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ABSTRACT

This study presents an electrochemical biosensor developed for uric acid (UA)

determination using carbon paste electrode (CPE) modified with copper (Il) oxide

(CuO) particles and urate oxidase (UOx) enzyme. Base CPE is prepared using a
multi-walled carbon nanotube (MWCNT) and a polydimethylsiloxane (PDMS)
binder. The main sensing process is based on the oxidation of UA into

5-hydroxyisourate (HIU) as catalyzed by UOx, forming H,0, as byproduct, and

then the H,0, reduction-oxidation (redox) reaction converts CuO to form Cu,0;

the amount of H,0, and hence UA in the sample is measured by the oxidative

current measured for the conversion of Cu,0 back to CuOQ. Cyclic Voltammetry (CV)

measurements revealed that the activity of UOx was retained with an apparent

Michaelis constant (K ) to be equal to 41.46 uM. Differential Pulse Voltammetry

(DPV) measurements of UA using UOx-CuO-CPE showed a linear response ranging
from 10 pM to 79.4 uM UA with a limit of detection (LOD) determined to be equal
to 8.82 uM. UOx-CuO-CPE was shown to be selective towards UA even in the

presence of creatinine, xanthine, and glucose. Furthermore, UOx-CuO-CPE was

shown to be reusable (3.28% RSD), and its fabrication is repeatable using single

factor Analysis of Variance (ANOVA) [F(1.396) < F

critical(

5.143)]. UOx-CuO-CPE was

also shown to be stable even after five weeks of storage using the two-sample

t-test [t(0.156) < t

critical

(4.303)]. Based on a recovery test using synthetic urine

sample, this study showed the applicability of UOx-CuO-CPE in the detection of

UA in human urine with 90.27%-102.03% recovery (n = 3).
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INTRODUCTION

Uric acid (UA) is the end-product of purine catabolism of higher primates including
humans (Walker et al. 1990). Normal UA levels in blood for premenopausal females
range from 2.6-6.0 milligram per deciliter (mg/dL) and 3.5-7.2 mg/dL for males
and postmenopausal females (Desideri et al. 2014). Excess UA is normally excreted
in urine. In normal adults consuming an average diet, the normal UA secretion in
urine is 800 mg or less over 24 hours (Suki and Massry 2012). Abnormal levels of
UA have been associated with several diseases such as gout (Perez-Ruiz et al. 2015),
hypertension (Feig and Johnson 2003; Masuo et al. 2003), metabolic syndrome
(Matsuura et al. 1998; Ishizaka et al. 2005), diabetes (Nakanishi et al. 2003), kidney
disease (Obermayr et al. 2008), cardiovascular disease (Bickel et al. 2002), Hodgkin’s
disease (Kay and Gottlieb 1973), Fanconi syndrome (Ben-Ishay et al. 1961), and
medullary thyroid cancer (Puig et al. 1984). Due to these associations of UA level
with various diseases, UA analysis has become a routine test in clinical laboratories.
Two clinical methods are currently accepted for UA determination (Walker et al.
1990; Watts 1974). One is the colorimetric method which involves the reduction
of chromagen such as sodium tungstate with UA to produce a measurable color
change. This method is generally considered to give an overestimate of the true
value of UA. Another method is the UV differential absorption of UA using uricase or
urate oxidase (UOx), and then UOx catalyzes the conversion of UA to allantoin. This
method is more expensive because of the one-way use of UOx. Therefore, there is
need to develop a selective and sensitive sensor that can be reused to maximize its
cost efficiency. Several sensing methods have been utilized for sensor development
for UA determination including electrochemical (Rafati et al. 2014), fluorescence-
based (Zhang et al. 2011), colorimetric (Wu et al. 2015), and chemiluminescence
(Chaudhari et al. 2012). Among these methods, the electrochemical method is the
most widely used for sensor development of UA and other biologically important
compounds due to high sensitivity and selectivity, portable field-based size,
rapid response time and low cost (Wang et al. 2008). One major problem in the
electrochemical detection of UA is the coexistence of electroactive interference in
biological fluids such as ascorbic acid (AA), which has similar oxidation potential,
E,, = 200mV versus SCE, at graphite electrodes (Bravo et al. 1998). Biological
samples like blood and urine also contain various non-electroactive biochemical
compounds that may interfere in UA measurements. Thus, a selective recognition
element is required to ensure high selectivity for UA detection. One strategy that can
be used is to modify an electrode with an enzyme that has specific interaction with
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the analyte. The group of Usman Ali et al. used UOx and ZnO nanorods to fabricate
an enzymatic biosensor for UA (Usman Ali et al. 2011). UOx was electrostatically
immobilized on gold substrate with chemically grown ZnO nanorods. In another
study, an amperometric biosensor for UA was fabricated by immobilizing UOx via
glutaraldehyde crosslinking on polyaniline-polypyrrole (PANI-PPY) composite film
on the surface of a platinum electrode (Arslan 2008). A similar study was conducted
where semiconductor CuO particles and UOx were utilized in the fabrication of
an electrochemical biosensor for UA determination (Jindal et al. 2012). In that
study, CuO was deposited via Pulse Laser Deposition (PLD) onto a Pt-coated glass
substrate. The study reported the biocatalytic property of the immobilized UOx by
having low apparent Michaelis constant (K ) measured at 0.12 mM. However,
the utilized technique of CuO deposition and substrate is complicated and more
expensive than the electrodeposition method presented in this paper. Our results
showed that a simple UA electrochemical biosensor can be prepared using a UOx-
CuO-CPE system with low detection limit (8.82 uM) and highly selective towards
UA. The biosensor showed to have high recovery values (90.27%-102.03%) using
synthetic human urine, which indicates its applicability to human urine.

