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Abstract: Accurate and effective diagnosis and individualized management of gout can be potentially
achieved by detecting uric acid (UA) and xanthine (XT) simultaneously using an easy-to-use method.
Herein, we report simultaneous detection of UA and XT using a 3-dimensional (3D) macroporous gold
nanoparticle-incorporated reduced graphene oxide-carbon nanotube nanocomposite (GNP /rGO-
CNT). The GNP/rGO-CNT was simply prepared on a glassy carbon electrode (GCE) by one-step
electrochemical deposition/co-reduction. It displayed highly sensitive and selective responses to UA
and XT, showing excellent stability and good reproducibility in neutral pH. It was demonstrated that
3D GNP /rGO-CNT on GCE could detect UA and XT in human saliva and blood serum simultaneously.
This GNP /rGO-CNT for simultaneous detection of UA and XT in human body fluids can be utilized
for monitoring drug adherence for gout treatment, together with gout diagnosis.

Keywords: uric acid; xanthine; simultaneous detection; saliva; serum; 3D reduced graphene

oxide; nanocomposite

1. Introduction

Gout, the most common form of inflammatory arthritis, is characterized by deposition
of monosodium urate (MSU) monohydrate in synovial fluid and other tissues [1]. Its preva-
lence, incidence, and years lived with have been increasing globally [2]. Hyperuricemia
is defined as a serum uric acid (UA) level of more than 7.0 mg/dL [416 pmol/L] in men
or more than 6.0 mg/dL [357 umol/L] in women. It is the most important risk factor for
gout. Although a definite diagnosis of gout is made by demonstration of MSU crystals
in synovial fluid or tophus aspirate, sampling sometimes fails. In addition, MSU crystal
identification is considerably dependent on an observer [3]. Therefore, clinical diagnosis
of gout is mainly based on the presence of hyperuricemia and symptoms suggestive of
acute or chronic gout. However, it is well recognized that normouricemia is common in
acute gout attacks [1,4], which might cause misdiagnosis and lead to unnecessary cost and
time losses.

Recent gout treatment guidelines [5] recommend a treat-to-target approach by achiev-
ing and maintaining a serum urate level <6 mg/dL. Drug compliance, under-dosing, and
impaired response to urate-lowering agents can influence the achievement of treatment tar-
get [6]. In a real-world setting, less than 50% of gout patients are adhered to urate-lowering
agents [7]. Pill counts and patient self-reports frequently used to monitor adherence are of
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low reliability [8], and measurements of drugs and their metabolites by high-performance
liquid chromatography (HPLC) are often limited due to accessibility. Thus, for more accu-
rate and effective diagnosis and treatment of gout, additional biochemical indicators and
an easy-to-use method are needed.

As UA is produced from xanthine (XT) and hypoxanthine by xanthine oxidase, XT
is the precursor metabolite of UA in the purine metabolic pathway [9]. Zhao et al. [10]
have shown that XT and hypoxanthine concentrations are increased in gout patients whose
UA levels are abnormally high. XT levels are reportedly higher in gout patients than
those in healthy controls regardless of serum urate levels [11]. Moreover, xanthine oxidase
inhibitors such as allopurinol and febuxostat significantly increase XT levels whereas they
significantly decrease UA [12,13]. Based on these findings, simultaneous detection of
UA and XT might be helpful in the diagnosis and individualized management approach
for gout.

Until now, high-performance liquid chromatography (HPLC) [11,14,15] and electro-
chemical methods [16-19] have been utilized to simultaneously determine UA and XT in
human samples such as serum and urine. Although HPLC is a highly sensitive and precise
method, it has some limitations, such as complex sample preparation and time-consuming
procedure, as well as expensive instruments and experts. On the contrary, electrochemi-
cal sensors can be used as alternatives due to their high sensitivity, rapid response, and
simplicity [20-23]. In particular, non-enzymatic electrochemical sensors [24-26] have been
employed for multiple analysis because they are more stable and cost-effective than en-
zymatic sensors, which require specific enzymes such as uricase or xanthine oxidase. A
variety of modified electrodes have been proposed for simultaneous detection of UA and
XT, including carbon or graphene derivatives [18,20] and their composites with metal
nanoparticles or polymer [19,21-26]. In particular, reduced graphene oxide (rGO) has re-
ceived great attention in electrode material due to the good electrical conductivity, excellent
physical and chemical properties, and high electrochemical activity [20,24,26]. However,
the strong - stacking interaction of each rGO sheet causes restacking or aggregation of
rGO sheets, consequently reducing the surface area. Recently, Ghanbari et al. [27] have
reported a simultaneous determination of UA and XT using a nanocomposite synthesized
from electropolymerized L-cysteine, gold nanoparticle (GNP), boron atom (B), and nitrogen
atom (N) co-doped rGO. Doping of rGO with B and N increases the surface area because
they increase the interlayer spacing of rGO sheets [27]. Although this nanocomposite
showed a high sensitivity and selectivity, it required a complicated and time-consuming
process with high temperature for synthesis of B and N co-doped rGO, as well as additional
two steps for electrodeposition. In a previous study, we have reported three-dimensional
(3D) macroporous GNP-incorporated rGO-carbon nanotube (CNT) nanocomposites on a
glassy carbon electrode (GNP /rGO-CNT/GCE) using a single-step, one-pot electrochemi-
cal synthesis without any template, catalyst, or high temperature [28]. A 3D rGO-based
nanocomposite has been attracting significant attention in the field of electrochemical
sensor due to its large surface area, fast charge transfer, and easy mass transport [29,30].
Therefore, improved electronic characteristics of macroporous rGO nanocomposites will be
helpful for separating electrochemical signals of multiple analytes with enhanced currents
compared with other electrodes.

