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Abstract: Anion-sensitive field-effect transistor (ISFET) biosensor is thought to be the center
of the next era of health diagnosis. However, questions are raised about its functions and reli-
ability in liquid samples. Consequently, real-life clinical applications are few in number. In this
study, we report a strategy to minimize the sensing signal drift error during bioanalyte detection
in an ISFET biosensor. A nanoscale SnO, thin film is used as a gate oxide layer (GOL), and
the surface of the GOL is chemically modified for improving bioanalyte-specific binding and
for reducing undesirable ion reactions in sample solutions. The ISFET biosensor with surface-
modified GOL shows significantly reduced sensing signal error compared with an ISFET with
bare GOL in both diluted and undiluted phosphate buffered saline solutions.

Keywords: extended gate, surface treatment, biosensor, SnO,, ISFET

Introduction

The pH-sensing ion-sensitive field-effect transistor (ISFET), first proposed by
Bergveld in 1970, has become the basis for many contemporary semiconductors and
their respective biosensors.! In an ISFET, the ions within the sample media undergo
multiple environment-influenced reactions. The resulting molecules from these
reactions accumulate upon the gate oxide layer (GOL), and the resulting change in
charge affects the conductance in the ISFET channel.?* Consequently, the conduc-
tance between the source and the drain will differ, and this change is expressed as an
electrical signal.

The GOLs of ISFETSs are usually made up of dielectric materials, such as SnO_,*”
Zn0,*8i0,,”" ALO,,'" Si,N,,'*"* Ta,0,," TiO,," and WO,,' which readily react with
the H" and OH~ of the media. Dielectric materials that have a high reactivity with ions
are used as either pH sensor or gas sensor.!” However, because other ions within the
sample media also affect the surface charge on the GOL, the electrical characteristics
such as the threshold voltage and channel conductance will be influenced.

ISFET-based biosensors, which detect bioanalytes, are affected by the undesir-
able ions in the media, and the resulting fluctuations or noise may cause the results
to be deemed untrustworthy. Although the signal may stabilize as time progresses
and the reaction becomes saturated (reaches equilibrium state), the noise factor must
be acknowledged when evaluating the final signal. Because the target bioanalyte is
already in small amounts inside the target solution, any other factors that may affect
the signal, such as the ions within the solution media, will affect the sensitivity of
the biosensor. When the biosensor applies highly reactive nanowires and thin films

submit your manuscript

Dove

http:

fy@mo

International Journal of Nanomedicine 2017:12 2951-2956 2951
© 2017 Son et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S134441
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:kwanhyi@kist.re.kr

Son et al

Dove

to enhance its sensitivity, the unwanted noise factor may also
be increased and affect the result even more.

In this study, we report a strategy to minimize the sensing
voltage error in the ISFET biosensor. To improve specific
bioanalyte binding and to reduce undesirable ion reactions,
an optimal presurface treatment on the gate oxide is demon-
strated. In addition, the sensing voltage drift error (AV,) of
the ISFET biosensor before presurface treatment and after
presurface treatment is analyzed. Finally, because multiple
teams that study and utilize the ISFET biosensor dilute the
media to obtain a longer Debye screening length, we ana-
lyzed the AV for 1x phosphate buffered saline (PBS) and
0.01x PBS solutions.