The main goal of the study is to fabricate a selective and sensitive electrochemical
biosensor for UA determination using CPE modified with CuO particles and UOx.
The specific objectives were as follows: 1) fabricate UOx-CuO-CPE and evaluate its
electrochemical response; 2) optimize the sensing parameters for UA determination
and evaluate the sensing performance of UOx-CuO-CPE; and 3) perform UA
determinations in synthetic urine using UOx-CuO-CPE.

MATERIALS AND METHODS

Chemicals and Instrumentation

Multi-walled carbon nanotube powder (MWCNT) was purchased from Chengdu
Organic Chemicals Co. Ltd., Chinese Academy of Sciences (purity: >95%; length
10-30 um; internal diameter 5-10 nm and outer diameter 10-20 nm). Copper
chloride (CuCl,) (purity: 298.0%) was purchased from Techno Pharmchem. Boric acid
was purchased from UniChem (purity: 299.5%). Sodium hydroxide pellets (NaOH)
were purchased from Univar (purity: 297.0%). Sodium phosphate dibasic (Na,HPO,)
was purchased from Duksan Reagents (purity: 299.0%). Potassium dihydrogen
orthophosphate (KH,PO,) was purchased from Himedia (purity: 299.5%). Potassium
chloride (KCl) was purchased from Alfa Aesar (purity: 299.0%). Sodium chloride
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(NaCl) (purity: 299.0%) and potassium ferrocyanide trihydrate {K,[Fe(CN)] 3H,0}
(purity: 298.5%) were purchased from JT Baker. Polydimethylsiloxane liquid (PDMS)
with 500 centiStokes (cSt) viscosity, uricase or urate oxidase from Arthrobacter
globiformis (UOXx) (15-30 units/mq), uric acid (UA) (purity: 299.0%), xanthine (purity:
299.5%), creatinine (purity: 298.0%), and D-(+)-Glucose (purity: ACS Reagent) were
purchased from Sigma Aldrich. All solutions were prepared using deionized water.
Blank and UA sensing solutions were all buffered using borate buffered saline
(BBS) composed of 0.1 M borate and 0.2 M NaCl. UOx solutions were prepared by
dissolving UOx with BBS at pH 9.0.

All electrochemical measurements, including Cyclic Voltammetry (CV),
Chronoamperometry (CA), Electrochemical Impedance Spectroscopy (EIS), and
Differential Pulse Voltammetry (DPV), were performed using Autolab PGSTAT 302N
with a three-electrode system. The fabricated UOx-CuO-CPE was used as the
working electrode; an Ag/AgCl (3.0 M KCl) electrode as the reference electrode;
and a platinum (Pt) coated rod as the counter electrode.

Preparation of UOx-CuO-CPE

A CPE composed of MWCNT and 500 cSt PDMS liquid polymer was used as the
working electrode. The percentage composition as well as electrochemical
pretreatment of the resulting electrode were already optimized in the previous
studies of our group (Buenaventura et al. 2016; Buenaventura and Yago 2018).
Figure 1 shows the scheme for fabrication of UOx-CuO-CPE. In brief, 0.10 g of
MWCNT powder was mixed with 0.90 g of PDMS in an agate mortar and pestle. The
resulting composite was packed in a 1-mL plastic tube. A copper wire was inserted
in the plastic tube up to about 1 cm from surface, which served as the electrical
contact. The surface of the resulting CPE was polished using a glass slide. The
CPE then underwent anodization electrochemical pretreatment via CV, which was
performed in 0.1 M NaOH solution using the following parameters: scan rate: 100
mV/s, potential window:-0.3 V to +1.5 V,and number of cycles: 30.
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Figure 1. Sensor fabrication scheme for UOx-CuO-CPE.

The fabricated CPE was then further modified in order to fabricate UOx-CuO-CPE.
CPE was electrodeposited with CuO to produce CuO-CPE using the same procedure
as our previous study on CuO-CPE (Buenaventura and Yago 2020). Copper (Cu)
particles were first electrodeposited on the surface of CPE via CA. Using CPE as
working electrode in 20 mM CuCl, with 0.1M KCl solution, -0.5 V was applied for
20 s. The resulting Cu-CPE was anodized via CA. In 0.1 M NaOH solution, +0.7 V
was applied on Cu-CPE for 60 s. The resulting CuO-CPE was then modified with
UOx. Onto the surface of CuO-CPE, 45 pL of 0.3 mg/mL of UOx in BBS (pH 9.0)
was dropcasted and was allowed to air-dry for at least 12 hours. The modified
electrode was washed with BBS (pH 9.0) then with deionized water to remove
loosely bound enzymes. The resulting UOx-CuO-CPE was stored in a refrigerator
with a temperature of around 4 °C when not in use.

Electrochemical Characterization of CPE, CuO-CPE and UOx-CuO-CPE

Electrochemical measurements were done in order to determine the electrochemical
signals towards various solutions using the fabricated biosensor. Electrochemical
measurements that were done include Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS). The parameters for CV measurements that were used
are as follows: potential range -0.5 to +0.8 V and 10 mV/s scan rate. The parameters
for EIS measurements that were used are as follows: frequency range 0.1 Hz to 20
kHz; applied potential +0.45 V for BBS (pH 8.6) solution and +0.35 V for Fe(CN)64‘(aq)
in BBS (pH 8.6) solution.
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Optimization of Parameters for Electrochemical Determination
of Uric Acid

