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A label-free sensing technology for detection of Ramos cell was developed based on a signal probe
Ru(bpy)s;Cl, (Ru) encapsulated by DNA. Gold electrode or magnetic bead as the sensing surface was
firstly modified with long-strand DNA with five repeating units. Then two kinds of short-strand DNA are
grafted onto the long-strand DNA to form DNA strands A and B (L-A and L-B) through the hybridization,
respectively. The addition of aptamer initiates hybridization of L-A and L-B with the aptamer sequence.
As the hybridization proceeds, the four kinds of DNA would finally transform into a three-dimensional

Eeg:::;::;eme d chemiluminescence network structure .and the signal probe Ru was enc.:apsulated by DNA simultaneously. When Ramos cells
Ru(bpy)sCl, are introduced to interact with the aptamer, the signal probe is released. In order to confirm the gen-
Biosensor erality of this method the ferrocenecarboxylic acid and luminol selected as a signal probe mode were
Ramos cell also tested. The Ru used as a signal probe for electrogenerated chemiluminescence (ECL) detection was

detailedly studied. With this ECL biosensor, detection limit as low as 58 cells/mL was achieved for Ramos

cell. The biosensor also exhibited excellent sensitivity and selectivity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Molecular recognition toward specific cells is a key issue for
cancer diagnosis and therapy and also has recently attracted much
attention. Traditionally, cancers are diagnosed mostly based on the
morphology of tumor tissues or cells. However, these morphologic
features are difficult to be used to carry out early cancer diagno-
sis or to evaluate the complex molecular alterations that lead to
cancer progression (Espina et al., 2005; Shangguan et al., 2006).
Although many methods based on molecular probes such as ligands
and antibodies can recognize the unique molecular signatures of
cancer cells, some of these methods have relatively profound label
progress (Hun et al.,, 2008; Murray et al., 2010). In addition, lig-
ands and antibodies are not always elevated in the early stages of
cancer development, when therapy is most effective. A wide-scale
cancer cell testing requires the development of easy-to-use, and
inexpensive analytical methods.

Aptamers possess numerous attractive features, including low
molecular weight, easy and reproducible synthesis, high binding
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affinity and molecular specificity (Shangguan et al., 2007; Yang
et al, 2005) fast tissue penetration and low toxicity (Cerchia
et al,, 2002), tunability in binding affinity, and long-term stabil-
ity (Jayasena, 1999). These advantages have made aptamers an
excellent alternative as molecular probes for biomedical studies
and clinical applications (Famulok et al., 2007; Mayer et al., 2007,
Layzer and Sullenger, 2007). Now lots of aptamers have been pro-
duced. These aptamers not only can target peptides, proteins, DNA
and RNA, but also viruses, parasites and bacteria (Famulok et al.,
2007; Mayer et al., 2007; Layzer and Sullenger, 2007).

To achieve the goal of early diagnosis of cancer, it is essen-
tial to have cancer-specific biomarkers that can be recognized by
molecular probes. With development of aptamer technology, a
group of target cell-specific aptamers have been selected by SELEX.
However, the reported methods for the cell detection based on
the aptamer-cell interactions were almost fluorescent methods
(Huang et al., 2009a,b; Zheng et al., 2009; Cheng et al., 2010). A
fluorescent “signaling aptamer” possesses adequate transducing
elements to generate physically detectable signals from the recog-
nition events, thus designing fluorescence-signaling aptamers have
become the focal point of several recent studies. Because DNA and
RNA do not contain intrinsically fluorescent groups, aptamers must
be modified with external fluorophores to provide opportunities for
fluorescence-based sensing. However, even slight modifications on
aptamers may lead to significant loss of their affinity and specificity,
and fairly small fluorescence responses are usually obtained upon
target binding; therefore, their detection sensitivity is relatively
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low (Huang et al., 2009a,b; Zheng et al., 2009; Cheng et al., 2010).
Recently, label-free aptamer biosensors have been fabricated which
use either photoactive polymer or DNA-intercalating dyes to report
conformational change of aptamers upon recognition of given tar-
gets (Li and Ho, 2008; Ho and Leclerc, 2004).

