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Simple, fast and direct analysis or monitoring of significant molecules in complex biological samples is
important for many biological study, clinical diagnosis and forensic investigations. Herein we highlight
a general method to tailor aptamer sequence into functional subunits to design target-induced light-
switching excimer sensors for rapid, sensitive and selective detection of important molecules in complex
biological fluids. Our approach is to split one single strand aptamer into two pieces and each terminally
labeled with a pyrene molecule while maintaining their binding affinity to target molecules. In the pres-

Keywords: . ence of target molecules, two aptamer fragments are induced to self-assemble to form aptamer-target
Complementary aptamer subunits R . .. . ..
Biosensors complex and bring two pyrene molecules into a close proximity to form an excimer, resulting in flu-

orescent switching from ~400 nm to 485 nm. With an anti-cocaine sensor, as low as 1 uM of cocaine
can be detected using steady-state fluorescence assays and more importantly low picomole level of
target can be directly visualized with naked eyes. Because the excimer has a long fluorescence life-
time, time-resolved measurements were used to directly detect as low as 5 wM cocaine in urine samples

Pyrene excimer
Complex biological detection
Time-resolved fluorescence measurement

quantitatively without any sample pretreatment.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic nucleic acid ligands (aptamer) have gained increas-
ing attention in the area of molecular recognition because of their
advantages including good selectivity, high affinity, and convenient
to synthesize (Ellington and Szostak, 1990; Robertson and Joyce,
1990; Tuerk and Gold, 1990; Elghanian et al., 1997; Storhoff et al.,
1998; Famulok and Mayer, 1999; Igbal et al., 2000; Fang et al., 2001;
Li et al., 2002; Huang et al., 2004, 2005; Zayats et al., 2006; Willner
and Zayats, 2007; Zuo et al., 2007; Centi et al., 2008; Li et al., 2008;
Medley et al., 2008; Zuo et al., 2009). To read out the binding of
an aptamer to its target, a signal transduction mechanism has to be
built into the aptamer sequences. Fluorescence spectroscopy offers
excellent choice for signal transduction due to their nondestructive
and high sensitive properties. A variety of fluorescence techniques
including fluorescence anisotropy (Potyrailo et al., 1998; Fang et
al,, 2001), fluorescence resonance energy transfer (Li et al., 2002)
and fluorescence quenching (Fang et al., 2003; Nutiu and Li, 2004)
have been used to construct aptamer sensors.
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We had developed a pyrene excimer emission method and
demonstrated its effective usage in sensing molecular interac-
tion in complex biological fluids (Yang et al., 2005). Our strategy
was to label an aptamer sequence with one pyrene molecule on
each terminus. Binding of target molecule to the pyrene conju-
gated aptamer sensor brings two pyrenes close together, allowing
the formation of pyrene excimer emission. Such a target-induced
monomer-excimer emission shift had shown its advantages of high
sensitivity and good selectivity. Furthermore, pyrene excimer pos-
sesses the excellent properties of large Stokes shift (~130nm) and
long fluorescence lifetime (~40 ns). With time-resolved single pho-
ton counting technique, interference background problems such
as autofluorescence from biological environments can be discrim-
inated from probe signal easily. This method has been applied to
design biosensors for the detection of nucleic acids (Fujimoto et al.,
2004; Marti et al., 2006), PDGF (Liao and Cui, 2007), thrombin (Yang
et al,, 2005) and potassium ions (Nagatoishi et al., 2005). How-
ever, one limitation of this strategy is that it can be only applied to
aptamers that change their conformation upon binding with target
molecules, which hampers its further application in the detection of
significant molecules. New engineering methods have to be devel-
oped in order to generalize the excimer signaling approach in the
design of aptamer sensors.