Different parameters were optimized for UOx-CuO-CPE, including enzyme loading
(@amount of enzyme dropcasted on the surface of the CuO-CPE), sensing solution
pH (pH value of the sensing solution), and equilibration time (amount of time the
biosensor was immersed into the sensing solution under stirring condition). For all
the optimizations, univariate optimizations were done, i.e. one parameter (which is
being optimized) was varied, while the rest of the parameters were held constant.
The optimizations were all based on the measured signal towards 79.4 uM UA in
BBS (pH 9.0) through CV measurements. The parameter value that gave the highest
average peak current (Ave. Ip) was chosen as the optimized value. The optimization
of enzyme loading was done via CV measurements using different UOx-CuO-CPEs
with different enzyme loading (0.02-0.5 mg/mL UOx in BBS). The optimized value
was used for the subsequent optimizations. For the optimization of sensing solution
pH, CV measurements of different UA (79.4 uM) sensing solutions with different pH
values (pH 8.2-9.4) were done using UOx-CuO-CPEs; one biosensor was used for
each pH value. The optimized value was used for the next optimization. For the
optimization of equilibration time, UOx-CuO-CPEs were equilibrated in UA sensing
solution at different equilibration times (1-5 mins) then CV measurements of UA
(79.4 pM) in BBS (pH 8.6) were done afterwards; one biosensor was used for each
equilibration time.

Uric Acid Sensing Procedure

UA sensing using UOx-CuO-CPE involves two steps. UOx-CuO-CPE was first dipped
into the sensing solution for an optimized period of time under stirring condition.
After that, the solution immediately underwent electrochemical measurement for
UA sensing. Differential pulse voltammetry (DPV) was used as the electrochemical
detection technique for UA sensing using the fabricated UOx-CuO-CPE biosensor.
The parameters used for DPV measurements were as follows: initial potential
-0.1 V, end potential 0.8 V, scan rate 0.01 V/s, step potential 5 mV, modulation
amplitude 25 mV, and modulation time 50 ms. The calibration curve was obtained
by measuring the peak height (Ip) from DPV measurements of sensing solutions
with varying UA concentrations (10.0-79.4 uM). Three (3) measurements were done
for each concentration. After each DPV measurement, an oxidation potential (+0.7
V) via chronoamperometry (CA) in BBS (pH 9.0) was applied in order to re-oxidize
remaining Cu,0 to CuO.This was done in order to ensure repeatable measurements.
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Selectivity Study

A selectivity study was conducted in order to evaluate the UOx-CuO-CPE response
towards UA in the presence of possible interfering species. This was done by
measuring UOx-CuO-CPE response towards different solutions with varying
compositions as follows: 39.6 uM UA, 39.6 uM UA with 39.6 uM creatinine, 39.6 uM
UA with 39.6 pM xanthine, and 39.6 yM UA with 39.6 uM glucose. Measurements
were also done using CPE for comparison.

UA Analysis in Synthetic Urine

The UOx-CuO-CPE is intended to be used as a UA sensor in human urine. However,
this study is limited to using synthetic urine as representative of human urine.
Synthetic urine was prepared with constituents similar to the formulated artificial
human urine in a separate study (Khan et al. 2017), and was used for UA analysis.
In brief, the prepared synthetic urine has the following components: 9.3g/L urea,
0.670 g/L creatinine, 0.2 g/L KCL, 8 g/L NaCl, 1.14 g/L Na,HPO,, and 0.2 g/L KH,PO,.
1 mL of synthetic urine sample was mixed with 50 mL 0.2 M Borate Buffer (pH 8.6)
in 0.4 M NaCl, then diluted with deionized water to produce 100 mL synthetic urine
sensing solution. The resulting solution underwent UA measurement using the
UOx-CuO-CPE sensor. Separate synthetic urine sensing solutions were spiked with
UA at three different spiking levels (7.4 pM, 30 yM, and 55.8 pM). These synthetic
urine sensing solutions were prepared by adding an appropriate amount of 10 mM
UAin 0.1 M NaOH (stock UA solution) to 1 mL of synthetic urine solution, just before
dilution using deionized water. Spiked samples also underwent UA measurement.
A recovery study was done in order to assess the matrix effect towards UA sensing
using UOx-CuO-CPE. It was done by measuring the percent recovery in the spiked
synthetic urine samples using the equation below.

[ Alzpited sampie— [PAlunspived sampis % 100
[VAladded (1)

Yerecovery =
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RESULTS AND DISCUSSION

Fabrication and Optimization Of UOx-CuO-CPE and its UA Sensing
Performance

The UOx-CuO-CPE biosensor reported in this study was fabricated using CPE that
was previously studied and optimized by our group (Buenaventura and Yago 2018).
CuO particles were electrodeposited onto the surface of CPE, producing CuO-CPE.
Previous experiments revealed that CuO-CPE can respond towards H,0, via DPV
measurements (Buenaventura and Yago 2020). This is because H,0, can reduce CuO
to Cu,0 spontaneously. The Cu,0 can be oxidized back to CuO upon application of
suitable oxidation potential. For the CuO-CPE to selectively respond with UA, the
surface of CuO-CPE was further modified with UOx. The resulting electrode will be
termed here as UOx-CuO-CPE. As shown in figure 2A, UOx can catalyze the oxidation
of UA,where H,0, is a byproduct. Figure 2B shows the sensing mechanism of UOx-
CuO-CPE for UA detection. The main sensing process is based on the oxidation of
UA into 5-hydroxyisourate (HIU) as catalyzed by UOx, forming H,0, as byproduct,
and then the H,0, redox reaction converts CuO to form Cu,0; the amount of H,0,
and hence UA in the sample is measured by the oxidative current measured for the
conversion of Cu,0 back to CuO.
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Figure 2. (A) Reaction scheme of enzymatic oxidation of UA by UOx. (B) Sensing mechanism
for UA detection using UOx-CuO-CPE.

