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ABSTRACT: It has been of high significance to devise a biochemical analytical tool kit
enabling the detection of few circulating tumor cells (CTCs) for early diagnosis of
cancer. Despite recent effort made to detect few CTCs, it is still challenging to sense
such cells with their low concentration and/or the minute amount of marker proteins
expressed on few CTCs. In this work, we report the label-free recognition of
carcinoembryonic antigens (CEAs) expressed on few CTCs by using a carbon nanotube
(CNT) sensor coupled with scanning probe microscopy imaging for cancer diagnosis. It
is shown that a CNT-patterned surface is able to specifically capture the CEA molecules
in the whole cell lysate of CTCs with their concentration even up to 10−3 cells/mL. Our
work sheds light on our bioassay based on a CNT-patterned surface for highly sensitive,
label-free detection of marker proteins expressed on few tumor cells, which may open a
new avenue in early diagnosis of cancer by providing a novel biochemical analysis tool
kit.

SECTION: Biophysical Chemistry and Biomolecules

Nanoscale sensors have significantly contributed to the
diagnosis of diseases like cancers based on the ability of

sensors to capture specific marker proteins that are signatures
of specific diseases.1 Biochemical interaction between marker
proteins and a sensor’s surface has been measured via an
electrochemical or electrical method,2 nanomechanical detec-
tion,3−5 fluorescence analysis,6−8 and a microfluidic system.9−12

Recently, the detection of marker proteins expressed on
cancerous cells has received much interest for effective
diagnosis of cancer and monitoring of prognosis after surgical
resection.13−15 In particular, it is essential to detect
carcinoembryonic antigens (CEAs) expressed on circulating
tumor cells (CTCs) from a patient’s blood sample for the early
diagnosis of cancers.9,12,16 For cancer diagnosis, it is required to
detect minute amounts of CEAs (or CTCs) with their
concentrations of ∼2.5 ng/mL (or 1−10 CTCs per mL).17,18

The detection of such CEAs (or CTCs) with their low
concentrations has been implemented through an intricate
microfluidic chip or a polymerase chain reaction (PCR) that
requires a cumbersome process such as signal amplification or
labeling.9,12,16−21

In recent years, instead of the aforementioned sensing
methods, a scanning probe microscopy (SPM)-based imaging
technique has received attention for its capability of label-free
detection of marker biomolecules with high sensitivity and high
efficiency. For instance, we reported SPM-based label-free
recognition of interaction between protein kinases and small
molecules (e.g., ATP or drug molecule) at the single-molecule
level for drug screening.22 Moreover, it has been recently
reported that in order to improve the detection limit of SPM-
based sensing, the patterned sensing surface is necessary.
Specifically, the patterned sensing surface based on dip-pen
lithography23 or an aligned carbon nanotube (CNT)24 has
allowed the sensitive detection of marker proteins with
concentrations of <1 pM. Specifically, the CNT (with its
diameter of ∼4 nm) allows the construction of a minimal
sensing area, which results in improving the detection
sensitivity even up to 1 pM, as described in our previous
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Figure 1. Schematic illustration of (a) the fabrication of a patterned surface based on a carbon nanotube functionalized with an aptamer. (b) SPM-
based detection of a marker protein (here, CEACAM5) captured by ACNT. (c) CEACAM5 molecules expressed on CTCs were obtained from the
whole lysate of colon cancer LS174T cells.

Figure 2. (a) AFM images and (b) KPFM images of a bare CNT, aptamer-functionalized CNT (ACNT), and aptamer-modified CNT capturing
CEACAM5 molecules extracted from the LS174T cell lysate (1 cell/mL). (c) Fluorescence image of a secondary antibody bound to CEACAM5
captured by ACNT. Inset shows the scanning electron microscopy image of CNT that capture CEACAM5 proteins labeled with fluorescent
nanoprobes. (d) Fluorescence image of a bare CNT treated with a sandwich bioassay. The scale bar is 3 μm.
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work.24 Moreover, the CNT is suitable for functionalization of
the receptor molecule, which is essential for the selective
detection of specific target molecules using a π-stacking
interaction between the CNT and receptor molecule.25,26

