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Abstract
Recent reports have shown that nanoscale electronic devices can be used to detect a change in
electrical properties when receptor proteins bind to their corresponding antibodies
functionalized on the surface of the device, in extracts from as few as ten lysed tumor cells. We
hypothesized that nanotube–antibody devices could sensitively and specifically detect entire
live cancer cells. We report for the first time a single nanotube field effect transistor array,
functionalized with IGF1R-specific and Her2-specific antibodies, which exhibits highly
sensitive and selective sensing of live, intact MCF7 and BT474 human breast cancer cells in
human blood. Those two cell lines both overexpress IGF1R and Her2, at different levels. Single
or small bundle of nanotube devices that were functionalized with IGF1R-specific or
Her2-specific antibodies showed 60% decreases in conductivity upon interaction with BT474 or
MCF7 breast cancer cells in two μl drops of blood. Control experiments with non-specific
antibodies or with MCF10A control breast cells produced a less than 5% decrease in electrical
conductivity, illustrating the high sensitivity for whole cell binding by these single
nanotube–antibody devices. We postulate that the free energy change due to multiple
simultaneous cell–antibody binding events exerted stress along the nanotube surface, decreasing
its electrical conductivity due to an increase in band gap. Because the free energy change upon
cell–antibody binding, the stress exerted on the nanotube, and the change in conductivity are
specific to a specific antigen–antibody interaction; these properties might be used as a
fingerprint for the molecular sensing of circulating cancer cells. From optical microscopy
observations during sensing, it appears that the binding of a single cell to a single nanotube field
effect transistor produced the change in electrical conductivity. Thus we report a nanoscale
oncometer with single cell sensitivity with a diameter 1000 times smaller than a cancer cell that
functions in a drop of fresh blood.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Identification and quantitation of numerous biological molecules
to generate a complex molecular profile is required for diagno-
sis, monitoring, and prognostic evaluation of complex diseases
such as cancer. Despite outstanding progress in the area of

cancer biology, significant challenges remain in translating
biological knowledge of cancer surface markers into clinically
relevant devices that could be used as diagnostic or monitoring
tools for cancer management. Developing high-throughput
diagnostic cell and tissue analysis for disease detection has
remained a challenge, however [1]. Techniques for multiplexed
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Figure 1. Schematic of the device to illustrate device design, antibody functionalization, and a single 8–12 μm tumor cell binding to the
nanotube–antibody (SWCNT-mAb) device. The nanodevice junction is only 1 μm across, bridged by a single 10–20 nm thick SWCNT. These
physical parameters preclude the binding of more than one cell at a time. As a result, each SWCNT-mAb junction is an on–off quantum bit.

analysis of extracted proteins for disease monitoring can
be divided into four different categories: (1) radioactive
and fluorescent reporting of antigen–antibody binding [2–4];
(2) time-of-flight mass spectroscopy [5, 6]; (3) electrophoretic
separation and antigen–antibody binding [6]; and (4) detection
of changes in surface mechanical and electrical properties due
to antigen–antibody binding [7–15]. Although they all have
their individual strengths, none of these techniques can directly
detect circulating cancer cells that overexpress characteristic
surface receptors.

While protein analysis using nanowires [15] presents
an attractive approach to monitoring cancer, this technology
currently cannot be adopted to detect cancer among
populations that are not close to a laboratory or a hospital
without significant modification. The same limitations apply
to detection of proteins [16] and nucleic acids [17] in
physiological fluids and extracts by conductivity changes
in carbon nanotube field effect transistor (FET) networks.
Similarly, there is not a single technology today that can detect
single live cancer cells without extensive instrumentation and
highly trained personnel [18, 19].

Combining the knowledge of cancer biology, molecular
targeting, and nanotechnology, however, might enable the
design of portable or hand-held devices for diagnosis, monitor-
ing, and treatment of cancer appropriate for community or field
use. Figure 1 illustrates our model for direct sensing of breast
cancer cells by a nanotube–antibody device that interacts with
cell surface receptors. The device is designed to have small
spacing between the electrodes (1 μm) in order to capture a

single live cell (8–12 μm) by specific interaction with their
cell surface receptors. Nanotubes that are anchored to the
electrodes are functionalized with antibodies that are specific
to the IGF1 and Her2 receptors on breast cancer cells. The
entire device is isolated using a polymer. Hence, any change
in electrical conductivity should arise due to the interaction of
the adsorbed antibodies with their targeted receptors on the cell
surface upon binding to the nanotube between the electrodes.