Electrochemical Response of UOx-CuO-CPE towards UA

In order to assess the viability of UOx-CuO-CPE for UA determination, CV
measurements were done. Figure 3 shows the CV measurements of UA using CuO-
CPE and UOx-CuO-CPE.
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Figure 3.CV measurements of 79.4 uM UA in BBS (pH 9.0) using UOx-CuO-CPE (Cu deposition
time: 25 s; Cu oxidation time: 125 s; UOx enzyme loading: 0.1 mg/mL) and CuO-CPE (Cu
deposition time: 25 s; Cu oxidation time: 125 s). CV measurements were done at 10 mV/s
scan rate. Insets show the whole CV curves.

The CV curve of UA using UOx-CuO-CPE showed two oxidation peaks at ~ +0.225
V (Peak l) and at ~ +0.425 V (Peak ll). Presence of two peaks indicates that UA
is oxidized in two different routes, i.e. non-enzymatic (direct electrochemical
oxidation) and enzymatic. The non-enzymatic oxidation is known since reduced UA
is an electroactive species with an oxidation half-reaction shown in figure 4. On the
other hand, CuO-CPE showed only one oxidation peak for UA positioned at ~ +0.225
V (Peak I11), which has similar peak position with Peak | using UOx-CuO-CPE. Thus,
Peak | can be assigned to the direct electrochemical oxidation of UA. Peak Il can
then be assigned to enzymatic oxidation of UA.
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Figure 4. Oxidation half-reaction of UA.
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Optimization of UOx-CuO-CPE Fabrication and Sensing Parameters

In order to obtain the highest sensitivity for UA sensing, different parameters
were optimized including: (1) enzyme loading, (2) sensing solution pH, and (3)
equilibration time. For the optimization of UOx enzyme loading, UOx-CuO-CPEs
with different UOx enzyme loading were used for CV measurements of UA in BBS
solution. Appendix Figure Al shows the optimization of enzyme loading UOx-CuO-
CPE and the CV curves of UA using fabricated UOx-CuO-CPEs with different enzyme
loading. As shown in the figure, an increasing trend can be observed for Ave. Ip
(for oxidation peaks corresponding to enzymatic oxidation of UA positioned at ~
+0.410 V) with increasing enzyme concentration from 0.02 mg/mL UOx to 0.3 mg/
mL UOx. This can be attributed to the increase in the number of UOx units present
on the electrode surface. Further increasing the UOx concentration dropcasted onto
the electrode causes a significant drop in peak currents both for electrochemical
oxidation of UA and Cu,0.This can be due to an increase in non-conducting enzyme
units on the electrode surface which hinders not only the direct electron transfer
from UA, but also the diffusion of enzymatically produced H,0, to the nearest
CuO particle. From these observations, the optimized UOx concentration for the
fabrication of UOx-CuO-CPE biosensor is 0.3 mg/mL.

For the optimization of sensing solution pH, equally fabricated UOx-CuO-CPEs were
used to measure for CV measurements of UA in BBS solutions. Appendix Figure A2
shows the optimization graph for the sensing solution pH optimization and the CV
curves of UA at different solution pH values using UOx-CuO-CPE.

As shown in the figure, the response of the UOx-CuO-CPE towards sensing solutions
with pH 8.2 and pH 8.4 showed significantly small Ave. Ip for Cu,0O oxidation,
indicating that at these pH values, the biosensor has low activity to produce H,0,.
Further increasing the pH to 8.6, the biosensor showed a significant increase in Ave.
Ip for Cu,0 oxidation. Further increasing the sensing solution pH led to a significant
decrease in peak current for Cu,O oxidation. These observations are due to the fact
that UA molecules are at monoionic form at pH 8.6, which are a natural substrate
of UOx (Gabison et al. 2008). Increasing the pH will further deprotonize the UA,
converting it to 3,9 - dianion form of UA, which is not the natural substrate of UOx.

For the optimization of equilibration time, equally fabricated UOx-CuO-CPEs were
used to measure UA in BBS (pH 8.6) at different equilibration times via CV.Appendix
Figure A3 shows the optimization graph for the equilibration time optimization
and the CV curves of UA at different equilibration time using UOx-CuO-CPE. As
shown in the figure, 3 minutes equilibration time showed the highest Ave. Ip.
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Shorter equilibration times were observed to have low Ave. Ip, indicating low H,0,
production. Longer equilibration times resulted in decreased Ave. Ip, which was
caused by increased production of allantoin that may competitively inhibit UA at
the active site of UOx (Gabison et al. 2006). With these observations, the optimized
equilibration time was chosen to be equal to 3 minutes. Table 1 summarizes the
obtained value for different parameters that were obtained in this study.

Table 1. Optimized Parameters for UOx-CuO-CPE

Optimized Parameter Optimized Value
Cu deposition time 20s
Cu oxidation time 60 s
Enzyme loading 0.3 mg/mL
Sensing solution pH pH 8.6
Equilibration time 3 mins

Electrochemical Characterization of CPE, CuO-CPE, and UOx-CuO-CPE

In the fabrication of UOx-CuO-CPE, UOx and CuO were used as modifiers on CPE
and both can affect the overall surface conductivity of the resulting biosensor. In
order to assess the effect of both CuO and UOx on the rate of electron transfer at
the electrode-solution interface, CV and EIS measurements were done using CPE,
CuO-CPE, and UOx-CuO-CPE.Figure 5 shows the CV curves, Nyquist plots,and circuit
models using CPE, CuO-CPE, and UOx-CuO-CPE, on BBS (pH 8.6) with ferrocyanide
[Fe(CN),*] redox probe.

