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Electrochemical and Electrochemiluminescence Determination of Cancer
Cells Based on Aptamers and Magnetic Beads

Caifeng Ding, Ying Ge, and Shusheng Zhang*!*!

Abstract: The electrochemical and
electrochemiluminescence (ECL) de-
tection of cell lines of Burkitt’s lym-
phoma (Ramos) by using magnetic
beads as the separation tool and high-
affinity DNA aptamers for signal rec-
ognition is reported. Au nanoparticles
(NPs) bifunctionalized with aptamers
and CdS NPs were used for electro-
chemical signal amplification. The
anodic stripping voltammetry technolo-
gy employed for the analysis of cadmi-
um ions dissolved from CdS NPs on
the aggregates provided a means to
quantify the amount of the target cells.
This electrochemical method could re-

spond down to 67 cancer cells per mL
with a linear calibration range from
1.0x10°> to 1.0x10° cellsmL™!, which
shows very high sensitivity. In addition,
the assay was able to differentiate be-
tween target and control cells based on
the aptamer used in the assay, indicat-
ing the wide applicability of the assay
for diseased cell detection. ECL detec-
tion was also performed by functional-
izing the signal DNA, which was com-
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plementary to the aptamer of the
Ramos cells, with tris(2,2-bipyridyl)
ruthenium. The ECL intensity of the
signal DNA, replaced by the target
cells from the ECL probes, directly re-
flected the quantity of the amount of
the cells. With the use of the developed
ECL probe, a limit of detection as low
as 89 Ramos cells per mL could be
achieved. The proposed methods based
on electrochemical and ECL should
have wide applications in the diagnosis
of cancers due to their high sensitivity,
simplicity, and low cost.

Introduction

Early and accurate diagnosis is essential for the effective
and ultimately successful treatment of cancers. It has been
reported that very sensitive monitoring of cancer cells could
provide an easier and more effective way to monitor the
progression of the disease.™! Thus, identification and detec-
tion of cancer cells is fundamental to therapy and a means
of monitoring the relevant biological processes of cancers.
However, many of the current commercially available diag-
nosis methods are expensive, time-consuming, and requiring
advanced instrumentation though they have a high detection
rate.®"] Therefore, a more cost-effective method requiring
simple or no instrumentation yet still providing great sensi-
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tivity and accuracy would be ideal for point of care diagno-
sis.

The most recent efforts in cancer cell detection have fo-
cused on biosensors with good sensitivity and selectivity, as
well as rapid and easy operation. Ju and co-workers devel-
oped a series of cytosensors based on nanomaterials.'” A
strategy to detect P-glycoprotein in the cell membrane and
to quantify number of cells by using an electrochemical im-
munoassay was constructed by the adsorption of colloidal
gold nanoparticles (Au NPs) on a methoxysilyl-terminated,
butyrylchitosan-modified glassy carbon electrode. Another
novel architecture was designed by combining the biocom-
patibility of chitosan and the excellent conductivity of
carbon nanofibers. The impedance of electronic transduction
was related to the amount of the adhered K562 cells with a
detect limitation of 1x 10° cellsmL """/ Based on the specif-
ic recognition of integrin receptors on a cell surface to argi-
nine—glycine—-aspartic  acid-serine-functionalized  single-
walled carbon nanotubes, a novel electrochemical cytosens-
ing strategy was designed. The cytosensor could respond
down to 620 cellsmL™' of BGC-832 human gastric carcino-
ma (BCG) cells.™* They recently developed an in situ analy-
sis of cell-surface carbohydrates by electrochemical elemen-
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tal analysis of CdS quantum dots (QDs). The proposed
method exhibited a sensitive response to the K562 cell from
1.0x10° to 1.0x10 cellsmL ™" Although these electro-
chemical strategies are simple and sensitive, there is still a
limitation due to complex processes required for the adher-
ence of the target cells. In addition, it is difficult to differen-
tiate diseased cells from healthy cells.