Herein, we propose a new molecular engineering strategy for
light-switching excimer biosenors by using two target-induced
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Scheme 1. Working principle of light-switching excimer sensor based on target-
induced complementary aptamer fragments (CAF).
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complementary aptamer fragments (CAF) to replace a single strand
aptamer sequence. Our approach is to split one single strand
aptamer sequence into two pieces while maintaining its binding
affinity to target molecules (Scheme 1), because they can only asso-
ciate with each other with the help of target binding by forming
a three-component complex. These two complementary aptamer
fragments are then labeled with pyrene molecule, one at 5’ end
and the other at 3’ end. In the homogeneous solution, these two
fragments are spatially well separated, and the pyrene molecules
attached on the sequence only emit as a monomer upon excita-
tion. However, in the presence of target molecules, two aptamer
fragments are induced to assemble into an aptamer-target com-
plex, resulting in the formation of pyrene excimer. Consequently,
fluorescence emission of pyrene switches its wavelength from
~400 nm to 485 nm. Rapid quantification of molecules in homoge-
neous solution with high sensitivity and selectivity can be achieved
by monitoring the excimer fluorescence change. Furthermore, to
overcome the problem of strong background signal from numerous
species in the biological environment, time-resolved fluorescence
measurement can be exploited, because long lifetime excimer fluo-
rescence signal can be temporally separated from fast decay (<5 ns)
fluorescence signal of most biological species.

2. Experimental
2.1. Chemicals and reagents

Cocaine hydrochloride was purchased from Chinese National
Narcotic Drugs Laboratory. All the other chemical reagents were
purchased from Sigma-Aldrich (St. Louis, MO). Except 5’ amino-
modifiers and 3’ amino-CPGs were purchased from Glen Research,
all the other DNA synthesis reagents were purchased from
Sigma-Proligo (German). A solution of 0.1 M triethylamine acetate
(TEAA) was used as HPLC buffer A, and HPLC-grade acetonitrile was
used as buffer B. Human urine samples from healthy volunteers of
our laboratory were pooled and employed to test cocaine under
physiological conditions.

DNA synthesis was performed on a Polygen 12-Column
DNA/RNA synthesizer. A solid-phase synthesis method was
employed to couple pyrene to aptamer sequences at 3’ or 5’ end. A
22-mer 5'-Pyrene-GGT TCT TCA ATG AAG TGG GAC A-3’ was used as
CAF-2a, the other 14-mer 5'-GGG AGT CAA GAA CC-Pyrene-3’ was
used as CAF-2b. Sequences for CAF-3 include 5-Pyrene-GGT TCT
TCA ATG AAG TGG TCCC-3' and 5'-GGG AGT CAA GAA CC-Pyrene-3'.
The oligonucleotides with sequences 5'-Pyrene-ATA TGG TGC ACG
GAG TCT CACATT-3' and 5'-Pyrene-GGT TCT TCA ATG AAG TGG GAC
GAC A-3’ were taken as random sequence CAF-2ar and mutated
sequence CAF-2am, respectively. These pyrene-labeled aptamer
sequences were purified with an Agilent 1100 series HPLC using

a Promosil C18 reversed phase column (5 pm, 250 mm x 4.6 mm).
The collected product was then vacuum-dried, desalted with a NAP-
5 column, and stored at —20°C for future use. Absorbance was
measured on an Agilent 8453 UV/vis spectrometer and used to
calculate the concentration. All the aptamer sequences denomi-
nated letter ‘a’ were only labeled with pyrene at 5’ terminus and
the other sequences tagged letter ‘b’ were only labeled with pyrene
at 3’ terminus.

2.2. Apparatus and measurements

Steady-state fluorescence signal was measured on a RF-5301
spectrofluorometer (Shimadzu, Kyoto, Japan) with a temperature
controller for hybridization assays. In the cocaine sensing, aliquots
(150 wl) of 20 mM Tris-HCl buffer solution (50 mM NaCl, pH 7.4)
containing CAF probes (10 wM), target molecules were equili-
brated at room temperature for 1 min prior to measurement of the
fluorescence with an excitation of 350 nm. In the control experi-
ments, the same volume aliquots of buffer solution containing CAF
probes without cocaine, or random DNA sequences with cocaine
(1 mM), or mutated DNA sequences with cocaine (1 mM) were
prepared before fluorescence detection. Time-resolved emission
spectroscopy (TRES) was measured on a FluoroMax-4 Spectrofluo-
rometer (Horiba Jobin Yvon, Paris, France), where a NanoLED flash
lamp was used as the excitation source (339nm). The fluores-
cence lifetimes of pyrene excimer, monopyrene and background
signal were differentiated in the presence and absence of cocaine
molecules in urine.

