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A convenient, fast and non-invasive portable electrochemical uricometer (PUM) assisted with the uricase-
packaged nanoflowers (NFs) was constructed for continually and accurately monitoring of uric acid (UA) in
urine samples at random intervals in just 20 s. Only a small amount of urine (50 pL) was needed for each test.
Electrochemical deposition was adopted to modify gold nanoparticles (AuNPs) on screen-printed carbon elec-
trodes (SPCE) and uricase-inorganic hybrid NFs (UOx-NFs) induced by calcium ions (Ca®") were introduced for

UA detection with expected specificity. Cyclic voltammetry (CV) (detection limit of 8.87 pM and liner range of
0-4 mM) and amperometry (detection limit of 0.82 uM and liner range of 0-5 mM) protocols were studied for UA
detection, respectively. Finally, the uric acid in urine had be successfully continually monitored from volunteers
with various dietary choosing, the results of which can be adopted as the effective evidence for uric acid control.

1. Introduction

Uric acid (UA, CsH4N403) is the main metabolite of purine de-
rivatives in human. Under normal conditions, UA in serum ranges from
0.24 to 0.52 mM and from 1.4 to 4.4 mM in urine (Ponnaiah et al.,
2018). In addition, most of UA in human body is excreted through the
kidney (Dalbeth and Merriman, 2009). Usually, the whole UA excretion
value is 250-750 mg/day, which accounts for about 70% of the daily UA
excretion. And it has also been proved that 90% of hyperuricemia was
related to the decreased renal UA excretion (Dalbeth et al., 2019). The
abnormal UA level in human body can further induce the serious gout,
kidney disease, and even Lesch-Nyhan syndrome etc (Nishida, 1992).

Urinalysis is the clinical adopted standard method for diagnosing
gout, Lesch-Nyhan syndrome, and hyperuricemia. A variety of methods
for detection UA in urine have been reported, such as fluorescence
analysis (Fang et al., 2016; Xin et al., 2017), colorimetry (Huang et al.,
2018; Lu et al., 2017; Miller and Oberholzer, 1990; Wang et al., 2019),
chemiluminescence (Saqib et al., 2018; Sheng et al., 2017; Vakh et al.,
2017;  Yang and Zhang, 2010), high-performance liquid
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chromatography/mass spectrometry (Perello et al., 2005), capillary
electrophoresis-amperometry (Xu et al., 1997), and ion chromatography
(Zhao et al., 2011). However, these methods were all highly depended
on the expensive instruments. Previous studies have also demonstrated
that the electrochemical protocols have been widely applied for UA
analysis due to the sensitivity and speed (Fang et al., 2011; Li et al.,
2012; Revin and John, 2011; Wang et al., 2007; Zen and Hsu, 1998).
Usually, these electrochemical protocols for UA determination can be
categorized as the enzymatic and non-enzymatic methods (Erden and
Kilic, 2013). The non-enzymatic method is convenient, fast and
low-cost. However, the biggest obstacle of non-enzymatic method is the
detection can be easily interfered by the presence of ascorbic acid,
dopamine, NADH and other common biological molecules in the
complicated body fluids (Sun et al, 2016). Recently, some
nanomaterial-modified protocols have achieved great progress in
anti-interference ability (Wang et al., 2018; Gao et al., 2018). However,
these methods still need complicated modification and detection pro-
cedures. Comparatively, the enzymatic protocols have the over-
whelming advantages in both the specificity and anti-interference
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Scheme 1. The UOx decorated nanoflowers based uricometer for home monitoring of UA in urine samples and diet management.

ability due to the excellent properties of uricase (UOx) (Grieshaber et al.,
2008; Verma et al., 2019; Shi et al., 2020). Similarly, complicated ma-
terials preparation processes and electrode modifications were required,
and all electrodes can only be one-time using. Of great note, all these
methods cannot be performed for the routine home monitoring for the
noninvasive samples.

