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Nanotube Devices 
for Digital Profiling

CirCulating tumor Cells 
(CtCs) were f irst discovered in 1869 
in the blood of patients suffering from 
metastatic disease by an australian physi-
cian, thomas ashworth, using optical 
microscopy [1]. the current understand-
ing is that these CtCs mediate the 
spread of cancer at distant sites, including 
the lungs, liver, bones, and brain. CtCs 
are shed by primary and metastatic can-
cers in the range of 1–77,200/ml [2], [3]. 
recent clinically approved techniques 
for CtC detection include Veridex from 
Cell search [4], the CtC chip [5], and 
the aDna test [6], [7], to name a few. 
table 1 presents a list of CtC detec-
tion methodologies and their u.s. Food 
and Drug administration (FDa) approv-
al stages. although these methods are 
impressive, none are handheld point-of-
care devices; the test cannot be adminis-
tered in the clinic, with results available 
in a few minutes both for CtCs and 
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cancer biomarkers. therefore, with this 
objective in mind, we present our results 
on the development of nanotube devices 
for detection of both protein biomarkers 
and CtCs using nanotube devices.

EXPERIMENT

CARBON NANOTUBE  
SENSOR FABRICATION
each device contains three sensors, with 80 
devices per wafer. the sensors are a sim-
ple two-terminal design with liquid gating 
capability. all three sensors on each device 
share a common source, and each has sepa-
rate drain electrodes. a carbon nanotube 
(Cnt) network connects two nickel (ni)/
gold (au) electrodes, which are covered 
by an insulating layer of su8 photopoly-
mer. the first step in the process is assem-
bling the nanotube network. a Cnt thin 
film was assembled on a silicon/silicon 
dioxide wafer by vacuum filtration. Cata-
lytic chemical vapor deposition (CCVD)- 
synthesized, single-wall/double-wall Cnt 
mixture (99% weight) was purchased from 
Cheap tubes inc., 1–2-nm outer diameter 
and 3–30-µm length. the nanotubes were 
suspended in  isopropyl alcohol (iPa) at 
~45 µg/ml and sonicated for 90 min. the 
solution was then diluted to ~3.5 µg/ml 
and sonicated for 3 h to completely dis-
perse the nanotubes.

Fifteen milliliters of the suspension 
was then further diluted with 85 ml of 
iPa and vacuum filtered over a cellulose 
membrane, 0.22-µm pore size. this 
method self-regulates the deposition rate 
of nanotubes on the membrane to 

produce an evenly distributed network 
[13]. the network was then pressed 
onto an oxidized (400-nm thickness) sil-
icon wafer for 30 min. next, the wafer 
was transferred to an acetone vapor bath 
to dissolve the membrane. the targeted 
thin-film density was <5 Cnt/µm, 
while still yielding stable and reproduc-
ible devices. Very thin films leave more 
nanotube sidewalls exposed and reduce 
the number of junctions per nanotube so 
that nanotube resistance is more signifi-
cant relative to the junction resistance 
[14]. Both of these attributes improve 
the sensing properties of the film. scan-
ning electron microscopy (sem) images 
were surveyed to determine the film 
density. a mean density of ~3.93 Cnt/
µm was found by counting nanotube 
intersections with a grid of 1-µm lines 
superimposed on the sem image. the 

distribution of the nanotubes was favor-
able as well. the standard deviation was 
3.22; therefore, more than 68% of the 
film area is favorable for sensing, con-
taining 1–8 Cnt/µm.

CLEAN-ROOM PROCESSING
aZ4620 photoresist is used to mask the 
nanotube film areas needed for the sen-
sor elements. the exposed nanotubes 
are etched away in a reactive ion etcher 
for 90 s at 200-W power and 10% o2. 
sC1813 photoresist is used to mask the 
electrode pattern and serve as an isolation 
layer. the electrodes consist of a 10-nm 
ni adhesion layer and a 90-nm au layer. 
they are deposited by sputtering in a 
leskar PVD 75 system, 300-W dc power. 
lastly, the sensors are covered with su8-
2005, a 5-μm-thick photopolymer layer. 
a window over each of the nanotube 

FIGURE 1 The schematic of a protein/CTC detection scheme. The entire device except the active 
nanotube layer is sealed off using SU8 polymer.

