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Gold nanoparticles decorated graphene oxide (Au-rGO) nanocomposite thin films with enhanced electro-active
characteristics were prepared and covalently immobilizedwith uricase (UOx) enzyme for sensitive and selective
detection of uric acid (UA). Differential pulse voltammetry (DPV) studies revealed rapid response of fabricated
electrode towards UA at low potential (0.228 V) in a wide concentration range of 50–800 μM with a sensitivity
of 86.62 ± 0.19 μA mM−1 and very low detection limit of 7.32 ± 0.21 μM. The obtained Michaelis-Menten con-
stant (km) value of 51.75 μMsignifies high enzymekinetics at electrode surfacewithUA. The developed biosensor
was successfully applied to detect UA in human serum samples. Interferences due to components present in the
real matrix were evaluated and UA determination inmixed sample was also performed. The fabricated UOx/Au-
rGO/ITObiosensor demonstratedhigh reproducibility and a shelf-life of 6months indicating the promising future
of Au-rGO nanocomposite as an efficient transducer matrix for biosensing applications. The fast response time
(1.0 ± 0.6 s) and improved sensor performance is attributed to the synergistic electronic properties of Au-
nanoparticles and rGO that provided enhanced electron transfer and high electro-active species surface coverage
at Au-rGO nanocomposite.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Development of innovative and rapid disease diagnosis techniques
remains one of the major thrust areas of modern day biomedical re-
search [1]. Identification, detection and quantification of metabolites
that govern important biochemical processes in human body, carve
out a niche for fast, easy and accurate diagnosis of various diseases.
Uric acid (UA), is a commonmetabolite released in blood serum as a re-
sult of catabolism of purine and is removed from the body following the
urinary excretion without undergoing further metabolism [2]. Its in-
creased concentration in blood is associatedwith severalmedical condi-
tions such as gout [3], Lesch-Nyhan syndrome [4], diabetes, renal
dysfunction and cardiovascular diseases [5]. The concentration range
of UA in healthy human blood is estimated to be 130–460 μM [6]. Mon-
itoring of UA levels, therefore, becomes imperative for diagnosis and
prescription of treatments for these diseases. Conventional clinical
methods used for detection of UA are based on spectrophotometry [7],
fluorimetry [8,9], high-performance liquid chromatography (HPLC)
ivision, CSIR - National Physical
[10], capillary electrophoresis [11], liquid chromatography-mass spec-
trometry (LCMS) [12,13] etc. These techniques, despite being expedient
bear shortcomings in terms of low specificity, requirement of high sam-
ple amount, skilled manpower, costly laboratory setup and inability for
on-spot analysis.

Electrochemical biosensing has emerged as a fast, accurate, inexpen-
sive and portable technique for determination of electro-activemetabo-
lites like UA at sub-micro levels [14,15]. The electro-oxidizable property
of UAhas been used for its direct quantitative/qualitative determination
[16,17]. Uricase (urate oxidase, UOx), a copper-containing
homotetrameric enzyme that catalyzes the oxidation reaction of UA to
produce allantoin and hydrogen peroxide [18] has proven to be im-
mensely fruitful for its selective detection [2,19].

Uric acidþH2Oþ O2 →
Uricase

AllantoinþH2O2 þ CO2

H2O2→2Hþ þ O2 þ 2e−

The long-established method involves detection of enzymatically
oxidized UA by monitoring the formation of hydrogen peroxide at the
working electrode. However, the oxidation of H2O2 takes place at high
potentials i.e. N 0.4 V, thus subjecting the sensor to the risk of signal
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falsification due to interference from other biological metabolites such
as ascorbic acid and various amino acids with similar oxidation poten-
tials [2,20]. This drawback can be eliminated by using redox mediators
(as substitute for oxygen) that scavenge the electrons from active sites
of the enzyme thus facilitating oxidation of UA at lower potentials
[14,21]. This biochemical reaction could efficiently be monitored by de-
signing a suitable electrochemical biosensor. The identification of bio-
chemical events at electrode surface in a biosensor require a suitable
transducer matrix that could enable fast charge transfer, facile immobi-
lization of enzyme and provide homeostatic microenvironment for en-
zyme activity and stability. Biosensors based on different transducer
matrices such as engineered carbon materials [22], metal or metal
oxide nanoparticles [23], conducting polymers [24] have been pro-
posed, which demonstrate reasonably good sensitivity towards UA,
nevertheless, the low enzyme activity, sluggish electrode kinetics, inter-
ference due to high overpotentials and cumbersome fabrication process
still present some of the major drawbacks [2]. Therefore, it is of great
importance to develop a highly efficient matrix in view of achieving
greater precision for detecting UA at very low concentrations at faster
rate without any interference.

