Biomaterials 31 (2010) 4740—4747

journal homepage: www.elsevier.com/locate/biomaterials

Contents lists available at ScienceDirect

Biomaterials

Biomaterials

A high-performance VEGF aptamer functionalized polypyrrole

nanotube biosensor

Oh Seok Kwon, Seon Joo Park, Jyongsik Jang*

School of Chemical and Biological Engineering, Seoul National University, 599 Gwanangro, Sillim-dong, Gwanak-gu, Seoul 151-742, Republic of Korea

ARTICLE INFO

Article history:

Received 5 February 2010
Accepted 12 February 2010
Available online 12 March 2010

Keywords:

Vascular endothelial cell growth
factors (VEGFs)

Aptamer

Biosensor

Field-effect transistors
Conducting polymer

ABSTRACT

In this study, we examined the in vitro electrochemical detection of Vascular Endothelial Growth Factor
(VEGF) as cancer biomarker using p-type field-effect transistor (FET) biosensor. We demonstrated the
high-performance FET sensor, which could detect ca. 400 fM of VEGF concentration, based on anti-VEGF
RNA aptamer conjugated carboxylated polypyrrole nanotubes (CPNTs). The CPNTs used as high-
performance transducers of this FET system were successfully fabricated by cylindrical micelle
templates in a water-in-oil emulsion system. The functional carboxyl group (—COOH) was effectively
incorporated into the polymer backbone during the polymerization by using pyrrole-3-carboxylic acid
(P3CA) as a co-monomer. Two types of CPNTs (CPNT1: ca. 200 nm in diameter, CPNT2: ca. 120 nm in
diameter) demonstrated the excellent conductivity performance in this FET system. Based on CPNTs
conjugated with anti-VEGF RNA aptamer (CPNTs-aptamer), VEGF (target molecule) acts as the gate
dielectrics of p-type FET sensor and specifically interacts with anti-VEGF aptamer attached to CPNT
surfaces. Importantly, the VEGF detection limit of the FET sensor based on CPNT2-aptamer was found to
be near 400 fM in real-time. Moreover, the CPNTs-aptamer FET sensors can be repeatedly used for

various concentrations of the target molecule (VEGFs) through the washing and rinsing processes.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

A closed circulatory system for the supply of oxygen and
nutrients to all tissues in the body exists in vertebrates; this
system develops in early embryogenesis through vasculogenesis
and angiogenesis [1]. Recently, angiogenesis has been studied on
the molecular mechanisms because it is an important factor to be
related to the proliferation and metastasis of cancer cells [2—4].
Among various regulators of angiogenesis, a vascular endothelial
growth factor (VEGF) stimulates angiogenesis and lymphangi—
ogenesis by activating VEGF-receptor tyrosine kinases in all
endothelial cells [5—8]. VEGF potently promotes angiogenesis and
is indispensable for vascular development, making it an attractive
target for controlling angiogenic factor that plays a pivotal role in
tumor growth and metastasis [9,10]. The abnormally fast growth
and division of tumors make it promoted the over-expression of
the VEGF because of supply of more nutrients and oxygen,
resulting in the induction of tumor lymphatic-vessels and the
metastasis of cancer [3]. In this point, VEGF discrimination in
blood is a challenging research subject for key applications in

* Corresponding author. Tel.: +82 2 880 7069; fax: +82 2 8881604.
E-mail address: jsjang@plaza.snu.ac.kr (J. Jang).

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.02.040

fields of clinical diagnoses for cancers. Therefore, a few significant
studies regarding detection of VEGF levels in blood have been
reported, mainly based on FET biosensor with Si nanowire [11],
a fluorescent images [1,12], VEGF receptors [13] and ELISA [14].
However, their easy, rapid detection and high sensitivity are still
challenging for improvement.

