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ABSTRACT The temperature effect has been discussed in the past on pH sensors. In this study, the temper-
ature effect is analyzed for the ascorbic acid (AA) biosensor based on enzymatic ascorbate oxidase (AO).
To reduce this effect, a novel temperature compensation circuit was implemented by Taiwan Semiconductor
Manufacturing Co., Ltd. (TSMC) 180 nm complementary metal-oxide-semiconductor (CMOS) process.
By applying the proposed circuit, the temperature coefficients (TCs) with five concentrations of AA were
suppressed below 201 wV/°C. The TC of the normal level of AA concentration (0.0312 mM) in the human
body was 188 wV/°C, at the temperature range from 25°C to 55°C. The polyethylene terephthalate (PET)
substrate was utilized. To confirm the stability of the fabricated AO/RuO,/PET AA biosensor, interference
and hysteresis experiments were carried out. At present, the experiments were still in the stage of in
vitro measurement. The results showed that the AO/RuO,/PET AA biosensor had good selectivity that
effective against other interference that may exist in blood at either 25 °C or 37.5 °C. Moreover, at the
temperature of 37.5 °C, the hysteresis voltage of the biosensor after applying the compensation circuit
was reduced from 18.27 mV to 1.39 mV.

INDEX TERMS Temperature effect, temperature compensation circuit, ascorbic acid (AA), ruthenium

dioxide (RuQ;), enzymatic biosensor, CMOS process.

I. INTRODUCTION

Temperature influence is one of the important issues for
biomedical sensors. Most temperature compensation mech-
anisms were based on ion-sensitive field-effect transis-
tor (ISFET) sensors [1], [2], [3], [4], [5]. ISFET was
first proposed by Bergveld [6]. When the ion concentra-
tion (for example, HY, K+, Na¥) changes, the current
flowing through the transistor also changes accordingly.
Furthermore, the metal gate is replaced by an ion-sensitive
membrane, electrolyte solution, and reference electrode.
Gaddour et al. [1] used two ISFETs with the same electrical
and chemical characteristics for temperature compensation,
called ISFET and reference field effect transistor (ReFET).
ReFET sensor can significantly reduce drift and noise of
measurement. The feedback of the transconductance ampli-
fier controlled the calibration of the reference electrode
to overcome the DC offset and make it easier to achieve

differential measurement for the ReFET/ISFET. Chan and
Chen [2] proposed a nonlinear temperature compensation
method that was based on deriving a unified form for body-
effect-based ISFET temperature-dependent threshold voltage.
Then repeatedly adjust and correct the bias current of the
temperature compensation circuit to make the ISFET work
nearby zero temperature coefficient (Z.T.C.). Chin et al. [3]
proposed a temperature compensation circuit that used a p-
n diode of temperature sensor, a constant current constant
voltage (CCCV) readout circuits, and an instrumentation
amplifier (INA) to perform temperature compensation for
a single ISFET. Naimi et al. [4] designed the low power
consumption ISFET operating in weak and moderate inver-
sion regions based Enz— Krummenacher— Vittoz (EKV)
model [7] that describes the ISFET’s behavior of temper-
ature. Therefore, they utilized a third-stage read out circuit
for this behavior to make the output voltage insensitive to
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temperature. Bhardwaj et al. [5] introduced electrochemi-
cal parameters into the MOSFET model to simulate ISFET
behavior. They utilized CCCV readout circuit to read out
the voltage signal of ISFET. Smart machine learning based
regression models to compensate for the temperature behav-
ior and the output signal of the trained model showed the
characteristics independent of temperature. But ISFET has
several shortcomings, such as low sensitivity, light influence,
poor stability, and the entire device must be remanufactured
when the sensing membrane is damaged. To overcome these
shortcomings, Spiegel et al. [8] proposed the extended gate
field effect transistor (EGFET). Fig. 1 illustrated the sensing
architecture of EGFET and ISFET. The MOSFET biosen-
sor can operate not only in the saturation region but also
in the linear region. The Ips-Vgs scanned curves which are
obtained from the linear region can convert out the volt-
age sensitivity and the Ipg-Vps scanned curves which are
obtained from the saturation region can convert out the cur-
rent sensitivity. In the configuration of EGFET, the gate of
MOSFET is connected to the sensor, and the charge on the
sensing film changes due to electrochemical reaction, which
affects the conductive condition of the MOSFET. When the
sensor is damaged by analytes, we only need to replace the
sensing area instead of remanufacturing the entire compo-
nent. When MOSFET is not operating properly, we can just
replace the MOSFET. This feature enables EGFET to suc-
cessfully overcome the shortcomings of ISFET. Therefore,
many researchers have fabricated different metal oxides such
as ZnO, CuO, TiOy, NiO,, IGZO, and RuOy [9], [10], [11],
[12], [13], [14], as sensors of EGFET for pH detection and
glucose detection. However, there is almost no application
for ascorbic acid (AA) detection. Batista and Mulato [9]
fabricated ZnO thin film by sol-gel method and applied it to
EGFET pH detection. Mishra et al. [10] grew CuO nanowires
on copper foil to detect pH value and glucose. They proved
that the threshold voltage changed due to the pH concentra-
tion. Li ef al. [11] utilized an electron beam evaporator to
successfully fabricate TiO, nanowire and apply it to pH mea-
surement. Pan ef al. [12] investigated the effect of annealing
NiO, films at different temperatures on silicon substrates
for pH sensing. Kim er al. [13] developed an IGZO sensing
film for EGFET sensor which can detect glucose in tears.
Singh et al. [14] used the sol-gel method to derive RuO,
thin film as a pH EGFET sensor and found that the RuO,
thin film had a super Nernst sensitivity.

