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Adaptive Recognition of Small Molecules by Nucleic Acid Aptamers through

a Label-Free Approach
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Abstract: We report a novel label-free
method for the investigation of the
adaptive recognition of small molecules
by nucleic acid aptamers using capillary
electrophoresis analysis. Cocaine and
argininamide were chosen as model
molecules, and the two corresponding
DNA aptamers were used. These
single-strand DNAs folded into their
specific secondary structures, which

affinity and specificity. For molecular
recognition, the nucleic acid structures
then underwent additional conforma-
tional changes, while keeping the
target molecules stabilized by intermo-
lecular hydrogen bonds. The intrinsic
chemical and physical properties of the
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target molecules enabled them to act
as indicators for adaptive binding. Thus
any labeling or modification of the ap-
tamers or target molecules were made
obsolete. This label-free method for
aptamer-based molecular recognition
was also successfully applied to biologi-
cal fluids and therefore indicates that
this approach is a promising tool for
bioanalysis.

were mainly responsible for the bind-
ing of the target molecules with high

Introduction

Nucleic acid binders, also known as aptamers, are obtained
through an in vitro selection process called systematic evolu-
tion of ligands by exponential enrichment (SELEX)."?
These selected binders can recognize a large variety of
target molecules with high specificity and affinity.’! Com-
pared with antibodies, aptamers are relatively easy to obtain
and more stable towards biodegradation.[‘” In addition, their
specificity and affinity towards binding target molecules are
equal or superior to those of antibodies.”] These unique
properties make aptamers ideal recognition elements for de-
tecting specific target molecules. To date, they have widely
been used for the recognition and detection of various tar-
gets from small molecules to proteins or even whole
cells,*? indicating their tremendous potential in biological
applications. To monitor the molecule—aptamer interactions,
labeling and/or modification of the aptamers or target mole-
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cules with indicators is generally necessary. However, a
label-free method for aptamer-based analysis would make
the above steps obsolete, making the process simple, rapid
and low in cost. The development of such a method has thus
become increasingly attractive.[="

In aptamer-based analysis, some intrinsic properties of the
target molecules may be beneficial for the development of a
new label-free method. Cocaine contains a tertiary amino
group and can generate strong electrochemiluminescence
(ECL) emission on a platinum electrode in the presence of
tris(2,2'-bipyridyl)ruthenium(II) [Ru(bpy);]**.*! Arginine
can be electrochemically oxidized on a copper electrode to
generate strong electrochemical (EC) signal;®**! its amide
argininamide also possesses a high EC activity. However,
when the targets are bound by aptamers, they show no lumi-
nescent or electrochemical activity. These chemical and
physical properties of the target molecules allow us to use
them as indicators for the molecule-aptamer interactions
with no requirement for labeling and/or modification of ap-
tamers or target molecules.

In general, to bind target molecules, the corresponding
aptamers will undergo conformational changes to form spe-
cific secondary structures that are mainly responsible for the
adaptive binding. A 30-mer anti-cocaine aptamer can form a
three-dimensional structure, with a lipophilic cavity serving
as the binding pocket for cocaine.! A 24-mer DNA aptamer
recognizing the guanidinium group specifically can form a
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hairpin structure with a ten-residue loop,'" encapsulating
argininamide (Arm) in the folded nucleic acid structure.!'¥)
In the presence of potassium ions, several guanine-rich
DNA aptamers selected by Sen et al. can fold into a G-quar-
tet structure which is responsible for the binding of
hemin.['"! The G-quadruplex conformer can be also observed
in the other guanine-rich DNA aptamers."® These specific
nucleic acid folds play a key role in aptamer-based molecu-
lar recognition.

