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Uric acid is the primary end product of human purine metabolism and has been regarded as a key parameter
in urine and blood for monitoring physiological conditions. This paper presents a paper-based biosensor for a
quantitative determination of uric acid using electrochemical detection. The working electrode of the biosensor
is modified with graphene oxide (GO) and 5-amino-1,3,4-thiadiazole-2-thiol (ATT) by electropolymerizing ATT
on the surface of graphene oxide. In this study, cyclic voltammetry (CV) measurements required only 200 uL of
analyte solution. The experimental results showed that the oxidation peak current increased as the concentration
of uric acid become higher and exhibited a linear relationship in the concentration range of 0.1-10 mM, indicating
that this proposed biosensor has high sensitivity. In addition, this biosensor has good selectivity to detect uric
acid because ATT has a specific binding with it. In human blood and body fluids, nitrites may be the only factor
that can interfere with the detection of uric acid using this proposed biosensor. Nevertheless, uric acid can be
discriminated from nitrite in the CV measurement due to different oxidation potentials. Thus, this proposed

paper-based biosensor is a promising tool for detecting uric acid in biological samples.

Introduction

Uric acid (UA) is the primary end product of human purine
metabolism. While approximately 70% of daily uric acid is disposed
of through the kidneys as a component of urine, the rest is recirculated
into the blood system. In general, uric acid has homeostatic solubility
in human serum. When the homeostasis of uric acid is interfered with,
some physiological disorders may occur. Hence, uric acid has been re-
garded as a key parameter in urine and blood for monitoring physio-
logical conditions and an important diagnostic biomarker for several
systemic diseases.

Since purine is disintegrated into uric acid, the UA concentration
is related to purine metabolism and normally remains in a stable range
for healthy persons. The normal concentration of uric acid present in the
blood is in the range of 3-7 mg/dL, whereas that excreted in the urine
is about 16-100 mg/dL per 24 h. [1-3] A high purine intake from diet
produces an excessive amount of uric acid in the human body. When
the excessive uric acid gets concentrated and crystallized, the crystal-
lites cause numerous illnesses. Gout is such an ailment caused by the
deposition of crystallites of uric acid in human joints. Besides, excessive
uric acid levels are key pathogenesis of several diseases, including hy-
peruricemia (i.e., high UA concentration), heavy hepatitis, Lesch—Nyan
syndrome, cardiovascular diseases, gouty arthritis, UA urolithiasis, even
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chronic renal diseases. A high level of uric acid in the blood is a serious
problem for health. The prevalence rate of hyperuricemia is rising on a
global scale, imposing a growing disease burden in healthcare systems.
[4] Conversely, an abnormally low uric acid level can also cause other
diseases, such as multiple sclerosis. In other words, variations in uric
acid concentration might result in physiological disorders. Quantitative
determination of uric acid is of great importance for clinical needs in
disease diagnosis and medicine control.

Various analytical approaches have been proposed to detect
uric acid, including spectrophotometry, [5] electrochemiluminescence
(also called electrogenerated chemiluminescence, ECL), [6-8] surface-
enhanced Raman spectroscopy (SERS), [3,9] electrochemical analysis,
[10-12] etc. Recently, electrochemical techniques have become remark-
able methods in detecting uric acid because these techniques exhibit
simplicity and great sensitivity based on the interaction of electrical
energy and matter. Nevertheless, an electrode’s surface modification is
key to improving selectivity in detecting electrochemically active com-
pounds. [13,14] In the literature, the electrodes modified with carbon
nanotubes, nanoparticles, and electroactive polymers have been studied
for detecting uric acid or simultaneous determination of ascorbic acid,
dopamine, and uric acid. [15-17]

However, most of these methods for surface modifications rely on
expensive instruments or require sophisticated processes. Furthermore,
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Fig. 1. (a) The paper-based biosensor modified with graphene oxide
and 5-amino-1,3,4-thiadiazole-2-thiol (ATT). (b) Raman spectrum of
graphene oxide.
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uric acid usually coexists with ascorbic acid and dopamine in biological
fluids, such as blood and urine. They all are electroactive compounds,
playing an important role in human metabolism. This phenomenon be-
comes a major obstacle in detecting uric acid from other electroactive
constituents. That is, these electroactive compounds may interfere in
the measurement of uric acid. For instance, the oxidation potential of
ascorbic acid is close to that of uric acid. Therefore, the development
of a biosensor with excellent sensitivity and selectivity to quantitatively
determine the uric acid level is highly desirable.

