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Abstract: Two types of urea biosensors were integrated with a wireless measurement system
and microfluidic measurement system. The two biosensors used were (i) a magnetic
beads (MBs)-urease/graphene oxide (GO)/titanium dioxide (TiO,)-based biosensor and (ii) an
MBs-urease/GO/ nickel oxide (NiO)-based biosensor, respectively. The wireless measurement
system work exhibited the feasibility for the remote detection of urea, but it will require refinement
and modification to improve stability and precision. The microchannel fluidic system showed the
measurement reliability. The sensing properties of urea biosensors at different flow rates were
investigated. From the measurement results, the decay of average sensitivity may be attributed to the
induced vortex-induced vibrations (VIV) at the high flow rate. In the aspect of wireless monitoring, the
average sensitivity of the urea biosensor based on MBs-urease/GO/NiO was 4.780 mV/(mg/dl) and with
the linearity of 0.938. In the aspect of measurement under dynamic conditions, the average sensitivity
of the urea biosensor based on MBs-urease/GO/NiO were 5.582 mV/(mg/dl) and with the linearity of
0.959. Both measurements performed NiO was better than TiO, according to the comparisons.

Keywords: nickel oxide (NiO); titanium dioxide (TiO,); urea; microfluidics; wireless detection

1. Introduction

In the human body, consumed protein forms amino acids after hydrolysis in the digestive
system. Subsequently, the urea cycle in the liver is where the main metabolic process occurs [1].
Urea that directly reaches the blood stream from the kidneys is also egested in urine. The normal
urea concentration range in the human body is from 2.5 mM to 7.5 mM. When the concentration
of urea is abnormal, kidney disease and hyperammonemia may occur. A high urea concentration
may lead to diseases including renal dysfunction, urinary tract obstruction, dehydration, shock, and
gastrointestinal bleeding [2].

Two kinds of promising materials, nickel oxide (NiO) and titanium oxide (TiO;), have been
developed for use as matrices in electronic urea biosensors, due to their unique chemical reactant
properties. NiO advantages include chemical stability and a fast electron transfer capability [3-6].
Furthermore, it has been used as a sensing material for detection of glucose, urea, and uric acid, thus it
has already established itself in the field of biomonitoring systems. TiO, has the advantage that it is
biocompatible, non-toxic, and has an electron transfer capability. Due to the biocompatibility of TiO,,
there is an expected and appropriate reaction between TiO; and the analyte. Coordination bonds can
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be formed by titanium, connecting with functional groups of enzymes. Additionally, TiO, offers many
outstanding properties, it is non-toxic, non-corrosive, environmentally-friendly, cost-effective, and has
better electron transition. Additionally, it can also help maintain the biocatalytic activity of enzymes [7].
TiO, showed significant promise in surface tests for the immobilization of biomolecules, therefore,
recently increased research has been devoted to it [8-13]. The above researches all demonstrate that
NiO and TiO, are promising materials when they are used as sensing matrices. Besides, it is rare that
urea sensors are exploited by using NiO and TiO,, and so we used them as the sensing matrices of the
urea biosensors.

Graphene oxide (GO) and magnetic beads (MBs) have been used to modify the characteristics
of urea biosensors. GO has abundant oxygen-containing functional groups, owing to the chemical
process of Hummers’ method, wherein part of the carbon atoms is oxidized and the original carbon
structure is destroyed. As numerous functional groups can be grafted onto the graphene layer during
the preparation, it has abundant functional groups afterward for the reaction. In this paper, the use
of graphene oxide between the enzyme layer and the magnetic beads layer is expected to adsorb
and consolidate strongly, this expectation is based on the presence of abundant functional groups
with enhanced electron transfer properties. Additionally, MBs provide other advantages, such as a
wide range of biomagnetic separations, molecular manipulations, and affinity isolations. The ferroso
ferric oxide (Fe3O4) and iron(IIl) oxide (Fe,O3) particles constitute MBs, which is closely related to
polystyrene. Moreover, the beads were further coated in glycidyl ether, to create a hydrophilic layer
that conceals the iron oxide. Carboxylic groups were also deposited onto the surface of the beads.
In this study, the abundant oxygen-containing functional groups of GO and the high surface-volume
ratio of MBs serve more sites for TiO; or NiO, thereby enhancing sensing characteristics.

