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ABSTRACT: In this paper, we propose a novel concept of a biointerface, a polymeric
nanofilter, for the potentiometric detection of small biomolecules using an extended-
Au-gate field-effect transistor (EG-Au-FET). A Au electrode has the potential
capability to detect various small biomolecules with ultrasensitivity at nM levels on the
basis of a surface redox reaction, but it exhibits no selective response to such
biomolecules. Therefore, a suitable polymeric nanofilter is designed and modified on
the Au electrode, so that a small target biomolecule reaches the Au surface, resulting in
an electrical signal, whereas low-molecular-weight interferences not approaching the
Au surface are captured in the polymeric nanofilter. The polymeric nanofilter is
composed of two layers. The first layer is electrografted as an anchor layer by a cyclic
voltammetry method. Then, a filtering layer is precisely polymerized as the second
layer by a photo-mediated surface-initiated atom transfer radical polymerization \
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method. The thickness and density of the polymeric nanofilter are controlled to

specifically detect a small target biomolecule with high sensitivity. As a model case, L-

cysteine as the small target biomolecule at nM levels is specifically detected by filtering L-DOPA as a low-molecular-weight
interference using the polymeric nanofilter-grafted EG-Au-FET on the basis of the following mechanism. The phenylboronic
acid (PBA) that copolymerizes with the polymeric nanofilter captures L-DOPA through diol binding, whereas L-cysteine reaches
the Au surface through the filter layer. The polymeric nanofilter can also effectively prevent the interaction between
biomacromolecules such as albumin and the Au electrode. A platform based on a polymeric nanofilter-grafted EG-Au-FET
biosensor is suitable for the ultrasensitive and specific detection of a small biomolecule in biological samples such as tears and
sweat, which include small amounts of low-molecular-weight interferences, which generate nonspecific electrical signals.
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B INTRODUCTION

Small biomolecules are often recognized as significant
biomarker candidates in the field of in vitro diagnostics." For
the detection of small biomolecules, conventional methods
require enzymatic reactions and secondary antibodies with
fluorescent dyes in immunoassays,”~” but there is a possibility
that fluorescent conjugates cannot be formed in the case of
smaller target biomolecules, that is, antigens.g‘9 Although
enzymes and antibodies have been utilized in various scientific
fields and their use has been recognized as the global standard,
the use of these biomacromolecules is problematic owing to
their fragility, high cost, and time-consuming production and
the difficulty of quality control in their bioproduction.
Therefore, an artificial and functional membrane with a
standard concept should become a platform providing
molecular recognition sites for small biomarkers.
Solution-gate field-effect transistors (FETs) have attracted
global attention in the field of biosensor technology. Because
Bergveld proposed an ion-sensitive solid-state device for
neurophysiological measurements in 1970,'" an ion-sensitive
FET has been commonly used as the basic structure of ion
sensors' "' and potentiometric biosensors,"*™"* with various
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semiconducting materials used as the channel, including both
inorganic and organic materials."”™>* As the gate insulator,
oxide membranes such as SiO, and Ta,O; are generally
utilized owing to their pH responsivity based on the
equilibrium reaction between hydrogen ions and hydroxyl
groups at the gate/solution interface,””*® while ion-sensitive
membranes or probe molecules are tethered onto gate
insulators to selectively detect target ions or biomole-
cules.">'>*773% Moreover, an Au thin film is used as the gate
electrode of an extended-Au-gate field-effect transistor (EG-
Au-FET), in which the gate electrode is separated and
extended from the metal gate of FET (Figure la) because
probe molecules with thiol groups are easily immobilized on
the Au gate by —S—Au binding.’'>* However, unless
modified, Au exhibits a strong catalytic action, resulting in
the oxidation of organic compounds, even small biomolecules
such as glucose.35_‘ 7 In addition, the Au surface is assumed to
be oxidized upon exposure to UV/ozone;***" therefore, the
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Figure 1. (a) Conceptual illustration of EG-Au-FET biosensor with nanofilter interface. (b) Conceptual design of nanofilter interface to trap L-
DOPA and specifically detect cysteine by Au electrode. (c) Binding equilibrium of L-DOPA and PBA.
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“(1) Modification of anchor layer via cyclic voltammetry. (2) Introduction of initiator via esterification. (3) Photo-mediated SI-ATRP starting at

the surface. (4) Introduction of PBA via amidation.