Herein, we report an enzymatic electrochemical biosensor based on
gold nanoparticles-reduced graphene oxide (Au-rGO) nanocomposite
thin films for sensitive and selective detection of UA. The Au-rGO nano-
composite offers the effective covalent immobilization of uricase en-
zyme through amide linkage to its surface due to the presence of
carboxylic groups of rGO. The integration of Au-nanoparticles (AuNPs)
to two-dimensional rGO sheets imparts good conductivity and high
electron transfer rate, required to fabricate sensor with enhanced re-
sponse towards UA.

2. Methodology

2.1. Reagents and techniques

Uricase (source: Candida sp.) ≥ 2 U/mg lyophilized powder, gold(III)
chloride hydrate (HAuCl4), potassium hexacyanoferrate(III) (K3Fe(CN)
6), potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6·3H2O), N-
hydroxysuccinimide (NHS), N-ethyl-N′-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), potassium phosphate monobasic
(KH2PO4), sodium phosphate dibasic dehydrate (Na2HPO4·2H2O), eth-
anolamine (HOCH2CH2NH2) and sulphuric acid (H2SO4) were pur-
chased from Sigma-Aldrich. Solvents i.e. acetone and isopropyl alcohol
were purchased from Alfa Aesar. Potassium permanganate (KMnO4),
trisodium citrate (Na3C6H5O7), sodium nitrate (NaNO3), sodium chlo-
ride (NaCl), potassium chloride (KCl) and hydrogen peroxide (H2O2)
were procured from Merck. Graphite powder was obtained from
Acros Organics. ITO glass substrates with glass thickness of 1 mm and
resistivity of 15–20Ω cmwere bought fromMacwin India. Serum sam-
ples for analysis were collected from Rao Tularam Memorial Hospital,
Delhi, India.

Powder x-ray diffraction patterns of the synthesized nanomaterials
were recorded on Rigaku miniflex-300 bench top X-Ray diffractometer
having Cu Kα (λ = 1.541 Å) X-ray source. Agilent-Cary-NIR 5000 was
used to measure the optical features of the samples in the range
200–800 nm. The infrared spectra were measured in ATR mode using
Agilant Cary 360 FTIR spectrometer. Raman measurements were con-
ducted on Ranishaw win-via reflex spectrometer within the spectral
range of 200–2000 cm−1. The atomic scale images were collected
using Technai G2 F30 STWIN field emission transmission electron mi-
croscope source at electron accelerating voltage of 300 kV. Atomic
ForceMicroscope nanoscope (Veeco V) was used to capture topograph-
ical image of the thin films in tapping mode. Cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) measurements were carried
out in 3 mM Zobell's solution (containing 1 m KCl with equimolal
amounts of K4Fe(CN)6·3H2O and K3Fe(CN)6) using PalmSens3
potentiostat equipped with a three-electrode cell setup where Pt wire
mesh, Ag/AgCl and the prepared Au-rGO thin films were used as coun-
ter, reference and working electrodes, respectively.