Circulating breast cancer cells in the blood are observed
more frequently at advanced clinical stages (TNM pStage III
and IV) than at early stages (pStage I and II) [20]. Insulin-like
growth factor 1 receptor (IGF1R) and human epithelial growth
factor receptor 2 (Her2) are frequently overexpressed in breast
cancer development and progression [21–24]. Human BT474
breast cancer cells express high levels of HER2 mRNA, while
MCF7 breast cancer cells express much less [25]. Conversely,
MCF7 cells overexpress about twice as much IGF1R protein as
BT474 cells [26].

Previously we reported receptor-specific detection of
MCF7 and BT474 breast cancer cells suspended in physio-
logical buffer with a nanotube–antibody FET [27]. Here we
report for the first time the electrical detection of BT474 and
MCF7 breast cancer cells added to fresh human donor blood
resulting from breast cancer cell binding to single nanotube
FETs modified with specific antibodies against IGF1R or Her2.
While we use live cells for demonstrating this bioassay, the
sensing area is limited to few receptors in cells. Therefore, this
technology may potentially enable sensing of small levels of
proteins, DNA or even single cells covering the entire spectrum
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of molecular sensing to create molecular profiles of single
cells over a period of time. It is suggested that the binding
of multiple antibodies functionalized on the surface of the
nanotubes to multiple sites in the cells, creates a change in free
energy and stress across the surface of the nanotube thereby
altering its electrical conductivity.

2. Experimental details

The single wall carbon nanotube transistor arrays consisted of
two columns of 10 transistors per column. Each junction was
monitored independently. One side of the array was used for
detecting cells that overexpress IGF1R overexpression and the
other side of the array is used to detect cells that overexpress
Her2. This allows multiple cell recognition in a single hand-
held chip about 1 cm × 1 cm. Such arrays were also used
for control experiments. The electrodes in the arrays were
patterned using optical lithography, gold metalization and lift-
off processes widely used in modern semiconductor industries.
Therefore the devices can be fabricated at low cost using batch
fabrication techniques. The gap between the electrodes was
∼1 μm and the length of the nanotubes that we used ranged
from 1 to 10 μm.

20 mg SWCNT soot, commercially obtained from Nano-
Lab (Lot Number FH-P071706), was dissolved in 100 ml
methanol and agitated for 24 h in an ultrasonicator (Fisher
Scientific, FS60H) at 80 ◦C to separate the highly entangled
SWCNTs to individual or small bundle. The solution was
sedimented at 16 100 × g for 30 min and the supernatant,
primarily containing individual SWCNTs, was collected while
the pellets were discarded. A spray nozzle driven by 65 psi
compressed nitrogen with approximately 15 000 sccm volume
flow rate was exploited to airbrush 0.5 ml SWCNT solution
onto a 1 cm × 1 cm SiO2 wafer. After the evaporation
of methanol, the sample was studied under Jeol JSM-7400F
scanning electron microscope to evaluate the partial alignment
of the carbon nanotubes.

One μm thick AZ5214 photoresist was applied to the
airbrushed SiO2 wafer and defined by standard photolithog-
raphy and developing procedures. Excess SWCNTs not
fully or partially covered by photoresist were disassociated
by ultrasonication in distilled water for ∼10 min (prolonged
sonication was avoided to prevent damage to photoresist).
Titanium thin film of 10 nm thick was thermally deposited
before the 90 nm thick biocompatible gold film to provide
better adhesion than just pure gold. The metal contacts were
lifted off by the dissolution of photoresist in acetone. The
wafer was again ultrasonically agitated to remove SWCNTs
not anchored by either metal contact. Devices were then
annealed at 400 ◦C for 5 min under the protection of
nitrogen/argon to reduce the contact resistance and further
improve the sensitivity of the device. Finally, the devices were
covered with SU8 polymer to insulate the surrounding areas of
the devices from biomolecules in liquids so as to minimize the
noise. The devices were attached to an HP8466 semiconductor
parameter analyzer on a Signatone S1160 probe station to
detect and record the electrical signals.

Succinimidyl 1-pyrenebutanoate (AnaSpec Inc.) adsorbs
onto the sidewalls of SWCNTs through π -stacking and

does not dissociate detectably unless oxidized [16]. After
adsorption and washing, the succinimide ester crosslinks
with exposed amino sidechains of proteins by displacement
of N-hydroxysuccinimide. Thus 5 mg of succinimidyl
1-pyrenebutanoate was dissolved in 50 ml methanol, in which
the SWCNT airbrushed wafer was incubated for ∼30 min at
room temperature with gentle agitation to form a monolayer
on the side wall of SWCNTs. After these incubation steps,
devices were rinsed three times in DI water to remove any
residual reagents.

