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a b s t r a c t

A novel and sensitive fluorescence biosensor based on aptamer and rolling circle amplification for the
determination of cocaine was developed in the present work. Here cocaine aptamers immobilized onto
Au nanoparticles modified magnetic beads hybridized with short DNA strand. In the presence of cocaine,
the short DNA strand was displaced from aptamer owing to cocaine specially binding with aptamer.
Next, the short DNA strand was separated by magnetic beads and used to originate rolling circle ampli-
eywords:
ocaine
ptamer
olling circle amplification
NA biosensor

fication as primer. The end products of rolling circle amplification were detected by fluorescence signal
generation upon molecular beacons hybridizing with the end products of rolling circle amplification.
With rolling circle amplification and the separation by magnetic beads reducing the background signal,
the new strategy was suitable for the detection of as low as 0.48 nM cocaine. Compared with reported
cocaine sensors, our method exhibited excellent sensitivity. Our new strategy may provide a platform for
numerous proteins and low molecular weight analytes to highly sensitively detect by DNA amplification.
. Introduction

Amplification of nucleic acids is recently proving to be valuable
or the quantitative detection of nucleic acids and indirect detec-
ion of other targets. Among DNA amplification methods, rolling
ircle amplification (RCA) has gained great attention for ultrasensi-
ive DNA analysis (Nilsson et al., 2006; Nilsson, 2006; Fischer et al.,
008; Schweitzer and King-smore, 2001). In a typical RCA reaction,
primer hybridizes with a single strand nucleic acid circle con-

aining 13–240 nucleotides (deVroom et al., 1988; Frieden et al.,
999; Capobianco et al., 1990), which is extended around the cir-
le with DNA polymerase and the end product is a very long single
trand DNA (ssDNA) molecule complementary to the nucleic acid
ircle template. Hence, a single molecule can be amplified hundreds
o thousands of times of template as a fundamental characteristic
f RCA (Jarvius et al., 2006; Schweitzer et al., 2002; Nallur et al.,
001; Cho et al., 2005). The end products can be detected by molec-
lar beacons, cleavable probes, or SYBR Green (Di Giusto et al.,

005; Nilsson et al., 2002; Smolina et al., 2004). Moreover, RCA is
convenient DNA amplification tool without the need for sophis-

icated instrumentation. Shortly after RCA was discovered, it has
een widely applied as an important DNA amplification method
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in biodetection and nanotechnology with functional nucleic acids
(Zhao et al., 2008).

Aptamer-based sensors have been developed with its specific
recognition properties toward targets (Zhang et al., 2008; Li et al.,
2010a,b; Ren et al., 2010; Ding et al., 2010). Aptamers found grow-
ing interests as recognition materials for the detection of cocaine.
In 2001, Stojanovic et al. adapted double-end labeled aptamer to
signal the recognition of cocaine. Baker et al. (2006) proposed
the electronic aptamer-based cocaine biosensor. Liu and Lu (2006)
and Stojanovic and Landry (2002) reported colorimtric sensors
based on a cyanine dye–aptamer complex and gold nanoparticles
linked by aptamer, respectively. DNA ultrasensitive analysis with
aptamer has been widely applied by DNA polymerase. Shlyahovsky
et al. (2007) presented the amplified analysis of cocaine by an
autonomous aptamer-based machine, which included DNA poly-
merase, the nicking enzyme Nt.BbvCI and a molecular beacon.
The detection limit for the 70 min of incubation results was 5 �M.
Recently, Yu et al. (2010) built a fluorescence aptameric sensor for
strand displacement amplification detection of cocaine with SYBR
Green I intercalating into the new DNA double helix. The detection
limit of the method for 2 h was 1 nM.