2.2. Synthesis of Au-rGO nanocomposite

Modified Hummer's method was used for synthesis of graphene
oxide (GO) [25]. Au-rGO nanocomposite was synthesized using previ-
ously reported procedure published elsewhere [26]. Briefly, 0.5 mL of
25 mMHAuCl4.3H2O solution wasmixed with 25 mL homogeneous so-
lution of pre-synthesized GO (0.1 mg/mL) in water at constant stirring
for 30 min. The temperature of the solution was then raised to 90 °C
and 2.5mLof solution containing 0.0323g of trisodium citrate dihydrate
was added to it once the reaction reached to boiling condition. This so-
lutionwas stirred for 30min at 90 °C to accomplish the citrate based re-
duction process which was marked by appearance of reddish-brown
colour. Afterwards, it was cooled to room temperature, and centrifuged
at 7000 rpm for 15 min to remove unbound materials. Finally, the ob-
tained pellet was lyophilized to get a fluffy reddish-brown powder of
the Au-rGO nanocomposite.

2.3. Fabrication of UOx/Au-rGO/ITO biosensor

For the fabrication of biosensor, indium‑tin oxide (ITO) coated glass
(5 × 6 mm2) was used as substrate. Before use, ITO coated glass sub-
strates were thoroughly cleaned by sonication in detergent, acetone,
isopropanol and deionized water. Thin films of Au-rGO nanocomposite
were then prepared by applying two coats of aqueous solution of Au-
rGO (0.5mg/mL) on the cleaned ITO-substrates using spin coating tech-
nique. Here, 40 μL of Au-rGO solution was dispensed onto the ITO-
substrate and rotated at 3000 rpm (with acceleration of 500) for
1 min. After spin coating, these films were annealed at 100 °C for 3 h.
Then, 50 μL of homogeneous mixture of 0.5 M EDC and 0.1 M NHS
(1:1 v/v) was dropcasted onto the surface of prepared thin films and
incubated for 40 min at room temperature in order to activate the car-
boxylic groups of GO. The unreacted EDC-NHSwas removed bywashing
thefilmswith deionizedwater. In the next step, 20 μL of uricase enzyme
(1unit/mL in 50mMphosphate buffer saline of pH -7)was immobilized
on the activated surface of each of the films andwas incubated for 5 h to
achieve binding of uricase with thin film surface through covalent
amide linkage. The films were finally drop-casted with 0.1 M ethanol-
amine to block the unbound active sites. Fig. 1 shows the schematic
for the fabrication of biosensor.

3. Results and discussions

3.1. Characterization of Au-rGO nanocomposite

The synthesized Au-rGO nanocomposite was thoroughly exam-
ined using different characterization tools to understand its
structural and morphological properties. Powder x-ray diffraction
pattern of Au-rGO nanocomposite (Fig. 2a) displays the diffraction
from the (002) plane appearing as a broad hump at 2θ value ~23°
[26,27] pertaining to formation of rGO skeleton, and sharp diffrac-
tion peaks at 2θ values of 38.12, 44.29 and 64.57° matching to the
(111), (200) and (220) planes of fcc structure of gold (JCPDS no.
04-0784) [26,28]. UV–visible spectroscopy studies further confirmed
the formation of AuNPs on rGO surface (Fig. 2b). The spectrum of Au-
rGO retains the peaks for π-π* (at 232 nm) and n-π* (at 304 nm)
transitions from its parent compound GO [29], with feeble intensi-
ties, indicating loss of some of the functionalities and intercalated
water molecules from the structure. The prominent absorption
peak observed at 524 nm is due to the surface plasmon resonance
(SPR) which is a phenomenon arising from the collective oscillation
of the free electrons present at the surface of AuNPs on interaction
with incident photons [30]. Fig. 2c shows the TEM images of Au-
rGOwhere spherical AuNPs of 16–18 nm size could be seen scattered
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Fig. 1. Schematic showing biosensor fabrication process and UA detection.
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uniformly across the wrinkled rGO sheets clearly visible in the
marked rectangular regions. Further, the HR-TEM image revealed
formation of highly crystalline AuNPs with the interplaner spacing
of 2.34 Å matching well with the literature [31].
Fig. 2. (a) Powder x-ray diffraction patterns of graphite, GO and Au-rGO. (b) UV–visible spectru
for comparison]. (c) TEM micrographs of Au-rGO nanocomposite deposited on carbon-coated
arrows) across the rGO sheet (highlightedby the rectangular portion) and at 5 nmscale showing
3.2. Electrochemical studies of prepared thin films

The reversible/irreversible electrochemical behaviour of spin coated
Au-rGO/ITO thin films was investigated comprehensively by subjecting
m of aqueous solution of Au-rGO. [Inset figure shows UV–visible spectra of GO and AuNPs
copper grid with 200-mesh at 200 nm scale showing distribution of AuNPs (indicated by
morphologyof theAuNPswith inset showing the interplaner spacing in the selectedgrain.