Experimental

Sensing gate fabrication

The GOL of an ISFET biosensor was fabricated by deposit-
ing an SnO, (99.9%) thin film on the top of an indium tin
oxide (ITO) glass (ITO thickness: 300 nm). The 80 nm
SnO, film was deposited using a radio frequency (RF) mag-
netron sputtering system (RF power: 50 W, base pressure:
2x107° Torr, work pressure: 18 mTorr, Ar gas flow: 5 sccm).
The polydimethylsiloxane (PDMS) block was manufactured
from a Sylgard 184 Silicone Elastomer Kit (Dow Corning,
Seoul, Republic of Korea), which was composed of a base
and a curing agent. The base and curing agent were mixed
at a 10:1 ratio and baked at 60°C for 4 h. The PDMS block
was then punctured with 6 mm holes to form a sample media
reservoir. To attach the PDMS to the surface of GOL, the
GOL was sonicated in deionized water for 1 min and then
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sonicated in ethanol for 1 min. The GOL was then subjected
to N, gas blowing. The PDMS block and GOL were then
placed inside an O, plasma system (CUTE-MPR; Femto
Science, Gyeonggi-Do, Republic of Korea) and treated with
O, plasma (DC power: 70 W, time: 1 min, O, flow: 30 sccm,
base pressure: 5x1072 Torr, working pressure: 5x10! Torr).
The PDMS block and GOL were then attached together to
form the sensing gate (Figure 1).

Presurface treatment of GOL and

antibody fixation

The GOL surface of the sensing gate was treated with plasma
to form OH functional groups on the reservoir surface. Then,
5% 3-aminopropyltriethoxysilane (APTES) was prepared and
quickly added to the surface of the GOL for the formation
of NH, functional groups. After the addition of the APTES,
the GOL was placed inside a petri dish and the petri dish was
sealed with parafilm for 1 h. The chemical reaction should
occur in a dark place. After 1 h, the sensing gate was soni-
cated in ethanol for 1 min and dried with N, gas. The sensing
gate was baked on a hot plate at 120°C.

To functionalize the GOL surface of the sensing gate
with COOH functional groups, 5% 1 M succinic anhydride
was made from succinic anhydride powder and dimethyl
formamide (DMF) and added onto the surface of the GOL.
The petri dish was sealed with parafilm and placed inside
an incubator at 37°C for overnight. The presurface-treated
sensing gate was washed with DMF and deionized water
for 20 s. This GOL was then treated with 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) HCL and

After 10 min After 10 min

measurement configuration and sensing gates with bare SnO, thin film and presurface-treated SnO, thin film.

Abbreviations: ISFET, ion-sensitive field-effect transistor; ITO, indium tin oxide; PDMS, polydimethylsiloxane; G, gate; D, drain; S, source.
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Sulfo-N-hydroxysulfosuccinimide (NHS) chemistry.'s
GOL after the addition of EDC and Sulfo-NHS was identi-
fied as a surface-treated GOL (ST-GOL). Antibodies were
then added to the wells. Here, we used prostate-specific
membrane antigen (PSMA) antibodies. The PSMA antibody
was provided by “Biorbyt” (catalog number orb25888; San
Francisco, CA, USA). The host of the PSMA antibody was
mouse. It had an IgG2b isotype structure and was specific to
the c-terminal of a PSMA antigen. The PSMA antibody was
conjugated onto the sensing gate surface at a concentration
of 100 nM.

To prevent unwanted reactions with unreacted chemical
cross-linkers left on the surface, 1 M ethanolamine (pH 8.5)
was added. After adding the ethanolamine to the ST-GOL,
the ST-GOL was washed with 1x PBS. In order to protect
the ST-GOL from nonspecific binding, 10% bovine serum
albumin (BSA) was added and left to undergo the chemical

reaction for 1 h. Finally, the ST-GOL was washed with 1x
PBS (Figure 2).

Measurement
A commercial Ag/AgCl reference electrode (Qrins,
MF-2097), a commercial CMOS transistor (ON Semiconduc-
tor, MC14007UB, N-type MOSFET), and a high precision
semiconductor parameter analyzer (4200-SCS; Keysight
Technologies, Santa Rosa, CA, USA) were utilized for the
measurement of the AV .