In this study, we introduce a sensitive non-enzymatic electrochemical detection of
UA and XT utilizing 3D macroporous GNP /rGO-CNT/GCE fabricated by a one-step
electrochemical deposition and co-reduction method. The prepared GNP /rGO-CNT/GCE
showed good electrocatalytic activity to the oxidation of UA and XT. We investigated the
analytical performance of GNP/rGO-CNT/GCE, including its sensitivity, selectivity, and
reproducibility. Finally, it was used for simultaneous detection of UA and XT in human
saliva and blood serum samples. A schematic illustration of the fabrication and sensing
protocol of the GNP /rGO-CNT/GCE for simultaneous detection of UA and XT is shown
in Figure 1.
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Figure 1. Schematic illustration of the fabrication and sensing protocol of the gold nanoparticle-
incorporated reduced graphene oxide-carbon nanotube nanocomposite on the glassy carbon electrode
(GNP /rGO-CNT/GCE) and its current response of uric acid (UA) and xanthine (XT).

2. Materials and Methods
2.1. Reagents

Graphene oxide (GO, 4 mg/mL dispersion in H,O, >95.0%), multi-walled CNT (car-
bon basic, >98.0%), gold (llI) chloride trihydrate (HAuCly-3H,O, >99.0% trace metals
basic), UA, XT, potassium phosphate monobasic (KH,;POy), potassium phosphate dibasic
(KoHPOy), potassium chloride (KCl), potassium hexacyanoferrate (II) (K4Fe(CN)g), potas-
sium hexacyanoferrate (III) (K3Fe(CN)g), dopamine (DA), citric acid (CA), glucose (glu),
L-ascorbic acid (AA), sodium chloride (NaCl), calcium chloride (CaCly), potassium thio-
cyanate (KSCN), and ammonium chloride (NH4Cl) were purchased from Sigma Aldrich (St.
Louis, MO, USA). All chemicals were of analytical grade and were used as received without
further purification. All aqueous solutions were prepared using ultrapure deionized water
(resistivity = 18.3 MQ)-cm).

2.2. Apparatus

Surface morphology of the prepared electrode was characterized using a field emission
scanning electron microscope (FE-SEM; 5-4700, Hitachi, Tokyo, Japan). Energy-dispersive
X-ray spectroscopy (EDX; 5-4700, Hitachi, Tokyo, Japan) was used for analyzing elemental
compositions of prepared nanocomposites. All electrochemical methods such as cyclic
voltammetry (CV) and square wave voltammetry (SWV) were carried out with a Compact-
Stat (Ivium Technology, Eindhoven, Netherlands) and a three-electrode system with a GCE
(diameter of 3 mm) working electrode, platinum wire (diameter of 1 mm) counter electrode,
and silver/silver chloride (Ag/AgCl, 1 M KCl) reference.

2.3. Fabrication of GNP-Incorporated 3D rGO-CNT on GCE

Prior to fabrication, bare GCE was sequentially polished with 1.0, 0.3 and 0.05 pm alu-
mina (AlpO3) slurries, sonicated in distilled water, and dried with nitrogen (N) gas. Before
use, GO solution was sonicated for 60 min to disperse it homogeneously. GNP-incorporated
rGO-CNT nanocomposite was prepared using a previously described method [28,31] with
a minor modification. Briefly, 2.25 mg of CNT powder was dispersed in 9.37 mL of
phosphate buffer (PB; 0.067 M, pH 7.4) using an ultrasonic liquid processor (STH-500S;
Sonictopia, Cheongju, Korea) at 300 W for 10 min. After filtering the dispersed CNT solu-
tion using lens cleaning tissues (105, GE Healthcare Life Sciences, Pittsburgh, PA, USA),
5.63 mL of GO solution (final concentration = 17.83 mg/mL) and 1.4 uL of HAuCly-3H,O
(final concentration = 2.5 pg/mL) were mixed well with 7 mL of CNT solution (final
concentration = 1.33 mg/mL). The mixing ratio of GO to CNT was 9:1. The mixed solution
was then sonicated for 60 min to disperse it homogeneously. Prior to performing CV, the
prepared solution was purged by Ny gas for 10 min. Finally, a one-step electrochemical
co-reduction with deposition was performed using CV for 10 cycles in a potential range
from 0.3 to —1.5V (vs. Ag/AgCl reference electrode) at a scan rate 50 mV /s under constant
bubbling of N, gas. The prepared GNP-CNT-rGO on the GCE was washed three times with
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distilled water and then stored in distilled water to prevent collapse of the 3D structure
before use.