In this work, a paper-based biosensor with electrochemical detec-
tion for a quantitative determination of uric acid has been developed.
The working electrode of the paper-based biosensor is modified with
graphene oxide (GO) and 5-amino-1,3,4-thiadiazole-2-thiol (ATT). GO is
an oxidized form of graphene laced with oxygen-containing groups, such
as epoxide, carboxyl, and hydroxyl functional groups on carbon surface.
It has many fascinating properties, such as a large surface-to-volume ra-
tio, superior chemical stability, and excellent biocompatibility. Thus,
GO was generally applied as a coating on substrates in sensor applica-
tions. [18-25] Furthermore, ATT is a chemical compound used to detect
orange II, anthracene-9-carbonxylic acid (9-ACA), nitrite, etc., by elec-
tropolymerization on the electrode. [26-28] For certain substances, ATT
can provide specific bonding with them. Additionally, paper-based sen-
sors have attracted the attention of researchers as they are portable, dis-
posable, and inexpensive. [29-31] Since the oxygen-containing groups
in GO are reactive, the mechanism of this proposed paper-based biosen-
sor is to utilize GO to immobilize ATT for the detection of uric acid. This
biosensor requires a small amount of sample. Moreover, the adsorption
of ATT and the characteristics of this sensor in detecting uric acid have
been systematically studied.
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Materials and methods
Materials

The paper-based chip was purchased from Zensor R&D Corp. (Tai-
wan). It has three screen-printed carbon electrodes (SPEs) for electro-
chemical measurement. Uric acid (2,6,8-Trihydroxypurine, CsH4;N,O3,
99% extra pure powder) purchased from SIGMA-Aldrich was used as
the analyte. In addition, 5-amino-1,3,4-thiadiazole-2-thiol (=C,H3N3S,,
ATT) purchased from Tokyo Chemical Industry (Japan) was used to cap-
ture uric acid for determining its level. Phosphate buffered saline (PBS)
was used to prepare the ATT solution.

On the electrode of the paper-based chip, a layer of graphene oxide
was coated to immobilize ATT. The materials necessary for synthesizing
the graphene oxide include graphite (purchased from SIGMA-Aldrich),
H,S0,4, NaNO3, KMnO,4, H,0,, and dialysis membrane. The reagents
for the anti-interference study include ascorbic acid, nitrite, glucose,
dopamine, and red blood cell. Ascorbic acid (CgHgOg) was purchased
from Ferak Berlin; nitrite was obtained from Pure Chemicals Co.; glucose
and dopamine were purchased from SIGMA-Aldrich. Antibody screen-
ing cell, the substitute for RBC in human blood, was purchased from
Formosa Biomedical Technology Corp. (Taiwan).

Electropolymerization of ATT

Prior to the immobilization of ATT on the paper-based chip’s working
electrode, a layer of graphene oxide was coated. First, 1 g of graphene
oxide powder was dispersed in 99 mL of deionized (DI) water by ultra-
sonic vibration for 2 h until the 1% wt graphene oxide solution became
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Fig. 2. (a) The SEM image of ATT (the black
substances) on the surface of GO/SPE. (b) The
FTIR spectrum of ATT/GO/SPE.
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colloid. Then, 4 uL of colloid was drop cast on the electrode, and the
paper-based chip was heated in a 37°C hot circulator oven for 1 h. This
chip is labeled as GO/SPE.

Next, 0.133 g of ATT powder was mixed with 0.1 M H,SO, (i.e.,
10 mL of sulfuric acid with 90 mL of DI water) to form a 10 mM ATT
solution. Moreover, 200 uL of this solution was drop cast on GO/SPE’s
electrode and electropolymerized by 30 successive potential cycles be-
tween —0.4 and +1.8 V at a scan rate of 50 mV/s. Finally, the paper-
based chip was dried in a 37°C hot circulator oven for 3 h. This chip is
labeled as ATT/GO/SPE. The photo in Fig. 1a shows the result of the
ATT electropolymerization on the working electrode of the paper-based
chip (i.e., ATT/GO/SPE).
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CV experiment to detect uric acid

To prepare a certain concentration of uric acid for the experiment,
the CsH4N,03 powder was added in 0.1 M PBS and stirred using an
ultrasonicator until it was thoroughly dissolved. Then, 200 uL of an-
alyte solution was drop cast on the electrode of ATT/GO/SPE for CV
measurement.