Over the past few years, interest in wearable devices for biophysical monitoring has been growing
rapidly. Thus, a flexible and durable substrate, such as the one proposed here consisting of polyethylene
terephthalate (PET), polyimide (PI), and polyethylene naphthalate (PEN) is a prime area for development
that can be broadly applied in the market for wearable medical devices [14]. Screen-printing technology
is the chance that electrodes are minimized on a PET substrate. In addition, these advantages of the
applicability of cheap and mass-producible lead to sensitive, rapid, miniaturization, and reproducible
biosensors, so much so that it is now an accepted way in the industry.

Monitoring in a long distance is indispensable along with the development of point-of-care.
The ZigBee communication layer has many features that make it ideal for the task, such as low power
consumption, low price, and simple construction that allows for modifications and development
to enhance security. In addition, it also has highly reliable data management [15-18]. The ZigBee
data standard is based on the standard IEEE 802.15.4 network protocol specifications so it is highly
cross-compatible [17]. Apart from this, the researches on microfluidic measurement systems over
the past few decades, a number of issues have arisen, and some of which remain controversial in
spite of the vast data available [19-21]. Microfluidic systems have been widely used to integrate
biosensors, which could offer advantages such as enhanced sensitivity, the mixing rate of different
reagents, conditions of flow control, abate reagents volume, and the ability to unite chemical and
biological components into a single platform [22,23].

Very recently, it is rare that the reports about what the remote detection of urea and the application
on microfluidics were investigated simultaneously. Apart from this, TiO;, or NiO are exceptional
sensing matrices that can promote the conduction of interfacial electrons and are beneficial for binding
the enzyme [24]. Therefore, this paper inherits the previous researches [25,26] and further explores
the sensing characteristics, which the urea biosensors are integrated with the wireless measurement
system and the microfluidic measurement system. Microfluidic systems are commonly used to analyze
the concentration of the specific substance continuously, owing to the fast response time, the small
uses of amounts of reagents, and automation [22,23]. In order to accomplish continuous analysis and
point-of-care diagnostics for urea, we measured and analyze the dynamic sensing characteristics of
the urea biosensor under microfluidic flow characteristics. In terms of the remote detection of urea,
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the urea biosensors were integrated with the wireless sensing system based on ZigBee standard, the
concentration was detected and shown on the screen at once to realize real-time diagnostics. Figure 1
shows the wireless measurement system, which includes a urea biosensor, a readout circuit, an XBee
module, and a computer with the LabVIEW program.

Transmitter

Response Readout circuit | N e e
signals (AD623) (Arduino Mega 2560)

Sensing urea H

Test solutions

XBee router

Receiver

LabVIEW program

Figure 1. The schematic of the wireless measurement system, which includes a urea biosensor, a
readout circuit, an XBee module, and a computer with the LabVIEW program.

2. Materials and Methods

2.1. Materials

Nickel oxide (NiO) with a target of 99.95% purity, purchased from Ultimate Materials Technology
Co., Ltd. (Hsinchu County, Taiwan), was used to produce the sensing film. The titanium dioxide
(TiO,) with a target of 99.95% purity was purchased from Ultimate Materials Technology Co.,
Ltd. (Hsinchu County, Taiwan), this was used for deposition on the sensing film. The graphite
powder was purchased from Alfa Aesar Co. (Lancashire, UK), was used to synthesize the graphene
oxide (GO) by the modified Hummers’ method [27]. Magnetic beads (MBs) were purchased from
Quantum Biotechnology Inc. (Taichung City, Taiwan), belong to Dynabeads, have non-toxic nature in
cell-based clinical applications [28], were used to enhance the enzymatic immobilization. N-Ethyl-N’-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), was purchased from Sigma-Aldrich,
Co. (St. Louis, MO, USA), and was used as a carboxyl activating agent to bind the MBs and enzyme.
Phosphate monobasic (KH;PO4) powders and potassium phosphate dibasic (K;HPO,4) powders were
purchased from Katayama Chemical Industries Co., Ltd. (Yatsuo Machi, Japan), were used to prepare
30 mM phosphate buffer saline solutions (PBS) with pH 7 (this pH is a common value for human
urine or human serum). Urease was purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Urea
powders were purchased from J. T. Baker Corp. (St. Louis, MO, USA). Polyethylene terephthalate
(PET) was purchased from Zencatec Corporation (Tao-Yuan City, Taiwan). Silver paste was purchased
from Advanced Electronic Material Inc. (Tainan City, Taiwan), and was used for the conductive wire
and reference electrode. The epoxy thermosetting polymer (product no. JA643) was purchased from
Sil-More Industrial, Ltd. (New Taipei City, Taiwan).

