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Aptamer functionalized addressable SWNT-film arrays between

cantilever electrodes were successfully developed for biosensor

applications. Dielectrophoretically aligned SWNT suspended films

made possible highly specific and rapid detection of target proteins

with a large binding surface area. Thrombin aptamer immobilized

SWNT-film FET biosensor resulted in a real-time, label-free,

and electrical detection of thrombin molecules down to a concen-

tration of ca. 7 pM with a step-wise rapid response time of several

seconds.
Aptamers are oligonucleotides which can specifically bind to target

molecules such as small molecules, peptides, proteins, cells, and other

biomolecules. Aptamers can be prepared by systematic evolution of

ligands by exponential enrichment (SELEX) process.1–3 Owing to the

high binding affinity and selectivity to target biomolecules, aptamers

have been used for various biosensor applications.4–7 Aptasensor is

the term for biosensors using aptamers for the detection of biomol-

ecules. With the development of nanotechnology, a real-time, label-

free, and electrical detection of biomolecules was successfully carried

out with the aptasensors. They have been developed using various

nano-materials such as single-walled carbon nanotube (SWNT),8

conducting polymers,9 graphenes,10 and silicone nanowires (Si-

NW)11,12 for real-time electrical detection of biomolecules. However,

the aptasensors still had several problems such as difficulties in

fabrication and spatial control, reproducibility, a long detection time,

insignificant electrical signals, and an unproportional sensitivity to the

concentration of target molecules. To circumvent these technical

hurdles, SWNT has been widely investigated for various biosensor

applications.

SWNT-based biosensors have been initially developed using indi-

vidual nanotubes13–15 resulting in many problems described above.

These problems could be alleviated using SWNT-film based biosen-

sors for the detection of DNA,16 proteins,17 and bacteria.18 In

particular, it was made possible to minimize device variation, and

generate a large active area and a high current output with a relative

insensitivity to the spatial position.19 SWNT-film based biosensors

resulted in an improved signal-to-noise ratio and an enhanced

detection limit in comparison to the individual nanotube systems.20

Furthermore, the sensitivity of SWNT-film based biosensors could be
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improved by suspending the SWNT-film away from the floor

providing more than twice the binding surface area with increased

convectional and diffusional fluxes.21 In this work, we developed

a new one-step method for the fabrication of dielectrophoretically

aligned addressable SWNT-films and demonstrated a real-time, step-

wise, rapid, electrical detection of thrombin molecules using the

SWNT-film FET aptasensors.

Fig. 1 shows a schematic representation for the fabrication of

thrombin aptamer functionalized SWNT-film FET biosensors.

Cantilever electrode arrays were fabricated by a general MEMS

process. A low stress silicon nitride (1 mm) was deposited on a Si

wafer using a low pressure chemical vapor deposition (LPCVD) for

insulation and a cantilever structure. Gold electrode arrays (Cr/Au

20/200 nm) were patterned on the SiN surface through a lift-off

process. Then, cantilever arrays were patterned by SiN reactive ion

etching (RIE). The Si below the cantilever electrodes was etched by

isotropic wet etching to form a suspended cantilever structure.

Finally, SU8 was coated on the electrodes for passivation except for

the cantilever surface exposing the SWNT-films to target molecules

(Fig. 1a). On the other hand, a suspended SWNT-COOH film was

prepared by dielectrophoresis and the surface tension of water

meniscus. The suspension was placed between the patterned canti-

lever electrodes. When an AC voltage of 1 MHz frequency and 5 Vp-p

amplitude was applied, SWNTs were aligned between cantilever

electrodes by dielectrophoretic force. The suspension was then

partially removed and the remaining suspension formed a water

meniscus between the electrodes. The collected SWNTs were

compressed by the surface tension of water meniscus and attached to

the electrodes by Van der Waals force, forming a suspended SWNT-

film between the electrodes (Fig. 1b). The SWNT density in the film

was ca. 4�6 bundles per mm2 having ca. 10 SWNTs in each bundle,

which could be controlled by changing the amplitude and frequency

of AC electric field,22 the concentration of SWNT suspension, and the

collection time.23 The suspended SWNT-films were addressed

precisely to electrodes, since they were attached only to the electrodes

where an electric field was applied. In addition, the fabrication of

multi-functional SWNT-film arrays was made possible by the site-

specific positioning of SWNT-films with same and different compo-

sitions on the same chip. It took less than 10 min to prepare the

SWNT-film and 2 h to conjugate aptamers to the SWNT-film.

Moreover, the aptasensor could be exploited repeatedly for the

detection of thrombin.

