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Uric acid analysis is extremely important for gout prognosis, diagnosis and treatment. Previous technologies
either lack specificity or exhibit poor performance, and thus could not meet the need of Point-of-Care (POC) uric
acid monitoring. Here we present for the first time, a novel electrochemical biosensor based on 3D Super-Aligned
Carbon NanoTube (SACNT) array to facilitate POC uric acid monitoring. The working electrode of the biosensor
is composed of an orderly 3D SACNT array immobilized with uricase through a precipitation and crosslinking
procedure. Such biosensor possesses a higher enzyme density, significantly larger contact area with reactants and
could maintain the intact SACNT structure and its excellent conductivity after modification. The developed 3D
SACNT array electrochemical biosensor benefits from high specific surface area, high electro-catalytic activity
and large contact area with analytes, and demonstrates high sensitivity of 518.8 pA/(mM-cm?), wide linear range
of 100-1000 pM and low limit of detection of 1 uM for uric acid. Dynamic uric acid monitoring has been ach-
ieved using the presented biosensor. And the obtained results in serum samples had no significant difference
compared with those obtained using the FDA-approved electrochemical analyzer (Paired T-test, p > 0.05). These
demonstrated that the technology can potentially be applied in POC monitoring of other biomolecules to improve
prognosis, diagnosis and treatment outcomes of metabolic diseases.

1. Introduction cardiovascular diseases, and neurological diseases (Abou-Elela, 2017;

Ghosh et al., 2015; Lakshmi et al., 2011). Therefore, it is necessary to

Gout is a common and complex form of arthritis that affects a large
population, which causes sudden, severe attacks of pain, swelling,
redness and tenderness in the joints (Perez-Ruiz et al., 2015; Ragab
et al., 2017). According to literature, the prevalence of gout is 1-4% of
the general population worldwide, and in some countries and regions
the prevalence may increase up to 10% (Kuo et al., 2015). The biological
cause of gout is chronic elevation of serum uric acid levels above the
saturation point for monosodium urate crystal formation (Lakshmi et al.,
2011). Uric acid is an end product of purine metabolism in the human
body and is in the range of 200-430 pM in healthy human serum, while
in gout patients it could reach up to 430-570 pM (Ghosh et al., 2015;
Schlesinger et al., 2009). Lasting high uric acid level may not only cause
gout, but also lead to other severe diseases such as kidney diseases,
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examine uric acid levels for prognosis, diagnosis and treatment of a
variety of diseases especially gout.

The first reported method for uric acid analysis was developed by
Offer in 1894, who applied chemical oxidation of uric acid to reduce
phosphotungstic acid to a tungsten blue chromophoric compound. This
method suffered from poor specificity where cross-reaction from other
compounds was common. To overcome this problem, researchers
attempted to apply uricase to realize specific detection of uric acid.
Based on the absorbance of quinone imine products from Trinder’s re-
action the uric acid level could be determined (Erden and Kilic, 2013).
Gradually this enzymatic colorimetric method became gold standard of
clinical uric acid testing and was widely accepted due to its high spec-
ificity. However, the complex procedures and cumbersome
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instrumentation have hindered its application. Later on, many alterna-
tive techniques for uric acid sensing have been reported, aiming to
improve the sensitivity, linear range, limit of detection or to realize
rapid, high-throughput detection, such as chemiluminescence (Yu et al.,
2011), high-performance liquid chromatography (HPLC) (Li et al., 2015;
Zhao, 2015), enzymatic fluorescence (Azmi et al., 2015), capillary
electrophoresis (Zhao et al., 2016a), weak measurement system (Zhang
et al., 2018), surface plasma resonance (Zhang et al., 2016) and so on.
Those techniques have been reported for testing uric acid in the labo-
ratory with high sensitivity, however most of these techniques were
restricted by complex sample pre-treatment, cumbersome instruments
and long processing time (Erden and Kilic, 2013). Uric acid is mostly
examined in the hospital laboratory after symptoms have already
appeared, leading to possible delayed treatment. Moreover in meta-
bolically disordered patients, uric acid level fluctuates dramatically
(Schlesinger et al., 2009). Nowadays, with the emerging need of preci-
sion health, frequent detection and dynamic monitoring of uric acid is
very important for gout prognosis, diagnosis and treatment (Abou-Elela,
2017; Vaidya et al., 2018).