Aptamers are comprised of an artificial oligonucleic acid or
peptide molecule and have high affinity, specificity and selectivity
to specific target molecules. Therefore, various aptamers have been
utilized for therapeutic and clinical applications [15]. More inter-
estingly, the aptamers can be applied to electrochemical sensor as
the immobilization on the surface of a transducer in FET because
the aptamers in very small size (ca. 2—4 nm) provide adequate
distance required for screening the surplus electrical charge by the
mobile carries [16]. Therefore, biosensors with various aptamers
such as thrombin aptamers, DNA (RNA)-aptamers and protein-
aptamers based on nanomaterials have been designed for detect-
ing a low concentration of bio-molecules [17—19]. However, these
biosensors based on the aptamers showed some limitations such as
difficulties in controlling the synthesis and modifying the surface of
nanomaterials.

Recently, remarkable process in synthesis and characterization
of conducting polymer (CP) nanomaterials has offered a great
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possibility for novel applications in various fields because of
outstanding physical and chemical characteristics originating
from their small dimensions and high surface area [20—23]. CP
nanomaterials also inherit the facile functionalization and
biocompatibility from their bulk counterparts [24,25]. In partic-
ular, one-dimensional (1D) CP nanomaterials have emerged as
promising candidates for fabricating of state-of-the art devices
[26]. 1D CP nanomaterials can minimize the loss in signal inten-
sity by lateral current shunting and offer improved sensitivity
through depletion or accumulation of charge carriers on the
nanomaterial surfaces when they were used as transducer of
field-effect transistor (FET) sensors [27—29]. Although various 1D
nanomaterials as the conductive channel of FET-type biosensor
have utilized, none of the research performed to data has
demonstrated the sensitivity effects through size controlling of
conductive channel.

Herein, we developed the FET-type biosensor to detect target
molecule (VEGF), which was based on CPNTs conjugated with anti-
VEGF RNA aptamer. Binding CPNTs on the FET substrate and
immobilizing anti-VEGF RNA aptamer provide the strong affinity
between anti-VEGF RNA aptamer and VEGF into a FET-platform
suitable for electronic control. Field-induced sensitivities to
various VEGF concentrations were observed, eventually leading to
the recognition of VEGF at an unprecedentedly low concentration.
Moreover, this FET platform can be also re-useable for various
concentrations of the target molecule.

2. Experimental
2.1. Materials

Pyrrole (98%) and pyrrole-3-carboxylic acid (P3CA, 95%) were purchased from
Aldrich and Acros Organics. Sodium bis(2-ethylhexyl)-sulfosuccinate (AOT; Aldrich,
98%) and hexane (Aldrich, 99%) were obtained from Aldrich. Vascular Endothelial
Growth Factor (VEGFq65) was purchased from Cell Signal Technology, Inc. Anti-VEGF
RNA aptamer was purchased from Bioneer Co. (Daejeon, Korea). The aptamer was
modified at the 5'-terminus with an amine group and its sequence was as follows:
5’-NH,-AUG CAG UUU GAG AAG UCG CGC AU-3'. The aptamer stock solution was
diluted with diethylpyrocarbonate (DEPC)-treated water and stored in the freezer
before use (—20 °C).

2.2. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride
(DMT-MM)

An efficient condensing agent, DMT-MM, was synthesized according to the
procedure described by Kunishima et al. [30]. First, 0.75 g of 2-chloro-4,6-dime-
thoxy-1,3,5-triazine was reacted with 1 g of N-methylmorpholine in 20 mL of
tetrahydrofuran (THF) for 30 min. The resulting white precipitates were washed
with THF, and then dried. The final product was stored in a freezer under —20 °C.
DMT-MM is capable of providing excellent yields in water as well as alcohol phases
for the condensation reaction between carboxylic acid and amine groups.