2.4. Electrochemical Detection of UA and XT Utilizing GNP/rGO-CNT/GCE

Electrochemical characterization of the GNP /rGO-CNT/GCE was performed with
the CV technique in 0.1 M KCl solution containing 2 mM [Fe(CN)¢]*>~/4~ with a scanning
range from —0.1to 0.5V (vs. Ag/AgCl reference electrode) at a scan rate of 50 mV/s. The
sensing capabilities of GNP /rGO-CNT/GCE toward UA and XT were evaluated using
SWYV technique. SWV measurements were carried out using 25 uM UA and 25 uM XT in
0.1 M phosphate buffered saline (PBS, pH 7.4) with a scanning range from 0 to 1.0 V (vs.
Ag/AgCl reference electrode) under the following conditions: 10 mV pulse amplitude,
10 mV E step, and 2 Hz frequency. Simultaneous detection of various concentrations of UA
(0, 1.56, 3.125, 6.25, 12.5 and 25 pM) and XT (0, 3.125, 6.25, 12.5 and 25 uM) was performed
in 0.1 M PBS (pH 7.4) under the same SWV conditions.

2.5. Real Sample Test

To examine the preliminary feasibility of GNP /rGO-CNT/GCE for detecting UA and
XT, a recovery experiment was performed using human saliva and serum samples of healthy
subjects (n = 5, respectively). Sample collection was approved by the Ethics Committee of
Seoul National University Bundang Hospital (IRB No. B-1911-577-303). Written informed
consent was obtained from all participants. Saliva and serum samples were simultaneously
collected under fasting conditions. Unstimulated whole saliva samples were collected in a
plastic tube using passive drooling and centrifuged at 4500 x g for 10 min at 4 °C. Venous
blood samples were centrifuged at 1500 ¢ for 15 min at room temperature to obtain serum.
Then, all samples were frozen at —80 °C until analysis. For UA and XT analyses, saliva
and serum were diluted 100 times and 250 times in 0.1 M PBS (pH 7.4), respectively. SWV
current responses were obtained for diluted human saliva and serum spiked with 10 uM of
UA and 10 uM XT.

3. Results and Discussion
3.1. Characterization of 3D Macroporous GNP/rGO-CNT/GCE

GNP/rGO-CNT/GCE was easily synthesized by a one-step electrochemical reduction
with co-deposition method without any template or complex process. Small amounts of
CNTs were used as nanowire spacer to form interconnected rGO networks to improve
the effective surface area [28]. In addition, small amounts of GNP could enhance the
electrocatalytic activity and conductivity by providing additional pathways for fast electron
transfer [28,32]. Figure S1 shows CV curves of one-step electrochemical reduction with co-
deposition in GO, CNT, and HAuCly 2H,O mixtures. At about —1.1 V (peak III), the surface
oxygen groups of GO such as epoxy/ether group and hydroxyl group are irreversibly
reduced to rGO [33]. In addition, Au®* is also reduced to gold nanoparticle (GNP) during
the same potential range of CV. When the reduction of GO and Au>" occurs, the reduced
forms, such as rGO and GNP, are deposited on the GCE. As shown in Figure 51, anodic
peak (I) and cathodic peak (II) currents which represent the redox pair of electrodeposited
rGO on the GCE [33] increased varying on the electrodeposition cycle, as well as cathodic
current (III). During the electrochemical co-reduction and deposition of GO and Au3*,
small amounts of CNTs are intercalated between rGO sheets by 7—m interaction.