POC testing, known for testing of blood chemistry, gases, electro-
lytes, and clotting, at or near the site of patient care, has advantages in
short processing time, ease of use, portability, small sample consump-
tion and capability to achieve real-time dynamic monitoring (Sista et al.,
2008; Syedmoradi et al., 2017). It is a paradigm shift of diagnostic test
from conventional central laboratory setting to near-patient setting.
Therefore, POC testing provides actionable diagnostic information at the
time needed, enabling informed decisions regarding diagnosis and
treatment. Photometric POC testing methods have been extensively
studied due to its convenient signal readout, however, most of these
methods are much vulnerable to environmental variations such as skin
thickness and not feasible for further miniaturization (Estevez et al.,
2012). Electrochemical detection methods have been widely applied in
POC applications for its high sensitivity, compact structure, and ease of
integration. In electrochemistry method the redox reactions involving
biomolecules cause electron transfer in the electrodes to generate re-
action currents, and the electrical signals are analyzed to calculate
biomolecule information (Hamann et al., 2007). Uric acid as one of the
human metabolites has high electrocatalytic activity and is suitable for
electrochemical detection. Therefore, electrochemistry method could
provide a promising tool for real-time, convenient, rapid, and highly
sensitive POC uric acid monitoring (Hadi and Rouhollahi, 2012; Kimmel
et al., 2012).

There are two types of electrochemistry method, non-enzymatic and
enzymatic electrochemistry. Non-enzymatic electrochemistry method
utilizes different kinds of electro-active materials to improve the sensi-
tivity of biomolecule detection, such as zero-dimensional materials
carbon nanoparticles (Dutta et al., 2014) and SnO, quantum dots
(Huang et al., 2013), one-dimensional material carbon nanotubes
(Barsan et al., 2015), two-dimensional materials (Jiang and Du, 2014)
and composites such as graphene/size-selected Pt nanocomposites (Sun
et al., 2011), MoSy/reduced graphene oxide (Xing and Ma, 2016a) and
so on. However this method suffers from low specificity, because in
human blood ascorbic acid (AA), dopamine (DA), and uric acid (UA)
coexist and their oxidation peak currents are overlapped. Enzymatic
electrochemistry method uses specific catalytic action of enzymes to
obtain the biomolecule information in samples. Recently enzymatic
electrochemistry method has attracted great attention for advantages
such as high specificity, and could serve as a promising tool for specific
detection of biomolecules. Nevertheless, current enzymatic electro-
chemistry methods have disadvantages of low sensitivity, narrow linear
range, or high limit of detection (Erden and Kilic, 2013; Piermarini et al.,
2013). Therefore, developing an enzymatic electrochemical biosensor
with high sensitivity, wide linear range, low limit of detection and
simple fabrication process for POC uric acid monitoring is in urgent
need.

To achieve this goal, researchers have explored various types of
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electro-catalytic materials and enzyme immobilization methods for the
working electrode, which plays the most critical role in enzymatic
electrochemical sensing (Erden and Kilic, 2013). In recent years, carbon
nanotubes (CNTs) have been widely applied in biomolecule detection
due to their unique physical, electrical and chemical properties (Ahmad
etal., 2015; Bandodkar et al., 2016; Han et al., 2014; Zhao et al., 2016b).
CNTs have high aspect ratio, high mechanical strength, excellent
chemical and thermal stability, and superior electronic and optical
properties, which make CNTs important material in biosensors (Dang
and Zhao, 2020; Yang et al., 2010). However, in electrochemical bio-
sensors CNTs are typically used as thin layers that have limited contact
area and enzyme immobilization space, which significantly affects their
performance.

In this work, we report for the first time, design and fabrication of a
novel enzymatic electrochemical biosensor based on 3D Super-Aligned
Carbon NanoTube (SACNT) array. We report the successful develop-
ment of an electrochemical biosensor with a 3D SACNT array working
electrode by precipitation and crosslinking uricase on the 3D SACNT
array for real-time uric acid monitoring. The novel biosensor preserves
the intact SACNT structure and would provide high specific surface area,
high electro-catalytic activity and large contact area with samples. To
study the characteristics of the biosensor, we analyzed the surface
structures of the working electrode and performed electrochemical tests
of the biosensor with uric acid samples. We envision the presented
method provides a promising tool for clinical prognosis, diagnosis and
treatment of other metabolite disorders such as glucose, lactic acid, etc.
in the future.

2. Materials and methods
2.1. Materials preparation

Chitosan (50,000-190,000 Da), uric acid (>99%), surfactant (PEG-
PPG-PEG), and glutaraldehyde (GA) solution (50% in H20) were pur-
chased from Sigma (Steinheim, Germany). Uricase (>10 units/mg) was
purchased from Macklin (Shanghai, China). Silver nanoparticles (AgNP)
and amino functionalized carbon nanotubes (>99%) were purchased
from Yuanye Biology Company (Shanghai, China). Phosphate buffer
solution (pH = 7.2-7.4) was from Solarbio (Beijing, China). All other
chemicals used were of analytical grade. Double distilled water was used
throughout the experiments. All electrochemical measurements were
performed on the CHI660E electrochemical workstation (Chenhua,
Shanghai, China).