Recently, the portable electrochemical biosensor has been con-
structed and commercialized for UA detection in blood (Lou et al.,
2018b; Paraskos et al., 2015). However, repeated invasive finger
punctures for blood test will cause the inconvenience and the pain to the
tested subjects inevitably, which hamper the daily monitoring of UA at
home to certain extent. Fortunately, the UA in urine is also adopted as
the effective index for evaluation of UA excretion in 24 h. Therefore,
non-invasive continual detection of UA in urine can provide a direct and
valuable reference for effective control of high-purine diets and the 24-h
detection of UA in urine can be used to distinguish the decreased or
increased UA excretion of the tested subjects, which is extremely critical
for the accurate clinical diagnosis of hyperuricemia and gout.

Therefore, the UOx-NFs which has better stability than free-UOx (Ge
et al., 2012; Ye et al., 2016; Zeinhom et al., 2018; Hao et al., 2019;
Huang et al., 2018; Fukuda et al., 2020; Miland et al., 1996) assisted
portable electrochemical uricometer (PUM) was constructed for direct
and continual detection of UA in non-invasive urine samples with good
stability, high sensitivity in less than 20 s. The clinical urine samples of
different volunteers have also been well monitored and analyzed with
the constructed PUM. All the UOx-NFs preparation and sensing elec-
trode modifications can be easily produced in batch, which holds the
great potential in practical home UA monitoring.

2. Experimental
2.1. Materials and chemicals

Phosphate buffer saline (20xPBS, pH 7.4, Cell Culture Grade), UA
assay kit (Colorimetry, Sangon, Shanhgai), UOx (produced by Candida
utilis, 4.41U/mg) was purchased from Shanghai Bioengineering Co.,
Ltd. Anhydrous calcium chloride, potassium ferricyanide and potassium
ferrocyanide, potassium chloride, UA were purchased from Aladdin
Reagent Company (Shanghai, China). D-ascorbic acid, dopamine, su-
crose, glucose, L-fructose, L-cysteine, and L-lysine were purchased from
Sinopharm Chemical Reagent Company (Shanghai, China). Nafion-117

solution (~5% in a mixture of lower aliphatic alcohols and water) was
purchased from Sigma-Aldrich LLC. Artificial urine: urea 25 g, NaCl 9 g,
NH4CI 3 g, Creatinine 2 g, NayHPO4 2.5 g, KHoPO4 2.5 g, NayS04 2.25 g,
all reagents were dissolved in 1 L ultrapure water and adjusted pH to 7.2
using NaOH solution. The resistivity of ultrapure water (Milli-A10 sys-
tem, Millipore) was 18.2 Q/cm and used throughout the experiment.

2.2. Instruments

The CHI650D electrochemical workstation was purchased from
Shanghai CH Instrument Co., Ltd. (Shanghai. China) The SPCE with a
three electrodes system (the back plate was 40 mm long, 10 mm wide,
and the diameter of circular working electrode was 4 mm). The counter
electrode (CE) and work electrode (WE) were graphite carbon electrode
while the reference electrode (RE) was Ag/AgCl. The handheld low-
power electrochemical sensor platform was customized according to
our requirements. The parameters of the handheld low-power electro-
chemical platform include the constant voltage of +0.5 V and the cur-
rent ranges from 0 to 99 pA.

2.3. Preparation of AuNPs decorated sensing surface

Electrodeposition is a cheap, fast, and simple technique for
controlled deposition of nanoparticles (Zhao et al., 2020). Typically, in
this research, to achieve the best stability of SPCE, SPCEs were firstly
sonicated in anhydrous ethanol solution for 30 s. Then, SPCEs were
rinsed 3 times with ultrapure water to remove organic impurities on the
surface of electrode. 50 pL HAuCl4 (3 mM) was dropped onto the elec-
trode surface and the AuNPs were deposited at a constant voltage of
—0.4 V vs Ag/AgCl for 50 s. Afterward, the AuNPs-SPCE was rinsed with
ultrapure water to remove excess HAuCly and electrochemical cleaned
(CV, —0.2-0.6 V, 50 mV/s, 20 cycles) in 5 mM Zobell so that the un-
bound AuNPs and other impurities on the surface of SPCE can be
removed. Finally, the AuNPs decorated SPCE (AuNP-SPCE) was rinsed
three times with ultrapure water for subsequent research.