oxidized surface is easily reduced by the surface redox reaction
with small biomolecules (see Figure S1). As a result, an
electromotive force is generated at an Au film on the basis of
That is, an Au electrode is very
useful for the highly sensitive detection of small organic
biomolecules but without detection specificity (see Figure S2).
That is, when the sensor surface is well designed, where only a
small target biomolecule reaches and interacts with the sensing
Au surface, then specific detection can be realized. Following
this strategy, a polymeric nanofilter interface is designed and
synthesized on the Au surface (Figure 1b), where low-
molecular-weight interferences are captured so that they
cannot reach the Au surface, whereas small target biomolecules
penetrate into the nanofilter membrane and reach and react
with the Au surface by redox, resulting in electrical signal
generation. In this case, the thickness of the filter membrane
should be controlled to the order of nm so as not to reduce the
speed of the response to a small target biomolecule interacting
with the Au surface. On the other hand, the use of a membrane
with a porous morphology for filtering biomolecules has been
considered in size-exclusion-based separation techniques,*
and a previous work showed that the inherent filtering
capability and unique signal generation properties of porous
silicon devices can be exploited in optical biosensing by the
size-based exclusion of cells and proteins larger than the pores

the Nernstian equation.”'1
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from interacting with the transducer surface.” However, our
strategy realizes the specific detection of a small target
biomolecule in a sample solution including not only
biomacromolecules such as proteins but also low-molecular-
weight interferences on the basis of the potentiometric
method.

In this paper, we propose a novel concept of chemical
modification. Namely, a polymeric nanofilter is used to modify
an Au electrode surface. In particular, we demonstrate the
effect of the polymeric nanofilter interface on the highly
sensitive and specific detection of a small biomolecule for two
different amino acids of L-cysteine (MW, 121) and L.-DOPA
(MW, 197) using the EG-Au-FET, as a model case.

B RESULTS AND DISCUSSION

Concept of Polymeric Nanofilter Biointerface. The
design of the polymeric nanofilter interface on the gate
electrode of the EG-Au-FET is shown in Figure 1b. The
interface is composed of two layers: an anchor layer and a filter
layer. The anchor layer, shown in dark blue, is tethered to the
Au-sensing surface under the filter layer, which determines the
gap of the sensing capability at the Au substrate (X) as well as
the density of the polymeric nanofilter (Y). The filter layer,
shown in light blue, provides the chromatographic effect, in
which low-molecular-weight interferences are captured and
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through which only a small target biomarker reaches the Au-
sensing surface. Because potentiometric biosensors can detect
changes in surface charges within the diffusion layer with a few
nanometers from the sensing surface,"*™*” which is known as
the Debye length,** the filter layer is located at a distance
further than the Debye length. Consequently, the electrical
noise caused by the binding events in the filter layer can be
eliminated. As a model case to clarify the detection principle, in
this study, the polymeric nanofilter biointerface was designed
to detect of L-cysteine as the small target biomolecule on the
Au-sensing surface and to capture L-DOPA as a low-molecular-
weight interference in the filter layer.

The anchor layer was formed using a diazonium salt. Surface
modification using diazonium salts has been attracting much
attention owing to their high chemical stability, ease of
functionalization, and the flexibility of surface design.*’ The
modification involves steps (1) and (2) in Scheme 1. When a
reductive potential is applied at the electrode surface in the
presence of an aryldiazonium salt, the diazonium molecule is
reduced to its corresponding radical. The produced radicals
immediately react with the electrode surface to form a stable
film via covalent bonding. The covalently bonded film is
chemically stable and can tolerate UV irradiation.”® In
addition, a multilayer film with a thickness of a few nanometers
is formed by chain reactions between benzene rings at the
diazonium film tethered onto the Au electrode and unreacted
radicals (step (1)). Multilayer film formation provides a
significant advantage in developing the nanofilter interface
because it enables the control of the thickness of the anchor
layer to approximately the same as the Debye length. The
functionality of the film can be freely designed by modifying
the molecular structure of the aryldiazonium salt. In this study,
the aryldiazonium salt, which was a hydroxyl group at the para-
substituent of the benzene ring, was first utilized to develop the
multilayer film. Then, the surface was further functionalized by
introducing the initiator of the surface-initiated atom transfer
radical polymerization (SI-ATRP) of the polymeric filter via
esterification reactions [step )]