2.2. Electrochemical detection mechanism

The developed electrochemical biosensor is based on the three-
electrode system, which consists of a working electrode, a reference
electrode and a counter electrode. As the following chemical equation
(1) shows, the uric acid in the solvent is catalyzed by uricase on the
working electrode and oxidized into allantoin, producing carbon dioxide
and hydrogen peroxide (Numnuam et al., 2014).

uricacid -+ H,0"" allantoin + H,0, + CO, 1)
Then the produced H>0, decomposes on the surface of the electrodes
as equation (2) shows and the corresponding current is detected.

H202 - 02 + ]'IJr + 2e” (2)
2.3. System design

Fig. 1 shows the configuration of the developed 3D SACNT array
electrochemical biosensor. This biosensor is comprised of two parts, the
three-electrode system for uric acid sensing and the microfluidic module
for introducing analytes (Fig. 1(A)). The working electrode in Fig. 1(B) is
a 3D SACNT array sensing element, which is comprised of uricase,
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Fig. 1. Schematic illustration of the design and construction of the 3D SACNT array electrochemical biosensor for uric acid detection. (A) The electrochemical
biosensor is composed of a three-electrode system, and a microfluidic channel module for introducing samples; (B) The three-electrode system fabricated on a silicon
wafer and the SACNT array fixed on the working electrode; (C) Configuration of the 3D SACNT array sensing element in the working electrode; (D) Schematic

illustration of uricase immobilized on SACNT.

SACNT, chitosan and glutaraldehyde as shown in Fig. 1(C-D). SACNTs
are bundles of carbon nanotubes oriented perpendicular to a substrate.
SACNT array’s orderly 3D structure could not only increase enzyme
immobilization density but also provide significantly larger contact area
with reactants than regular CNTs. A photographic image of the
biosensor is shown on Fig. S1. Besides, we were able to immobilize
uricase directly on SACNTs through a precipitation and crosslinking
procedure, other than modifying chemical functional groups that would
damage SACNTs. Thus SACNTs could maintain the intact structure and
excellent conductivity after modification (Chauhan and Pundir, 2011).
Such SACNT array sensing element possesses three major advantages.
First, SACNT array has high specific surface area and greatly increases
contact area between analytes and immobilized enzymes. Second,
SACNT array benefits from high electron conductivity and could
significantly improve electro-catalytic activity by increasing electron
transfer. Third, the stereoscopic 3D structure of the SACNT array could
significantly enhance the density and stability of immobilized uricase
and improve the sensitivity of uric acid detection. Therefore, the
developed 3D SACNT array electrochemical biosensor could achieve
high sensitivity and high stability detection of uric acid.

2.4. Fabrication of the SACNT array

The carbon nanotube was grown with the chemical vapor deposition
method. An iron catalyst was evaporated onto a silicon substrate by
electro-beam evaporation. The substrate was placed into a quartz tube
furnace at 700 °C, and acetylene was introduced. The growth happened
under a low-pressure state for 10 min. After about 10 min growth, an
SACNT array of 300 pm could be obtained.

2.5. Fabrication of the three-electrode biosensor

The biosensor was prepared by microfabrication as shown in Fig. 2.
First, the silicon wafer was rinsed with acetone and isopropyl alcohol
followed by plasma enhanced chemical vapor deposition (PECVD) to
form a dense oxide film on the surface of silicon wafer. Then a positive
photoresist (Shipley S1818, Rohm and Haas Electronic Materials Co.,
Marlborough, MA) was spin-coated at 4000 rpm for 30 s. The positive
photoresist was soft-baked at 110 °C for 5 min. UV exposure system
(MA-10, Mikasa CO., LTD., Tokyo, Japan) was applied to pattern the
photoresist, which was then developed in MF-319, and hard-baked for 5
min at 130 °C. After that, a 30 nm thick Cr and 50 nm thick Pt was
sputtered (CFS-4ES-231, Shibaura Engineering Works CO., LTD., Tokyo,
Japan) onto the wafer surface. The electrodes were formed using a lift-
off process. Finally, the SACNT array that was grown on silicon wafer
separately was cut out to the size of the working electrode by laser and
transferred to the working electrode using conductive silver paste. Last,
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Fig. 2. Fabrication procedures of the SACNT array biosensor.

the microfluidic module which was made by polydimethyl siloxane
(PDMS) was cast molded separately using master mold from a 3D ul-
traviolet curing printer.