Aptamers are single-stranded nucleic acids that bind very
specifically with protrin molecular or cellular targets, and
thus are clear alternatives to long-established antibody-
based diagnostic or biotechnological products for research,
diagnostics, and therapy.'"**!An in vitro process identifying
DNA sequences with strong affinities toward intact tumor
cells referred to as tumor cell SELEX?* was used to select
aptamers with high specificity toward target cancer cell lines
developed by Tan’s group.”>?! The aptamers selected were
used to detect cancer cells due to their ability to distinguish
one cell type from numerous other cell types. They have de-
veloped a novel two-nanoparticle assay with aptamers as the
molecular-recognition element for the rapid collection and
detection of one kind of leukemia cells and then multiple
cancer cells. Aptamer-conjugated magnetic NPs and apta-
mer-conjugated fluorescent NPs were employed for selective
targeting in cell extraction and sensitive cellular detection,
respectively. The detection limit was determined to be ap-
proximately 250 cells with a dynamic range covering more
than 2 orders of magnitude. To increase signal strength and
enhance binding affinity, the molecular assembly of aptam-
ers on Au-Ag nanorods (NRs) and Au NP surfaces also sig-
nificantly improves the binding affinity for cancer cells
through simultaneous multivalent interactions with cell-
membrane receptors. As determined by flow cytometric
measurements, an enhancement in fluorescence signal in
excess of 300-fold is obtained for the NR-aptamer-labeled
cells compared with those labeled by individual aptamer
probes.”’? They also constructed a cellular model and ap-
plied this aptamer-receptor interaction to estimate receptor
densities and distributions on the cell surface.” The cellular
internalization of one of the selected aptamers, sgc8, which
binds human protein tyrosine kinase-7 on cell surfaces was
also studied. This study indicates that sgc8 is a promising
agent for cell-type specific intracellular deliveries.”” By
using aptamers, the selectivity of these methods is improved
significantly. However, the instruments of fluorescent imag-
ing and flow cytometry used for cellular detection are more
expensive than electrochemical apparatus. In addition, the
color of the complicated samples, such as fetal bovine
serum, will make the determination difficult. Therefore, fur-
ther sample preparation to remove any colored species may
be necessary for any colorimetric detection.

Herein, electrochemical and -electrochemiluminescence
(ECL) assays are described for the rapid detection of cell
lines of Burkitt’s lymphoma (Ramos) by using high-affinity
DNA aptamers for signal recognition. Streptavidin (or car-
boxyl)-coated magnetic beads (MBs) were used as both the
separation tool and the immobilization matrix. The high per-
formance of these two assays allowed measurements down
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to 100 Ramos cells per mL to be achieved. In addition, with
the high sensitivity and simple process, the electrochemical
method also demonstrated the capacity to reproducibly
detect target cells from complex mixtures and FBS. Through
taking advantage of the unique properties of the aptamers
and MBs, we have developed an assay that has excellent se-
lectivity between target and control cells. Being able to dis-
tinguish cancerous from noncancerous samples quickly and
without any costly or complex instrumentation would be a
very powerful tool for point of care diagnostics and even
allow for the large-scale screening of particular diseases
prior to more costly and invasive procedures.

Results and Discussion

The electrochemical principle used for the amplified sensing
of target cells is shown in Scheme 1. The capture DNA 1
was tethered to MBs through a binding event between the
streptavidin and biotin. The aptamer and the linker DNA
tagged with CdS NPs were immobilized on the surface of
Au NPs through a thiol anchor to construct the Au nanop-
robes. After partial hybridization between the capture DNA
1 and the aptamer, the formation of a MB-Au-CdS biocom-
plex was accomplished. In the presence of the target cells
the double-stranded (ds) DNA dehybrized. Au nanoprobes,
were released from the biocomplex and assembled on the
surface of the cancer cell through the recognition of the
aptamer to its target on the cell-membrane surface. The con-
centration of target cells was monitored based on the con-
centration of dissolved Cd**, which was quantified by
anodic stripping voltammetry (ASV). Since a single Au NP
could be loaded with 38 CdS NPs (see Section 4 in the Sup-
porting Information for more details), a significant amplifi-
cation for the detection of target cell was obtained.!