To design a filter layer that captures L-DOPA but not L-
cysteine, phenylboronic acid (PBA) was included in the filter
layer. PBA can form stable esters with diol-containing
molecules such as L-DOPA via the equilibrium shown in
Figure 1c’' In general, the diol binding to boronic acid
decreases the pK, of boron-containing functional groups.’””*
Because boronic acid is a Lewis acid, it can react with a water
molecule and change from the neutral trigonal form (1) to the
anionic tetrahedral form (2), as shown in Figure 1c. The same
reaction also occurs for the diol—boronic complex or boronate
ester (3), which reacts with a water molecule to become
anionic (4). As mentioned above, the pK, of the boronate ester
(pK.?) is lower than that of boronic acid (pK,'), and the
density of negative charges increases proportionally to the
concentration of diols. As shown in a previous work,” the
association constant of catechol was 830 M~ higher than that
of other diol compounds at pH 7.4; thus, L-DOPA should have
a high affinity for PBA at pH 7.4 in this study. That is, .L-DOPA
is captured by the PBA-containing filter layer, whereas L-
cysteine is expected to reach the Au-sensing surface. In
addition, PBA has the anionic form when it binds to L-DOPA
(Figure 1c). As a result, the potential may change in the filter
layer, but the filter layer is located outside the detection range
(Debye length) of the potentiometric sensor; thus, no such
electrical noise is detected. To investigate the filtering
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capability of the polymeric nanofilter, two types of polymeric
nanofilter were designed, namely, with and without PBA. First,
a methacrylic acid (MAA)-based polymer (control nanofilter)
was designed (step (3) in Scheme 1) and then PBA was
introduced into the filter via amidation reactions (PBA-
containing nanofilter) (step (4) in Scheme 1). To control the
factors of the nanofilter other than the presence or absence of
PBA, such as its thickness and composition, a photo-mediated
SI-ATRP method was employed in this study because the
conventional ATRP method is incompatible with MAA
polymerization, whereas the photo-mediated SI-ATRP method
was reported to be tolerant to MAA polymerization.”*
Moreover, as shown in Figure S3, 2-hydroxyethyl methacrylate
(HEMA) was utilized to make the polymer hydrophilic.
Controlling the hydrophilicity is an important factor because
the small target biomolecule must reach the Au electrode
surface through the nanofilter. Finally, the filter layer was cross-
linked to form a rigid polymer structure using a hydrophilic
cross-linker, N,N’-methylenebisacrylamide (MBAAm). This is
because the absence of cross-linking may generate electrical
noise arising from changes in the polymer conformation
induced by the binding of low-molecular-weight interferences
with PBA in the nanofilter. In fact, the change in the
capacitance (AC) of the glucose-templated molecularly
imprinted polymers (MIPs) was small at various glucose
concentrations in a previous study.55 In ref 55, the MIP
hydrogel included HEMA as the main chain monomer, similar
to in this study, which is a hydrophilic polymer even before
adding glucose. Also, the cross-link density in the glucose-
templated MIP was relatively high. Thus, the rate of swelling of
the glucose-templated MIP hydrogel was relatively low owing
to its intrinsic hydrophilicity and relatively high cross-link
density, resulting in no electrical noise in, for example, AC.

Surface Modification and Characterization. In the first
step of surface functionalization, the anchor layer was grafted
on an Au electrode by the electrochemical reduction of
phenethyl ethanol (PE) diazonium salt. A cyclic voltammo-
gram of the electrochemical grafting of PE is shown in Figure
2a. The single current peak observed in the first cycle at
approximately 0 V reveals the occurrence of an irreversible
reduction around the Au electrode, indicating successful
grafting.’® The peak current decreased gradually in the next
few cycles and completely disappeared after five cycles, when
the surface grafting reached the maximum; that is, the grafted
nanolayer acted as an insulator to limit further grafting
processes. Additionally, the grafting was confirmed by the
change in the surface hydrophilicity. As shown in Figure 2b,
the electrochemically modified Au surface became significantly
hydrophilic after the modification of PE with five cycles [see
the contact angles (CAs) on the Au and OH surfaces shown in
the figure] because the Au electrode surface was covered by
hydroxyl groups based on PE.