T A B L E  1  a summary of current ctc detection techniques.

namE DEScRIPtIon SEnSItIVIty/FDa aPPRoVal

Cell search EpCAM target/ferrofluid capture 1CTC/7.5 ml; approved [4]
CTC chip EpCAM/microposts capture 5–1,281 CTCs; trials [5]

Herringbone chip EpCAM/microposts and grooves 10 CTCs/ml; trials [8]
Adna test Her2/MuC1/mRNA; capture using magnetic  

nanoparticles and RT-PCR
2–5 CTCs/5 ml; not yet approved [6], [7]

Laser scanning cytometry EpCAM/laser scans fast fluorescent events 50–60 CTC/20 ml; trials [2]

Photoacoustic flow cytometry EpCAM/in vivo detection and ablation In vivo capture/2 CTC/ml/animal trials [9]

Nanovelcro array EpCAM/surface adhesion of CTC 1–100 CTC/ml of blood; trials [10]

Intravital flow cytometry Folate/dye conjugates 2 CTC/ml; animal models [11]
ELIPSPOT CD45 negative buffy coats analyzed by  

enzyme-linked immunosorbent assay 
1 CTC/5 ml, patient trials [12]
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sensor elements is developed, but the 
electrodes remain insulated beneath the 
su8 polymer.

CNT FUNCTIONALIZATION
the finished Cnt sensors were func-
tionalized with the antibody by a 
pyrene linker molecule. the pyrene 
rings of 1-pyrenebutanoic acid, succin-
imidyl ester (Pase) adsorb onto Cnt 
sidewalls by π-stacking. the ester on 
the other end of the molecule provides 
an attachment point for antibodies. 
Pase (life technology, P-130) was 
dissolved in high-performance liquid 
chromatography (HPlC) grade meth-
anol (sigma) at 1 mm. the devices 
were incubated in the Pase solution 
for 2 h at room temperature and then 
rinsed with methanol and water. the 
devices were then incubated in anti-
body solution [~10 μg/ml in phos-
phate-buffered saline (PBs)] for 2 h 
at room temperature. Finally, a surfac-
tant, tween20, was used to block func-
tionalized nanotube sidewalls or Pase 
sites to minimize nonspecific interac-
tions. the devices were incubated in 
0.5% tween20 for 2 h at room tem-
perature. after incubation, the devices 
were washed with water and then each 
incubated in a 2-μl droplet of PBs 

(a) (b)

FIGURE 2 An optical image of (a) first-generation devices (60 per wafer) and (b) second-generation 
devices (240 per wafer).
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FIGURE 3 (a) An optical image of an array of devices from 240-element array and (b) a single device.

FIGURE 4 An SEM image of the device functionalization. The gold nanoparticles were functionalized and attached to the nanotube to investigate 
 specific binding.

Au Au

CNT

Mag = 2.15 K X

Mag = 50.12 K X

2 µm

200 nm

EHT = 3.00 kV
WD = 3.0 mm

Signal A = InLens
Photo No. = 3188

Date: 30 Aug 2013
Time: 15:53:26

EHT = 3.00 kV
WD = 2.9 mm

Signal A = InLens
Photo No. = 3081

Date: 27 Aug 2013
Time: 15:53:07



   december 2013  |  IEEE nanotEchnology magazInE  |  23

overnight in a humid chamber at 4  °C 
before testing. a confocal microscopic 
analysis was performed on the cells to 
look at receptor positive status.

RESULTS
Figure 1 presents the schematic of 
the device for testing. the nanotube 
devices that were produced using 

vacuum filtration followed by film 
transfer, lithography, etching, and post 
processing were functionalized with 
Pase. the silver (ag)/silver chlo-
ride (agCl) reference electrode was 
used as the third gate electrode. the 
entire device except the active nano-
tube layer is sealed with an su8 poly-
mer. Figure 2(a) presents the optical 

micrograph of the first-generation 
wafer with 60 devices, and  Figure 2(b) 
presents the second-generation device 
with 240 devices per wafer. a close-
up view of the devices is presented in 
Figure 3(a). Figure 3(b) is the sem 
image of a single device. the active 
area of the single device is 20 μm to 
enable the  capture and detection of 

50

40

30
0.2 0.4

Vg

70

60

50

80

70

0.2 0.4
Vg

0.2 0.4
Vg

Id
, A

 ×
 1

0–9

Id
, A

 ×
 1

0–9
Initial
EpCAM

Initial
EpCAM

Initial
EpCAM

No Antibody IgG Anti-EpCAM

74
30.5

30.0

29.5

29.0

72

70

68

66

0.2 0.3
Vg

0.4 0.20 0.25
Vg

(b)

0.30

PASE
Anti-EpCAM
Tween20
EpCAM

Initial
1 ng/mL
10 ng/mL
100 ng/mL
1,000 ng/mL

(a)

FIGURE 5 The detection of molecular EpCAM up to 1 ng/ml. Each step can be monitored. PASE functionalization, EPCAM interaction, and even 
Tween 20 blocking steps gives us high accuracy in sensing. 

