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ABSTRACT In this study, a low-frequency instrumentation amplifier (LFIA) integrated with an extended-
gate field-effect transistor (EGFET) is presented to realize the simplicity common source amplifier (CSA)
structure. The proposed EGFET CSA was developed by the 0.18-um CMOS process technology of Taiwan
Semiconductor Manufacturing Company (TSMC). The EGFET CSA has low frequency and noise immunity
function, and it can effectively output the response signal, with good stability and effectively improve the
sensitivity, not susceptible to environmental factors, easy to replace, and low cost. Moreover, the simple
circuit design of the EGFET CSA was used to analyze the sensing characteristics and to improve the stability
of the ruthenium dioxide (RuO;) lactic acid (LA) biosensor. Therefore, the EGFET CSA is suitable for LA
detection. The simple process of the EGFET CSA was used to analyze the sensing characteristics and to
improve the stability of the ruthenium dioxide (RuO») lactic acid (LA) biosensor. An arrayed potentiometric
LA biosensor based on the RuO, thin film was proposed and manufactured in this study. The experimental
results indicated that the EGFET CSA as a low-frequency instrumentation amplifier has achieved a good
sensitivity (53.41mV/mM) and satisfactory linearity (0.997) on the RuO, LA biosensor as compared with
the V-T measurement system.

INDEX TERMS Extended gate field-effect transistor (EGFET), common source amplifier (CSA), ruthenium

dioxide (RuO,), lactic acid (LA), low-frequency instrumentation amplifier (LFIA).

I. INTRODUCTION

The ion-sensitive field-effect transistor (ISFET) is the
first biosensor field-effect transistor (BioFET) sensor
based on metal-oxide-semiconductor field-effect transistor
(MOSFET). Piet Bergveld [1] proved the ISFET in 1970.
It has the same basic structure as MOSFET but replaces
the metal gate equipped with an ion-sensitive membrane,
electrolyte solution, and reference electrode. The mechanism
of ISFET is that the potential of the oxide surface is affected
by hydrogen ions that cause the channel current to change.
As the charges on the surface of the sensing layer increase,
the electron concentration of the resulting channel increased
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accordingly. In 1983, J Spiegel [2] proposed an extended-gate
field-effect transistor (EGFET) structure. EGFET retains the
metal of the MOSFET gate and separates the sensing area
from the gate of MOSFET. The extended gate consists of a
substrate and a sensing window as a gate of the MOSFET
in the analyte solutions. Moreover, it has the advantages of
chemical sensing area, electrical distinction, easier packaging
than ISFET. The EGFET has some inherent advantages,
such as a simpler manufacturing process, less influence by
optical illumination, operating temperature, a one-time gate,
not being susceptible to chemical contamination, and having
good noise immunity. These advantages make EGFET a
potential device structure in biotechnology so that it was less
affected by light, easy to change the shape of the sensing film,
and easy to relocate the sensing film of the sensing area [3].
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The sensors are considered to be an important vehicle
for sustainable development. To solve the world’s health
problems, decentralized diagnostic systems will become
sophisticated sensors, achieving miniaturization, versatil-
ity, and artificial intelligence. The sensors have also been
discussed in depth by humans [4]. Effective detection
of electrochemical [5], [6], medical [7], pharmaceutical
[8] and fluorescent detection [9]. In recent years, it has
also been applied to wearable, intelligent and portable
methods to change the traditional measurement methods
[10], [11]. Staden et al. analyzed electrochemical sensors
in biomedicine and promoted the development of miniatur-
ized and automated sensing technologies [5]. Chung et al.
developed electrochemical aptamer-based (EAB) sensors
that provide continuous, real-time measurements of specific
molecular concentrations. At present, the EAB sensor has
been proved to be able to distinguish and measure the plasma
concentration of a variety of drugs and metabolites in the
vein of live rats, making a major breakthrough in the appli-
cation of sensors [6]. Sharma ef al. synthesized molecular
imprinting Polymer (MIP) and measured Klebsiella pneumo-
nia (K. Pneumonia) Bacteria by electrochemical technique.
Due to the simple polymer matrix and good biocompatibil-
ity, the synthesis of MIP has attracted much attention [7].
Kocheril et al. coupled two lasers to a planar optical waveg-
uide for multiple fluorescence detection. By measuring in this
way, the multiplex capability of the sensor can be proved
[9]. Glasco et al. described in depth the milestones of 3D
printing technology and its common medical applications in
wearable and physical sensors, with advantages including
precise control of the shape and spatial dimensions of sensor
elements, reduced manufacturing time, and mass production
[10]. Santos et al. explore the application of electrochemi-
cal techniques to metals in archaeological, cosmetic, food,
fuel, and gunshot residue samples. The metal and semi-metal
content provides different information for analyzing samples.
It can be widely used to observe the age, pollution caused
to the human body, environmental damage, and criminal evi-
dence [12]. Fan et al. combined sensors with nano-antibodies
for direct detection of target analytes in cell lysates, and com-
bined with Graphite felt showed perfect mechanical integrity,
which is suitable for wearable sensors [13]. The performance
of the sensor depends on the sensitivity, selectivity, stability,
and repeatability, and the readout circuit and sensing material
are combined to make it more efficient.