336 S. Verma et al. / International Journal of Biological Macromolecules 130 (2019) 333–341
thefilms to CVmeasurements in 3mMZobell's solution at different scan
rates ranging from 0.01 to 0.12 Vs−1 (Fig. 3a). The redox activity of
ferro-ferri couple got enhanced with increasing scan rate value which
was evident from the subsequent increase in redox peak currents (Ip).
The Au-rGO/ITO electrode showed positive shift of potential in anodic
peak current (Ipa) and negative shift of potential in cathodic peak cur-
rent (Ipc) with increasing scan rate causing ΔEp (= Epa–Epc) to increase,
thus indicating towards quasi-reversible kinetics [32]. The Ipa and Ipc
values were plotted against the square root of scan rate (ν1/2) as
shown in the inset of Fig. 3a. The plot with straight line fitting showed
linear dependence of peak current magnitudes on square roots of scan
rates (regression coefficient value, R2 of 0.99733 for Ipa and 0.99537
for Ipc) thus marking the occurrence of diffusion controlled redox pro-
cess at the electrode-electrolyte interface [32,33]. The relationship be-
tween Ip and ν1/2 was further described by Randles-Sevcik equation
[32,33] given below (Eq. (1)).

Ip ¼ 2:69� 105
� �

n3=2A C D1=2 ν1=2 ð1Þ

where Ip is the anodic/cathodic peak current (in amperes), n is the num-
ber of transferred electrons at the electrode interface, A is the surface
Fig. 3. (a) Cyclic voltammetry curves recorded at Au-rGO electrode in 3 mM Zobell's
solution as a function of scan rates. [Inset shows the plot of anodic/cathodic current
with square root of scan rate.] (b) Cyclic voltammetry curves for electrodes at each
surface modification step recorded at scan rate of 0.05 Vs−1 in 3 mM Zobell's solution.
area of electrode (in cm2), C is the concentration of the redox species
(in mol cm−3), D is the diffusion coefficient (cm2 s−1) and ν is the
scan rate (in V s−1). Using Eq. (1), the diffusion coefficient associated
with the ongoing redox process at Au-rGO/ITO electrode was deter-
mined to be 1.2053 × 10−5 cm2 s−1. All these results are in good agree-
ment with our previous results for same matrix [26].

Further, the electrochemical activities of differently modified elec-
trodes (i.e. GO/ITO, rGO/ITO, AuNPs/ITO, Au-rGO/ITO and UOx/Au-
rGO/ITO) were determined by carrying out a comparative analysis of
CV curves obtained at a fixed scan rate (0.05 Vs−1) for redox reaction
of [Fe(CN)6]3−/4− mediator at each electrode modification step
(Fig. 3b). The parameters like redox current (Ipa and Ipc), ΔEp and
FWHM of redox peaks for each case has been tabulated in Table 1.
From Fig. 3b it can be seen that slow electron transfer kinetics was ob-
served for GO/ITO electrode which is characterized by the low redox
current values along with high ΔEp and peak broadness in comparison
to all other electrodes. The electron transport improves as we go from
GO/ITO to rGO/ITO electrode causing increase in redox current and de-
crease in ΔEp because of high C/O ratio after partial restoration of π-
network in carbon structure that channelizes the electron flow [34]. A
further enhancement in redox current values with fall in ΔEp value is
seen for AuNPs/ITO electrode owing to its inherent property of acting
as conduction pockets to promote electron transfer [35]. The
voltammogarm obtained at Au-rGO/ITO electrode showed highest
redox current values and low ΔEp value signifying superior electron
transfer property of the synthesized nanocomposite. This is attributed
to the combined effect of conductive AuNPs attached on rGO matrix
that facilitate wiring of electrons from electrolyte to electrode surface
[26,36] and the efficient charge transfer process in rGO due to presence
of delocalized π-electrons across the sp2 carbon network. However, the
immobilization of enzyme molecules on Au-rGO/ITO films led to a drop
in redox current of ferro-ferri couple at UOx/Au-rGO/ITO electrodes in
comparison to Au-rGO/ITO electrode. The observed slower redox kinet-
ics at the enzymatic electrode is attributed to the non-conducting na-
ture of the macromolecule that hinders the electron transfer process.

