morphology with uniformly distributed grains (�30 nm) and
nanoporous morphology [inset (Fig. 1(a))] which is advantageous
for enhanced enzyme loading. The average root mean square
(rms) roughness of the film surface has been found to be about 6 nm.
In the AFM micrograph of uricase/CuO/Pt bio-electrode [inset
(Fig. 1(b))], presence of uniformly distributed globular structure
(�1–3 mm) along with an increase in average rms roughness to
�36 nm indicates the successful immobilization of uricase on the
surface of CuO thin film (Bhambi et al., 2010). The formation
of globular structure may be attributed to the fact that the
enzymes tend to undergo agglomeration upon immobilization,
thus resulting in the formation of globules. The formation of
globular structure on enzyme immobilization is in agreement to
that reported by various workers for other biomolecules as well
(Ram et al., 2001; Dhand et al., 2009).

3.4. Amperometric response

Inset of Fig. 2 gives the cyclic voltammetric (CV) curve
obtained for Pt/glass, CuO/Pt/glass and uricase/CuO/Pt/glass elec-
trodes in the PBS solution without any mediator. It can be clearly
seen from the fig. that no redox peak is observed in the CV curve
for Pt/glass electrode in PBS solution because Pt does not have any
redox couple of its own and in the absence of any mediator in the
electrolyte solution, it does not show any redox peak. On the
other hand, the CV spectra of CuO/Pt/glass electrode, clearly show
well defined redox peaks in a mediator-free PBS buffer which is
attributed to the valence transformation of copper from Cu1þ to
Cu2þ and vice-versa, (Xie and Huber, 1991) thus resulting in
accelerated electron transfer. Also, the peak current for CuO/Pt/
glass electrode is found to be much higher (3.31 mA) as compared
to that of bare Pt/glass (0.07 mA) indicating that CuO film
provides good electrocatalytic properties, and CuO thin film
matrix sets up the reversible redox property in the electrode
and serves as the electron transfer channel. The value of peak
oxidation current obtained for CuO matrix was found to be much
higher in comparison to that reported for other metal oxide
matrices for biosensing such as NiO-chitosan (Singh et al.,
2011), ZrO2 (Das et al., 2010), ZnO (Saha et al., 2009a) etc.
In order to understand this behavior, electrical properties (carrier
concentration and mobility) of the CuO thin film were measured
using the Van der Pauw hall effect measurements. It was observed
that CuO thin film exhibits a p-type conductivity along with
hole mobility of 18 cm2 V�1 s�1 with a carrier density of
6.6�1017 cm�3. The mobility of charge carriers was found to be
much higher compared to reported values for other p-type metal
oxides (Lee and Lai, 2009). Probably the large mobility of charge
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carriers observed for CuO film in the present work is responsible
for the excellent electron communication features of the elec-
trode and thus contributes to the enhanced peak current in the CV
spectra of CuO/Pt/glass electrode.

The magnitude of anodic and cathodic peak currents decreases
on immobilization of uricase on the surface of the prepared
electrode (anodic peak current¼2.4 mA). The observed decrease
in peak current is owing to the formation of non-conducting layer
of uricase enzyme on the electrode surface, which hinders the
interfacial electron transfer. Since the activity of the enzyme
(uricase) is highly sensitive to the variation of pH of the support-
ing buffer solution (PBS), the effect of pH on the response of the
bio-electrode was investigated. The peak oxidation current of the
uricase/CuO/Pt/glass bio-electrode was measured in a PBS solu-
tion of varying pH (Supplementary Fig. 2). The response increased
when the pH increased from 6.0 to 7.0 and it started to decline for
further increase in pH value till 8.0, indicating that the uricase
exhibit maximum activity at a pH of 7.0. So, pH 7.0 was chosen to
be the optimum pH for the entire work.

