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for the detection of salivary uric acid
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Abstract

The amounts of uric acid (UA) in non-invasive biological samples, such as saliva, are critical for diagnosis and therapy
of gout, hyperuricemia, Lesch-Nyhan syndrome, and several other diseases. Here, disposable UA biosensors were
fabricated with the screen printing technique on the substrate of flexible PET. The working electrode was modified
with carbon nanotubes followed by uricase for UA detection with excellent selectivity. The biosensor showed good
electrocatalytic activity toward UA with high sensitivity, low detection limit, and wide linear range, which covers the
full range of UA levels in human saliva. We demonstrate that UA can be directly detected in human saliva with the
biosensor and the experimental data were consistent with the clinical analysis. This study indicated that the non-invasive

biosensor is an attractive and possible approach for the monitoring of salivary UA.
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Introduction

Uric acid (UA) is a main end product of purine metabolism in
the human body. The normal UA concentration in blood for
healthy individuals varies between 100 and 400 uM [1]. The
elevated UA level is related to many clinical disorders, such as
gout, hyperuricemia, and Lesch—Nyhan syndrome [2, 3].
Additionally, other clinical studies have proved that the high
UA level is also a risk for diabetes, kidney disease, and heart
disease [4, 5]. Thus, determination of UA in human physio-
logical fluids is important for diagnosis and treatment of these
diseases.

In clinical practice, a common approach for UA testing
requires the collection of blood samples, which is an invasive
method and will cause unwillingness and resistance from pa-
tients. Previous reports suggested that there is a high correla-
tion between salivary and serum UA levels [6], suggesting
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that non-invasive saliva may be a useful biological sample
for probing UA. More importantly, the collection of saliva is
painless and very simple, which is believed to be beneficial for
clinical treatment. Therefore, determination of UA in saliva
seems to be an attractive alternative for UA monitoring in
clinical applications.

Conventionally, the clinical methods for the UA detection
were based on spectrophotometry [7], fluorimetry [8], gas
chromatography [9], and high-performance liquid chromatog-
raphy [10]. However, most of those techniques are complex,
time consuming, and requiring expensive equipment so that
they are not suitable for daily personal use. Electrochemical
method has been demonstrated to be an effective approach for
rapid quantification in physiological analysis owing to the
advantages, such as short detection time, low cost, and re-
quirement of less amount of sample. Recently, several inves-
tigations have been carried out on electrochemical detection of
UA [11-14]. However, development of inexpensive electro-
chemical biosensors for UA detection with high sensitivity
and selectivity is still at progress. In addition, too few studies
have focused on analysis of UA in authentic human saliva.

The development of disposable sensors has been of great
significance in UA measurement for point-of-care testing
[15]. Screen-printed sensors represent a vital analytical tool
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that fulfills the growing demand for miniaturization and sen-
sitivity in biological analysis [16-20]. Reduction of analyte
volume makes such approach attractive over conventional
electrodes. In addition, the integration of nanomaterials on
the electrode surface could increase the rates of electron trans-
fer so as to improve the analytical performance of these
Sensors.

In this work, we describe a biosensor based on carbon
nanotubes and uricase for detection of salivary UA in human
saliva. The biosensor was developed with the screen printing
technique on a flexible polyethyleneterephthalate (PET) sub-
strate followed by modification of carbon nanotubes and
uricase. The high aspect ratio and tensile strength allow the
formation of flexible and conductive networks that can be
used as flexible electrodes [21-23]. The disposable biosensor
exhibits excellent amperometric response to UA with high
sensitivity and selectivity. We demonstrated that the biosensor
can be applied for directly monitoring of salivary UA in
healthy volunteers and hyperuricemia patients. The effect of
concentration of carbon nanotubes, loading of uricase for the
electrode modification, and the potential on the performance
of the biosensor was also investigated.