Fluorescence imaging and TEM were adopted to demon-
strate the conjugation between the cancers cells and the Au
nanoprobes, as shown in Figure 1. In the fluorescence imag-
ing experiment, CdTe NPs with stronger fluorescence inten-
sities were employed to replace CdS NPs to be tagged on
the surface of the Au NPs through the linker DNA. After
the target cells were incubated with the prepared biocom-
plex, washed by magnetic extraction, and then dispersed in
the analysis solution, the fluorescent signal was clear and
strong (Figure 1 A). However, no fluorescence could be seen
in the cancer cells that were not incubated with the biocom-
plex (Figure 1B).

To verify that the nanoprobes were assembling on the sur-
face of the target cells, TEM images of the target Ramos
cells and control K562 cells after incubation with the MB-
Au-CdS biocomplex were also taken. The assay protocol
given in reference [28] was observed for both target and
control cells followed by deposition onto a copper grid for
TEM imaging. The samples were then allowed to dry before
images were recorded. Based on the TEM images, the Au
nanoprobes appeared on the surface of the target cells (Fig-
ure 1C) and not on the surface of the control cells (Fig-

Chem. Eur. J. 2010, 16, 10707 -10714


www.chemeurj.org

Cancer Cells

a)

FULL PAPER

Linker DNA Q Au NP
Q@ cdswp

ANAAAY A ptamer

Onnnanne Capture DNA 1 modified

with biotin

L oo,
s

©

0 HNO;
Q —_—
Electrochemical =<
Q detection

Elv

o Q

Q Streptavidin-coated magnetic beads

. Ramos cell

Scheme 1. A schematic illustration of a) the preparation of the MB-Au-CdS biocomplex and b) the electrochemical determination of cancer cells.

ure 1 D). These results indicated that the aptamers on the
Au nanoprobes caused the assembly of the Au nanoprobes
on the target cell surface.

To demonstrate the principle of the present assay, the se-
lectivity was determined as to whether the MB-Au-CdS bi-
ocomplex could differentiate between target and control
cells. The differential pulse voltammograms of Cd*T dis-
solved from the same amount of target cells and control
cells incubated with the same concentration of the MB-Au-
CdS biocomplex are shown in Figure 2 A. The results estab-
lished that the electrochemical signal of the target cells (Fig-
ure 2A, curve c) was significantly higher than the same
amount of control cells (curve b), which was approximately
the same as the blank solution (curve a). These results indi-
cated that the Au nanoprobes were dissociated from the
MB-Au-CdS biocomplex and bound selectively to the
target cells.

To truly evaluate the assay, more complicated samples
were analyzed to determine whether the assay could be
useful for actual samples. To accomplish this, the assay was
also used to determine cancer cells in the cell media (FBS
solution). In these experiments, target cells were added to
FBS and then the same MB-Au-CdS biocomplex solution
was added. After incubation, separation, and dissolution,
the electrochemical signals were recorded by using the elec-
trochemical analyzer. The DPV peak currents at about
0.62 V was plotted in Figure 2B. For comparison, the signals
of the same amount of control cells in FBS were also mea-
sured. The target cells in FBS clearly showed a significantly
higher signal than the control cells in the FBS, indicating
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that the assay functioned as expected in even complex envi-
ronments. As an additional control, cells of each type were
also incubated with the MB-Au-CdS biocomplex solution
modified with a nontarget aptamer sequence (random
DNA). The sequence had no specificity for either cell type
and produced no noticeable change in electrochemical sig-
nals of both cells versus the blank solution. This indicated
that the Au nanoprobe must be able to dissociate from the
MB-Au-CdS biocomplex and bind to the surface of the
target cells due to the recognition of the aptamer to its
target on the cell membrane surface.

