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ABSTRACT This study prepared an enzymatic potentiometric uric acid sensor based on zinc oxide (ZnO)
and uricase. Also, we develop a potentiometric differential measurement system. We applied Nafion,
APTES, and glutaraldehyde to immobilize the enzyme and increase sensitivity to prevent enzyme leakage.
Thus, the uric acid sensor was integrated into FPCB which could provide flexibility to the sensor. In
the uric acid concentration range of 2 mg/dL-10 mg/dL, we analyzed the characteristics of sensors
with the voltage-time measurement system, measuring the average sensitivity, linearity, response time,
limit of detection (LOD), and interference effects. The modification of Nafion and uricase improved the
performance of the uric acid sensor.

INDEX TERMS Zinc oxide (ZnO), uric acid (UA), biosensor, enzymatic, instrumentation amplifier (INA).

I. INTRODUCTION
Uric acid (UA) is the final metabolite of purines in the human
body. Uric acid is one of the indicators of obesity, high blood
pressure, and hyperlipidemia in the human body [1]. The
main reasons for excessive uric acid production are often
drinking too little water and doing anaerobic exercise with-
out massage afterward. The innate constitution is easy to
further metabolize the ingested purines into excrement that
can be excreted from the kidneys through the urine during
the metabolic process. Reptiles and birds convert metabolic
waste ammonia into uric acid for excretion. These substances
eventually form excess uric acid, which then flows to con-
nective tissue through the blood, where it is stored as crystals
and causes gout. Therefore, monitoring the concentration of
uric acid in human blood and urine can effectively predict
gout symptoms [2].

In 1906, the development of medical sensors begins. Max
Cremer used a glass tube to detect hydrogen ions [3],
and was used as a simple sensor by observing the foam
generation. It was also later used as the basis for devel-
oping glass electrodes. Soon after, Leland in the United
States Clark proposed the first biomedical sensor made of

oxygen-sensing electrodes in 1956 [4] and soon launched
an enzyme-based biomedical sensor for glucose. The detec-
tion of uric acid in urine and blood includes non-enzymatic
and enzymatic detection. The detection utilizes the combi-
nation of phosphate-buffered saline (PBS) and UA powder
to form a solution to stimulate UA’s normal concentration in
the human body [5]. The reactant in the sensor will have a
catalytic reaction with uric acid and has a linear relationship
with the concentration of uric acid in the solution to be tested.
Non-enzymatic sensors are less susceptible to environmen-
tal factors and have a longer shelf life [6], [7], but have
poor selectivity and are susceptible to other interferences.
Enzymatic detection uses enzymes that are easy to catalyze
uric acid. The enzymatic sensor has a higher average sen-
sitivity. However, enzymes are susceptible to environmental
factors and have a limited shelf life [5]. John and Bulger
used the first uricase enzyme to detect uric acid in 1941 [8],
to analyze the among of uric acid catalyzed by uricase. Also,
there is a difference in methods to determine uric acid, such
as optic fiber [9], [10], [11], SERS [12], optic SPR [13],
and fluorescent [14] methods that have been used in the
uric acid sensor. However, these methods are complicated
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and expensive. Therefore, electrochemical was a simple and
easy way to cooperate with enzyme sensors. Uric acid inter-
acts with uricase in solution to produce hydrogen peroxide
(H2O2), carbon dioxide (CO2), and allantoin. Meanwhile,
hydrogen ion (H+) was decomposed from H2O2 which could
be detected by ion-sensitive material. As a result, a medium
such as an ion-sensitive membrane would need to conduct
the potential between the electrode and uricase. Zinc oxide
(ZnO) is widely used in pH sensors [15] and various biosen-
sors. It has various applications due to its unique chemical
properties such as wide band gap, non-toxicity, high excita-
tion binding energy, and biocompatibility. Hence, the ZnO
thin film would be suitable for an ion-sensitive medium.
Various substrates can be applied to the electrochemical

sensor, such as PET, silicon, and glass [16]. In this work,
polyimide (PI) was applied to the sensor’s substrate due to
being commonly used in the flexible printed circuit board
(FPCB) standard process. Also, polyimide is attributed to
excellent flexibility and high mechanical strength. On top of
PI, copper wire and immersion gold can provide good elec-
trical conductivity characteristics and chemical stability [17].
Furthermore, the FPCB has the potential to integrate with
electronic circuits such as analog readout frontend and power
management circuits for battery devices that can dramatically
reduce the device’s size.
In electrochemical measurement, amperometry was com-

monly used to analyze sensor performance. Meanwhile,
the three-electrode system is a mature way in sensory.
However, amperometry needs a complex circuit to form a
measurement system that is hard to integrate sensor and
measurement system. Furthermore, potentiometric measure-
ment only needs a few components to build a system and
is easy to integrate with the sensor. Hence, this study used
potentiometric measurement in the electrochemical sensor
characterization.