Experimental
Reagents and apparatus

Ag/AgCl conductive ink and carbon conductive ink were re-
ceived from Shanghai Shuxing Technology Materials Co.,
Ltd. (Shanghai, China). Uricase (86 U/mg) was obtained from
Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
Uric acid (UA), ascorbic acid (AA), dopamine (DA), NaCl,
CaCl,, KCl, citric acid, KSCN, and NH4CI were purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China) and used
without further purification. Multi-walled carbon nanotubes
(MWCNTSs) (2 wt%) were obtained from Nanjing
XFNANO Materials Technology Co., Ltd. (Nanjing, China).
Polyethyleneterephthalate (PET) with 0.1 mm thick was pur-
chased from China Lucky Group Co., Ltd. (Hefei, China).
Phosphate buffer (PBS, 0.1 M) with various pH values was
prepared from Na,HPO, and NaH,PO, To obtain the stock
solution of UA, the solid UA was dissolved in 0.1 M NaOH
firstly and then diluted with PBS to different concentrations.
The artificial saliva was prepared by mixing 5 mM of NaCl,
1 mM of CaCl,, 15 mM of KC1, 1 mM of citric acid, 1.1 mM
of KSCN, and 4 mM of NH,CI. Deionized water was used
during the entire experiments.

Electrochemical experiments were carried out on the
CHI1230E electrochemical workstation (CH instrumentation,
Shanghai, China). Scanning electron microscope (SEM) im-
ages were obtained from a Gemini SEM 300 scanning elec-
tron microscope (ZEISS, Germany). Solution of 0.1 M KNO;
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containing 5 mM K;3[Fe(CN)gl/K4[Fe(CN)g] (1:1) mixture
was used for the electrochemical impedance spectroscopy
(EIS) measurement. The chronoamperometric measurements
were performed under a constant potential of 0.4 V (vs. Ag/
AgCl) for 60 s after 1 min of incubation in the sample solution.

Design and fabrication of the biosensor

Home-made screen-printed electrodes (SPEs) used in this
work are produced by screen printing method on flexible
PET substrate. The patterns of the sensor were designed in
AutoCAD and outsourced for manufacture on the framed
stencils. Scheme 1 shows the fabrication process of the bio-
sensor. PET was ultrasonically cleaned sequentially with ace-
tone, ethanol, and deionized water for 5 min, respectively.
Screen-printed three-electrode system was produced by se-
quential deposition of different commercial inks. First, the
Ag/AgCl conductive ink was printed on the PET substrate to
obtain the reference electrode and the connecting pad.
Subsequently, conductive carbon ink was deposited on the
PET to obtain the working and counter electrodes. The printed
layers were cured at 70 °C for 10 min after every printing step.
The working electrode is in a circle shape with a 3 mm diam-
eter. The working electrode was subsequently modified with
MWCNTs and uricase. Briefly, 1.0 mL of MWCNTs (2 wt%)
was diluted with 1.0 mL of deionized water and sonicated for
1 h. Then, 3 uL of the obtained MWCNT suspension (1 wt%)
was dropped on the working electrode and naturally dried.
Next, an aqueous solution of uricase (3 pL from 1 mg/mL
stock in 0.1 M pH 7.0 PBS) was drop-casted on the working
electrode and incubated at 4 °C for 2 h. The obtained biosen-
sor was denoted as uricase/MWCNTs/SPE. Uricase/SPE was
fabricated according to the similar procedures in the absence
of MWCNTs. The fabricated biosensors were tested in ferri-
cyanide system to ensure the reproducibility and the stability
of the biosensors.

Determination of UA in human saliva

Human saliva samples were collected from healthy volunteers
and hyperuricemia patients (gifted from the Affiliated
Hospital of Nantong University, China) using the “passive
drooling” method [24]. The collection of samples was ap-
proved by the Ethics Committee of the Affiliated Hospital of
Nantong University, and the experiments on human biologic
samples were approved by the Ethics Committee of Nantong
University. Before the collection of the samples, the partici-
pants were required to read and sign the consents as well as
rinse the mouth thoroughly with deionized water.

The UA level in the human saliva samples was evaluated
by the standard addition method. Briefly, 100 puL of saliva
sample was firstly dropped on the electrode region. After
1 min of incubation, a constant potential of 0.4 V was applied
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Scheme 1 a Schematic diagram
of stepwise fabrication of the
biosensor. b Photographs of the
printed sensors

Uricase/MWCNTs/SPE

Screen prmted
Sllver ink

M Screenprlnted ™
Carbon ink
‘:; Uricase § “~MWC NT

E_ﬂ—a—ﬁ

for 60 s to obtain the sample baseline. Subsequently, the saliva
sample was spiked with the UA standard solution with differ-
ent concentrations for current measurement under the same
experimental conditions. The concentration of UA in saliva
sample was evaluated based on the intercept of the calibration
plot when the current is zero.