2.6. Modification of the working electrode and optimization of
experimental conditions

The working electrode was fabricated by the aforementioned micro
fabrication procedures, followed by surface modification to immobilize
uricase on SACNT through a precipitation and crosslinking process.
First, chitosan/CNTs solution was prepared by adding 5 mg amino
functionalized carbon nanotubes into a 2 ml chitosan solution (0.2% wt)
with ultrasonic mixing for 10 min to achieve complete dispersion. Then
1 mg uricase was added to Chitosan/CNTs solution (50 pl) to obtain
Uricase/Chitosan CNTs solution. A drop of Uricase/Chitosan CNTs so-
lution (3 pl) was introduced onto the SACNT array working electrode,
dried at room temperature, and then 3 pl glutaraldehyde solution (5%)
was added onto the working electrode. The above mixture was incu-
bated at room temperature to crosslink for 1 h, and the GA/Uricase/
Chitosan/SACNT/Pt electrode was thus prepared. The working elec-
trode was gently rinsed 3 times with PBS by pipetting and then the
modified biosensor was stored in refrigerator at 4 °C until use. GA/
Chitosan/SACNT/Pt electrode was also prepared through the same
procedures without adding uricase onto the working electrode. Con-
ventional immobilization methods utilize covalent bonding to achieve
enzyme immobilization. As a result, strong oxidants such as nitric acid
and sulfuric acid are usually applied to CNTs to produce functional
groups, which inevitably damages CNTs structures (Alwarappan et al.,
2010; Gao et al., 2012). Our immobilization method utilizes a precipi-
tation and crosslinking procedure without using any strong oxidants.
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Therefore, intact SACNT structure is preserved and excellent SACNT
electron conductivity is maintained. For optimization of the experi-
mental conditions, the concentration of uricase solution was one of the
most important aspects. Different concentrations of uricase solution
varying from 10 to 30 mg/ml with a 5 mg/ml interval were applied to
modify the working electrodes. Those electrodes were evaluated by
introducing 100 pl uric acid solution (300 pM) onto the working elec-
trodes and the oxidation peak currents of the uric acid solution were
investigated.

2.7. Scanning electron microscopy and confocal microscopy of the
modified SACNT array biosensor

Scanning electron microscopy (SEM) studies of bare SACNT/Pt
electrode and enzyme modified SACNT array electrode were carried out
to confirm immobilization of uricase. The electrodes were cut into small
pieces with a dicing saw and placed on a copper disc. Gold particles were
deposited on the surface using a spray machine and electron micro-
graphs were recorded. Confocal microscopy study of GA/Uricase/Chi-
tosan/SACNT/Pt electrode was carried out to confirm the spatial
distribution of immobilized uricase, and the 3D profile of the GA/Uri-
case/Chitosan/SACNT/Pt electrode was reconstructed.

2.8. Electrochemical characterization of the modified SACNT array
biosensor

Cyclic voltammetry studies were conducted with the SACNT array
biosensor using a CHI660E electrochemical workstation. The three-
electrode system of the biosensor utilized GA/Uricase/Chitosan/
SACNT/Pt as the working electrode, Ag/AgCl as the reference electrode
and Pt as the counter electrode. Firstly, control experiments between
GA/Uricase/Chitosan/SACNT/Pt electrode, GA/Chitosan/SACNT/Pt
electrode and bare electrode were studied by introducing 100 pl uric
acid solution (300 pM) into the working electrodes and recording the
cyclic voltammetry response, respectively. Secondly, to further study
the characteristics of the modified SACNT array biosensor, cyclic vol-
tammograms were recorded by introducing 100 pl phosphate buffer
solution (0.01 M, pH = 7.4) into the working electrode at scanning rates
ranging from 10 to 200 mV/s with a 20 mV interval. The potential range
during cyclic voltammetry tests was between —0.40 and 0.40 V. Thirdly,
to evaluate the performance of the 3D SACNT array biosensor in uric
acid detection, cyclic voltammograms were recorded after introducing
100 pl uric acid solutions (concentration varying from 1 pM to 2000 pM)
into the working electrode at room temperature (25 °C). After each
measurement, the working electrode was cleaned three times with DI
water. The potential range during cyclic voltammetry tests for uric acid
detection was set between —0.40 and 0.60 V and the scanning rate was
set to 50 mV/s. All cyclic voltammetry data was processed using MAT-
LAB 2014 (MathWorks, Natick, MA) and Origin 8.0 (OriginLab Corpo-
ration, Northampton, MA).