Figure 5 shows the CV and Nyquist plots using the CPE, CuO-CPE, and UOx-CuO-
CPE on BBS (pH 8.6) with Fe(CN),* redox probe. Figure 5A shows the CV curves of
Fe(CN),*using the three electrodes. Using CPE, typical reversible redox peaks with
similar peak heights were observed owing to the conducting nature of MWCNT on
the electrode surface. For CuO-CPE, a quasi-reversible redox peak was observed.
The oxidation of Fe(CN),* to Fe(CN),* is more favored as indicated by a significantly
lower reduction peak height as compared to oxidation peak height. For UOx-CuO-
CPE, a significant decrease in peak heights for both reduction and oxidation peaks
was observed. The decrease in peak heights can be attributed to the decrease in
surface conductivity of the electrode due to the non-conducting nature of UOx.
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Figure 5. (A) CV curves and (B) Nyquist plots using CPE, CuO-CPE, and UOx-CuO-CPE. The
solution used was 5 mM K, [Fe(CN),] in BBS (pH 8.6). CV measurements were done at 10 mV/s
scan rate. EIS measurements were done at frequency range 20 kHz-0.1 Hz at 0.35 V applied
potential. (C) Circuit model from EIS measurements using CPE, CuO-CPE, and UOx-CuO-CPE.
Chi-squared (x?) values for the curve fitting are shown.

As shown in figure 5B, Nyquist plots of the three electrodes indicate similar
electrochemical cell properties in the presence of a redox probe. All of the
electrodes were observed to have both electrochemical circles with Llinear
portion at lower frequencies. Such pattern of a Nyquist plot can be modelled
using Randles cell with Warburg impedance element as shown in figure 5C. The
diameter of the electrochemical circle is equal to the charge transfer resistance
(R,) or polarization resistance (Rp), which is directly related to the rate of electron
transfer at the electrode-solution interface. Based on the circuit modelling, the
R, of CPE, CuO-CPE, and UOx-CuO-CPE were determined to be at 5.90 kQ, 7.01
kQ, and 7.52 kQ, respectively. The R , of CuO-CPE is significantly higher to the R
of CPE. This observation is in conformity with the CV measurements in figure 5A,
where Fe(CN)64'/Fe(CN)63' redox couple showed a quasi-reversible redox reaction
using CuO-CPE. For UOx-CuO-CPE, its R, is significantly higher than the R of both
CPE and CuO-CPE. This observation can again be attributed to the non-conducting
nature of UOx, which resulted in hindered direct electron transfer between Fe(CN) *
and UOx-CuO-CPE.
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Assessment of Biosensor Activity

In order to assess the biosensor activity, the apparent Michaelis constant (K_**) was
determined via CV measurements of UA solutions with different UA concentrations
using the optimized UOx-CuO-CPE. The K 2 of UOx on the electrode surface was
estimated using the Hanes-Woolf plot. Appendix Figure A4 shows the Hanes-Woolf
plot for K_** determination and the CV curves for different UA concentrations used
for the Hanes-Woolf plot. The K _** was determined at 41.5 uM. The calculated K =
for UOx-CuO-CPE is much lower than some of the previous reports on UA biosensor
involving UOx (Jindal et al. 2012; Verma et al. 2019). Lower K 2 is more favorable
for an enzyme-based biosensor as it ensures enhanced affinity of the substrate
to the immobilized enzyme which leads to enhanced response. This is due to the
inverse relationship of K_*"and reaction rate (v).

Aside from K 2, maximum velocity (V__) of the biosensor was also determined

max)
using the Hanes-Woolf plot. The V__ gives information on the rate of enzymatic
catalysis. The measured V__ of the UOx-CuO-CPE is at 6.93 x 10 uM UA detected/
min. This is much lower than the reported UOx activity in free solution (for the same
amount of UOx dropcasted onto the CuO-CPE surface) which is at 2.14 x 10! uM
UA converted to allantoin/min. A possible reason for this observation is because
UA molecules are limited only to diffuse towards the active sites of UOx that are
facing the electrode—solution interface. Thus, UOx in free solution is more active

than adsorbed UOx.

Determination of Analytical Merits for UA Sensing Using UOx-CuO-CPE and
Differential Pulse Voltammetry (DPV) as Sensing Technique

DPV measurements for UA were done using the optimized value for different
parameters as previously shown in table 1. A calibration curve was done by
measuring different solutions of UA with varying UA concentrations. Figure 6 shows
the calibration curve for UA detection using the fabricated UOx-CuO-CPE and the
DPV curves of UA solutions with different concentrations using optimized UOx-
CuO-CPE.
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Figure 6. (A) Calibration curve for UA measurements using UOx-CuO-CPE. (B) DPV curves
of UA in BBS (pH 8.6) with different UA concentration using UOx-CuO-CPE. Three (3)
measurements were done for each UA concentration. Error bars represent standard deviation
for three measurements. Ip for each DPV measurement was measured at around +0.370 V.

As shown in figure 6A, a linear correlation was found between UA concentration
and Ave. Ip ranging from 10.0 uM to 79.4 uM (R? = 0.9926). The limit of detection
(LOD) for UA detection using the UOx-CuO-CPE was determined at 8.82 uM. Table
2 shows the figures of merit for the UA measurement using UOx-CuO-CPE. Linear
correlation analysis of the calibration curve was done. As shown in table 2, the R?
value for the linear regression is equal to 0.9926, indicating linear correlation of
Ave. Ip with UA concentration.