In nanomaterials, two-dimensional (2D) materials have a
high surface area and adjustable physicochemical properties.
Traditional two-dimensional materials such as graphene and
its derivatives, metal disulfide, and molybdenum disulfide
have been explored as sensing materials. However, commer-
cial development is constrained by complex functionalities,
structural defects, hydrophobic, and electrical trade-offs [14].
Two-dimensional transition metal carbides, called MXenes.
It was an emerging class of two-dimensional materials
with extensive applications, especially in electrochemical
energy storage [15]. The hydrophilicity of MXene combined
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with its metal conductivity and surface redox reaction is
the key to efficient pseudocapacitor storage in the MXene
electrode. The RuO, has high conductivity, large proton-
induced pseudocapacitance, and high oxygen overpoten-
tial [16]. In addition, the RuO, was applied to transparent
conductive materials with high thermodynamic stability on
nanomaterials. The electrical transmission characteristics of
nanosheet devices were improved by surface treatment of
metal nanoparticles [17], therefore the RuO; was selected.

In recent years, several transparent conductive materials
have been developed such as SnO;, ZnO, CuO, In, 03, RuOy,
and InGaZnO [18]-[26], have been widely used in pH sensors.
Compared with other metal oxides, the ruthenium dioxide
(RuO3) has fast proton transfer, high redox reversibility, high
specific capacitance, low resistivity over ions, good electrical
conductivity, and high thermal and electrical stability [27].
Therefore, it becomes a great candidate for energy storage
applications. RuO; film has been applied in glucose, pH sen-
sor, chloride ion sensor, urea, and uric acid detection sensing
film [24], [28]-[31]. In this study, RuO, is deposited on the
substrate by a radio frequency (RF) sputtering system with a
RuO; target. The lactic acid (LA) is a key energy metabolite
of several approximately from 0.5 mM to 1.5 mM [32]. The
LA is not physiological pathways in the heart, brain, and
skeletal muscle. The concentration range of LA in the adult
blood is only found in the aforementioned places an organic
compound. It is widely distributed in the human body [33],
[34]. The enzyme sensor manufacturing process is simple;
it can be stored at room temperature. The enzyme sensor is
susceptible to interference and has a narrow concentration
range. Therefore, in this study, a LA sensor is developed with
easy structure and has a wide concentration range.

Existing researchers tend to use commercially available
MOSFETs as EGFET devices and instead focus on the
development of the sensing window [22], [35], [36]. Taking
advantage of these works, in this study, we propose a novel
measurement method that is emphasized simplicity and effec-
tiveness as well. To realize this purpose, a CMOS EGFET has
been designed and used as resistance to construct a simple
common source amplifier (CSA) typology in the proposed
biosensor measurement system shown in Figure 1. In this
structure, the gate of EGFET connected to the sensing win-
dow had a LA RuO» sensing film. This well-designed refer-
ence electrode EGFET was used to measure the sensitivity
and linearity.