2.9. Specificity studies and dynamic uric acid monitoring of the modified
SACNT array biosensor

Firstly, to study the specificity of the modified SACNT array
biosensor, amperometric I-t measurement of the biosensor was carried
out by adding three different interferents such as glucose at 5 mM, lactic
acid at 0.5 mM and ascorbic acid at 0.1 mM, respectively, into 100 pl
uric acid solution at 100 pM. The concentration of each interferent was
chosen based on the average concentration level in health human blood.
Secondly, to evaluate the dynamic uric acid monitoring performance of
the biosensor, amperometric I-t curve for measuring uric acid at
different concentrations in PBS solution (pH = 7.4, 0-700 pM) was
tested. Series of uric acid samples with different concentrations were
prepared and withdrew into the working electrode one after another by
a syringe pump (LSP02-1B, Longer Precision Pump Co., Ltd, Hebei,
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China). The applied potential was 0.12 V. The flow rate was 500 pl/min.
2.10. Stability studies of the modified SACNT array biosensor

To evaluate the stability of the GA/Uricase/Chitosan/SACNT/Pt
working electrode, after uric acid testing as described in the previous
session, the biosensor was washed by PBS buffer, dried and stored in a
refrigerator at 4 °C for 4 weeks. Then the biosensor was retrieved and the
performance was investigated by cyclic voltammetry. The same pro-
cedures were performed to repeat uric acid detection experiments using
varying concentrations of uric acid samples from 1 pM to 2000 pM. The
potential range during cyclic voltammetry tests was set to the same
range between —0.40 and 0.60 V and the scanning rate was also set to
50 mV/s. The measured oxidation currents and sensitivity of the GA/
Uricase/Chitosan/SACNT/Pt working electrode before and after storage
were compared.

2.11. Analysis of real samples

To investigate the feasibility of the developed 3D-structured SACNT
array biosensor for uric acid detection in biological fluids, serum sam-
ples from healthy human volunteers spiked with uric acid to final con-
centrations of 300, 400, 500, 600 pM were measured by our biosensor,
and compared with the FDA-approved electrochemical analyzer (Bene-
check, Taiwan, China). The serological samples were collected in anti-
coagulant tubes and used immediately after collection.

3. Results and discussion

The SACNT array electrochemical biosensor was successfully fabri-
cated and modified with enzymes. After 10 min growth, an SACNT array
with the height of CNT achieving 300 pm was obtained. According to our
statistics about the SACNT by transmission electron microscopy, the
diameter of the carbon nanotube was 7-11 nm and the wall number was
between 6 and 10.

Fig. 3(A-D) and Fig. S2 show the side and surface profile of the
SACNT/Pt working electrode before and after uricase immobilization.
Before enzyme immobilization the inside of SACNT array was vertically
aligned while the surface of SACNT array was staggered, as seen from
the SEM image in Fig. 3(A-B). After enzyme immobilization, the inside
and surface of the SACNT array were covered by clusters or ellipsoidal
particles, as can be seen from Fig. 3(C-D) and Fig. S2(C-D). The immo-
bilization of uricase on the GA/Uricase/Chitosan/SACNT/Pt electrode
was confirmed from SEM images of the surface of working electrode
before and after uricase immobilization. The reconstructed 3D image of
GA/Uricase/Chitosan/SACNT/Pt electrode from confocal microscopy
indicates that uricase was evenly immobilized on the upper surface and
sides of the working electrode (Fig. S3). As mentioned before, conven-
tional immobilization methods utilize strong oxidants to produce func-
tional groups on CNTs for covalent bonding with enzymes at the cost of
damaging the CNTs structure. Our method immobilizes uricase to the
SACNT array by precipitation and crosslinking using glutaraldehyde,
which causes no damage to the SACNT array. This method could also be
applied in immobilization of other electro-catalytic materials in enzy-
matic biosensors as compared to covalent bonding methods. The cyclic
voltammetry response of biosensors modified by different methods were
evaluated in 300 pM uric acid solution at the scanning rate of 50 mV/s.
As seen in Fig. 3(E), the GA/Uricase/Chitosan/SACNT/Pt electrode
exhibited excellent response for detection of uric acid and a pair of redox
peaks was observed with oxidation at 0.12 V and reduction at —0.20 V.
For the GA/Chitosan/SACNT/Pt electrode, no obvious redox peaks were
observed due to absence of uricase on the working electrode. The cur-
rent response of bare electrode was even weaker compared to the other
two modified electrodes. These results demonstrated outstanding elec-
trocatalytic performance of the GA/Uricase/Chitosan/SACNT/Pt elec-
trode for uric acid detection. For optimization of the concentration of
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Fig. 3. SEM images of the SACNT side at (A) 12,000 times magnification and (B) 100,000 times magnification of SACNT/Pt working electrode before uricase
immobilization; SEM images the SACNT side at (C) 12,000 times magnification and (D) 100,000 times magnification of GA/Uricase/Chitosan/SACNT/Pt electrode
after uricase modification. Cyclic voltammetry response of GA/Chitosan/SACNT/Pt electrode, GA/Uricase/Chitosan/SACNT/Pt electrode and Pt bare electrode in
PBS (pH = 7.4) containing 300 yM uric acid solution at the scanning rate of 50 mV/s (E).