The cocaine titration curves were fitted with the Langmuir
isotherm equation: (F—Fy)/Fmax =C/(K4+C), where F and Fy are
the excimer fluorescence intensity of reaction solution with and
without cocaine, respectively, Fngx is the maximum fluorescence
change, C is the concentration of cocaine and Kj is the dissociation
constant. K is used to specify the affinity of a probe in different con-
ditions. The titration curve was also used to estimate the detection
limit of the excimer probe based on three times standard deviation
of six measurements of blank samples.

3. Results and discussion

3.1. Design of light-switching complementary aptamer fragment
sensor

Two halves of a single aptamer were created by splitting the
atpamer sequence into two fragments (subunits). Through care-
ful labeling of pyrene molecule on each half of the single aptamer
fragment, the formation of aptamer-cocaine complex will bring
two pyrene monomers in a close proximity, resulting in an excimer
emission and creating a “light-switching” probe. There was arecent
report using gold nanoparticles and splitting aptamers for col-
orimetric sensing of cocaine (Zhang et al., 2008). Because pyrene
excimer formation is much more sensitive to the distance of two
pyrene molecules, a much more careful design is required for light-
switching probe development. To illustrate the designing strategy,
we chose a cocaine aptamer sequence (Stojanovic et al., 2000,
2001, 2002; Liu et al., 2006, 2009; Liu and Lu, 2006). The aptamer
sequence was split into two pieces by breaking the parent sequence
at non-binding pocket loop region and a series of different cocaine
aptamer fragment subunits were prepared by changing GC contain
at non-binding pocket areas (Supplementary Material Fig. S1a). The
subunit pairs were designed in such a way that they would stay in
single strand state instead of associating with each other unless
target is present. To ensure the introduction of cocaine can bring
two fragment sequences together, non-modified sequences were
prepared, which was followed by a simple UV absorption measure-
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ment screening assay. According to hypochromic effect (Nelson and
Cox, 2000), when these two pieces of aptamer strands associate to
bind target molecules, the absorbance of the aptamer-target com-
plex will decrease and be lower than the sum UV absorption of
the two fragments. In our screening experiment, UV absorption of
strand CAF-a, strand CAF-b and cocaine were measured, respec-
tively, and the summation absorption of these three was obtained,
which was then compared with the absorption of a mixed solution
containing the same concentration of CAF-a and -b and cocaine. For
all of the fragment pairs, UV absorption decreases upon the addi-
tion of cocaine, suggesting a target-induced association of aptamer
fragments (Supplementary Material Fig. S1b). Among five pairs
tested, the absorbance change of CAF-1 is the least, only 0.43%.
Importantly, the absorbance change can be fine-tuned by tailoring
terminus base pairs to association constant of free fragments while
strengthen the target-fragments complex. For example, by increas-
ing the number of GC pairs on one terminus of cocaine aptamer
fragments to improve the binding efficiency, the change of UV
absorption increases to 3.47% dramatically for CAF-2. By maintain-
ing constant on one terminus and further increasing the number
of GC base pair on another terminus gradually, a relatively higher
UV absorption change was observed, with 4.77% for CAF-3. CAF-4
and CAF-5 were designed and synthesized, in which 2-3 GC pairs
were removed on one terminus and retained constant as the CAF-3
sequences on the other end. Relatively decreased absorption values
were obtained, 1.70% for CAF-4 and 2.32% for CAF-5. Thus, CAF-2
and CAF-3 were then chosen to label with pyrene molecule and test
their response to cocaine.