In contrast to the more routinely employed label technology,
aptamer cross-linked hydrogel reported by Tan provided a novel
method for the target detection, without the need for labeled
species. In that method, gold nanoparticles (AuNPs) were trapped
inside the hydrogel (Zhu et al., 2010). And simple and rapid tar-
get detection with the naked eye was developed based on the
competitive binding of the target to the aptamer causing the reduc-
tion of cross-linking density and inducing gel dissolution. Because
lots of signal element was encapsulated into the hydrogel this
method provided a high sensitivity. As no special features on the
aptamers and label progress are required, this technique provides
anew generic approach that can be applied with different aptamer
sequences for the detection of other molecules (Zhu et al., 2010).
But the state and stability of hydrogel heavily affected by temper-
ature, pH, ionic strength, electric field, and so on. Furthermore,
the hydrogel molecular weight which affected the pore size of
the hydrogel is affected by the preparation condition. Novel strat-
egy using label free technology for detecting adenosine based on
AP-site-binding ligands and engineered DNA aptamers was also
reported recently (Xu et al., 2009). Herein, we fabricated a novel
label-free biosensor for cancer cell detection with signal probe
encapsulated by DNA.

In this work, Ramos cell was used as the model target to test
our new label-free sensing method. A Ramos cell aptamer has pre-
viously been obtained by Tan’s research group through an in vitro
selection process (Tang et al., 2007). And Ru was selected as signal
probe model. As the hybridization proceeding in the presence of
Ramos cell aptamer and hybridization DNA, the three-dimensional
network structure was formed and the signal probe Ru was encap-
sulated. Upon introduction of Ramos cell, the three-dimensional
network structure was broken as a result of competitive target-
aptamer binding and specific recognition between the cell and
aptamer (Yang et al., 2008). And the signal probe Ru was released.
With ECL detection, detection limit as low as 58 cells/mL was
achieved for Ramos cell.

2. Experimental
2.1. Materials

Tris (2,2’-bipyridyl) dichlororuthenium(IIl) (Ru(bpy)sCl,, abbre-
viated as Ru) and tripropylamine (TPA), Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP) were from Sigma (St. Louis, USA),
6-mercapto-1-hexanol (MCH) was purchased from Acros (Geel,
Belgium). Luminol was purchased from Tokyo Chemical Indus-
try Co. Ltd. (Tokyo, Japan). Ferrocenecarboxylic acid (FCA) was
obtained from Strem Chemicals, Inc. (Newburyport, MA USA),
Carboxyl groups modified magnetic nanoparticles (Carboxyl mod-
ified MBs) (1-1.5 wm, 10 mg/mL) were purchased from Baseline
Chromtech Research Centre (Tianjin, China). All the reagents were
analytical grade and used without further purification.

All solutions were prepared with double distilled water. The
buffers involved in this work are as follows. DNA immobilization
buffer: 10mM Tris-HCl, 1.0mM EDTA, 1.0M Na(Cl, and 1.0 mM
TCEP (pH 7.4); DNA hybridization buffer: 10 mM PBS, 1.0 mM EDTA,
and 1.0 M NaCl (pH 6.8); Buffer for electrochemical measurements:
100 mM phosphate buffer (pH 7.4).

All synthetic oligonucleotides were purchased from SBS
Genetech Co. Ltd. (Beijing, China). Their sequences were presented
as follows:

Long-strand DNA: 5'-SH-CCTACCTGCATGA A CCTACCTGCATGA A
CCTACCTGCATGA A CCTACCTGCATGA A CCTACCTGCATGA-3' (con-
taining five repeating units (underline). When MBs were used as
the sensing surface SH was changed as NH5).