In this Letter, we demonstrate the label-free, highly sensitive
detection of CEAs expressed on CTCs based on SPM imaging
coupled with a CNT-based patterned surface. For fabrication of
a CNT-patterned surface, straight carbon nanotubes were
chemically grown on a silicon substrate based on chemical
vapor deposition process,24,27 and subsequently, carbon
nanotubes were chemically modified with pyrenyl molecules,24

which led to the chemical functionalization of CNTs with
aptamers, which allowed for the specific detection of CEAs. For
label-free recognition of CEAs using a CNT-patterned surface,
the SPM imaging technique was employed to visualize the
CEAs specifically bound to an aligned CNT-based patterned
surface (Figure 1). As a model CEA, herein, the carcinoem-
bryonic antigen-related cell-adhesion molecule 5 (abbreviated
as CEACAM5, also known as CD66e) from the lysate of
LS174T cells was taken into account. Note that CEACAM5 is
commonly overexpressed in human colon cancer and plays a
role in the key function of cancer cells.17,18,21 CEACAM5 is a
useful tumor marker to identify recurrences after surgical
resection; until recently, a high expression level of CEAs has
been detected using the monoclonal antibody.9,12,19,21 As
described in ref 24, an aptamer is more useful to capture marker
proteins than a monoclonal antibody because of the reusability,
high binding affinity, and selectivity of the aptamer. Here, we
have considered the aptamer as a capturing probe to sense
CEACAM5 expressed on cancerous cells (Supporting In-
formation).
Figure 2 depicts the SPM images of a bare CNT-patterned

surface, an aptamer-functionalized CNT (ACNT)-patterned
surface, and a CEACAM5-bound ACNT-patterned surface. It is
shown that the atomic force microscopy (AFM) height of a
bare CNT was measured as 4.0 ± 0.3 nm, while the surface
potential of a bare CNT is estimated to be 21.7 ± 4.6 mV,
which is slightly more positive than that of a Si wafer. After the
conjugation of aptamers onto the carboxylated CNT, the height
was somewhat increased to 4.9 ± 0.3 nm in comparison with
that of the bare CNT. On the other hand, the surface potential
was critically decreased to −93.9 ± 13.7 mV, which was
ascribed to the negative backbone charge of the aptamer.24 To
assess the ability of our ACNT-patterned surface to detect
CEACAM5, the lysate of the colon cancer LS174T cell (1 cell/
mL) was prepared using a RIPA buffer, and subsequently, the
lysate solution was dropped onto the ACNT-patterned surface.
It is found that CEACAM5 binding onto the ACNT increases
the AFM height by an amount of approximately 2.4 nm, which
is attributed to the molecular size of the marker protein
CEACAM5, while CEACAM5 binding increases the surface
potential by an amount of almost 80 mV because of a charge
screening effect due to the isoelectric point of CEA (pI =
5.74).20 To validate the specific interaction between ACNT and
CEACAM5, we have conducted a negative control experiment,
showing that CEACAM5 proteins are not bound to a bare
CNT (Figure S1, Supporting Information), which suggests that
nonspecific binding of CEACAM5 onto the surface is unlikely
to occur. To further confirm the specific binding of CEACAM5
onto ACNT, we have considered the adhesion force imaging,
which was obtained simultaneously with AFM topography
imaging (Figure S2, Supporting Information). When CEA-
CAM5 molecules were attached to ACNT, CEACAM5-bound

ACNT exhibited a higher adhesion force than a bare CNT due
to the chemical interaction between ACNT and CEA-
CAM5.28,29

Moreover, we have conducted the sandwich bioassay in order
to verify the specific binding affinity between ACNT and
CEACAM5 (Figure 2c and d). In particular, we utilized the
CEACAM5 antibody labeled with fluorescent dye as a
secondary label for visualizing the CEACAM5 proteins bound
to ACNT. Figure 2c shows that CEACAM5 proteins (bound to
a secondary label shown as a green dot) are specifically bound
to ACNT. However, the sandwich bioassay possesses a
restriction on visualizing and quantifying a single CEACAM5
protein bound to ACNT, which is ascribed to an optical limit at
the visible light field. In addition, the sandwich bioassay using a
bare CNT confirms that nonspecific binding of CEACAM5
onto a bare surface is unlikely to happen (Figure 2d).
We have also investigated the potential of our ACNT-