Under the optimal conditions (see Section 3 in the Sup-
porting Information), the DPV peak current was propor-
tional to the cell concentration ranging from 1.0x10* to
1.0x10° cellsmL " with a correlation coefficient, R, of 0.998
(n=11) (Figure 3). The regression equation, I (pA)=
0.39154-1.6148 x 107*C (cellsmL™"), was used, in which I was
the current intensity, and C was the cell concentration. A
series of eleven duplicate measurements of 200 cellsmL™!
were used for estimating the precision, and the relative stan-
dard deviation (RSD) was 5.3 %; this shows good reproduci-
bility. The detection limit for cell concentration was calculat-
ed to be 67 cellsmL™" at 30. The low detection limit was as-
cribed to the signal amplification of Au NPs and the ASV
analysis of Cd** dissolved from the Au nanoprobes.

The proposed method and other techniques using nano-
particles for the determination of cancer cells are compared
in Table S2 in the Supporting Information. From these re-
sults we can see that the current method is more sensitive
than others.
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Figure 1. The fluorescence image of cancer cells conjugated with Au
nanoprobes (A), cancer cells only (B), and the TEM images of target (C)
and control cells (D) mixed with the MB-Au-CdS biocomplex. The con-
centration of cells in all samples was 15000 cellsmL .
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Figure 2. A) Difference responses for electrochemical detection of cells
between the Ramos cells and K562 cells in PBS; a) without cells, b) with
the K562 cells, and c) with the Ramos cells. B) Bar graph showing the
change of intensity between the Ramos cells and K562 cells in FBS;
a) without cells, b) with the K562 cells, c) with a nontarget aptamer se-
quence, and d) with the Ramos cells. The concentration of cells was
15000 cellsmL™".

The ECL experimental concept is schematically shown in
Scheme 2. Prior to the tests, MB-Ru biocomplex was syn-
thesized first by functionalizing MBs with ECL nanoprobes
by hybridization between the aptamers modified on the sur-
face of the MBs and the signal DNA labeled with tris(2,2-bi-
pyridyl) ruthenium (TBR). ECL nanoprobes were responsi-
ble for the ECL detection, and MBs modified with aptamers
were used to recognize the Ramos cells and used as a sepa-
ration tool. For cell analysis, the MB—Ru biocomplex was in-
cubated with Ramos cells for 2 h at room temperature. The
aptamers recognized the Ramos cells with high affinity and
dehybridized with the signal DNA. Thus, the ECL probes
were released from the MB-Ru biocomplexes and dispersed
in the solution. Then the solution containing the ECL
probes was separated from the mixture with a magnetic
field. Afterwards, the gold electrode modified with capture
DNA 2, which was complementary to the signal DNA, was
immersed in the above solution for 1 h at 37°C to form ds-
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Figure 3. Dose responses (A) and calibration curves (B) for electrochemi-
cal detection of cells. The concentrations of the cells in A: 0 (a), 100 (b),
200 (c), 500 (d), 800 (e), 1000 (f), 2000 (g), S000 (h), 10000 (i), 20000 (j),
50000 (k), and 100000 cellsmL " (1). The concentrations of the cells in B
were the same as those in A without the blank. (insets: amplifications of
the 100 to 5000 (a) and 100 to 1000 cellsmL ™" (b) regions).

DNA. Subsequently, the resulting gold electrode was im-
mersed into ECL assay buffer for subsequent ECL detec-
tion.

Figure 4 shows the kinetic curves of ECL assays obtained
upon different concentrations of target cells. A control ex-
periment, carried out by mixing MB-Ru biocomplex with
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Figure 4. ECL profiles of the cytosensor in different concentrations of
Ramos cells. Cell concentrations: a) 0, b) 100, c) 300, d) 500, e) 1000,
£) 2000, and g) 3000 cellsmL . The voltage of the ECL was set at 1.0 V.
Scan rate: 100 mVs. ™
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K562 cells in the absence of target cells, clearly demon-
strates that little unspecific binding occurs (Figure 4, curve
a). It is clear that ECL intensity increases with an increasing
target concentration compared with the control.