Short-strand DNA, strand A: 3’-GGATGGACGTACT GTG GCC CTC
CTA TCA AGC CA-5' (containing complementary sequences (bold)
to long-strand DNA repeating units and complementary sequences
(normal) to part of aptamer (italic)).

Strand B: 3’-GGAT GGA CGT ACT CAC CGG GAG GAG ACC CTG
AA-5’ (containing complementary sequences (bold) to long-strand
DNA repeating units and complementary sequences (normal) to
another part of aptamer (italic and bold));

Aptamer: 3'-CAC CGG GAG GATAGT TCG GT G GCT GTT CAG GGT CTC
CTC CCG GTG-5'.

2.2. Apparatus

Cyclic voltammetric experiments were performed with a
CHI660B Electrochemistry Working Station (CH Instruments). All
experiments were carried out with a conventional three-electrode
system. The working electrode was gold electrode. A Pt wire was
used as the counter electrode and Ag/AgCl (sat.) was used as
reference electrode, which is invariable during the experiment
period. All the potentials were measured and reported according to
this reference electrode. The electrogenerated chemiluminescence
(ECL) intensity produced in the electrolytic cell was detected and
recorded by a flow injection chemiluminescence analyzer (IFFD,
Xi’'an Remax Electronic Science Tech. Co. Ltd., Xi'an, China), which
was operated by a personal computer.

2.3. Cell culture

Ramos cells as target cells, CEM cells and K562 as control cells
were separately cultured in cell flasks according to the instruc-
tions from the American Type Culture Collection. The cell line
was grown to 90% confluence in RPMI 1640 medium supple-
mented with 10% (v/v) fetal bovine serum (FBS) and 100 IU/mL
penicillin-streptomycin at 37 °C, and the cells were cultured in a
humidified atmosphere with 5% CO,. The cell density was deter-
mined using a hemocytomer prior to each experiment. And then,
a 3.0 mL suspension of ~1.0 x 10° cells dispersed in RPMI 1640 cell
media buffer was centrifuged at 3000 rpm for 5 min and washed
with phosphate-buffered saline (18.6 mM phosphate, 4.2 mM KCl,
and 154.0mM Nac(l) five times and resuspended in 1.0 mL cell
media buffer.

2.4. Preparation of ECL biosensor

The procedure of the fabrication of ECL biosensor and the prin-
ciple of signal probe encapsulated by DNA-based ECL detection of
Ramos cell are illustrated in Scheme 1. Briefly, a gold electrode
(3mm in diameter, Jiangsu Jiangfen Electroanalytical Instrument
Co., Ltd.) was polished carefully with alumina slurries (1, 0.3,
0.05 wm) and washed ultrasonically with deionized and doubly dis-
tilled water. Then it was electrochemically cleaned in 0.5M H,S04
solution by cyclic potential scanning between 0.3 and 1.5V until a
standard CV was obtained. Subsequently, the gold electrode was
rinsed with deionized and doubly distilled water and absolute
ethanol in turn. Then the gold electrode was dried with nitrogen
gas.

Subsequently the gold electrode was immersed into 1 mL of
10mM Tris-HCI buffer containing 1.0 x 10~7 M long-strand DNA
and incubated for 5h. In order to avoid consequent nonspecific
adsorption in the following hybridization steps, the modified gold
electrode was immersed in the sodium phosphate solution con-
taining 1mM MCH for 1h to block the uncovered gold surface.
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Scheme 1. Schematic diagram for the cancer cell biosensor fabrication based on encapsulating signal probe by DNA. The detection signal produced from the electrode (ECL

or CC detection) (a) or the supernatant of signal probe solution (CL detection) (b).

Then, the modified electrode was immersed into 10 mM PBS buffer
(pH 6.8) containing short-strand DNA, strand A and strand B at
37°C. One hour later, the modified gold electrode was immersed
into 10 mM PBS buffer containing Ru and aptamer for 12 h. Rinsing
the gold electrode surface with 100 mM phosphate buffer (pH 7.4)
after each step of fabrication process is very important to remove
nonspecifically adsorbed sequences.