2.2. Fabrication of the Urea Biosensors Based on NiO and TiO,

The fabrication processes of the urea biosensor were as follows:
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The polyethylene terephthalate (PET) substrate was cut into 30 mm x 40 mm. The PET was used
as the substrate of the urea biosensors.

The pattern was used as the arrayed conductive wires and reference electrodes, which silver
paste was screen-printed onto a PET flexible substrate and was baked in an oven at 120 °C. The
silver paste exhibited excellent adhesion to a PET substrate, and excellent electrical conduction
capabilities. The sensor array was preliminarily tested and found to be working normally after
being tested.

TiO, and NiO sensing films as matrices were prepared via using the radio frequency (R.F.)
sputtering system. The sputtering parameters for the different sensing matrices are shown in
Table 1.

The flexible arrayed urea biosensor was encapsulated with epoxy. The epoxy, which also served
as an insulation layer, could be used to define as the sensing area per window of 1.77 mm?.

Table 1. Sputtering parameters for the different sensing matrices.

Material TiO, NiO
Power (W) 100 50
Depostion Time (min) 60 50
Pressure (mTorr) 30 3
Gas flow (Ar:0;, sccm) 20:1 10:0
Ret. 208 2019

2.3. Preparation and Modification of the MBs-Urease Solution

1.

The 0.3 wt% GO solution was prepared by mixing GO powder and D.I. water, it was then titrated
onto the sensing matrices (TiO, and NiO).

The N-Ethyl-N’- (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) solution and MBs
were mixed evenly. The duration of the process is owing to the surface functional groups of MBs,
which could make activation of carboxyl and hydroxyl for MBs. Then, the urease mixed and
vibrated MBs for 8 h. The optimal volume ratio of MBs-urease is 1:1. The MBs-urease composite
solution was dropped onto the sensing matrices (GO/TiO, and GO/NiO).

The detailed steps for the fabrication of the biosensors can be found in our previous study [25,26],

and the structure schematics are shown in Figure 2.

= B Urease-MBs
Ky > Urease-MBs 0 e g
o o . ° raphene oxide
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* Insulation layer
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- * TiO, sensing films f -
o NiO sensing films
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4 " PET substrate u PET substrate
Figure 2. The structure schematics of (a) the MBs-urease/GO/TiO2-based biosensor [25] and (b) the
MBs-urease/GO/NiO-based biosensor [26].
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In this study, urease is used as the enzyme electrode. Urea is catalyzed and hydrolyzed by urease,
as depicted in the reaction Formula (1):

Urease

NH,CONH, + 3H,0%%2NH, + HCOj + OH" (1)

Urea is converted into ammonium ions (NH4 "), bicarbonate ions (HCO3 ™), and hydroxide ions
(OH™) by urease. The surface potential of the sensing electrode depends on the variation of produced
OH™, resulting in the different potential difference between the sensing electrode and reference
electrodes. Next, the signals were processed by the readout circuit and the computer to realize the
detection of urea.

2.4. Wireless Measurement System

The device platform used here is shown in Figure 3 and combines an XBee module (Digi
International, Hopkins, MN, USA) readout circuit (AD623), the Arduino Mega 2560, a microcontroller
board based on the ATmega 2560 from Atmel Corporation (San Jose, CA, USA), and a power supply.
The wireless measurement system is based on ZigBee standard to transmit the response signals from
the biosensor. The input voltage to the device could be switched between 3.3 V and 5 V by the Arduino
Mega 2560, which provided enough power that the XBee router and readout circuit could function
correctly. The Arduino Mega 2560 was used for conversion of the analog signal to a digital signal.
The XBee router (which includes the Arduino Mega 2560) was used for receiving the signals from
the sensor and transmitting them to the XBee coordinator. Lastly, the signals were converted in the
computer for use with the LabVIEW software suite [29].

