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ABSTRACT: Precise selectivity and rapid responses to target
biomolecules are important in the development of biosensors.
In particular, highly sensitive and selective biosensors have
been used in clinical treatment to detect factors such as cancer
oncoproteins and endocrine disruptors. Herein, highly
sensitive liquid electrolyte field-effect transistor (FET) system
biosensors were fabricated to detect platelet-derived growth
factor (PDGF) using a PDGF-B binding aptamer conjugated
with carboxylic polypyrrole-coated metal oxide-decorated
carbon nanofibers (CPMCNFs) as the signal transducer.
First, CPMCNFs were fabricated using vapor deposition
polymerization (VDP) of the carboxylic pryrrole monomer (CPy) on metal oxide-decorated carbon nanofiber (MCNF) surfaces
with no treatment for carbon surface functionalization. Furthermore, a 3 nm thick uniformly coated carboxylic polypyrrole
(CPPy) layer was formed without aggregation. The CPMCNFs were integrated with the PDGF-B binding aptamer and
immobilized on the interdigitated array substrate by covalent anchoring to produce a FET-type biosensor transducer. The
PDGF-B binding aptamer conjugated CPMCNF (CPB-Apt) FET sensor was highly sensitive (5 fM) and extremely selective for
isoforms of PDGFs. Additionally, the CPB-Apt FET sensor could be reused over a few weeks.
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■ INTRODUCTION

Recently, studies on the discovery of biomarkers of cancers and
the detection of oncogenic proteins that are responsible for the
development and progression of cancer have increased because
of their essential role in clinical therapy.1−5 Thus, it is
important to develop portable platforms for the sensitive
detection of biomarkers, oncogenic proteins, and their
molecular variants. Among various approaches, aptamer-based
sensors are emerging as an alternative method owing to their
highly sensing ability. Aptamers are single-stranded DNA or
RNA molecules selected from random pools that are capable of
binding with biological entities such as proteins, cells, and
small-molecule drugs, peptides, and hormones with high affinity
and specificity.6−9 Furthermore, aptamers may be ideal
alternatives to traditional antibodies for use in analytical
devices because of their ease of synthesis, high binding affinity,
long storage times, and excellent selectivity.10 Thus, there are
many studies on the applicability of aptamers to target disease
states such as cancers. These developments have opened new
avenues for aptamers to potentially replace more established
components in therapeutics and diagnostics.
Platelet-derived growth factor (PDGF) is a protein that

regulates cell growth and division. Moreover, over concen-
tration of PDGF is associated with several human disorders

such as pulmonary hypertension, atherosclerosis, balloon
injury-induced restenosis, organ fibrosis, and tumorigene-
sis.11−16 Particluarly, concentration of PDGFs dramatically
increased in diseased vessels compared to normal vessels.
PDGFs are composed of two different types of monomers, A
and B chains (PDGF-AA, PDGF-AB, and PDGF-BB). Among
them, PDGF-BB, which is an oncogene protein, is often
overexpressed in human malignant tumors and is known as a
potential protein marker for cancer diagnosis.16,17 To detect
PFGF-BB, there have been conducted several approaches using
fluorescence and electrochemistry methods.18−24 In fluores-
cence-based PDGF detection techniques, fluorophore-labeled
aptamers have been used to signal binding by monitoring
changes in fluorescence intensity through energy transfer.
However, the precise target-binding sites and conformational
changes in the aptamers are generally unknown. Additionally,
conjugation of a fluorophore to an aptamer may weaken the
affinity of the aptamer for its ligand. For electrochemistry-based
detection using redox reactions, the electrodes are limited to
conductive materials, with different linkers used to attach the
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aptamer to the electrode surface (typically gold), and there is
rapid degradation over time.
Traditionally, carbon has been a popular material for

biological and electrochemical sensing due to its low cost,
high resistance to bio-fouling, bio-compatibility, and high
electrical conductivity.25−28 In various investigations, carbon
nanofibers (CNFs) have been shown to be suitable for use as
an electron conductor to construct biosensors and as an
electrode material to promote electron-transfer reactions of
proteins.29−31 In particular, metal oxide-decorated ultrafine
carbon nanofibers (MCNFs) have recently attracted consid-
erable attention because of their remarkable characteristics.32,33