First, we optimized the mixing ratio of GO and CNT and the concentration of HAuCly-3H,O
for GNP /rGO-CNT/GCE. Figure 2a shows the effect of the mixing ratio of GO and CNT
on current response of rGO-CNT/GCE to 2 mM [Fe (CN)s]>~/4~, an electrochemically
active probe. As shown in Figure 2a, the 9:1 ratio between GO and CNT showed the
highest anodic peak current (Ipa) of rGO-CNT/GCE. The SEM image in inset of Figure 2a
confirmed successful formation of 3D macroporous structure of rGO-CNT/GCE when it
was synthesized at a 9:1 mixing ratio between GO and CNT, different from a film structure
of reduced graphene oxide on the GCE (rGO/GCE). However, when more CNT was added,
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the I, response of rGO-CNT/GCE became lower. It might be attributed to the fact that an
excess CNT might result in aggregation and subsequently decrease the effective surface
area. Figure 2b displays I, response of GNP /rGO-CNT/GCE to 2 mM [Fe (CN)6P 74~
with various concentrations of HAuCly-3H,0 (0, 2.5, 5.0, 7.5, 10, 25, 50, 75 and 100 pg/mL).
When a small amount of HAuCly-3H,0 ranging from 2.5 to 7.5 ug/mL was added, Ipa
of GNP/rGO-CNT/GCE was higher than that of rtGO-CNT/GCE. Then, I,, decreased
with increasing HAuCly-3H,O concentration from 10 to 100 pg/mL because excess GNP
could interfere with the formation of 3D GNP /rGO-CNT/GCE and disturb the electron
transfer between the redox probe and electrode [28]. As 2.5 ug/mL of HAuCly-3H,O
showed the maximum Ip,, with a low standard deviation, we first selected it as an optimum
concentration for GNP /rGO-CNT/GCE.
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Figure 2. (a) Changes in anodic peak current (Ipa) of reduced graphene oxide-carbon nanotube
nanocomposites on the glassy carbon electrode (rGO-CNT/GCE) to 2 mM [Fe (CN)e]3—74 by
varying the mixing ratio between graphene oxide (GO) and carbon nanotube (CNT). Insets show SEM
images of tGO-CNT/GCE and reduced graphene oxide on the GCE (rGO/GCE) with each mixing
ratio. Changes in Ip, of the gold nanoparticle-incorporated rGO-CNT/GCE (GNP /rGO-CNT/GCE)
to (b) 2 mM [Fe (CN)g]>~/4~, (¢) 100 uM uric acid (UA), and (d) 100 1M xanthine (XT) according to
HAuCly-3H,0O concentration.

Next, we examined current responses of GNP /rGO-CNT/GCE to UA and XT, respec-
tively, according to concentrations of HAuCly-3H,O (0, 1.25, 2.5, 5.0, 10 ug/mL). As shown
in Figure 2¢, I)a of GNP/rGO-CNT/GCE to UA (100 uM) was similar at all concentrations
of HAuCly-3H,0. However, the maximum I, of GNP/rGO-CNT/GCE to XT (100 uM)
was observed with 2.5 ng/mL of HAuCly-3H,O (Figure 2d). Therefore, we finally selected
2.5 pg/mL of HAuCly-3H;O as the optimum concentration for GNP /rGO-CNT/GCE.

Electrocatalytic activities of modified electrodes were characterized by SWV. Figure 3ab
show CV curves and corresponding I, values of bare GCE, rGO/GCE, rGO-CNT/GCE,
and GNP /rGO-CNT/GCE in PBS (0.1 M, pH 7.4) containing 25 uM UA and 25 pM XT. As
shown in Figure 3a, two well-defined oxidation peaks were observed for all types of elec-
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trodes, including bare GCE, rGO/GCE, rGO-CNT/GCE, and GNP/rGO-CNT/GCE. How-
ever, anodic current responses of bare GCE toward UA and XT were negligible. On the con-
trary, the I,a of rGO/GCE significantly increased to 113.1 & 5.5 uA for UA and 93.1 + 5.8 pA
for XT. GNP /rGO-CNT/GCE (155.0 + 4.4 pA for UA and 129.4 + 3.7 pA for XT) showed
higher I, values than bare GCE, rGO/GCE, and rGO-CNT/GCE (139.5 + 9.2 uA for UA
and 115.9 & 6.0 pA for XT). SEM image and EDX spectrum shown in Figure S2 confirmed
that GNP/rGO-CNT consisted of carbon, oxygen, and gold. Effective surface area for
each modified electrode was calculated using the Randles—Sevcik equation [25,34] from
the CV curves obtained using 2 mM [Fe(CN)g]>~/4~ at different scan rates (10-100 mV/s)
(Figure S3). As a result, the effective surface areas of bare GCE, rGO/GCE, rGO-CNT/GCE,
and GNP/rGO-CNT/GCE were 0.068, 1.205, 1.70, and 1.80 cm?, respectively. This re-
sult indicated that GNP/rGO-CNT/GCE could improve the effective surface area and
enhance the electron transfer because of 3D structures of rGO-CNT nanocomposite with an
enhanced conductivity and GNP with a high electrocatalytic activity [28]. Ep, values of
GNP /rGO-CNT/GCE were 0.28 and 0.68 V for UA and XT, respectively, indicating that
simultaneous detection of UA and XT could be effectively achieved without any separation
or pretreatment.

