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Biosensors 
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Carcinoembryonic antigen (CEA), as one of the glycoprotein, is crucially important tumor marker due to related to a sort of 

carcinomas. Abnormal level of CEA in the serum is connected to diagnosis of cancer. In this work, highly sensitive and 

selective field-effect transistor (FET) biosensors were fabricated to detect CEA, using aptamer-fnctionalized 

multidimensional conducting-polymer (3-carboxylate polypyrrole) nanotubes (Apt–C–PPy MNTs).  The multidimensional 

system, C–PPy MNTs, is firstly produced by solution based temperature controlled self-degradation method. The C–PPy 

MNTs are integrated with the CEA-binding aptamer immobilized on the interdigitated array electorde substrate by 

covalent bonding with amide groups (–CONH) to produce a FET-type biosensor transducer. The resulting C–PPy MNT-

based FET sensors exhibit a rapid response in real time (<1 s), ultrasensitivity toward CEA with a limit of detection of 1 fg 

mL–1. This limit of detection is 2–3 orders of magnitude more sensitive than previous reports. The liquid-gated FET-type 

sensor showed specificity toward CEA in a mixed solution containing compounds found in the similar proteins and 

biological signals. Additionally, a superior lifetime is demonstrated for the FET sensor, owing to the covalent bonding 

involved in the immobilization processes.

Introduction 

Carcinoembryonic antigen (CEA) is a glycoprotein that has 

been widely regarded as one of the most important tumor 

markers. CEA is associated with a number of carcinomas, 

including lung cancer, breast cancer and rectal cancer.
[1–3]

 

Serum CEA levels in cancer patients are usually significantly 

higher than those found in healthy people; therefore, accurate 

determination of CEA levels can contribute to cancer diagnosis 

and treatment. The development of CEA sensing methods with 

high sensitivity and specificity has been an important research 

goal in recent years. A number of protocols have been 

proposed for CEA detection, including an enzyme-linked 

immunosorbent assay,
[4–6]

 piezoelectric device,
[7]

 surface 

plasmon resonance,
[8]

  radioimmunoassay,
[9–11]

 

magnetoimpedence,
[12]

 electroluminescence immunoassay,
[13]

 

fluorometric,
[14]

 and electrochemical analysis.
[15–17]

 Although 

existing methods have been successful, it is necessary to 

improve the sensitivity and simplicity of existing CEA assays. 

The most commonly used immunoreaction-based sensors are 

able to provide good reliability. However, they are in principle 

heterogeneous and involve multiple steps and time-consuming 

procedures. In addition, higher sensible and more accruable 

CEA sensor devices are demanded to use in the practical 

application. Field-effect transistors (FETs) have attracted 

interest as candidates to fabricate state-of-the-art sensor 

platforms owing to their capability of achieving high current 

amplification while maintaining an increased signal-to-noise 

ratio.
[18–23]

 In particular, one-dimensional (1D) nanomaterials 

that show superior charge carrier mobility along the long-axis 

can be employed for use in highly sensitive sensors.
[24–28]

 In 

recent decades, immense effort has been devoted to the 

fabrication of various 1D nanostructures. For example, metallic 

and ceramic nanostructures have been fabricated extensively. 

Their nanometer- and atomic-scaled structures can be 

precisely controlled using,
[29]

 such as chemical vapor 

deposition
[30–31]

 or colloidal synthesis.
[32–33]

 Additionally, 

unique size- and shape-dependent properties have been 

characterized in such inorganic nanomaterials. However, it is 

difficult to functionalize the surface of the inorganic 

nanostructures for attaching specific protein or DNA acceptors 

as biological signals for use in biosensor applications. Recently, 

the fabrication technology of 1D conducting polymers (CPs) at 

the nanometer scale has been actively investigated due to 

their unique optical, electrical and mechanical properties.
[34–36] 

In particular, 1D CP nanomaterials exhibit a number of 

advantages for use in biosensing applications, including easy 

functionalization and biocompatibility.
[37–40]

 These 1D CP 

nanostructures were fabricated using vapor methods (e.g., 

oxidative chemical vapor deposition),
[41–44]

 solutions (e.g., 

micelle templating) phase synthesis,
[45–46]

 and self-degradation 

synthetic methods.
[47–48]