To characterize the electrochemically grafted surface after
five cycles, the graft density was calculated from the reductive
current shown in Figure 2a, assuming a one-electron reaction.
The number of grafted PE molecules after five cycles per
square nanometer was 49.5 + 2.4, which indicates the
formation of a multilayer film (step (1) in Scheme 1). In
addition, the thickness of the grafted PE film after five cycles
was 62 + 24 nm and the surface roughness (R,) of the
unmodified Au and PE-grafted Au was in the range from 1 to 2
nm, but the surface morphology of the PE-grafted Au showed
smaller irregularities than that of the unmodified Au, which
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Figure 2. (a) Cyclic voltammogram of electrochemical grafting of PE
diazonium salt on Au electrode. The sweeps were consecutively
recorded in five cycles in 2 mM DSOH in 0.5 M HCI from 0.4 V to
—0.3 V at 50 mV/s. (b) Wettability profile of the following samples
from the left: bare Au electrode, PE-modified Au electrode, alkyl
bromide Au electrode, co-(MAA)—(HEMA)—(MBAAm) polymer-
ized on Au electrode, and the polymer with PBA on Au electrode.

were estimated by atomic force microscopy (AFM) (see Figure
S4). Considering the immobilization density and thickness of
PE layer, the gap between PE molecules at the Au surface was
calculated to be about 0.5 nm (see Figure SS), which is
sufficiently large to allow small biomolecules such as L-cysteine
and ascorbic acid (AA) to come in contact with the Au surface.
As mentioned in the previous section, controlling the thickness
of the anchor layer is important in minimizing the electrical
noise generated by interferences in a sample solution. If the
filter layer is partially located inside the Debye diffusion layer
at the electrolyte/Au electrode interface, low-molecular-weight
interferences binding to the filter may contribute to electrical
noise. In this study, negative charges based on the L-DOPA—
PBA binding may generate critical noise. Considering that the
Debye length at the solution/Au electrode interface in 10 mM
phosphate buffer solution is approximately 3 nm, which was
calculated using an equation introduced in previous
works, "~ the thickness of the anchor layer (see Figure S4)
was greater than the Debye length. Moreover, as shown in
Figure S6, the anchor layer electrografted after five cycles
allowed a small molecule, ascorbic acid (MW 176) to reach the
Au surface because gaps remained between the PE molecules
at the Au surface; as shown in Figure 1b, the sensing capability
depended on the gap length at the Au substrate (X). However,
the anchor layer prevented biomacromolecules such as bovine
serum albumin (MW ca. 66 kDa), human serum albumin
(HSA: MW ca. 66 kDa), and amylase (MW ca. 54—62 kDa)
from interacting with the Au surface. Moreover, the highly
sensitive detection of AA as a small biomolecule was found
using the EG-Au-FET with the anchor layer, even when HSA
(0.3 mg/mL) was included in the sample solution. Thus, the
anchor layer electrografted on the Au electrode was satisfactory
in terms of the thickness and density of PE for the purpose of
this study.
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After introducing the ATRP initiator 2-bromoisobutyryl
bromide (BiBB) onto the anchor layer, the photo-mediated SI-
ATRP was conducted to form the filter layer. The successful
introduction of the ATRP initiator was confirmed by CA
measurement. Figure 2b shows that the surface became more
hydrophobic after the introduction of the ATRP initiator
because the ATRP initiator contained a bromo group. Prior to
the surface modification based on the photo-mediated SI-
ATRP, the polymerization conditions were investigated. As
shown in Figure S7, a copolymer gel was formed only when
both the initiator ethyl 2-bromoisobutyrate (EBiB) and the
catalyst [fac-Ir(ppy);] were used during UV irradiation in the
polymerization process. When one of the reagents was not
included in the solution, no polymerization occurred. More-
over, photo-mediated SI-ATRP was time-dependent, indicating
the successful control of the polymerization (see Figure S7).
One of the reasons why we used the photo-mediated SI-ATRP
method was its compatibility with MAA, the main monomer
used in the filter layer. In typical ATRP, acidic monomers such
as MAA prevent the propagation of polymerization.””>* On
the other hand, the use of the photo-mediated SI-ATRP
method leads to successful polymerization. In this case, the
thickness of the polymeric nanofilter was assumed to be in the
range of 100—150 nm on the basis of the 24 h duration of
photo-mediated SI-ATRP in this study as the rate of increase
in the thickness was approximately 6 nm/h in a previous
paper.”® As shown in Figure 2b, the surface became
hydrophilic after the photo-mediated SI-ATRP because the
polymer contains carboxyl groups. The introduction of PBA
did not affect the wettability of the polymer, probably because
of excess MAA in the polymer.