II. EXPERIMENTAL
A. MATERIALS
The ZnO targets (99%) were purchased from Ultimate
Materials Technology Co., Ltd. (Taiwan). The substrate of
the pH sensor was FPCB, which was a contract manufactured
by Rui Xing Circuit Co., Ltd. (China). The uric acid pow-
der, uricase (from Arthrobacter Globiformis, 15-30 unit/mg),
(3-aminopropyl) tri-ethoxysilane (γ -APTES), and glutaralde-
hyde were purchased from Sigma-Aldrich Co. (USA).
Eventually, the phosphate-buffered saline (PBS, pH7) used
to prepare the uric acid solution was purchased from
AppliChem GmbH Crop (Darmstadt, Germany).

B. FABRICATION OF THE URIC ACID SENSING FILM
Fig. 1 shows the preparation process of working electrodes
from (A) to (E) for functional working electrodes in UA
detection. First, start with step (A), the FPCB substrate was
cleaned with distilled (DI) water, acetone, and ethanol. Next,
step (B) used the radio frequency (RF) sputtering system to
deposit ZnO thin film on the working electrode. Table 1

TABLE 1. ZnO thin film sputtering parameters.

FIGURE 1. Preparation of the uric acid sensor working electrode.

shows the ZnO film sputtering parameter [18], deposited
with RF power 60 W and deposition pressure 3 mTorr to
make sure the purity of the process. Also, argon and oxygen
were led into the chamber at a flow ratio was 9:1 (sccm) and
deposited for 15 minutes to achieve the expected thickness.
To immobilize the uricase onto the ZnO thin film, in

step (C), the γ -APTES (1% wt) diluted with buffer solution
and drop cast 2 μL onto the ZnO thin film twice, which
could protect the ZnO film and functionalize to cooperate
with organic materials. Therefore, in step (D), the 2 μL
of glutaraldehyde was modified onto the γ -APTES with the
drop cast technique. Before casting the uricase onto the elec-
trode, the 6.3 mg of uricase (15 unit/mg) was mixed with
a 2.5 mL buffer solution (pH 7). Meanwhile, prepare glu-
taraldehyde solution (1 wt%) and mix uricase: glutaraldehyde
with a 6:4 ratio to apply cross-linking method [19]. Then,
drop cast 2 μL uricase: glutaraldehyde cross-linking solu-
tion to the glutaraldehyde layer. Glutaraldehyde had well
binding force between the biocatalyst such as the enzyme.
Eventually, in step (E), 2 μL of Nafion (5 wt%) was mod-
ified [20] onto the working electrode to prevent possible
uricase leakage [21], [22].

C. SENSOR STRUCTURE AND MEASUREMENT SYSTEM
Fig. 2 (a) illustrates the cross-section structure of the UA
biosensor. The substrate is based on the standard process of
the single-layer flexible printed circuit board (FPCB). Using
polyimide (PI) as the cover film has decent flexibility and
temperature resistance. Also, rolled and annealed cooper was
applied in the copper wire can provide mechanical strength in
bend conditions [23]. Furthermore, electroless nickel immer-
sion gold (ENIG), known as the chemical Ni/Au, can prevent
copper wire oxidation and improve the solderability of cop-
per contact. Lastly, a stiffener is adhesive under the connector
to enhance sensor connection stability. Fig. 2 (b) illustrates
the uric acid sensor structure diagram. The sensor array con-
sists of two working electrodes, reference electrodes, and a
ground electrode. The working electrode diameter is 2 mm,
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FIGURE 2. Uric acid sensor (a) cross-section (b) plan view.

