Accepted Manuscript

Analytical
Biochemistry

Methods in the Biological Sciences

Electrochemical detection of uric acid via uricase-immobilized graphene oxide

Muhamad Nadzmi Omar, Abu Bakar Salleh, Lim Hong Ngee, Asilah Ahmad Tajudin

PII: S0003-2697(16)30165-8
DOI: 10.1016/j.ab.2016.06.030
Reference: YABIO 12432

To appearin:  Analytical Biochemistry

Received Date: 11 March 2016
Revised Date: 27 June 2016
Accepted Date: 29 June 2016

Please cite this article as: M.N. Omar, A.B. Salleh, L.H. Ngee, A.A. Tajudin, Electrochemical detection
of uric acid via uricase-immobilized graphene oxide, Analytical Biochemistry (2016), doi: 10.1016/
j-ab.2016.06.030.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.



http://dx.doi.org/10.1016/j.ab.2016.06.030

O oo NOYULL S, WN -

NNNRRRRRRRRRBR
N PR OWLWOWNOOULDAWNERO

W W W W W W W NN DNDNDNMNDNDDN
A U1 A W NP O OV 0 NO U b W

37
38
39
40
41

42

Electrochemical methods
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ABSTRACT
Measurement of the uric acid level in the body lsammproved by biosensing with respect to the

accuracy, sensitivity and time consumption. Thisdgt has reported the immobilization of
uricase onto graphene oxide (GO) and its functmmelectrochemical detection of uric acid.
Through chemical modification of GO using 1-ethy{eBmethylaminopropyl) carbodiimide
(EDC) and N-hydroxysulfosuccinimide (NHS) as crbeking reagents, the enzyme activity of
the immobilized uricase was much comparable toftee enzyme with 88% of the activity
retained. The modified GO-uricase (GOU) was thenjesited to electrocatalytic detection of
uric acid (UA) via cyclic voltammetry (CV). For thaeason, a glassy carbon electrode (GCE)
was modified by adhering the GO along with the irbitied uricase to facilitate the redox
reaction between the enzyme and the substratemiuified GOU/GCE outperformed a bare
electrode through the electrocatalytic activityhméin amplified electrical signal for the detection
of UA. The electrocatalytic response showed a lirdggpendence on the UA concentration
ranging from 0.02-0.49 mM with a detection limit2#47uM at 3s/m. The resulting biosensor
also exhibited a high selectivity towards UA in firesence of other interference as well as good
reproducibility.

Keywords: uricase; immobilization; GO; electrocatalytic d#ien; uric acid; redox reaction
Introduction

Determining the uric acid (UA) concentration in hambody fluids (e.g., serum and
urine) is required for the diagnosis of severakdses and determination of UA is a clinically
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valuable diagnostic indicator [1]. UA is the primaend product of purine metabolism in the

human body. Physiological level of UA in serum &veeen 0.13 mM and 0.46 mM (2.18-77 mg
di") [2][3]. High level of UA in the body will lead tcseveral diseases including gout,

hyperucemia and Lesh-Nyhan syndrome [4-6]. A fawdiss have reported that the production
of excess UA in serum is also a risk factor fordaarascular and neurological diseases [7][8].
UA can be determined through the oxidation of usie ring into allantoin, carbon dioxide and

hydrogen peroxide with the presence of enzyme ataliecase [9]. This enzyme is found in most
organisms, however it is absent in human due te gaolution and it plays different metabolic

roles depending on its host organism [10]. Uricasgay is one of the most useful enzymatic
determination of UA by coupling it with 4-aminogmgrine-peroxidase system [11].

Most UA detection are electrochemical [12-14], U\hda colorimetric [15-17], and
chemiluminescence [18-20]. These methods, howeéwere exhibited certain drawbacks in
terms of interferences, requirement of expensig&gumentation, selectivity and also sensitivity
which may limit the intended applications. Curremthodologies in electrochemical biosensing
based on wide variety of nanostructures such ascegdgraphene oxide (rGO), nanotubes and
nonporous materials have attracted great interesttd their outstanding properties like non
toxicity, excellent electrical conductivity, higkerssitivity and low cost with ease of fabrication
[21-24]. Graphene oxide (GO) introduced excellenttinpurpose functions and characteristics
in many research fields. This material possessa®dibly large specific surface area, has an
abundant oxygen functional groups such as carboaylihe edges, hydroxyl and epoxide groups
at the basal plane and is highly dispersible inewathich provide numerous promising
applications [25-29]. It is a flexible two-dimensa single layer carbon atom with the
application is not just confined to electronic dmg instead GO has been introduced to many
reported works as seen in literature including Bgaensing medium. In biological systems, GO
has received much attention due to its inertia, towicity under physiological conditions and
good biocompatibility [30,31]. However, further easch is needed to study the immobilization
of enzymes on GO solely and its functions electeouically.