Real-Time Monitoring of Changes in Concentrations
of L-cysteine and L.-DOPA Using EG-Au-FET. First, the
detection sensitivity of the sensor without the polymeric
nanofilter was investigated using the EG-Au-FET, as shown in
Figure 3. In this sensor, an unmodified Au electrode was
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Figure 3. Real-time change in surface potential following the addition
of cysteine (black line) and L-DOPA (blue line) measured using EG-
Au-FET system. Both analytes were injected at a concentration of
0.03 mM and a rate of S uL/min. The top axis shows the
corresponding time in minutes (analyte solution was injected starting
at 0 min).

simply connected to the gate of the FET. L-cystine and L-
DOPA were separately injected into the sensor system using a
syringe pump, and the change in surface potential was
monitored in real time. Upon the initial injection of analyte
L-cystine and L-DOPA solutions at 0 min (see the top axis in
Figure 3), the surface potentials immediately shifted in the
negative direction, and continually decreased with increasing
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Figure 4. Changes in surface potential for the continuous addition of analytes to the Au-FET biosensors with the surface modified by polymer with
(blue line) or without (red line) PBA. The top axis shows the time in min, corresponding to the concentration of analyte. The injection of analyte
started at 0 min. (a) Addition of 0.03 mM L-cysteine at S #L/min. (b) Addition of 0.03 mM L-DOPA at S yL/min. (c) Addition of mixture of 0.03
mM L-DOPA and 0.03 mM L-cysteine at S yL/min.

