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R
ecently, field effect transistor (FET)-
type biosensors based on single-
walled carbon nanotubes (swCNTs)

and nanowires have attracted much atten-
tion because of their excellent selectivity
and real-time response for the detection of
bio- and chemical molecules.1�6 However,
most of these biosensors have a rather large
size compared with that of individual cells
and could not be placed inside a cell for the
selective detection of intracellular biomolecular
species. On the other hand, nanoscale probes
such as patch clamps have been extensively
utilized to detect the signals inside a cell for
various applications such as the clinical test and
the dynamic study of neural systems.7�13 For
example, several research groups utilized fluor-
ophore-labeled atomic force microscopy
(AFM) tips or quantum dots to acquire infor-
mation inside of a living cell via fluorescence
imaging.7,8 Also, other researchers success-
fully monitored the intracellular electric po-
tential using nanowire-based transistor
devices.13 However, previous nanoprobe de-
vices still exhibited rather low performance in
detecting specific intracellular molecules in
terms of its selectivity and sensitivity. Herein,
we report the development of a nanoneedle-
shape transistor-based sensor (NTS) for the
selective detection of intracellular biomolecu-
lar species. In this work, we fabricated a
swCNT-based FET at the end of a nanoneedle
with a submicrometer diameter and functio-
nalized it with a Fluo-4-AM fluorescence
probe so that the FET device generated both
electrical andfluorescence signals in response
to calcium ions. We demonstrated the detec-
tion of calcium ion (Ca2þ) concentration
change inside a HeLa cell activated by iono-
mycin in the form of real-time electrical cur-
rent and fluorescence changes using an NTS.
Considering that FET-type transducers have

been utilized to build sensors for the selective
detection of various molecular species, this
work should open up many new applications
such as clinical testing, pharmaceutical stud-
ies, and cell dynamics studies.

RESULTS AND DISCUSSION

Figure 1A illustrates the fabrication scheme
of aNTS. First, amicropipettepullerwasutilized
to fabricate a nanopipette with a diameter of
submicrometer at its end from thin-walled
borosilicate capillaries (Figure 1A-i).14 After
eliminating hydrocarbon materials via piranha
cleaning,15�17 metal electrodes were formed
by thermally depositing 10-nm-thick Ti layer
followed by 30-nm Au deposition on this
tapered glass nanopipette under high-vacuum
condition. In this process, the metal was de-
posited separately onto both sides of the clean
nanopipette surface by rotating the nanopip-
ette by 180� around the axis (Figure 1A-ii and
detailedexperimental procedure inSupporting
Information).18 The tip-end of the nanopipette
was immersed in swCNT solution (0.5 mg/mL
in 1,2-dichlorobenzene) for 1 min and dried at
room temperature for 1 day, where swCNTs
were adsorbed onto the glass surface at the
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ABSTRACT We developed a nanoneedle transistor-based sensor (NTS) for the selective detection

of calcium ions inside a living cell. In this work, a single-walled carbon nanotube-based field effect

transistor (swCNT-FET) was first fabricated at the end of a glass nanopipette and functionalized with

Fluo-4-AM probe dye. The selective binding of calcium ions onto the dye molecules altered the

charge state of the dye molecules, resulting in the change of the source-drain current of the swCNT-

FET as well as the fluorescence intensity from the dye. We demonstrated the electrical and

fluorescence detection of the concentration change of intracellular calcium ions inside a HeLa cell

using the NTS.
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end of the nanopipette, connecting the two electrodes
(1Figure 1A-iii).8 Previous reports show that CNTs in
nonpolar solvent were physisorbed onto a polar sur-
face (e.g., glass) viaweak interaction forces such as van
der Waals and dipole induced dipole interactions.19�21