Today, numerous methods of immobilization of uricasto various supports have been reported
such as adsorption onto cellulose acetate memiB&jepolyaniline film [18], physisorption
onto polypyrrole and polyaniline [33], crosslinkimgnto chitosan membrane [1] and ZnO
nanorods [34]. However, these methods required igiages of preparation and provide less
stability that may limit the fabrication and applion of uric acid biosensors. Combination of
immobilized enzyme with electrochemical biosengomgvides unique advantages as they can
maintain the enzymatic activity in a microenvirommhand enhance the direct electron transfer
between the active sites and the electrode [35].

In this study, we have reported the synthesis oft@@ugh simplified Hummer's method and a
simple immobilization approaches of uricase onto @G&DU) as a voltammetric uric acid

biosensor. Basic principle of uricase assay wasglwcted to test the immobilized enzyme
activity. The electrocatalytic analysis of the G&&hsor on the detection of UA was investigated
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through cyclic voltammetry. This study highlightsomising features in the development of a
low cost, simple design, highly sensitive and djpeciast response, less interference uric acid
biosensor.

M aterials and methods
Materials

Graphite powder was acquired from Ashbury GrapMiks Inc. (New Jersey, USA).
Sulphuric acid (HSO,, 95-98%), phosphoric acid ¢AO,, 85%), potassium permanganate
(KMnOg, 99.9%), hydrochloric acid (HCIl, 37%) and hydrogeeroxide (HO,, 30%) were
purchased from Systerm (Malaysia). Uricase (EC @32-5, 19.7 units/mg, frorArthrobacter
globiformis and uric acid (99% purity) were purchased frorn&gUSA). Other reagents used
in this work were of at least analytical grade aiséd as received without further purification.
Phosphate buffer solution (PBS) was prepared byingixhe stock standard solutions of
NaHPO: (99% purity) and NabPOx (99% purity). All solutions were prepared usingatezed
water obtained from Millipore milli-Q system.

Synthesis of GO

Graphene oxide synthesis was based on simplifiachrHer’'s method [36]. Strong
oxidizing agents were used to oxidize the grapfiiees. In this study, F6O,:H3PO, (320:80
ml) was added into graphite flakes along with 1& ¢(MnO, and stirred with magnetic bar. The
mixture was continuously stirred for three daysaflow complete oxidation of graphite. During
oxidation the colour of the mixture changed frontghsh green to dark brown. Then,®
solution was added into the mixture to stop thedatton process. The colour changed again to
bright yellow, indicating high oxidation degree gfaphite. The mixture formed known as
graphite oxide was then washed three times with af MCl aqueous solution and followed by
deionized water repeatedly until pH 4-5 was obthirfehe washing steps were carried out using
simple decantation of supernatant using a centitfog technique. During the washing process,
the graphite oxide underwent exfoliation resultingthickening the GO solution and lastly
forming a GO gel. To proceed for the enzyme imnip&iion part, the GO gel was freeze-dried
to obtain the GO solid [37].

Immobilization of uricase onto GO using EDC-NHS esters as crosslinking reagents

Scheme 1 is the schematic diagram for the preaparaif the graphene oxide-uricase
(GOU) complex. Firstly, chemical modification of G®Was carried out by introducing the
compound to two cross-linking reagents, N-hydro¥gsuccinimide (NHS) and 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC). 1 mg/ml @0 was incubated with 1 ml of 50 mM
of NHS and 1 ml of 20 mM EDC for 1 h. Next, the rifmdl GO was centrifuged for 10,000 rpm
for 10 min and washed using PBS to remove any linésss residue. 1 ml of uricase (1.315
pg/ml) was then added into the modified GO andbated at 2C for 15 h with mild shaking on
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a rotator. The mixture was then centrifuged agaih0g000 rpm for 10 min and the precipitate
which was the immobilized uricase on GO (GOU) wadlected for construction of the
biosensor platform.

o
0 OH o ‘Lob 0., NH-URICASE

o

EDC/NHS URICASE
— —
1 hour 24 hours
incubation incubation
Graphene oxide intermediate GO-uricase (GOU)

Scheme 1. Schematic diagram of uricase immobitiratnto graphene oxide using EDC-NHS
as cross-linkers.