3.2. Target-induced self-assembly of CAF sensors

One cocaine sensor, CAF-2, was prepared by labeling each
pyrene molecule at the 5 terminus of CAF-2a and 3’ terminus of
CAF-2b. Fig. 1 shows the fluorescence emission spectra from solu-
tions of 10 WM CAF-2 with various cocaine concentrations. In the
absence of cocaine molecules, monopyrene emission peaks were
observed at 380nm and 398 nm, and there was no observable
pyrene excimer emission. Because pyrene excimer emission is a
result of a short-distance molecular interaction, no excimer emis-
sion suggested these two pieces of aptamer probes were in a spatial
separation, and far away from each other without target molecules.
However, the addition of cocaine into CAF-2 solution resulted in
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Fig. 1. Detection of cocaine in homogeneous solution by steady-state fluorescence
spectroscopy. Emission spectra of 10 wM CAF-2 sensor with increasing concentra-
tions of cocaine in buffer solution and visual detection of cocaine after illumination
with an UV lamp (inset figure).

a distinct change of fluorescence wavelength shift from ~400 nm
for the pyrene monomer to 485 nm for the pyrene excimer. The
appearance of pyrene excimer suggested that cocaine facilitates
the formation of heterodimer, bringing two pyrene molecules in
close proximity to form excimer.

As shown in Fig. 1, pyrene excimer emission intensity increases
proportional to the concentration of cocaine molecules in the
buffer solution. Such a light-up, wavelength switching probe offers
the advantage of direct detection without any separation process.
Because only both two probes assembled by cocaine give excimer
emission, while single one fragment or any other unbound probes
does not have to be separated from the solution for target detec-
tion. Another notable point of the CAF probes is that an isoemissive
point was observed in the fluorescence titration at 430 nm. The
isoemissive point demonstrated the presence of only two fluores-
cent species in the mixture, i.e., only the free unhybridized aptamer
fragments and aptamer-cocaine associated complex. In addition,
the response of the probe to cocaine molecule was fast. As shown
in Supplementary Material Fig. S2b, the introduction of cocaine
to the probe solution caused immediate excimer formation. This
detection-without-separation method eliminates tedious washing
and separating procedures and allows real-time and rapid detec-
tion (Tyagi and Kramer, 1996).

Another significant advantage of our sensor is that it enables
visual detection. Supplementary Material Fig. S2a shows the inten-
sity of the excimer emission responded to different concentrations
of cocaine proportionally and a linear response was observed with
cocaine concentration ranging from 0 mM to 1 mM. A clear green
color was observed by naked eyes when as little as 50 pmol cocaine
was added into a 450 1 CAF probes solution (Fig. 1, inset). As
the concentration of cocaine increased, the brightness of green
color induced by pyrene excimer increased as well. In contrast, the
aptamer sensor showed an intense blue purple color when there
was no cocaine.

The advantages of detection without separation, fast kinetics
and sensitive visual detection ensure a testing process that is con-
venient, fast, and efficient, which will provide law enforcement
officers and investigators distinct advantages for field and labo-
ratory use.

3.3. Excellent selectivity of CAF sensors

To verify the selectivity of our sensor, two types of control DNA
sequences were prepared to confirm the observed excimer emis-
sion was a result of the aptamer-cocaine binding. The first one was
to replace CAF-2a with a complete random DNA sequence. Addi-
tion of cocaine into the mixed solution of the random aptamer
and CAF-2b did not change the emission spectrum of the solution
(Supplementary Material Fig. S3a). This is not surprising because
the changed sequence has no affinity to cocaine, and the addition
of cocaine cannot induce the formation of pyrene excimer. The sec-
ond pair of control sequences, mutated sequences, was a pair of
split cocaine aptamer fragments with several mutated bases on
the cocaine binding sites. After the addition of cocaine into the
control probe solution, even increasing the cocaine concentration
to a high extent (1 mM), there was no pyrene excimer emission
peak observed (Supplementary Material Fig. S3b). This experiment
further proved the formation of pyrene excimer was induced by
aptamer-cocaine complex. Once the binding sites of aptamer for
cocaine were changed, aptamers will lose their binding affinity to
target molecules and maintain the monopyrene conformation.

To further confirm the selectivity of aptamer, a sample con-
taining two major metabolites of cocaine, benzoyl ecgonine and
ecgonine methyl ester, was used. Fig. 2 shows cocaine metabo-
lites did not induce any significant signal change, which clearly
indicated that the sensor is highly selective to cocaine.
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Fig. 2. Responses of CAF sensor to cocaine and its metabolites.