The common name of AA is vitamin C which is one of
the vitamins for human body and it cannot be synthesized by
the body. AA controls wound healing, collagen synthesizing,
skeletal, and tendon [15]. When the concentration of AA in
the blood is lower than 0.0078 mM, the lack of AA may
cause scurvy. The concentrations of AA over 0.125 mM may
cause diarrhea. The most appropriate concentration of AA in
the blood should be 0.031 mM [16]. Various methods for
AA detection have been developed, such as titration [17],
fluorimetric method [18], electrochemistry [19], and enzy-
matic analysis [20]. Among them, the enzymatic method has
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FIGURE 1. Schematic diagram of (a) EGFET and (b) ISFET.

a better reaction rate, sensitivity, selectivity, and accuracy.
Hence, we immobilized ascorbate oxidase (AO) on RuO;
membrane to react with AA.

Ruthenium dioxide (RuO;) is an oxide that has a rutile
structure [21]. It has good metal conductivity, chemical
stability, high sensitivity, corrosion resistance, and electro-
chemical reversibility [14]. It can also be used as a material
for supercapacitors [22]. These characteristics enable RuO;
to act as a working electrode in acidic solutions such as
AA. Moreover, the characteristics of supercapacitors make
more charge to be stored on the RuO; working electrode,
resulting in good sensitivity. Many processes for RuO, thin
films have been developed like sol-gel, magnetron sputtering,
atom laser deposition, etc. [14], [23], [24].

Most studies rarely mention the ambient TC of EGFET,
and there are almost exclusively based on ISFET stud-
ies. In this study, to reduce the temperature effect, we
proposed a temperature compensation method for the
AO/RuOs/polyethylene terephthalate (PET) AA biosensor.
The previously mentioned temperature compensation circuits
were based on pH sensors and the temperature compen-
sation circuit that was proposed in this study is the first
applied to biosensors. We utilized two enzymatic RuO;
AA biosensors with the same electrical properties and manu-
facturing process to achieve differential measurement which
can effectively suppress the temperature impact on the
sensor [1], [25], [26]. On the other side, the temperature
compensation circuit can intuitively read out the response
voltage of the sensor and display its voltage signal through
Labview software on the computer. This compensation cir-
cuit has the advantages of simple design, easy to use, and
effective reduction of the TC for the biosensor.

1. EXPERIMENTAL

The experimental section can be divided into four parts
including the use of materials, fabrication process of
the AO/RuO,/PET AA biosensor, reaction mechanism
between the enzymatic AO/RuO,/PET AA biosensor, and
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AA solution, and chip design of the temperature compensa-
tion circuit.