3.4.1. Effect of scan rate

In order to investigate the effect of scan rate on the response of
the bio-electrode, cyclic voltammograms of uricase/CuO/Pt/glass
bio-electrode as a function of scan rate (v) varying from 70 to
150 mV/s were recorded and are shown in Fig. 3. It was found that
as the scan rate increases, uricase oxidation and reduction peak
current increases along with a gradual potential shift of the
oxidation peak towards positive direction and reduction peak
towards negative direction implying the quasi-reversibility (Saha
et al., 2009a) of the system. Both the anodic (Ipa) and cathodic (Ipc)
peak currents vary linearly with the square root of scan rate over
the range (70–150 mV/s) (inset of Fig. 3), suggesting that the
redox process of immobilized uricase follows kinetics controlled
by diffusion. The linear regression equations fitted for both the
peak anodic as well as cathodic currents are given as:

Ipa ¼ 0:90599v1=2�6:21 ðr2 ¼ 0:9974 and S:D:¼ 0:0160Þ ð1Þ

Ipc ¼�0:86128v1=2þ5:90455 ðr2 ¼ 0:9919 and S:D:¼ 0:020Þ ð2Þ
where, r is the regression coefficient and S.D. is the standard
deviation. Value of regression coefficient close to 1 and small
value of standard deviation indicate a good linear fit. The anodic
peak potential (Epa) was also found to vary linearly as a function
of logarithm of scan rate and follows equation:

Epa ¼ 0:24745logv�0:45702 ðr2 ¼ 0:9887 and S:D:¼ 0:0093Þ ð3Þ

An approximate estimation of the surface concentration (In)
per unit area of the electroactive uricase for uricase/CuO/Pt/glass
bioelectrode was made by using the Brown–Anson model (Bard
and Faulkner, 2000) based on the following equation:

Ipa ¼
n2F2InAn

4RT

where Ipa is the anodic peak current, n is the number of electrons
exchanged per reactant molecule, F is the Faraday constant (96,485 C/
mol), In is the surface coverage of the uricase/CuO/Pt/glass bioelec-
trode (mol cm�2), A is surface area of the bio-electrode (0.25 cm2),
n is scan rate, R is gas constant (8.314 J mol�1 K�1), and T is the
temperature (300 K). The estimated value of surface concentration
of uricase/CuO/Pt/glass bioelectrode is about 1.73�10�5 mol/cm2

which is greater in comparison to the corresponding value reported
for other uricase bio-electrodes (Li and Lin, 2007). The increased value
of In obtained in the present work confirms the efficient immobiliza-
tion of uricase molecules on the electrode surface.

3.4.2. Sensing response for uric acid

The sensing response of the prepared biosensor (uricase/CuO/
Pt/glass bio-electrode) was studied over the concentration range
0.05–1.0 mM of uric acid in mediator-free PBS (pH 7.0) solution.
Concentration of uric acid (0.05–1.0 mM) is chosen so that it lies
well beyond the physiological range (0.13–0.46 mM). The sche-
matic of the biochemical reaction occurring at uricase/CuO/Pt/glass
bio-electrode is shown in Fig. 2. Oxidation of uric acid in the
presence of uricase produces allantoin. CuO directly accepts
an electron from the active sites of reduced uricase (Fig. 2).
On accepting an electron, CuO is reduced, which on re-oxidation
produces an electron. The electrons generated as part of this
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bio-chemical reaction are being captured by the electrode resulting
in enhancement of the current. Fig. 4 shows the electrochemical
sensing response of the biosensor as a function of uric
acid concentration. Well-defined, stable and fast amperometric
responses were observed for the prepared bio-electrode
(uricase/CuO/Pt/glass) over the entire measured concentration of
uric acid. The CuO thin film matrix serves as an efficient electron
conducting channel in a mediator-less electrolyte due to its redox
property as Cu is able to change reversibly from Cu1þ to Cu2þ

under reducing conditions and vice versa. Thus CuO acts as a better
matrix for electron transfer, over bio-oxygen, resulting in a peak at
a relatively lower potential (0.1 V). It was observed that the
amperometric response (oxidation peak current) increased with
increasing uric acid concentration. The continuous rise in the
oxidation current with increasing uric acid concentration is attrib-
uted to the release of more number of electrons in the catalytic
oxidation of uric acid by uricase. In order to confirm the uricase
catalyzed bioelectrocatalytical process in the present study, a
control experiment was carried out in which sensing response
for uric acid was also studied without immobilization of uricase on
the surface of CuO/Pt/glass electrode. It is important to point out
that no increase in oxidation and reduction currents were observed
in the CV with increase in uric acid concentration from 0.05 mM to
1.0 mM. Thus, the performed control experiment confirmed that
the increase in CV current observed in the biosensing reaction
involving uricase/CuO/Pt/glass bio-electrode with varying uric acid
concentrations is solely due to the bioelectrocatalytic oxidation of
uric acid in presence of immobilized uricase.