 Recently, unique 1D CP nanotube (NT) 

structures, consisting of nanowires and nanonodules grown on 

the surface, were developed by vapor deposition 

polymerization and etching processes.
[49–50]

 These unique 

structures exhibited an improved surface-to-volume ratio with 

an anisotropic tubular structure that provided efficient charge 

carrier transport along the rotational axis of the NT, and 
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reactive binding sites between the analyte and transducer in 

biosensor applications. However, the processes required  

multiple steps with time-consuming procedures and expensive 

equipment (e.g., electro-spinning technology), and are difficult 

to fabricate in large-scale production. 

Here, we describe fabrication of a FET-type aptamer sensor to 

detect CEA based on the carboxylated polypyrrole multidimensional 

nanotubes (C–PPy MNTs) conjugated with a CEA-binding aptamer. 

Scheme 1 illustrates the overall procedure for fabrication of C–PPy 

MNTs. This is a facile, efficient, and cost-effective method for large-

scale production of multidimensional CP NT structures, using simple 

aqueous solution-based temperature-controlled synthesis. The 

surface area of the C–PPy MNTs is three to four times larger than 

that of pristine C–PPy NTs, due to the formation of nano-

protuberances on the surface of the pristine NTs. As a result, the 

interaction between the analyte and C–PPy MNTs-based transducer 

is enhanced. Anchoring C–PPy MNTs on the electrode surface and 

immobilization of the CEA-binding aptamer enables a strong affinity 

between the aptamer and CEA in an aptamer-FET platform suitable 

for electronic control. The real-time response of liquid-ion-gated 

FET-type aptasensors based on C–PPy MNTs to CEA was particularly 

rapid (<1 s). The intensity of the response increased with increasing 

CEA concentration, and the detection limit was approximately 1 fg 

mL
–1

, which is about 2–3 orders of magnitude lower than the lowest 

previously reported detection limit for an CEA sensor system. 

Furthermore, a high degree of specificity and reusability over a long 

time toward CEA was observed. To the best of our knowledge, this 

is the first experimental demonstration of a FET-type CEA-

aptasensor using C–PPy MNTs as signal transducers. 

Results and discussion 

The morphology of the C–PPy nanostructures was investigated 

using scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). Fig. 1a shows SEM and TEM images of 

the pristine C–PPy NTs, revealing that the diameter of the tubes 

was around 70 nm. Increasing numbers of nano-protuberances 

were observed on the surface of the C–PPy NTs with increasing 

reaction temperature, leading to the formation of C–PPy MNTs (see 

Fig. 1b-e). The temporary self-assembled nano-template was 

initially fabricated through electrostatic interaction between methyl 

orange (MO) and ferric chloride under solution, and the ferric ions 

were adsorbed on the surface of the template. With increasing 

reaction temperature, ferric ions and MO were randomly dispersed 

under solution and self-assembled structures emerged due to 

electrostatic interactions. These self-assembled structures formed 

nano-protuberance shapes that were grown and aggregated on the 

surface of the nanotube, resulting in the construction of 

multidimensional NT structures. The number and size of the nano-

protuberences on the surface of the C–PPy NTs increased as 

temperatures increased over 40°C. After injecting liquid monomer 

into the solution, chemical polymerization proceeded on the ferric 

ions adsorbed on the nanotemplate surface, which resulted in the 

formation of a polymer sheath on the nanotemplate. The 

nanotemplate was removed by excess solution and vigorous stirring. 

In contrast, the CP nanostructures have strong interchain -

interactions, and do not dissolve under solution. Thus, the core 

nanotemplate was readily etched without structural deformation of 

the C–PPy shell, resulting in the formation of the MNT structures. 

However, the NT structures were destroyed and reformed to a 

nanoparticle (NP) shape at temperatures over 70°C, as shown in Fig. 

1f. In this article, we focus on the MNT structures for a FET-type 

biosensor application because NP structures were poorly 

characterized due to their densely aggregated state. To the best of 

our knowledge, there are no previous studies on the fabrication of 

these unique multidimensional CP nanostructures using a one-pot 

solution-based synthetic method. This synthetic method has a 

number of advantages such as simple, easy fabrication, and the 

potential for large-scale production.  