A. MATERIALS AND EQUIPMENT

The flexible PET as the biosensor substrate was purchased
from Zencatec Corporation Co., Ltd. (Taoyuan City, Taiwan),
the silver paste as conductive wires were purchased from
Advanced Electronic Materials INC. (Tainan City, Taiwan),
the RuO, target with 99.95% purity was purchased from
Ultimate Materials Technology Co., Ltd. (Hsinchu County,
Taiwan), the epoxy resin as encapsulation layer was pur-
chased from Sil-More Industrial Co., Ltd. (New Taipei City,
Taiwan), the AA powder, AO, 3-Aminopropyltriethoxysilane
(y-APTS), and glutaraldehyde was purchased from Sigma-
Aldrich Corp. (St. Louis, MO, USA), the buffer solu-
tions (PBS) of pH 7.0 was purchased from AppliChem
GmbH Corp. (Darmstadt, Germany). Many studies are based
on PBS to prepare solutions for different analytes [27], [28].
The customized screen-printed machine was purchased from
Houn Jien Co., Ltd, (New Taipei City, Taiwan), and the RF
sputtering system assembled from various components was
purchased from ShiHsin Technology Co., Ltd (Tainan City,
Taiwan).

B. FABRICATION OF AO/RUO,/PET AA BIOSENSOR

To fabricate an enzymatic AO/RuO,/PET AA biosensor
with good quality and stability, we followed the fabrication
method of Chou’s study [29]. The fabrication process of the
AO/RuO,/PET AA biosensor was illustrated in Fig. 2 [29].
The 3 cmx4 cm of PET substrate was cleaned with acetone,
99% of alcohol, and deionized (DI) water by ultrasonicator
for 15 minutes, sequentially. The DI water had a resistiv-
ity of 18.4 MQ.cm. Next, the silver paste was printed on
the PET substrate as conductive wires, counter electrode,
and reference electrode by screen printing technology. The
model of the printing board was a counter electrode, refer-
ence electrode, and six arrayed silver conductive wires as
working electrodes that were shown in step 1 of Fig. 2.
Then the RF sputtering system was used to deposit RuO;
thin film on the silver layer with RF power of 50 W, process
pressure of 10 mTorr, argon to oxygen ratio (Ar : Oy) of
10:1 scem, and sputtering time of 30 minutes. The sputtering
parameters of RuO; thin film was shown in Table 1. After
depositing the RuO, thin film, the epoxy resin was used
to encapsulate the exposed silver wires by screen printing
technology and baked in an oven at 120 °C for 120 minutes.
Then dropped 2 pL of y-APTS with the concentration of
1 wt% on the RuO; film as an adhesive to immobilize AO.
y-APTS had functionalized surfaces. It allowed crosslinking
with AO to modify RuO; sensing film. The AO of 250 UN
was mixed with 200 pL of PBS. When the y-APTS was dry,
dropped 2 pL of AO on the y-APTS layer as an enzymatic
layer. Finally, dropped 2 pwL of glutaraldehyde (GA) with
the concentration of 1 wt% on the enzymatic AO layer to
enhance the adsorption capacity of AO on the RuO; sensing
film [30].
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FIGURE 2. The fabrication process of AO/Ru0O,/PET AA biosensor [29].

TABLE 1. Sputtering parameters of RUO, thin film.

Parameters Unit

RF Power 50 W
Process Pressure 10 mTorr
Argon to Oxygen Ratio (Ar:0;) 10:1 scem
Sputtering Time 30 minutes

C. REACTION MECHANISM BETWEEN THE ENZYMATIC
AO/RUO,/PET AA BIOSENSOR AND AA SOLUTION

The reaction mechanism between the enzymatic
AO/RuO,/PET AA biosensor and AA solution is as
follows [31]:

L—AA 22 Dehydro — L — AA+2HY +2¢ (1)

When the AO/RuO,/PET AA biosensor was immersed
in AA solution, AO decompose AA producing dehy-
drogenated AA, two hydrogen ions, and two electrons.
Reversible redox equilibrium exists between two different
solid phases/oxidation states of RuO, metal oxides [32]. Two
hydrogen ions and two electrons which decompose by AO
generate potential with the RuO, thin film, and the reaction
formula is as follows [14]:

RuO> + nH,0 + HT + ¢~ «— Ru(OH)3 + (n — H)H,0
2)

