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A new uric acid biosensor was constructed using ferrocene (Fc) induced electro-activated uricase (UOx) depos-
itedwithinNafion (Naf) on glassy carbon electrode (GCE). Electro-activation of UOxwas successfully achieved by
cyclic voltammetry through the electrostatic interaction of Fc with Trp residues within the hydrophobic pockets
inUOx. TheNaf/UOx/Fc compositewas characterised by AFM, FTIR and EDX to ensure proper immobilisation. The
interaction of Fc with the enzyme was analysed by Trp fluorescence spectroscopy and the α-helicity of the pro-
tein was measured by CD spectropolarimetry. The charge transfer resistance (Rct), calculated from electrochem-
ical impedance spectroscopy, for the modified sensor was lowered (1.39 kΩ) and the enzyme efficiency was
enhanced by more than two fold as a result of Fc incorporation. Cyclic voltammetry, differential pulse voltamm-
etry and amperometry all demonstrated the excellent response of theNaf/UOx/Fc/GCE biosensor to uric acid. The
sensor system generated a linear response over a range of 500 nM to 600 μM UA, with a sensitivity and limit of
detection of 1.78 μA μM−1 and 230 nM, respectively. The heterogeneous rate constant (ks) for UA oxidation
wasmuch higher for Naf/UOx/Fc/GCE (1.0 × 10−4 cm s−1) than for Naf/UOx/GCE (8.2 × 10−5 cm s−1). Real sam-
ples, i.e. humanblood, were tested for serumUAand the sensor yielded accurate results at a 95% confidence limit.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Uric acid (UA) is the metabolic end product of purine and its deriva-
tives in humans. A healthy human has 200–430 μmol/L UA in their
blood. Excess serum UA results in deposition of urate microcrystals in
joints, capillaries, skin and other tissues causing gout, hyperuricemia,
Lesch–Nyhan syndrome, cardiovascular disease and Type-II diabetes.
Lower UA levels also cause oxidative stress and multiple sclerosis in
humans. Thus, detection of UA at various levels e.g. high, low and nor-
mal, is very important [1–3]. UA is conventionally determined by spec-
trophotometric and fluorimetric methods using the enzyme uricase [4,
5]. Uricase (EC 1.7.3.3, urate:oxygen oxidoreductase enzyme; UOx) ca-
talyses the oxidation of UA to allantoin in the purine degradation pro-
cess. An alternative analytical approach that has emerged in recent
years is the use of biosensors. UOx has proved advantageous for biosen-
sor fabrication due to its selectivity and high specificity towardsUA. Dif-
ferent biosensing systems have been described exploiting various
modifications of electrodes for immobilisation of UOx on, for example,
polyaniline [6,7], polypyrrole nanoelectrodes [8], ZnO nanorods [9],
ZnO nano-flakes [10], CuO thin-film electrode surfaces [11] etc. Some
researchers reported complex and costly modifications such as
graphene/poly(acridine red)-modified electrodes [12], nanocrystalline
graphite-like pyrolytic carbon films [13] and chemiluminescence bio-
sensor chips using UOx-horseradish peroxidase (HRP), luminal [14]
etc. However, UOx-based biosensors so far reported have not addressed
adequately some aspects such as sensitivity, stability and linear range,
repeatability and reproducibility. The main factors responsible for
these limitations are degradation of the enzyme, poor signal transduc-
tion, low substrate affinity and deficiency of kinetically active enzymes
after modification of the electrode surface. The most common ap-
proaches used in the transduction of the biochemical reaction to an
electrical signal for enzyme-based amperometric biosensors are:
(i) detection of redox active co-substrates or co-products such as oxy-
gen and H2O2; and (ii) modification with electron mediators for elec-
tron exchange between the active site of the enzyme and the
transducer. Biosensors based on the above two approaches exhibit
some drawbacks as stated above [15] and at the same time suffer from
leaching of soluble mediators from the electrode surface [16]. In third-
generation biosensing systems, the electrons involved in the redox pro-
cess are shuttled directly between the active site of the enzyme and the
electrode surface to generate the response [17]. Themain advantages of
these systems are their potential to deliver interference free detection
and high stability. However, the principal hurdle in developing direct
electron transfer-based biosensors is the inaccessibility of the redox
centre of most redox enzymes, which insulates electron flow between
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the enzyme and the electrode. Among the various electron transfer me-
diators, ferrocene (Fc) and its derivatives have been widely used for de-
veloping biosensors. Conjugation of Fc with biomolecules such as DNA,
amino acids and peptides can provide novel systems promoting elec-
tron transfer [18]. The inter-ring spacing of Fc is appropriate for hydro-
gen bonding and interaction through “π-stacking” with attached
peptide strands [19]. The electrochemical behaviour of Fc (Fc→ Fc+) at-
tributed to the redox couple proved highly effective for electrode mod-
ification. Various Fc/glucose oxidase bioelectrodes have been developed
to show the effectiveness of Fc derivatives in glucose sensors by cross-
linking and by including ferrocene in the hydrophobic cavities of dex-
tran polymers via host–guest reaction [20–24]. In Nafion (Naf) support-
ed systems, Nafion was used as specific cation exchange membrane.
Electrochemical deposition of cations within the micro-channels of
Naf was achieved by Kumar and Sornambikai (2009) for sensor devel-
opment [25]. In recent years, Naf/oxidase systems have been developed
with different combinations of chemicals and electron mediators to en-
hance the sensitivity of sensors. Yumei et al. (2009) constructed a
PyOD-FAD/β-CD/egg white/Fc-modified gold electrode for improved
detection of pyruvate [26]. A Naf supported Fc-modified electrode was
successfully used by Chen et al. (2011) in sensor development [27].
Zhao's group reported physical adsorption of UOx on to ZnO micro/
nano-wires to prepare a Naf/UOx/ZnO/Au electrode for amperometric
detection of UA [28]. A Au-MWCNT-Naf-AOx-PEI bioelectrode was
fabricated by a simple drop casting method to prepare an ethanol
biosensor and reported by Das and Goswami, in 2013 [29]. Another
Naf/Fc modified oxidase was reported by Chinnadayyala et al. (2014)
using a microwave technique for the development of 3rd-generation
biosensors [17].

