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Introduction

The ability to precisely control the size, shape, and surface
functionality of organic/inorganic materials has been continu-
ously required for contemporary developments in the fields of
catalysts, batteries, electronic devices, drug delivery systems,
and so forth. Recently, nanometer-sized particles with con-
trolled shapes have aroused burgeoning interest because of
the beneficial properties that are derived from their high sur-
face area and small dimensions.[1,2] Over the last decade in par-
ticular, numerous studies on the synthesis and physical proper-
ties of carbon nanotubes (CNTs) have been carried out and, in
turn, have opened new avenues for advanced device applica-
tions. One notable example is the CNT-based biological sens-
ing system.[3] CNTs were functionalized with biomolecules via
covalent or noncovalent couplings and then used to detect
complementary bioconjugated molecules.[4, 5] For the covalent
couplings, functional groups including hydroxyl, carbonyl and
carboxyl groups were introduced onto the surface of CNTs
through acid or plasma treatment. In the case of noncovalent
couplings, CNTs were wrapped with various functional materi-
als such as amphiphilic molecules, polymers, and biomaterials
through van der Waals force or p–p stacking. However, these
functionalization approaches have to inevitably go through
complicated reaction steps, and the physical properties of
CNTs might be degraded during the process.[6] Furthermore, it
is difficult to control the surface functionality in both qualita-
tive and quantitative aspects, and the functional groups that
are generated are often unstable under certain environmental

conditions. All other nanomaterials with inert surfaces also
suffer from the same issues. Hence, there is still an urgency to
develop an efficient route to the surface functionalization of
nanomaterials.
Compared with other metals and inorganic semiconductors,

conducting polymers have offered new opportunities for po-
tential applications by virtue of their inherent characteristics
(e.g. , facile synthesis, tunable conductivity, structural diversity/
flexibility, and cost effectiveness).[7] In particular, 1D-conducting
polymer nanomaterials have emerged as excellent candidates
for fabricating state-of-the art sensor devices.[8, 9] The 1D geom-
etry of the nanomaterials provides remarkable advantages
over their film-type counterparts, such as unique anisotropic
electronic properties and simple integration with two-terminal
microcircuits.[10,11] More specifically, when used as the conduc-

We first present a simple yet versatile strategy for the functionali-
zation of polymer nanotubes in a controlled fashion. Carboxylic-
acid-functionalized polypyrrole (CPPy) nanotubes were fabricated
by using cylindrical micelle templates in a water-in-oil emulsion
system, and the functional carboxyl groups were effectively incor-
porated into the polymer backbone during the polymerization by
using pyrrole-3-carboxylic acid (P3CA) as a co-monomer without
a sophisticated functionalization process. It was noteworthy that
the chemical functionality of CPPy nanotubes was readily con-
trolled in both qualitative and quantitative aspects. On the basis
of the controlled functionality of CPPy nanotubes, a field-effect
transistor (FET) sensor platform was constructed to detect specific
biological entities by using a buffer solution as a liquid-ion gate.
The CPPy nanotubes were covalently immobilized onto the mi-
croelectrode substrate to make a good electrical contact with the

metal electrodes, and thrombin aptamers were bonded to the
nanotube surface via covalent linkages as the molecular recogni-
tion element. The selective recognition ability of thrombin aptam-
ers combined with the charge transport property of CPPy nano-
tubes enabled the direct and label-free electrical detection of
thrombin proteins. Upon exposure to thrombin, the CPPy nano-
tube FET sensors showed a decrease in current flow, which was
probably attributed to the dipole–dipole or dipole–charge inter-
action between thrombin proteins and the aptamer-conjugated
polymer chains. Importantly, the sensor response was tuned by
adjusting the chemical functionality of CPPy nanotubes. The effi-
cacy of CPPy nanotube FET sensors was also demonstrated in
human blood serum; this suggests that they may be used for
practical diagnosis applications after further optimization.
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tive channel of field-effect tran-
sistor (FET) sensors, 1D-conduct-
ing polymer nanomaterials avoid
the loss in signal intensity by
ACHTUNGTRENNUNGlateral current shunting, and can
present improved sensitivity
through depletion or accumula-
tion of charge carriers in the
bulk of the nanoscale materials,
not only in the surface region.[12]

