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ABSTRACT: Label-free potentiometric detection of DNA mole- R -8 —— oH

cules using a field-effect transistor (FET) with a gold gate offers an 3 ws—L NN\

electrical sensing platform for rapid, straightforward, and g | esaus oH \pybridization

inexpensive analyses of nucleic acid samples. To induce DNA ITHOR .. —— o %, B Teretona
hybridization on the FET sensor surface to enable potentiometric E,,—t 0 Seton,, go-__

detection, probe DNA that is complementary to the target DNA St g _ H

has to be immobilized on the FET gate surface. A common g |erAr H;0./ OH B

method for probe DNA functionalization is based on thiol—gold ws—f NN N\ —
chemistry, immobilizing thiol-modified probe DNA on a gold gate AU S e OH

with thiol—gold bonds. A self-assembled monolayer (SAM), based

on the same thiol—gold chemistry, is also needed to passivate the rest of the gold gate surface to prevent non-specific adsorption and
to enable favorable steric configuration of the probe DNA. Herein, the applicability of such FET-based potentiometric DNA sensing
was carefully investigated, using a silicon nanoribbon FET with a gold-sensing gate modified with thiol—gold chemistry. We discover
that the potential of the gold-sensing electrode is determined by the mixed potential of the gold—thiol and gold—oxygen redox
interactions. This mixed potential gives rise to a redox buffer effect which buffers the change in the surface charge induced by the
DNA hybridization, thus suppressing the potentiometric signal. Analogous redox buffer effects may also be present for other types of
potentiometric detections of biomarkers based on thiol—gold chemistry.

KEYWORDS: redox buffering effect, gold, field-effect transistor, potentiometric DNA detection, self-assembled monolayer

D ue to the advantages including label-free detection, DNA sensor induced by probe-target DNA hybridization on a

compatibility with large-scale production, and high gold-sensing surface and its dependence on Iy, and the ionic
speed, field-effect transistors (FETs) have been extensively strength, based on the results obtained with the surface
explored for potentiometric determinations of pH, small ions, plasmon resonance (SPR) technique.15 However, this
and biomolecules such as biomarkers.'~* The DNA field-effect estimation of the detection limit did not take the side
transistor (DNA-FET) is among the explorations of the reactions on the sensing surface into account and therefore
applications of FET aiming at direct label-free electrical merely indicates the maximum potentiometric signal generated
detection of DNA hybridization.”®* A DNA-FET is usually by the DNA hybridization.
made by immobilizing a probe DNA, that is complementary to Side reactions at the sensor surface could introduce potential
the target DNA, on the surface of the FET gate. Theoretically, buffering effects which may suppress the potentiometric signal
the target-probe DNA hybridization can introduce an addi- generated by the bound analyte. The most-studied side
tional negative charge on the gate, which could lead to a reaction is the pH buffering effect for oxide-sensing interfaces
change in the surface potential and, hence, a change in the FET where the charge induced by the adsorption of the analyte can
threshold voltage (AVy) and source-to-drain current (gp).' be buffered by proton exchange on the sensing surface. It has

There are two common ways to functionalize the gate surface
of the ISFET, that is, by immobilizing the probe DNA on a
gate oxide surface using a linker”*'> or by immobilizing thiol-
modified probe DNA on a gold metal gate,”'’ employing
thiol—gold chemistry.”"°

However, there are many factors limiting the performance of
a DNA-FET. These factors have resulted in large differences
between the results presented in different reports.>”"'"'> The
limiting factors include the probe DNA coverage density
(I'prope), the ionic strength of the sample, and the side reactions
at the sensing surface.’'™'* In our previous paper, we
systematically studied the detection limit of a potentiometric

been reported that the high surface charge density of
amphoteric SiO,, which results in high pH sensitivity, can
significantly suppress the DNA-FET signal.'® The resulting
potential change caused by the DNA hybridization can then be
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Figure 1. (a) Top-view SEM image of a SINRFET with its channel region coated with gold. (b) Cross-section schematic of a gold-coated
SiNRFET. (c) Sketch of the differential measurement setup. (d) pH sensitivities of the SINRFETSs with bare gold, MCH-modified gold, and DNA/
MCH-modified gold as the sensing surfaces. The inset depicts the transfer curves of a DNA/MCH-modified gold SINRFET recorded in Tris buffer
containing 10 mM NaCl of two runs. As seen, the source-drain current (Is,) vs gate voltage (V) curves and gate leakage current (Ig)—Vj; curves

overlapped for these two different runs.