patterned surface for CTC detection at the single cell level.
Here, instead of cell lysates, the solution containing LS174T
cells (as a model CTC) was dropped onto an ACNT-patterned
surface. The nucleus-stained LS174T cells bound to CNT were
visualized by fluorescence imaging (Figure S3a, Supporting
Information). The expression of CEACAM5 proteins on
LS174T cells bound to CNT was verified by sandwich bioassay
(Figure S3b, Supporting Information). It is shown that our
ACNT-patterned surface is able to effectively capture a single
tumor cell in a solution of 1 mL. For the early diagnosis of
cancer, it is more favorable to detect CEACAM5 expressed on
few tumor cells with their low concentration, that is, ≪1 cell/
mL.
Now, we have scrutinized the detection limit of our ACNT-

patterned surface for sensing CEACAM5 proteins expressed on
CTCs. Here, we consider the ACNT-patterned surface treated
with the solution containing LS174T cells with a concentration
of 10−3−1 cells/mL for 1 h. It is shown that as the CTC
concentration increases, so does the roughness change due to
CEACAM5 proteins bound to CNT (Figure 3a). The number

of CEACAM5 proteins bound to CNT per unit length of the
CNT as a function of CTC concentration is provided in Figure
3b. Here, enumeration of CEACAM5 proteins is implemented
using AFM images of the CNT that capture CEACAM5
proteins. It is interestingly found that even in the CTC
concentration of 10−3 cells/mL, the number of CEACAM5
proteins bound to the CNT is measured to be 18.3 ± 3.2

Figure 3. Quantitative characterization for the detection sensitivity of a
CNT-patterned surface: (a) topology images and (b) the number of
CEACAM5 proteins bound to a functionalized CNT as a function of
CTC concentrations. The scale bar is 100 nm.
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proteins per unit length (i.e., 1 μm) of the CNT. When the
CTC concentration is larger than 10−2 cells/mL, the number of
proteins bound to the CNT saturates. This suggests that our
CNT-patterned surface is useful in the label-free detection of
marker proteins expressed on few tumor cells with a
concentration of much less than 1 cell/mL, which shows that
the detection sensitivity of our ACNT-based sensor is much
higher than that of other sensing methods.
To gain insight into the binding affinity between our ACNT-

based sensor and marker protein (CEACAM5), we have
measured the number of maker proteins bound to the CNT as
a function of time based on the cell lysate prepared with a CTC
concentration of 1 cell/mL. Figure 4a shows the SPM images of

a CNT-based sensor interacting with marker proteins as a
function of time. It is shown that the roughness of the CNT is
increasing with respect to time, which is attributed to the
binding of marker proteins onto the CNT. Figure 4b depicts
the number of marker proteins bound to the CNT per unit
length of the CNT as a function of time. It is interestingly
found that the maker proteins were captured by our ACNT-
based sensor within 20 min, which may be due to the high
binding affinity between our sensor and marker protein. The
kinetics of binding between our sensor and marker protein can
be described by Langmuir kinetics, which suggests that the
number of marker proteins bound to our sensor is given by
N(t) = N0[1 − exp(−kbt)], where N0 is the equilibrium value of
the number of marker proteins bound to the CNT and kb is a
kinetic rate for binding between the CNT and marker protein.
We have found that the kinetic rate is estimated to be 0.06 ±
0.02 min−1. It is implied that our method enables the tactile
sensation of marker proteins, at single-molecule resolution,
expressed on few tumor cells. A previous study16 reported the
PCR-based detection of CEACAM5-mRNA as a prognostic
marker by using a sample of peripheral blood. On the other
hand, the detection sensitivity of our ACNT-based sensor is
higher than that of PCR-based detection for sensing
CEACAM5, and our method does not require any amplification
or labeling process that is usually necessary for PCR-based
sensing. Moreover, it should be noted that CEACAM5, instead
of mRNA, is a principal agent responsible for an oncogenic
signaling in intestinal cancer because the mRNA level is not
always correlated with the protein level due to the complex
translational mechanism in cancer cells.16

In conclusion, we have developed the ACNT-patterned
surface coupled with SPM imaging, which allows the label-free
detection of CEAs expressed in few tumor cells for cancer
diagnosis. It is shown that our sensing method is able to detect
not only a single CTC but also CEAs expressed on few CTCs
with a concentration of <1 cell/mL. In particular, our sensing
method enables the recognition of CEA proteins even at single-
molecule resolution. Moreover, our sensor is able to provide
quantitative insight into the binding kinetics of CEA to the
aptamer (functionalized on the CNT). Our study may be
applicable for studying not only the biomolecular interactions
that play a role in oncogenic signaling but also a precise
prognosis of cancer recurrence and metastasis leading to cancer
diagnosis.
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