XBee router
(Receiver)

Readout circuit (AD623) and

XBee router —
(Arduino Mega 2560, Transmitter) - %
a
Urea biosensor | ===p -
=

Figure 3. The photo of the wireless measurement system.

2.5. Microfluidic Measurement

The microfluidic measurement system consists of a microchannel, a pump, an injector, a waste
container, and a potentiometric measurement system. The test solution was injected into the device
and flowed into the microchannel through the pump, which pushed it through the sensing area and
controlled the flow rate. The 2D, 3D schematics, and the close-up image of the microfluidic device were
shown in Figure 4. The height of the microfluidic channel is 25 pm, as shown in Figure 4b. The detailed
information about the microfluidic measurement system can be found in our previous study [30].
In this work, the average sensitivities at different flow rates of 20 ml/h, 30 ml/h, 40 ml/h, and 50 ml/h
were investigated.
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Figure 4. (a) The 2D and (b) 3D schematics of the microfluidic device. (c) The close-up image of the
microfluidic device.

3. Results and Discussion

3.1. Analysis of the Remote Monitoring for MBs-Urease/GO/TiO; Urea Biosensor

The urea biosensor based on MBs-urease/GO/TiO, film was integrated with the wireless remote
detection system. The results in Figure 5 show that the average sensitivity and linearity of the urea
biosensor were 2.537 mV/(mg/dl) and 0.982, respectively. The dynamical measurement for ambient
temperature was set at room temperature. Examining the wireless measurement results, the error
bars are obtrusively large. This can be attributed to that fact that the noise resistance capability of the
AD623 is low with its input resistance of about 2 GQ). Additionally, the wireless system is based on the
Arduino Mega 2560. When converting the analog to digital, the resolution of the Arduino Mega 2560
(10 bits) is not as high as the data acquisition card on the market, which is used for bioelectric signal in
wired mode (16 bits). We consider it likely that this is the reason for the large observed error bars.

1700

1680 4 —®—Average sensitivity =2.537 (mV/(mg/dl))
Linearity = 0.982

1660—-
1640—-
1620—-
1600—-

1580

1560

Response voltage (mV)

1540

1520

10 20 30 40 50
Urea (mg/dl)

Figure 5. Responses of the urea biosensor based on MBs-urease/GO/TiO, by integrating the wireless
measurement system.
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3.2. Analysis of the Remote Monitoring for MBs-Urease/GO/NiO Urea Biosensor

The performance of the MBs-urease/GO/NiO urea biosensor was measured through the wireless
measurement system. As shown in Figure 6, the average sensitivity of the urea biosensor was
4.780 mV/(mg/dl) and with the linearity of 0.938. From the measured results, it can again be seen that
the error bars are prohibitively large. The error bars in the measurement results can be caused by
several possible factors in transmission through the wireless measurement system. When the device
presumes that the electrochemical reaction is stable and continuous, the signal is amplified by the
ADG623 instrumentation amplifier. However, the noise may also be amplified at the same time as the
signal, so that the data is mistakenly regarded as a signal. Further, the signal is converted from analog
by the Arduino Mega 2560, with a limited signal resolution of 10 bits. That is, the resolution is too
low to facilitate correct capture of the analog signal. The higher the sampling rate, the less easily the
signal is distorted. When the sampling rate is higher (higher resolution), the signal is less likely to be
distorted. In addition, the internal error rate of the signal converter must also be considered. When the
signal is accepted by the XBee receiver, the received signal is then presented in LabVIEW. While all
the aforementioned points must be addressed and corrected, the results in Figures 5 and 6 exhibit the
feasibility for remote detection of urea.

2650
] —» —Average sensitivity = 4.780 (mV/(mg/dl))
2600 . .
< Linearity = 0.938
> 7 P -
é 2550 .~
<) J
%0 2500 - =
= i —
e 1 ~
5 2450 L
2] -
g ] e
S, 2400 —
@
Q 1 e
2350
2300 T T T T T T T T T
10 20 30 40 50

Urea (mg/dl)

Figure 6. Responses of the urea biosensor based on MBs-urease/GO/NiO by integrating the wireless
measurement system.