suppressed to as little as 4—5 mV.'® Researchers have likewise
found that similar pH buffering effects can completely suppress
the ISFET signal associated with protein detection.'” Proton
interactions with gold oxide have also been found to decrease
the ISFET signal for potentiometric detection of Ca**"."®

The influence of side reaction effects has rarely been studied
for DNA sensors with thiol-modified gold-sensing surfaces. In
this work, we carefully evaluate the possibilities of using
potentiometric DNA detection employing a gold-gated silicon-
nanoribbon FET (SiNRFET) sensor, using an optimized thiol-
based surface DNA hybridization protocol.'”> We find that the
potential of the gold-sensing electrode is controlled by the
mixed potential of the gold—thiol and gold—oxygen redox
interactions. Their associated redox buffer capacities make it
difficult to detect the potentiometric signal generated by the
DNA hybridization.

B MATERIALS AND METHODS

Materials. 6-Mercapto-1-hexanol (MCH) (HS(CH,),OH, 97%),
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and sodium
chloride (NaCl, 99.9%) were obtained from Sigma-Aldrich
(Germany). The 10 mM Tris—EDTA solution [TE, 10 mM Tris, 1
mM ethylenediaminetetraacetic acid (EDTA), pH 8] and Tris buffer
(10 mM Tris—HCl, pH 7.5) were obtained from ThermoFisher
Scientific (Sweden). Ethanol (99.5%) was supplied by VWR
(Sweden) whereas SU-8 2002 was obtained from MicroChem
(USA). All chemicals, which were of analytical grade or better, were
used as received. All aqueous solutions were prepared with ultrapure
water with a resistivity higher than 18 MQ-cm.

The oligonucleotides, which were purchased from Integrated DNA
Technologies (Canada), had the following sequences: 5’-HO-
(CH,)4~S—S—(CH,)sGCATTGGTCTACAAGTGAATCTCGA-3’
for the thiol-modified probe DNA and TCGAGATTCACTTGT-
AGACCAATGC for the target DNA. The oligonucleotides were
hydrated in 10 mM TE buffer to yield a concentration of 100 M, and
aliquots were kept at —20 °C for long-term storage.

2547

B METHODS

Fabrication of Gold-Gated SiNRFETs and Gold Electrodes.
Potentiometric determinations of DNA were made using SiNRFET's
with a gold-coated gate surface [see Figure lab for the scanning
electron microscopy (SEM) image and the cross-section schematic].
The SiNRFETS were fabricated on a silicon-on-insulator wafer with a
200 nm lightly p-type doped silicon layer and a 375 nm buried silicon
dioxide layer using standard silicon process technology. The 200 nm
lightly p-type doped silicon layer was first thinned down to 120 nm by
thermal oxidation. Arsenic was then implanted into the source/drain
(S/D) region (energy = 30 keV, dose = 5 X 10'°/cm?) with the
channel region protected by a photoresist during the implantation.
Electron beam lithography was used to form a photoresist mask and
reactive ion etching was then used to define the device structure. The
resulting 24 nanoribbons were either 100 nm wide and 1 ym long or
500 nm wide and 2 gm long. A S nm thick Ni layer was evaporated
and patterned on the n* S/D region via lift-off. NiSi was subsequently
formed in a rapid thermal process at 400 °C in N, for 30 s. Afterward,
a high-quality 5 nm HfO, dielectric was grown by atomic layer
deposition (R200 ALD unit, Picosun) at 170 °C to obtain a
passivation layer in the electrolyte. The S/D contacts were metalized
with 10 nm Ti and 100 nm Al via lift-off, after etching the HfO, layer
locally. A 40 nm-thick gold layer with 10 nm Ti as an adhesion layer
was patterned on the silicon channel region, that is, the gate surface,
also using a lift-off process (see Figure la for the top-view SEM
image). The conformal sidewall coverage of gold was achieved with a
two-step gold deposition process, with the chip tilted 60° clockwise
and 60° anticlockwise during the first and the second deposition,
respectively. Finally, forming gas annealing was performed in diluted
H, (5% H, in N,, 400 °C, 30 min) to increase the interface quality of
the Si channel and gate oxide.

