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ABSTRACT: Bisphenol A (BPA) is a known endocrine-disrupting compound
(EDC) that has a structure similar to that of the hormone estrogen. Even low
concentrations of BPA are able to bind estrogen receptors, thereby inducing severe
diseases such as reproductive disorders, chronic diseases, and various types of cancer.
Despite such serious effects, the use of BPA remains widespread. Therefore,
monitoring of both dietary and nondietary exposure to BPA is important for human
healthcare. Herein, we present a field-effect transistor (FET) sensor using aptamer-
modified multichannel carbon nanofibers (MCNFs) to detect BPA. The MCNFs are
fabricated via single-nozzle electrospinning of two immiscible polymer solutions
followed by thermal treatment in an inert atmosphere. The MCNFs are then oxidized
using a solution of HNO; and H,SO, to introduce carboxyl groups on the surface of
the fibers. The carboxyl-functionalized MCNFs (CMCNFs) are immobilized on an
amine-functionalized electrode substrate by forming a covalent bond, and amine-
functionalized BPA-binding aptamers are modified in the same manner on the

CMCNFs. The resulting FET sensors exhibit a high sensitivity, as well as specificity toward BPA at an unprecedentedly low

concentration of 1 fM. Furthermore, these sensors are stable and could be reused for repeated assays.
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1. INTRODUCTION

In recent years, precise sensing platforms for the solution-phase
detection of small molecules have become increasingly
important for monitoring human diseases, food safety, and
environmental contaminants. Bisphenol A (BPA) is a
particularly important xenoestrogen, with a structure similar
to that of the hormone estrogen, and is a known endocrine-
disrupting compound (EDC).'~* Because of the structural
similarity, even low concentrations (ca. 100 pM) of BPA are
able to bind estrogen receptors (ERs), thereby inducing adverse
changes such as reproductive disorders, chronic diseases, and
various types of cancer, via both endocrine pathways ™ and
genomic pathways.'*~'* Despite such serious effects on human
health, the use of BPA still remains widespread for food storage
and packaging which is of particular concern as BPA can readily
migrate into food at high temperatures, as well as for thermal
printing paper, medical materials, and adhesives."””' In
addition, since residual trace amounts of BPA are a potential
endocrine disruptor, the maximum residue limit (MRL) for
BPA in food or food packages was established at 0.6 pg/g by
the European Union Legislation, and also the maximum
acceptable dose and tolerable daily intake (TDI) for BPA were
established by the European Food Safety Authority
(EESA).'®" Therefore, monitoring of both dietary and
nondietary exposure to BPA is important for human healthcare.

Several approaches have been reported for detecting BPA at
low concentrations.”’~** High-performance liquid chromatog-
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raphy (HPLC) and gas chromatography coupled with mass
spectrometry (GC/MS) are the most widely used methods to
detect BPA. However, these techniques require large and
expensive equipment which needs labor intensive processes,
and the interpretation of data from these techniques is not
always straightforward, as well. Immunoassays, using antibodies
as biological recognition compounds, are another attractive
simple method for screening small toxins such as BPA due to
their low-cost aspect and high sensitivity. Nevertheless, in
complex matrices including pH, salt concentrations, and other
substances, the matrix effect associated with the quality of the
antibody can cause nonspecific binding to the antibodies with
structural analogues and then bring on degradation of the
detection accuracy toward the antigen.

Aptamers are short, functional oligonucleotide sequences and
have attracted considerable research interest for use as
molecular recognition elements.””~>” Owing to their high
affinity and specificity toward certain ligands, the aptamers can
be used to target various classes of molecules widely from
whole cells to proteins and even in small molecules.”* > This
allows one to identify various functional groups in the target
molecular structure among structural analogues which have
differences in some groups like methyl or hydroxyl groups. In
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addition to the advantages of rapid synthesis, low cost, and
facile modification, DNA aptamers have resistance to nuclease
degradation, thermal stability, and reversible denaturation in
comparison with RNA aptamers. Accordingly, these advantages
mean that they have potential for reusable sensing applications.
There have been a number of reports detailing the use of
aptamers for the detection of biological molecules and small
molecules, sometimes using nanomaterials to enhance
se}nsitivit)r.33’73’6