2.4. Preparation of UOx-NFs and NFs-AuNPs-SPCE

UOx-NFs were prepared according to the reported method with
slight modification (Ge et al., 2012). Typically, 20 pL CaCly (0.2 M)
solution was added to 1 mL 5 mM PBS (pH 7.4) containing 0.25 mg UOx.
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Fig. 1. (A) FE-SEM image of UOx-NFs. (B) FE-SEM image of SPCE. (C-E) FE-SEM images of electrochemical deposition (—0.4 V vs Ag/AgCl) of gold nanoparticles on
WE for 25 s, 50 s and 75 s. (F) FE-SEM images of NFs-AuNPs-SPCE. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

The mixture was incubated at room temperature for 3 h and the su-
pernatant was removed by centrifugal at 8000 rpm for 5 min. The NFs
precipitates were washed with ultrapure water for 3 times and finally
resuspend in 200 pL ultrapure water and stored at 4 °C.

In order to decrease the complexity of the construction of portable
uricometer, direct dripping coating strategy was used to preparation of
NFs-AuNPs-SPCE (Khue et al., 2020). In detail, the above prepared
UOx-NFs were mixed thoroughly with the shaker and then 8 pL. UOx-NFs
was dropped onto the AuNP-SPCE (WE). The NFs-AuNPs-SPCE was dried
at room temperature and stored at 4 °C for subsequent measurement
research. Each modification step was characterized by CV (scan rate of
50 mV/s, —0.2 V-0.6 V) and EIS (scan amplitude of 10 mV, 0.01 Hz-50
kHz) in 5 mM Zobell to confirm the functionalization of the WE. In order
to compare the stability of UOx-AuNPs-SPCE and NFs-AuNPs-SPCE, we
prepared UOx-AuNPs-SPCE using similar dripping coating strategy.
First, 8 pL. 1 mg/mL UOx was dropped onto AuNPs-SPCE, and then the
UOx was immobilized using 0.5% Nafion solution.

2.5. Electrochemical measurement studies

The UA detections were performed with both CHI 650D workstation
and self-constructed PUM, respectively. For the electrochemical de-
tections with the CHI 650D workstation, 50 pL UA sample was loaded on
the NFs-AuNPs-SPCE. Typically, the CV was performed with a 50 mV/s
scan rate in the potential range from —0.2 V to 0.6 V. The amperometric
protocol was conducted at a constant potential of +0.5 V vs Ag/AgCl for
sweeping 300 s. Following, for UA detection with portable PUM, urine
samples were firstly collected in the 4 mL centrifuge tube. Then, the NFs-
AuNPs-SPCE was inserted into the collected urine sample immediately
after the NFs-AuNPs-SPCE was loaded to the self-constructed PUM. The
current value was recorded after 20 s and the exact current value at 20 s
was adopted for quantitative analysis. For the continual and real-time
monitoring of UA in the volunteers’ urine samples, the urine samples
will be tested immediately after the volunteers consumed tofu, chicken,
beef, and beer and other high-purine foods.

3. Results and discussion
3.1. The sensing mechanism of UA

As depicted in Scheme 1, the UOx was loaded into the NFs to protect

its activity. The UA was catalyzed by UOx-NFs immobilized on AuNPs-
SPCE to produce the allantion, CO5 and H02, H2O5 can be measured
by CV or amperometry protocol. The detailed UOx-based catalytic re-
action equation is as follows:

Uricase

UA + H,0 + O,——allantion + CO,+H,0, (€8]

Electrocatalysis

HzOz 2HJr +02+267 (2)

3.2. Characterization of UOx-NFs and functionalized WE

The UOx-NFs were firstly characterized by field emission scanning
electron microscope (FE-SEM). Results in Fig. 1A shows the distin-
guishable flower-like shape of the UOx-decorated nanocomposite with
average size of 2 pm. Then, the UOx-NFs were modified on the WE
directly and easily by drop casting method. The WE was firstly
confirmed as shown in Fig. 1B, demonstrating the comparable smooth
layered structure of the graphitic carbon. To improve the sensing per-
formance, AuNPs were in-situ deposited on the WE before immobiliza-
tion of UOx-NFs. When a —0.4 V voltage vs Ag/AgCl was applied on the
WE, the oxidation state Au®" ions were reduced to gold atoms and
deposited on the WE. After a short while, more and more gold atoms
were deposited on the WE to form AuNPs. The electrochemical reaction
equation of AuNPs deposition is described as:

[AuCly] + 3e-—Au (0) +4CI° 3)
[AuCly] + 2e-— [AuCl,] + 2CI° (@]
[AuCly]” + e——Au (0) + 2CI" 5)

The in-situ deposition of AuNPs on WE were also observed with FE-
SEM. Results in Fig. 1C-E are the typical images of AuNPs deposited
for 25 5 (24.69 nm, SD = 4.1, n = 20), 50 s (45.23 nm, SD = 3.8, n = 20)
and 75 s (100.43 nm, SD = 13.37, n = 20), respectively. It is easy to find
that there are still many blank sites on the surface of WE after 25 s
deposition (Fig. 1C) while 75 s deposition induces the linkage among the
formed AuNPs with the sacrifice of surface area for subsequent UOx-NFs
immobilization (Fig. 1E). Meanwhile, the increased deposition time also
increases the diameter of the formed AuNPs. Deposition of 50 s can
provide numerous separated AuNPs with the diameter of 45 nm for
uricase immobilization (Fig. 1D). Finally, the UOx-decorated NFs can be
well immobilized on the surface of the WE through the electrostatic



X. Xing et al.

>

300

——SPCE
AuNPs-SPCE

200 {1 —— NFs-AuNPs-SPCE

Current/pA

-100

-200 4

-300 T T r T T
-0.2 0.0 0.2 0.4 0.6

Potential/V

C 90

80

A Tp=Ip,-Ip,

704

60 4

Aip/pA

50

40

30 T T r r T T
25 50 75 100 125 150

25

!

204

15

- ;i 1
101
5
0

NFs-SPCE

Current/pA

NFs-AuNPs-SPCE

Biosensors and Bioelectronics 198 (2022) 113804

150
= SPCE
*  AuNPs-SPCE .
1254 + NFs-AuNPs-SPCE s
1004 Ry 2
S 5" .
.
s 75 1 o .
504 o ‘A. L
b :" gt
0 T r T T r
0 25 50 75 100 125 150
7' /Q
D *©
_.._I
121 e
11
<
g- 101
g 9
=
= 8- {/
QO
7 4
6

-

——5xPBS AuNPs-SPCE

5xPBS NFs-AuNPs-SPCE
20 =1 mM UA AuNPs-SPCE
—— 1 mM UA NFs-AuNPs-SPCE

—— 1 mM AA AuNPs-SPCE
~—1 mM AA NFs-AuNPs-SPCE

Current/pA

10 12 14 16 18 20
Time/s

Fig. 2. (A) EIS and (B) CV characterization of SPCE at different modification stages. (C) AuNPs deposition time optimization (—0.4 V vs Ag/AgCl). (Ipo: peak current
before AuNPs deposition. Ip;: peak current after AuNPs deposition). (D) The effect of buffer pH on NFs-AuNPs-SPCE. (E) Current signal response (0.5 V vs Ag/AgCl)
of NFs-SPCE and NFs-AuNPs-SPCE in 2 mM UA. (F) Amperometric curves (+0.5 V vs Ag/AgCl, 20 s) of AuNPs-SPCE and NFs-AuNPs-SPCE in 1 mM UA and 1 mM AA.

adsorption of gold and the physical entrapment of the gaps, maintaining
the good shape as demonstrated in Fig. 1F. The electrochemical char-
acterizations of the AuNPs deposition were also carried out step by step
and detailed results were shown in Fig. S1. Meanwhile, energy disper-
sive X-ray detector (EDX) has also been adopted for the characterization
of AuNPs deposition on SPCE. Results in Fig. S2 well demonstrated the
presence of gold elements on the surface of electrode, indicating the
successful deposition of AuNPs on the SPCE. All results can well
demonstrate the successful deposition, good immobilization stability of
the AuNPs and NFs, and improved sensing performance after AuNPs
deposition on the surface of the WE. And all related functionalization
procedures including the NFs preparation, gold deposition and electrode
modification can be conducted in the scale-up mode, which will benefit
the final practical applications in non-invasive UA detection for personal
health monitoring.