Non-specific mouse anti-human myeloma immunoglob-
ulin G (IgG) [Catalog Number 411550], anti-IGF1R mouse
monoclonal antibody Ab-3 [33255.111, EMD Biosciences]
and anti-HER2 monoclonal antibody [Cat. No. OP.39]
(Merck Bioscience, Calbiochem Inc.) were dissolved in
phosphate-buffered saline (PBS) solution (Mediatech Inc.) at
concentrations from 0.5 to 3 μg ml−1 were used to incubate
the transistors for 3 min at room temperature. To evaluate
the binding effect of antibody, samples were studied using
Jeol JEM-2000FX transmission electron microscope as shown
in figure 5. Poly(ethylene glycol) (PEG) (Acros, average
mass 8000 Da), 5 mg, dissolved in 100 ml DI water
was applied to each SWCNT-mAb junction to form a PEG
monolayer on unoccupied side walls to minimize non-specific
biomolecule immobilization during experiments. Adsorption
of a pyrenebutanoyl succinimide on side wall of nanotube to
crosslink the antibody does not create a covalent bond to the
nanotube.

The malignant human breast cancer cell lines MCF7
and BT474, which overexpress different levels of IGF1R
and Her2 [21], and non-malignant MCF10A human breast
cells were purchased from American Type Culture Collection
(ATCC). Cells were incubated with 2 mM glutamine,
5000 U ml−1 penicillin, 50 μg ml−1 streptomycin and 10%
fetal bovine serum in DMEM at 37 ◦C under 5% CO2 for
48 h before experiments. MCF7 cells were incubated with
additional 7.5 nM 17-β-estradiol. Cells released from culture
dishes by EDTA were sedimented at 1000 × g for 5 min. Cell
pellets were re-suspended in PBS. 1 μl of cell suspensions
containing about 100 000 cells was allowed to flow on the chip
to make contact with the nanotube between the electrodes.

Experiments with blood were conducted with fresh
human blood volunteered by one of the authors before
each experiment. First a single nanotube device that was
functionalized with anti-IGF1R mAb was exposed to fresh
blood to investigate any potential bio-fouling of devices. For
experiments with cells, 1 μl of the cell suspension containing
100 000 cells was mixed with 1 μl of blood and the resulting
suspension applied to a single junction on the chip to make
contact with the SWCNT-mAb between the electrodes.

3. Results

Figure 2 is an optical image of an SWCNT FET chip array,
consisting of 20 pairs of electrodes with a single carbon
nanotube between each pair. The nanotubes were anchored
between the pairs of electrodes by airbrushing. Figure 3 is an
SEM image of the airbrushed SWCNT on a silicon wafer. It is
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IGF1R HER2 

Figure 2. Optical micrograph of a single chip for multicomponent
electro-mechanical sensing of IGF1R and Her2 surface receptors in
breast cancer cells.

Figure 3. Partial alignment of single wall carbon nanotubes using air
brushing. The vertical airflow generated a torque that caused the
nanotubes to align.

observed that most of the airbrushed carbon nanotubes were
well separated. The simple airbrushing technique provided
a certain degree of SWCNT alignment along the direction of
air flow, in agreement with existing literature [28, 29]. While
airbrushing nanotubes for partial alignment has been reported
in the past [28, 29], this study is the first to adapt this technique
to semiconductor batch fabrication techniques. The result is
faster and lower cost production of single nanotube devices,
compared to e-beam lithography.

Electron beam lithography is used widely for top-down
manufacturing of nanodevices. However, e-beam lithography
is a serial process, slow requiring long exposure times, requires
an SEM and vacuum systems for electron beam scanning and
expensive. For the purpose of generating a complex molecular
profile including a wide variety of biological molecules, the
cost of using e-beam lithography-based devices for single
bioassay becomes prohibitive. Furthermore, our devices show
similar performance and are easy to fabricate, thereby allowing

Figure 4. Optical image taken before (a) and after (b) sonication
removal of SWCNT. Purple and yellow-greenish areas are bare SiO2

wafer surface and AZ5214 photoresist respectively. Undesirable
SWCNT (light greenish) residing in the purple areas were removed
by ultrasonication.

the possibility of large scale production of nanostructure
devices for future application in bioassays.