Specifically, they have excellent electron conductivity and a very
high surface-to-volume ratio due to their ultrafine diameter.
Additionally, metal oxides on the surface can act as functional
sites on the carbon surface; thus, additional functionalization
steps are not needed on the carbon surfaces.
Herein, we report a field-effect transistor (FET)-type

biosensor to detect the target molecule (PDGF-BB) based on
carboxylated polypyrrole-coated MCNFs (CPMCNFs) con-
jugated with a PDGF-B bindng aptamer (CPB-Abt). To our
knowledge, this is the first report of an experimental
demonstration of a FET-type biosensor using CPMCNFs as
a signal transducer. Binding CPMCNFs onto the FET substrate
and immobilizing the PDGF-B binding aptamer provided
strong affinity between the aptamer and PDGF-B in a FET-
platform suitable for electronic control. Field-induced sensitiv-
ities to various PDGF concentrations were observed, eventually
leading to the recognition of PDGF-BB at an unprecedentedly
low concentration (5 fM). Moreover, this FET platform is also
selective for the target analyte and reusable over a large
concentration range of the target molecule.

■ RESULTS AND DISCUSSION

Fabrication of CPMCNFs. Figure 1 illustrates the overall
procedure for the fabrication of carboxylated polypyrrole-
coated, metal oxide-decorated ultrafine carbon nanofibers
(CPMCNFs) via single-nozzle coelectrospinning and vapor
deposition polymerization (VDP) methods. First, polyvinyl-

pyrrolidone (PVP) solution containing the ZnO precursor
(ZnAc2) was mixed with poly(acrylonitrile) (PAN) solution to
make phase-separated polymers in the mixture solution. The
mixed polymer solutions were then coelectrospun through a
single nozzle. The result was that the phase-separated polymers
in the mixed solutions formed core (PAN)/shell (PVP)
nanofibers (NFs).32 The electrospun core/shell NFs were
subsequently calcined and carbonized to fabricate ZnO
nanonodule-decorated hybrid CNFs (MCNFs). These as-
prepared MCNFs were ca. 40 nm in diameter with ca. 10 nm
diameter ZnO nanonodules on the surface and were aggregate
free (Supporting Information, Figure S1). The MCNFs were
then dipped into ethanolic solution containing FeCl3 as an
initiator for the VDP step. In the dipping process, ferric cations
(Fe3+) were adsorbed on the ZnO nanonodules because of a
charge−charge interaction between Fe3+ ions and the partial
negative charge of oxygen in the ZnO structure (red inset of
Figure 1).34,35 The Fe3+-adsorbed MCNFs were exposed to 3-
carboxylated pyrrole (CPy) monomer vapor in a 60 °C vacuum
oven for 10 min. Polymerization of CPy monomers occurred
via a chemical oxidation polymerization reaction with the Fe3+

ions as oxidants on the ZnO surface.35 As a result, the 3-
carboxylated polypyrrole-coated MCNFs (CPMCNFs) formed
a 3 nm thick coating layer on the surface (Figure 2).
Additionally, there was no aggregation of the CPMCNFs
despite the VDP steps, indicating that the Fe cations were
uniformly dispersed on the MCNF surfaces.
To confirm the 3-carboxylated polypyrrole (CPPy) layer on

the MCNFs, Fourier-transform infrared (FT-IR) spectroscopy
was carried out for each CNF, as shown in Figure 3. The
spectra of the MCNFs showed the CCC symmetric
stretching peak at around 850 cm−1.36 Due to the absence of
the CPPy layer, the FT-IR spectrum of MCNFs did not show
peaks of functional groups, such as carbonyl and hydroxyl
groups. However, the spectra of the CPMCNFs did show peaks
at 1554 and 1473 cm−1, corresponding to the CC and CN
stretching vibrations in the pyrrole ring. Additionally, the peaks
at 1294 and 1195 cm−1 were attributed to =CH in-plane
vibrations. Furthermore, a peak at 1715 cm−1 was observed due
to the stretching vibration of CO and in the carboxylic acid
functional group.36−38 These spectral modulations indicate that
the CPPy was coated successfully on the MCNFs through the
VDP step.

