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ABSTRACT From our other works, we have developed urea biosensor based on graphene oxide/nickel
oxide sensing film modified either by Au nanoparticles or y-Fe,O3 nanoparticles. In this study, we have
further developed back-end calibration circuit to reduce the drift effect and hysteresis effect of the two
types of the urea biosensors. The back-end calibration circuit is composed of non-inverting amplifiers,
error amplifiers, P-MOSFET transmission transistor, feedback networks, output voltage capacitors and
resistor dividers. After applying the back-end calibration circuit, the drift rate of urea biosensor modified
by Au NPs is reduced from 3.06 mV/hr to 0.28 mV/hr, which is 90.85% reduction. The drift rate of
urea biosensor modified by y-Fe,O3z NPs is reduced from 3.92 mV/hr to 0.57 mV/hr, which is 85.46%
reduction. Through the back-end calibration circuit to reduce the hysteresis effect, the hysteresis voltage
for the forward cycle and reverse cycle of the urea biosensor modified by Au NPs are reduced by 26%
and 30%, respectively. The hysteresis voltage for the forward cycle and reverse cycle of the urea biosensor
modified by y-Fe,O3 NPs are reduced by 23% and 28%, respectively.

INDEX TERMS Au nanoparticles (Au NPs), flexible substrate, graphene oxide (GO), maghemite
nanoparticles (y-Fe,O3 NPs), nickel oxide (NiO), urea biosensor, urease.

I. INTRODUCTION

Urea is the final product during the metabolism of pro-
tein in the human body, and its level ranges from 2.5 to
7.5 mM [1]. Abnormal changes in urea level may indicate
diseases in the kidney or liver, such as kidney failure or liver
failure, etc, [2]. There are many techniques for the deter-
mination of urea, such as colorimetry [3], fluorimetry [4],
spectrophotometry [5], HPLC [6], chemiluminometric [7],
etc. However, the disadvantages of these methods are

time-consuming for sample preparation, high-cost in equip-
ment, necessary to operate by skilled operators and not
suitable for on-site testing. Recently, the electrochemical
based methods overcome the above disadvantages, and have
the advantages of low manufacturing cost, high sensitivity
and high selectivity [8], [9]. There are many techniques for
the electrochemical, such as metal ion-induced optical [10],
fluorescence detection [11]. They are considered to be better
alternatives for urea determination.
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Nanomaterials possess several properties such as high sur-
face area/volume ratio, excellent electron conductivity [12],
electrocatalytic performance [13] and suitable matrix for
enzyme immobilization [14], which can improve the
performance of biosensors. They are documented as one
of the most attractive materials in the development of next-
generation biosensors [15]. From our other works, we have
developed urea biosensor based on graphene oxide/nickel
oxide sensing films modified either by Au nanoparticles
or y-FepO3z nanoparticles [16], [17]. Due to the high
chemical stability, high catalytic activity, simple synthe-
sis method and good biocompatibility of Au NPs, they
provide excellent sensing characteristics for urea biosen-
sor [16], [18]. The y-Fe,O3 NPs have excellent electron
transfer performance, effective surface area and low cost,
and are one of the promising materials for electrochemical
biosensors [17], [18].

The sensitivity, response time and detection limit of
urea biosensors have been widely studied. However, few
researchers have studied the drift effect of urea biosensors.
The drift behavior is due to the increase in the thickness
of the hydrated layer during the long-term measurement,
which leads to an increase in the drift rate [19]. In this arti-
cle, we further apply back-end calibration circuit, which is
developed by Kuo and Dong [20] to reduce the drift effect
and hysteresis effect of the two types of the urea biosensors.