As shown in Figure 5, the target cells could be quantita-
tively measured over a large concentration variation from
100 to 50000 cellsmL™". A plateau effect was reached above
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Figure 5. Calibration curves for ECL detection of cells. Concentrations of
the cells: 0, 100, 300, 500, 1000, 2000, 3000, 5000, 10000, 30000,
50000 cellsmL™". (inset: amplifications of the 0 to 3000 cellsmL ™'
region).

concentrations of 3000 Ramos cells per mL, which may be
due to depletion of ECL nanoprobes loaded on the MBs.
Under the optimized test conditions, the linear range and
detection limit of the designed ECL strategy for the Ramos
cells were measured as shown in the inset of Figure 5. The
results showed that the increased ECL intensity was related
to the concentration of the Ramos cells in the range from
100 to 3000 cellsmL™'. The regression equation, Ic =
55.0440.42C (cellsmL™"), with a regression coefficient of
0.992 was used. To investigate accuracy of the proposed
assay, the relative standard deviation (RSD) was determined
by measuring the ECL signal of 300 cellsmL™" with eleven
replicates; the RSD value was 6.9 %, which shows good re-
producibility. The detection limit was 89 cellsmL™', which
was almost the same as that obtained by electrochemical ap-
proaches based on the signal amplification of NPs. It could
be predicted that a lower detection limit could be obtained
due to the signal amplification of NPs in the ECL detection
method.

Conclusion

The present study demonstrates the analysis of cancer cells
by means of electrochemical and ECL methods based on
aptamers for the specific recognition event and MBs as a
separation tool. By utilizing the unique amplification of Au
NPs and the excellent selectivity of aptamers, the electro-
chemical assay could detect Ramos cells with high sensitivi-
ty. It was clear that the detection limit of the ECL strategy
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Scheme 2. Strategy for the MB-based ECL assay of Ramos cells.

Carboxylic modified

without the signal amplification of NPs was almost the same
as that with the electrochemical method. Investigations into
the ECL detection of cancer cells by using aptamers and the
signal amplification of NPs are underway in our lab. In addi-
tion, electrochemical detection by means of the MB-Au-
CdS biocomplex proved successful for even complex sam-
ples such as FBS and demonstrated excellent sensitivity and
selectivity. These assays have the potential to provide a
simple, rapid, sensitive, and cost-effective approach for the
early and accurate detection of cancer through the utiliza-
tion of aptamers and nanotechnology.

Experimental Section

General: All of the synthetic oligonucleotides were purchased from SBS
Genetech. (China). Sequences of the oligonucleotides are listed in
Table 1.

Cells: Ramos cells (CRL-1596, B-cell,
human Burkitt’s lymphoma) were ob-

Table 1. The sequences of the DNA.

2

5

ECL £

o detection g

A Signal DNA

AN Capture DNA 2

media buffer were centrifuged at 3000 rpm for 5 min and redispersed in
cell media three times and were then redispersed in cell media buffer
(1 mL). During all experiments, the cells were kept in an ice bath at
4eC

Preparation of Au NPs: Au NPs were prepared according to the method
reported previously with a slight modification.® solutions of HAuCl,
and trisodium citrate were filtered through a 0.22 pm microporous mem-
brane filter prior to use, and then 1% trisodium citrate (1.0 mL) was
added to a boiling 0.01% aqueous solution of HAuCl, (100 mL) and
stirred for 10 min at the boiling point. The final Au NPs prepared by this
method had an average diameter of approximately 30 nm measured by
TEM, as shown in Figure S1 in the Supporting information. The prepared
colloid gold NPs were stored in brown glass bottles at 4°C.