2.3. Fabrication of carboxylated polypyrrole nanotubes (CPNTs)

Carboxylated polypyrrole nanotubes (CPNTs) with two different diameters
were fabricated by chemical oxidation copolymerization of pyrrole monomer and
P3CA in an AOT reverse emulsion system. In the first stage, 15.8 mmol of AOT was
dissolved in hexane (40 mL), and 2 mL of 7 m aq. FeClz solution was introduced
into the AOT/hexane solution mixture to generate AOT reverse cylindrical micelle
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Fig. 1. Schematic illustration of reaction steps for the fabrication of a FET sensor platform based on anti-VEGF aptamer conjugated CPNTSs.
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Fig. 2. Illustration of the CPNT-aptamer FET-type sensor configuration used in this work (R: reference electrode, C: counter electrode, S: source and D: drain, G: liquid-ion gate, Eg:
gate potential). The FET sensor was consisted with three electrodes system and they were immersed in PBS solution (pH 7.5) as liquid-ion gate. The anti-VEGF aptamer conjugated
CPNTs were immobilized on the glass substrate with source and drain electrodes in the liquid-ion gate. The current flows from Vsp to Isp.

100 nm

Fig. 3. Typical FE-SEM images of FET sensor platform with CPNTs; (a) and (c) indicate the pristine CPNT1 and CPNT2. (b) and (d) represent CPNT1-aptamer and CPNT2-aptamer after
immobilizing the anti-VEGF aptamer on the surface of the CPNTs.
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Fig. 4. Current—voltage (I-V) of CPNTs on the electrode substrate before and after
introduction of anti-VEGF aptamer into CPNTs in air circumstance (scan rate
Vsp = 01 V71). The dI/dV value, compared with that of CPNTs, was decreased after
immobilization of aptamer on CPNT surfaces; (a) CPNT1 and CPNT1-aptamer, (b)
CPNT2 and CPNT2-aptamer. However, the Ohmic contact was retained after the
coupling reagent and washing process. This result means that the covalent bonds
between CPNTs and gold electrodes can induce reliable electrical contact for FET sensor
platform.

phase. Subsequently, 0.25 mmol of P3CA was dissolved in 7.5 mmol of pyrrole and
the P3CA/pyrrole mixture was added dropwise into the AOT/hexane mixed
solution. The chemical oxidation polymerization of P3CA/pyrrole monomers
proceeded through the different temperatures and times of the polymerization
[20,27,28]. The resulting products were thoroughly washed with excess ethanol to
remove the surfactant (AOT) and other residual reagents. The final products were
obtained after drying in a vacuum oven 25 °C. Two kinds of carboxylated
polypyrrole nanotubes with diameters of 190—220 nm (CPNT1) and 100—130 nm
(CPNT2) were observed by field-emission scanning electron microscopy (FE-SEM).
FE-SEM images were taken with a JEOL JSM-6700 F microscope: the samples were
coated with a thin layer of gold to eliminate charging effect. In addition, the CPNTs
fabricated were p-doped with counterions during chemical oxidation polymeri-
zation and the pellet conductivities of the polypyrrole nanotubes by four-probe
method were measured to be 107 '—10° S cm~! (CPNT1) and 10'-10®> S cm™'
(CPNT2).

2.4. Interdigitated electrode array (IDA)

An interdigitated microelectrode array (IDA) was patterned on a glass substrate
through a photolithographic process. The IDA consisted of a pair of gold interdigi-
tated microelectrode bands with 25 fingers each, in which the bands served as
source (S) and drain (D) electrodes, respectively. The IDA was 2 um wide, 1 mm
length, and had 30 nm thickness (thickness Au 20 nm/Ti 10 nm). The microelectrode
substrate was treated with 5 wt% aqueous (3-aminopropyl)trimethoxysilane solu-
tion for 6 h in order to introduce amino groups (—NH3) for binding carboxyl groups
(—COOH) of CPNTs.