Furthermore, CV and Electrochemical Impedance Spectroscopy (EIS)
were also performed to confirm the deposition of AuNPs and immobi-
lization of NFs. It can be seen from Fig. 2A that the SPCE has a peak
current (Ip = 150.9 pA) in 5 mM Zobell while 214.7 pA for the AuNPs-
SPCE, which can be ascribed to the increased surface area after the

deposition of AuNPs on the SPCE. The current was slightly decreased to
186.7 pA after immobilization of NFs, which can be ascribed to the
comparable poor conductivity of protein components in uricase-
inorganic-hybrid NFs. The impedance behaviors of the biosensor dur-
ing the modification process were also studied. EIS data was processed
by Zview software, the equivalent circuit of the NFs-AuNPs-SPCE was
simulated and the Rct values of the electrodes were calculated. As we
can see from Fig. 2B, the SPCE displays a large semicircle with a very
high electron transfer resistance (Rct, 150.24 Q). The subsequent
deposition of AuNPs results in a significant decrease of Rct (8.74 Q),
implying that AuNPs deposition has better electrical conductivity
accelerating the electron transfer in the electrochemical reaction. After
immobilization of NFs on the AuNPs-SPCE, the NFs generates a weak
conductive layer that blocks the electron transferring, to a certain
extent, which is clearly indicated by the slight increase of Rct (62.18 Q).
EIS results also demonstrated the consistent conclusion with CV
characterization.
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(F) with waiting time 20 s after sample loading.
3.3. Optimization of sensing conditions

Based on the NFs-assisted SPCE for UA detection, some important
parameters, such as AuNPs deposition time and pH, were carefully
considered and optimized. In order to achieve the better conductivity of
SPCE, the Ip at different AuNPs deposition time including 25, 50's, 75s,
100, 125 s and 150 s were measured in 5 mM Zobell. Results in Fig. 2C
strongly indicate that the maximum peak current (Alp = 85 pA) was
achieved at 50 s, which is in accordance with the results of SEM and
adopted as the optimal time for WE functionalization. After the immo-
bilization of UOx-NFs, the pH of the sensing system was investigated.
Results in Fig. 2D demonstrate that pH greatly influenced the sensing
performance of the UA biosensor while the best performance was ach-
ieved at pH 7.0. And the measured signals are comparable in the range
from pH 6.0 to 8.0, which can guarantee the simplicity of practical ap-
plications without any treatment of the urine samples.

In order to prove that AuNPs deposition does enhanced the sensing
performance of SPCE, the NFs-SPCE and NFs-AuNPs-SPCE were used to
detect 2 mM UA solution in 10 mM PBS. It can be seen from Fig. 2E that
the sensing current of NFs-AuNPs-SPCE (20.9 pA) increased about 1.55
time compared to NFs-SPCE (13.1 pA), indicating that electron transfer
ability of SPCE was enhanced after AuNPs deposition on SPCE. Besides,
the UOx-NFs also have important effect on UA sensing performance.
Results in Fig. 2F can be analyzed from two aspects: (1) only the target
UA can increased current signals compared to the control groups,
demonstrating the satisfied specificity of UOx in NFs; (2) among the
control groups, taking AA for example, the sensing current was further
decreased on the NFs-AuNPs-SPCE compared with the AuNPs-SPCE,
indicating the background current signals interference can be effec-
tively eliminated with the modification of UOx-NFs on the AuNPs-SPCE.
All these results can well demonstrate the expected properties of func-
tionalized NFs-AuNPs-SPCE for UA detection.

3.4. Investigation of UA sensing performance

Under optimal experimental conditions, the UA detection was firstly
carried out by the classic electrochemical station. Results in Fig. 3A-D
clearly demonstrate the good sensing performance of both CV and

Table 1
Recoveries of UA in human urine based on the PUM.
sample  before (mM) added (mM) after (mM)  recovery (%)  RSD (%)
0 0.82 0 0.85 - 3.45
1 0.7 0.5 1.17 98.3 3.38
2 0.64 1 1.73 107.9 5.01
3 0.61 1.5 2.27 108.2 6.93
“n — 6//

amperometry measurement modes. The linear relationship in the range
from O to 4 mM with R? = 0.9933 (I =2.25 + 15.06 Cya) and 0-5 mM
with R = 0.9966 (I = 0.5038 + 5.81 Cya) for CV and amperometry,
respectively. The limit of detections (LODs) was calculated to be 8.87 pM
and 0.82 puM according to the 3c rule, respectively.