2.5. Cancer cell detection

For cancer cell assays, the prepared biosensor was immersed
into 1.0 mL of cells solution of different concentrations. After incu-
bation for 1h at 37°C, the gold electrode surface was washing
throughout with 100 mM phosphate buffer (pH 7.4). The ECL mea-
surement was performed in 2.0mL of 100 mM PBS containing
100mM TPA. As can be expected from the Ru(bpy)s;2*-TPA ECL
mechanism, the onset of luminescence occurred near 0.90V, and
thenthe ECLintensity rose until itreached a maximumabout 1.14V,
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Fig. 1. Faradaic impedance spectra (Nyquist plots) corresponding to Au electrodes
(a), after immobilization of long-strand DNA (b), hybridization with short-strand
DNA, strand A and strand B (c), encapsulation of Ru and hybridization with aptamer
simultaneous (d), and after treatment with 3000 cells/mL cancer cell (e). The data
were recorded in the presence of [Fe(CN)s]3~/4-, 2.5mM, as a redox label, and upon
application of the biasing potential of 0.511V, applying 5mV alternative voltage in
the frequency range of 100 mHz to 0.05 kHz. Data were recorded in a PBS solution
(10 mM) that included KCI (100 mM); pH 7.4.

which was consistent with the oxidation potential of Ru(bpy)z2*
(at the scan rate of 100 mV/s in PBS (pH 7.2)) (Fig. S2). The con-
centration of cell was quantified by a decrease of ECL peak height
AI(AI=Iy —1I), where I is the ECL peak height before the prepared
biosensor incubated with the cells solution and I is the ECL peak
height after incubation.

3. Results and discussion
3.1. Analytical principle of the ECL biosensor

Scheme 1 illustrates the working principle of label-free detec-
tion method. Two short-strand DNA, strand A and strand B, are
grafted onto a long-strand DNA to form DNA strands A and B (L-A
and L-B) through the hybridization between the long-strand DNA
and strand A or strand B, respectively. The sequences of strand
A and strand B are complementary to aptamer sequence. When
immobilized onto the solid substrate, the L-A and L-B are in relaxed
state. The addition of aptamer initiates hybridization of strand A
and strand B with the aptamer sequence, thus cross-linking the L-
A and L-B. As the hybridization proceeds, the four kinds of DNA
will finally transform into a three-dimensional network structure
(Yangetal.,2008). Upon introduction of a target object, the aptamer
will bind with it, and the three-dimensional network structure of
the DNA will be broken as a result of competitive target-aptamer
binding (Yang et al., 2008). If a signal probe is added prior to or
synchronously the addition of the aptamer, the signal probe will be
trapped inside the three-dimensional network structure of the DNA
(represented as red symbols in Scheme 1). When target object are
introduced to interact with the three-dimensional network struc-
ture of DNA, the signal probe is released and the detection signal
would decreased. And the concentration of the target object can
be detected according to the detection signal produced from the
electrode (ECL detection). In order to further test the fabricated
method possessed generality, FCA was used as the signal probe
for CC detection (named CC biosensor). And magnetic beads were
used as matrix for DNA immobilization, luminol was used as signal
probe for chemiluminescent (CL) detection (named CL biosensor).
When the target was introduced, the Ramos cell would interact
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Fig. 2. (A) Effect of Ru concentration on the ECL intensity Ip (a) and AI (b). (B) Effect of incubation time of the cell with biosensor on the ECL intensity (Al). Cell concentration

is 1000 cells/mL.

with the aptamer and the FCA or luminol was released. After mag-
netic separation, the resulting suspension was detected with CC or
CL detection. The detailed information of detection principle of CC
biosensor used FCA as signal probe and CL biosensor used luminol
as signal probe were described in the Supporting Information.