Chemical characterization of the C–PPy MNT structures was carried 

out using attenuated total reflectance (ATR) Fourier transform 

infrared (FTIR) spectroscopy, as shown in Fig. 2a. The FTIR spectrum 

of the PPy MNTs did not show carbonyl and hydroxyl group peaks. 

In contrast, the C–PPy MNTs spectrum exhibited a carboxylic acid 

stretching peak at 1733 cm−1, a pyrrole ring stretching peak at 1554 

and 1475 cm−1, and a C–N stretching peak at 1294 cm−1.
[51–52]

 This 

result suggests that C–PPy MNTs were successfully synthesized 

using the temperature controlled one-pot solution synthetic 

method.  

  The X-ray diffraction diffractograms of the C–PPy NTs showed a 

broad peak at around 25 (d = 3.56), corresponding to the pyrrole 

intermolecular distance, as shown in Fig. 2b.
[51–52] 

The C–PPy MNTs 

showed a similar and slightly shifted shape due to the formation of 

nano-protuberances on the surface of the NTs. These results 

suggest that the C–PPy MNTs are composed of amorphous polymer 

structures and were successfully synthesized. 

 

Scheme 1 Illustrative diagram of the fabrication method for 

polypyrrole-3-carboxylated multidimensional nanotubes (C–PPy 

MNTs). 
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To investigate the characteristics of the multidimensional 

nanostructures, Brunauer–Emmett–Teller (BET) measurements 

were conducted, as shown in Fig. 3. The specific surface area of the 

MNTs (166–376 m
2
 g

–1
) is much higher than that of a pure NT 

structure (100 m
2
 g

–1
). The nano-protuberances on the surface of 

the C–PPy NT lead to an enhanced surface-to-volume ratio, 

improving the specific surface area. However, when the reaction 

temperature exceeds 40°C, the size of the C–PPy NTs and nano-

protuberances increases, leading to a smaller specific surface area 

(40°C = 376 m
2
 g

–1
, 50 = 352 m

2
 g

–1
, 60°C = 314 m

2
 g

–1
). This result 

suggests that the high kinetic energy of the nano-protuberances 

induces dense aggregation and a growth in size due to fast, 

unstable, active diffusion under solution. Thus, the highest surface 

area is found in the MNT structures grown at a temperature of 40°C.  

To fabricate highly sensitive FET biosensor electrode, the stability 

of the sensing environment in the liquid-ion solution is crucial factor. 

We introduced the covalent bonding of functional groups for the 

immobilization of the transducer on the sensor electrode with the 

binding receptor on the transducer to enhance stability. The 

procedure for the immobilization of the aptamer-conjugated C–PPy 

MNTs on the electrode substrate is described as shown in Fig. 4. 

Firstly, an interdigitated microelectrode array (IDA) was patterned 

on a glass substrate using a lithographic process, composed of pairs 

of 25 lines of gold fingers on the glass plate. To functionalize the 

surface with amine groups (–NH2), the IDA glass substrate was 

treated with 3-aminopro-pyltrimethoxysilane (APS). Then, the 

condensation reaction between carboxyl group (–COOH) of the 

MNTs and APS-treated electrode formed aminde bonding (–CONH), 

using the condensing agent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMT-MM). Thus, the C–PPy MNTs 

were covalently anchored on the IDA electrode via simple 

condensation reactions. The carboxyl group of the C–PPy MNTs 

facilitated the attachment of the binding aptamers to the tube 

surface. A similar condensation reaction was found between the 

carboxyl group of the C–PPy MNTs and the amino group of the CEA 

binding aptamer using a condensing agent (DMT-MM). Therefore, 

the CEA-aptamer IDA biosensor electrode was fabricated based on 

the aptamer-conjugated C–PPy MNTs (Apt‒C–PPy MNTs), and 

demonstrated outstanding stability against environmental 

perturbation. 

To investigate the electrical characteristics of the Apt–C–PPy 

MNTs in the liquid phase, a FET configuration was constructed using 

a liquid-ion gate. Fig. 5a shows the Current–voltage (I–V) 

characteristics of the C–PPy MNTs from NTs grown at different 

temperatures, before immobilization of the CEA-binding aptamer. 