The gold electrodes used in the open circuit potential (Eqc)
measurements were fabricated on an optically polished PYREX
borosilicate glass (Prézisions Glas & Optik, Germany). The 100 nm
thick thermally evaporated gold layer on 10 nm titanium was
patterned by standard UV photolithography and lift-off processes. An
SU-8 2002 photoresist was used to define the 0.00071 cm? (diameter
0.3 mm) working electrode surface area and the 0.071 cm?* (diameter
3 mm) counter electrode area.

Surface Modification. The surface modification process, which is
described in the following, can also be found in our previous study.'®

https://doi.org/10.1021/acssensors.0c02700
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Figure 2. Real-time potentiometric detection of DNA in Tris buffer containing 10 mM NaCl using (a) the sensing SINRFET and (b) the control
SiNRFET. The injected target concentration was 10 nM, 100 nM, and 1000 nM, respectively. During each injection, the flow rate was initially set
to 100 yL/min for 10 s to quickly replace the electrolyte in the microfluidic channel and then set to S yL/min for 15 min.

Prior to the surface modification, the SINRFET chip was cleaned with
O, plasma (100 W) for S min and incubated in ethanol for 30 min to
reduce the gold oxide. The 50 yM probe DNA was reduced with 50
mM TCEP for 1 h at room temperature and then diluted to 100 nM.
The probe DNA was heated at 95 °C for 5 min and cooled on ice for
10 min prior to immobilization in order to linearize the DNA. Half of
the SINRFETs on the chip were then incubated in solutions
containing probe DNA for 16 h at room temperature using a
polydimethylsiloxane (PDMS, SYLGARD 184 Silicone Elastomer)
container, while the other half was not exposed to this step. The latter
SINRFETs were hence used as control devices in the differential
measurements. Afterward, the chip was rinsed with Tris buffer for 5
min, prior to incubation in 1 mM MCH in Tris buffer for 3 h to
remove the non-specifically adsorbed probe DNA and to block the
remaining gold surface area. Finally, the chip was washed with Tris
buffer five times and with water five times.

Potentiometric Measurement with the Gold-Gated SiNR-
FET. The potentiometric measurements were performed using an
HP4155 semiconductor parameter analyzer. Up to 24 SiNRFETSs can
be measured simultaneously using a switch unit (Keithley 34970A). A
schematic view of the measurement cell is shown in Figure Ic. The
transfer curve (see the inset figure in Figure 1d for an example) was
first measured. The I, was then monitored in real-time with a
constant source-drain voltage (Vgp) of 1 V and a constant V applied
with respect to a Ag/AgCl/KCl reference electrode (leakage-free
reference electrode, 1 mm in diameter, Warner Instruments, USA).
The Vg during the measurement was in the subthreshold region. The
Isp was then converted to a Vi shift (AV;) based on the transfer
curve.

A microfluidic system with Pump 11 Pico Plus Elite programmable
syringe pumps (Harvard Apparatus) was used for the solution
exchange during the potentiometric measurements. The employed
microfluidic channel was fabricated using PDMS. The pH sensitivity
measurements were conducted in pH buffer solutions made using
Hydrion Chemvelope pH buffer powder (Micro Essential Laboratory,
The USA). The components for each pH buffer were potassium
bipthalate for the pH 4 buffer and a mixture of potassium phosphate
(monobasic) and sodium phosphate (dibasic) for the pH 6, 7, and 8
buffers, as well as sodium carbonate for the pH 10 buffer. The
potentiometric DNA detection measurements were performed in Tris
buffer with different NaCl concentrations as described in the Results
and Discussion section.