However, for their practical ap-
plication to various sensor devi-
ces, above all, a reliable ap-
proach to large-scale production
and precise manipulation of 1D-
conducting polymer nanomateri-
als has to be exploited. In the
past,[13, 14] we have explored the
fabrication of several kinds of 1D
nanomaterials by using surfactant templates. It was notewor-
thy that the soft template approach was straightforward and
adaptable to large-scale production.
While there has been plenty of information on the demon-

stration of FET sensors by using CNTs and 1D inorganic semi-
conductor nanomaterials,[3,11] relatively little research has been
done on the application of 1D-conducting polymer nanomate-
rials to FET sensors, especially biosensors.[12] Herein, we de-
scribe a new method for constructing a liquid, ion-gated FET
sensor platform that is based on the controlled chemical func-
tionality of conducting polymer nanotubes. Moreover, we also
examined its performance for selectively recognizing specific
biological species. As a model case, the aptamer–protein inter-
action was chosen to demonstrate the applicability of the
sensor device.

Results and Discussion

First of all, carboxylic-acid-functionalized polypyrrole (CPPy)
nanotubes were successfully fabricated by copolymerizing pyr-
role-3-carboyxlic acid (P3CA) with pyrrole in a reverse (water-
in-oil) microemulsion system. The P3CA functional units were
incorporated into the pyrrole repeating units through a–a’ co-
valent linkages without any degradation in their major physical
properties. Importantly, the carboxylic acid groups that were
introduced can be used as multifunctional sites 1) to covalently
bond specific biomolecules to the nanotube surfaces and 2) to
immobilize the nanotube bodies onto a substrate. In addition,
the chemical functionality of the nanotubes was quantitatively
tuned by adjusting the feeding amount of P3CA. Figure 1
shows field emission scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM) images of CPPy
nanotubes with different chemical functionalities. The CPPy
nanotubes were fabricated with the P3CA-to-pyrrole molar
ratios of 1:15 (CPNT-1) and 1:30 (CPNT-2). The reverse cylindri-
cal micelles that were generated under the same condition
served as templates for each P3CA/pyrrole copolymerization.
Accordingly, the resulting nanotubes exhibited similar dimen-

sions regardless of their chemical functionality : 30–40 nm in
wall-thickness, and 200–250 nm in diameter.
CPPy nanotubes were characterized by X-ray photoelectron

spectroscopy (XPS) analysis to inspect their chemical function-
ality. Figure 2 displays the XPS C1s spectra of CPPy nanotubes

with different chemical functionalities. The XPS C1s main peak
was deconvoluted into individual components for gaining
qualitative information, and the assignment of C1s compo-
nents is summarized in Table 1. The C1s component that origi-

Figure 1. FE-SEM and TEM (inset) images of CPPy nanotubes with different chemical functionalities : A) CPNT-1,
B) CPNT-2.

Figure 2. XPS C1s spectra of CPPy nanotubes with different chemical func-
tionalities (the arrow indicates the C1s component that originates from car-
boxylic acid groups).