Results and discussion
Characterization of the biosensor

SEM was used to characterize the surface morphology of the
biosensor. From Fig. 1a, we can see that the screen-printed
carbon paste on the PET is quite rough at the micrometer scale
and some carbon sheets overlap each other. In the magnified

Fig.1 SEM images ofa, b SPE, ¢
MWCNTS/SPE, and d uricase/
MWCNTSs/SPE

image, a lot of randomly distributed carbon particles attached
to the entire electrode surface can be observed (Fig. 1b). The
SEM image of MWCNTs/SPE shows that the MWCNTs are
well distributed on the electrode surface, and most of the
MWCNTs are in the form of small bundles (Fig. 1c). The
porous net structure can not only increase the available surface
area but also offer an excellent ability of electron transfer
between the electrode and the analyte. After incubation of
uricase on the biosensor, it was found that most of the
MWCNTs are covered by the enzyme and the electrode sur-
face becomes much smoother (Fig. 1d).

Cyclic voltammetry (CV) in the ferricyanide system is an
effect tool for investigating the kinetic barrier of the interface.
Figure 2A displays CVs of differently modified electrodes in a
5 mM ferricyanide solution. In the case of SPE, the peak-to-
peak separation (AE,) generated by the redox probe is
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Fig.2 A CVs and B EIS of (a)
SPE, (b) MWCNTSs/SPE, and (c)
uricase/MWCNTs/SPE in 5 mM
ferricyanide. Inset in A: the mag-
nification of curve a. C CVs and
D EIS of 5 mM ferricyanide re-
corded before and after applying
50 and 100 iterative bends for the
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340 mV (inset). When the surface of the SPE was covered
with MWCNTSs, an obvious increase in the redox peak current
and decrease in the AE, (160 mV) are observed. The I, of the
MWCNTS/SPE is calculated as 52 times that of the bare SPE,
indicating that MWCNTs can significantly increase the active
surface area of the electrode and decrease the electron transfer
distance between the redox probe and the underlying elec-
trode. When uricase was incubated on the MWCNTSs/SPE,
an obvious reduction of the redox peak current and increase
of the AE|, are observed, suggesting that the non-conductive
uricase binding to the electrode surface would act as barriers
which made the interfacial charge transfer inaccessible.

The impedance behaviors of the biosensor during the fab-
rication process were also studied (Fig. 2B). The SPE displays
a large semicircle, suggesting a very high electron transfer
resistance. The subsequent formation of MWCNT film results
in a significant decrease of R, implying that MWCNTSs with
good electrical conductivity could accelerate the electron
transfer of the electrochemical probe. After the immobiliza-
tion of uricase, the enzyme generates an insulating layer that in
some degree blocks the probe, which is clearly indicated by
the obvious increase of R... The EIS results are in good agree-
ment with the CV studies.

PET is a low-cost polymeric material which is flexible and
reliable enough as sensor substrates for flexible devices
[25-27]. Here, the fabricated biosensor also displayed the
good flexibility. After 50 and 100 bending cycles, almost the
same CVs are observed, indicating the bending had no effect
on the structure and electrochemical performance of the bio-
sensor (Fig. 2C). In addition, the EIS tests of the PET-based
biosensor are almost completely coincident during the bend-
ing process (Fig. 2D). The results revealed that the high tensile
strength of MWCNTs combined with flexible PET substrate
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results in the good mechanical flexibility of the biosensor,
which is very beneficial for the storage and usage of the
biosensor.