Il. EXPERIMENTAL

A. MATERIALS

Polyethylene terephthalate (PET) was used as the sub-
strate of the biosensor and it was purchased from
Zencatec Corp., (Taiwan). Silver conductive paste was pro-
cured from Advanced Electronic Material Inc., (Taiwan).
Nickel oxide (NiO) target with 99.95% purity was bought
from Ultimate Materials Technology Corp., Ltd. (Taiwan).
Graphite powder was obtained from Alfa Aesar, (USA).
Sodium nitrate (NaNOs3) was supplied from Sigma-Aldrich
Corp., (USA). Hydrochloric acid (HCl) and sulfuric acid
(H2SO4) were procured from Nihon Shiyak Industries
Ltd., (Japan). Hydrogen peroxide (H>O») was bought from
Choneye Pure Chemical, (Taiwan). Tetrachloroauric (III)
acid trihydrate (HAuCly - 3H>,0O) was purchased from
Acros Organics, (Belgium). Tri-sodium citrate 2-hydrate
(Na3CgH507 - 2H,0) was acquired from Acros Organics,
(USA). Iron (0) pentacarbonyl (Fe(CO)s), dioctyl ether, oleic
acid, a-cyclodextrin, and urease was purchased from Sigma-
Aldrich Corp., (USA). Urea powder was gained from J. T.
baker Corp., (USA).

B. THE SYNTHESIS OF AU NPS AND y-FE, 03 NPS
The synthesis processes of the Au NPs solution were as
follows:
1) 5 mM of chloroauric acid (HAuCly - 3H,0) solution
was added to 40 mL of D.I. water and heating at 100 °C.
2) 1 g of sodium citrate (NazCe¢Hs507 - 2H,0) was
dissolved in D.I. water.
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3) 5 mL of the sodium citrate solution was added to
step (1).

4) When the mixed solution changed color, turn off the
heating and the Au NPs were completed.

The synthesis processes of the y-Fe,O3 NPs solution were

as follows:

1) 0.96 mL of oleic acid and 10 mL of octyl ether were
mixed in florence flask and heated to 100 °C.

2) Fe(CO)s was quickly added to step (1) and heated
to 295 °C.

3) When the mixed solution changed color, the synthesis
of y-Fe,O3 NPs were completed.

The y-Fe, O3 NPs were not soluble in water. Hence, the y -

Fe;O3 NPs were modified from oil-soluble to water-soluble.

1) The oil-soluble y-Fe;O3 NPs were dispersed in n-
hexane solvent.

2) a-cyclodextrin solution was added to step (1) and
stirred for 35 hr.

3) After the reaction, the water-soluble y-Fe,O3 NPs
were completed.

C. THE FABRICATION OF UREA BIOSENSOR MODIFIED
BY AU NPS AND y-FE; 03 NPS

The fabrication of the urea biosensor is based on previous
research.

1) Conductive wire and reference electrodes were inte-
grated on the PET substrate by screen printing
technology.

2) Epoxy was used to define the sensing window by
screen printing technology.

3) 0.3 wt% GO solution was dropped on the NiO sensing
film, which was the optimal parameter.

4) 2 wl of y-APTS and 2 pl of glutaraldehyde were
dropped on the GO/NiO sensing film, respectively,
which could enhance the adsorption ability of urease.

5) Either Au NPs solution (SmM) or y-Fe;O3 NPs
solution (Img/ml) was mixed with urease solution
(10mgf/ul), respectively.

Either urease-Au NPs mixed solution or urease-y-Fe,O3
NPs mixed solution was dropped on the GO/NiO sensing
film, respectively. The urea biosensors were completed. The
structure of urea biosensor is shown in Fig. 1.

D. THE VOLTAGE-TIME (V-T) MEASUREMENT SYSTEM
The V-T measurement system has been reported in previous
researches [19], [21], [22]. It is shown in Fig. 2, which is
composed of LT1167, DAQ Card, and LabVIEW software.
The LT1167 is an instrumentation amplifier. The DAQ Card
is a data acquisition card. After the input voltage differ-
ence of the working electrode and the reference electrode
is amplified by the LT1167, and the data are transmitted to
acquisition card to convert the analog signal into a digital
signal, then the data is analyzed by LabVIEW software. The
formula of output voltage of LT1167 is as follows:

Vout = Vinl — Vio = Vref = Viwork = —Viwork (D
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FIGURE 2. The structure diagram of V-T measurement system.
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where Vg is the output voltage of the LT1167, Vi, is the
positive input of the LT1167, Vj,2 is the negative input of
the LT1167, Vi is the voltage of the reference electrode,
and Vyork is the voltage of the working electrode.