Based on the parameters for amperometric test with electrochemical
station, the PUM with the current sensing range from 0 to 99 pA (cor-
responding to UA concentration from O to 16.95 mM) was constructed
and adopted for rapid and direct UA detection using amperometric
technology. UA were measured in both 5xPBS and artificial urine sam-
ples at different concentrations and the amperometric response was
recorded on the PUM. Results in Fig. 3E and F (detailed detection data
was given in Tables S1-2) showed that good linear relationship in the
range from O to 5 mM with R%=0.9989 (I=0.34 49.08Cya, LOD =106
pM) and R%=0.9999 (1=0.26 + 11.03Cya, LOD = 29 pM) in 5xPBS and
artificial urine, respectively, indicating the powerful application po-
tential in routine non-invasive and continual monitoring of UA in urine
samples.

The recoveries of UA with PUM were also conducted with the urine
samples from the volunteers of our lab. The collected urine samples were
firstly measured with the PUM to get the initial concentration of the UA.
Then different amount of UA was spiked into the pre-determined sam-
ples and the spiked urine samples were measured with PUM again. From
results in Table 1, it can be found that the recoveries of UA at low (0.5
mM), medium (1 mM) and high (1.5 mM) concentrations were 98.3%,
107.9% and 108.2%, respectively with the relative standard deviations
(RSDs) all less than 7%. These recoveries results in Table 1 clearly
indicate the satisfied capabilities for practical application in UA
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using Student’s t-test, **P < 0.01 and *P < 0.05, n.s., not significant).
monitoring in urine samples.
3.5. Stability, reusability and anti interference test

The UOx and UOx-NFs were inactivated for 10 min at different
temperatures to interrogate the stability of UOx and UOx-NFs. The sta-
bility of the UOx-NFs and free-UOx was studied refer to the method
reported previously (TMB-H;02-HRP system) (Wang et al., 2020). It
can be seen from Fig. 4a that UOx-NFs have better stability than
free-UOx. The stability of the UA sensing electrode was further
confirmed with the accelerated aging test (Anderson and Scott, 1991;
Lou et al., 2018a). In both Fig. 4B and Fig. S2, the sensing performance
of the electrode stored at 55 °C for 7 days can maintain the about
75-80% of the fresh prepared electrode. According to the empirical
formula of Arrhenius equation and our previous reports with accelerated
aging research (Chen et al., 2019, 2020), storage at 55 °C for 14 days
corresponds to the storage at 25 °C for one-year. Therefore, all results
prove that the shelf-life of the functionalized NFs-AuNPs-SPCE can be at
least half a year for UA monitoring with the PUM.

Furthermore, the stability of the immobilized UOx and UOx-NFs on
AuNPs-SPCE were compared respectively by repeated measuring of the
same urine samples. After each use, the electrode was carefully washed
with ultrapure water and dried with washing ear ball for the next
measurement. We can see from Fig. 4C that after 8 times repeated
measuring, the activity retention rate of UOx-AuNPs-SPCE was gradu-
ally decreased and lower than NFs-AuNPs-SPCE while the sensing cur-
rent of the 8th measurement using NFs-AuNPs-SPCE still maintains more
than 95% compared with the 1st measurement. After tested 12 times,
almost 90% of the activity was retained for NFs-AuNPs-SPCE as shown
in Fig. 4D. This can be due to the protection effect from the multi-
dimensional porous structure of NFs and the improved immobilization
stability with the deposited AuNPs on the WE. Although the cost of
prepared NFs-AuNPs-SPCE is very low (0.1 dollar each) and affordable
by the consumers, this excellent reusability will further decrease the cost

and widen its application in continual UA home monitoring.

Besides, the specificity or the anti-interference property of the PUM
was evaluated. Firstly, 50 pL buffer solution was added to the NFs-
AuNPs-SPCE, after the electrode current was stable, 5 uL. 2 mM of
various interfering substances were added step by step. The stable cur-
rent before and after adding interfering substances was compared. Re-
sults in Fig. 4E show that significant signal response (the i step) can only
be induced by UA while other control samples cannot induce any sig-
nificant signal response (from a to h step). This excellent specificity can
be attributed to the adopted UOx assisted catalytic electrochemical
sensing mechanism, which also guaranteed the better anti-interference
effect for the direct detection of clinical urine samples without any
pre-treatments.