Table 1. Assignment of XPS C1s components for CPPy nanotubes

No.[a] Binding energy[b] [eV] Assignment

C1 288.7 O�C=O
C2 287.6 C=N+

C3 286.5 C�N+ , C=N
C4–C6 285.6, 284.9, 284.0 Ca,

[c] Cb
[c]

[a] Each component (C) was numbered in the order from high binding
energy to low binding energy. [b] Averaged values for both CPNT-1 and
CPNT-2. [c] Carbons that exist in two types of pyrrole rings.
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nates from the carboxylic acid groups was clearly observed
around 288.7 eV (indicated by the arrow). The contribution of
the carboxylic acid component was larger in the spectrum of
CPNT-1 (atomic ratio AC1/AC_total=0.054) than in the spectrum
of CPNT-2 (AC1/AC_total=0.032). This result suggests that the
controlled amounts of P3CA were successfully incorporated
into the polymer chains.
To provide more insight into the chemical functionality,

CPPy nanotubes were conjugated with a fluorescent dye that
bears a carboxyl moiety, that is, pyreneacetic acid. Figure 3 il-
lustrates the reaction procedure for covalent immobilization of
fluorescent dye molecules on the nanotube surface. The first
step involves the coupling reaction of CPPy nanotubes with
ethylenediamine as a diamino linker; this leads to the amino
functionalization of the nanotubes. Covalently linked amine
terminal groups act as anchoring sites for carboxyl com-
pounds. In the second step, pyreneacetic acid molecules are
covalently bonded to the nanotube surface by a condensation
reaction between the carboxyl groups and the surface amino
groups. The fluorescence dye molecules were tracked in the
samples by using CLSM. As shown in Figure 4, the nanotubes
exhibited cyan emission (bright region) with uniform distribu-
tion over their surfaces. Judging from these results, the carbox-
yl groups were thoroughly introduced into the poly-
mer chains, and the availability of the carboxyl
groups as multifunctional sites was also confirmed.
The CPPy nanotubes with controlled chemical

functionalities can be used as signal transducers for
recognizing chemical and biological species. Metal
and inorganic semiconductor nanomaterials, includ-
ing CNTs are commonly integrated with an electrode
substrate by photolithography or e-beam lithogra-
phy. However, conducting polymer nanomaterials
could be inadequate for the lithographic process be-
cause of possible chemical, thermal, and kinetic dam-
ages. In addition, conducting polymers have inher-
ently low adhesion to the electrode substrate.[15] For
these reasons, most conducting polymer nanomateri-
als have been employed for the detection of analytes

in the gas phase exclusively, and not in the liquid phase. To
overcome this limitation, CPPy nanotubes were chemically
tethered onto a surface-modified substrate. The overall reac-
tion steps are represented in Figure 5. Above all, the surface of
the microelectrode substrate was modified with primary amino
groups by using (3-aminopropyl)trimethoxysilane (APS), and
then the nanotubes were immobilized onto the substrate
through coupling reactions between the carboxyl groups of
CPPy and the amino groups of APS. Subsequently, amine-ter-
minated thrombin aptamers as bioreceptors were selectively
bound to the nanotubes through identical coupling reactions
without binding to microelectrodes and substrate. For the co-
valent binding of thrombin aptamers to the carboxyl groups,
the 3’-end of the thrombin aptamer (a 15-mer single-stranded
DNA aptamer: 5’-GGTTGGTGTGGTTGG-3’) was modified with a
primary aliphatic amino linker. In comparison with the attach-
ment of functional biomaterials by physical adsorption, this co-
valent functionalization offers outstanding stability against en-
vironmental perturbation.
Figure 6 displays the FE-SEM image of the nanotubes that

are deposited on the interdigitated microelectrodes. The nano-
tubes formed networks on the electrodes, and provide a suffi-
cient population of the nanotubes for desirable sensor perfor-

Figure 3. Schematic illustration of reaction steps for the covalent immobilization of fluorescent dye molecules on the surface of CPPy nanotubes.