Open Circuit Potential Measurements. The open circuit
potential (Eoc) measurements were conducted using a three-
electrode cell and a VSP 300 (Bio-Logic, France) electrochemical
workstation. These experiments were made with the abovementioned
0.00071 cm? (diameter 0.3 mm) working electrodes and the 0.071
cm?® (diameter 3 mm) counter electrodes deposited on PYREX
borosilicate glass pieces. The potential of the gold working electrode
was measured versus the Ag/AgCl/sat. KCI reference electrode
(Warner Instruments, USA).
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B RESULTS AND DISCUSSION

A top-view SEM image and the cross-section schematic of a
gold-gated SINRFET are shown in Figure la,b, respectively. A
differential setup” for potentiometric DNA detection was used
to, as much as possible, eliminate the common signal drift
caused by, for example, the reference electrode or non-specific
interactions, during the measurements. The differential signals
were obtained by subtracting the potential change of the
control SINRFETSs from that of the sensing SiNRFETs. A
schematic sketch of the measurement setup is shown in Figure
lc. During the measurements, the sensing SINRFETSs and the
control SINRFETs were biased using a common reference
electrode and the Igp of the sensing SINRFET's and the control
SiNRFETs were monitored simultaneously. The sensing
SiNRFETSs were functionalized with both probe DNA and
MCH, while the control SINRFETs were only modified with
MCH (i.e., no probe DNA). As a result of the immobilization
using a probe DNA concentration of 100 nM, Iy, should
have been in the range of 5.7 X 10" to 8.2 X 10'* molecules/
cm? according to our previous work."> A T'p,op value of 6.8 X
10'2 molecules/cm? was therefore assumed in this work. The
SiNRFETs were n-type FETs as confirmed by the transfer
curve in the inset of Figure 1d measured on a sensing
SiNRFET. Moreover, the overlapped transfer curves from
repeated measurements suggest that the SINRFETs and the
sensing interface were very stable under repeated liquid
measurements. The FET V. will shift in the positive direction
to compensate the negative charge induced by the adsorption
of negatively charged species and vice versa. This trend was
confirmed by pH sensitivity measurements in the pH buffer
solutions on the SINRFET. As seen in Figure 1d, for all the
samples, the Vi shift (AV;) was positive and increased when
increasing the pH of the electrolyte from 4 to 10. Moreover, by
linear fitting the measurement plots, the pH sensitivities of the
bare gold, the MCH-modified gold (control samples), and the
DNA/MCH-modified gold (sensing samples) were found to
be 11 + 2, 35 + 3, and 20 + 2 mV/pH, respectively. Here, the
uncertainties depict the standard deviations calculated based
on three independent measurements. The differences between
the pH sensitivities of the MCH-modified and the DNA/
MCH-modified gold surfaces, incidentally, also indicate that
the immobilization of the probe DNA was successful.

In our previous paper,'” it was assumed that the total net
surface charge induced by the hybridized target DNA (Q)
could charge the double layer capacitance (Cy) thus shifting
the Vi of the DNA-FET. The estimated AV} may then be
calculated as

https://doi.org/10.1021/acssensors.0c02700
ACS Sens. 2021, 6, 2546—2552


https://pubs.acs.org/doi/10.1021/acssensors.0c02700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02700?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.0c02700?rel=cite-as&ref=PDF&jav=VoR

ACS Sensors

pubs.acs.org/acssensors

(a) b)
-~ 30+ e — 204
S 30 1 S 20
£ E
- =
> >
2o 2 oA
S s
T K]
2 e
D D
£-30 '| £ -20-
a o
imM_ 1M _1mM_1M_1mM 1M _1mM imM 1M 1TmMIM 1TmMI1M 1mM 1M _1mM
'60 T T T T ‘40 T T T T
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)

Figure 3. (a) Real-time potentiometric measurements showing the influence of exchanging the measurement and the hybridization buffer solutions.
At point d, Tris buffer containing 1 mM NaCl was injected whereas at point e, Tris buffer containing 1 M NaCl was injected. The subscript
numbers denote the different replications. (b) Real-time potentiometric measurements of DNA hybridization with the alternative method. These
measurements were performed immediately after the experiment in (a). At point c, Tris buffer containing 1 mM NaCl was injected for 10 min
whereas Tris buffers containing 1 mM NaCl and 1, 10, 100, or 1000 nM target DNA, respectively, were injected at the points f, f,, f;, and f,. The
flow rate for each injection was started from 100 yl/min for 10 s and was then kept at S yL/min.