Enzyme activity determination of immobilized uricase

The enzyme activity of the immobilized uricase vaggermined through uricase assay
[38]. The principle of enzyme activity measuremeas that uricase could catalyze the oxidation
of uric acid into allantoin and 4@, which was then measured by using a chromogenioeact
system containing 4-aminoantipyrine, phenol, angxidase. In this study, 0.1 ml of GOU was
incubated with a mixture of 0.6 ml PBS (pH 6.5,rM) containing 4 mM uric acid, 0.15 ml of
30 mM 4-aminoantipyrine, 0.15 ml Of 1.5% phenol @@5 ml of 15 U/ml peroxidase at °&7
for 20 min. The reaction was then stopped by agldlitf 1.0 ml of absolute ethanol and finally
the absorbance at 540 nm was read through a spkotmmeter. One unit of enzyme was
defined as the rate of product produced for 1 mM), under standard assay conditions.

Fabrication and electrochemical analysis of GO-uricase modified GC el ectrode

The GOU (5 uL) was drop-casted onto the surfac8 ©E and allowed to evaporate for
15 min under the air stream at room temperatureeeQhe GOU was completely dried, the
electrode was then labelled as GOU/GCE and sergedvaking electrode (WE) for the
electrochemical analysis. Cyclic voltammetry (CV)ere performed using Autolab
(PGSTAT101) electrochemical workstation with a #hrelectrode system. A silver/silver
chloride (Ag/AgCl) electrode was used as referesleetrode while a platinum electrode was
used as an auxiliary electrode. All experimentsewdone in a three-electrode electrochemical
cell and carried out using 0.1 mol/L PBS (pH = 6.Sgveral experiment parameters were
optimized to obtain a suitable working potentiahga from -1.0 to 1.0 V and optimal CV
response. A reproducible CV was obtained undedgtstate conditions after about 5 cycles. All
CV measurements unless otherwise stated were ext@ida constant scan rate of 50 mV per
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second and potential window ranging from -1.0 @ Electrolyte used for these electrochemical
measurements was uric ackOul of 4 mM UA solution was spiked into 20 ml of 10vPBS

a few times until a final concentration of UA up@d54 mM. The CV was recorded for each
UA solution spiked in. For the selectivity studyscarbic acid (4 mM) was used in similar

method with UA measurement.

Resultsand discussion
Immobilization of uricase on GO using crosslinking reagents

Uricase was immobilized on GO sheets through digvactivated amidation reaction of
the amine groups on uricase with the carboxyl gsoop GO under ambient condition using
EDC-NHS as crosslinking reagents. Through a stahdestein assay using Bradford’s reagent
kit, 100% uricase was successfully immobilized 0@t. EDC alone reacts with carboxylic acid
groups on the GO to form GO-acylurea intermediate that is easily relocatechbgleophilic
attack from primary amino groups in the reactioxtarie of the uricase. The primary amine of
uricase forms an amide bond with the original caybgroup and EDC by-product is released as
a soluble urea derivative. Th@-acylurea intermediate is unstable in agueous isolsit Thus,
failure to react with an amine results in hydradysif the intermediate, regeneration of the
carboxyls and the release of an N-unsubstituted. urBerefore, NHS is regularly included in
EDC coupling protocols to improve efficiency aneate dry stable intermediates. EDC couples
NHS to carboxyl groups of GO forming a NHS estat ik considerably more stable than @e
acylurea intermediate while allowing for efficieobnjugation to primary amines of uricase at
physiological pH [39-41].

Enzymatic activity of immobilized uricase on GO

Without using any cross-linkers, no protein wasnid to be immobilized on the GO and
no activity of the uricase can be detected. Howe¥weough chemical modification of GO using
EDC-NHS, the immobilized uricase was able to penf@ much comparable activity with the
free enzyme, where 88% of the activity was retaifiduls proved that the uricase was covalently
bonded on the GO and still able to retain its eratyeractivity.