FIGURE 3. The schematic of the measurement system.

and the fabricated Nafion/uricase/APTES/ZnO structure is
on top of the ENIG and copper wire substrate.
The voltage-time (V-T) measurement system measure the

FPCB UA sensor voltage response, which was demonstrated
in Fig. 3 shows the sensor connection schematic. The FPCB
sensor includes working electrodes, reference electrodes, and
the ground channel connected through the FPCB connector.
The connector is connected to a readout circuit consist-
ing of an instrumentation amplifier (INA) board. Also, the
INA readout circuit board uses the LT1167 as an INA for
each channel and is powered by the wall power transformer.
Furthermore, the ground electrode is connected to the ground
to provide a current path to input that creates an input bias
current return path to prevent input common mode satu-
ration [24]. Also, the UA sensor total measurement setup
can be present in Fig. 4. Then, the circuit board output
terminal is connected to the data acquisition (DAQ) instru-
ment, and the model of the DAQ is National Instruments

FIGURE 4. UA sensor and measurement system connection setup.

(USA) USB-6201. It can convert analog sensing signals to
digital signals through internal 16 bits ADC. Eventually,
the data on response voltages are accessed via LabVIEW
software [25].

III. RESULT AND DISCUSSION
A. ANALYSIS OF THE ZINC OXIDE CHARACTERISTIC
In this study, we used Field-emission scanning electron
microscopy (FE-SEM) to analyze the film thickness and sur-
face morphology. In this analysis setup, the ZnO film was
RF-sputtered on a Si substrate. In the ZnO cross-section
view, shown in Fig. 5(a), many columnar grains can be
observed and grows evenly. That result leads to ZnO having
a smooth and flat surface [26]. Also, the average thickness
of 74.8 nm can be measured. Fig. 5(b) shows the top per-
spective of the ZnO film. The columnar grains grow in high
density. The average particle size was calculated in Fig. 5(b)
10 sampling points have 31.2 nm.
X-ray photoelectron spectroscopy (XPS) was used to ana-

lyze the ZnO film chemical composition and the electronic
state of the atoms within a material. The C 1s (283.8 eV)
spectrum was used as calibration of binding energy positions
for XPS spectra [27]. Fig. 6 (a) shows the Zn 2p spectrum.
The binding energy has two peaks at 1021.1 eV represent-
ing Zn 2p3/2 and 1044.3 eV representing Zn 2p1/2. The Zn
2p3/2peak was present as the metallic zinc in stoichiomet-
ric ZnO and the Zn 2p1/2 peak was present as Zn2+ in the
hypoxic region. The difference of 23.2 eV between Zn 2p 1/2
and Zn 2p 3/2 represents the binding energy difference
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FIGURE 5. The zinc oxide morphology. (a) cross-section view (b) top view.

between these two peaks proving that zinc exists in the
Zn2+ oxidation state [28].
Fig. 6 (b) shows the O 1s binding energy graph. Two

singlet peaks fit in the gauss method were 529.6 eV and
531.2 eV [29]. The first peak, 529.6 eV, was associated to
the O2− ion [29] in the ZnO structure. The second peak,
531.2 eV, was due to the contribution of the O2− ion in the
oxygen defect regions in the ZnO film [29].
To analyze ZnO film chemical composition and oxidation

state. The relative sensitivity was used to measure and calcu-
lated the peaks’ integral area. Adjust the scale to a different
element. In that case, Zn 2p3/2, Zn 2p1/2, and O 1s have
calculated the peaks’ integral area [29]. After that, divide
the relative sensitivity value of each element. In this case,
the relative sensitivity factors are 2.768 of Zn 2p3/2, 1.384
of Zn 2p1/2, and 0.733 of O 1s. The zinc to oxygen (Zn/O)
atomic concentration ratio can be calculated depending on
different relative sensitivity factors. The proportion of oxy-
gen atoms in ZnO film is about 47%, and the proportion
of zinc atoms is 53%. The ratio of zinc to oxygen was
1.12 which shows that the ZnO thin film was successfully
fabricated.

FIGURE 6. The zinc oxide thin film high-resolution XPS spectrum. (a) Zn 2p
spectrum and (b) O 1s spectrum.

B. REACTION MECHANISM BETWEEN THE URICASE AND
THE URIC ACID
As equation (1) shows, the uricase catalyzes uric acid
(C5H4N4O3) and water into allantoin (C5H6N4O3), car-
bon dioxide (CO2), and hydrogen peroxide (H2O2).
Automatically, as equation (2) shows, H2O2 decomposed
into a hydrogen ion (H+), oxygen (O2), and an elec-
tron e−) [30].