The adsorbed protons attract electrons through the conduct-
ing oxide, leading to the reduction of Ru ions. This results
in a potential change and causes the measurable change of
the potential [33]. The potential of RuO, thin film can be
as follows [14]:

o o KT IRu(OH)]
F " [RuOLH]
(,0 RT [Ru(OH:I\ RT .
_ (EO o ] >+ I )
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FIGURE 3. The schematic diagram of the proposed temperature
compensation circuit.

where E? is standard electrode potential, R is the universal
gas constant, T is absolute temperature, F is Faraday con-
stant, and [H"], [RuO], [Ru(OH)3] represent the activity
of H", RuO,, and Ru(OH)s, respectively. The RuO, thin
film relies on AO to decompose AA into hydrogen ions.
When AO encounters AA, it decomposes hydrogen ions.
The concentration of AA is higher, more hydrogen ions were
decomposed by AO. According to equation (3), the number
of hydrogen ions does change the response voltage of the
RuO; sensing membrane. Therefore, the hydrogen ions that
were generated by AO are used to explain the temperature-
dependent behavior of the temperature compensation circuit
in the following aspects.

D. VOLTAGE-TIME MEASUREMENT SYSTEM

In this study, the potentiometric biomedical sensing signals
were displayed on the computer by the voltage-time (V-T)
measurement system as shown in Fig. 3. Vzrc was the
temperature-independent output signal of the AO/RuO,/PET
AA biosensor that connected to the data acquisition device
(USB-6210, National Instruments, USA). Then, the ana-
log signals of the temperature compensation circuit were
converted to digital signals by the data acquisition device.
Finally, the data acquisition device transmitted it to the com-
puter. The signals of the AO/RuO,/PET AA biosensor were
displayed on the LabVIEW interface (LabVIEW, National
Instruments, USA) of computer.

E. CHIP DESIGN OF TEMPERATURE COMPENSATION
CIRCUIT

The proposed temperature compensation circuit was com-
posed of four INAs. To explain the chip design of the
temperature compensation circuit, we have first clarified the
working principle of the INA and three-electrode system.
The circuit diagram of the INA was shown in Fig. 4 and
the circuit diagram of the proposed temperature compen-
sation circuit was shown in Fig. 3 which was composed
from the INA shown in Fig. 4. All INAs and operational
amplifiers (OPAs) were designed by our laboratory and
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FIGURE 5. The die photo of the temperature compensation circuit.

TABLE 2. Performance of the self-designed INA.

Parameters Value

Supply Voltage +1.8V
Differential mode gain (Aq) 51.32dB
Common-mode gain (Acm) -69.55 dB
Common-Mode Rejection Ratio (CMRR) 120.87 dB
Offset Voltage 125.78 uV
Input Offset Current 205.50 pA
Power Consumption 1.83 mW

simulated by the electronic design automation (EDA) tool
which was provided by Taiwan Semiconductor Research
Institute (TSRI). To read out the original biomedical sig-
nals, the gain of the INA is set to 1 and the resistance
values of R were all designed to be the same as 30 k<.
During the measurement, Rgyn was removed to force the
gain of the INA was 1. The chip of the temperature com-
pensation circuit was fabricated by Taiwan Semiconductor
Manufacturing Co., Ltd. (TSMC) 180 nm complementary
metal-oxide-semiconductor (CMOS) process. The die photo
of the temperature compensation circuit was shown in
Fig. 5. Performances of the self-designed INA were shown
in Table 2. This INA had a high common-mode rejection
ratio (CMRR) of 120.87 dB. Therefore, the differential input
could effectively reduce the influence of noise including
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TABLE 3. Comparisons with the commercial INA LT1167.

INA Supply CMRR Power
Voltage (V) (dB) Dissipation (mW)
LT1167 2.3to 18 90 2.07to 13.5
Proposed
INA 1.8 120.87 1.83

temperature. This INA utilized a supply voltage of £1.8 V
and the power consumption was 1.83 mW. The commer-
cial LT1167 is commonly used as a readout circuit for
biomedical sensors [34]. Thus, the LT1167 was compared
to our proposed INA as shown in Table 3. The proposed
INA achieved higher CMRR and lower power consump-
tion, which means better anti-noise capability and power
saving. Due to the high input impedance, the low output
impedance, and the very low voltage of the biomedical
sensor of the proposed INA, the voltage of the biomed-
ical sensor can be completely fed into the next circuit
interface.