Preparation of water-soluble CdS NPs: Mercaptoacetic acid modified
CdS NPs were prepared according to the literature.* Briefly, MAA
(2 uL) was added to a 1 mm aqueous solution of CdCl, (100 mL) under
vigorous stirring, and the pH of the mixture was adjusted to around 11
with a 0.5M aqueous solution of NaOH. After bubbling with N, for
30 min, a 1.34 mm aqueous solution of Na,S (50 mL) was added dropwise
to the solution. The reaction was carried out for 24 h under N, bubbling,

tained from the Chinese Academy of DNA Sequence

Medical Sciences. The cells were cul-
tured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum
(FBS) and 100IUmL™' penicillin

aptamer for Ramos

capture DNA 1

5'-TAC AGA ACA CCG GGA GGA TAG TTC GGT GGC TGT TCA GGG TCT
cells CCT CCC GGT G-SH (or NH,)-3

5-CGG TGT TCT GTATTT TTT TTT TTT TTT TTT TTT TTT TT-biotin-3’
5-NH,-TCT TTT TTC TTC TTA ACT CG-SH-3’

5-TAC AGA ACA CCG GCC GCT CAC ACG ATATTT TTT TTG GAT CGA TCG

. . linker DNA
Streptomycin. The cell density was de- 1nker
termined b . h " ¢ random DNA
er(;m:}lf y us1nfg a (;:mo'cy otme er, TAC GA-SH.3
an is was performed prior to any signal DNA

experiments. Approximately one mil- capture DNA 2

5-CGG TGT TCT GTATTT TTT -NH,-3’
3-GCC ACA AGA CAT AAA AAATTT TTT TTT TTT TTT TTT TTT-SH -5

lion cells dispersed in RPMI 1640 cell
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and a Kelly colloid was formed gradually. Following centrifugation of the
mixture for at least 30 min at 15000 rpm to remove the supernatant, the
precipitate was washed and redispersed in water (30 mL) and stored at
4°C. The MAA-modified CdS NPs have an average diameter of about
10 nm measured by TEM as shown in Figure S2 in the Supporting Infor-
mation.

Preparation of linker-DNA-labeled CdS nanoparticles: Linker DNA se-
quences were covalently labeled with MAA-modified CdS nanoparticles
by using the following procedure: CdS colloid solution (10.0 mL) was
centrifuged for 30 min at 10000 rpm, and the precipitate was redispersed
in PBS buffer (SmL). Then a 0.1Mm aqueous solution of imidazole
(200 uL; pH 6.8) was added to a 1.0x10*m solution of linker DNA
(110 uL) for 30 min.®™ Then a 0.1m aqueous solution of EDC (200 pL )
and a solution of CdS (5 mL; pH 3.5) were added. The labeling reaction
was stirred for 12h at room temperature, and then centrifuged at
10000 rpm for 30 min at 4°C to remove unbound oligonucleotides. The
linker-DNA-CdS conjugate was resuspended in PBS buffer (5mL) and
stored at 4°C after being washed twice with PBS buffer.

Preparation of the Au nanoprobes: The Au nanoprobes were prepared
by following the published procedure.?**! First, the 30 nm Au particles
were added to a solution containing the aptamers and the linker-DNA-
CdS conjugates. The 3'-thiol-functionalized aptamers and linker DNA
were activated with 10 mm TCEP at a ratio of 1:30. After shaking gently
for 16 h, the solution was allowed to stand for another 40 h, followed by
centrifugation for at least 30 min at 10000 rpm to remove excess re-
agents. Following removal of the supernatant, the precipitate was washed
with PBS buffer, recentrifuged, and redispersed in PBS buffer (5 mL)
and stored at 4°C. The TEM image of the Au NP probe is shown in Fig-
ure S3 in the Supporting Information.

Fabrication of the MB-Au-CdS biocomplex: The binding of the biotiny-
lated capture DNA 1 with streptavidin-coated MBs was carried out by
using a slightly modified procedure of that reported by Mascin et al.l*®!
First, streptavidin-coated MBs (40 uL) were transferred into a 1.5 mL
Eppendorf tube and were washed three times with PBS buffer (500 pL;
10 mm phosphate, 0.1m NaCl, pH 7.4), while physically retaining the par-
ticles with a magnetic field. Second, the MBs were resuspended in pH 7.4
PBS buffer (500 uL) and biotinylated capture DNA 1 (10 pL (from stock
solution, 1.0x10—6m) was added. The mixture solution was incubated
for 1 h at 37°C with gentle shaking. The formed DNA 1-MB were sepa-
rated from the incubation solution and washed three times with 500 pL
of PBS buffer. The preparation process was followed by the resuspension
of the DNA 1-MB in 200 uL PBS buffer, and then added 30 pL Au
nanoprobes. After incubated at 37°C for 1 h, the formed MB-Au-CdS bi-
ocomplex were separated from the incubation solution and washed with
PBS buffer for three times. The TEM of the biocomplex was shown in
Figure S4 in the Supporting Information.