Fig. 2a shows a SEM image of suspended SWNT-film arrays

between electrodes. The SWNT-films constructed with several

SWNT bundle layers were well aligned and suspended between two

cantilever electrodes (Fig. 2b). The large contact area between

SWNT-films and the electrodes provided a low contact resistance,

a robust mechanical contact for long-term stability, and a large

binding region for the biosensor by Schottky barrier modulation
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Schematic representations for (a) the fabrication of thrombin aptamer functionalized SWNT-film field effect transistor (FET) biosensors, (b) the

preparation of suspended SWNT-films by dielectrophoresis and surface tension, and (c) the surface modification of SWNT in a strong acid to introduce

carboxyl groups and the following covalent immobilization of thrombin aptamers by amide bond formation using 1-ethyl-3-[3-(dimethylamino)pro-

pyl]carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS).
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between SWNT and the contact electrodes.24 The geometrical

dimension of SWNT-films was controlled by the width and gap of

cantilever electrodes (Fig. 2c). We used cantilever electrodes with

a width of 20 mm and a gap of 4 mm. After that, thrombin DNA

aptamers were covalently immobilized on suspended SWNT-films

for specific binding tests to target proteins. Fig. 1c shows a schematic

for the surface modification of SWNT with thrombin aptamers.

SWNT-COOH was prepared by the oxidation of carbon nanotubes

in a strong acid solution with sonication.25 SWNT (5 mg) was sus-

pended in 50 mL of concentrated H2SO4/HNO3 (3/1, v/v) and soni-

cated in an ultrasonication bath for 3 h. The nanotube suspension

was diluted with DI water and then centrifuged at 12 000 rpm for

10 min. The remaining acid was completely removed by decanting the

supernatant and washing with DI water, repeatedly. When the pH of
This journal is ª The Royal Society of Chemistry 2010
the suspension was 7.4, the carbon nanotubes were re-dispersed in DI

water by ultrasonication. Thrombin DNA aptamers were immobi-

lized as described elsewhere.12 Briefly, thrombin aptamer with an

amine terminal group of 50-NH2-d(GGTTGGTGTGGTTGG)-30

was synthesized by using an oligonucleotide synthesizer. Thrombin

aptamers were dissolved in phosphate buffer (PB, 200 mmol, pH 8) to

prepare an aptamer solution at a concentration of 20 mmol. For

covalent surface immobilization, the SWNT-COOH films were

treated with 10 mL of PB and surface-activated by the addition of

1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC, 3.0 mg) and

N-hydroxysulfosuccinimide (sulfo-NHS, 1.7 mg). Then, the aptamer

solution was added and incubated at room temperature for amide

bond formation between the amine group of the aptamer and the

carboxyl group of SWNT-COOH film. The resulting aptasensor
Lab Chip, 2010, 10, 2052–2056 | 2053
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Fig. 2 SEM images of suspended SWNT-film arrays at the magnifica-

tions of (a) �400 (scale bar: 50 mm) and (b) �5,000 (scale bar: 5 mm). (c)

SEM image of suspended SWNT-films with a different channel length

(scale bar: 20 mm). SEM images of aptamer functionalized SWNT-films

(d) before and (e) after thrombin binding (scale bars: 5 mm).
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was rinsed extensively with PB to remove the remaining EDC and

sulfo-NHS.25 In order to prevent the nonspecific binding, Tween 20

was coated on the unoccupied sites of SWNT.26 As shown in Fig. 2b

and 2d, the thickness of SWNT-film increased after the covalent

immobilization of aptamers.

The electrical properties of the SWNT-films were analyzed in real

time at room temperature using a precision semiconductor parameter

analyzer (HP 4156A). Fig. 3 shows the I–V characteristics of sus-

pended SWNT-films in a buffer solution at pH 5.6. The source–drain

current decreased when the electrolyte gate bias increased by the

reference electrode. In other words, the suspended SWNT-films

exhibited p-type characteristics in the buffer solution.22 For a real

time electrical detection of protein, nonspecific and specific binding
Fig. 3 Electrical characteristics of suspended SWNT-films at various

electrolyte gate voltages from �0.3 V to 0.3 V.