Then, the swCNT-connected network junction was im-
mersed in the solution of 100 μM Fluo-4-AM in dimethyl
sulfoxide (DMSO) for 30 min (Figure 1A-iv), where Fluo-4-
AM dye molecules strongly bound to the swCNTs on the
probe by π�π stacking between the surface of swCNTs
and thebenzene ringof Fluo-4-AM.22,23 Previously, Fluo-4-
AM dye molecules have been utilized as a fluorescence
indicator for calcium ions because they reversibly bind to
calcium ions and emit a fluorescence light.24 This swCNT-
based sensor probe was utilized to selectively detect the
Ca2þ in living cells (Figure 1A-v).
Figure 1B describes the detection mechanism of a

NTS, a swCNT-FET functionalized with Fluo-4-AM. In
aqueous solution, the four carboxyl groups of Fluo-4-AM
became ionized to carboxyl ion and had the electric
charge of 4e�. Therefore, Fluo-4-AM molecules without
calcium ions acted as a negatively charged gate on
swCNTs and increased the hole currents in swCNT-FETs

because the swCNT network under ambient conditions
acts as a p-type semiconductor.19,25,26 However, when the
calcium ions bound to Fluo-4-AM molecules,27 their
individual electric charges changed to 2e�, and thus the
electrical currents in swCNT-FETs were reduced.
The image taken by a scanning electron microscope

(SEM) confirms a well-defined narrow gap between sour-

ce�drainelectrodes (Figure2A). The lengthandthewidth

of the swCNT network channel were about 250 nm

and 3 μm, respectively. We could reproducibly fab-

ricate NTS devices with their channel lengths of a few

hundred nanometers using our fabrication method.
Figure 2B shows the gating effect of a swCNT-FET at

the end of a nanoneedle in deionized (DI) water using a
platinum electrode as a liquid gate. The bias between
drain and source electrodes was 0.1 V, and the gate
bias was swept from �1 to 1 V. It exhibited typical
p-type FET characteristics like other swCNT-FETs under
ambient conditions. The threshold voltage was esti-
mated to be 2.52 V, and the transconductancewas 12.5
μA/V, indicating the possible application as a sensor
transducer.

Figure 1. Schematic diagramdepicting the preparationmethod of nanoneedle transistor-based sensors (NTSs). (A) (i) Pulling
a glass tube into a nanopipette; (ii) deposition of titanium and gold contact via thermal evaporation; (iii) coating swCNTs at
the end of the electrodes on a pulled nanopipette; (iv) functionalization of the swCNTs with Fluo-4-AM; (v) measurement of
intracellular calcium ions using the NTS. (B) Mechanism of calcium ion detection using a NTS: Fluo-4-AM molecules without
calcium ions were negatively charged with 4e� and acted as a negative gate bias onto swCNT channels, which increased the
hole currents in the swCNT channels. When Ca2þ bound to the Fluo-4-AMmolecules, the charges on it changed to 2e�, which
reduced the hole currents in the swCNT channels.

A
RTIC

LE



SON ET AL . VOL. 5 ’ NO. 5 ’ 3888–3895 ’ 2011

www.acsnano.org

3890

We also measured the noise characteristics of the
swCNT-FET at the end of the nanoneedle exposed to air
and DI water and analyzed the result using Hooge's
noise model as following.

SI ¼ A
I2

f γ
(1)

where SI, A, I, and f represent current power spectral
density, noise amplitude, dc bias current through the
channel of the FET, and frequency, respectively. Using
this model, we estimated γ = 0.96 and A = 1.26� 10�8

for the junction in air, and γ = 0.94 and A = 1.03� 10�8

for that in DI water. It indicates a typical 1/f noise in the
NTS. The correlation between resistance R and noise
amplitude A can be represented as A = 6.58 �
10�11R0.87 for bare device and A = 8.11 � 10�12R1.04

for the device exposed to DI water, which is compar-
able to the values of A≈ 10�11R for typical swCNT-FETs
on flat substrates.28 The small resistance exponent of
the noise amplitude close to 1 indicates the formation
of the well-dispersed networks of the carbon nano-
tubes with intertube contacts.29