The INA was constructed from three operational ampli-
fiers. OPA| and OPA, were the voltage followers which had
high input impedance. OPA3 was the differential amplifier,
which was used for differential amplification of two input
terminals. The relationship of input signal, resistance, and
output signal can be written as follows [35]:

V, 2R R
out =(1+ 2]>x(£> @
Vo — Vi Ryain R

The INA performed the subtraction of two voltages from
Vit and V,_ The AO/RuO,/PET AA biosensor utilized
a three-electrode system, which were a working electrode,
a reference electrode and a counter electrode. Vi was
connected to working electrode and V;_ was connected to
counter electrode and reference electrode was connected to
ground. The working principle of three-electrode system can
be follows:

Gain =

Vret = Vsolution = 0 4)
Vit = Vo = Veer = Vy (6)
Vo = Ve = Vier = Ve (N
Vou =Vig = Vo =Vy —=Ve )

where Vir is voltage of reference electrode, Vy, is voltage of
working electrode, V. is voltage of counter electrode, Vi
is positive input of the INA, V,_ is negative input of the
INA, and V is output of the INA.

When working electrode, counter electrode, and reference
electrode were immersed in solutions, Ve Was connected to
ground. V14 equal to the potential difference between Vy,
and ground. V;,_ equal to the potential difference between
V. and ground. Vy, and V. were passively coupled to the
input of INA. Working electrode to reference electrode and
counter electrode to reference electrode are two differential
pairs. Noise immunity can be improved due to the same
material of differential pairs [36]. The reference electrode
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and counter electrode were made of silver. Silver is an inert
metal with strong corrosion resistance and provides stable
voltage, which can be effectively used as reference electrode
and counter electrode by our previous research [30], [37].
Vout €qual to the voltage of the working electrode minus the
voltage of the counter electrode.

Next, the chip design of the temperature compensa-
tion circuit is stated. First, we utilized two AO/RuQO,/PET
AA biosensors with the same sputtering process which
could effectively eliminate the temperature coefficients (TC)
of the biosensor [1], [38]. One of the two AO/RuO,/PET
AA biosensors was used as a reference biosensor to give
a reference voltage for the compensation circuit and it
was kept at room temperature. The other AO/RuO,/PET
AA biosensor was heated in the thermostatic water bath
(8402L, FIRSTEK, Taiwan) at 35°C, 45°C, and 55°C. Then,
the accurate temperatures were monitored with a com-
mercial thermometer. Five different concentrations of AA,
0.0078 mM, 0.0312 mM, 0.125 mM, 0.5 mM, and 2 mM
which were based on PBS solution of pH 7 were measured
at each temperature. This range covers the concentrations
that cause scurvy (0.0078 mM), the average human body
concentration (0.125 mM), and the concentration that is over-
saturated (2 mM). The inference of the compensation circuit
as shown in Fig. 3 can be follows:

2R R
Vg = <1 + %) X ( 13) x (Vwasec) — Vo) (9)

Ri2
2R Ri3
Vy = <1 + —) X (E) X (VW(T) — Vc) (10)

@]

where VR is the reference response voltage of the
AO/RuO,/PET AA biosensor at room temperature, Vy is the
response voltage of the AO/RuO,/PET AA biosensor with
different temperatures, Vw is the response voltage on the
AO/RuO,/PET AA biosensor, cois open circuit impedance.
The TC of resistance inside INA can be expressed as follows:

(1)

where R is resistance value at temperature T, R is resistance
value at 25°C, Ais TC of resistance for different materi-
als, T is the temperature in degrees Celcius, and Tq is
25°C. Substituting the TC of resistance into formulas (9)
and (10). V., can be obtained as follows:

2R11[1 + A(T — Tp)]
Verror - <1 + 0o )

Ri3[1 + AT — Ty)]
<R12[1 + AT — To)]) x (Vwa — Ve)
_ <1 n 2Ry1[1 + A(T — To)])
o

R =R x [14+A(T —To)]

<R13[1 + AT — Tp)]
Riz[1+ AM(T — To)]
where Veror 18 error voltage of working electrode caused

by the temperature change of the AA solution. The sur-
face potential of V,, between the AA solution and RuO,

) x (Vwasoe) — Ve) (12)

VOLUME 10, 2022



KUO et al.: TEMPERATURE EFFECT ANALYSIS OF THE ENZYMATIC RuO, BIOMEDICAL SENSOR

ELECTRON DEVICES SOCIETY

TABLE 4. TCS of the AO/RuO,/PET AA biosensor without and with
applying compensation circuit.