Il. EXPERIMENTAL DESIGN

A. MATERIALS

The RuO; target (99.95% purity) was purchased from
Ultimate Materials Technology Co., Ltd (Hsinchu County,
Taiwan), the polyethylene terephthalate (PET) substrate
was purchased from Zencatec Corporation (Tao-Yuan City,
Taiwan). The silver paste was purchased from Advanced
Electronic Material Inc. (Tainan City, Taiwan), and the epoxy
thermosetting polymer was bought from Sil-More Indus-
trial, Ltd. (New Taipei City, Taiwan). The LA solution,
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FIGURE 1. The proposed simple EGFET CSA biosensor measurement
architecture.

the B-Nicotinamide adenine dinucleotide hydrate, and the
L-Lactic Dehydrogenase from rabbit muscle were pur-
chased from J. T. Baker Corp. (St. Louis, MO, USA). The
y-aminopropyl triethoxysilane (y-APTES), and glutaralde-
hyde were purchased from Sigma-Aldrich Corp. (St. Louis,
MO, USA). The phosphate-buffered saline (PBS) (pH7.0)
was bought from AppliChem GmbH Crop (Darmstadt,
Germany) which was used to mix LA solutions at different
concentrations, and the deionized water (D.I.) was used for
the preparation of the aqueous solutions and substrate clean-
ing (resistivity =18.4MQ cm™!).

B. DESIGN OF THE EGFET OF THE MOSFET DEVICE AND
THE INSTRUMENTATION AMPLIFIER

A low-frequency instrumentation amplifier (LFIA) integrated
with an EGFET was proposed and developed by the 0.18-pm
TSMC CMOS process technology. Moreover, we proposed
an arrayed potentiometric LA biosensor based on the RuO;
thin film to determine LA. The measurement architecture
of the EGFET includes a MOSFET, a conducting wire,
an extended gate of RuO; LA biosensor, a reference elec-
trode, and a solution as shown in Figure 1. According to
the Gouy-Chapman-Stern model, the equivalent circuit can
be described as shown in Figure 2. Vgrgr is the voltage
from the reference electrode and Cgouy is the capacitance
of the diffusion layer. The electrolyte solution changes with
the concentration of the electrolyte solution. Cyelm is the
capacitance between the metal oxide and the electrolyte solu-
tion. The potential of the reference electrode was practically
around 3mV [37].

The extended gate includes a substrate and a sensing win-
dow as a gate of the MOSFET in the solution. The ref-
erence electrode is used as an enhancement to provide a
scanning potential for the extended gate in the solution, and
the Vgs = VREgg. Therefore, the Ips — Vpg relation in the
saturation region and linear region of the MOSFET is as
follows (1) and (2) [21].

w
Ips(ineary = ,unCOXf[(VREF — Vr&Grer)) Vs
1

-5 251 (1
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FIGURE 2. The completed fabrication process equivalent circuit of the
arrayed RuO, LA biosensor.

TABLE 1. Parameters for preparation of the RuO, thin film.

Target RuO,
RF Power (W) 50
Deposition Pressure (mTorr) 10
Gas flow (Ar:0,sccm) 10:1
Deposition (min) 30

W
Ips(saturation) = MnCOXZ[(VREF — Vr@eren)*l ()

The work function of the reference electrode was ®M/q,
the reference electrode potential was Ergfr, and the surface
dipole potential of the electrolyte was x*°!. The Ips-Vps
curve indicated that EGFET had different saturation Ipg at
different LA concentrations. The threshold voltage (V1) of
the EGFET can be described by the formula (3) [21].

0]
VrEGFET) = VT(MOSFET) — T + Eger + X5 — @

3

C. FABRICATION OF THE RUO2 LA BIOSENSOR

There are six sensing windows and two REs on a PET
substrate with a size of 30 mm x 35 mm. The schematic
diagram of the completed fabrication process for the RuO,
LA biosensor was shown in Figure 3 and depicted as follows.
First, the silver adhesive was printed onto the PET substrate
using screen-printing technology, to provide the conducting
wire and reference electrode. Secondly, the RuO; then was
deposited on the silver adhesive by the RF sputtering system.
The sputtering parameters for the RuO; thin film was shown
in Table 1 [31]. Thirdly, we used epoxy resin as insulation
encapsulation and baked it in the oven for 1 hour. Finally, the
lactase was dropped on the RuO; thin film.