All of the C–PPy MNTs with no aptamer conjugation showed 

linearity (i.e., an ohmic contact) for voltages ranging from −0.2 to 

0.2 V, as opposed to the nonlinearity exhibited by Schottky barriers 

 

Fig. 1 SEM and TEM images of the C–PPy nanosturctures based on different controlled temperatures of the synthesis method. (a: room 

temperature (RT), b: 30°C, c: 40°C, d: 50°C, e: 60°C, f: 70°C) 

 

Fig.2 (a) ATR-FT-IR and (b) XRD spectra of C–PPy NTs and C–PPy 

MNTs. 

 

Fig.3 N2 adsorption/desorption isotherms of various temperature 

controlled C–PPy MNTs. 
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with poor electrical contact at the electrode. The excellent 

conductivity was found on the C–PPy MNTs grown at 40°C. 

Interestingly, this result is similar tendency of the BET data, because 

the C–PPy MNTs with higher surface area have more dense and 

effective conjugated structures.
[49–50] 

Thus, we conclude that the 

MNT structures provided more efficient charge carrier transport 

along the rotational axis of the NT than that of the NT structures. 

Fig. 5b shows the I-V characteristics of the C–PPy MNTs, before and 

after immobilization of the CEA-binding aptamer. After the binding 

aptamer became immobilized on the NT surface, the dI/dV values of 

the electrode decreased. This result is deduced that the oxidation 

level of C–PPy MNTs changed during aptamer introduction, because 

of the detachment of doped elements via condensation reaction. 

Nevertheless, the dI/dV value and linearity maintained with the 

same order of magnitude after aptamer immobilization. These 

results suggested that the binding aptamer was effectively 

incorporated into the C–PPy MNTs with no deterioration in 

electrical contact. Additionally, compared to pristine C–PPy NTs, the 

electrical properties of the C–PPy MNTs exhibited higher 

conductivity, due to the enhanced contact area with the electrode 

substrate, arising from the presence of nano-protuberances on the 

tube surface. A schematic diagram of the Apt–C–PPy MNT FET-

sensor platform was shown in Fig. 6a. The FET sensor platform was 

surrounded with phosphate-buffered saline (PBS) at 7.4 as the 

electrolyte. The two gold IDA bands acted as the source (S) and 

drain (D) in the FET-type sensor system. The gate potential (VG) was 

applied to the source electrode through a buffer solution. The 

charge transport properties of Apt–C–PPy MNTs in the FET 

configuration were tested through the source-drain current (ISD) 

values on VG in the range −0.9 to 0.5 V at a constant source-drain 

voltage scan rate of 0.2 V s
−1

. Fig. 6b exhibits a plot of ISD versus VSD 

for varying VG based on the Apt–C–PPy MNT FET-sensor device. The 

ISD increased (i.e., became more positive) when a larger negative 

gate bias was applied. This result indicates p-type (hole-transport) 

behavior, caused by an increase in the oxidation level of the 

polymer chains.
[22]

 This is typical of CP transistor performance. 

Consequently, this result shows Apt–C–PPy MNT FETs could be used 

effectively as an electrochemical biosensor for detecting analytes in 

a PBS buffer solution. The liquid-ion gate has ability to increase 

transconductance, owing to the close contact between the Apt–C–

PPy MNTs and the gate compared with conventional backgating. 

To investigate the sensing performance of the liquid-ion-gated 

Apt–C–PPy MNT FET, ISD changes were measured in real time with a 

 

Fig. 4 Schematic diagram of the immobilization process used to produce the sensor electrode based on aptamer-conjugated C–PPy MNTs 

(Apt–C–PPy MNTs) on the IDA electrode substrate. Apt. represents aptamer. 

 

Fig.5 Source-drain current voltage (ISD–VSD) curve comparison of the 

IDA electrodes based on (a) various temperature controlled C–PPy 

MNTs and (b) C–PPy NT, C–PPy MNT, and Apt–C–PPy MNTs for a 

VSD scan rate of 40 mV s
–1

). 
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VG of –0.1 V (VSD = 0.1 V), a low operating voltage, upon the 

addition of various concentrations of CEA.  

