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ABSTRACT In this paper, the L-ascorbic acid (L-AA) biosensor based on magnetic beads-ascorbate
oxidase/graphene oxide/indium gallium zinc oxide/aluminum (MBs-AOX/GO/IGZO/Al) membrane was
integrated with the potentiometric measurement system with the microfluidic framework in order to
investigate the different sensing characteristics under the static condition and the dynamic condition. The
L-AA biosensor showed the average sensitivity of 78.9 mV/decade (25 ◦C) under the static condition, and
it showed the average sensitivity of 81.7 mV/decade (25 ◦C) at the optimal flow rate (25 µL/min). Besides,
the XBee module was used to apply in the remote detection for the L-AA biosensor, and the experimental
results were shown the average sensitivity of 78.7mV/decade (25 ◦C).Moreover, we also investigated various
experiments, such as temperature effect, hysteresis effect, and lifetime. These experimental results would be
beneficial to the development of the L-AA biosensor based on electrochemical detection.

INDEX TERMS L-ascorbic acid (L-AA), graphene oxide (GO), magnetic beads (MBs), microfluidic
framework, wireless sensing system.

I. INTRODUCTION
Biosensors are usually used to detect environmental chem-
icals in human blood or outside. The biosensors can be
distinguished two main types by methods of signal gener-
ation such as bioaffinity sensors and biocatalytic biosen-
sors. The bioaffinity sensors are defined that the biological
device bound with test object to occur bioaffinitive binding
result in the change of the biomolecular shape or change
of physical quantities such as charge, thickness, mass, heat,
or optics [1]. The biocatalytic biosensors are defined that
immobilized molecules react with the test object to generate
biochemical metabolites [2]. Then, it can be detected by
specific electrodes, and the electronic signal can be obtained
through a measurement system. At present, the two kinds of
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main researches in the development of biocatalytic biosen-
sors are enzymatic biosensor and biosensor of biological
cells, and the L-AA biosensor in this study belongs to an
enzymatic biosensor. Graphene which is composed of the
atomic of carbon, which possesses the structure of hexago-
nal and thickness of one carbon atom. The graphene is the
excellent two-dimensional material, and it possesses the high
specific surface area, thermal stability in air, good mobil-
ity of charge carriers [3], good mechanical strength [4],
good thermal electrical conductivity [5], low electrical resis-
tivity [6], and high transparency [7]. However, the above
advantages of graphene are achieved according to the fabri-
cation process of graphene-based materials, which resulted
in the form of reduced graphene oxide (RGO) and graphene
oxide (GO). Recently, the GO was widely applied to improve
the enzymatic biosensor due to the oxygen-containing
functional groups [8] and high specific surface area.
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Moreover, at present, the MBs can bond specific moieties for
biomolecules [9] or particular biomolecules such as DNA,
RNA, and protein. Therefore, the MBs were used as supports
or carriers in biosensor widely such as covalent bonding
method [9]–[11]. Currently, the microfluidic device was
developed to integrate biosensor, which has been studied for
over 20 years [12].

The microfluidic device was applied to improve the sensi-
tivity, and it could reduce the amount of test solution [13] and
even improve ion diffusion [14]. In this study, the microflu-
idic devicewas integratedwith the L-AAbiosensor in order to
investigate the different sensing characteristic under the static
condition and dynamic condition. Besides, remote real-time
detection is crucial owing to the development of homecare
in recent years. Table 1 showed the common communica-
tion protocols in short range network include the specifica-
tions of different protocols [15]–[18]. In order to achieve
a remote detection, the biosensor integrated with an XBee
module. The XBee module based on ZigBee standard, and
it possesses some advantages, such as low power (30 mA
Low Power), low cost, low data rate (250 kb/s), easily
scaled network, and standard of wireless personal area net-
work (WPAN) [19], [20]. Given the reasons, we selected the
ZigBee module in order to apply to detection for L-AA in a
long distance.

TABLE 1. The communication protocols in short range network [15]–[18].

