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Herein, We have developed a novel fluorescence labeling strategy
for nucleic acid aptamers based on self-assembling between AGG
tri-nucleotide repeats and a pyrene-modified oligonucleotide. This
strategy could be an effective tool for developing targeting-
imaging systems and biosensor systems to detect the target
molecule.

Nucleic acid aptamers are functional oligonucleotides capable
of recognizing specific targets such as small molecules,
proteins, and nucleic acids, as well as cells, tissues and
organismsl’ 2. The molecular basis for identification and
regulation by the aptamers is usually noncanonical spatial
structures formed by their oligonucleotides3. Depending on
the structures, nucleic acid aptamers can even mimic the
properties of antibodies and rapidly penetrate tissue to
accurately bind to targets4. Compared with natural antibodies,
they have the advantages of low molecular weights and lacking
toxicity or immunogenicity. Owing to such characteristics,
nucleic acid aptamers have been used widely as recognition
elements in diagnostic detection”, cell capturee, drug deIivery7
and targeted therapiess.

The aptamers are created through SELEX®. It is an iterative
selection procedure used to find particular oligonucleotides
with desired properties, most often the ability to bind to
specific targets. As with normal nucleic acids, the monomers of
nucleic acid aptamers are nucleotides. Therefore, it is
convenient to artificially modify nucleic acid aptamers with
multiple functional groups. By means of chemical modification,
aptasensors can be used to quantify or image targets using
various kinds of signalslo'lz. With the help of nucleic acid
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aptamers, various functional materials could be endowed with
more extensive bioanalytical and biomedical applicationsB'“.
Thus, aptamers are powerful tools that could help scientists to
solve problems in scientific researchls, industry and clinical
medicine®®. It is worthwhile to develop more and better
application for aptamers.

Distinguished from other nucleic acids, aptamers are capable of
responding to specific targets or changes in the microenvironment.
Often, external stimuli could induce a folding process allowing for
the construction of functional noncanonical secondary structures
such as hairpins17 and G-quadruplexeslg, because such structures
can offer binding sites for the recognition of targets. Differing from
antibodies based on their major structure being a large, Y-shaped
protein, aptasensors and aptadevices based on structure switching
have been developedlg. The commonly used fluorophore-quencher-
aptamer hairpin system arose based on this mechanism. Such
engineered aptamers are impressive in terms of their favourable
effectiveness. Aptamer-DNAzyme hairpins20 have been reported as
useful constructs for the detection of their respective aptamer-
substrate complexes. After this featured work, more similar
aptasensors based on nucleic acid structure switching were
developed.

Trinucleotide repeats exist abundantly in prokaryotic and
eukaryotic genomesu. AGG trinucleotide repeats, one of most
common triplet repeats, are associated with some diseases®’.
In vitro, oligonucleotides consisting of such sequences can fold
into G—quadruplexesB‘24 with hexad or heptad planes in their
stem structures®®. Based on such characteristic, Kim's group
had developed a fluorescent detection method for recognition
of AGG trinucleotide repeats. One of the probe strand which
they had synthesized was named as PYG3 because the
sequence contained three guanines and a 5-(1-
pyrenylethynyl)-2°-deoxyuridine ("Yu) at its 5-ends. It could
recognize AGG trinucleotide repeats and assemble into (3+1)
intermolecular G—quadruplexeszs. After that, a strong
fluorescence could indicate the existence of AGG trinucleotide
repeats. In this report, we used the AGG trinucleotide repeats
which was the target of this probe strand to develop a novel
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aptamer Tag and built targeting-imaging systems and
biosensor systems based on this method (Scheme 1&2).

9! " Nucleolin

Strong fluorescence
by hybridization with AGG repeats

GGTGGTGGTGGTTGTGGTGGTGGTGGTTTCCCTTTCAGGAGGAGGA
Scheme 1 The fluorescent signal from the self-assembly between PYG3 and
AGG trinucleotide repeats and targeted imaging of cancer cells by the TG-
AS1411/PYG3 system

First, we extended the nucleolin targeting aptamer with
AGG trinucleotide repeats and named the resulting
oligonucleotide “TG-AS1411” (Table S1, ESIT). There were
extra ten nucleotides (black) between the AS1411 (Blue) and
AGG trinucleotide repeats (red/green). Such interval could
avoid the interference from AGG Taq during folding process of
the aptamer part. The circular dichroism could verify our
design. For TG-AS1411 (Fig. 1 A, red), the positive peak at
approximately 265 nm and the negative peak at approximately
240 nm were same as the AS1411 in same condition (Fig. S2,
ESIT). These characteristic peaks indicated that the TG-AS1411
and AS1411 folded into the same parallel-strand quadruplex
formation in the presence of Na'/K'. Aside from such
characteristic peaks, there was also a transition band in the
270-300 nm region. This smooth band might be caused by the
AGG repeats in the tail of TG-AS1411. The relatively unordered
stacking of guanines contained both heteropolar and
homopolar formations, similar to the flexible single-strand
DNA in this ionic environment. These AGG trinucleotide
repeats will self-assemble with the probe strand into a (3+1)
intermolecular G-quadruplex structures and produce a strong
fluorescent signal. Through this process, we provided the
aptamer AS1411 with a fluorescent tracer tag under the
premise of maintaining its original construction and function.
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Fig. 1 (A) Circular dichroism spectra of TG-AS1411 (10 uM) in unwound
single-strand/G-quadrupex conformation and with PYG3 (10 uM). (B)
Thermal curves for melting temperature of TG-AS1411 (10 uM) in unwound
single-strand/G-quadrupex conformation and with PYG3 (10 pM). (C)
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Fluorescence responses of PYG3 (1 uM) after incubation with a variety of
sequences (1 puM).