2054 | Lab Chip, 2010, 10, 2052–2056
tests were carried out using SWNT-COOH films without and with

aptamers. Thrombin and VEGF were used as model proteins for the

binding tests. In the case of nonspecific binding tests as a control

experiment, a 10 mL drop of the buffer and protein solutions at pH

5.6 and specified concentrations were placed on the suspended

SWNT-films, and then the conductance of the suspended SWNT-

films was monitored with a 10 mV bias voltage. Fig. 4a and 4b show

the current change with increasing concentrations of thrombin and

VEGF, respectively. The aptasensor showed a meaningful current

change at a concentration of 70 pM with a response time less than 10

s. In addition, the conductance decreased proportionally upon step-

wise exposure to both thrombin and VEGF solution at concentra-

tions from 70 pM to 700 nM. Proteins can bind to the surface of

SWNT-COOH film nonspecifically by electrostatic and hydrophobic

interactions, and p–p stacking between SWNTs.24 In order for

specific binding tests, thrombin aptamer-functionalized SWNT-film

biosensor was surface modified with Tween 20 and assessed in the

same manner with the nonspecific binding tests. Each 3 mL of the

buffer and protein solutions with specified concentrations was added

sequentially to the aptasensor using a micropipette. As shown in

Fig. 4c, electric current dropped rapidly in a step-wise manner after

the injection of thrombin, whereas no current change was observed

for the case of VEGF addition. The results confirmed the specific

binding of thrombin molecules to the SWNT-film aptasensor. As

reported elsewhere,24 the treatment with Tween 20 effectively mini-

mized the non-specific binding. Finally, the sensitivity of SWNT-film

thrombin aptasensors was investigated with increasing thrombin

concentrations (Fig. 4d). The current dropped sharply in a step-wise

manner when thrombin samples were added sequentially at the

concentrations from 7 pM to 70 nM to the buffer solution. The

standard deviation of the noise signal was estimated to be ca. 0.059.

The signal detected at the concentration of 7 pM was ca. 0.24, which

was four times higher than the noise level and regarded as a signifi-

cantly meaningful change. The variation of current after the addition

of thrombin molecules can be explained by the electrostatic gating

effect by the positive charge of thrombin molecules in the buffer at

pH 5.6. In addition, the modulated Schottky barrier between elec-

trodes and dielectrophoretically aligned SWNTs in the SWNT-film

decreased the local work function, contributing for an extraordinary

rapid response time of several seconds.24 As shown in Fig. 2e, the

SWNT-film surface was completely covered by thrombin molecules

after the binding tests.

In direct comparison with previous reports,10,24,26,27 the dielec-

trophoretically aligned SWNT-film based aptasensor made possible

a real-time, step-wise, and electrical detection of proteins with a rapid

response time and a high sensitivity proportional to the protein

concentration. The response time of nanotube sensors placed on the

floor of the substrate was reported to be in the range of tens of

seconds to a few min.8,17,26–28 In contrast, the dielectrophoretically

aligned SWNT-film based aptasensor had a very short response time

of a few seconds. In addition, the dielectrophoretically aligned

SWNT-film based aptasensor had a lower detection limit of ca. 7 pM

than that of the single SWNT biosensors placed on the floor of the

substrate (about 10 nM).8 Finally, the SWNT-film based aptasensor

provided a proportional sensitivity to the concentration of proteins.

Most of the previous SWNT sensors did not exhibit a proportional

sensitivity, mostly converging with increasing protein concentra-

tions.8,17,26 These patterns might be difficult to be applied in real

systems. As shown in the inset of Fig. 4d, however, the sensitivity
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Real-time electrical detection of proteins using thrombin DNA aptamer-functionalized SWNT-film FET biosensors: Real-time electrical

detection for the nonspecific binding of (a) thrombin and (b) VEGF to the SWNT-COOH films. (c) Specific binding tests of thrombin molecules to the

SWNT-film aptasensor after treatment with Tween 20. (d) Real-time electrical detection for the specific binding of thrombin molecules with increasing

concentrations to the SWNT-film aptasensor. Insets show the sensitivity of the SWNT-film aptasensor with increasing protein concentrations on a log–

log scale (n ¼ 4).Pu
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increased linearly in the protein concentrations from 70 pM to 70 nM

on a log–log scale (n ¼ 4).
Conclusions

Dielectrophoretically aligned SWNT-films between patterned canti-

lever electrodes were successfully exploited for the fabrication of

aptamer functionalized SWNT-film FET biosensors. The suspended

SWNT-film aptasensor exhibited the p-type characteristics in the

buffer solution. According to nonspecific binding tests as a control

experiment, the aptasensor using SWNT-COOH film without

aptamers showed a meaningful current change by the addition of

thrombin and VEGF at a concentration of 70 pM with a response

time less than 10 s. In addition, after surface treatment with Tween

20, the SWNT-film FET aptasensor demonstrated a real-time, label-

free, step-wise, target-specific, and electrical detection of thrombin

molecules down to a concentration of 7 pM with an extraordinary

rapid response time of a few seconds and a proportional sensitivity.

The novel addressable dielectrophoretically aligned SWNT-film FET
This journal is ª The Royal Society of Chemistry 2010
aptasensor will be investigated further for various diagnostic appli-

cations with biomarker-specific aptamers.
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