Figure 4. CLSM images of pyreneacetic-acid-conjugated CPPy nanotubes (lexc=458 nm):
A) CPNT-1, B) CPNT-2.
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mance. The interdigitated microelectrode configuration allows
effective electrical contact between the nanotubes and the
electrodes. Therefore, compared with single nanotube devices,
the sensor devices that are based on the nanotube networks
give more opportunities for specific analytes to come into con-
tact with the nanotubes. From this point of view, the nanotube
networks can evoke amplified signals in sensor response, es-
ACHTUNGTRENNUNGpecially at extremely low concentrations.[16, 17] In addition, the
sensor devices are expected to demonstrate higher reliability
in response because the device characteristics such as conduc-
tivity and sensitivity are averaged over a large number of the
nanotubes.[16,17] Importantly, under our experimental condi-
tions, the CPPy nanotubes that were immobilized onto the
substrate were retained without detachment after reaction or
washing steps.
To characterize the electrical properties of CPPy nanotubes

in liquid phase, a FET configuration was constructed by using
an electrolyte as a liquid-ion gate (Figure 7).[18,19] Two Au inter-

digitated microelectrode bands with 40 fingers (width: 10 mm;
length: 4000 mm; interfinger gap: 10 mm) served as source and
drain electrodes, respectively. A reference electrode (Ag/AgCl
3m NaCl) and a counter electrode (Pt wire) were provided in
the electrolyte solution for gate control. The gate potential (EG)
was applied between the reference electrode and the nano-
tubes.
Figure 8 displays the dependence of source–drain current

(ISD) versus source–drain voltage (VSD) for varying EG. Both
CPNT-1 and CPNT-2 showed characteristic p-type accumulation
mode in the EG range of 0 to �100 mV. Moreover, the ISD that
is flowing through the nanotube network channel was modu-
lated by varying EG. Figure 9 shows the dependence of ISD and
transconductance (gm) on EG measured at VSD=�50 mV. Be-
cause polypyrrole is a p-type semiconductor in the doped
state, the negative EG can give rise to an increase in the oxida-

Figure 5. Schematic illustration of reaction steps for the fabrication of sensor
platforms based on CPPy nanotubes: A) aminosilane-treated substrate, B) im-
mobilization of the nanotubes onto a substrate, C) binding of biomolecules
to the nanotubes.

Figure 6. A typical FE-SEM image of CPPy nanotubes that are deposited on
the interdigitated microelectrode substrate.

Figure 7. A schematic representation of a CPPy nanotube sensor platform
with a FET configuration: the source (S), drain (D), and liquid-ion gate (G) are
labelled.
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tion level of polymer chains. Some potential variations that
originate from CPPy–analyte interactions can affect the ISD in a
similar manner to the effect of applying EG. Consequently, the
dependence of ISD on EG confirms that CPPy nanotube FETs can
be effectively employed as the electrochemical sensor for de-
tecting analytes in solution. The liquid-ion gating is capable of
achieving increased transconductance due to the intimate con-
tact between the nanotubes and the gate compared with con-
ventional back gating.[18,19] The maximum transconductance
(gm, max) values of CPNT-1 and CPNT-2 were 2.5K10�4 and 3.4K
10�4 S, respectively, and these values are approximately 102

times higher than those (ca. 10�6–10�7 S) of the previously
ACHTUNGTRENNUNGreported polypyrrole FETs.[20,21]

Aptamers, that is, DNA/RNA oligonucleotide probes that can
substitute for antibodies and even overcome the drawbacks of
antibodies,[22,23] have great potential for biological applications
due to their ability to bind target molecules with high affinity
and specificity.[24–31] For specific label-free detection of target
proteins (human a-thrombin), as described above, the surface
of the CPPy nanotubes was covalently functionalized with
thrombin aptamers, and was treated with a blocking agent
(skim milk) to prevent nonspecific adsorption of undesired spe-
cies. The sensing test was performed to investigate the de-
pendence of sensor response on the chemical functionality at
the VSD (CPNT-1: �15 mV; CPNT-2: �10 mV), where both CPNT-1
and CPNT-2 had similar ISD–EGD characteristics (see Figure 10,