3.3. Sensing Properties of the MBs-Urease/GO/TiO, Urea Biosensor with the Integrated
Microfluidic Framework

The dynamic measurement aspect of the urea biosensor was integrated with the microfluidic
measurement system. The dynamic measured results are presented in Figure 7. The optimal sensing
characteristics, of average sensitivity and linearity, were 4.256 mV/(mg/dl) and 0.995 at a flow rate of
40 ml/h. Average sensitivity and linearity of the urea biosensor are shown in Table 2; it specifies the
sensing properties with different flow rates of 20 ml/h, 30 ml/h, 40 ml/h, 50 ml/h, and 60 ml/h. The result
shows that the trend of sensitivity was unchanging as the flow rates gradually increased. When the
flow rate was higher than 40 ml/h, the sensing property began to decay. This phenomenon may be
attributed to the rapid flow rate causing the solution passing through the sensing area too quickly
to achieve an equilibrium potential for the response voltage [20,31]. From a hydrodynamic point of
view, fluids at a high flow rate are subject to flow-induced vibration (FIV) in the microfluidic level.
Owing to the fluidic shock, vortex-induced vibrations (VIV) possibly are triggered by FIV [32]. From
inferred reasons, it can be explained that the sensitivity was decreased at a high flow rate. Regardless
of the reasons, the properties performed here, by the urea biosensor, reach the standard required for
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use under the dynamic conditions. This means that urea could be adequately detected under dynamic
conditions by the proposed system.

Response voltage (mV)

160
140 4 —m— 20 ml/h %
o] o 30mim 3
0 40 mi/h
1004 —v— 50 ml/h
: 60 ml/h
80+
60
40-
204
04
204
-40 T T T T T T T T T
10 20 30 40 50

Urea (mg/dl)

Figure 7. The responses of the urea biosensor based on MBs-urease/GO/TiO; by integrating the
microfluidic measurement system.

Table 2. The sensing properties of the different urea biosensors at different flow rates by integrating the

microfluidic measurement system.

MBs-Urease/GO/TiO,

MBs-Urease/GO/NiO

Flow Rate (ml/h) Average Average
Sensitivity Linearity Sensitivity Linearity
(mV/(mg/dl)) (mV/(mg/dl))
20 3.022 0.976 4.103 0.996
30 2.964 0.979 3.060 0.982
40 4.256 0.995 5.582 0.959
50 3.394 0.934 4.594 0.973
60 2.754 0.943 3.956 0.909

3.4. Sensins Properties of the MBs-Urease/GO/NiO Urea Biosensor with the Integrated Microfluidic Framework

As shown in Figure 8, the optimal sensing properties, as measured by average sensitivity and
linearity, were 5.582 mV/(mg/dl) and 0.959 at a flow rate of 40 ml/h. The measured average sensitivity
and linearity of the urea biosensor at different flow rates are shown in Table 2. It can be seen that
the biosensor decreased in sensitivity when the flow rate exceeded 40 ml/h, but the results still
show that it maintained good sensitivity. Comparing the results of the MBs-urease/GO/TiO, and
MBs-urease/GO/NiQO, it can be seen that the NiO-based matrix was more stable than the TiO,-based
sensing matrix under dynamic detection. Under dynamic conditions, NiO promotes electrochemical
reactions; this may be due to the high chemical stability of NiO [3,25,26].
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Figure 8. The responses of the urea biosensor based on MBs-urease/GO/NiO by integrating the

microfluidic measurement system.

4. Conclusions

The wireless monitoring for urea detection obtained a preliminary success, which the urea
biosensors based on MBs-urease/GO/TiO, and MBs-urease/GO/NiO integrated with Arduino Mega 2560.
The observed results of the sensors based on MBs-urease/GO/TiO, and MBs-urease/GO/NiO covered
average sensitivity and linearity and were recorded as 2.537 mV/(mg/dl), 0.982, and 4.780 mV/(mg/dl),
0.938, respectively. In addition, the performances of the biosensors were performed under the dynamic
conditions, with different flow rates of 20 ml/h, 30 ml/h, 40 ml/h, 50 ml/h and 60 ml/h. The results
showed that of the NiO-based sensing matrix was more stable than the TiO,-based sensing matrix under
dynamic detection because of the high chemical stability of NiO. The average sensitivity and linearity
of the urea biosensor based on MBs-urease/GO/NiO were 5.582 mV/(mg/dl) and 0.959, respectively, at a
flow rate of 40 ml/h.