We had demonstrated the AGG repeat tag did not change the
stacked formation in TG-AS1411 compared to the normal AS1411.
After adding PYG3, the spectrum changed (Fig. 1 A). The increase in
the positive peaks at 265 nm and 290 nm indicated that more G-
quartets appeared. We could infer that the AGG repeat tag and
PYG3 had assembled into a (3+1) intermolecular G-quadruplex. The
results (Fig. 1 B) of thermodynamic melting studies showed
that such (3+1) intermolecular G-quadruplex structures would
cause an increase in the melting temperature (from 43.62 °C to
49.70 °C). There were more G-quartets in the G-quadruplex
formed by TG-AS1411 and PYG3 than in the G-quadruplex
formed from only TS-AS1411. These G-quartets could make
the G-quadruplex more difficult to unwind during the increase
in temperature. All the above results indicated that the AGG-
trinucleotide tag in the nucleic acid aptamer could provide a
binding site for PYG3 to form a (3+1) intermolecular G-
quadruplex without impacting the original secondary
structures of the aptamers.

As reported, such assembly method made PYG3 become a
sensitive and rapid fluorescent sensor for recognizing AGG
repeat527. By the same way, PYG3 could distinguish the
aptamer with the AGG repeat tag from other oligonucleotides.
Other G-rich oligonucleotides could not disturb the ability of
PYG3 to recognize the AGG repeat tag (Fig. 1 C). The specific
fluorescent signal means that the AGG repeat tag was an
effective strategy with high selectivity for labelling nucleic acid
aptamers.
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Fig. 2 (A) Fluorescence graphs of PYG3 with different concentrations of TG-
AS1411 (10 nM, 25 nM, 50 nM, 75 nm, 0.1 uM, 0.2 uM, 0.4 uM, 0.6 pM, 0.8
UM, 1 uM). (B) Real-time fluorescence monitoring during the self-assembly
process between PYG3 (1 uM) and TG-AS1411 (1 uM).
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Further investigation demonstrated that our strategy was
capable of accurately quantifying nucleic acid aptamers with
AGG repeat tags. In the present of PYG3, the fluorescence
signal enhancement was observed with the concentration
increase of TG-AS1411 (Fig. 2 A). Logistic fitting proved the
consistency of the fluorescence intensity and concentration of
TG-AS1411 (Fig. S13, ESIt). The results of the kinetic research
(Fig. 2 B) showed that the fluorescence signal caused by the
construction of the (3+1) intermolecular G-quadruplex
plateaued in 1 hour. It is a rapid fluorescent strategy for the
labelling of nucleic acid aptamers.

The performance of our novel tag in vitro showed its
potential in intracellular imaging applications. AS1411, the
nucleolin-targeted DNA aptamer27, has been widely used as a
recognition tool to develop biodetection systems and
treatment methods?®**°. Nucleolin (NCL) is always highly
expressed on the surface membrane of continuously
proliferating cells, including cancer cells®.

Through the combination of this cancer-specific aptamer
with the AGG trinucleotide tag and PYG3, we developed a
novel imaging system for targeting cancer cells (scheme 1).
Human breast cancer (MCF-7) cells were selected as the target
cells of our novel imaging system. Using a confocal
fluorescence microscopy imaging system, MCF-7 cells were
visualized though the strong fluorescence signal. However,
there was no such fluorescence signal that was observable
from healthy Chinese hamster ovary (CHO) cells. This result
demonstrated that by selectively binding with nucleolin, our
system could distinguish MCF-7 breast cancer cells from
normal cells though fluorescence imaging. Furthermore, this
AGG repeat tag could be combined with all kinds of nucleic
acid aptamers to develop bioimaging systems for various
targets.

IS-AS1411/PYG3
under 408 nm excitation

Bright field

MCE-7

CHO
[

1

Fig. 3 Confocal fluorescent images of MCF-7 cells versus CHO cells (TG-
AS1411/PYG3 (150 nM), Scale bar = 24 um, experimental details could be
read in the ESL.).

Based on the intracellular imaging results (Fig. 3), we tested
our system in formalin-fixed, paraffin-embedded (FFPE) tissue
sections. From the confocal fluorescence microscopy images,
we clearly found that our method effectively imaged the
breast cancer tissues and not benign breast tissue (Fig. 4). Our
method could provide visual graphics as a reference for cancer
diagnosis.