Recently, there is an increasing interest in the application
of capillary electrophoresis (CE) for aptamer-based analy-
sis.f** Using CE, Bowser et al. introduced a new SELEX
method (CE-SELEX), with which they have performed a
selectivity study against human IgE.¥ Since then, a number
of aptamers has been selected by this method.”>” In addi-
tion, the CE method has widely been applied in various
fields from chiral separation to protein detection.***! How-
ever, the application of this technique to aptamer-based mo-
lecular recognition has not reported so far.

Herein, we introduce a novel label-free method for the in-
vestigation of the adaptive recognition of small molecules,
that is, cocaine and Arm, by DNA aptamers using the CE
method.

Results and Discussion

Cocaine recognition by a three-dimensional DNA fold using
CE-ECL: In the presence of [Ru(bpy);]**, cocaine gener-
ates a strong ECL emission on a platinum electrode at a po-
tential of over 1.05V as previously reported.”!! Under the
same conditions, it was observed that its hydrolysate, ecgo-
nine, also possesses a high ECL activity. The maximal ECL
emission of both cocaine and ecgonine was observed at pH
8.5. However, when cocaine was adsorbed by the corre-
sponding aptamer, this target molecule showed no ECL ac-
tivity. These properties of cocaine allowed it to be used as
an indicator for the molecule—aptamer interaction, indicat-
ing the adaptive binding by a decrease of its ECL intensity.
Thus we introduced a label-free method for aptamer-based
recognition of cocaine using CE analysis (Scheme 1).
Herein, the ECL method was applied in aptamer-based
analysis for the first time.

According to a previous report,’’] the molecule-aptamer
complex might be subject to dissociation during the CE pro-
cess when injected into the capillary. To avoid the potential
interference, a novel CE selector, that is an ionic liquid
(IL), was used. When a hydrophilic 1-alkyl-3-methylimida-
zolium-based IL, such as 1-butyl-3-methylimidazolium tetra-
fluoroborate (BMIMBF,), was used as an additive in the
running buffer of CE, a new phenomenon was observed as
shown in Figure 1. By the use of 1% (v/v) IL additive, the
peak intensity (peak height) of cocaine was increased to
135 %, while that of ecgonine was decreased to 23%. In ad-
dition, the background signal was almost unchanged com-
pared with no use of an IL. We assumed that in the presence
of IL additive cocaine was enriched whereas ecgonine was
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Scheme 1. Label-free method for aptamer-based recognition of cocaine
from its hydrolysate (ecgonine) using CE-ECL analysis assisted with
ionic liquid selector. Ionic liquid was used as the selector for the sample
injection in the CE process, enriching cocaine and excluding the cocaine—
aptamer complex and ecgonine from the capillary.
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Figure 1. CE-ECL analyses for a mixture of 600 um cocaine and 400 um
ecgonine using 20 mm phosphate (pH 7.0) in a) absence and b) presence
of 1% BMIMBF, running buffer. The upright bar refers to the ECL in-
tensity of 200 a.u.

excluded from the capillary in the sample injection process.
The above phenomenon might attribute to the unique prop-
erties of ILs. It was well known that IL possessed high elec-
trical conductivity.*!! The use of an IL additive made the
conductivity of the running buffer much higher than that of
the sample solution. At an electrokinetic mode, the actual
voltage for sample injection was increased and a field-ampli-
fied effect was achieved, enriching the target molecules
greatly. On the other hand, the intrinsic structure of ILs,
formed by the cation associated to an anion, made the addi-
tive able to act as a dynamical modifier of CE. The cation
or anion was adsorbed onto the capillary wall and led to a
decreased electroosmotic flow (EOF),*! resulting in a de-
crease in the injection capacity of the targets. For positively
charged molecules, the field-amplified effect was significant
and the samples were greatly enriched. For those with a neg-
ative charge, however, the field-amplified effect was not ob-
vious and the negative effect of decreased EOF was domi-
nant. As a result, the negative targets were excluded from
the capillary. In the binding buffer (20 mm phosphate of
pH 7.0), cocaine (pK, ~8.6) was positively charged, while
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ecgonine (pl ~5.3) was negatively charged. Therefore, the
selective sample injection in the CE process was accom-
plished by the use of IL additive. There would be some sig-
nificant advantages in the application of IL to aptamer-
based CE analysis. Above all, the negative molecule-apta-
mer complexes were excluded from the capillary by the use
of IL selector. It intended that the potential interference
from the dissociation or adsorption of the cocaine-aptamer
complex in the capillary was effectively avoided. Secondly,
the detection sensitivity of positive target molecules was im-
proved. A detection limit (2 um) of cocaine was obtained by
CE-ECL in the presence of 1% IL, which was lower than
that reported previously.®