In the future, in order to realize the remote and accurate detection of urea, the internal error rate
of the wireless measurement system needs to be decreased, and the urea biosensors were applied to the
measurement for real samples such as urine and serum. In addition, we will improve the volume of the
microfluidic device and integrate it with the proposed urea biosensor achieving miniaturization. Further
works are promising for remote urea detection under microfluidic flow and will be high precision.

Author Contributions: Conceptualization, ].-C.C.; Data curation, C.-Y.W. and S.-H.L.; Formal analysis, C.-Y.W.,
S.-H.L. and Y.-X.W.; Funding acquisition, J.-C.C. and Y.-H.N.; Investigation, C.-Y.W., S.-H.L. and Y.-X.W,;
Methodology, J.-C.C. and C.-Y.W.; Resources J.-C.C.; Supervision, P-YK., C.-H.L. and Y.-H.N.; Validation, S.-H.L.,
P-YK,, and T.-Y.L.; Writing—original draft, C.-Y.W.; Writing—review & editing, J.-C.C.,S.-H.L., C.-H.L. and Y.-H.N.

Funding: This study has been supported by Ministry of Education, Taiwan, R.O.C., under the contract (107-AO55-8)
and Ministry of Science and Technology, Taiwan, R.O.C., under the contracts (MOST 106-2221-E-224-047, MOST
107-2221-E-224-030, and MOST 108-2221-E-224-020).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Urea Cycle—Production of Urea. Available online: https://pharmaxchange.info/2013/08/urea-cycle-
production-of-urea (accessed on 30 June 2018).

2. Yudkoff, M. Disorders of amino acid metabolism. In Basic Neurochemistry, 9th ed.; Academic Press: New
York, NY, USA, 2012; pp. 737-754.

3. Arora, K.; Tomar, M.; Gupta, V. Highly sensitive and selective uric acid biosensor based on RF sputtered NiO
thin film. Biosens. Bioelectron. 2011, 30, 333-336. [CrossRef] [PubMed]


https://pharmaxchange.info/2013/08/urea-cycle-production-of-urea
https://pharmaxchange.info/2013/08/urea-cycle-production-of-urea
http://dx.doi.org/10.1016/j.bios.2011.09.026
http://www.ncbi.nlm.nih.gov/pubmed/21996325

Sensors 2019, 19, 3004 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Tyagi, M.; Tomar, M.; Gupta, V. Glad assisted synthesis of NiO nanorods for realization of enzymatic
reagentless urea biosensor. Biosens. Bioelectron. 2014, 52, 196-201. [CrossRef] [PubMed]

Kaur, G.; Tomar, M.; Gupta, V. Nanostructured NiO-based reagentless biosensor for total cholesterol and low
density lipoprotein detection. Anal. Bioanal. Chem. 2017, 409, 1995-2005. [CrossRef] [PubMed]

Chen, S.C.; Wen, C.K; Kuo, T.Y.; Peng, W.C.; Lin, H.C. Characterization and properties of NiO films produced
by rf magnetron sputtering with oxygen ion source assistance. Thin Solid Films 2014, 572, 51-55. [CrossRef]
Rocchitta, G.; Spanu, A.; Babudieri, S.; Latte, G.; Madeddu, G.; Galleri, G.; Nuvoli, S.; Bagella, P.; Demartis, M.;
Fiore, V.; et al. Enzyme biosensors for biomedical applications: Strategies for safeguarding analytical
performances in biological fluids. Sensors 2016, 16, 1-21. [CrossRef] [PubMed]

Bai, J.; Zhou, B. Titanium dioxide nanomaterials for sensor applications. Chem. Rev. 2014, 114, 10131-10176.
[CrossRef] [PubMed]

Wei, L.; Wang, P; Yang, Y.; Zhan, Z.; Dong, Y.; Songa, W.; Fan, R. Enhanced performance of the dye-sensitized
solar cells by the introduction of graphene oxide into the TiO, photoanode. Inorg. Chem. Front. 2018, 5,
54-62. [CrossRef]

Nakata, K.; Fujishima, A. TiO, photocatalysis: Design and applications. J. Photochem. Photobiol. 2012, 13,
169-189. [CrossRef]