AV =Q,/Cy (1)

Here, Q, would be determined by the hybridized target
coverage density (I'r,g) and the number of DNA bases
within the Debye length (1p). A Cy value of 4 uF/cm? was
used in this estimation. To enable the attainment of larger AV
values, two methods, that is, the diluted buffer method
increasing Ap and an alternative method involving hybrid-
ization in a high ionic strength and measuring in low ionic
strength buffer, were investigated. With the diluted buffer
method, that is, potentiometric measurements in Tris buffers
containing 1, 10, 100, and 1000 mM NaCl, the potentiometric
signals were estimated and the maximum signal caused by
target-probe hybridization was found to be as expected in Tris
buffer containing 10 mM NaCL"> Given a [p,g, value of 6.8 X
10'2 molecules/cm?, the ionic strength in this buffer could
enable three bases from one target DNA to be located in the
Ap and a ['pyp value of around 3.7 X 10" molecules/cm?, thus
resulting a maximum detectable Q, of around 1.8 X 1077 C/
cm®" Based on eq 1, the maximum potential change, in the
absence of any side reaction, would then be around 44 mV. In
this study, potentiometric detection of DNA using the gold-
coated SINRFET' was first performed in Tris buffer containing
10 mM NaCl (Figure 2) to compare the experimental results
with the expected results stated above. As aforementioned, a
positive AVy should be expected after the target DNA
injection since the hybridization of the target DNA with the
surface probe DNA should introduce an additional negative
charge on the gold surface. However, the real-time measure-
ments using SINRFETs showed that no potentiometric signal
induced by this probe-target DNA hybridization could be
registered. As seen in Figure 2a, once the AV had stabilized,
10, 100, and 1000 nM target DNA were successively injected
in the same buffer where each injection lasted for 15 min. The
injection of target DNA did, however, not generate a
noticeable change in Vi even with the 1000 nM target
concentration for the sensing SINRFETS. Similar results were
also found with the control SINRFETs (Figure 2b). Although
the measurements were repeated using two different sensing
SiNRFETSs, no noticeable change in AVy caused by DNA
hybridization could be registered for any of them (See Figure
S1 in Supporting Information).

As is evident from the literature, the requirements on the salt
concentrations used in DNA hybridizations and charge
registrations are contradictory.19 To increase the potentio-
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metric signal due to the probe-target DNA hybridization, an
alternative approach could be used to separate these two
processes, using a high salt concentration for DNA hybrid-
ization and a low salt concentration for the charge
registration.'> Our estimation based on SPR analysis suggests
that such an alternative method, that is, hybridization in Tris
buffer containing 1 M NaCl and charge registration in Tris
buffer containing 1 mM NaCl, could significantly enhance the
maximum change in the potentiometric signal from 44 mV
(from diluting buffer method) to about 1 V.'> Here, it was
assumed that the I'r, value was 2.9 X 10" molecules/cm?
and that five bases from one target DNA were situated within
Ap. To test the applicability of this modified approach,
potentiometric DNA detection was therefore performed with
the abovementioned SINRFETS. Since different salt concen-
trations were used for the hybridization and charge
registration, it is important to make sure that the solution
exchange does not give rise to large potential changes.
Therefore, the influence of the exchange between the
measurement and hybridization buffers on the potentiometric
signal was first investigated. As seen from the example in
Figure 3a, Tris buffer containing 1 mM NaCl and Tris buffer
containing 1 M NaCl were injected alternatively. The change
in the differential AV value (measured in the 1 mM NaCl Tris
buffer) before and after the injection of the 1 M NaCl Tris
buffer gradually decreased with repeated injections. It was
found that the differential AV change, caused by the solution
exchange, was minimized after three to four repetitions (see
Figure S2 for the results and an example of how to obtain the
differential AVr).