A comparison of the colour intensity of the reactiaf the chromogen and the enzyme in the
presence of its substrate, uric acid was shownigaré 1. The figure showed various colour
intensities after the addition of ethanol as t@gtee reaction which can be seen in the following
mediums; blank, free uricase, GO without immobdizeicase and GOU. Basically, the reaction
of uricase and uric acid will give out,8,. With the presence of 4-aminoantipyrine, phena an
peroxidase, concentration oL® can be determined through colour changes of thenobgen
and followed by measurements done spectrophotaraliyriHigher colour intensity indicated
higher enzymatic activity of uricase. Through imntiabtion, the uricase showed a similar
colour intensity when compared to the free uricd$es once again proved that the immobilized
uricase was able to retain its enzymatic activity
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Fig.1. Reaction mixture of chromogen and uricase in tiesgnce of uric acid after adding
ethanol; (a) blank, (b) free enzyme, (c) control-Githout immobilization of uricase (d) GO
with immobilized uricase using sulfo-NHS and EDCcessslinking reagents.

Electrocatalytic activity of GOU/GCE

The electrocatalytic activity of GOU/GCE was cairieut using UA as the electrolyte.
Cyclic voltammetry (CV) for the detection of UA shown in Figure 2A. A clear and significant
potential peak of the sensor was observed on thammogram (0.47 V). The current and also
the anodic peak increase with increasing conceéotraf UA spiked into PBS, pH 6.5 (0.02 mM
to 0.154 mM). Highest current obtained on the anquiak is on 18A. The electrochemical
detection of uric acid through this biosensor isdshon enzymatic reaction catalyzed by uricase
according to the following;

Uricase

C.H,N,0;(uric acid) + 2H,0, + 0, — C,H_.N,0; (allantoin) + H,0, + CO,

When uric acid is oxidized in the presence of age; allantoin along with hydrogen
peroxide and carbon dioxide will be produced. GO &targe specific surface area, this resulting
in uricase immobilized on the GO has more spatie¢dom in its orientation, which aid in
assisting direct electron transfer between thevadte of the enzyme and the electrode surface
[34].

Chronoamperometric response also was recordedtéacxhe detection range of UA in
lower and higher concentrations. Figure 2B showes ¢hlibration curve plotted using the
chronoamperometric values in the presence of exggssacid concentration in the reaction
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medium. Concentration of uric acid spiked in thediam is in within the range of 0.020 mM to
0.491 mM. The detection limit calculated from tmakysis is 3.4M at 3o/m.
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Fig.2A (left). Cyclic voltammograms of GOU on detection of UAHBS, pH 6.5, scan rate 50
mV s*(a-> k). (a) bare gc, (b) GO, (c) GOU, (d) GOU in 0.020 mMJd\, (e) GOU in 0.037
mM of UA, (f) GOU in 0.060 mM of UA, (g) GOU in 0/® mM of UA, (h) GOU in 0.098 mM
of UA, (i) GOU in 0.117 mM of UA, (j) GOU in 0.13%M of UA and (k) GOU in 0.154 mM of
UA. Inset is the oxidation peak of UA based on 3Dlic voltammetryFig.2B (right).
Calibration plot of uric acid with increasing contetions in the range of 0.020 mM to 0.491

mM.

Selectivity, stability and reproducibility analyses

Selectivity study for the UA biosensor was conddctgainst ascorbic acid (AA).
Basically the selectivity of a uric acid sensor elggs on two factors; the enzyme-analyte
reaction and the selective mechanism. The enzymalgtarreaction is very specific with respect
to the nature of the uricase functionality thabrity reacts with UA. The possible interferences
present in blood that normally disrupt the amperoin@ric acid detection is AA [35]. A cyclic
voltammogram (Figure 3) was recorded using a fie@acentration of UA (0.154 mM) but with
varying concentration of AA spiked in the range0d®20 mM to 0.098 mM of AA. A peak of
0.47 V was obtained for UA whilst a 0.15 V peak waserved for AA.
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Fig.3. Cyclic voltammogram for interference study betwékfand AA. Inset is the oxidation
peak of UA and AA in cyclic voltammetry.