Figure 4 shows the optical image of the airbrushed carbon
nanotube device on an oxide wafer after optical lithography.
First, photoresist is applied on airbrushed carbon nanotubes
and photolithography is performed to define the patterns. After
lithography, the nanotubes that are not covered by photoresist
are removed by gentle ultrasonic agitation in distilled water for
10 min. Figure 3 shows optical images of the device before
and after cleaning by ultrasonic agitation. It is clearly seen
that most of the nanotubes around the photoresist are removed
completely. Following this procedure, the contact metals
were deposited and photoresist lifted off in acetone, thereby
leaving SWCNT anchored between the electrodes as seen in
the SEM image of figure 5. The inset in figure 5 is the high
magnification image of the device showing a single nanotube
anchored between the electrodes. The spacing between the
electrodes is 1 μm and the nanotube diameter is ∼15 nm from
the inset in figure 5.

A typical breast cancer cell, in contrast, has a diameter
of 8–12 μm [26]. These physical parameters preclude the
binding of more than one cancer cell at a time. Thus, one
would predict that each SWCNT-mAb junction will function
as an on–off quantum bit. Figure 6 presents transmission
electron micrograph (TEM) of antibodies functionalized on the
surfaces of the carbon nanotube. Our published procedure [26]
works well for non-specific, anti-IGF1R, and anti-Her2
antibodies. The TEM images provided direct confirmation
that the antibodies aggregate on the surface of the nanotube
at many different sites. This has also been confirmed in
the past using atomic force microscopy (AFM) and confocal
microscopy [26, 30]. Potentially each group of carbon atoms
equal to the cross-sectional area of the constant region of a
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Figure 5. SEM image of a pair of electrodes fabricated by
airbrushing and dual sonication techniques. No excessive SWCNTs
were observed in the 1 μm wide conduction channel. The inset
shows that the electrodes are bridged by SWCNT, 15 nm thick (a
small bundle consisting of 10 nanotubes).

Figure 6. TEM image of the functionalized nanotube with
antibodies. Only a single 8–12 μm cancer cell can bind across the
1 μm nanodevice junction.

monoclonal antibody (mAb) constitutes a binding site in the
SWCNT that can transport into a living cell. Past AFM studies
have shown nanotube–antibody hybrids to be 5–8 nm for a
single nanotube functionalized with antibodies [30]. From
figure 6, it can be seen that nanotube–antibody hybrids to be
∼100 nm. Subtracting the diameter of the nanotube, ∼15 nm,
makes the effective height of the antibodies atop the nanotube
∼85 nm. Therefore it is expected that about 10–12 units of
aggregated mAb are bound to SWCNT. Since the devices were
rinsed three times in DI water following functionalization, it
is expected that all the antibodies are strongly adsorbed to the
carbon nanotube.

The transfer characteristics of the devices before antibody
functionalization fit the criteria for a p-type SWCNT transistor,
showing a strong decrease in source–drain current with

Figure 7. (a) Transfer function of a tested transistor (b) distribution
of normalized source–drain currents of devices. The gate and
source–drain voltages were set to 0 and 150 mV respectively.
Individual source–drain current was divided by the average
source–drain current of that chip.

increasing gate voltage as shown in figure 7(a). This also
shows that the transport in SWCNT is through holes (positive
charge carriers). This is in line with previous reports [31, 32].
The amounts of SWCNTs deposited on each substrate varied,
leading to different source–drain currents. However, the
transistors’ performances on an individual chip were very
similar because the density of nanotubes distributed across the
relatively small chips was uniform under a single airbrushing
run. In order to test this concept, 120 functional transistors
on eight different chips showing highly uniform source–drain
currents after normalization were plotted in figure 7(b). The
distribution of source–drain current at 150 mV source to drain
voltage shows a clear Gaussian fit, showing most devices had
similar transfer characteristics. Only 80% of the devices acted
as p-type FETs while the rest of the devices acted as conductors
with metallic characteristics. This demonstrates that the
airbrushing technique is statistically acceptable to obtain large
numbers of similar devices with similar characteristics. The
reason for such comparison with previously reported literature
is to establish that the airbrushing technique used to make the
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Figure 8. Biomolecular tuning of transfer characteristics for different
concentrations of IGF1R antibodies.

devices are quite comparable and the performance acceptable
to that of other types of fabrication techniques.