Uric Acid + H2O + O2
Uricase→ Allantoin + CO2 + H2O2 (1)

H2O2 → O2 + 2e− + 2H+ (2)

According to previous research [31], the response voltage
changes in different H+ concentration and relate to different
UA concentration. Also, the response voltage determined by
the oxidation reaction shows in equation (3), equation (4),
and Nernst [31] equation (5).

Zn(OH)2(s) + H+
(aq) = ZnOH+

(aq) + H2O (3)

ZnO2H
+
(aq) + H+

(aq) = Zn(OH)2(s) (4)
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FIGURE 7. The average sensitivity and linearity of the UA sensor.

E = E0 − RT

F
ln

[ZnOH]

[ZnO]
[
H+] (5)

where E0 represents the reference electrode potential, R rep-
resents the gas constant, F represents Faraday’s constant, and
T represents the absolute temperature.

C. AVERAGE SENSITIVITY OF THE URIC ACID SENSOR
Fig. 7 shows the FPCB UA sensor is measure UA in
2 mg/dL, 4 mg/dL, 6 mg/dL, 8 mg/dL, 10 mg/dL con-
centrations in V-T method. The average sensitivity is
22.50 mV/(mg/dL), and the linearity is 0.999. The average
sensitivity formula [32] can be stated as formula (6).

S0 = �V/R (6)

where S0 represents the average sensitivity, �V represents
the change amplitude of the sensor signal, and R represents
the concentration range of the measurement.

D. REPRODUCIBILITY
Reproducibility is an important indicator representing the
sensor’s stability and reliability [32]. Meanwhile, indicate
the accuracy and precision of the electron devices. In this
experiment, we immersed the Nafion/uricase/ZnO FPCB uric
acid (UA) sensor in 2 mg/dL, 4 mg/dL, 6 mg/dL, 8 mg/dL,
and 10 mg/dL concentration UA solution. The voltage-time
(V-T) measurement system was employed to measure the
average sensitivity and linearity. Fig. 8 shows each sensor’s
average sensitivities and linearities. The relative standard
deviation (RSD) represents sensor reliability [33]. The aver-
age sensitivity of the sensors is 19.48 mV/(mg/dL), and the
standard deviation is 1.59 mV/(mg/dL). Therefore, the rela-
tive standard deviation (RSD) calculated is 8.2%. The RSD
proved that the sensor had enough reliability in this study.

E. RESPONSE TIME OF THE URIC ACID SENSOR
In Fig. 9, we immersed UA sensors in 50 mL pH 7
phosphate-buffered saline (PBS) solution. When the response

FIGURE 8. Uric acid sensor reproducibility.

FIGURE 9. FPCB UA sensors response time measurement result.

voltage was stable, 250 μL of 6 mg/dL (0.33 mM) concen-
tration uric acid solution was added to the solution. Then,
waiting for the response voltage to be stable, we can mea-
sure the response voltage from 0% to 95% time interval [34].
Fig. 9 shows the UA sensor response time of 7 seconds.

F. INTERFERENCE EFFECTS OF THE URIC ACID SENSOR
The interference effect is an important indicator in biosen-
sors. This effect mainly presents the sensing performance
when the sensor has interfered with other substances. In this
experiment, the sensor was immersed in phosphate-buffered
saline (pH7) 50 mL first and waited for the response volt-
age to become stationary. Then, 0.110 mM (2 mg/dL) uric
acid (UA), 0.025 mM ascorbic acid (AA), 7.000 mM glu-
cose (Glu), 0.400 mM fructose (Fr), 1.100 mM urea (UR),
0.150 mM dopamine (DA) and 0.330 mM (6 mg/dL)
UA were sequentially added 250 μL per interference
substance into the phosphate buffered saline every 30 sec-
onds. Therefore, the voltage changes difference of each
interference added could be observed. The concentration of
the substances was based on the concentration range of the
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FIGURE 10. Uric acid sensor interference effect experiment result
(a) without uricase and (b) with uricase.

human body, and the last medium concentration of uric acid
was selected.
Fig. 10(a) shows the interference on the working elec-

trodes with the bare ZnO film. As shown in Fig. 10(a),
without uricase modification, the voltage response of low UA
concentration 0.08 mV did not outperform Glu 0.19 mV,
Fr 0.2 mV, and UR 0.3 mV voltage responses. However,
Fig. 10(b) shows the interference test on the working elec-
trodes with the Nafion/uricase/ZnO structure. Fig. 10(b)
shows that Glu, Fr, AA, DA, and UR have fewer voltage
response differences than UA in low concentrations of volt-
age response of 4.71 mV. Hence, the uricase-modified ZnO
enzymatic sensor has good selectivity in UA.