3.6. Practical test and continual monitoring of UA in urine samples

The practical UA detection performances were evaluated from two
aspects. On one aspect, the collected urine samples were simultaneously
measured by both the commercial UA quantification kit and our con-
structed PUM. As results demonstrated in Fig. 4F, through T-test of five
groups data by Origin, it can be found that group 1, 2 and 5 do not have
any significant differences (P > 0.05). Although the significant differ-
ences in group 3 (P < 0.05) and group 4 (P < 0.01) were observed, the
relative standard deviations (RSD) of the these two group as 6.75% and
9.29% respectively were still acceptable for the application. These re-
sults well express the high correlation between the commercial kit and
the UOx-assisted functional electrode based PUM. In order to verify the
reproducibility of the functional electrodes, five different batches of
electrodes were used to measure the uric acid solutions at different
concentrations. The verification results in Fig. S5 show that these elec-
trodes of different batches have the consistent detection results, indi-
cating the satisfied reproducibility of the fabricated electrodes for
practical applications.

On the other aspect, three volunteers’ urine samples were analyzed
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Fig. 5. (A) Three days UA concentration trend chart of urine sample volunteers. (B) The relationship between the UA concentration and the number of urinations
after the urine sample volunteer 1 consumed a large amount of soy products. (C) The urine sample volunteer 2 started eating chicken, beef and other high-purine
foods and beer without drinking water after a day of low-purine diet. (D) Urine sample volunteer 3 without any diet plan.

with PUM. To ensure accurate measurement results, each electrode was
treated as disposable to simulate the practical routine monitoring. Other
electrodes of the same batch were stored and sealed in a ziplock bag for
using. Each volunteer was continually monitored for more than 72 h. Of
note, the UA in the volunteers’ urine samples after consumption of high
purine or protein foods will be definitely increased and monitored by
PUM (Fig. 5). As a control experiment, three volunteers’ urine samples
were also tested under the condition of normal daily diets without excess
amount of high purine foods. As we can see from Fig. S6, the volunteers
can maintain the steady-state UA level in urine with the common diets.
And the dangerous concentration of UA (higher than the recommended
upper limit, 4.4 mM) in urine can be easily monitored and warned with
PUM after the high-purine diet or other hyperuricemia related reasons,
which will provide the direct and effective evidence for the diet control
and disease monitoring. These validation results of practical monitoring
of UA in urine samples strongly demonstrated that UOx-NFs assisted
PUM has great application potential in routine non-invasive point of
care test and home health monitoring. For comparison, we also collected
some previous reported UA detection methods based on UOx in recent
years and summarized in Table S3. All the detailed comparison results in
Table S3 well demonstrate that the reported UOx-NFs-assisted PUM
have the obvious superiorities including the sample requirements, the
detection limit and hardware for quantitative analysis.

4. Conclusions

Inspired by the most classic and commercialized portable glucose
meter (PGM) for blood glucose control, we constructed the uricase-
assisted PUM which can provide the valuable proof or advice for the
daily diet and disease management. The optimized NFs-AuNPs-SPCE
was applied onto the self-made PUM which has great application po-
tential, such as wide linear range (0-5 mM), high sensitivity (LOD =
0.82 pM), excellent anti-interference ability, repeat performance and
non-invasive analysis.

The professional test app for continual data collection and calcula-
tion of the 24-h UA excretion in body will be developed and related work
is ongoing in our lab for the further practical application of this con-
structed PUM. All research in this study provided a potential and
powerful protocol for the non-invasive routine and continual monitoring
of UA in urine at home, which will greatly alleviate the burden of blood
UA in hospital.

Supporting information

Electrochemical behaviors of SPCE/SPCE-AuNPs/SPCE-AuNPs-NFs,
linear curves of UA concentration and absorbance were plotted using
colorimetry method, the data of PUM tests in 5xPBS and artificial urine
and other information were provided in the supporting information.
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