The results indicate that the fabricated uricase/CuO/Pt/glass
biosensor exhibit a good linearity in the peak oxidation current
over a wide range of uric acid concentration (0.05–1.0 mM) with a
linear regression equation:

Peak currentðmAÞ

¼ 2:701� uric acid concentration ðmMÞþ2:906ðr2 ¼ 0:992Þ, ð4Þ

which is large enough for its application in physiological
conditions. This further shows that the enzyme catalytic reaction
of uricase is the first-order reaction. The sensitivity of the
uricase/CuO/Pt/glass bio-electrode towards uric acid was about
2.7 mA(mM)�1 in the range of 0.05–1.0 mM (inset (a) in Fig. 4)
which is relatively better than those reported recently by various
workers for uric acid biosensors (Ahuja et al., 2010; Chen et al.,
2010). The lower detection limit (LDL) of the uric acid biosensor,
calculated using the expression 3sy/x/sensitivity (Arora et al.,
2011), where sy/x is the standard deviation, is found to be
0.14 mM at a signal-to-noise ratio of 3, which is attributed to
high efficiency of electron transfer between the immobilized
uricase and the Pt electrode via CuO thin film matrix. Further-
more, it is found that the uric acid biosensor prepared in the
present work exhibited a fast response time i.e. it could achieve 95%
of the steady signal within 4 s indicating a rapid oxidative process,
which is much faster than those in similar determination by various
workers using other matrices.

The value of Michaelis–Menten kinetic parameter (Km) for the
immobilized uricase was estimated from Hanes plot (graph
between [uric acid concentration] and [uric acid concentration/
current]), shown in the inset (b) of Fig. 4. The graph is found to be
a straight line with regression coefficient �40.99.

The estimated value of Km for prepared bio-electrode is about
0.12 mM which is much lower than the corresponding value
reported by other workers for uric acid biosensors (Arora et al.,
2009; Jiang et al., 2007; Zhang et al., 2007). The low value of Km

revealed the increased affinity of uricase/CuO/Pt/glass bio-electrode
towards uric acid, thus, favoring electrochemical reaction. This is
attributed to enhanced diffusion of uric acid through the surface of
uricase/CuO/Pt/glass bio-electrode facilitated by a suitable biocom-
patible microenvironment provided by CuO thin film matrix and
favorable conformational changes in the immobilized uricase on the
matrix surface.

3.5. Photometric enzyme assay

UV–visible spectrophotometer studies have been performed to
estimate the apparent enzyme activity of the uricase/CuO/Pt/glass
bio-electrode. The difference between the initial and final absor-
bance value at a fixed wavelength (l¼500 nm) corresponding to
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the absorption of o-dianisidine dye is recorded as a function of
uric acid concentration and is shown in Fig. 5. The enzyme
activity increases linearly with increase in uric acid concentration
up to 0.5 mM and thereafter, saturates to a constant value (Fig. 5).
The apparent enzyme activity, i.e. the amount of enzyme bound
on the surface of the CuO matrix, has been estimated using the
equation aenz