Conductive nanomaterials including conducting polymers,
nanostructured metal composite, and carbon nanomaterials
have been studied because of their unique properties.”’~*’
One-dimensional (1D) conductive nanomaterials have been
shown to be particularly effective transducers due to their
simple structure and fast directional charge transport character-
istics. " Among the 1D materials, carbon nanomaterials are
important for electrochemical and biological applications since
their surface can be easily modified using a variety of covalent
or z-stacking methods.””*" Especially, carbon nanofibers
(CNFs) can be obtained via a simple electrospinning method,
which has advantages relatively in terms of efliciency, cost,
yield, and reproducibility. Electrospun CNFs are particularly
attractive for sensing applications because their electrochemical
properties and structures can be easily controlled by varying the
process conditions, including temperature, spinning solution
component, precursor composition, etc.”' ™ However, there
remain some challenges such as the production of multidimen-
sional nanofibers requires the optimization of a stable process
for electrochemical and structural benefits.

Here, we report a field-effect transistor (FET) sensor for the
detection of BPA based on multichannel carbon nanofibers
(MCNFs) modified with BPA-binding aptamers. The MCNFs
are fabricated via a facile single-nozzle coelectrospinning
technique and are used as a conductive signal transducer.
The multichannel structure enhances the specific surface area
and thus improves the interactions between BPA molecules and
the transducer. The MCNFs are located between the aptamers
and the electrode substrate of the FET via covalent bonding,
leading to a powerful affinity of the aptamer for the BPA
molecules and consequently providing good electronic
performance of the aptamer—FET sensor system. To the best
of our knowledge, this represents the first demonstration of a
FET-type aptamer sensor utilizing multichannel carbon nano-
fibers. The sensitivity was observed in various concentrations of
BPA, giving an unprecedented detection limit of 1 fM. This
result shows over ~10° times higher sensitivity compared with
other BPA sensors such as those that are based on multiwalled
carbon nanotubes.”>*® In addition, this aptamer—FET sensor
exhibited long-term stability and specificity toward BPA in the
presence of structural analogues.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(acrylonitrile) (PAN), with a molecular weight
of M,, = 150000, and poly(methyl methacrylate) (PMMA), with a
molecular weight of M,, = 350 000, were purchased from Aldrich. N,N-
Dimethylformamide (DMF) (Aldrich) was used as the solvent for
both the PAN and PMMA solutions. Bisphenol A (BPA) (ie., 4,4'-
(propane-2,2-diyl)diphenol) as well as the BPA structural analogues
4,4'-(butane-2,2-diyl) diphenol (Bisphenol B, BPB), 4,4-bis(4-
hydroxyphenyl) valeric acid (VA), 4,4’-dihydroxybiphenyl (4,4'-
biphenol, BP), and 4,4’-(hexafluoro-isopropylidene) diphenol (6F)
were purchased from TCI. The BPA-binding aptamer was synthesized
by Bioneer Co. (Daejeon, Korea). The sequence of the aptamer was
§'-NH,-(CH,)s-CCG GTG GGT GGT CAG GTG GGA TAG CGT

TCC GCG TAT GGC CCA GCG CAT CAC GGG TTC GCA CCA-
3, where A, T, G, and C represent adenine, thymine, guanine, and
cytosine, respectively.”>>” The aptamer stock solution was diluted with
diethyl pyrocarbonate (DEPC) and water and stored in a freezer at
—20 °C prior to use.

2.2. Fabrication of Carboxyl-Functionalized MCNFs. First,
multichannel carbon nanofibers (MCNFs) were fabricated by
electrospinning and subsequent heat treatment. PAN solutions were
prepared by dissolving 1.0 g of PAN in 10 mL of DMF at 60 °C
followed by vigorous stirring for 2 h. PMMA solutions were prepared
in the same manner as PAN solutions. These polymer solutions were
mixed in 1:1 ratios and stirred vigorously for 3 h. The resulting mixture
was electrospun using a single 0.1 mm-diameter syringe nozzle with an
applied voltage of 18 kV and a flow rate of 10 uL min~". The distance
from the tip to the collector was fixed at 15 cm. The electrospun NFs
were calcined at 400 °C for 2 h in air and then carbonized at 800 °C
for 1 h in flowing argon.