Table 2. Figures of merit for UA measurement using UOx-CuO-CPE

Figures of Merit Value
Linear range 10.0 UM - 79.4 uM
Sensitivity 1.348 + 0.067 nA/ uM
Linearity (R2) 0.9926
Limit of Detection (LOD) 8.82 uM
Limit of Quantification (LOQ) 29.39 uM

Assessment of UOx-CuO-CPE Selectivity

UOx is the molecular recognition element of the UOx-CuO-CPE biosensor for UA.
Thus, the main purpose of UOx is to enhance the selectivity of the biosensor. In
order to assess the selectivity of the fabricated biosensor, the electrochemical
response of UOx-CuO-CPE towards possible interferences must first be studied.
Different possible interferences were studied including the following: creatinine,
xanthine, and glucose. Creatinine was included in this selectivity test because of

55



Urate Oxidase (UOx)-Copper Oxide (CuO)-Carbon Polymer Composite Electrode

its presence in human urine as well as having a slight similarity in structure with
UA. Xanthine was included in this selectivity test because of its high structural
similarity with UA. Lastly, glucose was included in this selectivity test also because
of its presence in urine. Urea was not included in this selectivity test because of
its non-electroactive nature and it was shown in a previous study that urea did
not significantly interfere with H,0, measurements using CuO-CPE measurements
(Buenaventura and Yago 2020). Figure 7 shows the CV curves for the mentioned
compounds using UOx-CuO-CPE. From the figure, CV measurements of the studied
interferences using UOx-CuO-CPE showed no appreciable oxidation peak at ~ +0.4
V.Among the studied interferences, only xanthine gave a significant oxidation peak
located at ~ +0.65 V, which is far from the measurement potential (~ +0.4V) for UA.
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Figure 7. (A) CV curves of 39.6 uM UA, creatinine, xanthine, and glucose in BBS (pH 8.6), using
UOx-CuO-CPE. (B) Chemical structures of UA, creatinine, xanthine, and glucose. Scan rate at
10 mV/s. Inset in (A) shows the whole CV curves.

To further assess the selectivity of UOx-CuO-CPE towards UA, different biomolecules
(creatinine, xanthine, and glucose) were added into separate UA sensing solutions
and were measured using UOx-CuO-CPE. Figure 8 shows the selectivity study for
UOx-CuO-CPE in comparison with CPE. Based on figure 8A, UOx-CuO-CPE showed
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no significant difference in its electrochemical response with UA when added with
other biomolecules. This is confirmed by single factor Analysis of Variance (ANOVA)
with calculated F (3.120) less than the F_. . (4.066). Appendix Table B1 shows the
biosensor responses and the ANOVA table. For comparison, a selectivity study of
CPE was also done. Figure 8B shows that there is a significant difference with the
response of CPE towards UA alone as compared with added biomolecules. This
is confirmed by single factor ANOVA with calculated F (16.355) larger than the
Fiica (4.066). Appendix Table B2 shows the CPE responses and the ANOVA table.
Therefore, the presence of creatinine, xanthine, and glucose do significantly affect
the response of CPE towards UA. These results thus proved the effectiveness of the
UOx enzyme as a molecular recognition element in the final biosensor. Appendix
Figure A5 shows the DPV curves of UA, and UA with interferences, using UOx-CuO-
CPE and CPE.
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Figure 8. Selectivity study of UA determination via DPV using (A) UOx-CuO-CPE and (B) CPE.
Three measurements (n=3) were done for each sensing solution combination. Measurement
values are shown above the bars with the format: Average peak current (Ave. Ip) * standard

deviation for three measurements. Ip for each DPV measurement was measured at around
+0.370 V.
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Assessment of UOx-CuO-CPE Reusability and Fabrication Repeatability Using UOx-
CuO-CPE

Ina chemical sensor/biosensor research, it is important also to assess the reusability
as well as the fabrication repeatability of the sensor being developed. In this study,
a sensor reusability test was done by measuring UA over several repetitions (n=5)
using UOx-CuO-CPE. As shown in Appendix Table B3, the average response of
UOx-CuO-CPE towards 79.4 uM UA is at 113.6 = 3.7 nA. The % relative standard
deviation (% RSD) was determined at 3.28%. For the fabrication repeatability, UA
measurements were done using three separate UOx-CuO-CPEs. Figure 9 shows the
fabrication repeatability graph for the UOx-CuO-CPEs. As shown in the figure, the
biosensor responses did not differ significantly. This is confirmed by single factor
ANOVA with calculated F (1.396), which is less than F 5.143). Appendix Table
B4 shows the biosensor responses and ANOVA table.

critical (

103.8} 8.0
96.9+4.2 97.3+3.7

100 -

50+
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A B c
UOx-CuO-CPE Biosensors

Figure 9. Biosensor fabrication repeatability study for UOx-CuO-CPE biosensors.
Measurements for 79.4 uM UA in BBS (pH 8.6) were done using three separate UOx-CuO-CPE
biosensors (labelled as A, B,and C). Three measurements (n = 3) were done for each biosensor.
Measurement values are shown above the bars with the format: average peak current (Ave.
Ip) = standard deviation for the three measurements. Ip for each CV measurement was
measured at around +0.420 V.

Assessment of UOx-CuO-CPE Biosensor Stability

The stability of UOx-CuO-CPE was also studied to provide information about its
usability after a certain period of storage. The UOx-CuO-CPE biosensor was tested
for five-week stability in order to evaluate if it can give a similar response after
storing it at a cold temperature (~ +4°C). Figure 10 compares the mean responses of
the biosensor before (0™ week) and after five weeks (5" week) of storage. As shown
in the figure, UOx-CuO-CPE responses before and after five weeks of storage did
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not differ significantly. This is confirmed by a two-sample t-test with calculated t
equals to 0.156, which is smaller than the t_ (df = 2, a = 0.05) which is equal to
4.303. Appendix Table B5 shows the biosensor responses as well as t-test summary.

150
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96.3+127

0th week 5th week
Weeks

Figure 10. Five-week biosensor stability test. Three (3) measurements for 79.4 uM UA in BBS
(pH 8.6) were done for each data set. Measurement values are shown above the bars with
the format: average peak current (Ave. Ip) * standard deviation for three measurements. Ip for
each CV measurement was measured at around +0.450 V.