app (U cm�2)¼AV/ets, where A is the difference in
absorbance of bio-electrode before and after incubation when
saturation is achieved, V is the total volume (3.17 cm3), e is the
millimolar extinction coefficient (7.5 for o-dianisidine at
l¼500 nm), t is the reaction time (2 min) and s is the surface
area (0.25 cm2) of the bio-electrode (Saha et al., 2009a).
The apparent enzyme activity for the uricase/CuO/Pt/glass bio-
electrode was estimated to be 2.53�10�2 U cm�2 indicating that
large units of uricase biomolecules are active on a unit surface area
(1 cm2) of the electrode. The value of enzyme activity estimated from
the photometric assay does not agree with the surface concentration
of ionic species calculated from amperometric measurements. The
disagreement between the two values may be understood from the
fact that the calculation of surface concentration provides the max-
imum surface coverage of the enzyme (uricase) on the surface of bio-
electrode. Whereas, the value of enzyme activity, corresponds to the
concentration of enzyme active sites participating in the bio-chemical
reaction per unit time i.e. transfer of analyte (uric acid) from the
buffer solution to the active sites of the immobilized uricase on the
surface of sensing electrode. Similar kind of mismatch in the two
values obtained from the amperometric and photometric study has
also been reported (Matharu et al., 2009).
3.6. Shelf life of the uric acid biosensor

In order to investigate the bio-electrode stability for repeated
usage over a period of time, the shelf life of the prepared uricase/
CuO/Pt/glass bio-electrode has been studied by continuously
monitoring the current response to a fixed concentration of uric
acid (0.30 mM) at regular intervals of time (15 day) for around
4 months. The percent residual activity has been measured by
assigning 100% activity observed in the initial stage (0 day).
The variation in activity of the bio-electrode has been plotted in
inset of Fig. 5 as a function of time. It has been found that
immobilized uricase retains more than 90% of its activity even
after 14 weeks when stored at 4 1C, indicating better stability of
the CuO based bio-electrode. The results obtained in present
study are promising compared to those reported by other workers
for uric acid biosensors (Ali et al., 2011; Zhang et al., 2004; Zhang
et al., 2006).
3.7. Selectivity of uric acid biosensor

In order to study the selectivity of the developed uric acid
biosensor, a control experiment was performed in which the
effect of interferants present in serum including glucose (5 mM),
cholesterol (5 mM), urea (1 mM), ascorbic acid (0.1 mM) and
lactic acid (0.5 mM) on its sensing response towards uric acid
is studied. The experiment is carried out by taking a solution
containing a 1:1 ratio of uric acid (0.10 mM) and the interferent
in their normal physiological limits in the PBS solution and
the observed variation in peak oxidation current with various
interferants is shown in Supplementary Fig. 3. The two red-
colored zones in the graph, brown and red, give the positive
and negative errors, respectively in the measurement. The selec-
tivity study suggests that the presence of interferants, like
cholesterol, glucose, lactic acid, urea, and ascorbic acid, have a
negligible effect on the performance of the uricase/CuO/Pt/glass
bioelectrode toward sensing of uric acid. Thus, the prepared
bio-electrode can be applied for the quantificational detec-
tion of uric acid in the presence of above interferents in normal
concentrations also.
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Fig. 5. Photometric assay of uricase/CuO/Pt/glass bio-electrode as a function of uric acid concentration. Inset shows the shelf life study of the uricase/CuO/Pt/glass

bio-electrode.

Table 1
Determination and recovery of uric acid in human serum samples using the proposed biosensor.

Real sample
(serum)

Concentration of uric acid measured (mM) R.S.D. of developed
biosensor (n¼6) (%)

Spike
(mM)

Concentration of
uric acid
detected (mM)

Recovery
(%)

R.S.D. of developed
biosensor (n¼6) (%)

Uricase/CuO/Pt/glass
biosensor

Spectrophotometric
method

1 0.239 0.243 1.2 0.5 0.751 102.4 1.5

2 0.298 0.309 2.7 0.5 0.791 98.6 2.2

3 0.153 0.160 2.1 0.5 0.648 99 1.9

4 0.405 0.410 1.8 0.5 0.904 99.8 2.0

5 0.483 0.481 3.0 0.5 0.984 100.2 2.4

6 0.612 0.621 2.5 0.5 1.115 100.6 1.9
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3.8. Determination of uric acid in real samples