E. THE BACK-END CALIBRATION CIRCUIT
The back-end calibration circuit is composed of non-
inverting amplifiers (Aj, Ry and Ry), error amplifiers (Aj),
P-MOSFET transmission transistor (Mp), feedback networks
(R3 and Ry4), output voltage capacitors (Coy) and resistor
dividers (Rs5 and Rg).

The magnification of the amplifier is controlled in unsat-
urated mode. The response voltage of the biosensor is
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FIGURE 3. The structure diagram of back-end calibration circuit [20].

amplified by the non-inverting amplifier, so that the My
can be transmitted in the linear region. M, can provide the
output current to charge the Cgyy, thereby maintaining V.
at a certain level. The mechanism of voltage regulation is
implemented by negative feedback networks (Rz and Ry),
which is expressed by formula (2).

R4
R3 + Ry

According to formula (2), when the output voltage of
V. decreases, Vpp decreases, resulting in a decrease in the
output voltage of Ajy. As the output voltage of Ay decreases,
the gate voltage of M), also decreases. Therefore, the gate-
source voltage (Vgs) of M, increases and generate more
current to charge the output capacitor so that the output
voltage of V. can maintain at a certain level. On the contrary,
by changing the voltage and current, the output voltage is
maintained at the certain level in a short time [20].

The response voltages of the biosensor is amplified by the
non-inverting amplifier and input into the back-end calibra-
tion circuit. In order to obtain the original response voltage
of the biosensor, the original amplification factor is reduced
by a voltage divider (R5 and Rg). The output voltage (Vour2)
is calculated using formula (3). The schematic diagram of the
back-end calibration circuit to reduce drift effect is shown
in Fig. 3.

Vip = V. X

2

R¢

Vour = Ve X ——. 3
out2 c Rs + R ( )

1Il. RESULTS AND DISCUSSION

A. THE AVERAGE SENSITIVITY AND LINEARITY OF
UREA BIOSENSOR BY V-T MEASUREMENT SYSTEM

The basic sensing mechanism of the urea biosensor was

based on the enzymatic reaction catalyzed by urease.
NH,CONH, + 3H,0 2NH} + HCO; + OH~  (4)

According to formula (4), ammonium (NHI), bicarbon-
ate (HCO3) and hydroxide ion (OH™) are the products
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FIGURE 4. The average sensitivities and linearities of urea biosensors
based on different sensing film.

of urea catalyzed by urease. In this reaction, the hydrox-
ide ions are directly generated onto the surface of sensing
windows. An increase in hydroxide ions concentration pro-
duces a potential change on the electrode surface, which is
proportional to the urea concentration [23]-[25].

Five urea biosensors were manufactured for each type of
the biosensors and their performances were evaluated. Each
biosensor contained six sensing windows. Five different con-
centrations of test solutions were measured under the same
environmental conditions, and the measurement time for each
test solution was 30 s. The sensitivity of NiO sensing film
and GO/NiO sensing film were 32.024+0.19 mV/decade and
40.2940.42 mV/decade, respectively. After GO/NiO sens-
ing film modified either by Au NPs or y-Fe;O3 NPs, the
sensitivity was increased to 57.07£0.72 mV/decade and
52.03+0.38 mV/decade, respectively.

Because either Au NPs or y-Fe;O3 NPs is nanomateri-
als with excellent electronic conductivity, and can also be
used as an excellent substrate for immobilized enzymes,
thereby improving the performance of biosensors [16]-[18].
The average sensitivities and linearities of urea biosensors
modified either by Au NPs or y-Fe,O3 NPs are shown in
Fig. 4 and Table 1.