In the present study, the main focus has been to electrochemically
entrap Fc into UOx in a cation selective polymer (Naf) platform to
electroactivate the enzyme. Increase in catalytic efficiency of UOx was
successfully achieved after electro-activation. Electrostatic retention of
ferrocene was also supported by Trp fluorescence quenching study.
The response behaviour and reaction kinetics were improved by the
electro-activation procedure. The secondary structure of the enzyme
after incorporation of Fc was investigated by circular dichoism (CD)
spectroscopy. A detailed characterisation of electro-active UOx and a
study of the stability of the bio-polymer composite were also undertak-
en. The electrochemical behaviour of the modified electrode was stud-
ied by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The response behaviour of the modified electrode
with various UA concentrations was determined by differential pulse
voltammetry (DPV) and amperometry. A linear range from 500 nM to
600 μM,with high selectivity, sensitivity and stability was obtained. De-
tection of uric acid in human serum samples was also successfully dem-
onstrated using the modified bioelectrode.
2. Experimental

2.1. Reagents

Uricase (UOx; 80 U/mg) from Comamonas sp. BT UA (NCBI GenBank
accession no. GU 265556 andmicrobial deposition no. NII1116,Microbi-
al Culture Collection, National Institute for Interdisciplinary Science and
Technology, Kerala, India) was extracted and purified in our laboratory
at the University of Calcutta, India [30]. Nafion (Naf; 5 wt.%), ferrocene
(Fc) and dopamine (DA) were purchased from Sigma-Aldrich, St.
Louis, USA. Uric acid (UA), ascorbic acid (AA), xanthine (XA), urea (U),
glucose (G) and L-cysteine were supplied by E Merck (Darmstadt,
Germany). A 100 mM phosphate buffer saline (PBS) solution was used
as electrolyte and was prepared from NaH2PO4, Na2HPO4 and NaCl pro-
cured from EMerck. All the reagent solutions and buffer solutions were
prepared with Milli-Q water (18.2 MΩ). All experiments were conduct-
ed at room temperature (27 °C). Human blood serum samples were
generously supplied by Dr's Trivedi and Roy diagnostic Laboratory, 93,
Park Street, Kolkata-700016, India.

2.2. Preparation of Naf/UOx/Fc electrode

A glassy-carbon electrode (GCE) was polished with active alumina
(0.05 μm) and washed first with ethanol 70% (v/v) and then Milli-Q
water, three times in a sonication bath. UOx immobilisation was medi-
ated by sequestrating the enzyme on the electrode surface along with
a thin film of Nafion (Naf). Ferrocene (Fc) was incorporated into the
Naf/UOx films by cyclic voltammetry (CV). In this modification process,
an aqueous solution of UOx (5 μl from 1 mg/ml stock in 100 mM PBS;
pH = 7.4) was mixed with 5 μl Naf solution (5 wt.% Naf in ethanol)
and allowed to dry at room temperature. Fc incorporationwasmediated
by electrochemical conversion of Fc to Fc+ using potential scanning
from 0 to 0.5 V, with a constant scan rate of 25 mVs−1 for 25 cycles
against a Ag/AgCl reference (0.22 V, KCl saturated) electrode. Different
Fc concentrations (1–10 mM bulk concentration) were used to mini-
mise the charge transfer resistance of Naf/UOx/GCE. The electrode sur-
face was then washed with distilled water to remove unbound Fc
from Naf/UOx composite film. The retention capacity of the mediator
within the film was monitored continuously for 25 cycles in a buffer.
The structural stability and functional stability of UOx/Fc and Naf/UOx/
Fc were studied in detail (methods and results are given in Supplemen-
tary materials 1; Figs. S1 & S2 are in the Supplementary materials 2).