3.4. Binding affinity of splitting sequences

In order to evaluate how the sequence splitting would effect the
binding of aptamer fragments to their targets, titration experiments
were performed to measure the dissociation constant of CAF sen-
sor to target molecule. By splitting an aptamer into two subunits, if
the binding pocket could not easily reform upon the association of
two fragments, a weak binding will be observed. Fig. S4a in supple-
mentary material shows K; of assembled aptamer is 104 +24 pM
for CAF-3 sensors. For comparison, K; of CAF-2 was also determined
and it was 202 + 16 wM in buffer solution (Supplementary Material
Fig. S4b). The slightly better binding affinity for CAF-3 probes was
not surprising as it has additional GC pairs in the terminus, which
stabilize the association complex of two aptamer fragments. The
stabilization of association complex with the additional GC pair was
further proved by observing the excimer emission for the probe
solutions containing no target molecules. In the case of CAF-3, a
strong excimer emission peak showed up (data not shown) while
the excimer emission of CAF-2 was negligible, which suggested that
there was a fraction of CAF-3 in associated complex even without
the presence of cocaine molecule. Interestingly, the dissociation
constant of both probes was in the same range of that of an intact
aptamer sequence reported (Stojanovic et al., 2002), which demon-
strated the splitting of aptamer sequence did not significantly affect
the binding of aptamer fragments to their target molecules.

The stability of DNA hybridization and aptamer association is
also affected by the ionic strength of solution. Fig. S4c in supple-
mentary material shows that dissociation constant of CAF-3 probe
almost maintains unchanged only with the increased concentra-
tion of Mg?*, but the Ky value decreases from 202+ 16 uM to
133+ 28 uM for CAF-2 probe (Supplementary Material Fig. S4d).
The results are not surprising because CAF-3 probe possesses a
more stable structure with more GC base pairs itself, which makes
it less sensitive to solution ionic strength. In contrast, fragments of
CAF-2 sensors are shorter, less stable and more sensitive to ionic
strength.

3.5. Direct detection of molecules in complex biological fluids

Results from the studies in relative simple and pure buffer
systems demonstrate that CAF sensor have excellent sensitivity,
selectivity, and good binding affinity to cocaine. However, the
further application challenge of CAF sensor is to tolerate any inter-
ference from complex biological samples. Unfortunately, intense
background fluorescence, contributing from inherent species in
human body was also observed. To differentiate the fluorescence
signals between the sensor and background species, time-resolved
signaling approach was employed. Because pyrene excimer emis-
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Fig. 3. Time-resolved emission spectra (TRES) of 5 uM CAF-2 and 500 wM cocaine
in urine at different time windows after the excitation pulse of 339 nm, O ns (red),
20ns (green), 40 ns (blue) and 100 ns (cyan). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

sion has a much longer lifetime (up to 100ns), while most
background fluorescence has a lifetime less than 5 ns, the sensor’s
fluorescence signal can be easily separated from intense back-
ground signal with time-resolved fluorescence spectroscopy.

To evaluate the potential effectiveness of CAF sensor in com-
plex biological samples, which were considered to own a high
autofluorescence themselves (Yang et al., 2005; Conlon et al., 2008),
human urine was used to test the feasibility of CAF-2 sensors. Time-
resolved emission spectra of 5 WM CAF-2 sensors in urine solution
with 500 wM cocaine (Fig. 3) revealed the change of the emission
spectra on a nanosecond scale and demonstrated a clear tempo-
ral separation of the sensor signal from background noise. At the
first 10 ns, the excimer emission spectra were concealed by the
severe fluorescence background from urine, similar to the emission
spectrum of steady-state measurement. Because of the different
lifetimes among pyrene excimer, monopyrene and background
fluorescence, signal from pyrene excimer emission can be differ-
entiated from the intense background interference 40 ns after the
excitation pulse. By a distinct contrast, the pyrene excimer emis-
sion decayed slowly, retaining relatively high emission intensity
even after 40 ns of decay, which allows the signal of CAF sensor to
be effectively separated from that of interference from urine solu-
tion. Fig. 4 shows the decays of CAF-2 sensors in urine solution with
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Fig. 4. Fluorescence decays of 5 wM CAF-2 in urine with various concentrations of
cocaine and the response of fluorescence intensity to the change of cocaine concen-
tration (inset figure).