The experiment was conducted under different conditions.
In the initial condition, the AV, of the /- curves was mea-
sured atthe 0, 1, 3, and 5 min marks after inserting a 0.01x PBS
solution into PDMS reservoirs on all the sensing gates.
In the second condition, the 0.01x PBS was replaced with
1x PBS and the solution was added into the PDMS reservoirs
on all the sensing gates. The measurement was taken at the
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Figure 2 Presurface treatment procedure of SnO, GOL and antibody conjugation with EDC-Sulfo-NHS chemistry.
Abbreviations: EDC, |-ethyl-3-(3-dimethylaminopropyl) carbodiimide; GOL, gate oxide layer; ITO, indium tin oxide; NHS, N-hydroxysulfosuccinimide.
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same time points as the initial condition (0, 1, 3, and 5 min
marks). The chemical compositions of the PBS solution are
as follows: 1) potassium phosphate monobasic (KH,PO,)
1.0589 mM, 2) sodium chloride (NaCl) 155.172 mM, and
3) sodium phosphate dibasic (Na,HPO,-7H,0) 2.9665 mM.
There is no calcium chloride or magnesium chloride in this
buffer. The pH of the PBS is 7.4.

In addition, to measure the AV difference between the
different surface treatments of the GOL, 1x PBS was added
to bare GOL, ST-GOL without antibodies, and ST-GOL
with antibodies. The AV, was measured at the 0, 1, 3, 5, and
10 min marks (Figure 1).

Results and discussion

We investigated the AV of a bare GOL, an ST-GOL without
antibodies, and an ST-GOL with antibodies in 0.01x PBS
(Figure 3A—C). After adding 0.01x PBS into all respective
PDMS reservoirs of the GOL and waiting for 1 min,
the voltage values were measured. Subsequent analyses were

conducted in 2 min intervals and repeated two times to identify
the AV, In the case of the bare GOL, a large AV, 0f 21.5 mV
for 5 min (4.3 mV/min) was observed. This error value reaches
36.3% of an FET’s Nernst limit (59.3 mV/pH).'"*? This result
implies that in a situation where sensing is conducted in a low
antigen concentration range, which is lower than the ionic
concentration change range following a change in 1 pH, it is
hard to obtain a trustworthy sensing signal.

An additional phenomenon that was observed was the
consistent shift of the AV as time passes. This is because the
nonpreconditioned GOL has an unstable surface and, thus,
reacts with numerous ions of the PBS (OH", H*, and O,"), for
a long time. This phenomenon contributes to sensors being
unable to produce reliable results when exposed to extended
periods of testing.

In the cases of the ST-GOL without antibodies and the
ST-GOL with antibodies, the AV values were significantly
reduced. The ST-GOL without antibodies showed a AV

df

of 11.37 mV/5 min (2.3 mV/min), and the ST-GOL with

A o Bare GOL B 07 ST-GOL without antibodies
L1
< 10-8¢ < 10-8F
\D \D
0.01x PBS 0.01x PBS
21.5 mV/5 min 11.37 mV/5 min
(4.3 mV/min) (2.3 mV/min)
-9 1 " 1 " -9 " uD " 1 1 "
101.0 1.1 1.2 1.3 1.4 101.0 1.1 1.2 1.3 14
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Figure 3 Voltage drift error (AV,) of (A) a bare GOL, (B) a presurface-treated GOL without antibodies, and (C) a presurface-treated GOL with antibodies in 0.01x

PBS solution.

Abbreviations: GOL, gate oxide layer; ST-GOL, surface-treated GOL; PBS, phosphate buffered saline.
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Figure 4 Voltage drift error (AV,) of (A) a presurface-treated gate oxide layer without antibodies and (B) a presurface-treated gate oxide layer with antibodies measured

in the undiluted |1x PBS solution.

Abbreviations: ST-GOL, surface-treated gate oxide layer; PBS, phosphate buffered saline.

antibodies showed a AV, 7.13 mV/5 min (1.4 mV/min).
These values are only 19.2% of the Nernst limit and 12% of
the Nernst limit, respectively. The reasons for the decreased
AV .can be thought to be due to the following. First, the ran-
dom chemical reactions between the chemical links on the
surface of GOL and ions of the PBS were restricted by the
presurface treatment. Second, the number of residual chemi-
cal links that can react and bind to the ions within the PBS is
limited and this causes saturation to occur very quickly.