3. Results and discussion

3.1. Electrochemical characterisation of Fc deposition

The electro-activation of UOxwith Fc within the Naf/UOx composite
was studied for 25 consecutive cycles of redox performance. Fc was
electrochemically oxidised to ferrocenium (Fc+) ion, which could
move through the water channels to attach to the peptide strands of
UOx on the electrode surface. In this process, the Fc+molecules became
reduced to Fc. The Fcmolecules could not leak into the bulk solution be-
cause of the ion-selective membrane and, at the same time, could not
remain in the water channels because of their hydrophobic nature.
They (Fc)would preferably remain entrapped in the hydrophobic chan-
nels of the protein. Each successive redox cycle thus resulted in en-
hanced entrapment of Fc within the UOx matrix that could be
calculated from the polarisation resistance. The redox nature of Fc was
hindered for 1 mM and 10 mM bulk concentration (Fig. S3a & b) of Fc
during deposition and resulted in distorted cyclic voltammograms.
Well behaved redox behaviour was obtained for 5mMFc (bulk concen-
tration) with increased peak current for consecutive cycles (Fig. S3c).
The polarisation resistance (Rp) was calculated from the voltammo-
grams for all the bulk concentrations of Fc and was found to be at its
lowest (approx. 8499 Ω) for 5–8 mM Fc (Fig. S3d). The decreasing Rp

value indicated the increasing ion transfer towards the working elec-
trode. Incorporation of Fc within Naf/UOx may be higher with increas-
ing bulk concentration of Fc [31]. The surface coverage, Γ of the
electrode due to electro-deposition was evaluated using the following
equation (Eq. (1)) and was found to be 1.86 × 10−5 mol cm−2, where
n is the number of electrons transferred per mole (during redox reac-
tion), F is the Faraday constant, A is the surface area of electrode and
Q is the charge under the anodic peak Fc oxidation [32].

Γ ¼ Q=nFA ð1Þ

3.2. Characterisation of Naf/UOx/Fc composite by AFM, ATR-FTIR and EDX

The formation of a nano-porous matrix of Naf before and after UOx
immobilisation was monitored by AFM. Very distinct differences in
the surface structure were noted. A prominent regular porous structure



Fig. 1.AFM images obtained for Naf (a) andNaf/UOx composite (c). Themagnified 3D images showednanoporous surface for Naffilmwithout UOx (b) and aggregated granular structures
for Naf/UOx composite (d).
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(Fig. 1a) was observed on Naf film without UOx, whereas UOx aggrega-
tion (Fig. 1c) around the porous matrix gave rise to a rather rough sur-
face. When aqueous solution of UOx was mixed with Naf solution and
allowed to dry at room temperature, it is possible that the acidic
sulphonic groups self-organised into an array of water channels and
UOx molecules aggregated in and around the channels. Fig. 1b shows
a magnified 3D image (6.4 μm × 6.6 μm × 49 nm) of the nano-porous
Naf film. The surface roughness and pore depth for Naf-modified elec-
trodes were calculated from the extracted profile as 29 ± 4 nm and
15 ± 2 nm, respectively. Consequently, the surface roughness changed
after UOx aggregation around the porous structures on the Naf film.
Fig. 1d shows amagnified 3D image (6 μm×6 μm×114 nm) of UOx ag-
gregated Naf composite. The surface roughness and pore depth were
calculated as 89± 10 nmand 47±4 nm, respectively. The huge change
in surface roughness eventually confirmed the enzyme aggregation on
Naf. Naf/UOx/Fc composite was further characterised by ATR-FTIR to
compare with their signature peaks present in pure samples. FTIR
of pure compounds (UOx, Naf and Fc) was compared with Naf/UOx
and Naf/UOx/Fc composites (Fig. 2a). The bands observed at
1406 cm−1 were for asymmetric stretching vibration of C–C bonds of
cyclopentadienyl rings of Fc. Bands at 1104, 999 and 813 cm−1 were
assigned to the characteristic out-of-plane vibration of cyclopentadienyl
rings [33]. The peak at 475 cm−1 could be due to asymmetric ring-metal
stretching vibration of iron and cyclopentadienyl ring. Nafion gave rise
to its characteristic peaks at 1146, 1054 and 981 cm−1, which were
due to symmetric stretching vibration of the sulphonic acid head
group, C–O–C stretching vibration and C–F stretching vibrations, re-
spectively. All the peakswere related to the sulphonated tetrafluoroeth-
ylene i.e. Nafion. UOx enzyme showed characteristic bands of
polypeptide. Peaks at 3434 and 3339 cm−1 were for symmetric and
anti-symmetric vibrations of N–H stretching, whereas the peaks at
1674 and 1595 cm−1were for amide I and amide II vibrations of peptide
bonds. EDX spectra of Naf/UOx (Fig. 2b; inset) and Naf/UOx/Fc (Fig. 2b)
membranes showed characteristic features of successful modification.
The inset spectrum of the Naf/UOx membrane showed characteristic
peaks of carbon (25.32%), oxygen (6.92%), fluorine (59.31%) and sul-
phur (1.45%). The spectrum for the Fc-incorporated membrane con-
firmed the presence of iron with 32% atomic percentage along with an
increase in the carbon peak (32.32%). These supporting data provided
evidence of the incorporation of Fc within the modified membrane.