2.5. Fabrication of sensor platform based on CPNTs-aptamer

An IDA was patterned on a glass substrate by a lithographic process. In order to
construct the FET sensor platform, in the first stage, the IDA substrate was treated
with 5 wt% aq. (3-aminopropyl)trimethoxysilane (APS) solution for 6 h (Reaction 1)
and then exposed to the mixture of 1 wt% CPNT ethanol solution (10 pL) and 1 wt%
DMT-MM ethanol solution (40 pL) for 12 h (Reaction 2). The resulting CPNT-
immobilized substrate was rinsed with distilled water. Consecutively, the coupling
reaction to attach anti-VEGF RNA aptamer onto the CPNT surface was performed by
the mixture of anti-VEGF RNA aptamer (10 nm) and 1 wt% DMT-MM aqueous
solution (40 pL) for 12 h (Reaction 3). Afterwards, the FET sensor substrate was
rinsed with distilled water and dried with a stream of nitrogen gas (Fig. 1);

Reaction 1.

Hydrolysis:

H,N(CH,)3Si(OCH3); + 3H,0 — 3N(CH,);Si(OH); + 3CH;0H

Condensation:

H,;N(CH;)3Si(OH); + 30H — substrate — H,N(CH;);Si(0); — substrate

Reaction 2. Condensation:

pyrrole — COOH + H;N(CH,)5Si(0); — substrate
— pyrrole — CONH(CH;)3Si(0)3 — substrate

Reaction 3. Condensation:

pyrrole — COOH + H,N — anti — VEGF RNA aptamer
— pyrrole — CONH — anti — VEGF RNA aptamer

2.6. Fabrication of FET-type biosensor based on CPNTs-aptamer

The synthesized anti-VEGF aptamer conjugated CPNTs (CPNTs-aptamer)
geometry as conductive channel of FET was constructed with using a phosphate-
buffered solution (10 mm, pH 7.4) as a liquid gate, which was a FET-type sensor
for detecting VEGFs (Fig. 2). A solution chamber (volume 70 pL) was designed and
employed for all solution-based measurements .The Ag/AgCl reference electrode (R)
and Pt counter electrode (C) were immersed in the buffered aqueous solution to
provide gate control. The electrolyte-gated transistors have been utilized widely for
chemo- and bio-sensing purposes because a three-terminal transistor composed of
drain, source, and gate electrodes provides not only an excellent platform for in-
depth investigations of gating effects, but also the field-induced modulation (on/
off current ratio) of conducting materials [31]. To characterize FET-type sensor based
on the CPNTs-aptamer, the gate potential (Eg) was applied relative to between Ag/
AgCl 3 m NaCl standard reference electrode and the source electrode through the
buffer solution and the current (Isp) between source and drain was measured. The
Vsp and Eg were confined at low values to rule out the electrochemical side reactions
associated with the polymer/electrode or the electrolyte/polymer and the Isp
modulation by anti-VEGF aptamer/VEGF binding events was monitored in real-time.
All sensing experiments were performed at Vsp = 50 mV and Eg = 50 mV based on
the Isp—Vsp curves of the CPNTs-aptamer for the gate potential (Eg). From this point
of view, it can be explained that the observed current changes in our FET system
were due to the charge-transport behavior of the CPNTs elicited by the anti-VEGF
aptamer/VEGF binding event.

2.7. The electrical measurement of sensitivity in FET-type sensor

All electrical measurements were conducted with a Keithley 2400-sourcemeter
and a Wonatech WBCS 3000 potentiostat. A solution chamber was designed
and used for solution-based measurements. The current change was normalized as
[41]Ip]sp = (I — Ip)/Io, where Iy was the initial current and I was the measured real-
time current. The response time was defined as the time required for sensor
signal to reach 95% of the maximum value (sensitivity).

3. Results and discussion
3.1. Characterization of size-controlled CPNTs

One-dimension (1D) FET sensor based on conducting nano-
materials can provide the high sensitivity, specificity and label-free
electrical readout scheme. In particular, the sensitivity of FET
biosensor might be dependent on the shape, conductivity and size
in 1D nanomaterials as conductive channel of FET. Under our
experimental conditions, we fabricated the CPNTs with diameters
0of 190—220 nm (CPNT1) and 100—130 nm (CPNT2) by adjusting the
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Fig. 5. Isp—Vsp characterization of (a) CPNT1-aptamer and (b) CPNT2-aptamer FET sensors for varying Eg from 0 to —100 mV in —10 mV steps (source-drain voltage sweep
rate = 10 mV~1). (c) Isp—Ec characteristics of CPNT1-aptamer and CPNT2-aptamer FET sensors for a constant Vsp = —50 mV.

polymerization time and temperature because the sensitivity of
conducting polymer transducer increase with increasing the
surface area. The pellet conductivities measured by four-probe
method were 10°1-10° S cm~! (CPNT1) and 10'-10®> S cm™!
(CPNT2), respectively. The conductivity of CPNT2 was higher than
those of CPNT1 due to the nano-effect [20].