analyte concentration in the sensor. The x-axis was converted PBA—FET and non-PBA—FET sensors, which was supported
to the concentration of the analytes using eq 2 (see Methods), by the calibration curve obtained from Figure 4b (see Figure
and then the detection sensitivity for both analytes was S8B). The PBA—FET sensor (blue line) showed a significantly
determined to be on nM order. lower detection sensitivity than the non-PBA—FET sensor
The highly sensitive detection by the EG-Au-FET sensor because L-DOPA was trapped by PBA in the nanofilter and did
was due to the oxidative property of the Au electrode. The not reach the Au sensing surface. Thus, the effect of the
surface of the Au electrode is 3partially covered by the oxide polymeric nanofilter was clearly demonstrated as expected.
layer formed by the oxidation. 5740 In addition, the oxidized Then, the nonspecific signal based on L-DOPA as a small
Au layer can be used as a catalyst for small biomolecules such interference molecule was found to be suppressed to about
as L-DOPA (see Figure S1). As previously reported, the 73% by the polymeric nanofilter with PBA, which was
oxidized Au surface is assumed to consist of Au(3), and the calculated from the relative change (P %) in the electrical
oxidation of small biomolecules occurs when Au(3) is reduced signal using the PBA—FET from that using the non-PBA—FET
to Au(0). Therefore, the detection mechanism of the EG-Au- at 1 M of L-DOPA [(100 — P)%]. On the basis of this
FET can be simplified to that shown in Figure S1. On the basis estimation, we further investigated the repeatability and
of the surface redox reaction with L-DOPA, the Au surface reproducibility of the proposed sensors by analyzing the effect
becomes Siightiy electron-rich, which was detected as the of the polymeric nanofilter on the prevention of nonspeciﬁc
change in the surface potential using the EG-Au-FET sensor. signals. As a result, we obtained a suppression of 72.7 + 12.6%
On the other hand, alkanethiol covalently binds to Au, (N = 6), which shows good reproducibility. When the
resulting in functional membrane formation at the gate surface, concentration of L-DOPA was also increased to 1 mM, the
as represented by’ ™' surface potentials for both sensors dropped to the same value.
+ . - This indicates that the nanofilter has a certain capacity that
R—SH + Au > R—S-Au+ H" + e M depends on the amount of PBA in the nanofilter. Finally, the
Thus, the Au surface also becomes slightly electron-rich sensor specificity was investigated by adding a mixture of L-
following its reaction with L-cysteine. This is the reason why cysteine and L-DOPA. In Figure 4¢, the PBA—FET (blue line)
the interaction between L-cysteine and the Au electrode was clearly showed a change in surface potential after adding the
detected as a change in surface potential using the EG-Au-FET mixed solution but had a smaller response than the non-PBA—
sensor. FET (red line). On the other hand, the non-PBA—FET sensor
Effect of Polymeric Nanofilter on Electrical Noises should have responded to both analytes owing to its
Based on Low-Molecular-Weight Interference. The nonﬁitering effect, resulting in a stronger signal. Considering
chromatographic effect of the polymeric nanofilter was Figure 4a,b, the difference in the intensity of electrical signals
investigated by adding analytes to the EG-Au-FET coated between the PBA—FET and non-PBA—FET sensors shown in
with the polymeric nanofilter with or without PBA, namely, the Figure 4c (also see Figure S8C) should be based on the
PBA—FET or the non-PBA—FET. Figure 4a shows the change prevention of L-DOPA from approaching the Au surface.
in surface potential for the continuous injection of L-cysteine. Therefore, L-DOPA was successfully trapped by the nanofilter,
As expected from the design of the polymeric nanofilter, the whereas L-cysteine was specifically detected at nM levels using
target model L-cysteine was similarly detected in both sensors. the PBA—FET sensor. However, the detection sensitivities
This result was also supported by the calibration curve appeared to be similar for the PBA—FET and non-PBA—FET
obtained from Figure 4a (see Figure S8A). Because L-cysteine sensors in the mixture (see Figure S8C). This may be because
did not bind to PBA in the polymeric nanofilter, it could reach there is an interaction between each analyte in the mixture.
the Au-sensing surface, regardless of the presence or absence of The suppressing effect of the polymeric nanofilter on the
PBA in the nanofilter. The diffusion of target small nonspecific signals based on L-DOPA (a small interference
biomolecules in the polymeric nanofilter may depend on the biomolecule) also appeared to be reduced at higher
density of the cross-linker copolymerized in it, but the filter concentrations of the mixture; thus, the amount of PBA in
layer did not prevent the diffusion of L-cysteine under the the polymeric nanofilter will be strictly controlled depending
condition used in this study. Then, the interference model - on the target biomolecule in the future.
DOPA was measured using both sensors. As shown in Figure Moreover, the reaction rates for L-cysteine and L-DOPA
4b, the detection sensitivities were clearly different between the interacting with the Au electrode were estimated using the EG-
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Au-FET with or without the polymeric filter. Figure S shows
the change in the surface potential per reaction time for

Substrate _ Biomolecule
O Au_ Lcysteine < Polymeric nanofilter _ L-cysteine
O Au _ L-DOPA A Polymeric nanofilter _ L-DOPA
X Polymeric nanofilter _ Mixture
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Figure 5. Reaction rates for L-cysteine and L-DOPA interacting with
the Au electrode using the EG-Au-FET with or without the polymeric
filter. These reaction rates were calculated on the basis of the data
obtained in Figures 3 and 4. L-Cysteine was added onto the
unmodified Au electrode (O) or the polymeric nanofilter-coated Au
electrode (¢), L-DOPA was added onto the unmodified Au electrode
(O) or the polymeric nanofilter-coated Au electrode (A), and their
mixture was added onto the polymeric nanofilter-coated Au electrode
(X). In this figure, all the polymeric nanofilters contained PBA
receptors.