Fabrication of the CPB-Apt FET Sensor. Figure 4
indicates the procedures for fabricating CPMCNF conjugated
with the PDGF-B binding aptamer (CPB-Apt) FET sensor
electrode using a condensation reaction of carboxyl and amino
groups on the sensor electrode surface. First, CPMCNFs were
attached by a chemical reaction, such as a condensation
reaction through the carboxyl group (−COOH) of CPPy and
the amino group (−NH2) of the (3-aminopropyl)-
trimethoxysilane (APS)-treated interdigitated array (IDA)
sensor electrode. The condensation reaction of CPPy and the
APS-treated electrode formed amide bonding (−CONH−)
using condensing agent (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium (DMT-MM)).39−41 Thus, the
CPMCNFs covalently anchored on the IDA electrode were
fabricated through simple condensation reactions. Then, the
amine (−NH2)-modified PDGF-B binding aptamer was
immobilized on the CPMCNFs surface through a chemical
condensation reaction between the carboxyl group (−COOH)
of CPPy and the amino group (−NH2) of the PDGF-B binding
aptamer using a condensing agent (DMT-MM). As a result, the

Figure 1. Illustrative diagram of the sequential fabrication steps for 3-
carboxylated PPy coated hybrid carbon nanofibers (CPMCNFs).
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CPB-Apt IDA sensor electrode was fabricated for applying
electrolyte-based FET biosensor. The covalent bonding is
strong because of the direct chemical bonding. Indeed, this
covalent attachment provides some advantages, such as better
stability for analyte sensing in the liquid phase and the
possibility of control of the functionality of the CPMCNFs, in
contrast to a noncovalent approach.
To evaluate the electrical contact of CPB-Apt on the IDA

substrate, current−voltage (I−V) characteristics were inves-
tigated, as shown in Figure 5a. When the electrical contact is
poor, the I−V modulation is nonlinear because of the formation
of Schottky barriers at the electrode contact. However, the
characteristics of the I−V curve for each CPMCNFs revealed
linearity, i.e., ohmic contact, indicating that the CPMCNFs
bonded covalently to the IDA surface, providing a good
electrical contact. The dI/dV values decreased slightly with the
introduction of the PDGF-B binding aptamer on the
CPMCNFs surface. Also, increasing the concentration of the
PDGF-B binding aptamer on the CPMCNFs decreased the dI/
dV values. It can be considered that PDGF-B binding aptamers
were nonconductive. Consequently, the difference of the dI/dV
values is presumably due to the difference in the resistance.
However, the linearity of I−V modulation means that ohmic
contact was retained after introduction of the aptamer. Thus,
the PDGF-B binding aptamer was effectively incorporated into
CPMCNFs with no deterioration in electrical contact or
conductivity.
Figure 5b shows a liquid-ion-gated FET-type sensor system

based on CPB-Apts. The liquid-ion-gated FET geometry was

constructed with the IDA substrate array using CPMCNFs as
the conductive channel. The FET sensor platform was
surrounded with phosphate-buffered saline (PBS, pH 7.4),
which facilitated gate control. The two gold bands of the IDA
electrode acted as the source and drain in this FET-type sensor
system. Furthermore, the CPB-Apts were immobilized in the
liquid electrolyte with no deterioration due to the covalent
bonds to the IDA surface. Figure 5c shows the modulation of
source-drain current (Isd) and voltage (Vsd) under varying gate
voltage (Vg) to investigate this FET-type CPB-Apt sensor
device. The Isd became more negative when the Vg increased in
the negative direction. The subsequent graph indicated that the
CPB-Apt FET sensor showed a p-type accumulation mode in
the Vg range of 0 to −100 mV. Moreover, the Isd that followed
through the CNF network channel was modulated by varying
Vg. Negative Vg can give rise to an increase in the oxidation
level of the CPMCNF chain. These negative modulations
indicate that CPMCNF is a p-type (hole-transporting)
transducer in the doped state. These results indicate that the
CPB-Apt FET sensor is suitable as an electrochemical
biosensor for detecting charged bio-molecules in a PBS buffer
solution.