To investigate cocaine recognition, a 30-mer DNA apta-
mer (Al) selected by Stojanovic et all® was used. Just
before use, this aptamer was hybridised at room tempera-
ture for 1 h to form a one-stem fold. In the presence of co-
caine, it continued to fold into the three-dimensional struc-
ture with a lipophilic cavity (Scheme 1). This cavity served
as the binding pocket, enclosing cocaine with an affinity of
Ky ~20 pm[ Tt was very important that the cocaine was
bound by aptamer A1l with high specificity, which resulted
in a decrease in the ECL signal. Thus the target molecule
itself acted as an indicator. Its combination with aptamer
Al resulted in a decrease in the ECL signal. As shown in
Figure 2, after incubation with the aptamer, the signal of co-
caine gradually decreased when the aptamer concentration
was increased, while the ecgonine signal remained almost
unchanged throughout. We assumed that the aptamer was
highly selective for cocaine compared with ecgonine. From
the results, the binding affinity (K, ~37 um) of aptamer Al
was easily obtained. Compared with the results previously
reported,® the affinity of aptamer Al decreased to about
50% in our experiments, which might attribute to the low
ionic strength of the binding buffer. Because a high salt con-
centration would have some negative effect on CE analyses,
we used a the binding buffer with low ionic strength for the
cocaine recognition. As reported previously,”” this aptamer
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Figure 2. Dependence of ECL intensities of cocaine and its analogue on

the concentrations of aptamer Al after incubation for 1 h at room tem-

perature in 20 mm phosphate of pH 7.0. 1) 800 um cocaine, 2) 1.3 mm ec-

gonine.
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could also recognize cocaine in the presence of two of its
metabolites, that is, benzoyl ecgonine and ecgonine methyl
ester. The two ester groups of cocaine should mainly be re-
sponsible for the adaptive binding. In the presence of co-
caine, aptamer Al with one binding site underwent certain
conformational changes to form a three-dimensional struc-
ture, with a lipophilic cavity at the junction. In this DNA
fold, cocaine was encapsulated and stabilized by the inter-
molecular interactions. In the whole process, the formation
of the first binding site was one necessary step, obviously in-
fluencing the affinity of aptamer Al. Accordingly this apta-
mer should be completely hybridized just before use.

Arm recognition by a DNA hairpin loop using CE-EC: As
reported previously,”>* most amino acids could be sensi-
tively detected on a copper electrode under strong alkaline
conditions. Under the same conditions, it was observed that
some amino acid amides such as Arm and leucinamide
(Lem) generated strong EC signal as well. For Arm detec-
tion by CE-EC, the maximal signal was observed at 0.7 V in
60 mm NaOH, and a detection limit (5 um) of Arm was ob-
tained. Similar to cocaine, this target molecule showed no
EC activity when it was bound by the corresponding apta-
mer. These properties of this target molecule allowed it to
act as an indicator for the molecule-aptamer interaction.
Therefore the above label-free method for molecular recog-
nition was also applicable to Arm when EC detection was
adopted (Scheme 2). The IL selector was used as well to
avoid the potential interference from the dissociation or ad-
sorption of the Arm—aptamer complex in the capillary.

adaptlve interaction

aptamer molecule-
aptamer
complex
. \
o @ = argininamide
W = leucinamide
capillary

selected by ionic
liquid in CE

HE R

EC detection

Scheme 2. Label-free aptamer-based recognition of argininamide from its
analogue (leucinamide) using CE-EC analysis assisted with ionic liquid
selector. Tonic liquid was used as the CE selector, excluding the arginin-
amide—aptamer complex from the capillary and enriching argininamide
and leucinamide.