gm, max: ca. 1.2K10
�4 S). Figure 11 exhibits typical real-time ISD

changes (normalized current change, [DI/I0]SD) of FET-type sen-
sors based on aptamer-conjugated CPPy (A-CPPy) nanotubes.
The common serum protein, BSA, was employed as a nontar-
get protein to verify the specificity of A-CPPy nanotubes. Upon
addition of BSA, no significant change in ISD was observed: al-
though the signal in the sensor response slightly fluctuated di-
rectly after adding the protein solution, it levelled off quickly.
When thrombin was added, however, the ISD decreased gradu-
ally and reached the saturated value. Namely, it can be consid-
ered that the sensor response is highly specific to the binding
of thrombin protein to A-CPPy nanotubes.[32–35] The decrease in
ISD might account for the intermolecular interaction that is in-

Figure 8. ISD–VSD characteristics of CPPy nanotube FETs for varying EG from 0
to �100 mV in �10 mV steps: A) CPNT-1, B) CPNT-2.

Figure 9. A) ISD–EG and B) EG–gm characteristics of CPPy nanotube FETs for
VSD=�50 mV.

Figure 10. ISD–EG characteristics for VSD=�15 mV (CPNT-1) and �10 mV
(CPNT-2).

Figure 11. Real-time responses of CPPy nanotube FET sensors measured at
VSD=�15 mV (CPNT-1) and �10 mV (CPNT-2): ISD changes upon consecutive
additions of 90 nm target (thrombin, T) and nontarget (BSA, B) proteins (the
arrow indicates the addition of protein solutions). A control experiment was
performed by using CPNT-1 with no thrombin aptamers attached.
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duced by the formation of thrombin aptamer–thrombin com-
plex. The P3CA-functionalized unit in the polymer backbone
has a large dipole moment (m=2.06 D[36]) and the thrombin
aptamer has an overall negative charge. Thus, the thrombin
that is tethered to A-CPPy nanotubes can lead to dipole–
dipole or dipole–charge interactions between thrombin pro-
teins and the aptamer-conjugated polymer chains.[37,38] In par-
ticular, the negative charge of the thrombin aptamers can be
screened by thrombin proteins when the protein–aptamer
complex is formed. Accordingly, this intermolecular interaction
could reduce the hopping rate of charge carriers either by in-
creasing the Coulomb interaction between positively charged
polymer chains and counterions, or by provoking a conforma-
tional change of the polymer chains from a linear conforma-
tion into a coil conformation.[37,38] To further confirm that the
change in electrical signal was attributed to the specific bind-
ing of aptamer to thrombin, a control experiment was carried
out by using a FET-type sensor that was based on CPNT-1,
with no thrombin aptamers attached. In this case, no measura-
ble change in ISD was detected. As a result, it is evident that A-
CPPy nanotubes have the capability to specifically detect the
presence of thrombin in solution.
Figure 12 shows the sensitivity changes of A-CPPy nano-

tubes towards analytes as a function of thrombin concentra-
tion. The sensitivity was determined from the absolute value of

[DI/I0]SD saturation point, which was measured after the addi-
tion of thrombin. The calibration curves presented nonlinear
behavior at low concentrations (<100 nm), but linear behavior
was observed over a wide range at high concentrations (ca.
100–500 nm). Importantly, the sensitivity of CPNT-1 was higher
than that of CPNT-2 over a wide range of concentration. Con-
sidering that CPNT-1 has a higher density of chemical function-
ality (degree of carboxylic acid group and aptamer introduced)
than CPNT-2, the better sensitivity was achieved with CPNT-1
as a result of the enhanced aptamer–protein interaction. The
detection-limit concentration of thrombin was approximately
50 nm, which is reasonably comparable to the performance of
FET sensors that are based on single-walled CNTs.[39] Several
aptamer-based sensor systems that are based on electronic or
optical detection have shown detection limits that range from