II. EXPERIMEANTAL
A. MATERIALS
The polyethylene terephthalate (PET) substrate was pur-
chased from Zencatec Corporation (Taiwan). The silver

paste was purchased from Advanced Electronic Material
Inc. (Taiwan). The aluminum ingots were purchased from
Summit-Tech Resource Co., Ltd (Taiwan). The indium gal-
lium zinc oxide (IGZO) target was purchased from Ulti-
mate Materials Technology Co., Ltd. (Taiwan). The epoxy
thermosetting polymer (product no. JA643) was purchased
from Sil-More Industrial, Ltd. (Taiwan). The L-AA was
purchased from Sigma-Aldrich Co. (U.S.A). The AOX was
purchased from Sigma-Aldrich Co. (U.S.A). The hummer
method was used to fabricate the GO powder. The phos-
phate monobasic (KH2PO4) powder was purchased from
Darmstadt (Germany). The potassium phosphate dibasic
(K2HPO4) powder was purchased from Katayama Chemical
Co., Ltd. (Japan). The 3-glycidoxypropyl-trimethoxysilane
(GPTS) was purchased from Sigma-Aldrich Co. (USA). The
toluene was purchased from Sigma-Aldrich Co. (USA). The
MBs solution was purchased from Quantum Biotechnology
Inc. (Taiwan). The Polydimethylsiloxane (PDMS) silicone
elastomer and curing agent were purchased from Dow Corn-
ing Inc. (U.S.A). The N - (3 – Dimethylaminopropyl) –
N - ethylcarbodiimide hydrochloride (EDC) was purchased
from Sigma-Aldrich Co. (U.S.A).

B. FABRICATION OF IGZO/AL MEMBRANES
The PET substrate (dimension: 3 cm × 4 cm) was cleaned
by nitrogen gun, alcohol and deionized (D. I.) water. After-
wards, the oven was used to remove the steam on a PET
substrate at 100 ◦C for 10 min. Then, the cleaning steps of the
PET substrate were finished. We adopted the screen printing
technology to fabricate reference electrodes and conductive
wires on the PET substrate. Next, the thermal evaporation
system was adopted to deposit aluminum (Al) membranes
onto the extremity of conductive wires. After that, we adopted
radio frequency (R. F.) sputtering system to deposit IGZO
membranes onto the Al membranes at 3 mTorr working
pressure, power of 40 W and flow rates of 16/2 for Ar/O2
(sccm). Lastly, the epoxy which was used as an insulation
layer, and defined the size of sensing window was printed on
the substrate by screen printing technology, and the flexible
arrayed IGZO/Al membranes were successfully fabricated.

C. MBS-AOX SOLUTION
Firstly, the ascorbate oxidase (AOX) solution contained
200 µl PBS solution (50 mM) and 250 U AOX, which was
mixed with MBs in order to fabricate MBs-AOX solution.
TheMBs solution (400µl) which sucked out by micropipette
were separated into the MBs and maintenance liquid by
DynaMag magnet device. After that, the PBS solution was
used to clean the MBs. On the other hand, the EDC (10 mg)
mixed with PBS solution (1 ml) was shaken by a stirrer for
10 min. Afterwards, the EDC (100 µl) solution mixed with
MBs were shaken by a stirrer for 30 min. Then, we separated
the MBs and EDC solution by DynaMag magnet device.
Finally, we mixed the AOX solution and MBs to fabricate
the MBs-AOX solution, and we stored the MBs-AOX in a
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refrigerator at 4 ◦C for 1 day, the MBs-AOX solution was
successfully prepared.

D. IMMOBILIZATION OF MBS-AOX
Firstly, in order to immobilizeAOXmore stable and increased
specific surface area, we deposited 0.3 wt% GO on the IGZO
membranes. Next, the cross-linking agent included 100 µl
GPTS and 400 µl toluene were dropped on the GO mem-
branes to immobilize enzyme by covalent bonding method.
Then, the samples were baked by an oven at 80 ◦C for 1 h.
Afterwards, in order to remove unlinked cross-linking layer,
the samples were immersed in the PBS solution. Finally,
the MBs-AOX solution was dropped on the cross-linking
layer, and we stored the samples in refrigerator at 4 ◦C. The
schematic diagram of the MBs-AOX/GO/IGZO/Al L-AA
biosensor was shown in Fig. 1.

FIGURE 1. The schematic diagram of the MBs-AOX/GO/IGZO/Al L-AA
biosensor.