Figure 8 presents the effects of increasing antibody
concentration on the nanotube FET. The device behaves
like a p-type semiconducting FET due to the depletion of
current at all antibody concentrations tested. The abrupt
drop indicated that antibodies began adsorbing onto the side
wall and SWCNT became more resistive since antibodies
tend to suppress current. This shows biomolecular tuning of
the transfer characteristics of the transistor. The negatively
charged antibodies deplete the current with increasing source
to drain voltage. This is similar to initial studies conducted on
charge transfer to the nanotube from adsorbed proteins [33].
Even for smaller proteins such as streptavidin, the presence
of amine groups donate charge to the nanotube transistor
thereby shifting the device characteristics. It was shown
that for streptavidin system consisting of 4000 amine groups,
each amine group can donate charge of 0.04 electrons to the
nanotube thereby lowering the conductivity of the device. It is
the presence of these amine groups in the antibodies that lowers
the device conductivity.

The mechanism of antibody decreasing the conductance
could arise from electrostatic gating effect and Schottky barrier
effect in nanotube transistors [34]. However, since our
device electrodes were passivated using photo resist as a last
step, the undesirable Schottky barrier effect is eliminated.
The mechanism of sensing biomolecules is therefore due to
electrostatic gating in carbon nanotube transistors. Adsorbates
such as antibody donate charge and alter the electrostatic
field around the carbon nanotube. There is a strong
decrease in conductance of the channel with increasing
antibody concentration showing the modulation of transfer
characteristics purely due to electrostatic gating. Recent
literature has also shown that it is the electrostatic gating that
dominates the actual mechanism of sensing biomolecules in
nanotube transistors [34].

The size of the nanoscale devices makes them attractive
to make hand-held devices that can potentially sense cancer

(a)

(b)

Figure 9. Nanodevice reaction to fresh whole human donor blood.
(a) Plot of normalized conductance over time upon dispensing 1.0 μl
of blood (arrow) onto the device. (b) Optical micrograph of the
device after electrical recording, showing spacing between the
electrodes.

proteins directly from blood. However, it was not clear
whether blood cells would foul the device. Therefore, direct
adsorption of blood onto the surface of antibody functionalized
nanotube was investigated. These devices consisted of network
of nanotubes patterned between electrodes figure 9 presents
the results of 1 μl of human blood applied to the nanotube–
antibody device. Figure 9(a) presents the electrical signal on
1 μl blood adsorption. An optical image of the device after
recording of the electrical characteristics was imaged using a
video camera mounted to a probe station, shown in figure 9(b).
The current in the devices dropped from 22.5 to ∼15 μA and
stabilized at that level, showing lack of fouling of the device
by human blood. The higher current in this device was due
to the larger number of nanotubes as against single nanotube
devices. Subsequent experiments for detection of cancer cells
were conducted in blood. We postulate that the lack of fouling
is due to the design of the device, including the PEG coating,
and the spacing between the electrodes (1 μm), which is too
small for a single cell (8–12 μm) to enter the spacing between
the electrodes and foul the device. The change in the device
characteristics due to blood adsorption can be explained based
on the net surface charge in red blood cells [35]. Mammalian
red blood cells have a net surface charge of 7.34×102 e.s.u with
15.4 ×10−6 surface electrons per cell. The presence of surface
electrons in the blood cells can therefore lower the capacitance
of the nanotube device thereby lowering the current. Since
the device consisted of large number of nanotubes compared
to single nanotube device, it is reasonable to expect larger
lowering of current compared to single nanotube device due
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Figure 10. Change in normalized conductance when antibody and
cancer cells mixed in blood were applied to the device. Antibodies
and cells were dropped at about 100th s and 220th s. Two specific
pairs of antibody and cell showed about 60% conductance reduction
and three non-specific pair had little impact.

to the higher probability of blood cells coming in contact
with nanotubes in networked devices than in single nanotube
devices.

Figure 10 presents the change in normalized conductance
in testing with cancer cells. First the mAb were functionalized
onto the surface of the SWCNT and the conductance was
recorded from a single junction. After the conductance
reached a stable value, cells were applied to the device.
One μl of BT474 or MCF7 cancer cells were mixed with
1 μl of fresh human donor blood; 2 μl of the solution,
containing ∼100 000 breast cancer cells, were applied to the
surface of the device using a micropipette. The change in
conductance from a single junction was recorded using a
semiconductor parameter analyzer with femto-amp accuracy.
As one can see from the graphs, there are clear differences.
The device that was functionalized with anti-IGF1R antibodies
followed by adsorption of MCF7 cells showed 60% reduction
in the conductivity, which is the largest. Devices that
were functionalized with non-specific antibodies followed by
adsorption of MCF7 cells showed less than 10% change in the
normalized conductance. This was also true for non-malignant
MCF10A cells, which do not overexpress IGF1R [26]. These
results indicate clear differences in the change in conductivity
between non-specific and specific pairs. It is safe to say two
things from these results: (1) the change in conductance is
greater for specific pairs compared to non-specific pairs, (2) the
change in conductance for all the control cells look similar.
Therefore, the change in conductance should originate from the
binding of multiple antibodies on the surface of the nanotube
to some of the cell surface receptors. One thing is for sure:
there is a difference in electrical signal of the device when
adsorbed with blood with and with out cancer cells. All these
experiments were conducted at least three times to ensure
reproducibility.