(@) 400 — (b)
— are v
— rGO/GCE . GCE | UA = XT prestniennny
— rGO-CNT/GCE 1, xr : H
300{— GNPAGO-CNT/GCE =/ "
~~ ¥y —_—
-« 200 EJV (vs.AgAGCH <
3 vA 2
Lo XT =
100-
0 ) :
0.0 02 0.4 0.6 038 Lo Bare  1GO/ I1GO-CNT/ \GNPAGO:
E (V vs. Ag/AgCl) GCE  GCE GCE  :CNT/GCE:
c d
© @
y=0.7808x+ 1.1389 XT
R2=0.997 P
400 = 2.5 4 o ®
< o oo UA
- 2 red
< ° =
I 2004 = 2 "
= . o
- -
& d
04 = 15 4 R y= 0.8543’;+ 0.6182
R?=0.9985
200 1 . . :
0.8 1.2 1.6 2
E (Vvs. Ag/AgCD) Log [V (mV/s)]

Figure 3. (a) Square wave voltammetry curves and (b) anodic peak current (Ipa) values of bare glassy
carbon electrode (GCE), reduced graphene oxide on the GCE (rtGO/GCE), reduced graphene oxide-
carbon nanotube nanocomposite on the GCE (rGO-CNT/GCE), and gold nanoparticle-incorporated
rGO-CNT/GCE (GNP /rGO-CNT/GCE) in PBS (0.1 M, pH 7.4) containing 25 uM uric acid (UA) and
25 uM xanthine (XT) (n = 3). Inset shows a zoomed graph for bare GCE. (c) Cyclic voltammetry curves
of GNP /rGO-CNT/GCE at different scan rates (10-100 mV/s) in PBS (0.1 M, pH 7.4) containing
25 uM UA and 25 uM XT. (d) Corresponding plots of log Ipa vs. log scan rate (v) for UA and XT of
GNP /rGO-CNT/GCE.

Effects of scan rates on Ip, of UA and XT in the GNP/rGO-CNT/GCE were also
examined by CV at various scan rates ranging from 10 to 100 mV/s. As shown in Figure 3c,
current responses of 25 uM UA and 25 uM XT simultaneously increased with an increase
in scan rate. Log I, value showed a linear relationship with log scan rate (v) in the range
of 10~100 mV/s (log Ipa = 0.854 log v + 0.6185, R? = 0.9985 for UA; log I,, = 0.7808 log v +
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1.1389, R? = 0.997 for XT) (Figure 3d). These results indicated that an adsorption-controlled
process had occurred for simultaneous UA and XT oxidation [24,27,35].

3.2. Optimization for Simultaneous Detection of UA and XT Using GNP/rGO-CNT/GCE

The pH of the supporting electrolyte can have a significant effect on electrochemical
oxidation of XA and UA [35,36]. Therefore, we investigated the effect of pH on oxidation
current responses of UA and XT at GNP /rGO-CNT/GCE by recording SWV curves from
pH 5.0 to 8.0 in 0.1 M PBS containing 25 uM UA and 25 uM XT (Figure 4a). As shown in
Figure 4b, the I, of UA increased with increasing pH up to 7.4. It then decreased at higher
pH (8.0). This effect of pH on I, of UA might be attributed to the fact that deprotonated UA
at higher pH (8.0) was inefficiently adsorbed on GNP /rGO-CNT/GCE due to electrostatic
repulsion [35]. The I, of XT did not change in the pH range of 6.0-8.0. Therefore, we
selected pH 7.4 as an optimal pH for simultaneous detection of UA and XT. Moreover,
as shown in Figure 4c, Epa showed a linear relationship with pH (Ep, = —0.0858 pH +
0.9289, R? = 0.991 for UA; Ep, = —0.0733 pH + 1.2396, R? = 0.9917 for XT). Ep, moved to
negative potentials with an increase of pH for both UA and XA (Figure 4c), indicating that
a proton transfer occurred in the oxidation reaction of UA and XT [19,26,27]. As slopes for
UA (85.8 mV/pH) and XT (73.3 mV /pH) were close to the theoretical value of the Nernst
equation, we inferred that the oxidation process of UA and XA was related to an equal
number of protons and electrons—two protons and two electrons [21,25,36,37]. Thus, the
mechanism for UA and XT oxidation can be proposed in Figure 54.

(a) b)) 55 ¥ ©
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Figure 4. (a) Square wave voltammetry (SWV) curves of gold nanoparticle-incorporated re-
duced graphene oxide—carbon nanotube nanocomposite on the glassy carbon electrode (GNP /rGO-
CNT/GCE) in presence of 25 uM uric acid (UA) and xanthine (XT) in PBS (0.1 M, pH 7.4) with various
pH (5.0, 6.0,7.0,7.4, 8.0) at a potential range from 0.0 to 1.0 V (vs. Ag/AgCl). Corresponding plots of
(b) Anodic peak current (Ipa) vs. pH and (c) Anodic peak potential (Epa) vs. pH of for UA and XT of
GNP /rGO-CNT/GCE. (d) SWV curves of GNP /rGO-CNT/GCE in PBS (0.1 M, pH 7.4) containing
25 uM UA and XT with various accumulation time (1, 2, 3, 4, 5) at a potential range from 0.0 to 1.0 V
(vs. Ag/AgCl). (e) Effect of accumulation time on Ip, of UA and XT at GNP /rGO-CNT/GCE.