The optical and electrical responses of NTSs were
tested under the exposure to calcium ions (Figure 3).
Figure 3 panels A and B show the laser scanning
confocal microscopy (LSM) image of the sharp end of
a NTS. When the NTS was treated with 5 μM Ca2þ,
the normalized fluorescence intensity (arbitrary unit)
was increased from 1.5� 102 (Figure 3B-i) to 2.0� 102

(Figure 3B-ii), which is comparable with the previously
reported response of Fluo-4-AM molecules to calcium
ion concentration change.30�33 It shows that the

Fluo-4-AM molecules on the NTS maintained its spe-
cific binding capability toward Ca2þ and can be used as
an optical indicator for calcium concentration change.
Our NTS device can be also utilized as an FET-type

sensor (Figure 3C). For the sensing experiments, the
sharp end of the functionalized NTS was first dipped in
the buffer solution while maintaining the source-drain
voltage of 0.1 V. In this case, low source-drain bias was
preferred to minimize electrochemical reactions in solu-
tion and thus to achieve stable sensor signals over a long
time period without degradation of sensor devices. After
the electric signal stabilized, the calcium ion was injected
into the buffer solution resulting in the final calcium
concentrations ranging from 1 nM to 1 mM, while
monitoring the source-drain currents. The real-time
sensor response data in Figure 3C clearly shows that
our Fluo-4-AM-functionalizedNTS canbeused as anFET-
type sensor for real-time calcium ion detection.
The electrical sensingmechanism of our devices was

studied using swCNT-FETs with four different struc-
tures on flat silicon oxide substrates (Figure 3D and 3E):
bare swCNT-FET, bare swCNT-FET with insulating coat-
ing on electrodes, Fluo-4-AM-functionalized swCNT-
FET, and Fluo-4-AM-functionalized swCNT-FET with
insulating coating on electrodes (Figure S1 and S2 in
Supporting Information). We utilized flat swCNT-FETs
for the study of sensor mechanisms because it allowed
us to easily change various device structures such as
insulating coating and device size. For the sensing
experiments, phosphate buffer solution (PBS) of pH
7.4 was first dropped onto a swCNT sensor, while
maintaining source-drain bias of 0.1 V. Then, the

Figure 2. Scanning electronmicroscopy (SEM) images and electrical properties of swCNT-FET probes fabricated at the end of
a nanopipette. (A) (i) SEM image of the probe; (ii) SEM image of the swCNT-bridged junction at the end of the probe. (B) Gating
effect of the probe via the liquid gatemethod using a Pt gate electrode. The gate bias was swept from�1 to 1 V under source-
drain bias of 0.1 V. The threshold voltage was estimated to be 2.52 V, and the transconductance was 12.5 μA/V. (C) Scaling
graph of noise amplitude (A) of swCNT-FETs with different resistance R in air and DI water. The fitting curves represent (red
line) A = 6.58� 10�11R0.87 and (black line) A = 8.11� 10�12R1.04. The insert shows the noise power spectrum (SI) of the probe
exposed to air and DI water. The estimated frequency exponents and the noise amplitudes according to the Hooge's formula
were γ = 0.94 and A = 1.03 � 10�8 in DI water and γ = 0.96 and A = 1.26 � 10�8 in air, respectively.
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calcium ion was injected into the buffer solution in the
range of calcium concentration from 100 pM to
100 mM, while monitoring the source-drain current
using a semiconductor parameter analyzer (Keithley
4200). When the calcium ions were applied to a
functionalized swCNT-FET with insulating coating on
electrodes, the conductance of the swCNT-FET de-
creased significantly (Figure 3D). The electrical currents
of the swCNT decreased from 620 to 20 nA as the
concentration of Ca2þ increased from 100 pM to
100 mM. These results show the quick response and
wide detection range of our sensors.
The sensor response to calcium ions can be quanti-