The CV curve and the oxidation wave were observed with 5 suc-
cessive potential cycles between —0.2 and +1.7 V at a scan rate of
50 mV/s. However, the data of the first cycle were not taken into ac-
count. The CV curve was drawn using the average of the subsequent
cycles.
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Fig. 3. The comparison of oxidation peak currents of uric acid per-
J formed at bare SPE, GO/SPE and ATT/GO/SPE, respectively.
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To evaluate the performance of this proposed ATT/GO/SPE biosen-
sor in detecting uric acid, many assays were carried out in this study,
including measurement of different uric acid levels, anti-interference
study, and effect of scan rate.

Results and discussion
ATT immobilization

The immobilization of ATT on the paper-based chip is a prerequisite
for ATT/GO/SPE biosensor. Several tests were then conducted to check
the characterization of ATT electropolymerization.

Raman spectrum of GO

The structure of GO is complicated with different kinds of oxygen
species and bonds, such as epoxy, hydroxyl, and carbonyl groups, to
carbon in the graphene layer. In addition, different synthesis methods
lead to different types of graphene oxide. Therefore, Raman analysis was
performed to investigate the defective states of the synthesized GO in
this study.

The Raman spectrum of GO consists of two distinct peaks (i.e., D
and G bands) representing two typical Raman active vibration modes in
graphitic structures. The D band at 1350 cm™! is related to the defects in
the sp2-bonded carbon network of GO, coming through the preparation
process of GO. At around 1580 cm™!, the G band is usually associated
with the E2g phonons allowed within the sp [2] network, describing the
symmetry in crystals. As shown in Fig. 1b, the intensity ratio of the D
peak to G peak (Ip/Ig), which predicts the degree of impurities within
the GO basal plane, is equal to 0.9995. It explains that this as-prepared
GO powder has pure crystals, and there are fewer defects intercalated in
the sp [2] plane. Excessive destruction of the GO crystal structure due
to the defects in the sp2-bonded carbon network will be detrimental to
the adsorption of ATT. Moreover, insufficient epoxide groups can also
lead to infirm adsorption of ATT to the GO surface. The Raman analysis
disclosed that the GO powder synthesized in this study had the potential
to immobilize ATT.

Scanning electron microscope (SEM)
The immobilization of ATT on the surface of GO/SPE was directly

examined using Phenom G2 pro desktop SEM. Figures 2a-1 and 2a-
2 show the topographic details on the surface of GO before and after
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the step of ATT electropolymerization, respectively. These SEM images
are of 5000-magnification. White granular particles can be found on
the graphene oxide before the electropolymerization step. Additionally,
the white granular particles can still be observed after the step of ATT
electropolymerization, while many larger black substances appear in
the image. Thus, the inference drawn from the SEM results is that the
white granular particles are obviously the particle contamination and
the black substances on the surface of GO/SPE are ATT.

Fourier-transform infrared spectroscopy (FTIR)

To further confirm the success of ATT electropolymerization onto
the surface of GO/SPE, the FTIR spectroscopy analysis was carried out to
study the interaction between ATT and GO using the JASCO FT/IR-4700
FT-IR spectrometer and IRT-5200 FT-IR microscope. The IR spectra of
bare SPE, GO/SPE, and ATT/GO/SPE were recorded for comparison.

When infrared radiation interacts with an organic compound, cer-
tain frequencies of energy, basically in the region of 4000 cm™' to
1300 cm™!, are absorbed due to the functional groups present in the sub-
stance. Hence, peaks that occurred in this spectroscopic region are char-
acteristic of specific kinds of bonds. As shown in Fig. 2b, there is no char-
acteristic band for bare SPE. However, the FTIR spectrum of GO/SPE
shows a strong absorption band within the region 3665-2750 cm~! due
to the stretching of the hydroxyl (O—H) group. In addition, the peak
at 1730 cm™! is ascribed to the C=0 carbonyl stretching, the skeletal
stretching of the C=C alkene group at 1622 cm~!, and the C—O epoxide
group stretching at 1225 and 1055 cm™!. All characteristic peaks of GO
agree with those in the previous reports. [32,33]

From the FTIR spectrum of ATT/GO/SPE, it can be found that the
intensities of many peaks are enhanced. The chemical formula of ATT is
=C,H;3N;3S,. From the basic FTIR information for the organic functional
groups, the absorption band of the stretching N—H group is in the region
of 3400-3300 cm~!. Hence, the high intense absorption band at 3665
2750 cm™! in the FTIR spectrum of ATT/GO/SPE can be attributed to the
stretching of O—H group of GO and the stretching of N—H group of ATT.
That is, more infrared radiation was absorbed by the N—H group of ATT,
except the O—H group of GO. Due to ATT electropolymerization onto
the surface of GO/SPE, the peaks at 1730 and 1625 cm™! are assigned
to the bending of C—H and N-H groups, respectively. Moreover, the
bands detected at 1153, 1033, and 870 cm™! are characteristic peaks of
C—N, S=0, and C—H, respectively. All these peaks present in the FTIR
spectrum of ATT/GO/SPE explain that ATT was immobilized onto the
surface of GO/SPE by electropolymerization.
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Fig. 4. Anti-interference study: (a) The responses of GO/SPE, many chemicals are observed to be interference factors. (b) The responses of ATT/GO/SPE, nitrite is
an interference factor to uric acid.