3.3. Characterization of uricase-immobilized electrode (UOx/Au-rGO/ITO)

The immobilization of uricase on Au-rGO/ITO films was established
using FTIR and AFM measurements. A comparison of FTIR spectra of
Au-rGO and UOx/Au-rGO films is shown in Fig. 4a. The sharp band at
3280 cm−1 in the FTIR spectrum of UOx/Au-rGO film belongs to the
stretching frequency of amide N\\H group. The bands in the range of
2962–2850 cm−1 correspond to C\\H stretches of alkyl and alkenyl
groups. C_O stretches of primary and secondary amides in the uricase
enzyme appear at 1630 and 1550 cm−1 respectively,while a sharp band
for C\\N stretch of amine group is observed at 1245 cm−1. Other peaks
corresponding to hydroxyl O\\H bend, carboxyl C\\O and alkoxy C\\O
stretches are observed at 1452, 1366, 1053 cm−1 respectively. Presence
of stretching frequencies relating to amide groups confirms the immo-
bilization of uricase on the film surface. Further, AFM micrographs of
Au-rGO/ITO and UOx/Au-rGO/ITO at 3.0 μM scale are also given in
Fig. 4b. The image of Au-rGO/ITO exhibited nanostructured surfacemor-
phology of the grainswith roughness of 0.74 nm. On the other hand, the
image of UOx/Au-rGO/ITO electrode exhibited modified surface topog-
raphy with increased average roughness of 3.19 nm indicating the suc-
cessful immobilization of enzyme on the Au-rGO electrode surface.

3.4. Detection of UA using UOx/Au-rGO/ITO bioelectrode

The analytical response measurements of the fabricated enzymatic
biosensor was performed using a more sensitive technique i.e. DPV op-
erated at pulse potential of 0.02 Vwith pulse time 0.07 s at the scan rate
of 0.02 Vs−1. The optimization of pH conditions for better performance
of biosensorwas doneby exposing the sensor to afixed concentration of
UA (i.e. 200 μM) at different pH conditions (inset of Fig. 5a). An increase



Table 1
Comparison of peak parameters of cyclic voltammograms obtained for redox reaction of [Fe(CN)6]3−/4− mediator at different electrode modifications (n= 3, RSD b 4.2%).

Electrode Anodic signal Cathodic signal ΔEp (V)

Ipa (μA) FWHM (V) (anodic peak) Ipc (μA) FWHM (V) (cathodic peak)

GO/ITO 101.87 ± 4.16 0.31 - (86.14 ± 3.51) 0.39 0.34
rGO/ITO 137.03 ± 5.51 0.25 - (107.45 ± 4.58) 0.36 0.26
AuNPs/ITO 159.31 ± 4.58 0.21 - (136.22 ± 4.51) 0.25 0.18
Au-rGO/ITO 190.01 ± 3.05 0.19 - (160.13 ± 4.73) 0.24 0.17
UOx/Au-rGO/ITO 161.29 ± 4.04 0.26 - (144.81 ± 2.64) 0.32 0.27
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in peak current is observed at pH ranging from 5.5 to 7.0. However, the
increase in current stops at pH 7.0 and starts decreasing thereafter (i.e.
till 8.0). Therefore, pH 7.0 was chosen as the optimum pH condition at
which the sensor showed optimum response towards UA.