Cyclic voltammogram of AA also was recorded to @onfthe oxidation peak of the
compound (Figure 4). Immobilized uricase was nadug the detection, to ensure that the
enzyme itself does not react with the AA to give oxidation peak. However, the oxidation of
AA was recorded by the electrode. This may be du¢he surface of GO being not fully
saturated with uricase and that there was stilil@bvl@ site of reaction on the electrode. A peak
was produced at 0.15 V for the oxidation of AA aon
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Fig.4. Cyclic voltammogram of GO on detection of AA in ®BH 6.5, scan rate 50 mV &)
bare gc, (b) GO, (c) GO in 0.020 mM of AA, (d) G©A.037 mM of AA, (e) GO in 0.060 mM
of AA, (f) GO in 0.079 mM of AA, (g) GO in 0.098 midf AA, (h) GO in 0.117 mM of AA, (i)
GO in 0.135 mM of AA and (j) GO in 0.154 mM of Ahset is the oxidation peak of AA at
0.15 V in cyclic voltammetry.

Lastly, to prove the specificity of the reactionbetween immobilized GOU with UA
only, a cyclic voltammogram was recorded usingxadiconcentration of AA but increasing
concentration of UA was spiked in (Figure 5). Basadhe figure, when UA was spiked into the
0.098 mM of AA solution, a significant peak wasagied on the voltammogram at 0.47 V. This
shows that it was indeed the GOU that react anatdetie oxidation of UA in the medium.

The GOU/GCE also underwent stability and reprodiigibtest. A few scan rates
ranging from 10, 30, 50, 70, 100, 130 and 150 mMése used to determine the stability. The
test was recorded through CV in the presence &80M uric acid solution in 10 mM PBS (pH
6.5). From the voltammogram the GOU/GCE was abketain its CV pattern with an oxidation
peak of UA at 0.47 V. It showed that the GOU/GCE operate under a few different scan rates
either high or low but still able to retain its dation peak and pattern.
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For reproducibility study, the GOU was kept 8C4and the CV was recorded for 0.098
mM UA for a total of 30 days. At day 10, a decreaéd&5 % of the oxidation peak of UA was
found when compared to an oxidation peak of UA gsfreshly prepared GOU. These
observations proved that the GOU/GCE was stablergmebducible for the detection of UA. A
comparison of various properties of GOU based sewsih those uricase immobilized onto
different supports is summarized in Table 1.

Current (LA)
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Fig.5. Cyclic voltammogram of AA in fixed concentratiod.Q98 mM) but spiked in with
increasing concentration of UA. Inset is the th&lation peak for both AA (0.15 V) and UA
(0.43) in 2D cyclic voltammetry.
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Table 1: A comparison of present uric acid biosemsth earlier reported sensors.

265
Sour ce of I mmobilization Method of Working Detection M ode of
. . e L References
uricase support immobilization range limit measur ement
Arthrobacter . Dissolved Q
globiformis Egg shell Covalent bonding  4.0-6.4M 2 uM estimation Zhang et al., 2007
Black-eyed Araldite membrane Hydro_gen 0.005-1 mM 25.22M D'SS.O Ivepl Q Arora et al., 2009
cowpea leaf bonding estimation
Ba.c|l.lus PANI/MWCNT Covalent bonding 0.005-0.28 SuM Amperometric Bhambi et al., 2010
fastidious mM
Uric acid kit AUNPS/MWCNT Covalent bonding  0.01-GrtM 0.01 mM Amperometric Chau_han and
Pundir, 2011
D'Srir::%tslése Reduced GO - 0.8-25QM 0.20uM Amperometric Ping et al., 2012
Lactobacillus Natural zeolite Cells 0.001-0.05 i Amperometric Iswantini et al.,
plantarum immobilization mM P 2014
Did not use Partially electro- . Zhang and Yin,
uricase reduced GO - 100 nM-10pM 0.05uM Amperometric 5014
Arthrobacter , : .
: . GO Covalent bonding 0.02-0.49 mM 3.45uM Amperometric This work
globiformis
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Conclusion

In conclusion, the immobilization of uricase ont® Gvas successfully carried out and
the immobilized enzyme was able to retain the égtio 88% as compared to the free enzyme.
The constructed biosensor also has achieved at ditectron transport from the reaction of
uricase and UA based on cyclic voltammetry studfe Tinear range of the obtained
electrochemical sensor for UA detection was foumthe¢ 0.02—0.49 mM, with a detection limit
of 3.45uM at 3c/m. Besides, the resulting biosensor also showgaood selectivity toward UA
even in the presence of another interfering comgaum ascorbic acid. In terms of stability and
reproducibility the biosensor exhibited a remarkatdsult. The attractive features of GO also
play an important role in providing a favourablecroenvironment for enzyme immobilization
which may lead to the production of a simple, f@&s{pponse and accurate uric acid biosensor.
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