Concentrations | TCs  without  the| TCs with the Circuit
of AA (mM) Circuit (uV / °C) (uv/°C)
0.0078 870 89 (Reduce 89.7 %)
0.0312 734 188 (Reduce 74.4 %)
0.1250 289 148 (Reduce 49.0 %)
0.5000 431 181 (Reduce 58.0 %)
2.0000 873 201 (Reduce 77.0 %)

working electrode can be written according to the Nernst
equation [14]:

RT1 [Ru(OH)3]

F " [RuO)[H*]

From the formula (13), the potential of RuO; thin film
was related to temperature T. The ions were distributed only
between the AA solutions and the surface of the working
electrode, with neither electron nor ion exchange at the two-
phase boundary [39]. Then subtract Vepor of formula (12)
from Vy of formula (10) to get Vzrc which is the output
voltage independent of temperature. VzTc can be written as
follows:

Vv, = E° (13)

2R11[1 + MT — T,
Vre = (H— 1l +Oo( 0)])
8 (R13[1 +MT — To)])
Rio[1 4+ M(T — Ty)]

o RT
x ((E°— =
F

lIIl. RESULTS AND DISCUSSION

A. TEMPERATURE COEFFICIENT OF THE AO/RUO,/PET
AA BIOSENSOR WITHOUT AND WITH THE
COMPENSATION

In the five concentrations of AA from 0.0078 mM to 2 mM,
the AO/RuO,/PET AA biosensor had different TCs accord-
ing to the equation (13). In this study, the temperature range
was set as 25°C, 35°C, 45°C, and 55°C. The actual TC mea-
surement results of the AO/RuO,/PET AA biosensor without
and with applying the compensation circuit were shown in
Fig. 6 and Fig. 7. Those data of TCs before and after applying
the compensation circuit were presented in Table 4. At the
0.0078 mM AA, there is the lowest TC of 89 wV/°C. With
compensation, this TC of 0.0078 mM AA is reduced by
about 89%. The five TCs can be effectively reduced by
more than 49% (At 0.125 mM AA) with temperature com-
pensation. The compensation results are valid because no
matter what the AA concentration is, at least 49% of the
TC is inhibited. According to Fig. 6, the response voltage
of the AO/RuO,/PET AA biosensor significantly increased
with the increase in temperature. At 55°C, the response
voltage of the AO/RuO,/PET AA biosensor had apparent
voltage changes. With the temperature compensation circuit,

[Ru(OH)3]
[RMOQ][H+]> - VC) - (Vermr)
(14)
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the response voltage which was shown in Fig. 7 was flat
in the case of temperature rise. Different concentrations of
AA corresponding to response voltage at different temper-
atures were described in Fig. 8. The response voltage of
the AO/RuO,/PET AA biosensor was obviously close to
the response voltage at 25 °C whether the AO/RuO,/PET
AA biosensor was operated at 35°C, 45°C, or 55°C. The
dependence of the AO/RuO,/PET AA biosensor on temper-
ature was effectively reduced through the proposed circuit. It
can be seen that no matter how the temperature changed, the
response voltage with different concentrations of AA were
superimposed on 25°C. Thus, the response voltages of 35°C,
45°C, and 55°C, were corrected to the voltage at 25°C.

B. INTERFERENCE EXPERIMENT OF THE AO/RUO,/PET
AA BIOSENSOR BASED ON BODY TEMPERATURE

To make sure the AO/RuO,/PET AA biosensor suitable
for measurement of human blood, the PBS solution of pH
7, AA of 0.125 mM, lactic acid (LA) of 0.8 mM, glu-
cose (GLC) of 5 mM, urea (UR) of 5 mM, uric acid (UA)
of 0.3 mM, dopamine (DA) of 0.06 mM, and AA of 2 mM
were heated to 37.5°C by a thermostatic water bath. The
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TABLE 5. Comparative study of temperature compensation methods and TCS.