Fig. 5a shows theDPV response curves of UOx/Au-rGO/ITObiosensor
towards UA over a concentration range of 50–1000 μM. The biosensor
exhibited sharp and stable oxidation peaks that may be attributed to
fast electron transfer over the entire concentration profile. A subsequent
increase in the current valueswas observedwith increasing UA concen-
tration at the bioelectrode in presence of mediator [Fe(CN)6]3−/4− that
facilitated catalytic oxidation of UA. The redox mediator shuttles the
electrons from enzyme to the electrode surface causing direct electron
transfer between the two instead of the analyte and electrode, thus
allowing the detection of analyte at low potentials [33,37]. The mecha-
nism for detection of uric acid via redox mediator [Fe(CN)6]3−/4− is il-
lustrated by the following reactions (Eqs. (2)–(4)) occurring at the
electrode surface.

Uric acidþ 2H2Oþ Uricase oxð Þ➔Allantoinþ CO2 þ 2Hþ

þ Uricase redð Þ ð2Þ

Uricase redð Þ þ 2 Fe CNð Þ6
� �3−⇌Uricase oxð Þ þ 2 Fe CNð Þ6

� �4− ð3Þ

2 Fe CNð Þ6
� �4−⇌2 Fe CNð Þ6

� �3− þ 2e− ð4Þ

Uricase catalyzes the oxidation of UA into water soluble allantoin
and thereby it gets reduced. The ferricyanide ions present in the electro-
chemical cell, extract the electrons from the redox centres of reduced
enzyme molecules causing conversion of enzyme back to its active
form. In this process, the ferricyanide ions get reduced to ferrocyanide
Fig. 4. (a) FTIR spectra and (b) 3-D AFM imag
ions, therefore, increasing the concentration of ferrocyanide ions in
the vicinity of the electrode surface suggesting that concentration of
uric acid being oxidized is directly proportional to the increase in con-
centration of ferrocyanide ions. The ferrocyanide ions get oxidized
under the applied potential, releasing electrons at the electrode surface
and result into enhancement in peak current. The schematic depicting
the reaction mechanism at electrode-electrolyte interface is shown in
Fig. 5b.

The dependence of current on UA concentration in the range 50–800
μM was found to be linear as evident from the calibration plot (Fig. 5c)
having the linear regression equation as: ΔI = 0.0866 [UA] + 19.3695
with the correlation coefficient value of 0.9955. The sensitivity of the
biosensor as calculated from the calibration plot of current vs. concen-
tration was found to be 86.62 ± 0.19 μA mM−1 (n = 3). The value for
limit of detection (LOD) was obtained using the Eq. (5) [38,39].

LOD ¼ k� σ=Sð Þ ð5Þ

Here, k is the confidence level parameter, σ is the standard deviation of
control measurements, and S is the sensitivity. The LOD of 7.32 ± 0.21
μM (n= 3 at 95% confidence level) exhibited by the biosensor is appre-
ciably lower than the clinically significant ranges of UA concentration in
human serum. The remarkable sensitivity and a detection limit well
below the physiological range, achieved by the biosensormay be attrib-
uted to the expected synergistic role of Au decorated rGO nanosheets
that enables proficient signal transduction and effective electrocatalytic
activity. The response time of the UOx/Au-rGO/ITO biosensor towards
UA was determined using chronoamperometry as shown in inset of
Fig. 5c. The obtained result shows increment in current responsewithin
1.0 ± 0.6 s of each subsequent addition of UA thus revealing the ability
of the sensor for ultrafast detection of UA.
es of Au-rGO/ITO and UOx/Au-rGO/ITO.



Fig. 6. (a) Plot showing change in current values obtained with respect to different concentrations of UA using enzyme-based and enzyme-free Au-rGO/ITO electrode (i.e. control set).
(b) Hanes plot for determination of km value of the immobilized enzyme.

Fig. 5. (a) DPV curves showing response of UOx/Au-rGO/ITO biosensor towards UA in the concentration range of 50–1000 μM. [Inset shows effect of working buffer pH on the sensor
response] (b) Schematic showing the mechanism of mediator-assisted electron transfer process taking place at the electrode-electrolyte interface due to enzyme catalyzed oxidation
of UA. (c) Calibration plot between the changes in current signal with respect to the exposed concentration of UA. [Inset shows the chronoamperometry curve for detection of UA
using UOx/Au-rGO/ITO biosensor].