3.2. Characterization of FET sensor platforms with CPNTs

To confirm the sensing ability of CPNT1 and CPNT2 in the FET,
they were attached by the chemical reaction on the glass
substrate treated with APS and used as a conductive channel of
FET sensor. The carboxyl functional groups (—COOH) of CPNTs
were coupled with the amino groups (—NH3) of the IDA substrate
surfaces via a condensation reaction. Compared with conventional
lithographic methods, this immobilization approach offers critical
advantages such as mild reaction conditions and a simple process
for the successful integration of CPNTs into the electrode
substrate [32]. Fig. 3 displays typical field-emission scanning
electron microscopy (FE-SEM) images of FET sensor platform with
CPNT1 and CPNT2 on the IDA substrate. From FE-SEM analysis,
the CPNT1 had an average diameter of 200 nm and CPNT2 had an
average diameter of 120 nm. It was clearly observed that CPNT1-
aptamer (Fig. 3b) and CPNT2-aptamer (Fig. 3d) were considerably
made more rugged by the attached anti-VEGF RNA aptamer by
comparison with pristine CPNT1 (Fig. 3a) and CPNT2 (Fig. 3c).
Moreover, there was no aptamers on the electrode substrate
except on the CPNTs, thus indicating that the aptamer was
selectively deposited on the CPNTs through chemical coupling.
Furthermore, covalent anchoring provides better stability for
analyte sensing in the liquid phase [21].

In the case of biosensor, sensitivity measurement was carried
out in the liquid phase for detecting the bio-molecules as analytes.
This can be affected by the surrounding medium in the liquid phase
when CPNTs/IDA substrate and CPNTs/anti-VEGF aptamer were
combined by physical connections. Moreover, compared with
a non-covalent approach, covalent bonding formation provides
better stability for analyte sensing in the liquid phase and further
offers the possibility to control the chemical functionality of the
CPNTs [29]. Therefore, the covalent bonding between anti-VEGF
RNA aptamer and the CPNTs surface was reduced through
a condensation reaction. To evaluate the quality of the electrical
contact after introduction of anti-VEGF aptamers on the CPNTs
surface, the I-V characteristics of FET sensor platform with CPNTs
were investigated. Fig. 4 indicates current—voltage (I-V) curves of
CPNT1 and CPNT2 before and after immobilization of anti-VEGF
aptamer in air (scan rate Vsp = 0.1 V™). The dI/dV value of the
pristine CPNT1 was as high as 11.527 x 10~% S. This value slightly
decreased to 5.842 x 107° S after anti-VEGF aptamer immobiliza-
tion (Fig. 4a). The dI/dV value of the pristine CPNT2 was
17257 x 107® S, and that of the aptamer-immobilized CPNT2
(8.842 x 1078 S) was calculated less than pristine CPNT2 (Fig. 4b).
Moreover, the di/dV values of CPNT2 and CPNT2-aptamer were
higher than those of the CPNT1 and CPNT1-aptamer. This result can
be explained by their conductivity (CPNT2 > CPNT1) and size-effect
(CPNT2 < CPNT1). In the case of connection between gold electrode
and CPNTs, there are two mechanisms of the current flows; one is
Ohmic contact and the other is Schottky contact [32]. The two [-V
plots in the Fig. 4 appeared to be linear, representing an excellent
Ohmic contact characteristic. To immobilize the anti-VEGF aptamer
on the CPNTs surface under our experimental condition, CPNTs
inevitably reacted with aptamer during condensation process,
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Fig. 6. (a) Real-time response and (b) calibration curves of anti-VEGF aptamer
conjugated CPNT1 and CPNT2 FET sensors toward VEGFs with various concentrations
(Vsp = —50 mV). The detection limit of VEGF concentrations was near 400 fM. The
linear increase in sensitivity under 4 um was observed and the sensitivity was saturated
at higher values.