Electrochemical behavior of UA at the biosensor

Differential pulse voltammetry (DPV) was used to study the
electrochemical behavior of UA at the biosensor with and
without MWCNTs. When UA was absent in pH 7.0 PBS,
there is no electrocatalytic oxidation peak at both the
uricase/SPE and uricase/MWCNTSs/SPE (curve a in Fig. 3A
and B). After 100 uM UA was added, a broad oxidation peak
at 0.31 V and a faint current signal are appeared at the uricase/
SPE (curve b in Fig. 3A). The small current value indicates a
low response sensitivity of the electrode. In contrast, signifi-
cant enhancement of the response signal along with a more
negative peak potential at about 0.16 V is achieved at the
uricase/MWCNTS/SPE (curve b in Fig. 3B). The oxidation
peak current at uricase/MWCNTSs/SPE shows 26 times higher
than that of uricase/SPE. It suggested that MWCNTSs provide
more spatial freedom for the uricase attached on the electrode
surface, which will facilitate the electrocatalytic reaction of
UA mediated with enzyme at the biosensor.

Figure 3C displays DPV curves of uricase/ MWCNTs/SPE
toward the continuous additions of UA in pH 7.0 PBS. It can
be seen that the current response increases linearly with in-
creasing the concentrations of UA in a wide concentration
range, suggesting that the biosensor can be applied to detect
UA with high sensitivity. In addition, chronoamperometry
was also used to investigate the performance of the biosensors.
As shown in Fig. 3D and E, the response signal for 100 uM
UA at the uricase/SPE is much lower than that at the uricase/
MWCNTs/SPE. The increase of UA concentration results in
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Fig.3 DPVs of A uricase/MWCNTSs/SPE and B uricase/SPE in the pres-
ence of (a) 0 and (b) 100 uM UA. C DPVs of uricase/ MWCNTs/SPE
upon the addition of different concentrations of UA (a—e: 0, 100, 300,
500, and 800 uM). Chronoamperograms of D uricase/ MWCNTs/SPE

the increasing current signal linearly, which is in accordance
with the results of DPV (Fig. 3F). The remarkable improve-
ment in the electrochemical performance of the MWCNT-
based biosensor may be attributed to the fact that the
MWCNTs can enlarge the surface area of the electrode and
offer excellent electrical conductivity as well as catalytic per-
formance for the UA analysis [28].

Optimization of experimental conditions

The concentrations of MWCNTs and uricase that
immobilized on the electrode as well as the applied potential
used in the chronoamperometric measurements would directly
affect the sensitivity of the biosensor. To obtain the optimum
performance, we investigated the response of 100 uM UA at
the biosensor under different experimental conditions by
chronoamperometry.

First, the effect of the concentration of MWCNTSs on the
performance of the biosensor was studied. As can be found
from Fig. 4a, the current signal for 100 uM UA increases
significantly when the concentration of MWCNTs increases
from 0.2 to 1.0 mg mL ™", Further increase in the MWCNT
concentration results in a slight decrease in the current

of 100 pM UA at the biosensor
1

Fig. 4 Effect of a concentration a
of MWCNTSs, b concentration of 3
uricase, and ¢ the applied <«
potential on the current response 22
<
<

0500 05 10 15 20
MWCNTs (mg / mL)

and E uricase/SPE in the presence of (a) 0 and (b) 100 uM UA. F
Chronoamperograms of the uricase/MWCNTs/SPE upon the addition
of different concentrations of UA (a—e: 0, 100, 300, 500, and 800 puM)

response, which could possibly be related to the increased
thickness of the MWCNT film. Accordingly, 1.0 mg mL™"
of MWCNTs was selected for the preparation of the working
electrode.

The amount of enzyme loaded on the electrode is also a
crucial factor for the fabrication of the biosensor. Figure 4b
shows the performance of the biosensor obtained as a function
of the concentration of the immobilized uricase. The response
current increases with the loaded uricase increasing from 0.2
to 1.0 mg mL ™", indicating that the increase of the active site
of enzyme at the electrode surface results in improved re-
sponse sensitivity. However, too high the uricase concentra-
tion leads to a downward trend for the current response. It
suggested that an excessively thick layer of enzyme film
would block the diffusion of electrons from UA to the elec-
trode. Therefore, an optimized enzyme concentration of
1.0 mg mL ™" was used to obtain the best response sensitivity.