Figure 11 presents the change in normalized conductance
in testing with cancer cells in blood from three different

Figure 11. Change in normalized conductance from three different
devices that were functionalized with IGF1R and adsorbed with
MCF7 breast cancer cells.

devices to investigate whether the reproducibility of results.
All three devices showed similar changes in conductance
when functionalized with anti-IGF1R antibodies followed by
adsorption of MCF7 cancer cells in blood. The results in
figure 11 (which was from a different array) are very similar
to the experiment in figure 10. The differences in normalized
conductance between different devices were less than 10%
showing that there should be biomolecular binding event that
cause this change in electrical device characteristics.

When cells mixed with blood were applied to the device, it
was difficult to obtain a clear optical image due to subsequent
clotting. In order to image cells landing between the device
electrodes, we performed preliminary experiments with AsPc1
cancer cells (ATCC) in PBS. Figure 12 presents two images
that were captured using a video camera just after applying
1 μl of cancer cells on the device. As one can see from
figure 12, while there are many cells on the surrounding area,
but only one cell appears to adsorb to the surface between
the electrodes, associated with the change in conductivity. In
other words, while there may be 100 000 cells in the drop
atop the device, it appears that the change in conductivity was
due to the binding of only one cell. Also, since all other
areas of the SWCNT were completely isolated with insulating
PEG coating, the conductivity change for that junction could
only occur due to an electron exchange process that occurred
between the electrodes that were anchored with an SWCNT-
mAb. Once a cell lands between the electrodes, the presence
of the electric field between the electrodes from the applied
bias also helps to immobilize the cell between the electrodes.
Therefore we estimate that the binding of a single cancer cell
to adsorbed mAb on the SWCNT device led to the recorded
changes in conductivity.

4. Discussion

The binding of antibodies to their corresponding antigens
creates a change in free energy that in turn can generate
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Figure 12. (a) Optical image captured using a video camera of cells
arriving at the electrode, (b) cells bridge the gap between the
electrode (false color image to illustrate the single cell bridging the
electrode). These cells are AsPC1 pancreas cancer cells in PBS.

stress on a surface [36]. This has been used in the
past to create bioassays of prostate specific antigens using
deflections of a micro-cantilever due to compressive stresses
generated as a result of the change in free energy [37].
�Go of antigen–antibody interactions fall in the range 11–
18 kcal mol−1 [38]. We estimated a minimum of 10–12
antigen–antibody interactions between a 10 μm cancer cell
contacting a 15 nm × 1 μm SWCNT-mAb. Thus the
minimum estimate for �Go of cancer cell-device binding
is approximately 10 interactions ×−15 kcal mol−1 =
−150 kcal mol−1.

Our results show that cancer cell binding to cognate
antibodies on a nanotube device alters the electron transport
properties of the nanotube. Since the nanotubes are not free
to deflect and are constrained between electrodes, one is left
with the explanation that the nanotubes undergo strain that
changes the electron transport properties. This hypothesis
is supported by the theory of electron transport in single
wall carbon nanotubes that predicted that strain can have a
large effect on the band structure of a nanotube [39–48],
which, in turn, has an influence on its electron transport
properties. A recent report has experimentally shown for the
first time evidence of an electro-mechanical effect from strain
in single-walled nanotubes, and also the first measurements
of piezoresistive response in a self-contained nanotube-based
nano-electro-mechanical structure [48].

We postulate that the binding of cancer cells simultane-
ously to multiple antibodies anchored to a nanotube creates a
surface strain that changes the band gap and the conductivity
of the nanotube. The putative increase in band gap due to cell

binding effect would result in a decrease in conductivity. In
general tensile stress increase the band gap and compressive
stress decrease the band gap of carbon nanotube [39–48]. It
has been seen in recent reports that for all semiconducting
nanotubes, application of a torsional strain <0.1% leads to an
increase in band gap, thereby decreasing the conductivity of
the device [48]. Whether the strains are tensile, compressive
or torsional, the increase or decrease in band gap is associated
with the competing effects between elongation or contraction
of the carbon bonds in the hexagon.