Carboxyl-functionalized MCNFs (CMCNFs) were prepared via an
oxidative treatment. MCNFs (250 mg) were added to 20 mL of a 3:1
volume mixture of 1 M sulfuric acid (H,SO,) and 1 M nitric acid
(HNO,) for a systematically varied period of time and diluted with
distilled water. The mixed MCNFs solutions were purified by repeated
centrifugation and multiple washing steps. The resulting CMCNF
solutions were evaporated at 60 °C.

2.3. Fabrication of A-CMCNFs FET Sensor. To form aptamer-
modified CMCNFs (A-CMCNFs) FET sensors, interdigitated array
(IDA) electrodes were treated with S wt % aqueous aminosilane (i.e.,
3-aminopropyltrimethoxysilane, APS) for 6 h to form amino groups on
the electrode. The electrodes were then exposed to 40 L of a mixture
of 0.1 wt % aqueous CMCNFs solution and 1 wt % aqueous 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-
MM, 40 uL) for 12 h. The resulting electrodes, with immobilized
CMCNFs, were rinsed with distilled water to remove extra residues
including DMT-MM and unbound CMCNFs. A coupling reaction to
attach the BPA-binding aptamer to the CMCNF surface was then
carried out using a mixture of the binding aptamer and 1 wt % aqueous
DMT-MM (40 uL) for 12 h. The A-CMCNFs immobilized electrodes
were then rinsed with distilled water repeatedly and dried at room
temperature.

2.4. Extraction of the Actual Bisphenol A Samples. A
polycarbonate (PC) bottle and thermal printing paper were prepared
to extract BPA. The PC bottle filled with distilled water was sonicated
and then immersed in an oil bath at 70 °C for 1 h. After filtration, the
liquid was collected. The thermal printing paper (10 mg) was
immersed in 10 mL of absolute ethanol at 70 °C for 1 h. After
filtration, extracts were diluted 1:1000 in distilled water.

2.5. Electrical Measurements of the A-CMCNFs FET Sensor.
All electrical measurements were carried out using a Keithley 2612A
source meter and a probe station (MS TECH, model 4000). A 300 uL
chamber was used for solution-based measurements. The measured
current was normalized as follows:

A I-1
Al (%) = (—0) X 100
IO IO
SD

where I is the initial measured current and I is the time-varying
measured current. The A-CMCNFs FET sensors were carried out with
the following recycling process: (i) immobilizing BPA-binding
aptamers on IDA electrodes as mentioned above, (ii) injecting BPA
molecule into the A-CMCNFs FET sensor, and (iii) washing with 10%
sodium chloride solution and air-drying.

2.6. Instruments. TEM micrographs were obtained using JEOL
JEM-200CX microscopes. A JEOL 6700 was used to obtain FE-SEM
micrographs. IR spectra were recorded using an ATR-IR spectrometer
(Frontier, PerkinElmer), and XPS spectra were recorded on an Axis-
His system (KRATOS).
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Figure 1. (a) Schematic diagram of carboxyl-functionalized multichannel carbon nanofibers (CMCNFs); (b) FE-SEM and TEM micrographs show
the multicore nanofibers; (c) FE-SEM micrographs of the multichannel carbon nanofibers (MCNFs). The inset showing a magnified cross-section of

a MCNF. (d) A TEM micrograph of a CMCNF.

3. RESULTS AND DISCUSSION

3.1. Fabrication of CMCNFs. Figure la illustrates an
overview of the fabrication process of carboxyl-functionalized
multichannel carbon nanofibers (CMCNFs) via single-nozzle
coelectrospinning and oxidative treatment. First, a 1:1 (by
volume) solution of poly(acrylonitrile) (PAN) and poly(methyl
methacrylate) (PMMA) was prepared, which resulted in a
phase-separated polymer blend because of the interfacial
tension, viscosity, and elasticity of the polymers (see inset of
Figure S1). In this phase-separated blend, the high surface
tension of the PMMA resulted in the formation of
discontinuous droplets, whereas the more viscous PAN
occupied the continuous phase of the solution. During
coelectrospinning of this mixed solution, the discrete PMMA
droplets elongated along the inside of the PAN shell due to the
stretching force of the applied voltage, leading to the formation
of multicore nanofibers (Figures S1 and 1b). These multicore
nanofibers were uniform with a diameter of ca. 300 nm. The
phase-separated polymer nanofibers were then stabilized at 400
°C for 2 h and carbonized at 800 °C for 1 h in a flowing argon
atmosphere. Multichannel carbon nanofibers (MCNFs) were
formed during this heat treatment step. The continuous PAN
phase (shell) was transformed into carbon while the inner
elongated PMMA phase (cores) decomposed, resulting in the
formation of an internal multichannel (Figures lc and S2a).>*
Owing to the elimination of PMMA from within the fibers, the
multicore nanofibers constricted over the heating process.
Eventually, the diameter of the resulting MCNFs was ca. 150
nm with ca. 20 nm-diameter internal channels. The following
oxidation procedure was carried out to functionalize the surface
of the MCNFs. The MCNFs were treated with a mixture of 1
M sulfuric acid and 1 M nitric acid (3:1 volume ratio) at room
temperature, where the reaction time was systematically