3.3. Electrochemical characterisation of modified electrode

The Nyquist and Bode plots (Fig. 3a,b and c) were obtained from EIS
spectrum for bare GCE, Naf/GCE, Naf/UOx/GCE and Naf/UOx/Fc/GCE in
5 mM K3[Fe(CN)6] containing 100 mM KCl solution at scanning
frequencies from 0.001 Hz to 100,000 Hz, with a modulation
amplitude of 0.01 V. Fig. 3a shows the Nyquist plots of GCE, Naf/GCE,
Naf/UOx/GCE and Naf/UOx/Fc/GCE electrodes, where the real and
imaginary parts of the impedance were calculated from the overall
impedance. The obtained complex plane plots (Nyquist plots, −Z″ vs.
Z′) were fitted to equivalent circuit models using NOVA 1.9 (FRA com-
patible software). Two distinct semicircles were observed for all the
spectra (Fig. 3a). The best fit with equivalent circuit model was
[Rs(Rct1 − CPE1)(Rct2 − CPE2)], similar to a partially polarisable elec-
trode, where Rs referred to the solution resistance, CPE the constant
phase element and Rct the charge transfer resistance [34]. Here, the
Rct1 and Rct2 were considered as the charge transfer resistances and
CPE1 and CPE2 were pseudocapacitances of the electrode surface and
the electrode–electrolyte interface of the corresponding semicircles,

image of Fig.�1


Fig. 2. ATR-FTIR and EDX spectra of Naf/UOx/Fc composite. FTIR spectra (a) obtained for pure Fc, UOx and Naf were compared with the spectra of Naf/UOx/Fc composite. EDX spectra
(b) obtained for Naf/UOx/Fc composite were compared with Naf/UOx composite (b, inset).
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respectively. The first semicircle was considered for its significant
change in Rct values (Rct1) with different phases of electrode modifica-
tion. The Rct value of the Naf/GCE (8.69 kΩ; curve b) is much higher
than the bare GCE (0.75 kΩ; curve a) suggesting the “blocking” of the
electrode due to repulsion of the sulphonic acid head group of the Naf
surface. Further immobilisation of UOx within Naf/GCE provided better
conductivity, leading to significant reduction in the Rct value (2.72 kΩ;
curve c). Mixing of UOx with Naf provided a porous surface having hy-
drophilic channels surrounded by UOx aggregates (as shown in the sur-
face morphology study using AFM). Electrodeposition of Fc facilitated
Fig. 3. Nyquist (a) and Bode (b and c) plots of bare and modified electrodes. The equivalent c
results obtained for bare GCE (curve a), Naf/GCE (curve b), Naf/UOx/GCE (curve c) and Naf/UO
charge transfer by reducing the Rct value still further (1.39 kΩ; curve
d), resulting in better electron transfer between the solution and the
electrode surface.