Next, we optimized the accumulation time to obtain better performance for simul-
taneous detection of UA and XT. As can be seen in Figure 4d,e, Ipa values of UA and XT
sharply increased with an increase of accumulation time until 4 min. Higher I,, of UA
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and XA might be due to their greater adsorption on GNP /rGO-CNT/GCE. However, I,
values of UA and XA became constant at 5 min due to surface saturation. This behavior
was consistent with an adsorption-controlled process at the electrode surface. Therefore,
the accumulation time for optimal adsorption was selected at 4 min.

3.3. Analytical Performance of GNP/rGO-CNT/GCE for Simultaneous Detection of UA and XT

We investigated sensing performance of GNP /rGO-CNT/GCE for simultaneous de-
tection of UA and XT. First, SWV was performed by changing the concentration of UA (0,
1.56, 3.125, 6.25, 12.5, 25.0 uM) in the presence of 12.5 uM XT. As shown in Figure 5a, the
Ipa1 of GNP /rGO-CNT/GCE increased with an increasing UA concentration. The change
in Ipa of GNP/rGO-CNT/GCE was linear with UA concentration in the range from 0 to
25.0 uM (R% = 0.995), showing a sensitivity of 5.518 pA/uM UA. A lower detection limit
was 910 nM based on the signal-to-noise ratio of three (S/N = 3). Next, changes in Ipa of
GNP /rGO-CNT/GCE were analyzed by changing the concentration of XT (0, 3.125, 6.25,
12.5, 25 uM) in a mixture solution containing 6.25 uM UA. As shown in Figure 5b, the I, of
GNP /rGO-CNT/GCE also increased with an increasing XT concentration. The change in
I]‘oa of GNP /rGO-CNT/GCE had a linear relationship with XT concentration in the range
from 0 to 25.0 uM (R? = 0.995), with a sensitivity of 2.888 A /uM XT and a detection limit
of 2.57 uM. Finally, SWV was performed by changing concentrations of UA and XT from 0
to 25.0 uM simultaneously. As shown in Figure 5¢, Ipa changed linearly depending on the
concentration of UA and XT. Sensitivities for UA (5.376 uA/uM UA, R? = 0.988) and XT
(3.275 pA/uM XT, R? = 0.9969) were similar to those of individual UA or XT. Therefore, the
GNP /rGO-CNT/GCE was capable of simultaneous detection and quantitative detection
by separating oxidation peaks from each other.
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UA UA
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25 pM 25 M 2‘5:13[ XT
- -~
“ -« ?
2 1004 I = 1004 I 1
— —
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Figure 5. (a) Square wave voltammetry (SWV) curves and the plot of anodic peak current change
(Alpa) vs. concentration of uric acid (UA) on gold nanoparticle-incorporated reduced graphene
oxide—carbon nanotube nanocomposite on the glassy carbon electrode (GNP /rGO-CNT/GCE) at
different concentrations of UA (0, 1.56, 3.125, 6.25, 12.5, 25.0 uM) in presence of 12.5 uM xanthine
(XT) in PBS (0.1 M, pH 7.4) at a potential range from 0.0 to 1.0 V (vs. Ag/AgCl) (n =5). (b) SWV
curves and the plot of Alp, vs. concentration of XT (n = 5) on GNP/rGO-CNT/GCE at different
concentrations of XT (0, 3.125, 6.25, 12.5, 25 uM) in presence of 6.25 uM UA in PBS (0.1 M, pH 7.4) at
the same condition. (c) SWV curves and the plot of Alp, vs. concentration of UA and XT (n = 3) on
GNP /rGO-CNT/GCE at different concentrations of both UA and XT (0, 3.125, 6.25, 12.5, 25 uM) at
the same condition.
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Compared to previous results of other electrochemical methods for simultaneous mea-
surement of UA and XT, sensing performance and condition of our GNP /rGO-CNT/GCE
are summarized in Table 1. Although some of other modified electrodes have some ad-
vantages, such as low LOD and wide linear range, the prepared GNP /rGO-CNT/GCE
showed good performance in terms of high sensitivity at physiological pH, which could be
easily applied to analysis of biofluids such as saliva and blood serum. Moreover, it has an
additional advantage due to its easy preparation of 3D structure without a complex process.