Fixing the MWCNTs and the uricase concentration of
1.0 mg mL ™", we further studied the effect of the applied
potential in the range of 0.2-0.6 V on the performance of
the biosensor. As illustrated in Fig. 4c, the current response
of 100 uM UA increases with increasing the applied potential,
up until 0.4 V. With the further increase in the applied
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potential, however, the current response decreases. Therefore,
the working potential was set at 0.4 V for the following
chronoamperometry study.

Electrochemical evaluation of the biosensor in
artificial saliva

The analytical performances of the biosensor were firstly eval-
uated in artificial saliva using chronoamperometric measure-
ment under the optimized conditions. According to the aver-
age pH of healthy human saliva, the pH of artificial saliva was
adjusted to 6.8 [29]. As shown in Fig. 5A, the enzyme cata-
lytic reaction between the immobilized uricase and UA on the
electrode surface results in a distinct signal change at the bio-
sensor. The current response of the biosensor increases line-
arly with increasing the concentration of UA ranging from 5 to
1000 pM (Fig. 5B). The linear regression equation is
expressed as / (LA)=—0.011c (uM)—1.532 (R2 =0.993).
The detection limit, evaluated using a signal-to-noise ratio of
3, is found to be 0.33 pM. The analytical performances for
UA detection of the present method are compared with those
obtained by other reported electrochemical biosensors, and the
major parameters are summarized in Table 1. It can be seen
that the method exhibits a relatively lower detection limit and
a wider linear range which covers the full range of UA levels
present in human saliva.

Selectivity is an important parameter for the biosensor
since common co-existing physiological electroactive species,
such as glucose, AA, and DA, can cause interference with the
amperometric response of UA. Thus, prior to the application
of the biosensor to human saliva samples, effect of common

interfering species on the UA measurement was investigated.
Figure 5C shows the chronoamperometric curve of the bio-
sensor upon addition of UA, glucose, AA, DA, and a second
UA, successively. It could be seen that the presence of glucose
and DA did not interfere the detection of UA so much under
the working potential. However, the addition of AA with
10 mM resulted in obvious current response. It should be
noted that in authentic human saliva, these interferences are
present at very low concentrations. The level of AA is nor-
mally about 1.4 uM in saliva [38], which is much lower than
the concentration we chose to investigate here. Consequently,
these potential interferences in real samples would have neg-
ligible influence on UA detection in saliva.

The electrode-to-electrode reproducibility was investigated
by determining 100 uM UA using seven electrodes prepared
independently by the same protocol (Fig. 5D).
Chronoamperometry measurements for the seven detections
yielded the RSD below 4.6% in the current response,
confirming the good fabrication reproducibility of the biosen-
sor. The stability of the biosensor was evaluated by storing it
at 4 °C in buffer and measured intermittently. The ampero-
metric response of the biosensor toward 100 uM UA still
retained 90% of the initial value after 7 days of storage, sug-
gesting a good stability of the biosensor.

Application of the biosensor in human saliva

The biosensor was then applied to determine UA in authentic
human saliva samples using standard addition method. The
typical amperometric responses of the biosensor for increasing
the UA concentrations at 0.4 V are shown in Fig. 6A. For the

Fig. 5 A Chrqnoarr.lperograr.ns of 0- A a 12
the biosensor in artificial saliva - l
containing different
concentrations of UA (a—f: 5— <=_ i i -81
1000 uM). Inset: the = 20 Z
magnification of curves a—d. B ~ ~ -4
The linear relationship between Linear Range: 5-1000 pM
the current response and UA -40 T 04
concentratign. C Int.erferencg test 0 20 4'0 60 0 4(')0 860
recorded with the biosensor in C / M
artificial saliva. D Reproducibility T/s n
study performed with seven C 0.1 UA
biosensors for 100 uM UA -10;
10 DA 10AA 1
<« 0.1uA 10DA
= 8
S~
~
61 ] 106 Unit: mM -20 172345 67
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Table 1 Comparison of the
performance of the biosensor with

other biosensors

Electrode Sample Linear range (LM) LOD (uM) References
CS/uricase-PTBA—Pt,ano/Ptpjaie/ A Serum 5-1200 1 [30]
Uricase/CNT-CMC/Au Serum 20-2700 2.8 [31]
Uricase/SPE-PB Serum 30-300 10 [32]
Uricase/ Au—rGO/ITO Serum 50-800 7.32 [33]
GNP/uricase/Au Serum 20-2500 7 [34]
Uricase-Th—-SWNTs/GC Serum 2-2000 0.5 [35]
Uricase/EDC:NHS/CZTS/ITO - 0-700 0.66 [36]
Uricase/4-ASA/PB-GCE Urine 10-200 3 [37]
Uricase/MWCNTSs/SPE Saliva 5-1000 0.33 This work