This journal is © The Royal Society of Chemistry 20xx
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Breast cancer tissue

Benign breast tissue

Fig. 4 Confocal fluorescence images of breast cancer tissues versus benign
breast tissue (TG-AS1411/PYG3 (150 nM), Scale bar = 60 um, experimental
details could be read in the ESL.).

Compared to other tag methods, the AGG trinucleotide tag
has a unique advantage; the homologous nucleobases in the
AGG-trinucleotide tag make it possible to construct complex
nucleic acid topologies in switching conformations. To
implement this idea, we selected the DNA aptamer for
adenosine monophosphate (AMP) as a transforming
foundation. After simulative evaluation and semi-empirical
design (Fig. S6, ESIT), we obtained a series of hairpins
containing the AMP aptamer and AGG trinucleotide tag. These
hairpins named AMP-TG-hairpins. The ancillary
sequences in the AMP-TG-hairpin series could match the
sequences in the other terminus via complementary pairing.
Based on such AMP-TG-hairpins, we built a biosensor for AMP
by intruding PYG3. When there was no AMP in the solution,
the AGG-trinucleotide tag would be caged in the hairpin
structure of the stem with parts of the AMP aptamer. The
PYG3 could not assemble the (3+1) intermolecular G-
quadruplex with the AGG-trinucleotide tag. The fluorescence
intensity was weak. However, if AMP was present, the
structural switching would occur in AMP-TG-hairpins. To offer
the binding site for AMP, the aptamer sequence (blue) would
fold spontaneously. This would open the original hairpin
structure, releasing the AGG-trinucleotide tag. Under these
circumstances, the tag would self-assemble with PYG3 to form
the (3+1) intermolecular G-quadruplex, while the fluorescence
intensity increased (Fig. 5).

The fluorescence intensity from all biosensors increased
when AMP molecules were introduced into the solution (Fig. 5
B, Fig. S9 ESIT). The best one of them, the bio-sensor based on
AMP-TG-hairpin_2 was selected to further investigation. As a
bio-sensor based on aptamer without amplified process, our
method could quantify the adenosine monophosphate (AMP)
with a direct detection limit of 2.5 mM. (Fig. 5 B, Fig. S10 ESIt)
Compare to other bio-sensor by similar design, our strategy
was effective tool as the signal source like DNAzyme20 or
nanoparticles31. However, the AGG trinucleotide repeats also
might reduce the affinity of original aptamers slightly. The
aptamers still had high selectivity for AMP. AMP analogues
couldn’t increase the fluorescence intensity (Fig. S11 ESIT).

These results demonstrated that our biosensors could be

were

used for the detection of AMP within the solution environment
and this strategy could be extended for various low molecular
weight molecules or proteins.

J. Name., 2013, 00, 1-3 | 3
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Circular dichroism studies provided evidence for the (3+1)
intermolecular G-quadruplex formed by the AGG repeat tag
and PYG3 after structure switching caused by AMP (Fig. S7, S8
ESIT).
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¢ AMP-TG-hairpin_1 AGGAGGAG( CCTGGGGGAGTATTGCGGAGGAAGGTT

¢ AMP-TG-hairpin_2 CCTGGGGGAGTATTGCGGAGGAAGGTTAGGAGGAGG

* AMP-TG-hairpin_3 CCTGGGGGAGTATTGCGGAGGAAGGTT AGGAGGAGG

¢ AMP-TG-hairpin_4 CCTGGGGGAGTATTGCGGAGGAAGGTT AGGAGGAGG

Fig. 5 (A) Bio-sensors for AMP based on switching hairpin. Each switching
hairpin was consisted of three part: the AMP aptamer sequence (blue),
AGG repeat Taq (red/green) and the ancillary sequence for maintaining the
hairpin structure (orange). (B) Fluorescence intensity of biosensor systems
in response to AMP. Each biosensor system contained AMP-TG-hairpin (1
uM) and PYG3 (1 uM) with/without AMP (5 uM) in a Na*/K* solution (NaCl
100 mM, KClI 10 mM) and quantification of AMP concentration by the
fluorescence signal form the bio-sensors based on AMP-TG-hairpin_2. ((I¢ -
Iro)/Iro, Where I¢ and Igo are the fluorescence intensity at 450 nm in the
Na*/K* solution with/without AMP)

In summary, we used the AGG-trinucleotide repeats as a novel
tag for nucleic acid aptamers. With the combination of a short G-
rich oligodeoxynucleotide modified with a 5-(1-pyrenylethynyl)-2"-
deoxyuridine (PU) at their 5-ends, we developed a rapid
fluorescent signalling system. This is an example of an effective
fluorescent labelling method for various nucleic acid aptamers with
high selectivity. We demonstrated that our strategy could be
applied in bioimaging and biosensors. Moreover, such homologous
nucleic acid tag could have broader development prospects for
research and applications.
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