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Abstract

Field effect transistor (FET) biosensor is based on metal oxide field effect transistor that is gated by changes in the surface
charges induced the reaction of biomolecules. In most cases of FET biosensor, FET biosensor is not being reused after the
reaction; therefore, it is an important concept of investigate the biosensor with simplicity, cheap and reusability. However,
the conventional cardiac troponin I (cTnl) sensing technique is inadequate owing to its low sensitivity and high operational
time and cost. In this study, we developed a rapid and low-cost, and disposable electrical sensor using an extended gate
field-effect transistor (EGFET) to detect cTnl, as a key biomarker for myocardiac infarction. We first investigated pH sensing
characteristics according to the pH level, which provided a logarithmically linear sensitivity in the pH sensing buffer solu-
tion of approximately 57.9 mV/pH. Subsequently, we prepared a cTnl sample and monitored the reaction between cTnl and
cTnl antibodies through the changes in the drain current and transfer curves. Our results showed that the EGFET biosensor
could successfully detect the cTnl levels as well as the pH with low-cost and rapid detection.

1 Introduction

Cardiovascular diseases (CVD), a group of afflictions affect-
ing the heart and blood vessels, are the most common cause
of death globally. According to the World Health Organi-
zation (WHO), 17.9 million reported deaths were due to
CVD, accounting for 32% of global deaths [1]. Mortality
due to CVD is expected to reach 23.3 million in 2030, result-
ing in enormous social loss. Acute myocardial infarction
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is the result of myocardial necrosis caused when an occlu-
sive thrombus blocks coronary arteries. It is prevalent and
potentially fatal [2—4]. In most cases of acute myocardial
infarction, the indicators of the disease are not easily rec-
ognizable [5-7]. Therefore, rapid and accurate diagnosis
is crucial when an infarction occurs. When the coronary
artery is completely blocked, myocardial damage can be
prevented if treated within 2 h and complications avoided if
treated within 12 h [8, 9]. Since the symptoms of myocardial
infarction are atypical®, diagnosis requires an additional test
before medical treatment. Electrocardiography (ECG) is the
most common diagnostic method for myocardial infarction
[10], but only 57% of affected patients are diagnosed with
acute myocardial infarction using this method. Thus, a body-
fluid-based component analysis sensing system is required
for rapid and accurate confirmation [11, 12].

The myocardium, present solely in the heart, comprises
muscle enzymes, such as aspartate aminotransferase (AST),
lactate dehydrogenase (LDH), and creatine phosphokinase
(CPK), and proteins, such as cardiac troponin I (cTnl) and car-
diac troponin T (¢TnT) [13—15]. These enzymes and proteins
are released into the bloodstream when myocardial necrosis
occurs due to acute myocardial infarction, resulting in a change
in their concentrations in the blood [13, 14]. A higher degree
of necrosis in the myocardium results in a higher number of
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enzymes and proteins in the blood. In addition, cTnl and TnT,
which have high specificity and sensitivity, are absent in the
other organs. Therefore, they can be used as biomarkers for
acute myocardial infarction [15, 16]. Typically, for the actual
detection of ¢Tnl and cTnT, a lateral flow assay with colori-
metric nanoparticles and an enzyme-linked immunosorbent
assay with fluorescence dyes are employed. However, the limi-
tations of cTnl sensing, such as the long operation time, low
sensitivity, and expensive equipment, need to be addressed.

In particular, the biomarkers with the blood concentra-
tions in the range of 0.0-0.3 ng/mL necessitate analytical
techniques that are simple, quick, highly sensitive, and
inexpensive [17, 18]. Therefore, many research groups have
investigated solid-state biosensors with metal-oxide-semi-
conductor field-effect transistors (MOSFET) [19-21], which
possess several advantages, such as low cost and highly sen-
sitive output. An ion-sensitive field-effect transistor (ISFET)
sensor [22-24], which uses the field effect of ions and bio-
molecules, comprises a reference electrode and a recognition
material with a field-effect transistor (FET). The reaction
between the analyte and the recognition material causes the
drain-source current (Ipg) induced by the gate voltage (V)
to vary with the field effect of the reaction. Conventional
FET-based biosensors have a highly sensitive output and
selectivity; however, they have limited reusability owing to
their integration with the recognition layer. Moreover, the
effects of noise should be addressed because the gate of the
conventional FET biosensor is directly exposed to the sam-
ple solution.

In this study, we developed a biosensor with an extended
gate field-effect transistor (EGFET) for the direct electrical
detection of cTnl. The EGFET sensor comprises a conven-
tional FET, sensing pad, and microfluidic channel chip. We
used a commercialized FET connected to an extended gate
and a titanium oxide (TiO,) surface, which acts as an easily
replaceable sensing layer. To test the change in electrical
signals caused by the field-effect of ion charges, we first
monitored the Ij,g change corresponding to the H* ion con-
centration under various pH conditions in buffer solutions.
Finally, to demonstrate the ability of the immunoassay, we
immobilized the cTnl antibody on the Au sensing layer and
monitored the electrical signal changes from the cTnl anti-
gen—antibody reaction. Furthermore, we discuss the perfor-
mance of the proposed extended FET biosensor from the
perspective of the clinical range of cTnl.