CS, chitosan; PTBA: poly(thiophene-3-boronic acid); CMC, carboxymethylcellulose; PB, Prussian blue; GNP,
gold nanoparticles; 75, thionine; EDC, N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride; NHS,
N-hydroxysuccinimide; CZTS, Cu,ZnSnSy; 4-ASA, poly(4—aminosalicylic acid)

saliva sample, a well-defined amperometric response baseline
was firstly obtained owing to the uricase catalytic reaction
between the immobilized uricase and UA in the sample (Fig.
6A, curve a). The consecutive additions of UA with designed
concentrations to the saliva sample give linear responses of
the current change as a function of concentrations (Fig. 6A,
curves b to f). The linear relationship between the net steady
sensing current and the UA concentration is / (LA)=—
0.0072¢ (uM)— 1.28 (R*=0.995) (Fig. 6B). The concentra-
tion of UA in the saliva sample was calculated according to
the intercept of the calibration plot when the current is zero.
The salivary UA in the given sample was found to be 176 uM,
which is consistent with the previous reports [39, 40].

To explore the possible applications of the biosensor in clin-
ical diagnosis, we next focus on the determination of salivary UA

from hyperuricemia patients. Similar to the above results, based
on the saliva baseline response, regularly increased
chronoamperometry curves are achieved upon each increment
of UA concentrations (Fig. 6C, curves b to f). There is a well-
plotting linear relationship between UA concentration and the
corresponding current signal. The linear equation is / (LA) =
—0.0070c (uM)-3.29 (R* = 0.998) (Fig. 6D). From the calibration
plot, the concentration of UA in the sample is estimated to be
470 uM. It can be seen that the salivary UA level of the hyper-
uricemia patient is significantly higher than that of the healthy
volunteer. We further carried out the clinical analysis of the same
sample using the uricase—peroxidase method at the wavelength of
520 nm to verify the accuracy of the developed method.
According to the calibration plot of absorbance values of standard
UA solution, the detected UA in the saliva sample from the

Fig. 6 Chronoamperometric A B
response of saliva sample from a 0 a
A healthy volunteer and C ‘ -8
hyperuricemia patient spiked with 6
increasing concentrations of UA g_ f <=- 6
in 200 uM increments (a—f). The ~ - 4
resulting calibration plot from the ~ .20 ~
B healthy volunteer and D -2 4
hyperuricemia patient 0
0 20 40 60 0 400 800
T/s C/puM
C D
0 il -10
< < -8
= 20 f| =
-~ ~ -61
~ ~
-4 1
-40
0 20 40 60 0 400 800
T/s C/nM
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hyperuricemia patient was 495 uM, which is consistent with
the result of our current method. The consistency firmly con-
firmed the reliability and feasibility of the biosensor for
assessing salivary UA in clinical applications. In addition, it
is worth mentioning that in our method, the total time for
single measurement was only 2 min and the required sample
volume decreased to 100 pL, which is attractive for its prac-
tical application in point-of-care testing.

Conclusions

This work reports an uricase-based UA biosensor and its applica-
tion in the salivary UA detection in authentic human saliva. The
electrode modified with uricase on MWCNTs displayed favor-
able electrocatalytic capability toward UA with high sensitivity
and selectivity, low detection limit, and wide linear range. The use
of PET as substrate for fabrication of the biosensor featured with
portability, low cost, flexibility, and disposability, which would
be valuable in bioanalysis. More importantly, the salivary UA
from the hyperuricemia patient without pretreatment was ana-
lyzed with the biosensor with results in accordance with the clin-
ical test. This work demonstrates an easy and non-invasive meth-
od for salivary UA determination, which might open more op-
portunities for health care monitoring in clinical applications.
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