The C–PPy MNTs were studied based on the 40°C synthesis 

condition because this has the highest specific surface area and 

best electrical properties, and is expected to provide the best 

sensing performance. Fig. 7a shows the real-time response of the 

Apt–C–PPy MNT and Apt–C–PPy NT FET sensors as a function of 

CEA concentration. Upon each CEA addition, ISD increased rapidly 

over a 1-s period before reaching its saturated value. The 

dependence of the conductance on gate voltage makes FETs natural 

candidates for electrically based sensing platform because the 

electric field resulting from binding of a charged species to the gate 

dielectric is analogous to applying a voltage using a gate electrode. 

Specifically, the FET-type CEA Apt–C–PPy MNT can be operated 

using an electrostatic gating effect. Thus, the CEA–aptamer binding 

events can effectively induce negative point charges in the liquid-

ion gate dielectric near the C–PPy MNT surface, accumulating 

positive charge carriers in the C–PPy MNT channels. The reinforced 

negative gate voltage effect from the CEA–aptamer interaction 

resulted in increased current (ISD) for the p-type C–PPy MNTs. This is 

similar to a p-type doping effect acting indirectly on the liquid-ion 

gate dielectric, rather than directly affecting the semiconducting 

layer. From this sensing mechanism, the intercalated close-packed 

C–PPy MNT arrays can elicit an enhanced charge separation by 

polarons or polaritons of the conducting polymer, thus providing a 

fast and efficient electronic pathway between the C–PPy MNT and 

the bound CEA–aptamer.  The sensitivity of the Apt–C–PPy MNT 

FETs was greater than that of the pure Apt–C–PPy NT FET; that is, 

the Apt–C–PPy MNT FET was capable of detecting CEA 

concentrations as low as 1 fg/mL at room temperature.  The Apt–C–

PPy MNT structures have a higher density of chemical functionality 

(degree of carboxylic acid group and aptamer introduced), 

compared to Apt–C–PPy NTs; therefore, a better sensitivity was 

achieved with Apt–C–PPy MNT as a result of the enhanced 

aptamer–CEA interaction. As a control experiment, an identical test 

was performed with the pristine C–PPy NTs: no significant current 

signals were observed. Although both Apt–C–PPy MNT and Apt–C–

PPy NT FETs were sensitive to the specific CEA, the minimum 

detectable level was clearly different: that of the Apt–C–PPy MNT (1 

fg mL
–1

) FET sensor was 1,000 times higher than that (100 pg mL
–1

) 

of Apt–C–PPy NTs. Notably, Apt–C–PPy MNTs had the lowest 

detection limit of 1 fg mL
–1

 (signal-to-noise ratio: 3.2), which is two 

to three orders of magnitude more sensitive than previously 

reported optoelectronic and electrochemical CEA sensors, as shown 

in Table 1.  

  Fig. 7b shows changes in sensitivity as a function of structure 

shape with respect to CEA concentration. The sensitivity was 

determined from the saturation point of the normalized current 

change ((ΔI/I0)SD × 100), measured 10 s after CEA addition. 

Compared to CEA sensors based on pristine C–PPy NTs, the C–PPy 

MNTs showed three fold higher sensitivity. Importantly, the 

sensitivity of the C–PPy MNT electrode was higher than that of the 

C–PPy NTs, due to the enhancement of the active functional sites 

on its surface and electrical performance.  The CEA selectivity of the 

Apt–C–PPy MNT FET was investigated by real-time monitoring of ISD 

 

Fig.6 (a) Schematic diagram of liquid-ion-gated FET with the Apt–C–

PPy MNT array. (b) Source-drain current versus source-drain 

voltage (ISD–VSD) characetristics of an Apt–C–PPy MNT FET 

electrode for a varying gate voltage (VG) ranging from –0.9 to 0.5 V 

in –0.2 V steps (VSD scan rate: 0.2 V s
–1

). 