Comparison of different electrodes surements. The CV tests were carried out in the potential range of —0.2
~ +1.7 V, in cyclical phases, at a scanning rate of 50 mV/s. The cyclic

These three different kinds of modified working electrodes in detect- voltammograms were recorded.
ing 3 mM uric acid were then compared. The electrochemical behavior As shown in Fig. 3, no characteristic peak which can be attributed
of uric acid on the surface of the electrode was evaluated using CV mea- to the oxidation of uric acid appeared at bare SPE. However, at the
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GO/SPE, an irreversible oxidation peak appeared at 1.2 V with a peak
current of 52.445 pA. The oxidation potential of uric acid at the sur-
face of ATT/GO/SPE shifted to 1.35 V, with the peak current enhanced
to 62.187 uA. Both the oxidation peak currents of uric acid at GO/SPE
and ATT/GO/SPE are significantly enhanced in contrast to bare SPE.
In addition, the peak current of uric acid at ATT/GO/SPE is larger than
that at GO/SPE. Nevertheless, the oxidation peak potentials were shifted
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toward more positive potentials for both GO/SPE and ATT/GO/SPE due
to the coating of GO and ATT on the bare SPE.

Anti-interference study

From the above experimental results, both GO/SPE and
ATT/GO/SPE seem suitable for detecting uric acid since their oxidation
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Fig. 6. Effect of scan rate: (a) The oxidation
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peaks are significantly enhanced. Therefore, further investigation is
required.

The anti-interference is an essential assay because some chemicals,
such as ascorbic acid (AA), nitrite, glucose, dopamine (DA), and red
blood cell (RBC), may coexist with the uric acid in human blood and
body fluids. Good selectivity and high sensitivity in detecting uric acid
levels without suffering from the influences generated from these chem-
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icals are the most important requirements in practical clinical applica-
tions. In this study, chronoamperometric measurements were performed
using GO/SPE and ATT/GO/SPE by adding the aforementioned chemi-
cals to 0.1 M PBS (pH: 7.0, 200 mL) solution at their oxidation potentials
of uric acid, respectively. The sequence of successive addition of chem-
icals (every 60 s) was: (a) 0.2 mM UA, (b) 0.1 mM AA, (c) 1 mM nitrite,
(d) 1 mM glucose, (e) 0.1 mM DA, and (f) 3% 1 mL RBCs. The concentra-
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tion set for experiments was chosen based on the actual concentration
of each chemical in the human blood.

As shown in Fig. 4a, the amperometric i~t curve indicates the re-
sponses of GO/SPE upon successively adding the aforementioned chem-
icals. Initially, a significant rise of current due to the addition of the uric
acid indicates that the oxidization response occurred on the electrode.
However, many chemicals are interference factors, including (c) nitrite,
(d) glucose, and (f) RBCs. A rise of current popped up whenever an in-
terference factor was added, which means that GO/SPE does not have
good selectivity to detect uric acid because GO does not have specific
binding to it.

The amperometric i-t curve in Fig. 4b shows the responses of
ATT/GO/SPE upon successive addition of these chemicals. The addi-
tion of (c¢) nitrite caused a slight rise of current, while a current pulse
was observed after adding (f) RBCs. However, no evident signal changes
were found for the other chemicals. The results reveal that nitrite has
interference with uric acid. This proposed ATT/GO/SPE biosensor uti-
lizes ATT to capture uric acid for measurement. The functional group of
ATT can also bind with nitrite ions, resulting in interference. Although
nitrite is an interference factor to uric acid, it can be discriminated from
uric acid in the CV measurements. The oxidation potential of nitrite is
0.8 V, while the uric acid is oxidized at 1.4 V. In addition, although RBCs
are another interference factor to uric acid, they did not produce a re-
dox reaction at ATT/GO/SPE in the applied potential range during the
CV measurements. Therefore, only a current pulse was observed. Based
on the above experimental results, it can be concluded that ATT elec-
tropolymerization to GO/SPE is a necessary step for UA detection to re-
duce the interferences from other components in human blood and body
fluids. ATT/GO/SPE biosensor exhibits a better selectivity and sensing
performance towards the detection of uric acid than the GO/SPE biosen-
sor.