3.2. Characterization of the ECL biosensor

The assembly of nucleic acids on electrodes and the encapsu-
lation of the Ru (ECL probe) and the interaction of aptamer with
cancer cell were characterized by electrochemical impedance spec-
troscopy (EIS). The [Fe(CN)g >~ /4~ couple as a redox probe was used
in the testing solution (Patolsky et al., 1999). Fig. 1 showed a Nyquist
plot of impedance for Au electrodes (Fig. 1a), after immobilization
of long-strand DNA (Fig. 1b), hybridization with short-strand DNA,
strand A and strand B (Fig. 1c), encapsulation of Ru and hybridiza-
tion with aptamer simultaneous (Fig. 1d), and after treatment with
3000 cells/mL cancer cell (Fig. 1e). In the Nyquist plot of impedance
spectra, the semicircle portion at higher frequencies corresponds
to the electron-transfer-limited process and the linear portion seen
at lower frequencies may be ascribed to the diffusion. The increase
in the diameter of the semicircle reflects the increase in the inter-
facial charge-transfer resistance (Ret). Numerical values of Ret were
derived from experimental impedance spectra by fitting an equiv-
alent circuit model based on a modified Randles and Ershler model
to the data. The Re¢ of the bare Au electrode was 78 2. After immobi-
lization of long-strand DNA, the value of Re¢ increased to 994 €2. The
increase in Re; is due to the immobilization of negatively charged
DNA on the electrode surface resulting in a negatively charged
interface that electrostatically repels the negatively charged redox
probe [Fe(CN)g]3~ /4~ and inhibits interfacial charge-transfer (Cho
etal., 2006). After hybridization with short-strand DNA, the value of
Ret was increased to 2470 €2, due to the large amount of DNA linked
on Au electrode. After encapsulation of Ru and hybridization with
aptamer simultaneous, the interfacial electron resistance increased
to 4020 2. This indicates that Ru is encapsulated onto network of
the electrode and more DNA was linked on Au electrode. When the
fabricated biosensor was immersed in cell solution (3000 cells/mL),
the Ret decreased 35.82% from 4020 2 to 2580 €2 (curve e). This
is attributed to the fact that the bound aptamer is forced to dis-
sociate from the surface of electrode due to the formation of the
aptamer-cell complex and part of Ru is also dissociated from the
surface of electrode at the same time.

3.3. Stability of the ECL biosensor

Stability is also an extremely important feature for biosensors in
the practical applications such as clinical diagnoses. The long-term
storage stability of this ECL biosensor kept in 10 mM phosphate
buffer solution at 4°C was concerned. The experimental results

suggested that this biosensor is fairly robust. After biosensor prepa-
ration, gold electrodes with DNA and Ru could be stored in the
refrigerator with minimal loss of DNA and Ru for at least 24 h. After
storage 24 h, ECL intensity (Iy) of the biosensor almost retained
98.1% intensity of the original performance and decreased ECL
intensity (Al) after this biosensor performance using 1000 cells/mL
also retained 97.4% intensity of the original performance. The long-
term storage stability of the ECL sensor immerged in solution at
room temperature was also studied. The cyclic voltammetry mea-
surements were also performed by monitoring ECL intensity of this
sensor immerged in 0.1 M PBS (pH 7.4) every 2 h. The ECL intensity
only decreased 2.2% compared with the initial steady state value
after 6 h of immersion in PBS solution.

The same experimental results were obtained when FCA was
used as the signal probe and magnetic beads were used as matrix for
DNA immobilization, luminol was used as signal probe for CL detec-
tion. CC intensity of FCA decreased only 3.2% after the CC biosensor
storage 24 h in solution at 4°C. The decreased CC intensity after
CC biosensor performance using 1000 cells/mL also retained 97.0%
intensity of the original performance. The CC intensity decreased
3.1% after 6h of immersion in PBS solution. There is no obvi-
ous detected CL intensity of supernatant of MBs solution after CL
biosensor immerged in 0.1 M PBS (pH 7.4) for about 6 h. The results
suggested that Ru, FCA and luminol molecules were well encap-
sulated in the DNA network (the details information about the
encapsulation of the signal element can be found in ESI). Because
the DNA network is relatively steady frame at certain condition (Liu
etal., 2005), Ru, FCA and luminol molecules can be stably encapsu-
lated in the DNA network. This would lead to the good stability of
this biosensor.