For Arm recognition, a 24-mer DNA aptamer (A2) select-
ed by Frankel et al.'” was used. After hybridization, this
aptamer formed a hairpin structure with a ten-residue loop,
binding Arm with a K, of ~100 um."” In the presence of
Arm, the hairpin loop folded into an adaptive conformation,
allowing the target molecule to penetrated into the nucleic
acid fold where intermolecular hydrogen bonds were
formed exclusively with bases, as shown in Scheme 2. The
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adaptive binding of Arm by the aptamer A2 was highly spe-
cific, not affected by the analogue Lem (Figure 3, top). The
molecule-aptamer interaction resulted in a decrease of the
EC signal of Arm, which was dependent on the aptamer
concentration (Figure 3, bottom). From this graph, a binding
affinity (Ky ~103 um) of aptamer A2 in 20 mm phosphate
(pH 7.0) was easily obtained. This affinity was close to that
reported previously.'” We assumed that the binding of Arm
by the aptamer A2 was almost not influenced by the ionic
strength of the binding buffer. The specific interaction be-
tween aptamer A2 and arginine was observed as well (data
not shown), but the affinity for the binding of arginine by
the aptamer was much lower. The results indicated that the
guanidinium groups of the two molecules were mainly re-
sponsible for the adaptive binding. This positive group was
easy to penetrate into the negative hairpin loop where a
conformational change would occur. The target molecules
were encapsulated in the nucleic acid fold and stabilized by
intermolecular hydrogen bonds. Compared with Arm, argi-
nine could hardly enter the DNA fold due to a negative car-
boxyl group, which prohibits the formation of hydrogen
bonds and made the arginine—aptamer complex unstable.
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Figure 3. CE-EC analyses for the recognition of Arm by aptamer A2.
Top) Electropherograms of a mixture of 500 uv Arm and 4 mm Lem
before (a, b) and after (c) incubation with 250 um aptamer A2 for 2 h at
4°C; 20 mm phosphate of pH 7.0 in the absence (a) or presence (b, ¢) of
1% IL was used as running buffer. The upright bar refers to the current
of 150 nA. Bottom) The dependence of relative current intensity of Arm
on the aptamer concentration. The current was normalized to the value
obtained before incubation with the aptamer.
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This might account for the relatively low affinity (K,
~2.5 mm) for binding arginine to aptamer A2.

Practicality and generality of the method: To test the practi-
cality of the above method, cocaine samples prepared from
biological fluids such as FBS were investigated. It is com-
monly known that oligonucleotides are subject to degrada-
tion by nucleases in the serum. In addition, there might be
much potential interference in aptamer-based molecular rec-
ognition performed in biological fluids. However, as shown
in Figure 4, cocaine could be specifically bound by aptamer
Al not affected by other substances in FBS. Two important
factors might be beneficial for the biological application of
our method. Above all, the aptamers selected in a physio-
logical buffer should also be able to bind target molecules
with high specificity and affinity in biological fluids. Second-
ly, most of proteins in serum were excluded from the capilla-
ry by the use of a IL selector, avoiding the potential interfer-
ence effectively.

), e
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Figure 4. Application to specific recognition of cocaine in the biological
fluids using CE-ECL analysis. a) 25% fetal bovine serum (FBS); b) a
mixture of 2 mm cocaine and 1.5 mm ecgonine in 25% FBS; c) the mix-
ture of 2 mm cocaine and 1.5 mm ecgonine in 25% FBS after incubation
with 1 mm aptamer Al at room temperature for 1h. The upright bar
refers to the ECL intensity of 300 a.u.