fied using the relative conductance change ΔG/G0,
where G0 and ΔG represent the initial conductance
of the swCNT-FET without calcium ions and its con-
ductance change after calcium ion injection, respec-
tively (Figure 3E). Our sensors began to exhibit sensor
responses larger than noise levels from ∼100 pM con-
centration of calcium ions. The dynamic range, which is
the linear response region for the varying calcium
concentration, of the sensor is approximately from
100 nM to 1 mM. Note that the response curves of
Fluo-4-AM-functionalized swCNT-FETs with or without
insulating coating on the electrodes were very similar
(Figure 3E). In addition, the sensors based on nano-
needle-shape FETs also exhibited a similar sensor

response except for slightly sharper slope. On the other
hand, the FETs without Fluo-4-AM dye exhibited little
response (marked by “Bare” and “Insul.” in Figure 3E) to
the calcium ions compared with those with the dye
molecules. The results clearly indicate that the sensor
response came from the Fluo-4-AM-functionalized
swCNT channels as depicted in Figure 1B.
This sensor response curves can bemodeled using a

simple equilibrium model as following. If we assume
calcium ions in solution bound to Fluo-4-AMmolecules
on swCNT-FET channels following the Langmuir iso-
therm, the surface density Cs of Fluo-4-AM molecules
with bound calcium ions can be described as34�36

CS ¼ CSmax[Ca2þ]
Kds þ [Ca2þ]

where Csmax, [Ca
2þ] and Kds represent the total surface

density of Fluo-4-AMmolecules on the swCNT suface, the
concentration of calcium ions in solution, and the dis-
sociation constant between Fluo-4-AM and calcium ions,
respectively. After some calculation, we can induce the
formula (Supporting Information) as following:

ΔG

G0
¼ R

[Ca2þ]
Kds þ [Ca2þ]

whereR is amodifyingparameter, and Kds is a dissociation
constant of calcium ion for Fluo-4-AM.

Figure 3. Optical and electrical detection of calcium ions using NTSs. (A) Confocal microscopy image of a NTS. (B) Confocal
fluorescence image of a NTS before (i) and after (ii) the treatment of 5 μM calcium ion solution. The fluorescence intensity
before and after calcium ion treatment was about 1.5� 102 and 2.0� 102 (arbitrary unit), respectively. (C) Real-time current
change of a Fluo-4-AM-functionalized NTS in response to calcium concentration change. Source-drain bias wasmaintained at
0.1 V. In a real-time detection, source-drain current decreased from 10.5 to 4.2 μA as the concentration of Ca2þwas increased
from1nM to 1mM. (D) Real-time current changeof a Fluo-4-AM-functionalized swCNT-FETwith insulating layer on electrodes
in response to calcium concentration change. Source-drain biaswasmaintained at 0.1 V. In a real-timedetection, source-drain
current decreased from 620 to 20 nA as the concentration of Ca2þ was increased from 100 pM to 100 mM. (E) Relative
conductance change of NTS and four different swCNT-FETs on flat silicon oxide substrates in response to the change of
calcium ion concentration: our NTS device (marked by “NTS”), bare swCNT-FET (marked by “Bare”), bare swCNT-FET with
insulating coating on electrodes (marked by “Insul.”), Fluo-4-AM-functionalized swCNT-FET (marked by “Func”), and Fluo-4-
AM-functionalized swCNT-FET with insulating coating on electrodes (marked by “Func. & Insul.”).
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Using this model and the response curve of Fluo-4-
AM-functionazlied swCNT-FET with insulating coating
on electrodes, we estimated the dissociation constant
Kd of 21.6 μM for the binding between calcium ions and
Fluo-4-AM molecules. This value is similar to the pre-
viously reported dissociation constant value of Kds =
22 μM,24 which also confirms the validity of our model.
We checked the nonspecific response of our sensors to
other ions such as Mg2þ (Figure S3 in Supporting Infor-
mation). The results show that our sensors responded
specifically to calcium ions.
Previous reports show various mechanisms of

swCNT sensors such as electrostatic gating, changes in
gate coupling, carrier mobility changes, and Schottky
barrier effects.37�40 The results in Figure 3E show that
functionalized swCNT-FETs with or without insulating
coating on the electrodes responded to the calcium ions
just like ourNTSdevice. It indicates chemical gating effect
on swCNT channels should be the main reason for the
electrical conductance decrease in our case.
We demonstrated the detection of calcium ion

concentration change in a living HeLa cell, a well-
known cancer cell, using our NTS (Figure 4). Here, HeLa
cells were first cultured following the procedure de-
scribed in Supporting Information. Then, a NTS was
inserted into a HeLa cell using a nanomanipulator while
monitoring it via an inverted microscope (Figure S4 in