Real-Time Responses of the CPB-Apt FET Sensor. To
investigate the performance of the CPB-Apt FET sensor,
current changes were measured with various PDGF concen-
trations in real time at constant Vsd (50 mV) and Vg (50 mV).
Figure 6a indicates the real-time responses of the CPB-Apt FET
sensor to the three types of PDGF (PDGF-AA, PDGF-AB, and
PDGF-BB). The CPB-Apt sensor showed a very fast real-time
response (<1 s) when the sensor device was exposed to the
diverse concentrations of the target PDGF (PDGF-AB and
PDGF-BB) solution. Furthermore, the CPB-Apt sensor showed
a concentration-dependent decrease in Isd on exposure to
PDGF-BB and PDGF-AB. The current decrease is caused by
the negative charge of the PDGF-B binding aptamer. The
binding aptamer can be screened by the PDGF-B of PDGF-
AB/PDGF-BB when the target biomolecule-aptamer complex
is formed. The specific binding caused a structural rearrange-
ment of the aptamer, finally leading to a decrease in the
negatively charged base state. The decreased negative charge
density at the CPB-Apt sensor interface can reduce the hopping
rate of charge carriers (holes) in the CPMCNFs, which is
probably responsible for the decrease in current.42 The negative
charge of the CPB-Apt sensor reduced to limit of detect level
that is generally considered a significant signal when the signal-
to-noise ratio is greater than or equal to 3.0 with decreasing

Figure 2. (a) TEM and (b) HR-TEM image of 3-carboxylated PPy coated hybrid CNFs with 3 nm thickness coated layer on the surface.

Figure 3. FT-IR spectra of MCNFs (red) and CPMCNFs (blue).
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concentration of target analyte.40 The limit of detection of the
CPB-Apt sensor was 5 fM (signal-to-noise ratio: 3.4) for
PDGF-BB, lower than those of other aptamer-based PDGF
sensor and carboxylated polypyrrole coated pristine CNF
without metaloxide nanonodule (see Supporting Information,
Figure S2).43,44 Additionally, PDGF-AB detected as low as 500
fM and injection of PDGF-AA did not induce current changes
because the PDGF-A chain had no affinity for the PDGF-B
binding aptamer.
Figure 6b shows the calibration curve of the sensitivity of the

CPB-Apt FET sensor. The sensitivity (S) was determined from
the normalized current change ((ΔI/I0)sp × 100) saturation
point, measured after a 10s of the analyte addition was inserted.
The sensitivity was enhanced with increasing concentrations
from 5 × 100 to 5 × 104 fM of the PDGF-BB and from 5 × 102

to 5 × 104 fM of PDGF-AB, respectively. Importantly, the
sensitivity of CPB-Apt sensor to PDGF-BB was higher than
that of PDGF-AB over a wide range of concentrations. Also,
there was no current change with increasing injection amounts
of PDGF-AA in the FET sensor device due to the absence of
any affinity with the PDGF-B binding aptamer.
To test the selectivity of the CPB-Apt FET sensor for PDGF-

B analysis, control experiments were conducted using other
biological components. Figure 7a shows the selectivity of the
CPB-Apt FET sensor toward the three variants of PDGF and
other biomolecules, including bovine serum albumin (BSA),
ATP, and calmodulin (Cal). During the real-time selectivity
test, insignificant changes in Isd were observed on the addition
of nontarget molecules such as BSA, ATP, Cal, and PDGF-AA.
Furthermore, there was a difference in Isd with the two types of
PDGF (PDGF-AB, and PDGF-BB) because the PDGF-B