Karunagaran, B.; Uthirakumar, P.; Chung, S.J.; Velumani, S.; Suh, E.K. TiO, thin film gas sensor for monitoring
ammonia. Mater. Charact. 2007, 58, 680-684. [CrossRef]

Alev, O,; Kilig, A.; Cakarlar, C.; Buiytikkose, S.; Oztiirk, Z. Gas sensing properties of p-Co304/n-TiO, nanotube
heterostructures. Sensors 2018, 18, 956. [CrossRef]

Addabbo, T.; Fort, A.; Mugnaini, M.; Vignoli, V.; Baldi, A.; Bruzzi, M. Quartz-Crystal Microbalance Gas
Sensors Based on TiO, Nanoparticles. IEEE Trans. Instrum Meas. 2018, 99, 1-9.

Nag, A.; Mukhopadhyay, S.C.; Kosel, ]. Wearable flexible sensors: A review. IEEE Sens. |. 2017, 17, 3949-3960.
[CrossRef]

Suryanarayanan, N.A.V.; Thyagarajan, S.; Bhuvaneswari, PT.V.; Muthuselvam, M. Real-Time Implementation
of Low Cost ZigBee Based Motion Detection System. In Proceedings of the 2015 Fifth International Conference
on Communication Systems and Network Technologies, Gwalior, India, 4-6 April 2015; IEEE: New York, NY,
USA, 2015.

Ruiz-Garcia, L.; Barreiro, P.; Robla, J.I. Performance of ZigBee-based wireless sensor nodes for real-time
monitoring of fruit logistics. . Food Eng. 2008, 87, 405-415. [CrossRef]

Ramya, C.M.; Shanmugaraj, M.; Prabakaran, R. Study on ZigBee technology. In Proceedings of the 2011 3rd
International Conference on Electronics Computer Technology, Kanyakumari, India, 8-10 April 2011; IEEE:
New York, NY, USA, 2011.

ZigBee. Available online: https://zh.wikipedia.org/wiki/ZigBee (accessed on 6 May 2018).

Shin, S.R; Kilic, T.; Zhang, Y.S.; Avci, H.; Hu, N.; Kim, D.; Branco, C.; Aleman, J.; Massa, S.; Silvestri, A.
Label-free and regenerative electrochemical microfluidic biosensors for continual monitoring of cell
secretomes. Adv. Sci. 2017, 4, 1600522-1600536. [CrossRef] [PubMed]

Chen, Z.; Alexander, P.W. Potentiometric detection of carboxylic acids by flow injection analysis using a
tungsten oxide electrode. Anal. Chim. Acta 1996, 332, 187-192. [CrossRef]

Prentner, S.; Allen, D.M.; Larcombe, L.; Marson, S.; Jenkins, K.; Saumer, M. Effects of channel surface finish
on blood flow in microfluidic devices. In Proceedings of the 2009 Symposium on Design, Test, Integration &
Packaging of MEMS/MOEMS, Rome, Italy, 1-3 April 2009; IEEE: New York, NY, USA, 2009.

Salim, A.; Lim, S. Review of recent metamaterial microfluidic sensors. Sensors 2018, 18, 232-247. [CrossRef]
Luka, G. Microfluidics integrated biosensors: A leading technology towards lab-on-a-chip and sensing
applications. Sensors 2015, 15, 30011-30031. [CrossRef]

Yates, D.E.; Levine, S.; Healy, T.W. Site-binding model of the electrical double layer at the oxide/water
interface. J. Chem. Soc. 1974, 70, 1807-1818. [CrossRef]

Chou, J.C.; Wu, C.Y,; Liao, Y.H.; Lai, C.H.; Yan, S.J.; Wu, Y.X,; Lin, S.H. Enzymatic urea sensor based on
graphene oxide/titanium dioxide films modified by urease-magnetic beads. IEEE Trans. Nanotechnol. 2019,
18, 336-344. [CrossRef]