3.4. Effect of encapsulation mode for ECL

The different modes of signal probe encapsulation greatly
affected the ECL intensity. The encapsulation of signal probe
were first comprehensively analysed by three different addition
sequence of signal probe (the three modes can been seen in sup-
porting information). The experimental results suggested that the
maximum signal intensity can be obtained when mode C was used.
In this mode signal probe was first added into the short-strand
DNA solution for encapsulation. After washing the matrix, signal
probe was again added into the aptamer solution for encapsula-
tion. From the ECL intensity (Ip) it can be concluded that maximum
dose of signal probe was encapsulated into the three-dimensional
network structure of DNA compared with that of the other two
modes (mode A and mode B). But it was also found that mode B
gives the relative stronger ECL intensity. The ECL intensity from
mode B is 97.6% of that from mode C. However, ECL intensity from
the mode A only is 8.9% of that from mode C. The experimental
results show that the general trends of FCA and luminol being used
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Fig. 3. (A) The calibration curve of ECL versus the concentration of Ramos cell from 100 to 30,000 cells/mL. Inset is the amplification of the linear range from 100 to
1000 cells/mL for Ramos cell determination. (B) The CL response of different concentrations of Ramos cell of (a) 0, (b) 200, (c) 300, (d) 600, (e) 1000, (f) 3000, (g) 6000, (h)
10,000, (i) 30,000 cells/mL. (C) The calibration curve of CL versus the concentration of Ramos cell from 200 to 30,000 cells/mL. Inset is the amplification of the linear range

from 200 to 1000 cells/mL for Ramos cell determination.

assignal probe are similar. Considering there is no essentially differ-
ence of ECL intensity of mode B from mode C and simplify of mode
B, we adopted mode B for the following experiments. It was also
confirmed that the signal probe was physically trapped into the
three-dimensional network structure of the DNA rather than the
intercalation binding between signal probe and DNA. In order to
validate the encapsulation of signal probe is mediated by aptamer,
mutant aptamer (arbitrary sequence) was used as substitute for
aptamer. There is nearly no ECL response. It confirmed that the
hybridization between the aptamer and L-A and L-B results in the
encapsulation of signal probe.

3.5. Optimization of the experimental conditions

In order to get the optimal analytical parameters, the relative
experiment conditions such as incubation time of the cell with
biosensor, concentration of Ru in encapsulation solution was inves-
tigated.

The Ru concentration in the encapsulation solution was firstly
optimized with the ECL intensity. In order to investigate the effect
Ru concentration on the ECL intensity, the biosensor was performed
using 1000 cells/mL Ramos cells. We observed that Iy was enhanced
significantly when the Ru concentration increased from 0.1, 0.3,
0.6, 1.0, 3.0, 6.0 to 10.0 pmol/L. And the AI also increased greatly.
However, at concentrations >10 pmol/L Iy was enhanced slowly
and Al became more flattened. This was attributed to the fact that
more Ru molecule was encapsulated into the DNA network on the
surface of electrode when Ru concentration increased from 0.1 to
10 pmol/L. But at Ru concentration >10 wmol/L, the Ru molecule
on the surface of electrode was tended to saturated so the Iy was
enhanced slowly and Al became more flattened. So 10 wmol/mL
Ru was used for further investigation.