E. MEASUREMENT SYSTEMS
According to the literatures [21]–[24], in this study, a poten-
tiometric measurement system was fabricated in order to
detect concentrations of L-AA under the static condition and
dynamic condition. Besides, there is a difference between this
experiment and literatures, it consists of a microfluidic device
and an injection pump. In order to fabricate the microfluidic
device, the epoxywas used to define the shape of microfluidic
device. The PDMS was mixed with curing agent, which
weight ratio was 10:1. Next, the PDMS mixture was poured
into a microfluidic master mold to fabricate the microfluidic
device. Afterward, we used the upper acrylic sheet layer
and lower acrylic sheet layer to fix the microfluidic device.
For more details, the schematic diagrams of the microfluidic
device were referred to our previous study by the same group
[25, Fig. 4], were shown in Fig. 2. Finally, the magnetic
beads-ascorbate oxidase/graphene oxide/indium gallium zinc
oxide/aluminum (MBs-AOX/GO/IGZO/Al) L-AA biosensor
was integrated with the microfluidic device, the injection
pump and the potentiometric measurement system in order to
measure the characteristics of biosensor under the dynamic
conditions. The photo of the potentiometric measurement
systemwith themicrofluidic framework for the L-AA biosen-
sor was shown in Fig. 3.

FIGURE 2. The schematic diagrams of the microfluidic device. (a) The
microfluidic device and the biosensor under measuring. (b) The drawing
of the microfluidic channel [25].

FIGURE 3. The potentiometric measurement system with the microfluidic
framework for the MBs-AOX/GO/IGZO/Al L-AA biosensor. (a) The
injection pump, (b) the power supply, (c) the data acquisition card, (d) the
readout circuit, (e) the microfluidic device, (f) the computer, and (g) the
close-up image of the biosensor during measuring.

The wireless sensing system was fabricated according to
the literatures [26]–[28]. The XBee device includes an XBee
coordinator and an XBee router. The measurement signals
were received, which were transmitted to the XBee router
through Arduino Mega 2560. Afterwards, the measurement
signals were wirelessly transmitted to the XBee coordina-
tor. Next, the measurement signals were transmitted to the
computer, and the measurement signals were shown on the
computer screen through LabVIEW software. The photo of
the wireless sensing system was shown in Fig. 4.

F. SETTING OF THERMOSTATIC WATER BATH
In order to investigate the effects of temperatures for
MBs-AOX/GO/IGZO/Al L-AA biosensor, the thermostatic
water bath, temperature controller (Model: TAIE FY-400,
Taiwan), and digital thermometer (Model: TM-906A,
Taiwan) were used to carry out the temperature effects.
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FIGURE 4. The wireless sensing system for the MBs-AOX/GO/IGZO/Al
L-AA biosensor. (a) The computer, (b) the XBee device, (c) the readout
circuit and the XBee device, (d) the biosensor and the solution, and
(e) the batteries.

As shown in Fig. 5, it could be seen that the internal set-
ting such as (a) the temperature controller (b) the digital
thermometer (c) the water bath, and (d) the biosensor. The
thermostatic water bath was used to soak the glass jar of
L-AA solution in hot water to warm it up. Besides, the
digital thermometer was used to calibrate temperature for L-
AA solution. The temperature difference between the digital
thermometer and the thermostatic water bath was about 3 ◦C.
After the temperature was achieved stable state, the MBs-
AOX/GO/IGZO/Al L-AA biosensor was immersed in the
different L-AA solutions, which the temperatures were set
from 25 ◦C to 65 ◦C.

FIGURE 5. The setting of thermostatic water bath for temperature effects.
(a) The temperatures controller, (b) digital thermometer, (c) the water
bath, and (d) the biosensor.