Supporting Information). Ionomycin is a powerful iono-
phore whichmakes cellular and intracellular membranes
highly permeable to calcium ions and thus increases the
intracellular calcium level.41,42 The electrical and optical
signals from the NTS were monitored after adding
ionomycin into the cell culture media.
Figure 4A-i shows the optical image of the HeLa cell

impenetrated by a NTS. We performed the fluores-
cence detection of Ca2þ increase in a HeLa cell which
was activated by 2 μM ionomycin (Figure 4A-ii). After
the addition of ionomycin, the NTS exhibited bright
fluorescence at its end, which matched well with the
fluorescence result in Figure 3B. The result shows that
Fluo-4-AMmolecules on theNTS are still functional and
can be used for fluorescence detection of calcium ions
inside a living cell.
We also measured electrical current changes in a

NTS to monitor intracellular calcium concentration
change in a HeLa cell (Figure 4B). In this work, the probe
was inserted into theHeLa cell through thecellmembrane,
and ionomycin was added to the cell culture media while
monitoring the source-drain current of the probe. When
2 μM (marked by A) and 4 μM (marked by B) of ionomycin
was added into the extracellularmedia, the relative current
level of the NTS in the HeLa cell was decreased by 5.1%
and 6.3%, respectively. The decrease of conductance level
in the absence of extracellular Ca2þ reflects that Ca2þ is

Figure 4. Detection of intracellular calcium concentration change using NTSs. (A) (i) Optical image of a NTS inserted into a
HeLa cell; (ii) fluorescence image of the NTS after adding 2 μM ionomycin into the extracellular media. (B) Real-time response
of a NTS to the change of intracellular calcium concentration in a HeLa cell without cell staining. The concentrations of the
ionomycin in the extracellular media of the HeLa cells at the injection points of A and B were 2 and 4 μM, respectively. The
relative conductance level was decreased by 5.1% and 6.3% after the injection of A and B, respectively. (C) (i) Real-time
response of a NTS to the change of intracellular calcium concentration in a HeLa cell with cell staining using Fluo-4-AM. The
concentrations of the ionomycin in the extracellularmedia of theHeLa cells at the injection points of A, B, and Cwere 2, 4, and
6 μM, respectively. The relative conductance level was decreased by 5.3%, 6.1%, and 7.2% by the injection of A, B, and C,
respectively. Fluorescence image of the HeLa cell before (ii) and after (iii) the addition of 6 μM ionomycin. The black dot in the
cell marked by the dotted red circle represents the end of the NTS.
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released from intracellular stores. Previous reports show
that when the intracellular stores are activated by the
addition of ionomycin, the calcium concentration inside
a HeLa cell increased by 100 μM.43�45 The conductance
change of the NTS by the addition of ionomycin corre-
sponds to the chemical sensing data from 10 to 100 μM in
Figure 3E, which is consistent with previous works. This
result shows that we can use NTS devices for themonitor-
ing of calcium ion concentration inside a HeLa cell.
We also carried out fluorescence imaging of HeLa

cells while monitoring the electrical measurement to
confirm that the electric signal change was induced by
Ca2þ inside the cell. Details on the process are de-
scribed in the Supporting Information. Briefly, cells
were labeled with 2.5 μM Fluo-4-AM for 30 min before
the impenetration of the NTS.46,47 Then, we inserted
the probe into the HeLa cell through the cell membrane,
and thenweadded ionomycin into theextracellularmedia
of theHeLa cellswith thefinal concentrationof 2μM.After
the first addition of ionomycin, the conductance level
decreased by 5.3% compared with that before the injec-
tion, indicating the increase of calcium ion concentration
in solution (Figure 4C-i). We added ionomycin two more
times after the current signal was stabilized. The concen-
tration of ionomycin in themedia after each injection step
was 4 and 6 μM, respectively. And the current level
was also decreased by 6.1% and 7.2% in each injec-
tion process. This is also consistent with previous
works.43�47 Figure 4 panels C-ii and C-iii show the
fluorescence image of the cell before and after the
addition of ionomycin. The cell image inside the red