In addition, the dehydrogenase needs to add coenzyme,
the synthesis of lactate dehydrogenase (LDH), nicotinamide
adenine dinucleotide (NAD™), and PBS [38]. The synthetic
ratio of lactase was LDH 2 mg, NAD' 2 mg, and PBS
200 pL. APTES and glutaraldehyde were added as a pro-
tective layer and adhesive. Soaking the sensors in the LA
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FIGURE 3. The completed fabrication process for the arrayed RuO, LA
biosensor with the schematic diagram.
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FIGURE 4. The sensing mechanism of LA.

solutions, the concentration range of the prepared solutions
were 0.2 mM, 0.7 mM, 1.3 mM, 2 mM, 3 mM, and 5 mM,
the test time was 60 seconds. The LDH is an H transfer
oxidoreductase. The function of this enzyme is to catalyze
the reversible conversion of LA to pyruvate while reducing
NAD™ to NADH, where the NADH can then produce HT.
Through the hydrogen ions accumulating on the surface of
the sensing film, the different LA concentrations will produce
different response voltages. The sensing mechanism of LA is
shown in Figure 4. As shown in formulas (4) and (5) [39]:

Lactate + NADY — Pyruvate + NADH +H"  (4)
NADH — NADT + HT 4 2¢™ 3)

Yates et al. [40] proposed site binding model that denoted
three kinds of adsorbed states O~, OH>* and OH were gen-
erated on the sensing film when it was immersed in solution.
H™ was easy to be adsorbed on the sensing film. Thus,
forming an interface potential on the sensing film. The RuO,
lactate biosensor detected the HT ion concentrations to obtain
the response voltage.

The potentiometric biosensor was used to measure
response voltage through the change of hydrogen ions in LA
concentrations to different solutions. The response voltage
was used to determine the concentration of LA. The sensing
mechanism of the RuOy film of the obtained redox reaction
was shown in equation (6) [41].

Ru(OH)s <> Ru(OH), O~ + H™ (6)

The potential of the electrode is given by a modified ver-
sion of the Nernst equation (7) [24], [41], [42].

o RT RuOH);
E=E = O]
_ g0 BT, RO ) RT ey )

F [RuO;] F
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FIGURE 6. The circuit schematic of the instrumentation amplifier.

In this redox reaction, E° is the potential of the reference
electrode, R is the universal gas constant of 8.31 J/(Kmol),
T is the absolute temperature, and F is the Faraday constant
96485.33 C /mol. The HT represents the activity of Ru'll,
Ru'Y, in absolute temperature, respectively.

To compare, the sensing characteristics of the array LA
biosensor were measured through the traditional V-T mea-
surement system as shown in Figure 5. The measurement
system was composed of a data acquisition card (DAQ),
an instrumental amplifier, and LabVIEW software [43], [44].
The input voltage of the sensing windows and the reference
electrode was transmitted to the IA (LT1167), and the output
voltage was transmitted to the DAQ to convert the analog
signal into a digital signal. The LabVIEW software was used
to collect the measurement data and aggregate it for analysis
and compare with the proposed EGFET CSA.

D. AN LFIA DESIGN INTEGRATED WITH EGFET

A standard instrumental amplifier (IA) consists of three oper-
ational amplifiers and six resistances. This circuit has the
advantages of high gain, high common-mode rejection ratio
(CMRR), low frequency, and low output impedance. The gain
of the IA depended on Rgyin. If Rgain is removed, the gain
of the IA was 1. The resistances Ry», Ro4, and operational
amplifier A3 form a standard differential amplifier circuit.
In the IA, the resistances Rog = R»j, Rop = Roz and Ryy =
Ry5. The commonly used IA circuit as shown in Figure 6. The
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FIGURE 8. Die photograph of the proposed LFIA and an EGFET.

gain of the circuit is expressed by equation (8).