B. THE DRIFT EFFECT OF UREA BIOSENSOR BY VOLTAGE-
TIME (V-T) MEASUREMENT SYSTEM AND BACK-END
CALIBRATION CIRCUIT

The drift is defined as the monotonic change of response
in accordance with the measured time, which is a non-ideal
effect [26]. The formation of drift behavior is that OH™ ions
increase the thickness of the hydrated layer under the long-
term measured duration leading to the increase of drift rate.
The drift rate is the response voltage per hour between the
51 and the 12% hour. The formula is as follows:
Vot — Vst

t

Drift rate = ®))

where V| ,u is the response voltage in the 12 hr, Vsu 1s the
response voltage in the 5™ hr and t is the measurement time.
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TABLE 1. The average sensitivities and linearities of urea biosensor based
on different sensing films.

Average sensitivity
Sensing film +SD Linearity
(mV/decade)

NiO 32.02+0.19 0.995

GO/NiO 40.29+0.42 0.996

Urease-Au NPs/GO/NiO 57.07+0.72 0.996
Urease-y-Fe,O3

NPs/GO/NIO 52.03+0.38 0.996
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-400 — o — Drift Calibration Circuit, Drift rate = 0.28 mV/hr

-500 T T T T T 1
0 2 4 6 8 10 12

Time (hr)

FIGURE 5. The drift effect of the urea biosensor based on urease-Au
NPs/GO/NiO sensing film measured by V-T measurement system and
back-end calibration circuit, respectively.

In this work, the urea biosensor was immersed in the PBS
solution with 5 mM of urea concentration and measured
for 12 hr by both V-T measurement system and back-end
calibration circuit, respectively. According to the experimen-
tal results, the drift rates of the urea biosensor modified
by Au NPs were 3.06 mV/hr and 0.28 mV/hr measured
by the V-T measurement system and back-end calibration
circuit, respectively. As shown in Fig. 5, through the mea-
surement of the back-end calibration circuit, the drift rate of
the urea biosensor modified by Au NPs could be reduced
by 90.85%.

The drift rates of the urea biosensor modified by y-
Fe,O3 NPs were 3.92 mV/hr and 0.57 mV/hr measured
by the V-T measurement system and back-end calibration
circuit, respectively. As shown in Fig. 6, through the mea-
surement of the back-end calibration circuit, the drift rate
of the urea biosensor modified by y-Fe,O3 NPs could be
reduced by 85.46%.

This experiment is repeated seven times and the results
are shown in Table 2.

C. THE HYSTERESIS EFFECT OF UREA BIOSENSOR BY
VOLTAGE-TIME (V-T) MEASUREMENT SYSTEM AND BACK-
END CALIBRATION CIRCUIT

The hysteresis effect is another non-ideal effect in repeated
measurements of sensors. According to the report by
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FIGURE 6. The drift effect of the urea biosensor based on urease-y-Fe, 053
NPs/GO/NiO sensing film measured by V-T measurement system and
back-end calibration circuit, respectively.

TABLE 2. The drift effect of urea biosensor based on different sensing films.

Number by V-T by Back-
End
Structure of Measurement . .
Calibration
Sensors System o
Circuit
1 3.06 mV/hr 0.28 mV/hr
2 3.21 mV/hr 0.51 mV/hr
urease-Au 3 3.08 mV/hr 0.31 mV/hr
NPs/GO/NiO 4 3.11 mV/hr 0.39 mV/hr
sensing film 5 3.15 mV/hr 0.45 mV/hr
6 3.19 mV/hr 0.49 mV/hr
7 3.25 mV/hr 0.53 mV/hr
1 3.92 mV/hr 0.57 mV/hr
2 3.99 mV/hr 0.65 mV/hr
urease-y-FexOs 3 4.01 mV/hr 0.68 mV/hr
NPs/GO/NiO 4 4.25 mV/hr 0.94 mV/hr
sensing film 5 4.09 mV/hr 0.79 mV/hr
6 4.16 mV/hr 0.85 mV/hr
7 4.22 mV/hr 0.92 mV/hr

Bousse et al. the hysteresis effect of pH-ISFET can be
regarded as a delay in pH response [27]. The hysteresis
effect of urea biosensor can be also regarded as the delay
of the concentration response.