G. LOD OF THE URIC ACID SENSOR
The limit of detection (LOD) represents a specification that
indicates the lowest measurement concentration that can
detect. In that case, we use the 3-sigma method [35] to
calculate LOD and the formula shown in formula (7). The
FPCB-based Nafion/Uricase/ZnO uric acid sensing windows
were measured, and the LOD was calculated by the 3-sigma
method. When average sensitivity was 22.5 mV/(mg/dL).
The response voltage of the pure pH 7.0 BS solution was
−30.4 mV, the standard deviation of solution response volt-
age σ was 0.944 mV, and S0 was the average sensitivity of

FIGURE 11. UA sensor flexible test method demonstration when the
sensor is on the (a) flat state (b) curve state.

the sensor. Hence, The CLOD was calculated as 0.12 mg/dL
(∼7.14 μM).

CLOD = 3σ

S0
(7)

where the CLOD is the LOD of the concentration, σ is the
standard deviation of response voltage when the pure PBS
solution was measured, and S0 is the sensitivity.

H. FLEXIBILITY OF THE URIC ACID SENSOR
To verify the FPCB sensor’s durability, we fold the FPCB
sensor multiple times. Fig. 11 (a) shows the UA sensor in a
flat state, and Fig. 11 (b) shows the UA sensor in a curve
state which shows the littlest effect on the FPCB substrate
and copper wires. Also, verifying fold times in UA sensor
has minimal inference on linearity and average sensitivity.
We measure UA sensor fold 0 times, 100 times, and 200
times average sensitivity and linearity. Fig. 12 shows the
result; the fold crease doesn’t affect average sensitivity and
linearity.

I. COMPARISONS OF URIC ACID SENSORS BASED ON
DIFFERENT STRUCTURES
Table 2 shows the comparisons of the sensing perfor-
mances based on uric acid sensors with different structures.
In this work, we had the best average sensitivity of
22.50 mV/(mg/dL) and linearity of 0.999 in the potentiomet-
ric sensor. Compared to recent research, the ERGO-modified
ZnO-NSs [36] has lower LOD due to amperometry mea-
surement and nanostructure. Identically, in Ali’s study, the
nanostructure of ZnO-NFs [21] and ZnO-NWs [22] can
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TABLE 2. Comparisons of the sensing performances based on uric acid sensors with different structures.

FIGURE 12. Average UA sensitivity of the sensor versus folding times.

achieve lower LOD but lower average sensitivity. In Kuo’s
study, the RuO2 UA sensor can be applicated to electro-
chemical [37] and EGFET [30] measurement. Both studies
achieve array sensing windows and can analyze multiple
working electrodes simultaneously. Also, the average sen-
sitivity seems applicable. Finally, comparing the sensor’s
response time, 7 second response time was fast enough
compared to another potentiometric enzymatic UA sensor.

IV. CONCLUSION
As a biosensing device, the proposed enzymatic
Nafion/uricase/ZnO/ENIG/Cu/PI sensor can successfully
detect uric acid. The ZnO thin films were successfully pre-
pared by a radio frequency sputtering system and deposited
on polyimide and immersion gold substrates based on
FPCB standard process. In terms of enzyme immobilization,
we used the APTES, uricase, glutaraldehyde cross-link
technic, and Nafion was successfully applied to the uric
acid sensor. The potentiometric measurement system was

applied to analyze biosensor performance. For UA sensor
performance, the uric acid measure concentration range
of 2-10 mg/dL has 22.50 mV/(mg/dL) average sensitivity,
low LOD (7.14 μM), good selectivity, and linearity was
0.999. Furthermore, we evaluate sensor reproducibility for
stability concerns, and sensitivity has a standard deviation
of 8.2%. Ultimately, the short response time of 7 seconds
was measured.
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