Table 2
Determination of UA concentrations in spiked serum samples.

Spiked UA
concentration Cs
(μM)

Recovered UA
concentration Ci - Co
(μM)

%
Recovery

Relative standard
deviation(RSD) %
(n= 3)

50 45.71 91.42 2.66
100 94.03 94.03 2.13
200 190.36 95.18 1.89
300 265.30 88.43 2.34
400 388.52 97.13 2.07
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To validate the significant role-play of enzyme kinetics in UA deter-
mination, a negative control was performed by detecting different con-
centrations of UA using enzyme-free electrode i.e. Au-rGO/ITO (Fig. 6a).
It was noteworthy to observe diminutive and irregular change in cur-
rent values in comparison to that obtained using uricase enzyme-
based bioelectrodes. Therefore, it gave a straightforward visualization
of catalytic effect of uricase enzyme in oxidation of UA causing a sub-
stantial measurable change in oxidation peak current consequently
leading to effortless quantification of UA. Hanes plot was constructed



Fig. 7. Bar graphs showing (a) response of UOx/Au-rGO/ITO biosensor towards non-target analytes individually and towards UA inmixed sample of non-specific analytes, (b) response of
the biosensor over a period of 6 months to evaluate its stability.

Table 3
Determination of effect of interferents on biosensor performance using selectivity coeffi-
cient calculation and t-test.

Metabolite Current
(μA)

Interferent Current
(μA)

Selectivity
coefficient
calculation,
ksel

(Paired
t-test)
Interference

UA 55.055
UA + Glu 56.128 Glu 1.073 0.019 No
UA + Cys 55.495 Cys 0.440 0.008 No
UA + AA 57.257 AA 2.202 0.040 No
UA+Urea 55.928 Urea 0.873 0.016 No
Mixture 58.202 Mixture (excl. UA) 3.147 0.057 No
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between [UA conc.]/current and [UA conc.] to determine the Michaelis-
Menten constant (km) value for the immobilized uricase enzyme as
shown in Fig. 6b. A very low magnitude of km i.e. 51.75 μM was calcu-
lated from the plot which signifies high binding affinity of the enzyme
for UA.

The application of UOx/Au-rGO/ITO biosensor for real samples was
demonstrated by detecting UA in spiked human serum sample. The
UA concentration in the serum sample was determined using standard
additionmethod. The serum samplewas spikedwith known concentra-
tions (50, 100, 200, 300 and 400 μM) of UA and their levels were calcu-
lated by comparing the response current with the standard calibration
curve. The % recovery value for each spiked concentration was calcu-
lated using Eq. (6) [26].

%Recovery ¼ Ci−Co

Cs
� 100 ð6Þ

where Ci is the total concentration of analyte in the spiked samples esti-
mated from the calibration plot, Co is the concentration of analyte in
unspiked sample and Cs is concentration of analyte spiked into the sam-
ple. The % recovery values for the spiked samples (given in Table 2)
ranged from 88 to 98% suggesting negligible matrix effect of the biolog-
ical constituents on the fabricated sensor and further validated its effi-
ciency towards UA detection in clinical settings.

3.5. Selectivity and stability studies

Fig. 7a demonstrates the selectivity of the biosensor determined by
investigating its performance in presence of non-target analytes. Com-
monly found interferents in body fluids such as glucose (Glu), L-
cystein (Cys), ascorbic acid (AA) and urea were chosen for detection
by the fabricated biosensor. The measurement was done for samples
made in Zobell's solution containing UA and each of the interferent in
1:1 ratio. A mixture of all the interferents with UA was also analysed.
The selectivity coefficient (ksel), for the biosensor was determined
using the Eq. (7) [33,40] and is given in Table 3.

ksel ¼ Signalð Þinterferent= Signalð ÞUA ð7Þ

The ksel values in case of each interferentwere found to be extremely
low (i.e.≪ 1) which ascertained the specificity of the fabricated biosen-
sorwith the negligible response towards all the aforesaid interferents in
comparison to UA. The non-interaction of immobilized uricase enzyme
with these interferentswas further established by conducting t-test [39]
for the obtained data (n = 3) which gave t-value well within the
acceptance region in all cases. Therefore, it can be concluded that the
fabricated UOx/Au-rGO/ITO biosensor is competent in specifically de-
tecting UA in real samples as well.