different concentrations of each analyte. These reaction rates
were calculated on the basis of the data obtained in Figures 3
and 4; that is, the surface potential (V,,,) was averaged over
every 10 s and the reaction rates (uV/ s) were calculated as the
change in the average V., (AV,,) per 10 s. For the cases in
Figures 3 and 4, each analyte was injected with a concentration
of 0.03 mM at a rate of S yL/min using a syringe pump. As a
result, the concentration of the analytes continuously and
gradually increased with time, which was directly converted to
the analyte concentration using eq 2 (see Methods). As shown
in Figure 5, the reaction rate for L-DOPA interacting with the
Au electrode was clearly decreased by the polymeric filter (see
[J and A\ plotted in Figure 5) owing to the PBA/L-DOPA
diol binding inside the polymeric filter but outside the
diffusion layer at the solution/Au interface. In contract, the
reaction rate for L-cysteine interacting with the Au electrode
was maintained despite the coating of the polymeric filter on
the Au gate (see O and ¢} plotted in Figure S). Furthermore,
the reaction rate for the mixture of L-cysteine and L-DOPA
interacting with the Au electrode (see X plotted in Figure $)
was similar to that for L-cysteine (see O and {) plotted in
Figure 5) below a concentration of about 250 nM for each
analyte in the mixture. This means that L-cysteine was
specifically detected by the prevention of L-DOPA from
interacting with the Au electrode using the polymeric
nanofilter-grafted EG-Au-FET. However, the reaction rate for
the mixture above a concentration of about 250 nM (see X
plotted in Figure S5) seemed to approach that for .-DOPA
detected using the EG-Au-FET without the polymeric filter
(see [ plotted in Figure S). That is, in future, the amount of
PBA in the polymeric nanofilter should be controlled to
capture more interferences at higher concentrations. Thus, we
have clarified the concept of a polymeric nanofilter biointerface
for use as a potentiometric biosensor to specifically detect a
small target biomolecule at nM levels in this study.
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B CONCLUSION

To utilize the characteristics of a potentiometric EG-Au-FET
biosensor, we have presented a polymeric nanofilter as a novel
concept of a biointerface for the ultrasensitive and specific
detection of small biomolecules. First, an anchor layer was
grafted as the first layer on the Au electrode by the
electrochemical reduction of a PE diazonium salt. Then, the
filtering layer with PBA, which functioned as the receptor
molecule for a small interference biomolecule, was precisely
polymerized as the second layer by the photo-mediated SI-
ATRP method, which enabled the thickness and density of the
polymeric nanofilter to be controlled to specifically detect a
small target biomolecule. As a model case, L-DOPA was
successfully trapped by the nanofilter, whereas L-cysteine was
specifically detected at nM levels using the polymeric-
nanofilter-coated EG-Au-FET with PBA. The polymeric
nanofilter also effectively prevented the interaction between a
few biomacromolecules and the Au electrode. Thus, we have
proved the concept of the polymeric nanofilter for the specific
detection of small biomolecules using the EG-Au-FET
biosensor, which will be applied for various small biomarkers
to modify the nanofilter composition.

B METHODS

Materials. 2-(4-Aminophenyl)ethanol (APE), BiBB, and EBiB
were purchased from Tokyo Chemical Industry. Tetrafluoroboric acid
(HBF,), sodium nitrite (NaNO,), triethylamine (TEA), MAA,
HEMA, MBAAm, tris(2-phenylpyridinato)iridium(III) (fac-Ir(ppy);),
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium  chloride,
m-aminoPBA, dopamine hydrochloride, 3-(3,4-dihydroxyphenyl)-L-
alanine (L.-DOPA), L-cysteine, N,N-dimethylformamide, 1 M HCI,
dichloromethane, solid NaCl, Na,HPO,, NaH,PO,, distilled water,
ethanol, and methanol were purchased from Wako Pure Chemical
Industry.

Electrochemical Grafting. A potentiostat/galvanostat (PS-14,
Toho Technical Research) and a function generator (AFG3102C,
Tektronix) were used for the electrochemical grafting of the anchor
layer. Cyclic voltammetry (CV) was performed at 25 °C by applying a
constant potential (0 V vs Ag/AgCl) using a PS-14 potentiostat/
galvanostat while controlling the potential using a function generator
(AFG3102C, Tektronix). The Ag/AgCl electrode was immersed in
saturated KCl solution. Before the potential application, the Au
electrode was cleaned by 10 min sonication in acetone, 10 min
sonication in methanol, and 5 min sonication in distilled water. APE
was electrochemically grafted as follows. A 100 mL solution of 0.5 M
HCI was stirred in a 300 mL beaker in an ice-cold water bath. APE
[28 mg (0.2 mmol)] was added to the solution, which was stirred for
S min. Then, 1 mL of 200 mM NaNO, in water was added dropwise
to the mixture, which was stirred for 15 min. A cleaned Au electrode
was immersed in the mixed solution and CV was conducted in the
potential range from 0.4 V to —0.3 V at 50 mV/s. After five cycles, the
substrate was washed thoroughly with methanol and then with
distilled water.