controlled, and the resulting MCNFs were washed with
distilled water and dried at 60 °C. As a consequence, CMCNFs
were well-fabricated, exhibiting well-defined structures without
collapse of the channels, as suggested in Figure 1d. In addition,
due to the control of oxidation time, the quantity of the
carboxyl-functional groups were optimized. If the oxidation
time was longer than 12 h, there were overall morphology
changes: the multichannel structure of the MCNFs was
collapsed, and the outer shells of the fibers were combined
with each other (Figure S3).

Fourier-transform infrared (FTIR) spectra of the CMCNFs
are presented in Figure 2. Functionalization of the surface of
the MCNFs is evidenced by peaks associated with oxygen,
including the C=O stretching peak at 1720 cm™', the
stretching vibration and deformation peaks of —OH groups
at 3430 and 1400 cm™’, and the stretching vibration peaks of

—— MCNFs

—— CMCNFs_2h
—— CMCNFs_6h
—— CMCNFs_12h

Transmittance (%)

3850 3300 1650 1100
Wavelength (cm™)

Figure 2. FTIR spectra of MCNFs and the CMCNFs formed with
oxidation times of 2, 6, and 12 h (CMCNFs_2h, CMCNFs_6h, and
CMCNFs_12h).
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C—O bonds (including those in phenol groups) at 1080 and
1230 ecm™". The peak at 1590 cm™ corresponds to structural
lattice vibrations of the CNFs and indicates that the structure of
the CMCNFs remained intact after acid treatment. The
increase in the intensity of the characteristic peaks at 1230,
1720, and 3430 cm™' suggests that carboxyl groups were
properly formed on the surface of the MCNFs as the acid
treatment time.

The chemical composition of these CMCNFs was also
investigated by X-ray photoelectron spectroscopy (XPS).
Figure 3 displays high-resolution XPS spectra for the C (1s)
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Figure 3. XPS C (1s) survey spectra of MCNFs and the CMCNFs
formed with oxidation times of 2, 6, and 12 h. (a) MCNFs, (b)
CMCNFs_2h, (c) CMCNFs_6h, and (d) CMCNFs_12h.

region around 284.5 eV; these peaks were deconvolved into
component peaks of C=C and C—C (284.3 eV) in the
aromatic rings, C—O (286.0 eV) in the epoxy and hydroxyl
groups, and C=0 (288.0 eV) derived from carbonyl and
carboxyl groups. An increase in peak intensity associated with
carboxyl groups was observed by comparing the intensity of
peaks referring to oxygen-related functional groups. This
demonstrated that the intensity ratios Io_q and I increased
gradually as oxidation time increased, according to an increase
in the quantity of oxygen in the CMCNFs. These spectral
investigations indicate that carboxyl groups were well function-
alized on the MCNFs through oxidative treatment.

3.2. Fabrication of A-CMCNFs FET Sensor Electrode.
To fabricate a sensitive FET sensor electrode, the transducer
CMCNFs were located between the binding aptamers and the
electrode via covalent bonding of functional groups, respec-
tively. Figure 4 depicts a schematic illustration detailing the
formation of aptamer-modified CMCNFs (A-CMCNFs) on the
electrode substrate. An interdigitated array (IDA) consisting of
two sets of 25 interdigitated gold electrodes was used as the
substrate for immobilization. The surface of the IDA substrate
was modified with amine group (—NH,) using 3-aminopropyl-
trimethoxysilane (APS), and the CMCNFs were fixed to the
electrode substrate via coupling reactions between the carboxyl
group (—COOH) of the CMCNFs and the —NH, group of
the APS involving the condensation agent 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-
MM). The carboxyl groups of the CMCMFs enabled the
formation of covalent bonds with the substrate, as well as with