Vour 2R20 Rys
Ay = = —
Vo — V) Rgain Ry

The circuit schematic of the simple EGFET CSA with a
RuO; LA sensing window is shown in Figure 7. The gate of
the MggreT Was connected to the RuO; LA sensing window,
the drain was connected to the resistor Rp which is connected
to the Vpp, and the source was connected to the Vgs. The
transistor MEGpeT Was operated in the saturated region. The
area of the whole chip was 693 um x 693um, as shown
in Figure 8. To observe the Ip-Vp curve of the EGFET,
the Vpp was set to 1.8V. The gate, source, and drain of
the designed EGFET were connected to the semiconductor
parameter analyzer (4156, Keysight, USA).

®)

Ill. RESULTS AND DISCUSSION

A. SENSING ANALYSIS OF EGFET CSA

The characteristics measuring equipment allocation of the
EGFET CSA are depicted as follows. A Virtual Bench
(VB-8034, NI, USA) was used to measure the properties
of the EGFET CSA. The Virtual Bench consists of a signal
generator, an oscilloscope, and a power supply instrument.
An LFIA was integrated with an EGFET in a chip and
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FIGURE 9. Measurement pieces of equipment, (a) Virtual Bench,
(b) Response voltages waveform, (c) LFIA integrated with an EGFET,
(d) RuO, LA biosensor.
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FIGURE 10. The small-signal equivalent circuit of Mggrer-

implemented by TSMC using their 0.18-um CMOS process
technology. The length and width of EGFET were 10 um by
20 pum. The actual allocation diagram of the EGFET CSA
measurement system is shown in Figure 9. The Vpp and
Vss were set as 1.5 V and -1.5 V. And, the EGFET CSA
was measured by Virtual Bench. A common source circuit
of a FET serves as a path for signal input and output. The
signals are input from the gate and output at the drain. The
MOSFET small-signal equivalent circuit of MggrgT between
input and output as shown in Figure 10. The current through
the equivalent impedance of the circuit (roy||Rp) generates
an amplified output voltage. The Ay and g, were the voltage
gain and the mutual conduction of the CSA, respectively [45].

To measure the biosensor characteristics, an Ac signal of
0.2 V was given to Vget, and soaked the sensors in the LA
solution, the concentration range of the prepared solutions
were 0.2 mM, 0.7 mM, 1.3 mM, 2 mM, 3 mM, and 5 mM.
Figure 11 showed that the sensitivity was 53.41 mV/mM
and the linearity was 0.997 when measured by EGFET CSA.
Figure 12 showed the peak voltage variations at different
concentrations. It is noted that the response voltage increases
with higher concentration.

Next, the sensing characteristics of the array LA biosen-
sor were measured using the traditional V-T measurement
system. From the results shown in Figure 13, the biosensor
had an average sensitivity of 32.93 mV/mM and linearity
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FIGURE 11. The sensitivity and linearity of RuO, LA biosensor with
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FIGURE 12. The response voltages of the EGFET CSA at different
concentrations.

TABLE 2. The sensing characteristics of the two measurement systems.

Sensitivity Linearity
EGFET CSA 53.41 mV/mM 0.997
(This work)
V-T measurement
32.93 mV/mM 0.996
system

of 0.996. Table 2 showed the sensing characteristics of the
two measuring systems’ comparing results. The proposed LA
biosensor with an EGFET CSA achieved a better average sen-
sitivity (53.41 mV/mM) while keeping good linearity (0.997).

To the specificity of the RuO, LA biosensor, a selectiv-
ity test was performed. We added five different interfering
substances which exist in the human body including uric
acid (UA), glucose (Glc), urea (UR), ascorbic acid (AA),
and dopamine (DA). Firstly, we immersed the biosensor into
the PBS solution for 30 seconds. Then we added interfering
substances, LA of 0.20 mM, UA of 0.30 mM, Glc of 5.00 mM,
UR of 5.00 mM, AA of 0.06 mM, DA of 0.06 mM, and LA of
5.00 mM. The concentrations of these interfering substances
were the same as that in the human body.