uricase solution, the peak response currents of uric acid increased
gradually as the concentration of uricase solution increased and then
remained steady beyond 20 mg/ml (Fig. S4). Therefore, the concentra-
tion of uricase solution of 20 mg/ml was adopted as the optimal con-
centration for the following experiments.

Fig. 4(A-B) shows the cyclic voltammograms of the biosensor under
different scanning rates. The oxidation current increased as the scanning
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rate increased from 10 to 200 mV/s with 20 mV/s interval (Fig. 4(A)).
The peak oxidation current of all cyclic voltammetry curves increased in
a linear manner as the scanning rate increased (Fig. 4(B)). This suggests
that electron transfer at the GA/Uricase/Chitosan/SACNT/Pt electrode
was surface adsorption controlled, which means the rate of the redox
reaction depends on the adsorption rate between the reactants and the
active substances on the surface of the working electrode. The current
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Fig. 4. Cyclic voltammetry results of the biosensor under different scanning rates and in uric acid solutions of different concentrations. (A) Effect of the scanning rate
on the redox reaction behavior for the GA/Uricase/Chitosan/SACNT/Pt electrode. Scanning rates: 10, 30, 50, 80, 100, 120, 140, 160, 180 mV/s. The oxidation
current increased as the scanning rate increased. (B) Plot of peak oxidation and reduction currents versus scanning rates. The peak oxidation current increased as the
scanning rate increased in a linear manner. (C) Cyclic voltammetry curve of GA/Uricase/Chitosan/SACNT/Pt electrode in 0.01 M PBS (pH = 7.4) containing uric acid
with concentrations from 0 to 1000 uM. (D) Peak oxidation currents plotted as functions of uric acid concentration. Insert is linear curve fitting between currents and
uric acid concentration, coefficient of association R = 0.9956. (N = 4) (Diameter of working electrode = 3 mm, sensitivity = 518.8 pA/(mM-cm?)).
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response of the GA/Uricase/Chitosan/SACNT/Pt electrode to different
concentrations of uric acid was investigated using phosphate buffer (pH
=7.4).

The cyclic voltammograms of different concentrations of uric acid
solutions are presented in Fig. 4(C-D). The response time was around 9 s
at the scanning rate of 50 mV/s, which was close to the literature (see
Table 1). Fig. 4(D) shows the peak oxidation currents corresponding to
different concentrations of uric acid solutions varying from 1 pM to
2000 pM. As seen from Fig. 4(D), the peak oxidation current increased
sharply at low concentrations and linearly from 100 pM to 1000 uM, and
finally reached saturation when the uric acid concentration was more
than 1000 pM. The insert in Fig. 4(D) shows curve fitting between peak
oxidation currents and uric acid concentrations. The current response of
the 3D SACNT array uric acid biosensor was linear in the range from
100 pM to 1000 pM with a correlation coefficient of 0.9956. The limit of
detection of the biosensor was 1 pM and the sensitivity was 518.8 pA/
(licmZ), of which the linear range and sensitivity of the biosensor was
superior than most of the previously reported enzymatic electrochem-
istry biosensors (see Table 1). The standard deviation of the measured
peak oxidation currents is 4.2 x 1077 A as shown in Fig. 4(D) insert,
demonstrating excellent repeatability of the 3D SACNT array biosensor.
From Table 1, we further confirm that nonenzymatic electrochemistry
methods could achieve lower limit of detection than enzymatic elec-
trochemistry methods. While enzymatic electrochemistry methods
typically have wider linear range. The structure and material of working
electrode play important roles in the performance of enzymatic elec-
trochemical methods as shown in the table. Two-dimensional working
electrodes like glassy carbon electrodes have a large sensing area,
however lacks sufficient limit of detection and linear ranges (Arora
et al., 2011; Ghosh et al., 2015). Three-dimensional structure electrodes
such as Nafion/Uricase/ZnO/Ag/Si working electrode exhibited similar
performance except lower sensitivity compared to our method, possibly
due to its 3D nanosheet ZnO structure and the catalytic activity of Ag
nanoparticles (Ahmad et al., 2015). Our work is a step forward in
building three-dimensional working electrodes as the SACNTs have
larger contact area between uricase and uric acid, which is helpful in
improving its sensitivity. This suggests that 3D structure and catalytic
nanoparticles of the working electrode could enhance the performance
of electrochemical biosensors. However, most of these techniques suffer
from either high limit of detection or narrow linear range (Arora et al.,
2011; Ghosh et al., 2015). This work demonstrated a 3D SACNT array
uric biosensor with low limit of detection and wide linear range which
could meet the clinical requirement for gout diagnosis.