Fig. 3b depicts the Bode amplitude plots (Log |Z| vs. Log f) and Fig. 3c
shows the Bode phase angles for bare GCE, Naf/GCE, Naf/UOx/GCE and
Naf/UOx/Fc/GCE. Bode phase diagrams contained two characteristic fre-
quency peaks for bare GCE, Naf/GCE, Naf/UOx/GCE and Naf/UOx/Fc/
GCE. In the frequency range from 105 to 104 Hz, the |Z| valuewas almost
constant and the phase angles approached zero, indicating the same so-
lution resistance (Rs) for all the modification stages of GCE. In the
ircuit model (a, inset) used for fitting the impedance spectra. The curves represented the
x/Fc (curve d).

image of Fig.�2
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frequency range from 104 to 102 Hz, the |Z| value increased (curves b, c
and d) and the phase angle reached a peak (between 103 to 102 Hz), in-
dicating the growing role of a capacitive response with decreasing fre-
quency. A 90° phase angle corresponds to an ideal capacitor, whereas
phase angles of less than 90° indicate that the charge transfer reaction
is facilitated due to pinholes or defective electrode coating [34]. The
Naf/GCE showed a maximum phase angle of 67.89° (curve b) and
moved towards an ideal capacitor, whereas the Naf/UOx and Naf/UOx/
Fc electrodes showed lower phase angles such as 56.05° (curve c) and
51.08° (curve d). This indicated that the charge transfer was facilitated
by the modified electrode. The |Z| values remained constant for bare
GCE and Naf/GCE electrodes (Rct1) in the frequency range from 102 to
100 Hz. The Naf/UOx, Naf/UOx/Fc-modified electrodes and bare GCE
showed a second capacitive response at about 10−2 Hz. In the frequency
range from 100 to 10−3 Hz, the |Z| values reached equilibrium. The |Z|
values were 0.95 kΩ for bare GCE, 11.77 kΩ for Naf/GCE, 15.07 kΩ for
Naf/UOx/GCE and 4.66 kΩ for Naf/UOx/Fc/GCE. This denotes that |Z| is
equal to the total resistance (Rs + Rct1 + Rct2) of the system
(Table S1). Since the solution resistance was same for all, the Rct value
(Rct1) decreased with electrode modification, and thus facilitated elec-
tron transfer.

3.4. Electrochemical kinetics of UA determination

The anodic peak potentials of UOx/Fc-modified electrodes were
studied in the presence of 500 μM uric acid. The oxidation potential of
UA was recorded at 0.342 V for 5 mM Fc bulk concentration. The re-
sponse to UA was characterised for bare GCE, Naf/GCE, Naf/UOx/GCE
and Naf/UOx/Fc/GCE electrodes (Fig. 4a). The voltammograms (Fig. 4a,
curve: a & b) showed no redox peaks because of the unavailability of a
redox couple and lack of sensitivity of Naf towards UA. In the Naf/
UOx-modified system, one oxidation peak at 0.618 V was obtained for
UA due to substrate specificity of the enzyme (Fig. 4a, curve: c).
Electro-activated UOx showed a redox couple at 0.168 V/0.081 V
(Fig. 4a, curve: d) in a buffer, indicating the successful incorporation of
Fc within the protein matrix. For Naf/UOx/Fc, a negative shift of the
peak potential for UA oxidation (about 276 mV) was observed (Fig.
4a, curve: e). The introduction of Fc significantly accelerated electron
transfer from the catalytic site of UOx to the electrode surface. This is ev-
idenced by the emergence of the highest peak current at a much lower
Fig. 4. CV obtained for bare andmodified electrodes at different stages ofmodification (a). The b
Naf/UOx/GCE (curve c) and Naf/UOx/Fc/GCE (curve e) gave prominent oxidation peaks in pres
UOx/Fc/GCE (curve d) gave signature peak of Fc in buffer without UA. The reaction kinetics obt
ducted with 500 μM UA in 100 mM PBS (pH= 7.4).
potential [35,36]. This lowering of oxidation potential is likely to prove
beneficial for the avoidance of interference due to the presence of
other oxidisable species. The following equations (Eqs. (2), (3) and
(4)) illustrate the possible reactions [37,38].

UOx=Fc−e−→UOx=Fcþ ……Electrochemical Oxidation

ð2Þ

Uric acidþ Oxygen →
UOx=Fcþ

Allantoinþ CO2 þ 2Hþ þ 2e− ……Enzymatic Oxidation

ð3Þ

UO=Fcþ þ e−→UOx=Fc ……Electrochemical Reduction ð4Þ

Oxidation of uric acid (UA) on Naf/UOx/Fc electrodes showed in-
creasing peak current with decreasing H+ concentration of reaction
buffer, from pH = 5 to 7.4 (Fig. S4a). Further increase in pH gave rise
to a sudden fall in oxidation peak current (pH = 8 to 10). The effect of
pH on peak potentials was very interesting. Redox peak potentials of
Fc (Epa and Epc) remained unchanged for all the pH conditions, whereas
the oxidation peak potential for uric acid (Epa[UA]) changed in two steps.
Epa[UA] shifted to more positive potential with increasing pH (i.e. de-
creasing proton concentration) up to 7.4 and then decreased gradually.
The slope of the anodic potential of Epa[UA] versus pH was calculated as
36 mV/pH unit (pH= 5 to 7) and 41 mV/pH unit (pH= 7.4 to 10). We
could thus conclude that the reaction potentialwaspHdependent and it
might follow the Nernstian two-proton two-electron system, compara-
ble to the enzymatic oxidation reaction of uric acid.