binding aptamer had no affinity for the PDGF-A chain. In
addition, CPB-Apt sensor displayed significant Isd changes at 5
fM of PDGF-BB, however, did not show any significant signals
of PDGF-AB (Figure 7b). Thus, the CPB-Apt FET sensor
showed higher specificity for PDGF-BB, which is composed
only of PDGF-B chains, than for PDGF-AB, which is composed
of both A and B chains. These results demonstrated the high
selectivity of the CPB-Apt FET sensor.
Figure 8 suggests the reusability of the CPB-Apt FET sensor

system based on sensitivity changes to a constant concentration
(50 pM) of the three variant PDGFs. To demonstrate the
reusability of the CPB-Apt sensor, a three-step process was
conducted. First, the used CPB-Apt sensor was washed with
sodium chloride solution, which causes disruption of the
hydrogen bonding and electrostatic interactions responsible for
most of the aptamer−target association. Second, it was rinsed
with distilled water and air-dried for removing salt residue.45,46

Then, injections of target biomolecules were carried out several
times at an injection interval of 3 days. The sensitivity of the
CPB-Apt sensor system to the three variants of PDGF was
generally consistent during the repeated tests, although the
sensitivity decreased slightly due to aptamer degradation. The
covalent anchoring of the electrode substrate/CPMCNFs and
CPMCNF/binding aptamers provided stability for long-term
reusability. On the basis of these data, this covalent anchoring
aptamer sensor can be successfully reused in consecutive assays.

■ CONCLUSION

In summary, we successfully fabricated a FET system sensor
transistor using PDGF-B binding aptamer-conjugated
CPMCNFs as a transducer. The CPMCNFs was fabricated

Figure 4. Synthetic protocol of immobilization of CPMCNF-aptamer tranducers on the interdigitated array electrode substrate.
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via single-nozzle coelectrospinning and vapor deposition
polymerization (VDP). Due to the zinc oxide nanonodules
on the MCNF surface, there was no need for any further
treatment for surface functionalization to form the CPPy layer.
Then, the CPMCNFs were immobilized on the IDA substrate
and bonded to the amine-modified PDGF-B binding aptamer
by amide covalent bonding. The CPMCNFs-aptamer (CPB-
Abt) FET sensor system showed real-time responses and a very
low detection level (5 fM) for PDGF-BB. Additionally, the
CPB-Apt sensor displayed high selectivity for PDGF-BB.
Furthermore, the CPB-Apt sensor was reusable over a long
period because of the covalent bonding of each component.
From a sensor performance point of view, the CPB-Apt FET
sensor should be applicable over a wide range of applications in
biological and environmental research.

■ MATERIALS AND METHODS
Materials. Poly(acrylonitrile) (PAN, Mw = 150 000), poly-

(vinylpyrrolidone) (PVP, Mw = 1 300 000), zinc acetate (ZnAc2),
pyrrole, and pyrrole-3-carboxylic acid were purchased from Sigma. The
platelet-derived growth factor-B (PDGF-B) binding aptamer was from
Bioneer Co. (Dajeon, Korea). The PDGF-B binding aptamer was
modified at the 5′ terminus with an amine group, and its sequence was

Figure 5. (a) Current−voltage (I−V) curves of aptamer-conjugated
CPMCNF immobilized IDA electrode (black, without aptamer; red,
low concentration of conjugated-aptamer; blue, high concentration of
conjugated-aptamer). (b) Schematic diagram of a liquid-ion gated FET
sensor using aptamer-conjugated CPMCNFs. (c) Isd−Vsd output
characteristic of CPMCNFs-aptamer liquid-ion gated FET sensor
different gate voltage (Vg) from +20 to −100 mV in step of −20 mV
(scan rate of Vsd: 10 mV s−1).

Figure 6. (a) Real-time responses with normalized current changes
(Vg, 50 mV; Vsd, 50 mV) and (b) calibration curve of CPB-Apt FET
sensor toward three variants of PDGF with different concentration
(black, PDGF_AA; red, PDGF_AB; blue, PDGF_BB).