Assessment of Applicability of UOx-CuO-CPE on Human Urine Using Synthetic
Human Urine

In order to evaluate the effect of the matrix of human urine towards the UA
measurement using UOx-CuO-CPE, a recovery test was performed. Table 3 shows
the results of the recovery test for three spiking levels (7.4uM, 30uM, and 55.8uM).
As shown in the table, the recoveries for three spiking levels range from 90.27%
to 102.3% with an RSD of not more than 2.55%, indicating that UOx-CuO-CPE is
applicable for the quantification of UA in human urine. Appendix Figure A6 shows
the DPV measurements of non-spiked and spiked synthetic urine.

Table 3. Recovery test for UOx-CuO-CPE using synthetic urine

Sample Detected (uM) Added (um) Found (pM) Recovery RSD (n=3)
1 0.00 + 0.00* 7.40 7.55 £ 0.19 102.03% 2.55%
2 0.00 + 0.00* 30.00 27.08 £0.28 90.27% 1.05%
3 0.00 £ 0.00* 55.80 52.01 £0.30 93.21% 0.59%

*No observable peaks
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Comparison of UOx-CuO-CPE with Other Reported UOx-Based Biosensors

Table 4 shows the analytical performance of other reported UOx-based UAbiosensors
as compared with the fabricated UOx-CuO-CPE. Comparing UOx-CuO-CPE with
other reported biosensors, the UOx-CuO-CPE biosensor has relatively low LOD and
K, 2P.In particular, UOx-CuO-CPE showed a significant improvement in performance
compared to UOx/CuO/Pt (Jindal et al. 2012). It also has lower K_** compared to
UOx/Au-rGO/ITO (Verma et al. 2019) despite having a more sophisticated electrode
modifier. This improved performance of UOx-CuO-CPE can be attributed to several
factors including: 1) the use of CPE that is based on MWCNT (a highly conducting
carbon allotrope (Jacobs et al. 2010)), and 2) the use of the dropcast method of
enzyme depositing rather than covalent attachment of enzyme which can lower
the activity of an enzyme (Feng and Ji 2011). Thus, the advantage of UOx-CuO-CPE,
aside from having facile steps of fabrication, is good analytical performance for UA
determination.

Table 4. Analytical performance of reported UOx-based electrochemical biosensors
for UA compared to UOx-CuO-CPE

) . Apparent
Enzyme bas_ed Electrot_:hemlcal Linear Limit of Michaelis
Electrochemical Technique of . Reference
- - Range Detection Constant
Biosensor Detection (K )
50 UM - ;
UOx/Cu0/Pt Amperometry 140 UM 012 mM (indal et al.
1mM 2012)
LBD. 2 uM - (Mundaca-
megsﬁgp(fl?sosxilillsj)GCE Amperometry 0.33 yM - Uribe et al.
P 12 uM 2014)
Nafion/UOx/Zn0O 50 pM - (Ahmad et
nanosheets/Ag/Si Amperometry 2 mM 0.019 M 0.026 mM al. 2015)
Graphene Oxide - 20 UM - - (Omar et al.
Uox/GCE Amperometry 491 UM 345 UM 2016)
UOx/poly(4-
aminosalicylic acid)/ 10 pM - B (daCruzet
Prussian blue/ carbon Amperometry 200 pM 3.0 um al. 2017)

graphite electrode

UOx/Bull Serum

Albumin (BSA)/BLG- Amperometry 0.02 mM - 0.8 M . (Han et al.

MWCNTs-PtNPs/Glassy 0.5 mM 2019)
Carbon (GC) electrode
Differential Pulse 50 UM - (Verma et
UOx/Au-rGO/ITO Voltammetry 800 uM 7.32 yM 51.75 uM al. 2019)
4146 pM
i i 10.0 pM -
UOX-CuO-CPE ifferential Pulse 8.82 uM (0.0415 This work
Voltammetry 79.4 pM - )
m
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CONCLUSION

An electrochemical enzyme-based biosensor for UA determination was developed
and optimized in this study. A carbon paste electrode (CPE) and its pretreatment,
which were previously optimized by our group in separate studies (Buenaventura et
al.2016; Buenaventura and Yago 2018),was modified further with CuO particles and
a UOx enzyme to fabricate a biosensor that is sensitive and selective towards UA.CV
measurements proved the retention of the capability of the UOx enzyme to catalyze
UA oxidation after being dropcasted on the surface of CuO-CPE. The presence of
UOx on the UOx-CuO-CPE resulted in an increase in R as compared to CuO-CPE
and CPE due to the non-conducting nature of UOx. Several parameters, including
UOx enzyme loading, sensing solution pH, and equilibration time, were optimized.
DPV measurements of UA using UOx-CuO-CPE showed a linear correlation between
Ave. Ip and UA concentration. The LOD for UA measurement using UOx-CuO-CPE
was determined at 8.82 uM. UOx-CuO-CPE showed improved performance over
some reported studies, which mainly could be due to the use of MWCNT-based
CPE and the use of a non-covalent approach of immobilizing the UOx onto the
electrode surface. Because of the presence of UOx as a selective modifier, UOx-CuO-
CPE was also proven to be selective towards UA even in the presence of creatinine,
xanthine, and glucose. Furthermore, UOx-CuO-CPE was also proven to be reusable,
reproducible, and stable even after five weeks of storage. Results of a recovery test
confirmed the applicability of UOx-CuO-CPE for UA determination in human urine.
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Appendix Figure A1

(A) Optimization graph for UOx loading optimization. Three (3) measurements were
done for each enzyme concentration. Error bars represent standard deviation for three
measurements. Peak currents (Ip) were measured at Ep = ~ +0.410 V. (B) CV curves of 79.4
UM UA in BBS (pH 9.0) using UOx-CuO-CPEs which were fabricated by drop casting UOx
solution with different UOx concentrations; scan rate at 10 mV/s, 3 minutes equilibration
time, 20 s Cu deposition time, 60 s Cu oxidation time.