In the present study, a highly sensitive fluorescence sensor for

quantification of cocaine was developed based on aptamer identi-
fication and the application of rolling circle amplification of short
DNA strand separated by magnetic beads as primer. In this protocol,
DNA hybridization was performed by mixing the cocaine aptamer
captured by Au nanoparticles modified magnetic beads with short
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Table 1
Sequences of sensing probes and primers.
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RCA was performed by cDNA as primer. In RCA, phi29 DNA poly-
cDNA 5 -GTC TCC CCC TCA GA TAG CTT ATC AG A CTG AT
Aptamer 5′-TGA GGG GGA GAC AAG GAA AAT CCT TCA ATG
Padlock probe 5′-P-CTG ATA AGC TA TCA CT ATG GTC GC GCT AG
Molecular beacons 5′-6-FAM-CGA ATT CTA TTT AGT GGA GCC CAA TT

NA strand (cDNA). When cocaine was in present, aptamer was
pecially bound with cocaine so that short DNA strand was replaced
rom aptamer. The short DNA strand separated by magnetic beads
as directly used to cyclize so-called padlock probe, and originated

olling circle amplification as primer. The RCA products were par-
ially complementary with molecular beacons and the molecular
eacons were opened to generate fluorescence signal. Therefore,
he quantitative detection of cocaine was realized through the
CA products detection. This method exhibited excellent sensitiv-

ty due to DNA amplification by RCA, reducing background signal
y magnetic beads, and improving DNA immobilization by Au
anoparticles.

. Experimental

.1. Reagents and materials

Cocaine was purchased from Beijing Institute for Drug Con-
rol (Beijing, China). T4 DNA ligase, deoxynucleotide triphosphates
dNTPs), Rsa I restriction enzyme and phi29 DNA polymerase were
urchased from MBI Fermentas Crop. All oligonucleotides were
upplied and high-performance liquid chromatography (HPLC)
urified by Takara Biotechnology Co. Ltd. (Dalian, China) as shown

n Table 1. The cDNA strand in italic portion was complementary
ith the boldface in the aptamer sequence. The boldface of cDNA

trand matched the underlined sequence of padlock probe as the
rimer sequence of RCA. The circularizing padlock probe had phos-
hates at its 5′-end for ligation. Molecular beacon as reporter was

abeled at the ends of the stem with the dyes, (N-3-fluoranthyl)
aleimide (FAM) and 4-(4′-dimethylaminophenylazo) benzoic

cid (DABCYL). Thio-modified magnetic beads (3–4 �m, diameter)
ere obtained from BaseLine Chromtech Research Centre (Tian-

in, China). All chemicals were analytical grade to directly be used.
eionized water was used to prepare all of solutions.

.2. Apparatus

Fluorescence experiments were performed by a Hitachi F-
500 spectrophotometer (Tokyo, Japan) equipped with a xenon

amp. Oligonucleotide quantitation was performed using a Cary 50
V–vis–NIR spectrophotometer (Varian).

.3. Hybridization of cDNA and aptamer on Au nanoparticles
odified magnetic beads

10 �L (10 mg/mL) thio-modified magnetic beads were washed
wice with 500 �L 10 mM PBS buffer (0.1 M NaCl, pH7.4). 1 mL
0 nm Au nanoparticles (0.01%) was added to the washed mag-
etic beads and gently shaked for 12 h at 37 ◦C. Aptamer strands

n PBS buffer were denatured at 90 ◦C for 5 min and added to Au
anoparticles modified magnetic beads at a final concentration of
.1 �M for 12 h. The same final concentration of cDNA was incu-

ated with aptamer immobilized onto magnetic beads for 2 h at
7 ◦C with gentle shaking. The immobilized DNA double helix of
DNA and aptamer onto Au nanoparticles was washed three times
ith 200 �L cocaine action buffer (10 mM PBS, 0.3 M NaCl, pH7.0)