circle in 4Figure 4C-iii is much brighter than that of
Figure 4C-ii, which means that the concentration of
Ca2þ ion was increased and bound to Fluo-4-AM
dye after the ionomycin addition. Previous reports
show that individual cells may have slightly differ-
ent cell functions and respond differently to the
same amount of ionomyosin.48�50 The calcium concen-
tration changesmeasuredbyour sensors (Figure 4B,C) are
within the range of previously reported results, and the
concentration variation can be explained by the different
cell functions of individual cells as reported previously.
In summary, we report NTS devices for the selective

monitoring of intracellular calcium ions. Here, a swCNT-
FET was fabricated at the end of a nanopipette
and functionalized with Fluo-4-AM fluorescent probe
molecules so that the swCNT-FET responded to the
calcium ions via conductance and fluorescence signals.
The NTS had a low detection limit of 100 pM
and a wide dynamic range of 100 nM to 1 mM. We
successfully demonstrated the electrical and fluores-
cence detection of calcium ion concentration change
in HeLa cells using our NTS devices. Considering that
swCNT-FET-based sensors have been previously uti-
lized for the detection of wide range of biomolecules,
our NTS devices should be able to be utilized for the
detection of various other intracellular or intercel-
lular molecular species. Furthermore, since our FET-
based sensor was fabricated on a nanopipette, it
can be combined with patch clamps and provide a
completely new capability of selective chemical
analysis of living cells.

EXPERIMENTAL METHODS
Preparation of Tapered Nanopipette. Borosilicate glass capillaries

no. 20 with an initial inner diameter of 1.2 mm and outer diameter
of 1.5 mm (World Precision Instruments, Inc.) were used as starting
materials for the fabrication of tapered nanopipettes. A laser-based
micropipettepuller P-2000 (Sutter,Novato, CA)wasused for pulling
the capillary with the parameters of “Heat=400”, “Fil=4”, “Vel=50”,
“PVL=150”. After pulling the capillaries, the surfaces of the capil-
laries were cleaned by piranha solution (H2SO4/H2O2 = 4:1).

Fabrication of Electrodes on Nanopipette. A 10-nm-thick Ti layer
and a 30-nm-thick Au layer were first deposited onto one side of
a nanopipette by thermal evaporation under high-vacuum
condition (∼10�6 Torr). Then, the nanopipette was rotated by
180� around its axis so that the opposite surface faced the
evaporation source. We deposited the same Ti/Au layer on the
other side of the nanopipette. In this process, nanometer sized
gaps were formed because shadow regions existed perpendi-
cular to the depositing direction. Some faultiness of the electro-
des such as the short circuit between the electrodes was
corrected via focused ion beam milling.

Preparation of HeLa cell. HeLa cells were cultured in Dubecco's
Modified Eagle Medium (Gibco) with 10% fetal bovine serum.
After the cells were seeded on the culture dish, they were
washed gently with PBS, and themediawas changed to calcium
free media (Hanks' Balanced Salt Solution, Gibco).

Fluorescence Imaging. HeLa cells were cultured on fibronectin
(10 μg/mL) coated coverglass for 1 day. The cells were loadedwith

Fluo-4-AM dye (2.5 μM) in culture media for 30 min at room
temperature following the further washing for 30 min at room
temperature. Fluorescent imaging was performed using 40� oil
lens (N.A. 1.30) by inverted fluorescence microscopy (TE2000,
Nikon) with an electron multiplying charge-coupled device (EM-
CCD) monochrome digital camera (DQC-FS, Nikon).
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