Surface Modification of Polymeric Nanofilter Interface on
the Au Electrode. After APE was grafted on the Au electrode via the
electrochemical reduction of an aryldiazonium salt,”> APE was
modified using an ATRP initiator through esterlﬁcatlon.63 The
previously modified film was immersed in 50 mL of dichloromethane
in a separate flask and stirred in ice-cold water. After adding 712 uL
(5 mmol) of TEA, 628 uL (5 mmol) of 2-BiBB was added dropwise
to the mixture. The mixture was stirred for 2 h below 4 °C then at r.t.
for 24 h. The substrate was washed thoroughly with methanol and
then with water after the modification.

The photo-mediated SI-ATRP of the surface was initiated as
follows. MAA [3 mL (35 mmol)] and HEMA [1.9 mL (15 mmol)]
were dissolved in 45 mL of methanol. The mixture was deoxygenated
by flowing N, gas for 30 min. Then, the Br-modified Au substrate was
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immersed in the mixture in a separate flask while stirring with a
magnet stirrer. Then, 0.69 mg of fac-Ir(ppy); was added to the
mixture. UV light was irradiated on the mixture for 24 h at 25 °C.
After the polymerization, the substrate was immersed in methanol for
1 h then washed thoroughly with distilled water.

FET Real-Time Measurement. A modified or unmodified Au
electrode was connected to the extended gate of a silicon-based n-
channel junction-type FET (K246-Y9A, Toshiba), and gate voltage
was applied through the Ag/AgCl reference electrode. The gate
surface potential (V) was measured in real time using an FET real-
time monitoring system (Optogenesys). In this study, constant-charge
mode operation was used for all the measurements, where the gate
voltage (V), drain voltage (V,), and drain-source current (Ipg) were
set to constant values and the change in V,, (AV,,,) at the gate was
measured using the source follower circuit (see Figure S9). Thus, V,,,
is a measure of the changes in surface potential or threshold voltage.

In the measurement, the sensing surface was covered with 300 uL
of diluted buffer solution (10 mM phosphate buffer, pH 7.4). AV,
was monitored by applying Ins = 700 yA and Vg = 0 V. After the
surface potential stabilized, 0.03 mM target solution (L-DOPA or L-
cysteine) was continuously injected at a constant rate (S pL/min)
using a syringe pump (Harvard) so that the concentration of the
analyte continuously and gradually increased. In the analysis, time was
directly converted to the analyte concentration using the following
relationship (see S8)

M

CT1+ 60V /kt,

@)

where k is the rate of injection, V; (uL) is the initial volume, M (mol/
L) is the concentration of injected target solution, and C, (mol/L) is
the concentration at time t, (s).

Surface Characterization. The sensor surface was characterized
by CA measurement and AFM. A CA-W system (Kyowa Interface
Science Co., Ltd.) was used for all water CA measurements in the dry
state. The size of water droplets was controlled using a syringe pump.
The CA was automatically estimated using the analysis software. The
film thickness was measured by AFM (Agilent 5500, Toyo
Corporation). The anchor layer thickness was determined by
subtracting the thickness of Au over the glass plate from the thickness
of the thin-film-modified Au over glass. To achieve a sharp image, the
Au layer was patterned by photolithography before the Au-on-Ti
sputtering process. Briefly, a positive resist (OFPR-800LB) was
coated on a cleaned glass plate by spin coating (500 rpm for S s,
followed by 3000 rpm for 30 s). The resist was prebaked at 110 °C for
3 min in a baker. Then, the plates were exposed to UV through a Cr-
patterned glass mask using a high-resolution mask aligner (Q-
2001CT, Quintel). The sample was immersed in a developer (NMD-
W) for 12 s then rinsed using distilled water. The substrate was
postbaked at 120 °C for 3 min on the baker. After sputtering Au/Ti,
the samples were immersed in acetone for 1 day to extract the resist.
For AFM measurement, 2 PPR-NCHR-10 probe (NANOSENSORS)
was used. The image was analyzed using SPIP software (Image
Metrology).
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