2 Materials and methods
2.1 Device and measurement system setup

A Si-based external gate was designed for the EGFET
sensing pad. First, a sensing pad was fabricated with eight
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parallel channels using microfabrication, as illustrated in
Fig. 1a. Subsequently, the sensing pad was functionalized
with a cTnl antibody to selectively detect cTnl molecules.
After antibody immobilization, a polydimethylsiloxane
(PDMS) microfluidic channel chip was assembled on the
sensing pad. Figure 1a illustrates the setup of the electrical
measurement system. Each sensing pad was connected with
the commercialized metal oxide FET (Texas Instruments
n-MOSFET CD4007UBE) as shown in Fig. 1a and b. The
pH and cTnl sensing properties including sensitivity, linear-
ity, and transfer curves were measured in the sample solu-
tions through Ag/AgCl reference electrodes using a param-
eter analyzer (Keithley 4200-SCS) with source measurement
units. The commercialized MOSFET with the gate length
and width of 10 and 30 um, respectively, was used as an
FET in our systems. These were connected to the parameter
analyzer, drain, gate, and source parts of the FET using a
coaxial cable. Finally, the electrical signals from the sample
reaction were measured using a PDMS microfluidic channel,
as shown in Fig. lc.

2.2 Device fabrication

As shown in Fig. 2a, first, a silicon substrate was prepared
after cleaning. A layer of silicon dioxide (SiO,) with a thick-
ness of 300 nm was deposited for insulation using plasma-
enhanced chemical vapor deposition (PECVD). To form
electrodes, Au and Cr layers with thicknesses of 100 and
30 nm were deposited on the SiO, layer. The Cr layer was
adopted as an adhesion layer between the Au and SiO, lay-
ers. After depositing the Au layer, the electrodes were pat-
terned using photolithography (MA6 Aligner, Karl Suss) and
Au lift-off (e-beam evaporator). Titanium oxide as a sensing
layer of EGFET with 30 nm thickness was deposited using
PECVD. Finally, a PDMS microfluidic channel with a width
of 1 mm and a thickness of 50 pm was designed to deliver
test samples and induce biological reactions between target
biomolecules and their antibodies through microchannels.

2.3 Antibody immobilization and cardiac troponin
I reaction

After preparing the external gate for the sensing pad of the
EGFET via microfabrication, the TiO, surface of the sens-
ing pad was cleaned using a piranha solution (4:1 ratio of
H,S0, (98.08%) and H,0, (34.01%)) for 30 min to remove
any contaminants and then rinsed with deionized water as
shown in Fig. 2b. Subsequently, to form the amine group,
a2 wt% (3-aminopropyl)triethoxysilane (APTES, Sigma-
Aldrich) solution in ethanol was prepared, with which the
sensing pad was treated for 3 h [25]. Thereafter, a 1%
glutaraldehyde solution was used to form a layer of anti-
body linkers on the pad. After aldehyde-group formation,
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Fig. 1 a Schematic of the EGFET with sensing pad and measurement
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Fig. 2 Illustration of a sensing pad fabrication with micromachining and b antibody functionalization process

the reaction pad was immersed in a 10 pg/mL cardiac Tnl
monoclonal antibody (19C7; Thermo Fisher Scientific)
in a 1X phosphate-buffered saline for 2 h. For cTnl and
its antibody reaction, cardiac ¢cTnl (Sigma-Aldrich) in

1X PBS was prepared to obtain a target concentration of
0.01-100 ng/mL. The diluted cTnl sample was injected
into the sensing pad and allowed to react for 20 min.
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Finally, the external gate for the sensing pad was washed
with a 1X PBS buffer after the cTnl reaction.

3 Results and disscussion
3.1 pH sensing characterization

Prior to performing cTnl detection with the fabricated
EGFET biosensor, we first examined its pH sensing perfor-
mance using solutions of different pH. We prepared various
pH buffer solutions (pH levels in the range of 4-10) and
sequentially injected each of them into the PDMS microflu-
idic channel. We monitored the changes in the Vs-induced
drain current caused by the field-effect of the H' ion con-
centration using a parameter analyzer. Depending on the pH
level, the transfer curves of EGFET shifted (dashed line, as
shown in Fig. 3). The relationship between the gate voltage
(AV) and pH can be represented as follows [26]:

AV, = 2.3k—TaApH
q

where k represents the Boltzmann constant, T represents
the temperature, q is the electrical charge of the H ion, and
o represents the sensitivity factor. Ideally, the theoretical
sensitivity is 59 mV/pH with a=1 at room temperature. In
this regard, AV depends on the pH conditions caused by
the protonation and deprotonation of the EGFET sensing
pad. In Fig. 3, the transfer curves are shifted toward the right

according to the pH conditions, while the shape of the trans-
fer curve remained unchanged. We estimated the logarithmic
linear sensitivity of Vg according to various pH levels (pH
3-10), as shown in inset graph of Fig. 3. The result reveals
that the sensors exhibit excellent linearity (R?=0.9923) with
a steep slope of approximately 57.9 mV/pH at Ing=4 pA. To
evaluate whether the measurement is reliable, we performed
a repeatability test in which both buffer solutions of pH 10
and 6 were injected through the microchannel repeatedly.
Figure 4 shows the results in which repeated output signals
at each pH level are similar. This implies that our extended
FET biosensors possess good repeatability.

3.2 Quantification of troponin |

We demonstrated the relationship between I,g and V; at five
different cTnl concentrations using the EGFET biosensor.
First, we used a syringe pump to drive the samples or buffer
solutions through the microchannel. PBS solutions were
used for control experiments. Subsequently, we monitored
various concentrations of cTnl samples ranging from 0.01
to 100 ng/mL. Twenty minutes after initiation, we injected
the PBS buffer solution to wash out non-reacted cTnl sam-
ples and then measured Ig with V5. As shown in Fig. 5, we
clearly observed that the transfer curves were shifted by the
cTnl -anti-cTnl interactions. Interestingly, the curves shifted
as the concentration of cTnl increased, while the shape and
magnitude of the transfer curves remained unchanged (see
arrow in Fig. 5). This invariability of the shape and magni-
tude provides an additional strong advantage. The Vg shift at

Fig.3 EGFET pH sensing le+2 T
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illustrates that changes in the le+l b i o6

drain current according to pH

levels
1e+0 P =

le-1
le-2

Ips (LA)

le-3

le-4

le-5

le-6

le-7

lps = 4 HA 2 K
R?=0.9923259 ¢

-2.0 -1.5

@ Springer

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0



Biomedical Engineering Letters (2022) 12:197-203 201
Fig.4 Repeatability test of 4e-5 T ; I I
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a constant I is purely attributed to the change in biological
environment because of the invariability, which is indicative
of the reliable operation of our sensors.

In Fig. 6, we assessed the logarithmic linear sensitivity
at five different cTnl sample concentrations for Ing =10 pA.
We repeated the experiment by performing five independent
runs using multiple EGFET biosensors. We analyzed the

Time (min)

data using logarithmically linear fitting. The results reveal
that our sensors exhibit excellent linearity (R?>0.94) with
a steep slope of 3.42535. We believe that good linearity is
advantageous for reliable detection of ¢Tnl. From these
results, the clinical range of normal cTnl levels has been
reported as 0.0-0.04 ng/mL. The clinical cutoff level of cTnl
in blood was reported as 0.1 ng/mL [27]. our egFET sensors

Fig.5 EGFET cTnl sensing le+2 T
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exhibit an excellent linearity (R*> 0.94) with good sensitiv-
ity to detect cTnl levels clinically.

To test selectivity, we injected a 10 pg/mL prostate cancer
antigen into the PDMS microfluidic channel and monitored
the drain current according to the same protocol described
for cTnl. As shown in the negative control line in Fig. 6, we
observed large drain current changes at 0.01 ng/mL cTnl
concentrations while no significant changes occurred in
the drain current at a considerably higher concentration of
10 pg/mL PSA. The limit of detection (LOD) was estimated
to be below 1 pg/ml cTnl. Finally, we conclude that our
extended FET biosensors possess excellent re-usability and
outstanding performance of good linearity and extremely
low LOD.

4 Conclusion

In summary, we investigated a rapid and low-cost highly sen-
sitive EGFET biosensor for detecting cTnl. We designed a
Si-based external gate for the sensing pad of the EGFET and
directly monitored electrical signals using a commercialized
n-MOSFET. To demonstrate the ability of the developed
EGFET to sense the required biomarkers, we first examined
its performance under different pH conditions. The results
revealed a high sensitivity of approximately 57.9 mV/pH.
Subsequently, to investigate the ability of the immunoassay,
we monitored the changes in the drain current for different
cTnl concentrations. The results again revealed a good sen-
sitivity with good selectivity based on a Si-based external
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cTnl concentration (ng/mL)

gate with a commercialized FET. Thus, we believe that our
EGFET platform offers new opportunities and benefits for
simple and cheap electrical detection with a low cost (com-
mercial FET chip approximately 70 cents for Texas Instru-
ments n-MOSFET CD4007UBE), and reusability (reuse of
FET sensor), and direct detection for POCT.
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