To evaluate the specificity of the fabricated uric acid biosensor,
amperometric response was measured at the applied potential of 0.12 V
by introducing uric acid and other interferents. Fig. 5(A) showed that
these interfering species exhibited no effect on the biosensor response,
indicating that our fabricated biosensor was feasible for specific detec-
tion of uric acid in the presence of other interferents. Fig. 5(B) shows the
amperometric I-t curve for dynamic measurement of uric acid with the
biosensor. The uric acid samples at different concentration gradients
ranging from 0 to 600 pM in PBS solution (pH = 7.4) were tested. It can
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be seen that the amplitude of oxidation current increases as the uric acid
concentration goes up. Upon the change of uric acid solution concen-
tration by replenishing with new medium on the working electrode
through micro-channels, the amperometric change of the biosensor was
within 300 s. This result demonstrates the sensitive and quick mea-
surement capability of the GA/Uricase/Chitosan/SACNT/Pt biosensor
that facilitates dynamic uric acid monitoring. As seen in Fig. 5(C), after 4
weeks of storage in a 4 °C refrigerator, the performance of the 3D SACNT
array electrochemical biosensor remained largely unchanged. After
storage, the absolute values of peak oxidation currents at the same
concentration of uric acids were lower by 3.02% compared to those
before storage. The slope of the peak oxidation curve after storage,
which directly correlates to the sensitivity of the biosensor, was very
close to that before storage, which were 495.3 and 518.8 pA/ (mM~cm2),
respectively. This indicates that even after 4 weeks storage, the GA/
Uricase/Chitosan/SACNT/Pt electrode maintained nearly the same
sensitivity with only 3.02% decrease in absolute peak oxidation current
values. These results demonstrate that the modified biosensor of GA/
Uricase/Chitosan/SACNT/Pt possesses excellent stability for analytical
applications. To further confirm the feasibility of the developed 3D-
structured SACNTs array biosensor for uric acid detection in biological
fluids, serum samples from healthy human volunteers spiked with uric
acid were tested. The results were also compared with those obtained
using the FDA-approved electrochemical analyzer, and no significant
difference was found using Paired T-test (Fig. 5(D), p > 0.05). The re-
sults demonstrated that the accuracy of the 3D-structured SACNT array
biosensor is sufficient for uric acid detection in real samples.

From the above results, the 3D SACNT array biosensor of GA/Uri-
case/Chitosan/SACNT/Pt demonstrated high sensitivity, wide linear
range and low limit of detection, which could meet the needs of gout
diagnosis in clinics or even at home. The biosensor employed high cat-
alytic activity and high electron conductivity of the SACNT array. As
reported, nanomaterials such as CNTs, gold nanoparticles, graphene and
so on have high catalytic activity and their high conductive properties
also promote electron transfer efficiency during the electrochemical
redox reaction (Xing and Ma, 2016b), which improves the sensitivity of
the developed biosensor. Moreover, the 3D SACNT structure of the
working electrodes also contributes to the biosensor’s superior perfor-
mance of biomolecule detection. Conventional enzymatic electro-
chemical biosensors typically apply a thin layer of composites as the
working electrode, such as glassy carbon electrodes or other paper-based
printed electrodes. These electrodes are limited by the number of fixed
enzymes and the contact area between target reactants and fixed en-
zymes per unit area, and also suffer from large sensor size. Ahmad et al.
reported a 3D structure-like ZnO nanosheet biosensor and the biosensor
also showed good results but lower sensitivity than ours (Ahmad et al.,
2015). Therefore, nanomaterials with high catalytic activity and
three-dimensional structure of the working electrode could help to
promote the biosensors’ performance in sensitivity, linear range and
limit of detection, etc.