the binding aptamers. To achieve covalent binding of the
aptamers onto the carboxyl group, the S’-end of the BPA-
binding aptamers was decorated with a primary amino group,
which was separated from the 5’-end base via a six-carbon
spacer to reduce steric interaction between the amino group
and the oligomer. Subsequently, via identical coupling reactions
with DMT-MM, the CMCNFs were conjugated to the BPA-
binding aptamers without binding to the substrate. In
particular, as exhibited in Figures S2c and S4, the specific
surface area increased due to the formation of internal channels,
which increased the quantity of immobilized BPA-binding
aptamers. Moreover, there were well-developed 5—10 nm of
mesopores which were pathways of the residual gas during
thermal decomposition process (see Figure S4b). Especially,
because the size of the binding aptamers was approximately ~2
nm, they could pass through the 5—10 nm-diameter mesopores
as well as 20 nm-diameter internal channels of the fibers.”” In
this manner, A-CMCNFs were immobilized onto the sensor
electrode substrate.

3.3. Characterization of A-CMCNFs FET Sensors. Figure
Sa illustrates the configuration of the FET sensor, which
included an electrolyte liquid—ion gate dielectric and the A-
CMCNFs as a conductive channel. Figure 5Sb indicates the
current—voltage (I—V) characteristics of the A-CMCNFs. We
found a linear dependence of the current on the voltage from
—0.1 to 0.1 V. This finding contrasts with the nonlinear
characteristics exhibited by devices that contain Schottky
barriers with electrical poor contact at the electrode. Namely,
the conductive A-CMCNFs formed Ohmic contacts with the
electrodes. The dV/dI value increased with increasing acid
treatment time, due to the increase in the number of carboxyl
groups. However, the order of magnitude of dV/dI did not
change, and linear Ohmic properties were maintained after
aptamer immobilization. These results suggest that covalent
immobilization of the aptamers was successful and that the
electrical contacts were reproducible. Figure Sc means the
source—drain current, Ip, as a function of the source—drain
bias, Vgp, with various gate biases, Vg for a liquid—ion-gated
FET device formed with an acid treatment time of 12 h.
Compared with conventional back-gating, liquid—ion gating
enabled intimate contact with the CNFs, which increased
transconductance.”® The I—V measurements show that Ig
increased (became more negative) as V, decreased from +0.8
to —1.0 V, indicating p-type behavior (ie., hole transport). We
believe that varying V, altered the oxidation level of the
CMCNFs and hence the charge carrier distribution.

3.4. Real-Time Responses of A-CMCNFs FET Sensors.
To evaluate the sensing characteristics of the liquid—ion-gated
A-CMCNFs FET sensors, changes in I, were observed in real
time, with V, = 50 mV and Vgp = 50 mV, during the
introduction of solutions containing various concentrations of
BPA. Figure 6a exhibited the real-time response of sensors
formed after oxidization via acid treatment for 2, 6, and 12 h.
Following the injection of BPA, I, decreased rapidly within ca.
1 s and saturated. The decrease in Ig, was caused by
interactions between BPA and the agptamers during the
formation of aptamer—BPA complexes.'"**** The immobilized
aptamers were negatively charged, and BPA binds specifically to
the A-CMCNFs due to the intermolecular interactions, such as
the stacking of aromatic rings, electrostatic and van der Waals
interactions, or hydrogen bonding with target compounds.®!
When the aptamer—BPA complex forms, there may be some
structural rearrangement of the aptamer strand, leading to an

DOI: 10.1021/acsami.5b11159
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b11159/suppl_file/am5b11159_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b11159/suppl_file/am5b11159_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b11159

ACS Applied Materials & Interfaces

Research Article

NH
OH OH OH 2
[ [ [ APS / H,0 NH, (H2c|:/)3
EE——) 4 .
OH OH OH Hs A
| | | Si
/1\

Interdigitated array (IDA)
electrode substrate

J-.-.-----.

EEmag,
.
.