Figure 4A and B shows the AV values of adding undi-
luted 1x PBS solution to an ST-GOL without antibodies
and to an ST-GOL with antibodies. The experiment was
conducted under the same conditions as the experiment of
Figure 3. As can be seen from the results, the AV, results
are much smaller than the AV of its 0.01x PBS counterpart:
the ST-GOL without antibodies has a AV of 0.37 mV/min
and the ST-GOL with antibodies has a AV 0f 0.33 mV/min.
The significant reduction of the AV values is because of the
Debye screening length in the 1x PBS. The 1x PBS has the
much smaller Debye screening length of 0.7 nm than 0.01x
PBS’s Debye screening length of ~7.3 nm.?'?? Consequen-
tially, the GOL can only detect much smaller ions in 1X PBS,
and as a result, the chemical reaction is rapidly saturated
(or stabilized).

Figure 5 shows the results for all GOL AV values
that were measured at the 0, 1, 3, 5, 10, 15, and 20 min
marks in 1x PBS. For the bare GOL, the chemical links
of the SnO, surface reacted continuously with the ions in
the PBS and the AV increased as time passed. This result
is consistent with our past experiment. However, GOL
that has undergone presurface treatment showed complete

saturation by the ions in 1x PBS by the 1 min mark. Con-
sequently, a presurface-treated GOL utilizing 1x PBS
can decrease the noise from unwanted ions and produce a
reliable biosensing signal.

The results clearly indicate that in scenarios where the
ISFET is used to sense biomarkers, the undiluted 1x PBS
could produce trustworthy biosensing signals. However,
the 1x PBS will lead to a much shorter Debye screening
length and subsequent biomarker detection limit. This can
lead to problems if a lengthy or bulky bioconjugate, such as
whole antibodies, is utilized. To solve the problem from the
short Debye screening length, small capture linkers, such as
antibody fragments, aptamers, and peptides, could be used
instead of large whole antibodies.

1x PBS
15.0
-1+ GOL
< —O— ST-GOL w/o antibody
c —/— ST-GOL w antibody O
o 100t g—
]|
)
© /
> 50 0
£
>"5 _@’%@_——_8 8
0.0y
0 5 10 15 20

Time (min)

Figure 5 Results of voltage drift error (AV,) values for all the GOLs measured at
the 0, I, 3, 5, 10, 15, and 20 min marks in | x PBS solution.

Abbreviations: GOLs, gate oxide layers; ST-GOL, surface-treated GOL; PBS,
phosphate buffered saline; w, with; w/o, without.
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Conclusion

This study used SnO, as a gate oxide sensing layer in an
ISFET biosensor to capture biomarkers and analyze their
biosignals. The results demonstrate that proper surface
treatment of a gate oxide sensing layer in an ISFET can
significantly reduce the sensing signal error. Because the
amounts of biomarkers in samples are usually minuscule, a
biosensor must be sensitive enough to detect these biomarkers
at low concentrations. To produce a longer Debye screening
length for the ISFET biosensor, the sample media, which
were the PBS solutions in this study, are diluted. However,
this could lead to a situation where the media itself can cause
both a large AV, and a large margin of error, thus making
the resulting biosensing signal unreliable. To decrease such
error from the media, a more concentrated medium, such
as 1x PBS, is utilized. The 1x PBS medium quickly reacts
and saturates the surface of sensing gate and subsequently
stabilizes the electrical potential. An unfortunate side result
from adding the concentrated medium is the shortening of the
Debye screening length. To overcome this obstacle, aptamers,
peptides, and antibody fragments and immobilization materi-
als that are shorter than a whole antibody need to be utilized
to maintain a reliable sensor sensitivity outcome.
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