Table 1. Comparison of analytical performances between GNP /rGO-CNT/GCE sensor and other
GO or rGO-modified GCEs for detection of UA and XT.

Linear Range LOD Sensitivity & : Real Sample
Electrode Analyte (M) (M) (A M1 -c}r,n*Z) Operating pH Applications Ref.
PPV ! /C-MWCNT 2/GCE va 0350 016 1631 6.6 Human blood [21]
) XT 0.1-100 0.05 15.09 serum
s 0.1-800 0.199 1.73 70 Humap serum [25]
Au-PEDOT-fMWCNT ° /GCE 0.05-175 0.024 1431 andet)léiggsﬁsh
MWCNT/GCE uA 0.1-100 0.04 - 55 Human serum [35]
XT 0.02-20 0.01 -
Nano-B-CeO, #/GCPE vA 0421187 0.005 122 5.0 Human serum [34]
obe XT 0.07-2.02 0.002 449 and urine
UA 20-120 0.088 - Human serum
ERGO ¢/HAD7 E 7.2 ¢ [20]
GO°/ /GC XT 1060 011 ; and urine
UA 0.1-10 0.05 5.482 ) 19
Poly(I-Arginine)/ERGO/GCE 6.5 Human urine (191
XT 0.1-10 0.05 7.590
UA 2-10 0.767 0.145 (LA -uM 1) . )
CoFe;04/1GO/GCE XT 2-10 0.650 0126 (LA-uM 1) 50 Human urine (241
05705 (Log C (M)
UA 0.08-400 0.03 )
Poly(methylene blue)/ERGO/GCE o e (%A()l\),[) 30 Human urine (361
XT 0.1-400 0.05 . &
vs. Log I (1A))
B,N co-doped UA 0.003-3 0.9 (nM) 1.908 70 Human serum [27]
rGO/GNP/poly(L-cysteine)/GCE XT 0.0003-3 0.09 (nM) 0.846 :
UA 1.56-25 0.910 78.11 Human saliva .
3D GNP/tGO-CNT/GCE XT 31398 2573 1088 7.4 A sa This work

1 PPV: poly(pyrocatechol violet); 2 C-MWCNT: carboxyl functionalized multi-walled carbon nanotubes; 3 Au-
PEDOT-fMWCNT: functionalized MWCNT stabilized nanogold decorated poly-3,4-ethylenedioxythiophene:
p-toluenesulfonic acid polymeric nanocomposite; * Nano-B-CeO,: nano-boron doped ceria; > GCPE: glassy carbon
paste electrode; ® ERGO: electrochemically reduced graphene oxide; 7 HDA: 1,6-hexadiamine; 8 sensitivity was
calculated using the geometrical electrode area.

To evaluate selectivity of the GNP /rGO-CNT/GCE, we compared SWV responses of
25 uM UA and 25 uM XT with those of other potential interfering species, including 5 uM
DA, 100 uM CA, 100 uM glu and 100 uM AA. As shown in Figure 6a, Ipa values of UA and
XT did not change by the addition of each interfering species. This result indicates that
the GNP /rGO-CNT/GCE has good selectivity for simultaneous detection of UA and XT
without any interfering effect. Moreover, the reproducibility of GNP/rGO-CNT/GCE was
investigated by measuring SWV responses to 25 uM UA and 25 uM XT using 10 electrodes
on the same fabrication date and 5 electrodes on different fabrication dates, respectively.
The relative standard deviation (RSD) of 10 GNP/rGO-CNT/GCE electrodes was 2.3%
for UA and 2.9% for XT (Figure 6b). The RSD of five GNP /rGO-CNT/GCE electrodes
was 2.3% for UA and 3.4% for XT (Figure S5). Therefore, the GNP /rGO-CNT/GCE was
highly reproducible.
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Figure 6. (a) Selectivity test result of GNP/rGO-CNT/GCE by measuring Ip, values of SWV for
25 uM UA and 25 uM XT in PBS (0.1 M, pH 7.4) under the coexistence of other interfering species
including 5 uM DA, 100 uM CA, 100 uM glu, and 100 uM AA (n = 3). (b) Reproducibility test result
of GNP/rGO-CNT/GCE with 10 individual electrodes using Ipa of SWV to 25 uM UA and XT in PBS
(0.1 M, pH 7.4). (c) Stability test result of GNP/rGO-CNT/GCE by measuring I, values of SWV for
25 uM UA and 25 uM XT after 28 days of storage at 4 °C. SWV was performed at a potential range
from 0.0 to 1.0 V (vs. Ag/AgCl) (n = 3).

The stability of GNP/rGO-CNT/GCE was examined based on SWV responses to
25 uM UA and XT during storage in distilled water at 4 °C for up to 28 days. As shown in
Figure 6c, Ipa values showed 94.0% of initial Ipa for UA and 93.9% of initial I, for XT after
28 days of storage. This indicates that the fabricated GNP /rGO-CNT/GCE sensor has a
good stability without suffering from surface contamination during storage.