Analytes Process Power Supply | Temperature Ranges TC References
pH 6 TSMC (0.18 um) 1.8V 0°C —50°C 0.005 mV/°C 2020 [1]
pH 12 MOSIS (AMI 1.0 pm) 3.0V 20°C - 60°C 0.028 mV/°C 2014 [4]
pH 6 TSMC (0.35 um) 1.65V 5°C —35°C 0.320 mV/°C 2016 [40]
pH7 N/A N/A 24°C-70°C 0.295 mV/°C 2016 [42]

0.0312 mM of AA TSMC (0.18 pm) 1.8V 25°C-55°C 0.188 mV/°C This study
300 s 25°C Il Room temperature 25 °C

= *—35°C 35 I Human body temperature 37.5 °C

> 2504 A4sC A N ™

g v 55°C P ~ 304 (1) 0.125 mM AA 29.3

£ 200 = = (2)0.8mM LA

;3 /:"' S 251 (3)5.0 mM Gle

o oD (4)5.0mMUR
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FIGURE 8. The response voltage at different temperatures with the Analytes

temperature compensation circuit.

interference experiments of the AO/RuO,/PET AA biosen-
sor were carried out at 25°C and 37.5°C, respectively. The
concentrations of these interfering substances were within the
range of human blood [41]. First, soak the AO/RuO,/PET
AA biosensor in a blank PBS solution until the response
voltage of the AO/RuO,/PET AA biosensor was stable.
Then, added 200 pL of AA solutions and interfering sub-
stances in the blank PBS solution in order as shown in
Fig. 9. The interference experiment of the AO/RuO,/PET
AA biosensor at 25°C and 37.5°C were shown in Fig. 9.
The histograms were illustrated by calculating the amount
of response voltage changed after adding those substances.
This experiment was performed without a temperature com-
pensation circuit. The temperature of 37.5°C enhanced the
activity of AO. Thus, by adding 0.125 mM AA and 2 mM
AA to the blank PBS solution, the response voltage of the
AO/RuO,/PET AA biosensor changed about double due to
the temperature. By adding 0.125 mM AA to the blank PBS
solution, the change of response voltage was 4.21 mV at
25°C. By adding 2.0 mM AA to the blank PBS solution,
the change of response voltage was 12.98 mV at 25°C. When
other interferents were added, the change of response voltage
was almost unaffected (less than 0.5 mV). This can explain
that the AO/RuO,/PET AA biosensor can generate a corre-
sponding response voltage after encountering AA, and other
interfering substances do not affect the response voltage.
Thus, the AO/RuO,/PET AA biosensor has good specificity
for AA. This can be attributed to the good selectivity of the
AO/RuO,/PET AA biosensor after the modification of AO
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FIGURE 9. Interference experiment of the AO/Ru0O,/PET AA biosensor at
25°C and 37.5°C.

which was possible to realize the ideal ReFET, and other
interfering substances had little effect to the response voltage
of the AO/RuO,/PET AA biosensor.

Table 5 showed the comparative study of temperature com-
pensations. Gaddour et al. [1] utilized two ISFETs with the
same process for temperature compensation through differen-
tial measurement and designed operational transconductance
amplifiers (OTAs) as an instrumentation amplifier to immune
temperature interference. Naimi et al. [4] analyzed ISFET
sensor operating in a weakly and moderately inversion states,
and a simplified version of the EKV model of the site-
binding model describes the behavior of ISFET in response
to changes in temperature. According to this model, they
designed a readout circuit with high thermal stability to sup-
press temperature effect. Chung et al. [40] used differential
measurement to reduce drift, body effect, and temperature
effect. Since the compensation circuit was integrated with the
ISFET, the on-chip sensing film was damaged by solutions,
and the entire ISFET and compensation circuit components
need to be re-manufactured. Yusof et al. [42] investigated
the temperature effect of TiO, thin film applied to EGFET
sensor. The experimental results showed that the temper-
ature dependence of ISFET is much larger than that of
EGFET. Our proposed compensation circuit and biosensor
were two separate components. When the biosensor was
exhausted, the biosensor can be replaced immediately based
on the separate biosensor, and also the part of the temperature
compensation circuit can be retained.