nd stored at 4 ◦C to use.
A CC-3
GG GTC TCC CTT TTT TTT-SH-3′

ATT TAG TGG AGC CCA A GTAC TCACT ATG GTC GC GCT AGG TCA ACA TCA GT-3′

ABCYL-3′

2.4. RCA detection

Cocaine solutions (10 mM PBS, 0.3 M NaCl, pH7.0) of differ-
ent concentrations were mixed with the above prepared magnetic
beads for 20 min at room temperature. The displaced cDNA was
separated by magnetic beads for cocaine specially binding with
aptamer. After collection, 10 �L of the resulting solution and 2 �L of
0.1 �M padlock probe were heated at 90 ◦C for 5 min and incubated
for 20 min at room temperature. Subsequently, 2.5 U T4 DNA ligase
was mixed in a 8 �L solution consisting of 1× phi29 buffer (33 mM
Tris–acetate (pH7.9), 10 mM Mg-acetate, 66 mM K-acetate, 0.1%
(v/v) Tween 20, 1 mM dithiothreitol (DTT)) and 2 �L ATP, followed
by incubation in 22 ◦C for 1 h. Remaining RCA components including
0.5 �L phi29 DNA polymerase (10 units/�L), 1 mM of each dNTP and
1× phi29 buffer were added to ligated solution at 37 ◦C for 1 h. The
end products of RCA were heated at 90 ◦C for 5 min and hybridized
with 0.1 �M molecular beacons at 37 ◦C for 25 min. Then, the solu-
tions were measured at an excitation wavelength of 480 nm and
emission wavelength at 520 nm. The slit widths were set at 10 nm.

2.5. Polyacrylamide gel electrophoresis

15% polyacrylamide gel electrophoresis was used to directly
show RCA replication induced by cocaine binding with aptamers.
Polyacrylamide gel electrophoresis was stained by ethidium bro-
mide (EB) and run in 1× TAE buffer (40 mM Tris, 20 mM glacial
acetic acid, 1 mM EDTA, pH 8.0) at room temperature. The RCA
amplification was performed by adding 5 U phi29 DNA polymerase,
2.5 U T4 DNA ligase, and 1.2 mM dNTPs with 10 �M cocaine in a
final volume of 25 �L, followed by incubation at 37 ◦C for 1 h. The
resulting solution was denatured at 90 ◦C for 5 min and hybridized
with 5′-CCCAAGTACTCACT-3′ (the boldface is a restriction endo-
nuclease site), followed by incubation with 0.8 �L Rsa I restriction
enzyme at 37 ◦C for 4 h. The same experiment conditions were used
without 10 �M cocaine. 8 �L of each sample was loaded into the
lanes and performed at a constant potential of 90 V for 40 min.

3. Results and discussion

3.1. Design of the aptameric sensor

The principle of aptamer-based RCA for cocaine detection is
depicted in Fig. 1. The aptamer of cocaine was immobilized onto
Au nanoparticles modified magnetic beads, which could cause the
surface areas increase of magnetic beads to improve DNA immo-
bilization. A short DNA (cDNA) hybridized with the immobilized
aptamer of cocaine to form DNA double helix on magnetic beads
according to the protocols described above. In the presence of
cocaine, cDNA was displaced from aptamers by targets and sep-
arated by magnetic beads to anneal to a padlock probe template.
Next, the padlock probe was circularized by T4 DNA ligase and
merase replicated the circular template hundreds to thousands of
times with dNTPs. The DNA extension process could efficiently
be monitored by molecular beacons. Conversely, no RCA products
hybridized with molecular beacons to give fluorescence signal in
the absence of cocaine.
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Fig. 2. Polyacrylamide gel (15%) with DL 2000 Marker (M) followed by cocaine bind-
ing with aptamers mediated RCA products generated in the presence of (1) 0 �M
ig. 1. Schematic outline of fluorescence biosensor to detect cocaine based on signa
ignal.