The concentrations of these interfering substances were the
same as that in the human body [46]. The biosensors are
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FIGURE 14. The selectivity of the RuO, LA biosensor.

required to detect specific analytes. The biosensor response
does not change with other substances [47]. The selectivity
refers to the ability of a biosensor to detect specific analytes in
the environment with other chemicals or contaminants [47].
Since the LA biosensor is an enzyme sensor, it is necessary to
react with LA in the analyte more accurately in the selective
experiment to verify that the sensor has a large response
voltage to LA.

The selectivity of the RuO, LA biosensor was shown
in Figure 14. The LA biosensor had high specificity for
LA. After adding other interfering substances, the response
voltage was changed slightly. However, the response voltage
changed significantly when the LA was added. TABLE 3
showed the response voltages with different interferences.

Repeatability is the repeated measurement of the same
subject using the same method in the same environ-
ment. By applying this method, we can know whether
the same results are obtained using the same measurement
method [48]. In this study, the LA sensor was immersed
in 5 mM LA solution and measured for six times. Accord-
ing to Figure 15, the average response voltage of LA
is 212.99 mV+1.17 mV. The percentage relative standard

VOLUME 10, 2022



P.-Y. Kuo et al.: EGFET Based Common Source Amplifier as a Low-Frequency Instrumentation Amplifier

IEEE Access

215 I Average response voltage =212.99 mV +1.17 mV

210+

205+

200+

Response voltage (mV)

195 1

190 -

1 2 3 4 5 6

Deteection times

FIGURE 15. Repeatability of the RuO, LA biosensor.

TABLE 3. The response voltages under different interferences.

Standard
Response .
Interferences Voltage (mV) deviation
g (mV)
0.20 mM LA 30.63 5.87
0.30 mM UA 1.29 0.64
5.00 mM Glc 0.67 0.99
5.00 mM UR 1.35 1.49
0.06 mM AA 1.38 0.46
0.06 mM DA 2.27 0.12
5.00 mM LA 44.58 7.52
VRer
Gate
Mecrer Source
o Sagittarius
E

Lactic acid Solution

“iv,‘v.eﬂio (1) —

Mopuim Suisuag

Semiconductor parameter analyzer
Agilent 4156C

FIGURE 16. The measurement setup of RuO, LA EGFET.

deviation (RSD%) can be determined by Equation (9):

Standard deviation
RSD =

x 100% C)

Arithmetic mean

Thus, RSD% of the proposed LA sensor is 0.18% and this
sensor is very stable.

The semiconductor parameter analyzer was used to mea-
sure the properties of EGFET with a RuO; sensor immersed
in the concentration of LA shown in Figure 16. And,
Figure 17(a) showed the Ip-Vp curve at different LA concen-
trations while the Vg = 2.0 V, Vp = 0-3.0 V. In the Ip-Vp
curve, we can see that EGFET had different saturation Ip at
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TABLE 4. The Ip-Vp and Ip-Vggr measurement analysis.

LA Response Response Standard
concentrations voltage CJZS?; Deviation
(mV/mM) (mV) (mM) (mV)
0.2 10.99 0.16
0.7 11.59 0.31
Ip-Vp 1.3 12.72 0.14
2 13.96 0.22
3 15.31 0.33
5 18.77 0.25
0.2 1.68 0.03
0.7 1.70 0.02
Ip-Vrer 1.3 1.76 0.01
2 1.83 0.01
3 1.89 0.01
5 2.06 0.02

different LA concentrations. Figure 17(b) showed the average
sensitivity and the linearity of EGFET while the Vp =2.0 V.
The horizontal axis was the concentrations of LA solutions;
the vertical axis was (ID)I/ 2 From the experiment results, the
biosensor has a current sensitivity of 1.62 (1#A)!/?/ (mM) and
linearity of 0.997. Figure 18(a) showed the Ip-VREgF curve for
the different LA concentrations when VRgg was scanned from
0.8 V to 1.8 V and Vp was fixed to 2.0 V. In Figure 18(b),
the LA EGFET has the sensitivity of 8.21 mV/mM and the
linearity of 0.996. The current sensitivity can be derived from
Equation (10)[21]. The voltage sensitivity can be determined
by Equation (11) [21].
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TABLE 5. The sensing characteristics of various LA biosensors.