In this work, we evaluated the stability and the reversibil-
ity of the potentiometric flexible arrayed urea biosensor for
hysteresis effect by V-T measurement system and back-end
calibration circuit. The urea biosensor was immersed in the
PBS solution with urea for measured in forward cycle and
reverse cycle by V-T measurement system. The immersion
was in the order of 5SmM — 1.66mM — 5mM — 8.33mM
— 5mM (forward cycle) and 5SmM — 8.33mM — 5mM
— 1.66mM — 5mM (reverse cycle). The hysteresis voltage
(Vu) was the difference between the initial voltage and the
final voltage [28].

The potentiometric flexible arrayed urea biosensor based
on GO/NiO sensing film modified by Au NPs was measured
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FIGURE 7. The hysteresis effect of the urea biosensor based on urease-Au
NPs/GO/NiO sensing films measured by V-T measurement system.
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FIGURE 8. The hysteresis effect of the urea biosensor based on urease-Au
NPs/GO/NiO sensing film measured by back-end calibration circuit.

by V-T measurement system. According to the experimental
results, the Vg were 3.91 mV and 2.67 mV for the forward
cycle and reverse cycle, respectively, as shown in Fig. 9.
Due to the size of H ions was smaller than that of OH™
ions, which indicated that the diffusion rate of HT ions was
faster than that of OH™ ions. Because of this difference, the
hysteresis voltage was generated [29].

The potentiometric flexible arrayed urea biosensor based
on GO/NiO sensing film modified by Au NPs was measured
by back-end calibration circuit. According to the experi-
mental results, the Vg were 2.87 mV and 1.85 mV in the
forward cycle and reverse cycle, respectively, as shown in
Fig. 7. Through the back-end calibration circuit, the Vg for
the forward cycle and reverse cycle of the potentiometric
flexible arrayed urea biosensor based on GO/NiO sensing
film modified by Au NPs were reduced by 26% and 30%,
respectively, as shown in Fig. 8.

The potentiometric flexible arrayed urea biosensor based
on GO/NiO sensing film modified by y-Fe,Osz NPs was
measured by V-T measurement system. According to the
experimental results, the Vg were 5.07 mV and 4.27 mV for
the forward cycle and reverse cycle, respectively, as shown
in Fig. 9. Through the back-end calibration circuit, the Vy
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FIGURE 9. The hysteresis effect of the urea biosensor based on
urease-y-Fe; 03 NPs/GO/NiO sensing film measured by V-T measurement
system.
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FIGURE 10. The hysteresis effect of the urea biosensor based on
urease-y-Fe, 03 NPs/GO/NiO sensing film measured by back-end
calibration circuit.

for the forward cycle and reverse cycle were 3.89 mV and
3.05 mV, respectively. The reductions were 23% and 28%,
respectively, as shown in Fig. 10.

IV. CONCLUSION

In this work, we have fabricated the urea biosensor modified
either by Au NPs or y-Fe;O3 NPs. The average sensitivity
and linearity of the urea biosensor modified by Au NPs were
57.07£0.72 mV/decade and 0.996, respectively. The aver-
age sensitivity and linearity of the urea biosensor modified
by y-Fe,O3 NPs were 52.03£0.38 mV/decade and 0.996,
respectively. After applying the back-end calibration circuit,
the drift rate of the urea biosensor modified by Au NPs was
reduced from 3.06 mV/hr to 0.28 mV/hr, which was 90.85%
reduction. The drift rate of the urea biosensor modified by
y-FepO3 NPs was reduced from 3.92 mV/hr to 0.57 mV/hr,
which was 85.46% reduction. Through the back-end cali-
bration circuit to reduce the hysteresis effect, the VH for
the forward cycle and reverse cycle of the urea biosensor
modified by Au NPs were reduced by 26% and 30%, respec-
tively. The VH for the forward cycle and reverse cycle of
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the urea biosensor modified by y-Fe,O3 NPs were reduced
by 23% and 28%, respectively.
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