Figure 7. Real-time selective responses of CPB-Apt FET sensor
toward (a) 1 μM of nontarget molecules (ATP, BSA, Calmoduline
(Cal), PDGF-AA) and 500 fM of target molecules (PDGF-BB and
PDGF-AB) and (b) 5 fM of different target molecules (Vg, 50 mV; Vsd,
50 mV).
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as follows: 5′ NH2 CAG GCT ACG GCA CGT AGA GCA TCA CCA
TGA TCC TG 3′. PDGF-BB, PDGF-AB, PDGF-AA, adenosine,
triphosphate (ATP), and calmodulin (Cal) were purchased from
Aldrich as analyte materials.
Fabrication of MCNFs. Metal oxide-decorated CNFs (MCNFs)

were fabricated as starting materials. PAN solutions were prepared by
dissolving 1.0 gof PAN in 10 mL of DMF at 80−90 °C for 1 h with
vigorous stirring. PVP solutions were prepared by dissolving 1 g of
PVP and 0.3 g of ZnAc2 in 10 mL of DMF at 50 °C for 2 h with
vigorous stirring. Then, the PAN and PVP solutions were mixed at
80−90 °C for 3 h. The resulting viscous hybrid solution was injected
from a syringe (10 mL) using a single-nozzle coelectrospinning
method. The syringe for electrospinning was filled with hybrid
solution. The electrospinning needle diameter was 30 guage (OD, 0.40
mm; ID, 0.20 mm). The needle was connected to the positive terminal
of a power supply. The voltage was conducted at 17 kV, and the
solution was delivered to the syringe by the syringe pump. The flow
rate of the syringe pump was fixed at 10 μL/min. The distance of tip to
collector was fixed at 15 cm. The electrospun NFs were heated at 400
°C for 2 h to calcine and then heated in flowing argon gas at 800 °C
for 1 h for carbonization.
Fabrication of CPMCNFs. Carboxylated polypyrrole-coated

hybrid carbon nanofibers (CPMCNFs) were prepared by vapor
deposition polymerization (VDP) of the MCNFs. First, 0.5 g of
MCNFs was soaked in 10 mL of ethanolic ferric chloride (FeCl3)
solution (0.1M) for 5 min. Then, the soaked MCNFs were dried in a
vacuum oven for 4 h and inserted inside the reactor with 0.18 mmol
pyrrole-3-carboxylic acid. The internal pressure was then reduced to
10−2 Torr, and the reactor was moved into the 60 °C oven for 10 min.
After the VDP process, approximately 0.5 g of CPMCNFs was gained
with little loss.
Fabrication of the CPB-Apt FET Sensor. To construct the

CPMCNFs-aptamer FET sensor, the IDA substrate was first treated
with 5 wt % aqueous amino silane (3-aminopropyltrime-thoxysilane,
APS) for 6 h to introduce amino groups on the IDA substrate. It was
then exposed to a mixture of 0.1 wt % aqueous CPMCNFs solution
(40 μL) and 1 wt % aqueous 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM, 40 μL) solution for 12 h.
The resulting CPMCNFs-immobilized substrate was rinsed with
distilled water. Subsequently, the coupling reaction to attach the
PDGF-B binding aptamer to the CPMCNF surface was carried out
using a mixture of PDGF-B binding aptamer and 1 wt % aqueous
DMT-MM (40 μL) for 12 h. Then, the platform substrate was rinsed
with distilled water and dried at room temperature.
Characterization. TEM and HRTEM images were obtained with

JEOL JEM-200CX and JEOL JEM-3010 microscopes, respectively. A
JEOL 6700 instrument was used to obtain field emission scanning
electron microscopy (FE-SEM) images. IR data were obtained with a
Bomem MB 100 (Quebec, Canada) in absorption mode.
Electrical Measurements with the CPB-Apt Sensor. All

electrical measurements were conducted with a Keithley 2612A
source meter and probe station (MS TECH, model 4000) and a
Wonatech WBCS 3000 potentiostat. A chamber (300 μL volume) was

designed and used for solution-based measurements. The current
change was normalized as

Δ =
−

×
⎡
⎣⎢

⎤
⎦⎥

I
I

I I
I

(%)
( )

100
0 SD

0

0 (1)

where I0 is the initial current, and I is the measured real-time current.
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