3.4. Real Sample Analysis

To verify the feasibility of using GNP /rGO-CNT/GCE for simultaneous detection
of UA and XT, it was applied to real sample analysis with the standard addition method.
Table 2 shows recovery test results of UA and XT in human saliva (n = 5) and blood serum
(n = 5) samples obtained with GNP/rGO-CNT/GCE for UA and XT spike samples. In
human saliva, this sensor produced recoveries in the range of 91.6 to 109.0% for UA and
91.9 to 107.8% for XT. In human blood serum, recoveries were found to be 96.1 to 108.9%
for UA and 94.3 to 103.8% for XT. There results indicated that our GNP /rGO-CNT/GCE
sensor could be potentially utilized for analyzing UA and XT in real biological fluids.

Table 2. Simultaneous determination of UA and XT in human saliva (n = 5) and blood serum samples
(n=0>5).

Title 1

Added (uM) Found (uM) Recovery (%)

UA

XT

UA

XT

UA

XT

Saliva 1
Saliva 2
Saliva 3
Saliva 4
Saliva 5

10
10
10
10
10

10
10
10
10
10

10.90 + 0.53
10.05 £+ 0.44
10.14 £ 0.65
9.16 £ 0.19
9.26 £ 0.27

9.19 £ 0.96
10.78 + 0.62
9.37 £0.27
10.59 £ 1.67
10.00 + 0.69

109.0
100.5
101.4
91.6
92.6

91.9
107.8
93.7
105.9
100.0

Blood serum 1
Blood serum 2
Blood serum 3
Blood serum 4
Blood serum 5

10
10
10
10
10

10
10
10
10
10

9.61 £+ 0.39
10.0 £ 1.54
10.2 £ 0.28
9.93 £0.72
10.9 £ 0.79

9.47 £ 0.57
9.43 £1.99
9.56 + 0.31
10.20 £ 0.95
10.38 £ 0.54

96.1
100.3
101.5

99.3
108.9

94.7
94.3
95.6
102.0
103.8

Three replicate measurements were made for each sample.
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4. Conclusions

In summary, we demonstrated that utilizing 3D macroporous GNP/rGO-CNT
nanocomposites simply prepared by a one-step electrochemical deposition with co-reduction
method could simultaneously detect UA and XT. GNP /rGO-CNT/GCE has a high surface
area and fast electron transfer due to 3D rGO-CNT nanocomposite and a high electro-
catalytic activity due to a small amount of GNP. As a result, this GNP/rGO-CNT/GCE
showed high sensitivity and selectivity with excellent stability and good reproducibility in
neutral pH. Simultaneous detection of UA and XT in human saliva and blood serum using
GNP/rGO-CNT/GCE might also be effectively achieved. To the best of our knowledge,
simultaneous detection of UA and XT in human saliva has not been reported. Therefore, the
GNP /rGO-CNT/GCE sensor for simultaneous detection of UA and XT could be utilized as
an effective tool for clinical diagnosis and management of gout using human body fluids.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11030185/s1, Figure S1: Cyclic voltammetry curves
of one-step electrochemical reduction with co-deposition of graphene oxide (GO), carbon nanotube
(CNT), and HAuCls-2H,O mixtures in 0.067 M phosphate buffer (pH 7.4) at a potential range from
+0.3 to —1.5 V for 10 cycles at 50 mV/s. Inset shows the photographic image of GNP /rGO-CNT/GCE;
Figure S2: (a) SEM image and (b) EDX spectrum of GNP/rGO-CNT/GCE; Figure S3: (a) Cyclic
voltammetry curves of GNP/rGO-CNT/GCE at different scan rates (10-100 mV/s) in 0.1 M KCl
containing 2 mM Fe(CN)g3~/4~. (b) The corresponding plot of anodic peak current (Ia) versus square
root of scan rate for bare GCE, rGO/GCE, rGO-CNT/GCE, and GNP /rGO-CNT/GCE. Effective
surface area for each electrode was calculated using the Randles-Sevcik equation [I}, = (2.69 x 10°)
n3/2 A DY/2 C v1/2], where Ip is the peak current (nA), n is the number of electrons in the reaction
(FIn = 1), A is the effective surface area of electrode (cm?), D is the diffusion coefficient of the redox
probe in solution (7.6 x 1070 cm? s~ 1), C is the concentration of the redox probe (2 mmol/L), and v is
the scan rate (V/s); Figure S4: The proposed mechanism for the electrochemical oxidation of uric acid
(UA) and xanthine (XT); Figure S5: Square wave voltammetry responses of five GNP /rGO-CNT/GCE
electrodes on different fabrication dates to 25 uM uric acid (UA) and 25 uM xanthine (XT).
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