Measurement of different uric acid levels

To investigate the applicability of ATT/GO/SPE in determining uric
acid levels, different uric acid concentrations were employed and mea-
sured with CV. Since the physiological concentration of uric acid present
in the blood is about 3-7 mg/dL (i.e., 0.15-0.45 mM), a series of con-
centrations beginning from 0.1 to 10 mM were designed for CV tests.
For each concentration, three ATT/GO/SPE biosensors were prepared
for the purpose of repetitious experiments.

Fig. 5a shows the cyclic voltammograms of uric acid in different
concentrations, and the oxidation peak current increased noticeably as
the concentration of uric acid increased. However, the oxidation poten-
tial slightly decreased as the concentration of uric acid increased. Such
implies that the oxidization reaction is prone to a higher concentration
of uric acid on the electrode. As shown in Fig. 5b, the peak current ex-
hibits a linear relationship with the concentration of uric acid. Its linear
regression equation is defined as

1, =1.857Cy, +36.729,

where I, denotes the peak current while Cy, is the concentration of uric
acid. The coefficient of determination R? reaches 0.997. The sensitivity
number of this biosensor is 7.857 yA/mM. The inset of Fig. 5b illustrates
the linear relationship in the concentration range of 0.1-1.0 mM. The
experimental result reveals that this proposed ATT/GO/SPE biosensor is
applicable for detecting the uric acid level in the range of physiological
concentration, as well as the range of higher concentration.

Effect of scan rate

To evaluate the effect of scan rate on the oxidation of uric acid at
ATT/GO/SPE, linear sweep voltammetry (LSV) was performed using a 1
mM uric acid solution. The potential between the working electrode and
the reference electrode was swept linearly in time from —0.2 to +1.7 V.
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Meanwhile, the scan rate was changed from 20 to 200 mV/s with an in-
terval of 20 mV/s. As shown in Fig. 6a, the oxidation peak current of uric
acid increased with the scan rates. Good linearity between the oxidation
peak current and the square root of the scan rate was obtained, as shown
in Fig. 6b. This experimental result is in accordance with the Randles-
Sevcik equation, indicating that the uric acid reaction at ATT/GO/SPE is
a diffusion-controlled process in the investigated range.

Conclusion

Gout and hyperuricemia, prevalent globally in recent years, are usu-
ally associated with a variety of chronic diseases. For these patients,
their uric acid levels must be monitored or maintained using medicines.
In this study, a paper-based biosensor modified with GO and ATT was
developed to determine uric acid levels. While this proposed biosensor
has many advantages, the fabrication process is also simple. It requires
only a small quantity of analyte solution for an experiment. Moreover,
this biosensor has high sensitivity in detecting the uric acid level in
the range of physiological concentration, as well as the range of higher
concentration. It also has good selectivity without suffering from the in-
fluences generated from the other chemicals in human blood and body
fluids. Therefore, it could be a perfect candidate for detecting uric acid
to monitor physiological disorders.

Supporting Information
Synthesis of graphene oxide

The graphene oxide was synthesized from graphite powder using a
modified Hammer’s method. The first synthesis step was to dissolve 1 g
of sodium nitrate in 80 mL sulfuric acid (98%) in a flask placed in an ice
bath with constant stirring for 1 h, followed by adding 2 g of graphite
powder with stirring for an additional 1 h. Afterwards, 8 g of potassium
permanganate was slowly added to the solution mixture with stirring for
3 h until the color of the solution became dark green. The solution was
then transferred to a 40°C water bath with stirring for 6 h. Subsequently,
100 mL of DI water was slowly added to the solution using a syringe
pump; meantime, the temperature of the solution was maintained under
100°C. Next, the solution was heated in a 98°C hot circulator oven for 20
min. Finally, the addition of 30 mL of hydrogen peroxide (30%) to the
solution was conducted to react with the redundant potassium perman-
ganate. When the color of the solution became bright yellow, the basic
synthesis step was accomplished. The as-prepared product was rinsed
with hydrochloric acid (5%) and DI water several times, followed by
the centrifugal process to discard the supernatant. After centrifugation,
the precipitate was packed in a dialysis membrane and then placed in a
DI water bath for 7 days. The final product was dried at low temperature
to form a powder.
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