 

Fig.7 Real-time response for the FETs comprising C–PPy MNT FET, 

Apt–C–PPy NT FET and Apt–C–PPy MNT FET, with normalized 

current changes, b) Calibration curves of FETs comprising Apt–C–

PPy NT FET and Apt–C–PPy MNT FET as a function of CEA 

concentration. (Vg = –0.1 V, VSD = 0.1 V). 
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for several related proteins and biological interfering agents: PBS, 

thrombin (TB), bovine serum albumin (BSA), dopamine (DP), 

ascorbic acid (AA) and uric acid (UA) (Fig. 8a-b). The Apt–C–PPy 

MNT sensor showed no significant ISD changes with the addition of 

each non-target analyte (0.2 M: PBS; 1 mM: AA, UA, HSA; 1 μM: DP, 

TB): however, considerable ISD changes were evident upon the 

addition of 10 pg/mL CEA. A remarkable increase in current 

occurred when CEA was injected, even at far lower concentrations 

than the other compounds in the analyte, as shown in Fig. 8c. Thus, 

the Apt–C–PPy MNT FET sensor showed a high selectivity for CEA. 

Furthermore, the chemical-bonding-based FET biosensor system 

has the possibility of repeated use (i.e., longer lifetime and cycle 

stability) compared with adsorption-based system. Fig. 9 shows an 

estimation of the stability of the FETs based on Apt–C–PPy NTs and 

Apt–C–PPy NTs over several weeks at a constant concentration (100 

pg mL
–1

). The Apt–C–PPy MNT FETs were rinsed with distilled water 

and stored in a sealed vessel at 25°C under air-dried conditions for 

removing the residues. We injected the CEA concentration of 100 

pg mL
–1

 several times at an injection interval of 3 days. After 4 

weeks, the ISD decreased to ca. 16% (22% for the system originating 

from Apt–C–PPy NT FETs). This decrease in sensitivity was 

attributed to the inactivation of the binding aptamer or the 

destruction of the C–PPy MNT array. The covalent anchoring 

between the Apt–C–PPy MNTs and electrode substrate provided 

superior stability for long-term reusability. Thus, this Apt–C–PPy 

MNT FET-biosensor could be reused in consecutive assays. 

Conclusions 

We demonstrated high sensitivity and specificity toward CEA 

using a liquid-ion-gated FET sensor based on Apt–C–PPy MNTs. The 

Apt–C–PPy MNTs were fabricated via solution-based temperature-

controlled self-degradation method, immobilized on the electrode 

surface, and bonded to the amine-modified CEA binding aptamer 

through amide covalent bonding. The fabricated FET sensor 

exhibited p-channel behavior, with good electrical conductivity, and 

Ohmic contacts were formed with the source and drain electrodes. 

To the best of our knowledge, this is the first demonstration of a 

multidimensional CP NTs-based FET-type CEA aptamer sensor. The 

Apt–C–PPy MNT FET sensors showed ultra-high sensitivity  (∼1 fg 

mL
–1

) to CEA, 10
2
–10

3 
times higher than that of other previous 

reported sensors. Additionally, the Apt–C–PPy MNT FET sensor 

displayed not only specific selectivity to CEA, but also highly 

reproducible and reusable over a long period (4 weeks in this study), 

due to the covalent bonding used in the immobilization process for 

sensing. Thus, these FET-type CEA biosensors based on Apt–C–PPy 

 

Fig. 8 (a) Molecular diagram of the CEA, TB, BAS, DP, AA and UA. (b) Selectivity responses of the aptamer sensor using the Apt–C–PPy 

MNTs toward non-taget (PBS, AA, UA, BSA, DP, TB) and target (CEA) analytes. (c) A histogram detailing the sensing performance of the 

Apt–C–PPy MNTs to PBS, AA, UA, BSA, DP, TB, and CEA. 

 

Fig.9 Comparison of the sensing performances of Apt–C–PPy NT 

and Apt–C–PPy MNT FET sensors after 4 weeks of storage. 

Measurements were obtained at 3 day intervals. 
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MNTs can be effectively used and applicable over a wide range of 

applications in biological and environmental research.  

Experimental section 

Materials : Pyrrole (98%), pyrrole-3-carboxylic acid (P3CA), UA, (AA, 

TB, BSA, dopamine, DP, MO, DMT-MM, iron chloride (FeCl3, 97%) 

and CEA (> 95% from human fluids) were purchased from Sigma-

Aldrich Co. (St. Louis, MO, USA) and used without further 

purification. The CEA binding aptamer was from Bioneer Co. 