The electrochemical response of the Naf/UOx/Fc-modified elec-
trodes was also characterised by CV by observing UA oxidation at pro-
gressively increasing scan rates from 10 to 100 mVs−1 (Fig. 4b). The
three observable peak currents and peak potentials were analysed.
The anodic and cathodic peak currents (Ipa and Ipc) for the Fc
redox couple were linearly proportional to the square root of the scan
rate (Fig. S4b). With increasing scan rate, an equivalent increase in ca-
thodic peak current (Ipc) was observedwithout any shift in peak poten-
tials (Epa and Epc). This is a characteristic of fast redox reactions having
rapid electron transfer kinetics. The peak separation (ΔEp= Epa − Epc)
are (curve a) and Nafion coatedGCE (curve b) gave no peak in buffer andUA, respectively.
ence of UAwith a negative shift of 276 mV in peak potential for Naf/UOx/Fc/GCE. The Naf/
ained by CV at scan rates from 10 to 100 mV s−1 (b; curve a–o). All the studies were con-

image of Fig.�4
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of Fc↔ Fc+ was found to be 61 ± 4 mV, which corresponds to a single
electron redox reaction. This was comparable to a reversible reaction
showing Nernstian behaviour (ΔEp = 59 mV/n). The deviation in
peak potential might be due to coupling of a comparatively slower irre-
versible reaction with this redox reaction. Coupling of a chemical reac-
tion with the electrochemical redox reaction was also characterised by
examining the peak current ratio. The ratio of reverse to forward peak
current (ipr/ipf) increasingly deviated from unity (1.3 to 2) with increas-
ing scan rate for the Fc redox reaction. This observation strongly sug-
gests that the chemical reaction, i.e. enzymatic oxidation of UA, was
coupled with the Fc-redox reaction. The oxidation of Fc donated one
electron on the electrode surface. Simultaneous oxidation of UA gave
rise to two protons and two electrons and the latterwere readily accept-
ed by Fc+. The CV showed significant changes in the UA oxidation peak,
which was very prominently related to the Fc+ reduction peak. On the
other hand, negligible changes in the Fc oxidation peak potential were
observed. The oxidation peak potential (Epa[UA]) increasedwith increas-
ing scan rate and a prominent shift in peak potential was observed. The
total shift in peak potential reflected the irreversible reaction and the
transfer coefficient “α”was calculated by wave log analysis of the indi-
vidual oxidation peak of UA (for different scan rates). The peak potential
(Epa[UA]) and half peak potential (Ep/2) differ by 48/αn mV for irrevers-
ible and quasi-reversible systems [32].

Ep–Ep=2 ¼ 48=αn ð5Þ

From this relationship (Eq. (5)) the number of electrons involved in
the charge transfer reaction was calculated as 2.2 ± 0.3 for different
scan rates (10–100 mV s−1). The diffusion coefficient was calculated
to be 2.42 × 10−8 cm2 s−1 from the following equation (Eq. (6)) at
25 mV s−1 scan rate and at the highest peak current for the oxidation
of 500 μM uric acid [32].

ip ¼ 2:99� 105
� �

n αnað Þ1=2CD1=2v1=2 ð6Þ

where ip is the current density (A cm−2), n is the number of electrons
involved in the charge transfer step, D is the diffusion coefficient
(cm2 s−1), v is the scan rate (V s−1) and C is the concentration
(mol cm−3).

The heterogeneous rate constant (ks) value was calculated using the
Velasco equation (Eq. (7)) for Naf/UOx/GCE and Naf/UOx/Fc/GCE to un-
derstand the facile electron transfer due to Fc deposition [39].

ks ¼ 1:11Do
1=2 Ep–Ep=2

� �−1=2
v1=2 ð7Þ
Fig. 5.DPV obtained for each increment of UA concentrations (curves from 25 μM to 250 μMwit
ified electrode in 5 mM K3[Fe(CN)6] containing 0.1 M KCl (b) compared with the same in pres
where ks is the standard heterogeneous rate constant, Do is the apparent
diffusion coefficient (cm2 s−1), Ep is the oxidation peak potential
(V), Ep/2 is the half-wave oxidation peak potential (V) and v stands
for scan rate (V s−1). The estimated ks values for Naf/UOx- and Naf/
UOx/Fc-modified electrodes were found to be 8.18 × 10−5 cm s−1 and
1.02 × 10−4 cm s−1, respectively. The ks value for UA oxidation on Fc-
activated bioelectrode was faster than on the Naf/UOx electrode.