To demonstrate the feasibility of the developed uricase/CuO/
Pt/glass biosensor for the analysis of uric acid in human serum,
6 human serum samples were analyzed and the % recovery and
precision were calculated for spiked samples. In order to obtain
the uric acid concentration in real serum, CV analysis was
performed to obtain the current response in the same way as
for the uric acid solution and the uric acid concentration was
interpolated from the calibration curve. To validate the accuracy
of the fabricated uric acid biosensor, the content of uric acid in
serum samples determined by the biosensor was compared with
that measured by commercial spectrophotometric method in the
laboratory. Table I summarizes the results obtained during the
present investigation. The results indicate that the uric acid
analyses in serum with the developed biosensor agreed well with
the spectrophotometric data. Real samples were then spiked with
known concentration (0.5 mM) of uric acid and the recovery tests
for uric acid were performed. The amounts of added uric acid
were then evaluated by using the proposed uric acid biosensor
(Table 1). The recovery tests demonstrate that the developed
uricase/CuO/Pt/glass biosensor is accurate and precise and the
performance of the uricase/CuO/Pt/glass biosensor system is
comparable with the commercially accepted methods.

Supplementary Table 1 displays the comparison of the analy-
tical performance between the various reports on uric acid
biosensors along with the proposed CuO matrix based biosensor.
The advantage of the bio-electrode prepared in present work is
clearly visible as most of the earlier work is based on complex
electrode fabrication technology besides relatively lower sensing
response for uric acid. The cross-linkers are generally used for
immobilization of enzyme on the matrix surface. In order to
overcome this, surprisingly, very little efforts have been made
towards the exploitation of metal oxide thin films with higher
iso-electric point. The prepared biosensor (uricase/CuO/Pt/glass)
was found to exhibit a higher current sensitivity (2.7 mA/mM)
and high affinity (lower Km�0.12 mM) towards uric acid without
any mediator. The sensor shows good linearity over a broad
range of 0.05–1.0 mM uric acid concentration, well beyond the
physiological range. The enhanced response may be due to the
presence of the rough surface of CuO matrix that results in higher
activity of immobilized uricase molecules leading to their
enhanced interaction with analyte along with the electrocatalytic
activity of Cu1þ/Cu2þ redox couple making the electrode highly
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sensitive without any external mediator. Also, the shelf life of the
developed biosensor is much better than those reported in
literature (Li and Lin, 2007; He et al., 2007) which may be
attributed to the fact that the CuO thin film deposited by pulsed
laser deposition is providing suitable microenvironment to the
immobilized uricase to retain its bio-activity for a longer time.

Thus, we demonstrate that the developed uric acid biosensor
fulfills the criteria (biocompatibility, linearity, sensitivity, specifi-
city, accuracy, long-term stability) of in-vivo application in
clinical practice. In addition, it is free from the toxic mediators
and is capable of electron transfer without any external mediator
and thus, can be employed for developing implantable biosensors.
The development may be based on the silicon wafer based
platinum microelectrode array where a thick layer of silicon
dioxide is coated on a silicon substrate to isolate it from the
metal layer subsequently deposited. The platinum counter elec-
trode, a reference Ag/AgCl electrode, microdisc based working
electrode and the bonding pads may be patterned using photo-
lithography (Guiseppi-Elie et al., 2005) for the realization of an
implantable biosensor (Supplementary Fig. 4).
4. Conclusion

CuO thin film has been identified as a promising matrix for
realization of a reagentless uric acid biosensor. The CuO matrix
with rough surface has been successfully utilized for the immo-
bilization of the uricase, and efficiently exploited for uric acid
biosensing based on the bioelectrocatalytic oxidation of uric acid
by uricase. Presence of the redox species in the matrix enhances
the charge transfer rate and provides a quassireversible system.
The lower value of Michaelis–Menten constant (0.12 mM) proves
that the CuO thin film matrix provides a platform in which the
enzyme not only retains its bioactivity but maintains a confirma-
tion. Moreover, the fabricated bio-electrode (uricase/CuO/Pt/
glass) shows a fast and good linear response without any external
mediator. Shelf life of the bio-electrode is found to be more than
14 weeks. Our results suggest that the prepared CuO thin film
based bio-electrode has potential applications for the fabrication
of reagentless integrated biosensor chip.
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