Electrode substrate with
immobilized A-CMCNFs

Aptamer
/DMT-MM

Amine-functionalized
electrode substrate

CMCNFs

H /[DMT-MM
Sc-o1
HN H
N H
(H2(|:)3 H
. Si H
/N :

*
‘e

Electrode substrate with
immobilized CMCNFs

Figure 4. Schematic diagram showing the immobilization of aptamer-modified CMCNFs (A-CMCNFs) on the electrode (Apt.: aptamer).

influence of the negative charge density at the surface of the A-
CMCNFs. This induces the screening effect on the negative
charge of the aptamers and also changes the charge-transport
properties of the A-CMCNFs that may reduce the hopping rate
of charge carriers, resulting in a decrease in Igp.

As shown in Figure 6a, the sensitivity of the A-CMCNFs
FET sensors increased with acid treatment time. The greater
the degree of oxidization of the MCNFs, the denser is the
chemical functionality; in other words, the amount of carboxylic
acid groups and immobilized aptamers increased as the acid
treatment time increased. For this reason, the A-CMCNFs
oxidized for 12 h were able to detect BPA rapidly and
remarkably down to 1 fM (signal-to-noise ratio >3.0),
considering other various sensors developed for the analysis
of BPA (Table S1). Figure 6b exhibits the sensitivity, S, of the
A-CMCNEFs as a function of BPA concentration. The sensitivity
was determined from the normalized change in the current (i.e,,
the saturation level of [AI/I)]p X 100 measured after exposure
to the analyte for 10 s). Over a large concentration range of
10°—10* fM, the sensitivity of the A-CMCNF sensor to BPA
increased linearly with concentration. The linear equations
were as follows:

S(%) = 2.8597log C + 1.0768
S(%) = 2.7794log C — 1.6748
S(%) = 2.2235log C — 3.4251

where C is BPA concentration (fM). Owing to the enhance-
ment of the functional sites for binding BPA with increasing

acid treatment time, the sensitivity of the A-CMCNF sensor
treated for 12 h was the highest.

In Figure 7, The specificity of the A-CMCNFs FET sensors
was examined using the following BPA structural analogues:
4,4'-(butane-2,2-diyl) diphenol (Bisphenol B, BPB), 4,4-bis(4-
hydroxyphenyl) valeric acid (VA), 4,4’-(hexafluoroisopropyli-
dene) diphenol (6F), and 4,4'-dihydroxybiphenyl (4,4'-
biphenol, BP) (see molecular diagrams in Figure SS). The A-
CMCNFs FET sensor exhibited insignificant changes in Isp
following exposure to 1 uM solutions of the structural
analogues (i.e, nontarget molecules). However, a much larger
change in the signal occurred immediately following exposure
to a 1 fM solution of BPA, as described in Figure 7a. In
addition, 1 uM solutions of mixed structural analogues were
prepared with and without 1 fM of BPA and were added
consecutively and individually to further investigate the
specificity. As presented in Figure 7b, there was a significant
change in Igp following the introduction of mixtures containing
BPA, relative to that experienced without BPA. This
demonstrated that the A-CMCNFs FET sensor was highly
specific for BPA.

On the basis of above results of the real-time response, the
real samples were prepared to make sure of the sensing
performance of the A-CMCNFs FET sensor to BPA.
Polycarbonate (PC) bottles and thermal printing paper are
typical examples that leach out BPA in hot environments.®>**
Real examples 1 and 2 were extracted from a PC bottle with hot
water and from thermal printing paper immersed in hot
ethanol, respectively. Figure 7c shows the real-time response of
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Figure 5. (a) Schematic diagram showing the operating principle of
the liquid—ion-gated FET sensor with A-CMCNFs. (b) Source—drain
current—voltage (Igp—Vgp) curves of sensors formed using A-
CMCNFs, shown for oxidation times of 2, 6, and 12 h following the
introduction of BPA-binding aptamers. (c) Is,—Vgp, characteristics of
A-CMCNFs FET electrodes, shown for gate voltages of —1.0 V < V,
< + 0.8 V in steps of 0.2 V with a Vgp, scan rate of 10 mV s™".

the A-CMCNFs FET sensor to actual BPA extracted samples.
Owing to the high sensitivity and specificity of the aptasensor,
the current signal strikingly changed when the sensor was
exposed in serial order of the real samples. Consequently,
results presented in Figure 7 display that the A-CMCNFs FET
sensor is able to discriminate BPA in real samples and it can be
applied to further applications of BPA determinations.