2236 C. Wu et al. / Biosensors and Bioelectronics 25 (2010) 2232-2237

I'A Y q:

OH H OH H
1 o
100 = {NfLN"
L N)\NH,
HO.
2 80- i
E HQH HH
s
s
= 604
Q
@ L
-
£
2 404
>
=
= 4
2
= 20 <
0 —
Thymidine  Guanosine Cytidine Uridine Adenosine

Fig.5. Response of adenosine excimer sensor to thymidine, guanosine, cytidine and
uridine.

various concentrations of cocaine at 485 nm emission. Fluorescence
intensity from the response of each solution could be calculated
by integrating photons emitted over an optimized time window to
obtain an optimal signal-to-noise ratio for accurate analysis, where
the background signal decays to a minimum while the excimer sig-
nal is still high. The fitting of fluorescence intensity to the change
of cocaine matched to our previous results in binding affinity study
(Fig. 4, inset). Our data showed that as low as 5 .M of cocaine can
be directly detected in urine without any tedious sample pretreat-
ment. It has been reported that average cocaine concentration in
urine is about 70 wM within 24 h after taking cocaine (Schramm et
al., 1993). The results suggested that our excimer signaling method
has its significant implication in field application.

3.6. Generality of excimer signaling approach for aptamer sensors

To test the general application of our split sequence design strat-
egy for excimer aptamer sensors, pairs of adenosine excimer probes
were designed with the same strategy. Briefly, an aptamer sequence
that specifically binds to adenosine molecule was cleaved into two
pieces, and a series of different aptamer sequences were obtained
for a testing of binding ability between split probes and adenosine
via UV-vis absorption spectroscopy. Therefore, according to the
absorption variation (data not shown), a twin of optimized adeno-
sine aptamer fragment (AAF) sequences were chosen which were
considered to possess most excellent binding affinity to adeno-
sine and used for further study (Supplementary Material Table S1).
Pyrene was conjugated to 5’ end of AAF-a and 3’ end of AAF-b. Con-
sequently, the feasibility of adenosine sensor was demonstrated
by mixing 10 wM probes with 1 mM adenosine solution. Addi-
tion of adenosine resulted in an intense pyrene emission change
from monopyrene emission to pyrene excimer emission. By con-
trast, un-optimized adenosine probes (Zhang et al., 2008; Freeman
et al,, 2009; Li et al.,, 2009) did not display a distinct change of
emission spectrum and retained a purple color after an excita-
tion pulse. Furthermore, a series of adenosine analogs including
thymidine, guanosine, cytidine and uridine were employed as a
control test and no distinct excimer emission peak was observed
(Fig. 5), demonstrating excellent selectivity of AAF sensors to tar-
get molecules. The fact that other aptamer sequences can also be
split into two pieces, modified with pyrene, and applied for rapid,

simple detection of significant molecules proves that the strategy
to molecular engineered aptamer sequence into two fragments has
a general and board applicability in real-time bioanalysis and drug
regulation.

4. Conclusions

In summary, we have molecularly designed and synthesized
novel target-induced complementary aptamer fragment excimer
sensors for the detection of molecules in homogeneous solution,
and further applied the molecular engineered probes in monitor-
ing of complex biological samples. While it has been shown that
fragments of aptamers, once brought together, can restore their
binding capability or catalytical function (Yoshida et al., 2006a,
2006b), we highlight here a general approach to split aptamer
sequence into functional fragments for the design of excimer sen-
sors. By careful design, target binding brings two complementary
aptamer fragments together and resulting in fluorescence wave-
length switching between monomer and excimer emission. This
method takes great advantages of pyrene excimer including color
switching, large Stokes shift (130 nm) and long fluorescence life-
time (>40 ns). The use of time-resolved measurement approach can
easily discriminate pyrene excimer emission, monopyrene emis-
sion and background fluorescence in biological samples. Combining
these advantages, such a target specific wavelength switching
approach offers excellent selectivity and high sensitivity for a
simple, rapid and real-time detection of biomolecules in com-
plex biological samples. This novel type of sensors will find their
wide application in clinical diagnosis, biological analysis and drug
screening.
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