FIGURE 6 Detection of (a) specific versus (b) nonspecific events in the detection of EpCAM directly on cells using nanotube devices.
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single cells.  Figure 4 presents the sem 
image of the nanotube device. strepta-
vidin–biotin functionalization protocol 
was used as a way to ascertain the spe-
cific binding on nanotube surface. the 
nanotube network with gold nanopar-
ticles is clearly seen in the high-magni-
fication sem image. the particles are 
evenly distributed, showing the bind-
ing of streptavidin to the biotin-coated 
particles.

DETECTION OF F-MOLECULAR EPCAM
Figure 5 presents the results from three 
terminal devices on a molecular f-epi-
thelial cell adhesion molecule (epCam). 
liquid gating, as shown in Figure 1, 
using an ag/agCl electrode was used 
to apply gate voltage. in these studies, 
we first wanted to ascertain the shift 
in gate voltages due to specific versus 
nonspecific interactions. therefore, we 
used free proteins due to the simplic-
ity of interactions. Figure 5(a) demon-
strates the testing without antibody, 
igg, and anti-epCam. it is seen that 
for anti-epCam, there is a shift in 
the gate voltage after the addition of 
epCam, as indicated by blue line. Fig-
ure 5(b) presents the ability to monitor 
each step (including Pase, anti-epCam 
functionalization, tween 20 blocking, 
and epCam). it is seen that proteins 
such as epCam move the threshold 
voltage to more posit ive values, 

decreasing the nanotube conductance 
due to interaction. this is the mecha-
nism of the sensing of proteins. up to  
1 ng/ml was detected using such a 
device, as shown in Figure 5(b). the 
graph in Figure 5 clearly shows the shift 
in gate voltage for different concentra-
tions from 1 ng/ml to 1,000 ng/ml 
done consecutively. this also suggests 
that the device does not get saturated 
over the range of clinical concentrations 
(diagnostic gray zone: 4 ng/ml for a 
prostate-specific antigen [15]).

DETECTION OF CELLS USING 
NANOTUBE DEVICE ARRAYS
Cellular detection with these devices 
is less understood and also quite rare 
because of the heterogeneity of the cell 
surface. Cnt-immunosensor detection 
of cells via their surface markers has only 
been reported with devices containing 
nanotubes immobilized in a 1-µm gap 
between electrodes. a decrease in con-
ductance was attributed to straining of 
the nanotube due to the attachment of 
the cell [16].

to test larger, more clinically relevant 
cell samples and volumes, we have devel-
oped Cnt-immunosensors with a 
90-µm2 area thin film. the Cnts are 
functionalized with anti-epCam mouse 
monoclonal antibodies. epCam is a well-
studied cancer biomarker, which func-
tions in mediating homophilic cell–cell 

adhesions [17]. epCam was chosen as a 
model system because it is present in 
nearly all adenocarcinomas and squamous 
cell carcinomas [18], [19]. in the devel-
opment of the sensors, we observed that 
gas molecules in the air were doping the 
Cnt and obscuring the sensor readings. 
We corrected for this and tested these 
sensors with epCam-positive and 
epCam-negative cells and identified a 
unique electrical signature for the two 
different cell types [20].

Figure 6 presents the summary of spe-
cific versus nonspecific interactions. Forty 
six devices were tested for both specific 
and nonspecific interactions in cells. spe-
cific interaction in cells gave rise to an 
increase in conductance with the inversion 
of the signal. nonspecific interactions 
gave rise to a characteristic dip in the sig-
nal. We believe that it is the free energy 
change that affects the configuration of 
molecular complex, which in turn affects 
the nanotube conductance, dependent on 
Debye length. molecular complexes tend 
to bind and unbind, thereby resulting in 
change in the free energy [15]. However, 
we believe that the true signal can only be 
obtained if it is within the Debye length 
to produce a change in conductance. 