Figure 8 depicts the stability of the sensor, on the basis of the
responses of various A-CMCNFs FET sensors over a period of
several weeks. The A-CMCNFs FET sensors were maintained
in a closed receptacle at 25 °C in dry conditions for 4 weeks. In
addition, the signal stability of A-CMCNFs FET sensors with a
1 pM solution of BPA was observed over a period of 7 days.
Prior to sequentially dropping target molecules onto the FET
sensors, the sensors were washed with PBS solution and rinsed
with distilled water to remove salt residues. After 4 weeks, the
sensitivity decreased by 87%, 89%, and 90% for sensors formed
with 2, 6, and 12 h acid treatments, respectively. This decrease
in sensitivity is attributed to damage to the sensor array or
degradation of the binding aptamers. However, the sensing
performance was maintained during repeated response tests,
and the decrease in sensitivity over time was not large. Judging

a
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Figure 6. (a) Real-time response of the normalized current (ie., [AI/
Iylsp X 100) of A-CMCNFs FET sensors formed with various
oxidation times. (b) Calibration curves of FET sensors formed with
various acid treatment times as a function of BPA concentration. Here,
S denotes the normalized current following 10 s of exposure to the
BPA solution. Dark cyan, blue, and red correspond to oxidation times
of 2, 6, and 12 h, respectively. The gate bias was V, = S0 mV, and the
source—drain bias was Vgp = 50 mV.

from these results, the stability is attributed to the covalent
bonding between the binding aptamers, the CMCNFs, and the
electrode substrate. Besides, the binding aptamer itself has its
own endurance in the external environment. From this point of
view, the A-CMCNFs FET sensors are stable and can be reused
for repeated assays.

Compared to other several biosensors to detect BPA, the A-
CMCNFs FET sensors have more superiority in various
aspects.”*"® The first is an unprecedented limit of detection
(LOD) of 1 fM (1 x 107" M) for detecting BPA which is
higher than other BPA biosensors including aptamer-based
sensors. In addition to the sensitivity, the A-CMCNFs FET
sensor responds directly in seconds when exposed to BPA,
whereas other methods such as the electrochemical or catalytic
process need time. In terms of the cost, the aptasensor utilizes
multichannel structured carbon nanofibers which are cheap and
facile to fabricate through the electrospinning method. The
structural benefit provides enhanced reaction cites to detect
BPA at extremely low levels. Considering the above features,
the FET sensor utilizing A-CMCNFs as a transducer has
predominant advantages.

4. CONCLUSIONS

We successfully fabricated liquid—ion-gated FET sensors based
on the A-CMCNFs to detect BPA. The fibers were formed
using single-nozzle electrospinning followed by acid treatment
to immobilize the aptamers, which enabled control over the
degree of aptamer functionalization. The internal multichannel
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Figure 7. Real-time response of A-CMCNFs FET sensor (a) to BPA
structural analogues 4,4’-(butane-2,2-diyl) diphenol (Bisphenol B,
BPB), 4,4-bis(4-hydroxyphenyl) valeric acid (VA), 4,4'-(hexafluor-
oisopropylidene) diphenol (6F), and 4,4’-dihydroxybiphenyl (4,4’
biphenol, BP), (b) to various analytes before and after being mixed
with BPA, and (c) to actual BPA extracted samples (real sample 1:
polycarbonate (PC) bottle; sample 2: thermal printing paper). The

gate bias was V, = 50 mV, and the source—drain bias was Vgp = 50
mV.

structure resulted in a large specific surface area and hence a
large quantity of conjugated aptamers. The optimized degree of
functionalization and large specific surface area resulted in high
sensitivity and specificity for BPA, much higher than that of
other BPA sensors. Owing to the immobilization of the
aptamers via covalent bonding, the A-CMCNFs FET sensors
were stable and could be reused over a period of 4 weeks.
Considering these advantageous results, the A-CMCNFs FET
sensors enabled the highly sensitive and specific detection of
BPA at concentrations unprecedentedly down to 1 fM, as well

as good stability.

—— A-CMCNFs_2h
- A-CMCNFs_6h 1 pM of BPA
-12{ —= A-CMCNFs_12h

-8 —
)
o [ © —
4
04, . . . .
0 7 14 21 28

Time (day)

Figure 8. Stability of the A-CMCNFs FET sensors measured over 4
weeks with intervals of 7 days. Dark cyan, blue, and red correspond to
oxidation times of 2, 6, and 12 h, respectively.
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