III. RESULTS AND DISCUSSION
A. SENSING CHARACTERISTICS FOR L-AA BIOSENSORS
BASED ON DIFFERENT MEASUREMENT SYSTEMS
In this study, the MBs-AOX/GO/IGZO/Al L-AA biosensor
based on an enzymatic potentiometric biosensor. The sensing

mechanism is following formulas (1) and (2) [29]:

E = E0
− 2.303

RT
F
pH (1)

L-ascorbic acid
Ascorbate oxidase
−→ Dehydro-L-ascorbic acid

+2H+ + 2e− (2)

where E is the electromotive force (EMF), E0 is the standard
potential of the reference electrode, R is the gas constant, T is
the temperature in kelvins, and F is the Faraday’s constant.
pH is the pH of the electrolyte. In addition, the rate of change
in E with respect to the pH of the solution is affected by the
membrane [30]. The formula (3) is related to the sensitivity
of a biosensor directly. The formula (3) is shown as follows:

∂E
∂pH
= 2.303

RT
F

(3)

According to the Nernst equation, the concentration of hydro-
gen ions in the solution affected the electromotive of the
working electrode. As shown in formula (2), the enzymatic
catalytic reaction showed that L-Ascorbic acid converted into
Dehydro-L-Ascorbic acid, two hydrogen ions, and two elec-
trons. The pH in themicro surrounding the sensingmembrane
is changed owing to the change of H+, thereby generating the
different electromotive forces to achieve detection of L-AA.

In this experiment, the experiments were divided into
two parts which were dynamic condition and static
condition. Because it could be confirmed whether the
L-AA biosensor could detect the L-AA concentration in
human blood, the L-AA biosensor integrated with the
potentiometric measurement system with the microfluidic
framework. The dynamic experiment results were shown
in Table 2 and Fig. 6, it could be found that the flow
rates of the injection pump were set at 5µL, 10µL, 15µL,
20µL, 25µL and 30µL, respectively. From Fig. 6 and
Table 2, it could be found that the average sensitivities
were 79.4 mV/decade, 79.7 mV/decade, 79.9 mV/decade,
81.1 mV/decade, 81.7 mV/decade, and 80.0 mV/decade,
respectively. Besides, the linearities were 0.997, 0.996, 0.995,
0.998, 0.999, and 0.993, respectively (25 ◦C).

TABLE 2. The average sensitivities and linearities of the
MBs-AOX/GO/IGZO/Al L-AA biosensor at different flow rates.

According to the experimental results, it could be observed
that the average sensitivities were increased with increas-
ing flow rate. The reason is attributed to the diffusion
resistance and catalyzed reaction rate. The diffusion resis-
tance of membrane depends on the diffusion layer of mem-
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FIGURE 6. The average sensitivity and linearity of the
MBs-AOX/GO/IGZO/Al L-AA biosensor under the different
flow rates conditions.

brane under dynamic fluid. The diffusion layer of mem-
brane becomes thinner when the flow rate increases [31].
This phenomenon results in the catalyzed reaction can be
promoted to the generation of more hydrogen ions, thereby
enhancing the sensing characteristics of the membrane.
Because AOX has not enough time to induce catalyzed
reactions under high flow rate [24], [21], the sensitivity
of MBs-AOX/GO/IGZO/Al membrane decreased when the
flow rate beyond 25µL/min. However, the sensitivity of
the biosensor is attributed to the several factors, such as
the diffusion resistance within interface between solid and
liquid, the enzyme loading, and temperature [31]–[33].
At room temperature (25 ◦C), the best response voltage is
in 15µL/min, but the sensitivity and linearity are no better
than the sensing characteristics in 25µL/min. In conclusion,
the optimal flow rate is the 25µL/min, which is suitable for
the MBs-AOX/GO/IGZO/Al L-AA biosensor. The optimal
average sensitivity was 81.7 mV/decade (25 ◦C) under the
25 µL/min flow rate.
Moreover, the remote detection results were shown

in Fig. 7, it could be found that the average sensitivity
of 78.7 mV/decade (25 ◦C) and linearity of 0.998. That data
were similar to the data which were measured by poten-
tiometric measurement system. It could be confirmed that
the wireless sensing system could be applied in detection of
biosensor. Now, the wireless sensing system has become the
trend of modern sensor.