Synthesis of TBR-NHS ester: Ruthenium bis(2,2'-bipyridine)(2,2"-bipyri-
dine-4,4'-dicarboxylic acid) N-hydroxysuccinimide ester (TBR-NHS
ester) was prepared according to a previously published procedure.*”*!
To synthesize [Ru(bpy),Cl,], first, RuCl;xH,O (0.0998 g) was reacted
with a twofold excess of the 2,2"-bipyridine (0.1581 g) under reflux in
ethyl glycol (10 mL) for 6 h. The solution was cooled to room tempera-
ture and extracted with acetone (5 mL) and diethyl ether (20 mL) until
the ethyl glycol was completely transferred to the diethyl ether phase.
The resulting solid was dissolved in ethanol and then filtered.

Synthesis of [Ru(bpy),(dcbpy)(PFj),]: This synthesis was performed ac-
cording to the procedure reported previously.***IThe as-prepared [Ru-
(bpy),ClL,] (0.16 g), NaHCO5(0.16 g), and 2,2'-bipyridine-4,4'-dicarboxylic
acid (0.12 g) were added to a solution of methanol and H,O solution
(20 mL; 4:1 v/v) and the stirred solution was heated for 4 h. The solution
was cooled in an ice bath for 7 h, and the pH of the solution was adjusted
with hydrochloric acid to pH 4.4. The formed precipitate was filtered and
washed with methanol. NaPF, (2.0 g) in water (14 mL) was added to the
resulting filtrate, and then cooled in an ice bath. The formed precipitate
was collected by filtration, and dried.

Dicyclohexylcarbodiimide (0.23 g) and N-hydrosuccinimide (0.119 g)
were dissolved in DMF (1.5 mL) with stirring and cooled in an ice bath.
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DMF (1 mL) containing [Ru(bpy),(dcbpy)][PF], (0.1532 g) was added,
and the mixture was stirred for 5 h to form [Ru(bpy),(dcbpy)NHS].

Preparation of ECL probe: The ECL probe was synthesized according to
a slightly modified literature procedure.*” A 5.84x107*M solution of
TBR-NHS ester (200 pL) and 0.10M tetraborate buffer (10 pL; pH 8.50)
was added to the 1.0x 10~*m solution of signal DNA (50 pL), respective-
ly, allowed to shake at low speed overnight at room temperature. Then,
by addition of a 3 solution of NaAc (100 pL) and ethanol (2 mL) to the
mixture, the precipitate reaction was carried out in the refrigerator at
< —-20°C for 12 h. The mixture was centrifuged in a micro-centrifuge at
12000 rpm for 30 min. The supernatant was carefully removed and the
precipitate was rinsed with cold 70 % ethanol twice and dried in air. The
dried precipitate was redissolved in 1.0m PBS buffer (200 uL; pH 7.0,
0.10m NaCl+1.0m KH,PO,/K,HPO,) and stored at —16°C in refrigera-
tor. The resulting solution was used as a stock solution for the ECL
probe.

Fabrication of the MB-Ru biocomplex: The binding of the amino-modi-
fied aptamers with carboxyl-group-coated MBs was carried out by using
a slightly modified literature procedure.*!! First, carboxyl-group-coated
MBs (40 pL) were transferred into a 1.5 mL Eppendorf tube and were
washed three times with PBS buffer (500 uL; 10 mm phosphate, 0.1m
NaCl, pH 7.4), while physically retaining the particles with a magnetic
field. Then, a 0.1M solution of EDC (150 pL) was added to the MBs for
40 min to activate the MBs. Second, the MBs were washed and resus-
pended in a 1.0x10°m solution of amino-modified aptamer (100 pL).
The resulting MBs and aptamer solution were incubated for 12 h at 37°C
with gentle shaking. The formed MB-aptamer conjugates were separated
from the incubation solution and washed three times with PBS buffer
(500 puL). The preparation process was followed by the resuspension of
the MB-aptamer conjugate in PBS buffer (100 uL), and then ECL
probes (30 uL) were added. The mixture was incubated at 37°C for 1 h.
The formed MB-Ru biocomplex was separated from the incubation solu-
tion and washed with PBS buffer three times.