a few nanomolar level to subnanomolar level.[32–35] In general,
the response of FET-type sensors is dependent on the conduc-
tivity of polymers, interelectrode gap, electrolyte, transconduc-
tance, and so forth. Therefore, it is believed that the detection
limit might be improved with precise control over the sensor
parameters.
In addition, the capability of the sensors to detect specific

analytes was examined in a clinically relevant sample, that is,
human blood serum. The blood serum has high ionic strength
when used without dilution and desalting, this has a strongly
negative influence on the sensor response.[40,41] Nevertheless,
under our experimental conditions, the sensors exhibited
ACHTUNGTRENNUNGappreciable signals for the undiluted and undesalted human
blood serum that contained 166 nm thrombin, as shown in
Figure 13. This result suggests the possibility that the CPPy
nanotube FET sensors can be used for practical diagnosis appli-
cations after further optimization.

Conclusions

CPPy nanotubes with controlled chemical functionalities were
covalently immobilized onto the microelectrode substrate for
high-quality electrical contact between polymer transducers
and metal electrodes. Consecutively, thrombin aptamers were
readily tethered onto the nanotubes by covalent linkages with-
out sophisticated surface treatment. Thus, this fabrication ap-
proach might present an efficient route for the construction of
sensor platforms that are based on nanoscale polymer trans-
ducers that are conjugated with molecular recognition ele-
ments. The FET-type sensors that are based on A-CPPy nano-
tubes were successfully constructed by using liquid-ion gating.
The recognition ability of thrombin aptamers, combined with
the inherent charge transport property of CPPy nanotubes
yielded a direct and label-free electrical readout. Importantly,
the sensor response was tunable by adjusting the chemical
functionality of the nanotubes; this provides a novel direction
for sensitivity control. CPPy nanotubes could be also chemical-
ly coupled with fluorescent dyes. Namely, the carboxyl group
of the nanotubes allows covalent conjugation with the func-
tional group of various molecules. Accordingly, it is expected

Figure 12. Calibration curves of CPPy nanotube FET sensors that were mea-
sured at VSD=�15 mV (CPNT-1) and �10 mV (CPNT-2): sensitivity changes as
a function of thrombin concentration.

Figure 13. Responses of CPPy nanotube FET sensors measured at VSD=

�15 mV (CPNT-1) and �10 mV (CPNT-2) in human blood serum: real-time ISD
changes upon addition of 166 nm thrombin (the arrow indicates the addi-
tion of thrombin, T).
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that CPPy nanotubes can be applied to smart transducers[42,43]

as well as molecular probes or DNA/protein carriers.[44–46]

Experimental Section

Pyrrole (Aldrich, 98%) and P3CA (Acros Organics, 95%) were used
as received. Sodium bis(2-ethylhexyl) sulfosuccinate (AOT; Aldrich,
98%) was employed as a surfactant, and hexane (Aldrich, 99%)
was used as an apolar solvent.

CPPy were prepared by copolymerizing pyrrole/P3CA monomers
with careful modification of the previous methods. The copolymer-
ization of pyrrole and P3CA proceeded at two different molar
ratios to control the chemical functionality. First, AOT (7.9 mmol)
was dissolved in hexane (20 mL), and 7m aq. FeCl3 solution
(0.5 mL) was added into the AOT/hexane solution. Subsequently,
P3CA was dissolved in pyrrole; the feeding amounts of pyrrole/
P3CA were 6 mmol/0.4 mmol and 6 mmol/0.2 mmol for CPNT-1
and CPNT-2 samples, respectively. The pyrrole/P3CA monomers
were added stepwise into the AOT/hexane solution, and then the
chemical oxidation polymerization proceeded for 2 h at 15 8C. The
resulting product was thoroughly washed with excess EtOH to
remove the surfactant and other residual reagents. The final prod-
uct was obtained after drying in a vacuum oven at room tempera-
ture. FE-SEM images were taken with a JEOL JSM-6700 F micro-
scope: the samples were coated with a thin layer of gold to elimi-
nate charging effect. TEM images were obtained with a JEOL EM-
2000 EXII microscope: the samples were dispersed in an ethanol
solution, and were deposited on a carbon mesh foil that was sup-
ported on a copper grid. XPS analysis was conducted by using a
Thermo VG Scientific Sigma Probe spectrometer with monochro-
matic AlKa X-ray radiation source.