in nanotube biosensors, the most 
important aspect for high sensitivity is 
the Debye length, which is defined as 
the depth of the space charge layer. if a 
molecule is placed a Debye length away 
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FIGURE 7 The change in signal conductance analyzed over 2-s transient shows distinguishing signals between specific and nonspecific pairs.  
A simple t-test showed 95% (p < 0.05) confidence intervals.
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from the surplus charge, its effects on 
the mobile charges are not felt. Debye 
length varies as the inverse square root 
of ionic strength I and is given by 

.I I0 32 /
d

1 2+ -  [21]. therefore, the 
interaction of an antibody to the cellular 
receptor must occur within this range of 
~10 nm. smaller molecules such as apa-
tamers and affibody molecules could 
indeed be highly useful for improving 
sensitivity of such sensors, which can be 
determined in the future.

Figure 7 presents the transients of 
change in conductance in the first few 
seconds. it is seen that the transients are 
different for specific versus nonspecific 
interactions. a simple t-test showed 95% 
( . )p 0 05<  confidence intervals, showing 
reproducibility of signals. it is not clear at 
this time what happens at longer times. 
Cellular interaction with antibodies can 
take anywhere from a few seconds to sev-
eral hours. this needs to be studied quite 
extensively to enable more statistical con-
fidence in cellular measurements.

Figure 8 presents the confocal micros-
copy of two different types of cells that 
can be differentiated for their receptor 
status. skBr3 is positive for cytokeratin 
and epCam. mCF10a is negative for 
both. on-chip confocal microscopic anal-
ysis without removing cells could poten-
tially lead to no CtC loss. a typical chip 
surface can have anywhere between 1 and 
25 cells landing on the surface, and all of 
them can be counted easily. However, 
doing that in blood may be difficult, and 
this type of device could be useful for 
buffy coats where all rBCs are removed 
before testing. integrating such a device 
as demonstrated here with isolation pro-
tocols could enable handheld isolation 
and detection of CtC. However, these 
devices are also quite useful for cancer 
biomarker testing at the level of 1 ng/ml 
(below the diagnostic gray zone).

CONCLUSIONS
CtC detection and analyses in blood or 
body fluids may provide insights into the 
progression of cancer and treatment effec-
tiveness. CtCs are only in the range of 
10−7 to 10−3 among normal blood cells, 
making them rare [3]. the current CtC 
detectors are based on a mechanical cell-
sorting device, which uses magnetic and 

shear forces inside a microfluidic channel 
to isolate cells. this article presents an 
electronic device that could be developed 
for point-of-care testing both for pro-
teins and CtCs. there are several signifi-
cant challenges to be addressed, however, 
before full realization of the present 

device for CtC detection, which, once 
fully developed, could be a more pow-
erful approach and may provide higher 
information content both on proteins 
and cells and therapeutic response. the 
device-related difficulties such as disper-
sion of individual nanotubes within the 
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network for higher sensitivity, lithographic 
patterning, density of nanotubes in devic-
es, functionalization protocols, oxygen 
adsorption on the tubes, and cellular 
interaction within the Debye length can 
affect sensor conductance. 

With progress in device development, 
we have shown a 240-element array that is 
quite handy to work with for the develop-
ment of a point-of-care diagnostics type of 
device for cancer biomarkers and CtC. 
using a Pase functionalization technique 
and testing with f-epCam showed detec-
tion up to ~1 ng/ml. testing with cells 
showed specific versus nonspecific binding 
with up to 95% confidence intervals with 
an average of 5–25 cells per sensor surface 
in 5 µl of fluid. instead of adding 1 ml of 
fluid to microfluidic device, fractionating 
the 1 ml body fluid into 5 µl drops can 
result in potentially no loss of CtCs dur-
ing the testing process. However, they 
would require 200 devices that are individ-
ually addressable electronically. an applica-
tion-specific integrated circuit could 
potentially interrogate all of the sensors 
and give a read out within few minutes, 
which could include a gamut of informa-
tion from proteins, circulating tumor 
Dna, mrna, and CtCs. 

Further, reaction chambers on chip 
for reverse transcription polymerase chain 
reaction can potentially analyze CtCs for 
specific gene sequences. these could be a 
part of the entire clinical process involv-
ing surgery, chemotherapy, radiation, and 
hormonal therapy. the nanotube plat-
form is versatile, and hundreds of sensors 
patterned using clean-room processing 
techniques enable a  different philosophi-
cal approach in detecting cancer biomark-
ers and CtCs and could potentially be a 
powerful tool for clinic in the future.
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