The reproducibility of the biosensor was examined by subjecting it
to repeated measurements of 400 μM UA. The sensor showed almost
similar response towards UA up to 42 successive cycles with RSD of
4.6% thus confirming its high reproducibility. The stability of the
bioelectrode was monitored at stipulated intervals of time again by
evaluating its response for 400 μM UA concentration. The bioelectrode
was stored at 4 °C when not in use. The response of the biosensor
after the time span of every month is depicted in Fig. 7b. The biosensor
retained 98.0% activity at the end of 1 month which reduced to 97.4%
after 2 months, then 95.9% after 3 months and dropped almost upto
90.0% at the end of 6 months. The acquired shelf-life data clearly testify
the efficient utility of the fabricated biosensor for six months.

The following table (Table 4) shows the performance of the pre-
pared biosensor in comparison to earlier reported sensors.

4. Conclusion

In summary, a robust matrix system i.e. Au-rGO based thin films
having excellent electrochemical and biocompatible properties have
been fabricated for sensitive, selective and low-cost detection of UA.
Thematrix allows facile immobilization of uricase on its surface through
covalent attachment and facilitates longer shelf-life by retaining its bio-
activity. The AuNPs decorated on atomically thin two-dimensional rGO
sheets enabled efficient electron wiring property at the electrode inter-
face causing rapid electron mobility. Consequently, the UOx/Au-rGO/
ITO biosensor could successfully detect UA at wide concentration
range of 50–800 μM with fairly low detection limit of 7.32 ± 0.21 μM
(almost 20 times below the normal range of UA in serum). In addition,



Table 4
Comparison of enzymatic UA biosensors with the present study.

S.
No.

Matrix Immobilization
method

Potential Detection
range

Sensitivity Limit of
detection

Time Km Technique Reference

1. Uricase/NiO/Pt/Ti/glass Physical 0.4 V 0.05–1 mM 1278.48 μM
mM−1

0.11 mM 5 s 0.17
mM

Cyclic voltammetry [41]

2. Uricase/AuNPs/MWCNTs/Au Covalent 1.1 V 0.01–0.8 mM 0.44 mA mM−1 0.01 mM 7 s 0.5
mM

Cyclic voltammetry [42]

3. Uricase/CuO/Pt/glass Physical 0.1 V 0.05–1 mM 2.7 mA mM−1 0.14 mM 4 s 0.12
mM

Cyclic voltammetry [23b]

4. Nafion/Uricase/ZnO/Au Physical 0.59 V 0.1–0.59 mM 89.74 μA cm−2

mM−1
25.6 μM – 0.99

mM
Amperometry [43]

5. Uricase/Prussian blue/SPE Physical – 0.03–0.3 mM – 0.01 mM 2 min – Cyclic voltammetry [44]
6. Nafion/Uricase/Ferrocene/GCE Physical 0.342 500 nM-600 μM 1.78 μA μM−1 230 nM 5 s 14.07

μM
Amperometry [45]

7. L-Met-FcAld/Au/Cu Chemical 0.32 0–2.38 mM 72.8 μAmM−1 2.4 μM 5 s – Cyclic voltammetry [40]
8. Uricase/Au-rGO/ITO Chemical 0.228 50–800 μM 86.62 ± 0.19 μA

mM−1
7.32 ± 0.21
μM

1.0 ±
0.6 s

51.75
μM

Differential pulse
voltammetry

Our study
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it exhibited excellent reusability and high specificity towards UA in
presence of non-target analytes. Furthermore, the low-cost and
hassle-free fabrication process makes it a potential analytical platform
for development of point-of-care systems for detection of UA and similar
metabolites.
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