followed by a washing step with distilled water. The oxidation level
of CPNTs may be affected by the chemicals and the doped coun-
terions can be physically detached from the polymer backbone
during this washing process. Consequently, it is believed that this
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Fig. 7. A re-useable CPNT1-aptamer FET sensor system; the sensitivity changes were
calculated through the consecutive assay of three times at 4 pm and 400 pm concen-
trations of VEGF (the sensitivity change was calculated as S/S,, where S, is the initial
sensitivity and S is the measured sensitivity after washing and rinsing process).

immobilization procedure played a role in causing a change in the
dI/dV value. Nevertheless, the linearity in -V characteristic was still
maintained after introduction of anti-VEGF aptamer toward CPNTSs
surfaces and the dI/dV values were also maintained within the same
order of magnitude. Therefore, it can be considered that anti-VEGF
aptamer molecules are effectively incorporated into CPNTs without
any drastic loss in electrical contact and conductivity. Furthermore,
these results provide the reliable electrical contact at the CPNTs/
gold electrode interface through the covalent immobilization.

3.3. Characterization of FET sensor based on CPNTs-aptamer

In order to investigate suitable FET characteristics to detect
charged bio-molecules, FET sensors based on CPNT1-aptamer and
CPNT2-aptamer were measured as a function of source-drain
current (Isp) versus source-drain voltage (Vsp). FET sensor plat-
form with CPNTs-aptamer was surrounded by PBS (pH 7.4) as liquid
gate and constituted to three electrolyte-gated transistors (Fig. 2).
To confirm the sensing capability of FET sensor to detect analyte,
the basic voltage (Vsp) was continuously applied to the source (S)
electrode with respect to the drain (D) electrodes. The gate
potential (Eg) was also provided through the Ag/AgCl reference
electrode (R) across CPNTs to vary the electrostatic potential of
CPNTs as conductive channels immersed in liquid gate. Fig. 5
displays the dependence of source-drain current (Isp) versus
source-drain voltage (Vsp) for varying Eg (Eg was applied from 0 V
to —100 mV and step —10 mV, source-drain voltage sweep rate was
10 mV~1) in a PBS buffer solution. The Isp modulations of CPNT1
(Fig. 5a) and CPNT2 (Fig. 5b) increased gradually with increasing
negative Eg at a negative Vsp, indicating the electrical characteristic
of p-type accumulation mode. Fig. 5c displays a plot of Isp versus Eg
at a constant drain voltage (a representative value of Vsp = —50 mV)
for the p-type FET sensor. These results mean that the negative Eg
gives rise to an increase in the oxidation level of CPNT chain.
Therefore, CPNTs-aptamer sensor can represent the p-type FET
characteristic in the doped state [32]. Furthermore, potential vari-
ations were originated from affinity between CPNTs-aptamer and
analyte (bio-molecules) in FET system, which could affect the Isp in
a similar manner to the effect of applying Eg. Consequently, the
dependence of Isp on the various Eg demonstrates that this FET
sensor is efficiently employed as the electrochemical biosensor for
detecting charged bio-molecules in solution.