VOLUME 10, 2022



KUO et al.: TEMPERATURE EFFECT ANALYSIS OF THE ENZYMATIC RuO, BIOMEDICAL SENSOR

ELECTRON DEVICES SOCIETY

C. HYSTERESIS EFFECT UNDER TEMPERATURE EFFECT OF
THE AO/RUO,/PET AA BIOSENSOR

Hysteresis effect is a non-ideal effect and it cannot be
avoided [43]. The hysteresis voltage was generated because
the rate of diffusion of HT ions to the buried sites of the
sensing membrane varies with different concentrations of
AA [44]. Hysteresis is often present in conducting metal
oxides, depending on various factors, such as different oxi-
dation states, internal defects, and diffusing ions. It is related
to the chemical interaction between ions in the electrolyte
and the slow-reacting surface sites below the membrane sur-
face and the surface defects of the membrane [14], [45].
The experiment of hysteresis effect at 37.5°C confirms
whether the AO/RuO,/PET AA biosensor was corrected
to the hysteresis voltage as room temperature through the
temperature compensation circuit when the AO/RuO,/PET
AA biosensor was immersed in a AA concentration cycle of
0.03125 mM—0.0078 mM—0.03125 mM—0.125 mM—
0.03125 mM. Hysteresis effect of the AO/RuO,/PET
AA biosensor at 37.5°C was shown in Fig. 10. The record-
ing time of hysteresis effect lasted 300 seconds. The
AO/RuO,/PET AA biosensor was soaked in each concen-
tration of AA for 60 seconds, and the response voltages
for each second were recorded in Fig. 10. Hysteresis effect
with temperature which was higher than room temperature
was shown as the black line. The initial concentration of
0.03125 mM AA can be attributed to AO reacting more
violently at a higher temperature, so the response voltage
changed significantly. The enzyme activity gradually sta-
bilized after soaking the sensor for some time. Therefore,
the response voltage becomes more stable. The response
voltages were measured with and without a compensation
circuit for the same period. With the compensation circuit,
the response voltage generated by the site binding model of
the heated sensor (Vy) can be corrected to the site binding
situation at 25°C which means Vzrc. The hysteresis volt-
age without the compensation circuit was 18.27 mV and
the hysteresis voltage with the compensation circuit was
1.39 mV. The hysteresis voltages were obtained by tak-
ing the average response voltage of the first concentration
(0.03125mM) minus the average response voltage of the last
concentration (0.03125mM). In this study, the proposed cir-
cuit was first applied to the temperature compensation for
AA detection which was based on the enzymatic biomedical
sensor. The above researches were applied to temperature
compensation of the non-enzymatic pH sensor. Since the
activity of the enzyme decreased due to time or temper-
ature, the TCs of enzymatic biosensors were larger than
pH sensors. However, through the proposed temperature
compensation circuit, the TCs could be controlled below
200 wV/°C within five concentrations of AA. In the future,
it is hoped that Ringer’s solution or the simulated body fluid
can be used to replace the PBS solution. Moreover, the tem-
perature compensation circuit can also be widely applied to
other biosensors of different analytes, such as urea, uric acid,
glucose, and dopamine.
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FIGURE 10. Hysteresis effect of the AO/Ru0O,/PET AA biosensor at 37.5°C
with temperature compensation.

IV. CONCLUSION

This study proposed a novel temperature compensation cir-
cuit using 180 nm CMOS process that was applied to the
AO/RuO,/PET AA biosensor. In the temperature range from
25°C to 55°C, the TC for AA of 0.0312 mM was sup-
pressed from 734 pV/°C to 188 wV/°C. The TCs with
five concentrations of AA were suppressed at least twice
as compared before and after applying the compensation
circuit by the compensation circuit. The hysteresis volt-
age can also be effectively reduced by the temperature
compensation circuit. The hysteresis voltage at 37.5°C was
18.27 mV without the compensation circuit. After apply-
ing the compensation circuit, the hysteresis voltage was
reduced to 1.39 mV. Moreover, the fabricated AO/RuO,/PET
AA biosensor had the good capability of anti-interference.
The response voltage was barely affected by the interference
substances that may exist in human blood. It can be expected
that the proposed temperature compensation circuit will be
applied to a wide range of other biosensors in the future.
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