.2. The verification of RCA reaction by polyacrylamide gel
lectrophoresis

To directly show RCA replication induced by cocaine binding,
lectrophoresis analysis using a 15% polyacrylamide gel was per-
ormed (Fig. 2). The cDNA induced by cocaine binding hybridized
ith padlock probe, which was extended around the circularized
adlock probe with phi29 DNA polymerase and the end product
as a very long ssDNA molecule. As shown in Fig. 2, the antici-
ated high molecular weight of RCA product was confirmed in lane
in the presence of cocaine. Compared with lane 2, lane 1 displayed
o bands in absence of cocaine due to no cDNA as primer of RCA.
he concatenated RCA reaction product contained corresponding
omplementary regions with 5′-CCCAAGTACTCACT-3′ generating
ultiple equivalent duplex structures in the nascent product. As

hese duplex regions were designed to contain an Rsa I recogni-
ion site, the identity of the RCA product was confirmed by the
resence of correctly sized fragments upon restriction digestion of
ssay products (Fig. 2, lane 3).
.3. Characteristics of cocaine detection with RCA amplification of
DNA as primer

Experiments were carried out by adding different amounts of
ocaine to verify whether the fluorescence signal could be used for

cocaine, (2) 10 �M cocaine and (3) 10 �M cocaine with subsequent Rsa I restriction
enzyme digestion. No product was generated in the absence of cocaine, while high
molecular weight products were observed when cocaine was present. These prod-
ucts could be digested using Rsa I restriction enzyme into fragments displaying the
expected sizes.
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Fig. 3. Detection of different concentrations of cocaine based on aptamer and rolling
circle amplification. (A) Fluorescence spectra recorded at different concentrations of
cocaine. (B) The change fluorescence signal upon addition of cocaine by our strategy.
The inset showed the linear relationship between the change fluorescence signal (�F
was calculated by F − F0, where F and F0 are the fluorescence intensities observed
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326–329.
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n the presence and absence of cocaine, respectively) and the logarithm of cocaine
oncentration. Averages and the standard deviations were shown in figure.

ocaine quantitation according to the protocols described above.
ig. 3A shows the fluorescence intensities observed on the addi-
ion of different concentrations of cocaine. Fluorescence signal was
etectable for cocaine in the range of 0.5 nM to 1.0 �M. As seen in
ig. 3A, the cDNA displaced from the cocaine–aptamer complex effi-
iently underwent RCA. Extension of the cDNA at increasing cocaine
oncentrations showed a corresponding increase in fluorescence
ignal. The background signal was induced by unquenched fluores-
ence signals and unwashed cDNA on magnetic beads that triggered
NA amplification as primer.

As shown in Fig. 3B, with the increase of cocaine concentration,
he resulting fluorescence intensity increased owing to release of
he cDNA to initiate RCA as primer until a plateau was reached.
he change of fluorescence intensity (�F) revealed a good linear
elationship with the logarithm of cocaine concentration ranging
rom 1.0 × 10−9 to 5.0 × 10−8 M. The regression equation could be

xpressed as �F = 63.585 log C + 214.177 (C was the concentration
f cocaine, 10−6 M) with a correlation coefficient of 0.998 for the
inear calibration curve shown in the inset. A detection limit of
.8 × 10−10 M of cocaine could be further estimated using 3�. This
igh sensitivity of cocaine detection contributed to the large RCA
tronics 26 (2011) 3309–3312

amplification initiated by displaced cDNA from cocaine–aptamer
complex, the separation by magnetic beads reducing the back-
ground signal, and the improvement of DNA immobilization by Au
nanoparticles.

4. Conclusions

In conclusion, we have developed a highly sensitive fluores-
cence biosensor for cocaine based on signal amplification under
RCA and the separation by magnetic beads reducing the background
signal. Moreover, magnetic beads were modified by Au nanoparti-
cles to improve DNA immobilization. The detection limit of this
strategy was 0.48 nM, which showed better sensitivity than the
other reported fluorescent sensors of cocaine (Yu et al., 2010).
Importantly, this strategy can be expected to provide a sensitive
platform for amplified detection of numerous proteins and low
molecular weight analytes by RCA because of the wide availabil-
ity of aptamers. Additionally, according to our method, DNA strand
could also be adapted to surfaces of the chips instead of Au nanopar-
ticles modified magnetic beads for high throughput detection of
analytes.
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