3.4. Real-time responses of FET sensor based on CPNTs-aptamer
toward VEGF

To identify the performance of the FET sensor fabricated, we
measured the current changes of FET sensors as a function of
various VEGF concentrations in the real time at constant Vsp. These
FET sensors were surrounded by the glass chamber to minimize
environment effect and the PBS solution as liquid gate was droplet
through the glass chamber. The various amount of VEGF was
consecutively added into the glass chamber. The identical experi-
ment was also performed with using a CPNT FET sensor without
anti-VEGF aptamer. Fig. 6a displays the real-time responses of
CPNT1-aptamer, CPNT2-aptamer and pristine CPNTs FET sensors
with respect to the various concentrations of the VEGF
(Vsp = —50 mV). The responses reflected the normalized current
changes which were calculated as [41/Ip]sp (%) = (I — Ip)/lp x 100
(where Ip was the initial current and I was the measured real-time
current). When the FET sensor was exposed to the various VEGF
solutions, CPNTs-aptamer sensor exhibited a fast response (<1 s) in
real-time. The current values in this FET system decreased with
increasing VEGF concentrations by molecule-gating effects arising
from adding VEGF concentrations (Fig. 5). Specifically, VEGFs have
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the isoelectric point (pI) values of ranging near 8.5 and are posi-
tively charged under the experimental condition of pH 7.5. These
positively charged VEGFs can interact with anti-VEGF aptamer on
the CPNT, resulting in accumulating the negative charge on the
CPNT surfaces. Therefore, the increasing negative charges diminish
p-doing effect in the CPNTs, which is probably responsible for the
decrease in Isp. Fig. 6b represents calibration curve of the CPNT1-
aptamer and CPNT2-aptamer FET sensors toward VEGF with
different concentrations. The sensitivity (S) was determined from
the normalized Isp changes. The saturation in the sensitivity was
observed over 4 pm. Importantly, the detection limit of CPNT1-
aptamer FET sensor was found to be 4 pwm, approximately two
orders of magnitude lower than that of VEGF sensor based on Si
nanowire FETs [11]. Furthermore, that of the CPNT2-aptamer FET-
type sensor showed the highest performance (400 fM) due to the
smaller dimensions, the enhanced surface area and higher
conductivity compared with CPNT1. In particular, the sensitivity of
CPNT2-aptamer was approximately as twice as that of CPNT1 at low
concentrations.

3.5. A re-useable CPNTs-aptamer FET sensor system

Main advantage of this FET sensor system is that each FET-
platform including CPNT1-aptamer and CPNT2-aptamer can be
repeatedly used for various concentrations of the target molecule
(VEGF). In order to use CPNTs-aptamer sensor repeatedly, the
washing and rinsing processes are needed inevitably. These
processes are composed of three steps: washing dilute sodium
chloride solution, rinsing with DEPC-treated water and air dry.
Used FET-platform was refreshed and reused for another sample
assay. Fig. 7 demonstrates a re-useable CPNTs-aptamer FET sensor
system (the sensitivity changes were calculated as S/S,, where S,
is the initial sensitivity and S is the measured sensitivity after the
washing and rinsing processes). The CPNT1-aptamer FET sensor
was successfully reused for the consecutive assay of three times
at 4 pm and 400 pm concentrations of VEGF. Each consecutive
assay represented reproducible and consistent signals for all the
samples tested. The CPNT2-aptamer FET sensor also showed same
results.

4. Conclusion

We have demonstrated the feasibility of high-performance FET-
type sensor based on CPNTs conjugated with anti-VEGF aptamer as
transducer. The chemical immobilization strategy between CPNTs
and anti-VEGF aptamer provided the various advantages such as the
facile fabrication of the p-type FET sensor, an environmental stability
in the aqueous solution, and superior conductivity of FET substrate.
The CPNTs-aptamer FET sensors displayed the high affinity toward
VEGFs and afforded measurable signals as low as 400 fM of analyte
concentration in real-time. Moreover, this FET sensor demonstrated
reproducible and reversible characteristics through washing and
rising processes. Therefore, this CPNTs-aptamer FET biosensor can
provide a label-free, convenient and sensitive method to recognize
target molecule in real time. Furthermore, this methodology offers
a route to the fabrication of highly sensitive devices for the efficient
diagnosis of cancer in real-time.
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Appendix

Figures with essential color discrimination. Figs. 1, 2, 5 and 7 in
this article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/
j.biomaterials.2010.02.040.
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