Our results support this hypothesis, implying that the
strain originates on the surface of the nanotube due to
biomolecular interactions and therefore can be used as a
‘fingerprint’ for molecular recognition. Specific interactions
create much higher free energy change than non-specific
interaction and therefore the strain and the associated band
gap changes should be higher for specific antibody–receptor
binding. For example, a free energy release of −150 kcal for
antigen–antibody binding on the surface of the nanotube could
generate a 1D stress of about 62.7 GJ m−1 over the length of
the nanotube ∼10 μm. Since the nanotube is not free to move,
the strain energy can only be transferred effectively along the
length of the nanotube. This has been seen in the past where
stress transfer is most effective for aligned nanotube systems
along their length [49]. Assuming the Young’s modulus of
the nanotube to be 1.2 Tpa [50], the strain observed along the
length of the nanotube could be as high as 5.225% for this free
energy change, far higher than strains reported for band gap
changes. This is due to the large free energy released during
binding over a small area of the device. However, it should
also be pointed out that not all the free energy released is used
as work to strain the nanotube. Part of it could be dissipated
to the surrounding liquids as heat. Future studies using AFM
could reveal the actual stress on the surface of the nanotube
upon antibody binding to their corresponding receptors.

Now pointing our attention to band gap, for example, the
band gap of (16, 0) SWCNT with 2% tensile strain is about
30% larger than that of the unstrained (16, 0) SWCNT, which
results in reduced source to drain current [51]. Using this
argument it can be estimated that for a 5.2% tensile strain
on the nanotube, the resulting conductivity should decrease
by about 50–60% due to an increase in band gap, which
is what our measured results indicate. On the other hand
torsional strains are only known to be associated with band
gap increases [51]. Under torsion, there are mainly three
carbon bonds that are responsible for band gap changes. The
bonds perpendicular to the axial direction, remains constant,
while the other two bonds one elongates and other contracts.
It has been reported that for a torsional angle of 36◦, the
compression strain of the bond that shortens in length is 0.7%
whereas the tensile strain of bond that elongates is 3%. The
bonds perpendicular to the length of the nanotube only deforms
by 0.07% [52]. Therefore the band gap changes associated
even with torsion will depend on the bonds that deform the
most and in this case the bonds that elongates. In other
words even a large torsion results in a tensile loading of the
nanotube and therefore increases the band gap as seen in past
reports [48]. It is therefore estimated that the strains seen in our
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devices should either be tensile or torsional depending on the
arrangement of the antibodies and the nanotube chirality, both
resulting in reduced conductivity. Past work in tuning band gap
using strains have shown ∼100 meV per 1% stretch in carbon
nanotube [53]. Using this argument, one can estimate a band
gap increase ∼0.5 eV for our device which is a high estimate.
Future work in this area using atomic force microscopy can
reveal the nature of strain itself on the nanotube surface.

Specific antibodies create much higher change in free
energy upon binding to their antigens compared to non-
specific antibodies [1, 36, 37]. This has also shown to
be true for ligand–receptor interaction using atomic force
microscope [54]. Therefore the stress on the surface of
the nanotube and the accompanying change in the electron
transport properties must be higher for specific pairs compared
to non-specific pairs as our results indicate (60% reduction in
conductivity for specific pairs compared to ∼10% reduction
for non-specific pairs). The origin of stress and the change in
conductivity can therefore be used as a ‘fingerprint’ for sensing
various different types of biomolecules without labeling.

The high sensitivity and specificity of the nano-electro-
mechanical device that is described here combined with the
ability to create single or small bundle nanotube devices
can decrease the cost of these devices. While nanowire
devices have been used in the past to sense cancer proteins
in blood [15], they are purely electrical in nature and there is
no strain associated with conformational change of proteins on
nanowire surface. All the nanowire devices show an increase
in conductivity on specific binding [15]. Network of nanotube
devices also show an increase in conductivity associated
with conformational change of proteins on their surface [17].
The electrical conductivity change due to mechanical stress
generated by biomolecules that we present here is unique and
has much higher specificity originating from the stress due to
biomolecular interactions that are often specific in nature. Only
hollow structures such as a single nanotube can respond to such
small strains and change their conductivity as has been seen in
theory and AFM experiments in the literature [39–48].