Potentiometric detection of DNA was performed immedi-
ately after the initial influence of the 1 M NaCl injection had
been eliminated. Real-time potentiometric responses after
injecting 1, 10, 100, and 1000 nM target DNA (in 1 M NaCl)
are shown in Figure 3b. The registered differential AV values
in the 1 mM NaCl Tris buffer after the injections of these
different concentrations of target DNA exhibit a small
decreasing trend (Figure 3b). Similar results were also
obtained when repeating the experiment three times on two
different devices. Real-time experimental results for these
repeated experiments and an example of the differential AV
subtraction are shown in Figure S3. Since the DNA
hybridization should result in a positive AVry, these small
negative AV values suggest that no significant potentiometric
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varying concentrations of MCH. (b) Eoc vs MCH concentrations in the degassed and non-degassed electrolyte. The measurements were

performed in a pH 7.5 Tris buffer containing 10 mM NaCl.

signal, due to the surface DNA hybridization, was registered.
This is puzzling, considering that the surface DNA hybrid-
ization was confirmed and quantified by SPR in our previous
study.'®

One plausible reason for the low DNA detection sensitivity
could be that the potential of the gold electrode was not
strictly linked to the double layer charging as assumed in our
previous work,"> but to at least, one additional phenomenon
acting as a buffer potential with respect to the charge induced
by the surface DNA hybridization. In the presence of oxide on
the sensing surface, the pH sensitivity on the oxide surface
could buffer the change of the surface charge.'*™"® However, as
our sensing experiments were carried out in a pH 7.5 Tris
buffer and our sample surface exhibited a quite low pH
sensitivity (20 + 2 mV/dec), the completely suppressed
potentiometric signal for our DNA FET's cannot be explained
by the pH sensitivity of the gold-sensing surface. On the other
hand, the potential of a gold electrode can also be affected by
redox species present in the electrolyte (such as oxygen) or on
the gold surface itself.*

The surface of the gold-sensing electrode was modified by
DNA/MCH via a self-assembly process involving the following
thiol—gold reaction”"

2RSH + 2Au — 2Au(I)SR + H, @)

where RSH and Au(I)SR denote the thiol in the solution and
the thiol-Au(I) species formed on the Au surface, respectively.
This surface functionalization process hence results in the
formation of an Au(I)SR/Au redox couple on the sensing
electrode surface. This Au(I)SR/Au redox couple should then
give rise to a redox buffering effect. The redox reaction that
yields the redox buffer capacity is

Au(I)SR, + ¢~ = Au + SK° 3)

The potential of the Au(I)SR/Au-coated electrode [i.e.,
E(Au(I)SR/Au)] will then depend on the thiol concentration
near the electrode surface (i.e., [SR™]) as shown in eq 4.

E(Au(I)SR/Au) = E°(Au(I)SR/Au) — RT/F In[SKR’]

(4)
where E°(Au(I)SR/Au) is the standard potential associated
with eq 3, R is the ideal gas constant, T is the temperature, and
F is the Faraday constant.
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As seen in eq 4, the E(Au(I)SR/Au) will thus be determined
by the [SR™] at the electrode surface. This should also be the
case in our system based on the use of a probe DNA- and
MCH-modified gold surface. Here, it should be mentioned
that a thiolated self-assembled monolayer on gold is part of a
dynamic equilibrium®” as has been shown via by the movement
of etch pits,23 surface diffusion of the thiolates on the gold,24
and the exchange of thiols on the gold surface.”® This dynamic
equilibrium should result in the establishment of a ratio
between the concentration of the desorbed MCH and the
MCH surface coverage density (I'ycy). The surface potential
of the probe DNA- and MCH-modified gold electrode may
therefore become controlled by eq 4.