Sensing . Linear range Sensitivity ( . .
architecture Film (mV/mM) mV/mM) Linearity Ref.
LT1167 LDH/NAD"/RuOz 02-5 32.93 0.996 In this study
EGFET CSA LDH/NAD'/RuO> 0.2-5 53.41 0.997 In this study
Electrochemical LOD/Si:N4 1-6 20.00 N/A [49]2013
sensor
LT1167 LDH/NAD/IGZO 0.3-3 56.09 0.998 [50]2017
LT1167 LDH/NAD*/MByGPTS/GO/NiO 0.2-3 45.40 0.992 [5112018
LT1167 LDH/NAD/GPTS/NiO 02-3 38.21 0.992 [32]2018
Ele“;gg?g;mcal LOD/MnO: NPs/SiO» 8x103-6 16.80 N/A [52]2005

Current sensitivity

_ \/ IDS (saturation); — \/ IDS(Saturation)l
Concentrationy — Concentrationy

_ Change in \/W

= . . (10)
Change in Concentration
Voltage sensitivity
Vr&crer), — V1(EGFET),
Concentration, — Concentration|
Change in V-
_ 8 T(EGFET); 11

Change in Concentration

We measured the same concentration repeatedly for 5 times
and calculated its error bars. To show the range of error,
the standard deviations of Ip-Vp curves and Ip-VRgg curves
were added in Table 4. During the measurements, the results
of Ip-Vp curves and Ip-VRrgr curves were not affected by
noise, and the signal was fairly stable in the measurement
system. According to Pan’s research [20], when EGFET is
measured by SPA, the voltage and current changes of the LA
sensor at different concentrations were displayed by scanning
fixed voltage and current. Therefore, the sensing performance
of the RuO, LA EGFET can be accurately tested during
measurements.

Table 5 showed the comparing results of various LA
biosensors concerning their sensitivity, linearity, and associ-
ated concentration ranges. In a previous study, Lupu et al.
[49] constructed a microsensor and platinum microelectrode,
combining potentiometer and galvanometer technology. The
sensitivity of 20 mV/mM was obtained in the concentration
range of 1 - 6 mM. By using LDH/NAD™ titration on IGZO
film, the measurement range was from 0.3 mM to 3 mM,
with an average sensitivity of 56.09 mV /mM and linearity
of 0.998 [50]. In Lupu’s study, although their LA biosen-
sor has a wide measurement range, and he discovered that
LDH/NAD'/MBs/GPTS/GO/NiO made by GO and MBs can
improve biocompatibility and biocatalyst [51], the effect of
toxicity and linearity is still not as good as our EGFET CSA
biosensor instrument amplifier. In Lupu’s work, the NiO thin
films fixed by LDH/NAD™ and crosslinking agent GPTS had
relatively stable average sensitivity and linearity [32]. This
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LA biosensor was based on an enzyme field-effect transis-
tor (ENFET) and constructed by RuO, LA biosensors. The
experimental results showed that the average sensitivity of
the traditional I-V measuring system was 32.93 mV/mM and
the linearity was 0.996 by LT1167, while the average sensi-
tivity of the EGFET CSA was 53.41 mV/mM and the linearity
was 0.997. It can be seen that EGFET CSA had good stability
and had good noise immunity. By applying our measurement
structure, good sensitivity and linearity can be achieved more
simply way without the need for further modifications such
as magnetic beads and bovine serum albumin [50], [53].

IV. CONCLUSION

In this study, an EGFET CSA as a LFIA and a RuO,
LA biosensor was proposed and manufactured. Through the
experiments, the EGFET CSA and the V-T measurement sys-
tem were used to measure the sensitivity characteristics of the
LA biosensor. The average sensitivity was 53.41mV/mM and
the linearity was 0.997 when EGFET CSA was applied. This
measurement system has better average sensitivity and linear-
ity compared with the V-T measurement system. To measure
the specificity of the sensor, the selectivity experiment was
carried out, and it was proved that there were drastic changes
in LA. This device does not require the addition of any
modifiers to improve the sensing characteristics but can show
good sensing characteristics, indicating that the sensor had
good stability compared with previous works.
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