B. SENSING CHARACTERISTICS FOR
MBS-AOX/GO/IGZO/AL L-AA BIOSENSOR
AT DIFFERENT TEMPERATURES
According to the work [34], Sardarinejad et al. proposed that
the temperature of solution was increased, which resulted
in viscosity decreased and the mobility of ions increased.
Besides, the dissociation rate could be improved to be quick-
ened, which resulted in the number of ions increased in the
solution. According to the Nernst equation, the measured

FIGURE 7. The curves of response voltage for the MBs-AOX/GO/IGZO/Al
L-AA biosensor measured by the wireless sensing system.

potential changed which produced between the reference
electrode and the working electrode, which were relied on
the temperature.From the Nernst equation, the potential on
the electrode can be influenced by changing the temperature,
thereby changing the average sensitivity of the biosensor.
Therefore, the temperature effects were investigated through
the temperature coefficient of the average sensitivity in this
study.

The experimental results were shown in Fig. 8 and Table 3,
we could observe that the average sensitivity and the lin-
earity of the MBs-AOX/GO/IGZO/Al L-AA biosensor were
78.9 mV/decade and 0.997, respectively at room temperature
(25 ◦C). Besides, the average sensitivity could be enhanced

FIGURE 8. The temperatures effects for sensing characteristics of the
MBs-AOX/GO/IGZO/Al L-AA biosensor.

TABLE 3. The sensing characteristics of the MBs-AOX/GO/IGZO/Al L-AA
biosensor under conditions of different temperatures.
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with temperature increased in the range from 25 ◦C to 45 ◦C,
the temperature coefficient was about 0.21 mV/decade-◦C.
Because the mobility of the ions in solution depends on the
temperature of the solution [35], the increase in mobility of
the ions causes the rate of adsorption-desorption to accelerate.
Therefore, the average sensitivity of the biosensor increased
at the temperature from 25 ◦C to 45 ◦C. However, the average
sensitivity was quickly decreased when the temperature was
increased in the range from 55 ◦C to 65 ◦C, whose tem-
perature coefficient was about −0.9 mV/decade-◦C. It could
be attributed to effect of temperature on ascorbate oxidase
activity. Because AOX enters the half-time of denaturation
at 55 ◦C according to the literature [36], [37], AOX activity
is decreased at the temperature exceeded 45 ◦C. When the
temperature was continuously increased, thereby resulting in
decreasing in the sensitivity of the MBs-AOX/GO/IGZO/Al
L-AA biosensor.

C. LIFETIME AND DECAY RATE FOR
MBS-AOX/GO/IGZO/AL L-AA BIOSENSOR
In this study, the lifetime was defined as the time that relative
average sensitivity fell below 15 % during a period. The rel-
ative average sensitivity was indicated the Stest/Sinitial, where
Stest was indicated the average sensitivity in the test and Sinitial
was indicated the average sensitivity in the initial test. In this
experiment, experimental temperatures, which were divided
into 25 ◦C and 45 ◦C, were used to carry out the temperatures
effects, and the samples were saved in the refrigerator at 4 ◦C
when the samples are not in use. Moreover, the decay rate
was indicated that the average sensitivity was decayed with
time. From section B, the L-AA biosensor showed the best
average sensitivity at 45 ◦C. However, the average sensitivity
was decreased when the temperature exceeded 45 ◦C. It could
be confirmed that each enzyme has a suitable range of temper-
ature. In section C, the decay rates of L-AA biosensor were
investigated at 25 ◦C and 45 ◦C within 28 days.
From Fig. 9 and Table 4, the average sensitivity at 25 ◦C

was decreased with time. On the initial day, the L-AA

FIGURE 9. The decay rates of the MBs-AOX/GO/IGZO/Al L-AA biosensor
within 28 days at 25 ◦C and 45 ◦C, respectively.

TABLE 4. Sensing characteristics of the MBs-AOX/GO/IGZO/Al L-AA
biosensor at 25 ◦C within 28 days.

biosensor showed average sensitivity of the 78.9 mV/decade
and linearity of 0.997. The average sensitivity was decreased
until the 28th day. The L-AA biosensor showed average sen-
sitivity of the 67.2 mV/decade, and that value was 85.1%
of average sensitivity of the initial test. From Fig. 9 and
Table 5, the average sensitivity at 45 ◦C was also decreased
with time. On the initial day, the L-AA biosensor showed
average sensitivity of the 83.0 mV/decade and linearity of
0.997. The average sensitivity was decreased until the 28th

day. The MBs-AOX/GO/IGZO/Al L-AA biosensor showed
average sensitivity of the 31.6 mV/decade, and that value was
38.0 % of the average sensitivity of the initial test.