An efficient condensing agent, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMT-MM), was synthesized ac-
cording to the procedure described by Kunishima et al.[47] Briefly, 2-
chloro-4,6-dimethoxy-1,3,5-triazine was treated with N-methylmor-
pholine/THF (1:1, m/m) for 30 min. The resulting white precipitates
were washed with THF, and then completely dried. The final prod-
uct was stored in a freezer at under �20 8C. Importantly, DMT-MM
was capable of providing excellent yields in the aqueous as well as
alcoholic phases for the condensation reaction between carboxylic
acid and amine groups.

In order to covalently attach the fluorescent dye to the nanotubes,
0.1 wt% CPPy nanotube EtOH solution (20 mL) was mixed with
10 wt% DMT-MM EtOH solution (20 mL) and ethylenediamine
(40 mL) in EtOH (500 mL) for 12 h at 1800 rpm. After washing with
distilled water, the nanotubes were mixed with 10 wt% DMT-MM
ethanol solution (20 mL) and 5 wt% pyreneacetic acid EtOH solu-
tion (40 mL) for 2 h at 1800 rpm. Fluorescence images were ob-
tained with a Carl Zeiss LSM510 confocal laser scanning micro-
scope (CLSM) at the excitation wavelength of 458 nm.

A microarray that consisted of a pair of Au interdigitated micro-
electrodes with 40 fingers was patterned on a glass substrate by a
photolithographic process. The microelectrode substrate was treat-
ed with 5 wt% aq. APS solution for 6 h and then exposed to the
mixture of 0.1 wt% CPPy nanotube EtOH solution (10 mL) and
10 wt% DMT-MM EtOH solution (10 mL) for 12 h. The resulting
CPPy nanotube-immobilized substrate was rinsed with distilled
water. Consecutively, the coupling reaction to attach aptamers on
the nanotube surface was carried out by using the mixture of
10 wt% aq. DMT-MM solution (10 mL), and 1 mm amine-terminated
thrombin aptamer (2 mL) for 12 h. Afterwards, the substrate was

rinsed with distilled water and dried with a stream of nitrogen gas.
All electrical measurements were conducted in a buffer solution
(20 mm Tri-acetate, 140 mm NaCl, 5 mm KCl, 1 mm CaCl2, 1 mm

MgCl2; pH 7.4) with a Keithley 2400 SourceMeter and a Wonatech
WBCS 3000 potentiostat. A solution chamber was designed and
used for all solution-based measurements. Human a-thrombin and
thrombin aptamer were purchased from Sigma–Aldrich and Bio-
ACHTUNGTRENNUNGneer Co. (Daejeon, Korea), respectively. Thrombin aptamer was
modified at 3’ terminus with a primary aliphatic amino linker, NH2-
ACHTUNGTRENNUNG(CH2)5CONHCHACHTUNGTRENNUNG(CH2OH) ACHTUNGTRENNUNG[CH2OPOACHTUNGTRENNUNG(OCH3)CH3] (length: ca. 1.2 nm).
Skim milk was employed as a blocking agent to resist the nonspe-
cific binding. The sensor substrate was treated with 0.1 wt% skim
milk solution. Control experiments were performed to test the spe-
cificity of the sensor response by using bovine serum albumin
(BSA) and pristine CPPy nanotubes: several research groups have
been demonstrated the specificity of thrombin aptamers by con-
trol experiments by using a non-target protein (IgE)[33] and non-
binding sequence aptamers.[34, 35] Human blood serum was pur-
chased from Sigma–Aldrich Co. and was used without any dilution
or desalting.
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