DPV for different concentration ranges of UA (Fig. 5a) wasmeasured
on Naf/UOx/Fc/GCE. DPV was run over a potential range from 0.2 to
0.6 V with a step potential of 0.01 V, modulation amplitude of 0.049 V
and modulation time of 0.05 s. The UA oxidation peak (at 0.370 V) cur-
rentwas increasedwith each increment of 25 μMUA (Fig. 5a, curve a–j)
in 100 mM PBS (pH = 7.4). The effect of UA on Naf/UOx/Fc/GCE was
also characterised by EIS in 100 mM PBS (pH = 7.4). Fig. 5b shows
the Nyquist plot with increased UA concentrations plotted with the
complex plane of the modified electrode. In the presence of UA, the
Warburg impedance (Zw) seemed to be dominant and thebestfit equiv-
alent circuit [Rs(Rct1 − CPE1)((Rct2 − CPE2)W)] was obtained (Fig. 5b,
inset). An increase in Rs and Rct1 values was observed (Fig. S5a) with
higher UA concentrations. The Bode phase (Fig. S5b) and Bodemodulus
(Fig. S5c) plots were indicative of diffusion-limited behaviour. The
phase shift towards 45° in the frequency range 101 Hz to 10−2 Hz con-
firmed the Warburg impedance.

3.5. Amperometric determination of UA

The UA standard curve (Fig. 6) was linear over the concentration
ranges 500 nM to 50 μM, with a sensitivity of 1.78 μA/μM (slope of the
standard equation Y= 1.78X+ 0.13) and 25 μM to 600 μM, with a sen-
sitivity of 1.86 μA/μM(slope of the standard equationY= 1.86X+ 12.3).
The correlation coefficient was found to be 0.99 for both the concentra-
tion ranges. The limit of detection (LOD= 3 × SD) and limit of quantifi-
cation (LOQ = 10 × SD) of UA were calculated as 230 nM and 770 nM
(for lower range), respectively. The kinetics of Naf/UOx/Fcwas calculated
using the apparentMichaelis–Menten constant [Km″]. Themaximumcur-
rent response imax and Km″were calculated from the intercept and slope
of the plot 1/current vs. 1/[S] (Fig. S6a). These values were evaluated as
35 nA μM−1 and 14.07 μM, respectively. The affinity of the enzyme to-
wards the substrate was much higher (the lower the Km″ value, the
higher the substrate affinity) and this reflected its high sensitivity. The re-
sponse time for UA was very fast e.g. 5 s. The UOx/Naf/Fc exhibited good
stability registering 98% of the maximum response even after 50 days
(Fig. S6b). A repeatability studywas conducted under the same laborato-
ry conditions for 24 measurements with 50 μM UA using different elec-
trodes modified in the same manner. A reproducibility study was also
h increment of 25 μM) in 100mMPBS, pH= 7.4 (a). The Nyquist plot of Naf/UOx/Fcmod-
ence of increased concentration of UA.

image of Fig.�5


Fig. 6. Amperometric i–t curve for determination of UA with Naf/UOx/Fc/GCE in 100 mM PBS solution (pH = 7.4), applied potential 0.342 V (a) under homogeneous stirring. Each
addition increases 25 μM of UA concentration. Calibration plot of UA at different concentration ranges (b, c and d). (b) [UA]/μM vs. I/nA for 25–600 μM of UA, I/nA = (1.86 ± 0.17)
[UA]/μM + (12.39 ± 0.08)/nA, slope: (1.86 ± 0.17) nA μM−1. (c) [UA]/μM vs. I/nA for 5–50 μM of UA, I/nA = (1.78 ± 0.11)[UA]/μM + (0.30 ± 0.009)/nA, slope: (1.78 ± 0.11)
nA μM−1.(d), [UA]/μM vs. I/nA for 0.5–5.5 μM of UA, I/nA = (1.77 ± 0.12) [UA]/μM + (0.119 ± 0.07)/nA, slope: (1.77 ± 0.12) nA μM−1.
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performed bymaking 24measurements on different dates and under dif-
ferent environmental conditions (temperature, humidity) using an
AUTOLAB PGSTAT 30 analyser). The precision of the results was analysed
statistically using the h-test (repeatability) and k-test (reproducibility).
The coefficients of variation were found to be only 1.6% and 2.1%,
respectively.