Chou, J.C.; Wu, C.Y,; Kuo, PY.; Lai, C.H.; Nien, Y.H.; Wu, Y.X; Lin, S.H.; Liao, Y.H. The flexible urea biosensor
using magnetic nanoparticles. IEEE Trans. Nanotechnol. 2019, 18, 484—490. [CrossRef]


http://dx.doi.org/10.1016/j.bios.2013.08.020
http://www.ncbi.nlm.nih.gov/pubmed/24055933
http://dx.doi.org/10.1007/s00216-016-0147-z
http://www.ncbi.nlm.nih.gov/pubmed/28078419
http://dx.doi.org/10.1016/j.tsf.2014.07.062
http://dx.doi.org/10.3390/s16060780
http://www.ncbi.nlm.nih.gov/pubmed/27249001
http://dx.doi.org/10.1021/cr400625j
http://www.ncbi.nlm.nih.gov/pubmed/24922605
http://dx.doi.org/10.1039/C7QI00503B
http://dx.doi.org/10.1016/j.jphotochemrev.2012.06.001
http://dx.doi.org/10.1016/j.matchar.2006.11.007
http://dx.doi.org/10.3390/s18040956
http://dx.doi.org/10.1109/JSEN.2017.2705700
http://dx.doi.org/10.1016/j.jfoodeng.2007.12.033
https://zh.wikipedia.org/wiki/ZigBee
http://dx.doi.org/10.1002/advs.201600522
http://www.ncbi.nlm.nih.gov/pubmed/28546915
http://dx.doi.org/10.1016/0003-2670(96)00258-9
http://dx.doi.org/10.3390/s18010232
http://dx.doi.org/10.3390/s151229783
http://dx.doi.org/10.1039/f19747001807
http://dx.doi.org/10.1109/TNANO.2019.2907225
http://dx.doi.org/10.1109/TNANO.2019.2895137

Sensors 2019, 19, 3004 11 of 11

27.

28.

29.

30.

31.

32.

Shen, J.; Hu, Y,; Shi, M,; Lu, X,; Qin, C.; Li, C.; Ye, M. Fast and facile preparation of graphene oxide and
reduced graphene oxide nanoplatelets. Chem. Mater. 2009, 21, 3514-3520. [CrossRef]

Kumar, A.; Galaev, 1.Y.; Mattiasson, B. Cell Seperation Fundamentals, Analytical and Preparative Methods;
Springer: Berlin/Heidelberg, Germany, 2007; pp. 57-59.

Chen, J.S. The Research of Integrating the Differential Reference Electrode as Well as Magnetic Beads and
Graphene Modified in Arrayed Flexible Igzo Glucose Biosensor Based on Microfluidic Framework and
the Fabrication of Multifunctional Enzyme Real-Time Sensing System. Master’s Thesis, National Yunlin
University of Science and Technology, Douliou, Taiwan, June 2016.

Chou, J.C; Tseng, T.W.,; Liao, Y.H.; Lai, C.H,; Yan, S.J.; Wu, Y.X.; Wu, C.Y,; Lin, S.H. Analysis of chloride ion
sensor modified by graphene oxide under microfluid flow. IEEE Sens. J. 2019, 19, 3217-3223. [CrossRef]
Frenzel, W.; Liu, C.Y.; Oleksy-Frenzel, ]. Enhancement of sensors selectivity by gas-diffusion separation:
Part 1. Flow-injection potentiometric determination of cyanide with a metallic silver-wire electrode.
Anal. Chim. Acta. 1990, 233, 77-84. [CrossRef]

Ju, PY,; Tsai, C.H.; Fu, LM.; Lin, C.H. Microfluidic flow meter and viscometer utilizing flow-induced
vibration on an optic fiber cantilever. In Proceedings of the 2011 16th International Solid-State Sensors,
Actuators and Microsystems Conference, Beijing, China, 5-9 June 2011; IEEE: New York, NY, USA, 2011.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/cm901247t
http://dx.doi.org/10.1109/JSEN.2019.2892041
http://dx.doi.org/10.1016/S0003-2670(00)83463-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of the Urea Biosensors Based on NiO and TiO2 
	Preparation and Modification of the MBs-Urease Solution 
	Wireless Measurement System 
	Microfluidic Measurement 

	Results and Discussion 
	Analysis of the Remote Monitoring for MBs-Urease/GO/TiO2 Urea Biosensor 
	Analysis of the Remote Monitoring for MBs-Urease/GO/NiO Urea Biosensor 
	Sensing Properties of the MBs-Urease/GO/TiO2 Urea Biosensor with the Integrated Microfluidic Framework 
	Sensins Properties of the MBs-Urease/GO/NiO Urea Biosensor with the Integrated Microfluidic Framework 

	Conclusions 
	References