As the Au(I)SR/Au redox buffer hypothesis assumes that
the Au(I)SR/Au is reversible enough to buffer the potential of
the electrode during the DNA detection step, Eqc measure-
ment experiments were carried out to examine whether the
dependence of E(Au(I)SR/Au) on the MCH concentration in
the electrolyte was in accordance with Nernst equation (see eq
4). Please note that the direction of the Eqc change of the
electrode was opposite to the AV of the ISFET, since AV
was compensating the potential change of the sensing
electrode in the ISFET measurement. Moreover, it is well-
known that MCH cannot form a perfect self-assembled
monolayer (SAM) on the gold. The exposed gold sites
induced by the SAM defects may also interact with other redox
species, for example, O,, in the electrolyte at the same time as
the occurrence of the gold—thiol redox reaction. To avoid
complications induced by oxygen, these experiments were first
performed in a degassed electrolyte. As seen in Figure 4a, the
Eqc of the MCH-modified Au electrode decreased with the
MCH concentration increasing regardless of whether the
MCH concentration was manipulated upward or downward.
The obtained slope of the Eg¢ versus MCH concentration in
the degassed electrolyte was 60 + 4 mV/dec where the error
bar depicts the standard deviations based on four independent
experiments (see Figure 4b). The 60 + 4 mV/dec slope in the
degassed electrolyte is not significantly different from the
Nernstian response, which confirms that the Au(I)SR/Au
system is sufficiently reversible to control the electrode
potential in the absence of oxygen.

Since the potentiometric DNA detection experiments were
performed in the non-degassed electrolyte, the influence of
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oxygen on the Egc of the MCH-modified Au electrode for
different concentrations of MCH was also investigated.
Examples of Egc versus t curves for different MCH
concentrations in the degassed and non-degassed electrolytes
can be found in Figure S4. The slope of the Eq¢ versus MCH
concentration plot obtained in the non-degassed electrolyte
(Figure 4b, red line) was 25 + 2 mV/dec with the error bar
again depicting the standard deviations based on four
independent experiments. The difference between the slopes
for the degassed and non-degassed electrolyte demonstrated
that the dissolved oxygen also influenced the potential of the
MCH-modified gold surface. The potential of the MCH-
modified gold surface is therefore determined by the mixed
potential of the gold—thiol and the gold—oxygen reactions.
The possible gold—oxygen reactions could be the oxygen
oxidizing Au to Au(I) and the oxygen reduction reaction. In
addition, it is worth noting that the mixed potential can be
achieved by different combinations of gold—oxygen and gold—
thiol redox reactions depending on the reaction kinetics. The
requisite for the combinations is the reduction current is equal
to the oxidation current.

A rough estimation may facilitate the understanding of the
influence of this redox buffer effect. In this estimation, we
assume that the immobilization of the probe DNA did not
change ['ycy and that [ycyy was equal to 2.75 X 107 mol/cm?
according to the previous findings. ® It is also assumed that the
target DNA was hybridized with the probe DNA (I'p,op. = 6.8
X 10" molecules/cm?, equal to 1.1 X 107"! mol/cm?) with an
efficiency of 100% and that five DNA bases on one target DNA
were within Ap. In this extreme case, the negative charge
induced by the hybridized target DNA would be about 5.6 X
107" mol/cm? To buffer this potential change, due to the
additional negative charge on the electrode, only 1% of the
MCH would need to be reductively desorbed from the sensing
surface which hence would leave 99% of the MCH on the
sensing surface. The resulting potential change of such a
limited loss of Au(I)SR from the electrode surface would then
be limited to about 0.0.3 mV. Such a small potential change
would clearly not be detectable under the present experimental
conditions. It should, however, also be noted that the potential
change should be even smaller in a real experiment as ['rye
should be significantly lower than the value used in the
estimation due to steric hindrance.">"”

Our results consequently indicate that the failure to detect
the surface charge change caused by the DNA hybridization is
due to the redox buffering effect caused by the mixed potential
of the gold—thiol and gold—oxygen redox interactions. The
same effect could also apply for other potentiometric
detections of biomarkers based on the thiol—gold chemistry.

B CONCLUSIONS

Potentiometric DNA sensing with a gold-sensing electrode was
carefully investigated using a SINRFET sensor. It was found
that the Au(I)SR/Au redox couple, introduced via the thiol-
based functionalization process can fix the potential of the
thiolated gold-sensing electrode together with the oxygen
effect. The mixed potential of the gold—thiol and gold—oxygen
redox interactions can buffer the incoming charge induced by
the surface DNA hybridization, thus suppressing the
potentiometric signal. The same effect could also apply for
other potentiometric detections of biomarkers using thiol—
gold chemistry.
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