Inset shows the whole CV curves.
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Appendix Figure A2

(A) Optimization graph for Sensing solution pH. Three (3) measurements were done for
each pH. Error bars represent standard deviation for three measurements. Ip for each
CV measurement was measured at around +0.400 V. (B) CV curves of 79.4 uM UA in BBS
(varying pH) using UOx-CuO-CPE; scan rate at 10 mV/s, 3 minutes equilibration time, 20
s Cu deposition time, 60 s Cu oxidation time, 0.3 mg/mL enzyme loading. Inset shows the
whole CV curves.
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Urate Oxidase (UOx)-Copper Oxide (CuO)-Carbon Polymer Composite Electrode

Appendix Figure A3

(A) Optimization graph for equilibration time. Three (3) measurements were done for each
equilibration time. Error bars represent standard deviation for three measurements. Ip for
each CV measurement was measured at around +0.400 V. (B) CV curves of 79.4 uM UA in
BBS (pH 8.6) using UOx-CuO-CPE; scan rate at 10 mV/s, varying equilibration time, 20 s Cu
deposition time, 60 s Cu oxidation time, 0.3 mg/mL enzyme loading. Inset shows the whole
CV curves.
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Appendix Figure A4

(A) Hanes-Woolf plot for determination of K 2. Three (3) measurements were done for
each UA concentration. Error bars represent standard deviation for three measurements.
Ip for each CV measurement was measured at around +0.400 V. (B) CV plots of solutions

with different UA concentration using UOx-CuO-CPE; scan rate at 50 mV/s. Inset shows the
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Urate Oxidase (UOx)-Copper Oxide (CuO)-Carbon Polymer Composite Electrode

Appendix Figure A5

DPV curves of Blank (BBS; pH 8.6), UA, UA + creatinine, UA + xanthine, and UA + glucose,
using UOx-CuO-CPE (A) and CPE (B).
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Appendix Figure A6

DPV curves of non-spiked synthetic urine sensing solution and synthetic urine sensing
solutions spiked with varying amounts of UA; UOx-CuO-CPE was used as working electrode.
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Urate Oxidase (UOx)-Copper Oxide (CuO)-Carbon Polymer Composite Electrode

Appendix Table B1

UOx-CuO-CPE electrochemical response values for different sensing solution
combinations and single factor ANOVA Table

UOx-CuO-CPE electrochemical responses

Sensing Solution Trial 1 Trial 2 Trial3 Average

UA 5.06E+01 5.81E+01 5.82E+01 55.62033

UA + Creatinine 6.05E+01 6.03E+01 5.98E+01 60.19333
UA + Xanthine 6.43E+01 6.03E+01 5.98E+01 61.47167
UA + Glucose 5.37E+01 5.69E+01 5.86E+01 56.384

Single factor ANOVA

Source of SS df MmS F P-value  Fcritical
Variation
Between Groups 73.32234 3 24.44078 3.119790847 0.088047 4.066181
Within Groups 62.67287 8 7.834109
Total 135.9952 1
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Appendix Table B2

CPE electrochemical response values for different sensing solution combinations and

single factor ANOVA Table

CPE electrochemical responses

Sensing Solution Trial 1 Trial 2 Trial 3 Average
UA 1.58E+02 1.39E+02 1.52E+02 149.3333

UA + Creatinine 4.42E+01 5.48E+01 5.86E+01 52.55067
UA + Xanthine 1.09E+02 4.33E+01 3.38E+01 62.14367
UA + Glucose 4.41E+01 3.05E+01 3.07E+01 35.06833

Single factor ANOVA

Source of SS df MS F P-value F critical
Variation
Between Groups 23367.11 3 7789.036 16.355 0.0008956 4.066181
Within Groups 3809.983 8 476.2479
Total 27177.09 1
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Urate Oxidase (UOx)-Copper Oxide (CuO)-Carbon Polymer Composite Electrode

Appendix Table B3

Peak current (Ip) for several trials of UA measurement using UOx-CuO-CPE

Trials Ip (nA)
1 1M1.7
2 M4
3 115.8
4 119.0
5 110.0

Avelp 13.6

SD (n=5) 3.7
% RSD 3.28

*CV technique was used

**Ip was measured for each CV measurement at around +0.410 V
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Appendix Table B4

UOx-CuO-CPEs electrochemical responses towards UA and single-factor ANOVA Table

UOx-CuO-CPE electrochemical responses

Biosensor Trial 1 Trial 2 Trial 3 Average
A 9.40E+01 113E+02 1.01E+02 96.95367
B 9.51E+01 9.72E+01 9.61E+01 103.8063
C 1.02E+02 1.02E+02 9.44E+01 97.32

Single factor ANOVA

Source of SS df MS F P-value  Fcritical
Variation
Between
Groups 89.16576 2 4458288 1.396001 0.317827 5143253
Within
Groups 191.6169 6 31.93614
Total 280.7826 8
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Urate Oxidase (UOx)-Copper Oxide (CuO)-Carbon Polymer Composite Electrode

UOx-CuO-CPE electrochemical responses for UA before and after 5 weeks of storage and

Appendix Table B5

t-test summary

UOx-CuO-CPE Responses

Trial Oth week 5th week
Ip (nA) Ip (nA)
1 2.40E+02 1.90E+02
2 2.06E+02 2.13E+02
3 2.00E+02 2.11E+02
T-test summary
oth week 5th week Difference
Ip (nA) Ip (nA)
Average 2.15E+02 2.05E+02 1.07E+01
SD 21.44285 12.6609281
SD? 459.7956 160.2991
SDN 153.2652 53.4330333
df 2
t 0.747
t crit (95%) 4.303
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