Since concentration of cell and reaction time are closely related,
the concentration of cell was fixed at 1000 cells/mL when we inves-
tigated the effect of incubation time of the cell with biosensor on
ECL intensity. Fig. 2B shows the effect of the incubation time of

the cell with biosensor on ECL intensity. Because the interaction
between cell and aptamer is a fast binding process, the AI would
increase with the increasing incubation time (Kang et al., 2010).
As expected, ECL intensity obviously decreases with increasing the
incubation time from 10 min to 30 min and then reaches a plateauin
60 min (Fig. 2B). After 60 min, ECL intensity decreased very slowly.
Al changed oppositely and it increased with increasing the incuba-
tion time from 10 min to 30 min and then also reaches a plateau in
60 min. Further incubation was not capable of leading to the obvi-
ous ECL response change and Al increased very slowly. This can be
explained by the passive absorption between aptamer and target
cells. The longer incubation time will introduce more events of this
nonspecific interaction between aptamer and cells. As the aim was
to optimize an assay to be both as quick and as efficient as possible,
it was decided to perform 1-h incubations in further experiments.

3.6. ECL response of the biosensors to the cancer cell

When the target was introduced, the Ramos cell would inter-
act with the aptamer and the Ru was released. The amount of the
Ru on the surface of electrode would decrease. Because of the high
sensitivity of ECL detection and a mass of Ru encapsulated, a few
Ramos cells would lead to many Ru molecule being released and
give rise to obvious detectable signal. The quantitative behavior of
the ECL biosensors was assessed by measuring the dependence of
the decreased ECL intensity (AI) upon the concentration of Ramos
cell. Under the optimized test conditions, the linear range and
detection limit of biosensors to the Ramos cell were measured. The
results showed that the decreased ECL intensity (Al) of the biosen-
sor was exponentially related to the concentration of Ramos cell in
the range from 100 to 30,000 cells/mL. The regression equation was
Al=-1561.76 x exp(—C/15,525.73) — 1417.88 x exp(—(/882.61)
+2995.54 with a regression coefficient of 0.9991. The linear
range for cancer cell was 100-1000 cells/mL with the equation of
AI=1.02C+114.77 (Al is the decreased ECL intensity; Cis the con-
centration of cancer cell; n=5, RZ =0.9994) and the detection limit
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Table 1

Comparison between the current method and other reported techniques for analysis of Ramos cell.

Assay format? Detection system®

Detection range® Detection limit¢ Reference

Circular strand -displacement polymerization Flu
Direct Col
ACNPs Flu
Enzyme-linked DPV
Electrodeposition Imp
Cytosensor DPV
Self-assembled monolayer ASV
Ferrocene-concanavalin alectin-probe cv
Carbohydrate-functionalized CdS nanocomposite ECL
Signal probe encapsulated by DNA ECL
Signal probe encapsulated by DNA CL
Signal probe encapsulated by DNA CcC

Ramos: 1 x 102-1 x 10* 100 Ding et al. (2010)
CEM: 6.6 x 102-1.3 x 10° 300 Medley et al. (2008)
CEM: 5x 103-2 x 10° 1250 Smith et al. (2007)

K562: 5 x 104-1 x 107 1.0 x 10*
K562: 5 x 10%-5 x 107 1.0x 103
BGC: 1x 103-1 x 107 620
K562: 1 x 102-1 x 107 d

Du et al. (2005)
Hao et al. (2007)
Cheng et al. (2008)
Ding et al. (2008)

K562: 1 x 10%-1 x 107 1.0x 103 Xue et al. (2010)
BGC: 2 x 103-1 x 107 1.2x103 Han et al. (2010)
Ramos: 1 x 10%-3 x 10* 58

Ramos: 2 x 10%-3 x 10* 126 e

Ramos: 2 x 102-3 x 10* 78

2 ACNPs: aptamer-conjugated nanoparticles; ACMNPs: aptamer-conjugated magnetic nanoparticles.
b DPV: differential pulse voltammetry. ASV: anodic stripping voltammetric; CL: chemiluminescence; ECL: electrogenerated chemiluminescence; CC: chronocoulometry;

Flu: fluorescence; Imp: impedance; Col: colorimetric; CV: cyclic voltammetric
¢ In cells/mL.
4 Do not reported in their paper.
¢ This method.