Finally, the MB-Ru biocomplex was incubated with PBS buffer (300 uL)
containing different numbers of cells at room temperature for 120 min.
Then the ECL probes released from the MB-Ru biocomplex were sepa-
rated from the solution with a magnetic field and used to hybridize with
the capture DNA 2 on the gold electrode in the subsequent step.

Electrochemical detection: The MB-Au-CdS biocomplexes were incubat-
ed with PBS buffer (300 uL) containing different numbers of cells at
room temperature for 120 min. Then the solution separated from the
mixture was added to a 1.0M aqueous solution of HNO; (200 uL). After
mixing for 5 min, the dissolved Cd*" solution was transferred into 2.5 mL
of the 0.1m pH 5.3 HAC-NaAC buffer supporting electrolyte solution
containing 1.8x10~*m HgCl,. A control experiment was performed by a
similar fashion but without the target cells.

Stripping voltammetric measurements of the dissolved Cd** were per-
formed (in a stirring HAC-NaAC buffer solution) by using an in situ
preparation of mercury film on a glassy carbon electrode with a deposi-
tion time of 300 s and deposition potential of —1.4 V. The positive differ-
ential pulse voltammetry (DPV) scan was performed after a 15s rest
period (without stirring) from —0.8 to —0.5 V (vs. Ag/AgCl), with a pulse
amplitude of 50 mV and a pulse width of 50 ms. The anodic stripping
peak current (ipv J) located at ca. —0.62 V was taken as the analytical re-
sponse.

Electrochemiluminescence (ECL) detection: The surface of the gold
electrode was pretreated step by step in the following order: heated in a
piranha solution (30 % H,O,: concentrated H,SO, 3:7) for about 5 min to
remove any previous organic layer, polished with alumina slurries (1, 0.3,
and 0.05 um in turn) to obtain a mirrorlike surface, washed ultrasonically
with deionized and doubly distilled water, dried with nitrogen gas and
cycled in a 0.5M aqueous solution of H,SO, scanning between 0.3 and
1.5 V until a stable gold oxide formation/reduction cyclic voltammogram
was obtained. The cleaned Au electrode was immersed in 1.0x 10™°m cap-
ture DNA 2 solution (100 #L) for 12 h to obtain a capture-DNA 2-immo-
bilized electrode. Loosely adsorbed capture DNA 2 was removed by
washing carefully with 10 mm PBS buffer. Then the capture DNA 2 im-
mobilized electrode was immersed into a 1.0M solution of MCH (100 pL)
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for 30 min to eliminate nonspecific adsorption and then washed carefully
with 10 mm PBS. Finally, the preparation process was followed by immer-
sion of the capture-DNA 2-modified electrode into the solution contain-
ing the ECL probe, released from the MB-Ru biocomplexes in the pres-
ence of the Ramos cells, for 1 h at 37°C to form ds-DNA. The electrode
was sequentially washed with 10 mm PBS to removed the unbinding the
ECL probe.

The ECL measurement was performed at a constant potential of +1.0 V
in 0.10m PBS buffer (2.0 mL; pH 7.4) containing 0.10M TPA. And the
chronoamperometry (CA) was determined by measuring the ECL
signal.l2!

Cell imaging: Fluorescence imaging was conducted with a fluorescence
microscope setup consisting of an Nikon E 800 inverted microscope with
an Nikon Digital sight DS-U1 camera. The fluorescent NPs were excited
at 400 nm, and emission was detected at 545 nm.
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