Table 1

Comparison of the analytical performance of the GA/Uricase/Chitosan/SACNT/Pt electrode in this work with those of other electrochemical electrodes reported in the

literature.
Electrode materials Enzyme uricase Sensitivity Linear range/pM Response time/s LOD/pM References
Au/Pd/RGO No None 0.1-350 None 0.02 Jiang and Du (2014)
graphene/Pt nanocomposite No 411.9 pA/mM 0.05-11.85 0.6 0.05 Sun et al. (2011)
Nafion/Uricase/ZnO/Ag/Si Yes 129.81 uA/(mM-cmz) 50-2000 5 0.019 Ahmad et al. (2015)
Prussian-blue graphite ink Yes 2.32 pA/mM 0-1000 None None Kim et al. (2015)
Uricase/tetrapod-shaped ZnO Yes 80.0 pA/(mM-cm?) 0.8-3490 9 0.8 Lei et al. (2012)
printed electrode/Prussian blue Yes None 30-300 None 10 Piermarini et al. (2013)
NiO/Pt/Ti/glass Yes 1278.48 pA/mM 50-1000 5 170 Arora et al. (2011)
Nafion/uricase/ferrocene/GCE Yes 1780 pA/mM 0.5-60 5 0.23 Ghosh et al. (2015)
GA/Uricase/Chitosan/SACNT/Pt Yes 518.8 pA/(mM-cm?) 100-1000 9 1.0 This work
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Fig. 5. (A) Interference tests of the uric acid
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Glucose Lactic acid

Ascorbic acid [y

-5x107
1.0x107 |

-1.0x10°¢

Current/ A
Current / A

5.0x10*
-15x10¢

00

i)
e

-2.0x10°

| 100
| 200um

ascorbic acid (0.1 mM) in100 pl PBS solu-
tion. (B) Amperometric I-t curve for dy-
namic monitoring of uric acid with the
biosensor in 100 pl PBS solution (pH = 7.4),
the applied potential was 0.12 V. Each
addition of uric acid solutions was provided
by the pump at 1 ml/min with a time in-
terval of 300s and the uric acid concentra-
tion was increased from 100 to 600 pM. (C)
Stability testing results of the biosensor in

‘ | s00m
i 400uM
ey | sooum
L | oo
\ \’,,-/“““

\//-f"

T
0 300

D

7x10?

L L 1
300 400 500

Time /s

L L
0 100 200

—*The first CV results
= The second CV test after 4 weeks_

6x10%

5x10%

4x10?

Current / A

3x10% |

2x10%

Concentration / (uM)

1x10%

600

———
900 1200 1500 1800
Time /s

uric acid solution before (red dot, N = 4) and
after (black square, N = 3) storage in a
refrigerator at 4 °C for 4 weeks. (D) Deter-
mination of uric acid in real serum samples
collected from human via our biosensor
compared with the FDA-approved Bene-
Check PLUS system (N = 4). The statistical
result showed no significant difference
(Paired T-test, p > 0.05). (For interpretation
of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)

2100

/77| The developed biosensor
Benecheck

0 200 800
Uric acid concentration/pM

400 600 1000 :

4. Conclusion

In this work, we have successfully developed a 3D SACNT array
electrochemical biosensor for POC uric acid testing with high sensitivity
and high stability. The GA/Uricase/Chitosan/SACNT/Pt electrode ex-
hibits high sensitivity of 518.8 pA/(mM-cm?), wide linear range of 100
pM-1000 pM, and low limit of detection of 1 pM. Compared to other
reports, the major innovation of the reported electrochemical biosensor
is to utilize 3D SACNT array with enzymes immobilized by a precipi-
tation and crosslinking procedure, which delivers superior performance
of high sensitivity, wide detection range, low limit of detection and short
response time. Moreover, we have successfully realized dynamic moni-
toring of uric acid in continuous flow with the biosensor, which would
be of great help in early diagnosis and prevention of gout. The biosensor
is also ready for mass production for its easy fabrication based on
standard micro fabrication procedures. Besides researches could
continue to explore various types of 3D structure materials with suitable
porous sites for enzymes to be immobilized inside and outside the 3D
structure, such as nickel foam and graphite sheets. Additionally, this
detection system could be expanded to detect other biomolecules such as
different types of metabolites in diagnosis of metabolic disorders.
Finally, the system could integrate other modules to realize POC real-
time monitoring of various biomolecules.

In conclusion, we have successfully developed a 3D SACNT array
electrochemical biosensor for POC uric acid monitoring, which could
meet the emerging clinical need of frequent and convenient uric acid
detection, and help to improve diagnosis and treatment outcomes of
metabolic diseases such as gout. And our results demonstrated that the
accuracy and reliability of the 3D-structured SACNTSs array biosensor is
sufficient for the determination of uric acid in real sample. And this
biosensor holds great promise for potential applications in monitoring
the dynamic trend of various biomolecules such as glucose, lactic acid
and so on in the future.

2 3 4
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