of 58 cells/mL estimated using 30 (Fig. 3). A series of seven repet-
itive measurements of 1000 cells/mL were used for estimating the
precision, and the relative standard deviation (RSD) was 3.2%. It
was shown that this ECL biosensor had good reproducibility. This
method and some other amplified techniques, which can greatly
improve the sensitivity of the Ramos cell assay, are listed in Table 1.
Comparing to other methods based on amplification technology
listed in Table 1, the current protocol is one of the most sensitive
assay for the determination of Ramos cells.

The sensitivity of this work was found to be increased about
1-4 orders of magnitude than that of some methods (Medley et al.,
2008; Smithetal.,2007; Duetal.,2005) and it is even more sensitive
than the most sensitive work reported by Ding’s using fluorescence
detection (Ding et al., 2010). Because the biosensor could be pre-
pared before the detection experiment the total detection time of
this method is about 1 h, which was competitive compared to the
methods with a similar detection limit. Only need a signal probe
and some DNA, the direct detection of Ramos cell could be accom-
plished with one step, so the low cost and simple operation was
another merit compared to other methods.

The linear range and detection limit of biosensors to the Ramos
cell were measured when luminol was used as the signal probe.
As shown in Fig. 3B, for the CL biosensor, the CL signal increased
with the increase of the concentration of Ramos cell, and the CL
intensity revealed an exponential relationship with the concen-
tration of Ramos cell ranging from 200 to 30,000 cells/mL. The
linear range for Ramos cell was 200-1000 cells/mL with the equa-
tion of 1=0.814C+124.4 (n=5, R2=0.9996). A detection limit of
126 cells/mL Ramos cell can be estimated using 3¢ for CL biosensor
and EC biosensor (30). And the CC biosensor gives an exponen-
tial relationship with the concentration of Ramos cell ranging
from 100 to 30,000 cells/mL. The linear range for Ramos cell was
100-1000 cells/mL with detection limit of 76 cells/mL Ramos cell.
The equation is I=0.0026 C— 0.1902 (n=7, R =0.9986).

3.7. Selectivity of the cancer cell biosensor

In order to evaluate the selectivity, the biosensor was performed
using Ramos cells, CEM cells, K562 cells and artificial complex sam-
ples by mixing equal amounts of Ramos cells and CEM cells, Ramos
cells and K562 cells respectively. As shown in Fig. 4, a well-defined
Al was obtained for Ramos cells. Al for artificial complex samples
was almost the same as that for Ramos cells at the same concen-
tration, and CEM cells and K562 cells showed nearly no response.
It proved that this biosensor has an excellent capability in dis-
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Fig. 4. ECL responses for different cells. (a) Ramos cells; (d) CEM cells; (e) K562
cells; (b) artificial complex containing equal amounts of Ramos cells and CEM cells;
(c) artificial complex containing equal amounts of Ramos cells and K562 cells. The
concentrations were 1000 cells/mL for (a), (d) and (e); artificial complex (b) and (c)
containing 1000 cells/mL Ramos cells, CEM cells and K562 cells respectively. The
blank was deducted.

criminating target cancer cell from the non-target cancer cell. The
selectivity of this biosensor was due to the affinity of aptamer to
Ramos cell (Huang et al., 2009a,b).

4. Conclusions

We report a novel approach to Ramos cancer cell detection
via label-free biosensor using signal probe encapsulated by DNA
exhibiting very high sensitivity and selectivity. These features, as
well as its operation convenience, and stability, make it a promis-
ing alternative to conventional cancer detection methods. Under
the conditions of 60 min of incubation time, aptamer-DNA conju-
gates can specifically bind with target cells and release the loaded
signal probe. Since the fabricated biosensor is ECL, CL or CC-based,
one might expect the design of anintegrated, portable, and low-cost
device for cancer detection based on the proof-of-concept approach
described in this work.
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