TABLE 5. The sensing characteristics of the MBs-AOX/GO/IGZO/Al L-AA
biosensor at 45 ◦C within 28 days.

Through this experiment, it could be found that the lifetime
of the L-AA biosensor was about 28 days, its decay rate was
detected to be −0.44 mV/decade-day at 25 ◦C. Moreover,
the lifetime of the L-AA biosensor was about 7 days, its
decay rate was detected to be−1.66mV/decade-day at 45 ◦C.
It could be found that the MBs-AOX/GO/IGZO/Al L-AA
biosensor the best average sensitivity at 45 ◦C, but the lifetime
of L-AA biosensor was decreased a lot.

D. HYSTERESIS EFFECT OF MBS-AOX/GO/IGZO/AL
L-AA BIOSENSOR
In this study, we investigated the hysteresis effect to confirm
whether the L-AA biosensor can produce the right trend of
response voltage after the difference of previous concentra-
tion. The experimental results were shown as follow. The
cycle of hysteresis was set 0.03-0.007-0.03-0.125-0.03 mM,
and this range consisted of scurvy concentration (0.007 mM),
normal concentration (0.03mM) and saturation concentration
(0.125 mM) in human blood [38].

Figure 10 presented the hysteresis width of L-AA biosen-
sor was 11.6 mV, and this value was the best result
for AOX/IGZO/Al membrane. It could be found that the
AOX/IGZO/Al L-AA biosensor possessed a memory effect.
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FIGURE 10. The hysteresis effect of the L-AA biosensor based on
AOX/IGZO/Al membrane in L-AA solutions during the cycle of
0.03-0.007-0.03-0.125-0.03 mM.

FIGURE 11. The hysteresis effect of the L-AA biosensor based on
AOX/GO/IGZO/Al membrane in L-AA solutions during the cycle of
0.03-0.007-0.03-0.125-0.03 mM.

FIGURE 12. The hysteresis effect of the L-AA biosensor based on
MBs-AOX/GO/IGZO/Al membrane in L-AA solutions during the cycle of
0.03-0.007-0.03-0.125-0.03 mM.

Actually, an excellent biosensor should not have any mem-
ory effect. For this reason, the GO was used to modify
the AOX/IGZO/Al biosensor, and the experiment which
presented the hysteresis width of 6.4 mV was shown
in Fig. 11. From this experiment, it could be found that
the characteristic of AOX/GO/IGZO/Al membrane was bet-
ter than AOX/IGZO/Al membrane. This hysteresis effect of

improvement could be attributed to these properties of GO
such as high specific surface area and oxygen-containing
functional groups [39]–[41]. The property of GO could
make the enzyme and hydrogen ion be adsorbed on the
sensing membrane well. On the other hand, we also investi-
gated the hysteresis effect of MBs-AOX/GO/IGZO/Al sens-
ing membrane, the experimental result was shown in Fig. 12.
The experimental results are obtained the better properties;
it could be attributed to not only property of GO but alsoMBs.

IV. CONCLUSION
In this study, various experiments such as dynamic detec-
tion, remote detection, temperature effect, hysteresis effect
and lifetime carry out in order to confirm the sensing char-
acteristics of the MBs-AOX/GO/IGZO/Al L-AA biosensor.
According to the dynamic experiment results, it could be
confirmed that the average sensitivity was improved from
78.9 mV/decade to 81.7 mV/decade due to the improve-
ment of ion diffusion. Besides, the wireless sensing system
based on the XBee devices was successfully applied in detec-
tion of the L-AA biosensor, and the result was similar to
the value which was measured by the potentiometric mea-
surement system. Moreover, we also found that the L-AA
biosensor possessed high average sensitivity at 45 ◦C, but
the lifetime was decreased quickly. Finally, the hysteresis
width was found that it could be improved from 11.6 mV
to 5.4 mV through hysteresis effect experiments. Therefore,
the MBs-AOX/GO/IGZO/Al L-AA biosensor is a promising
device for detecting L-AA.
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