There are many important differences in the devices
described here. The present devices can directly sense cancer
cells in blood, without the need for much further modification.
Second, the design of our devices with small electrode spacing
and a single nanotube for probing allows us to sense single
cancer cells. While we flow 100 000 cells, the device becomes
independent of the number of cells around as soon as a single
cancer cell reaches the spacing between the electrodes. In
other words, once the cell arrives at the electrode, the device
performs like an on–off quantum bit. The isolation of the
entire device from other areas using a polymer except the
spacing makes the number of cells that are present in the
surrounding areas irrelevant. In other words, the cells that
bind to the antibodies on the surface of the nanotube between
the electrodes can only result in changes in the electrical
transfer characteristics. Further, the device is different from
past nanotube devices that have been used to monitor free
protein interactions. Past nanotube devices used networks
of nanotubes [16, 17]. Only single or small bundle (1–
10) nanotubes can change their band gap readily due to the

presence of strain that is measured electronically in line with
existing literature [39–48]. The hollow nature of the nanotube
and since most of the atoms in single wall nanotubes are
surface atoms, small strains can be accompanied by change in
C–C bond that can change the band gap and conductivity.

Approximating a roughly spherical shape for a circulating
malignant cancer cell, the volume of the cancer cell can be
estimated to be 6×10−16 l. However, it should be noted that the
entire volume of the cell does not interact with the antibodies.
Only 1/10th of the cell (cell diameter 10 μm, spacing between
electrodes 1 μm) interacts with the device. It is estimated that
there are as many as one million IGF1R receptors on a rapidly
proliferating MCF7 breast cancer cell [25]. Since we estimated
about 10–12 antibodies functionalized on the surface of each
nanotube, the estimated volume sensitivity of our device is
estimated to be ∼10−13–10−14 l of proteins, which is more
sensitive than any known device today.

This level of sensitivity is clinically relevant. Such an
array could in principle be used as a hand-held device to sense
directly circulating tumor cells or proteins or DNA in blood in
one step without the need for additional reagents or processing.
Second, the use of arrays can be used to conduct multiple
bioassays in a single run, thereby increasing the information
content and decreasing time for a single test. Such devices
could also be used in locations where access to health care
facilities is minimal. The label-free option makes it particularly
attractive for drug discovery, which requires one to detect
specific binding between small molecules with proteins. One
disadvantage of this device may is that the single cancer cell
has to reach the spacing between the electrodes. However, that
can be overcome very easily by using a micro-fluidic channel
and allowing the blood to flow through the channel.

5. Conclusions

There are many innovations in the work that is presented here:
first, the single nanotube electronic device that we report here
for cancer cell detection is fabricated by airbrushing [26, 27],
rather than by e-beam lithography [28, 29], which is time
consuming and expensive. The nanotubes are aligned
between lithographically patterned electrodes using the torque
generated by the flow of air, prior to subsequent lithography
and metalization steps, to ensure reliable and stable contacts.
Such a protocol ensures both high yields, low cost, and
acceptable performance.

Second, the cancer cell that is detected here, ∼10 μm in
diameter, is 10–15 times larger than the spacing between the
nanotube contact electrodes. While we use live cells in our
experiments, it is only the proteins that are precisely sensed
that makes this technology viable for sensing DNA, proteins as
well as cells in blood. The electrodes are completely isolated
from the cell by an insulating coating. Therefore, when a cell
comes in contact with the device, only the antibodies on the
surface of the nanotube can contact the surface of the cell,
as all the other areas of the device are isolated. The change
in conductivity can therefore only arise from the interaction
of cell surface proteins with antibodies that are functionalized
on the nanotube surface. Thus, each SWCNT-mAb junction
functions as an on–off quantum bit.
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Third, the device is unique due to the use of a single/small
bundle of nanotubes that can respond to changes in stress on
its surface and change its conductivity. Networks of nanotubes
tend to be more conductive than single nanotube devices,
thereby masking the actual biological events and producing
low signal to noise ratio.

This new technology for live cancer cell detection is label-
free, displays single cell sensitivity, high selectivity, high
reproducibility, easy fabrication, and low cost compared to
nanoscale top-down manufacturing. We postulate that the
change in free energy associated with multiple simultaneous
cell–antibody–nanotube interactions generates a stress on the
surface of the nanotube that decreases its conductivity.

In the future, we will design and build arrays of
SWCNT-mAb devices targeting multiple cell surface proteins
simultaneously to identify particular kinds of cancer cells.
Parallel, multicomponent detection will reveal the presence of
1, 2, 3, or more cancer cells in a volume of blood that covers
multiple junctions.
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