(Dajeon, Korea). The CEA binding aptamer was modified at the 5′ 

terminus with an amine group, and its sequence was as follows: 5′-

NH2-(CH2)6-ATA CCA GCT TAT TCA ATT-3′.  

Synthesis of C–PPy MNTs: The C–PPy NTs were first fabricated using 

a self-degraded template method, whereby 1.5 mmol FeCl3 (0.243 

g) was added to a 5 mM solution of sodium 4-[4’-

(dimethylamino)phenyldiazo]phenylsulfonate, methyl orange, (0.05 

g) in deionized water. After a red-colored precipitate appeared, 

0.05 mM of P3CA (0.006 g) and 1.5 mM of pyrrole (0.1 g) monomer 

solution were added. and the mixture was stirred at RT for 18 hr. 

The resulting precipitate was purified by washing with deionized 

water and ethanol several times until the filtrate was colorless and 

had a neutral pH; 0.08 g of powdered CPPyNTs, with 79.5% purity, 

was obtained then dried under vacuum at 60 °C for 12 hours. C–PPy 

MNTs made at 30, 40, 50, 60, and 70°C were prepared using the 

same method. 

Fabrication of CPPyNT-aptamer FET sensor:  The IDA substrate was 

patterned using a photolithographic process. A microarray of 80 

pairs of Au interdigitated microelectrodes on a glass substrate using 

a 50 nm-thick Cr adhesion layer was patterned and the resulting 

electrodes were obtained formed on a 50 nm-thick, 10 μm-wide, 

and 4 mm-long Au-Cr layer with 10 μm interelectrode spacing. To 

construct the CPPyNT-aptamer FET sensor platform, the IDA 

electrode was first treated with 5 wt% aqueous APTES for 6 h to 

introduce amino groups onto the substrate. Then, a mixture of 1 

wt% of CPPyNT (10 μL) in water and 1 wt% aqueous DMT-MM (10 

μL) was dropped onto the electrodes. Subsequently, the coupling 

reaction to attach the CEA binding aptamer to the CPPyNT surface 

was carried out using a mixture of 1 μM of CEA binding aptamer 

and 1 wt % aqueous DMT-MM (10 μL) for 12 hr. The FET sensor 

substrate based on a liquid-ion gate was fabricated with PBS, with a 

pH of 7.5. The current was monitored at room temperature using a 

source meter device. 

 Instrumentation:  High-resolution TEMs were obtained using a JEM-

3100 (JEOL, Ltd., Tokyo, Japan) at the National Center for Inter-

University Research Facilities at Seoul National University. For TEM 

measurements, samples were diluted in ethanol and deposited 

onto a copper grid coated with a carbon film. Field emission SEMs 

were obtained using a JSM-6700F (JEOL). Specimens were coated 

with a thin layer of gold to eliminate charging effects. Raman 

spectra were recorded using a Horiba Jobin Yvon T64000 (Horiba, 

Ltd., Kyoto, Japan). ATR-FTIR spectra were collected with a Nicolet 

6700 FTIR spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA, USA). Nyquist plots were obtained using a three-electrode cell 

from 100 kHz to 10 MHz and an IM6 (Zahner Electrik, Kronach, 

Germany) analyzer. Significant data were extracted from the plot 

using curve-fitting software (ZMAN ver. 2.3). BET surface areas 

were measured with an ASAP 2010 analyzer (Micrometrics, Ottawa, 

ON, Canada). All electrical measurements were performed with a 

Keithley 2612A source meter (Keithley Instruments, Inc., Cleveland, 

OH, USA, a probe station (model 4000; MS TECH, Arlington, VA, 

USA) and a Wonatech WBCS 3000 potentiostat (Wonatech, Seoul, 

Korea). 
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Graphic abstract (80 mm broad × 37 mm high) 

 

 

 

 

The aptamer FET sensors based on carboxylated polypyrrole multidimensional nanotubes 

show ultrahigh sensitivity and selectivity toward CEA, and superior lifetime. 
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