3.6. Interference study and UA detection in human serum

An interference study was conducted using amperometry with po-
tential constituents present in human serum such as ascorbic acid
(AA), urea (Ur) and glucose (G). Additionally, the specificity of the
UOx/Naf/Fc-modified electrode response was tested against xanthine
(XA), given its structural similarity with uric acid (Fig. S7a). The poten-
tially interfering species DA (1 mM), Ur (1 mM), AA (0.1 mM), Xn
(1 mM), G (5 mM) and L-cysteine (1 mM) were used one at a time in
the presence of a 500 μM of UA and the amperometric response at a
fixed potential (0.342 V) was recorded as a function of time. The selec-
tivity coefficients (Ksel), were determined for the same potential using
the following relation (Eq. (8)) [40]

Ksel ¼ ΔIt=ΔIið Þ−1½ � � Ci=Cj ð8Þ

whereΔIt = It− Ib andΔIi = Ii− Ib, It is the value of the current record-
ed for the mixed PBS having uric acid and interfering species. Ii is the
value of current recorded for only uric acid (500 μM), Ib is the
corresponding current recorded for the blank PBS (without analytes)
and Ci and Cj are the concentrations of uric acid and interfering species,
respectively in PBS solution. The values for the selectivity coefficient ob-
tained for the various interfering agents are listed in Table-S2. Since the
order of magnitude of these values was 10−3 or less, it was concluded
that the tested species did not significantly interfere with the biosensor
response to uric acid. Hence, the designed UOx/Naf/Fc/GCE biosensor is
highly selective for the amperometric determination of uric acid. Five
human serum samples (Fig. S7b) were tested with the Naf/UOx/Fc bio-
sensor (Table-S3). A paired Student's t-test was performed five times
(n = 5) for five different samples. The calculated values using the bio-
sensor showed no significant difference from the results provided by
our clinic (spectrophotometric method). It was found to be at the 95%
confidence level with 8 degrees of freedom for all the five samples.

3.7. Comparison of biosensor performance

The performance of the proposed sensor was compared with that of
other UA biosensors reported in literature and detailed in Table S4. It
was observed (Table S4) that the present system produced the lowest
Km value and hence the sensor's affinity towards its substrate was the
highest. The range of detection was observed to be wider than the
other sensors. While our sensor registered sensitivity in μA μM−1,
others obtained sensitivities of μA mM−1. The stability of the sensor
was high with a much lower detection limit, as shown in the compari-
son table. A Table of comparison (Table S5) is also provided to address

image of Fig.�6
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the performance of the enzyme-based electro-active matrix and draw
attention to the gain due to the electro-activation presented in this
work. Table S5 shows different enzymes that were modified to achieve
higher sensitivities together with their corresponding biosensors. Elec-
trochemical activation of an enzyme by incorporation of a redox active
species has not been reported earlier. The electro-active UOx in our sys-
tem showed comparable substrate affinity with a high turnover (Kcat)
number.

4. Conclusions

We have successfully demonstrated the electrochemical incorpora-
tion of Fc within a Naf/UOx composite. Characterisation of themodified
composite using AFM, FTIR and EDX confirmed the proposed modifica-
tion. The electro-activation of the UOx was confirmed by cyclic
voltammetric studies. The small reduction in α-helicity of electro-
active UOx, as confirmed by CD studies, suggests a spatial interaction
of Fc with the UOx and also confirms the stability of the protein.
The electro-activation of the enzyme enhanced its catalytic efficiency
(Kcat/Km) by more than two fold. We have also inferred insertion of
the Fcmolecules inside the hydrophobic region of the proteinmolecules
from the observations made in a Trp fluorescence quenching study. The
CV and EIS spectral analyses illustrated that the conductive behaviour of
Naf/UOx/Fc/GCE was better than that of Naf/UOx/GCE. The electro-
activated Naf/UOx/Fc/GCE proved to be an efficient transducer for UA
detection (LOD= 230 nM) using both DPV and amperometry. Fc incor-
poration facilitated a rapid response time of 5 s by transferring electrons
efficiently to the electrode surface. The Naf/UOx/Fc system produced a
linear response over a wide range (500 nM to 600 μM). Hence the sen-
sor could be useful for the direct estimation of UA level in human serum.
The system was highly sensitive (1.86 μA μM−1). The low Km"
(14.07 μΜ) showed the high affinity of UOx towards UA even after im-
mobilisation. The system was stable for about seven weeks. The coeffi-
cients of variation for repeatability and reproducibility were found to
be only 1.6% and 2.1%, respectively. Furthermore, the Naf/UOx/Fc/GCE
showed excellent selectivity towards UA in the presence of interfering
agents such as ascorbic acid, glucose and xanthine. The use of the sens-
ing system i.e. a Naf/UOx/Fc biosensor on serum samples proved fruitful
with a confidence limit of more than 95% compared to the standard lab-
oratory method.
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