It was suggested that a general label-free method for the
molecular recognition could be developed using CE analy-
ses, based on the intrinsic properties of target molecules.
This method would be applied to aptamer-based recognition
of other small molecules such as hemin and adenosine when
chemiluminescence, fluorescence and/or ultraviolet detec-
tion were adopted, further extending the application of the
method presented herein.

Conclusion

In summary, we have developed a novel label-free method
for the investigaton of the adaptive recognition of small
molecules by nucleic acid aptamers using CE analysis. Co-
caine and Arm were chosen as model molecules. The intrin-
sic properties of target molecules allowed their use as indi-
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cators for the aptamer-molecule interactions, without any
need for labeling and/or modification of aptamers or target
molecules. Through this label-free approach, the adaptive
binding of target molecules by nucleic acid aptamers was in-
vestigated. It was shown that the developed method is
simple, easy, and relatively low in cost. In addition, it was
the first time that the ECL method was applied to aptamer-
based analysis so far, paving the way for further application
of ECL in this field. This label-free method for aptamer-
based molecular recognition has been proved applicable in
biological fluids as well, indicating that it was promising for
aptamer-based bioanalysis. Based on the other characters
such as catalytic, fluorescent, and ultraviolet properties of
small molecules, the applications of the developed method
can further be extended.

Experimental Section

Materials: Two DNA aptamers (Al, 5 GAC AAG GAA AAT CCT
TCA ATG AAG TGG GTC 3; A2, 5 GAT CGA AAC GTA GCG
CCT TCG ATC 3') were synthesized (Sangon Biotechnology Co. Ltd.
Shanghai, China) for molecular recognition of cocaine and Arm. Hydro-
philic 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,) IL was
obtained from Fluka Chemie (Buchs, Neu-Ulm, Switzerland). Cocaine
was purchased from the State Narcotic Laboratory (Beijing, China).
Arm, leucinamide (Lem) and tris(2,2'-bipyridyl)ruthenium(II) chloride
hexahydrate [Ru(bpy);]>* were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Tianjin
Haoyang Biological Manufacture Co., Ltd (TBD, Tianjin, China). Co-
caine was dissolved in 20 mm phosphate of pH 7.0 immediately before
use to avoid hydrolysis. The stock solution of ecgonine was prepared by
hydrolyzing cocaine in diluted NaOH and then adjusted to pH 7.0 with
HCI. The 10 mm solution of [Ru(bpy);]** was freshly prepared by dilut-
ing the 50 mm stock solution with 0.1M phosphate (pH 8.5) just before
use. 18 MQ water purified by a Milli-Q system (Millipore, Bedford, MA,
USA) was used throughout.

Instrumentation: A CE setup described in our previous work!®! was used.
Briefly, an uncoated fused-silica capillary (Yongnian Optical Fiber Co.
Ltd., Hebei, China) with 25 um inner diameter was cut to 60 cm in
length and used for CE separation. A high-voltage power supply (Shang-
hai Nucleus Institute, Shanghai, China) was used to supply high voltage
for CE. Samples were injected at 20 kV for 10s at the electrokinetic
mode. Electrophoresis was carried out at ambient temperature with a
voltage of 20 kV using 20 mm phosphate (pH 7.0) in the presence or ab-
sence of 1% (v/v) BMIMBEF, as running buffer. For ECL detection of co-
caine, a platinum disk electrode of 500 um diameter was used. The ECL
emission was detected at 1.2V (vs Ag/AgCl) with a Model MCDR-A
Chemiluminescence Analyzer Systems (Xi’An Remax Science & Tech-
nology Co. Ltd., Xi’An, China). The distance between the working elec-
trode and the end of capillary was 125 um. The voltage of photomultipli-
er tube was set at 850 V. For EC detection of Arm, a copper disk elec-
trode of 350 um diameter was used. The amperometric signal was detect-
ed in 60 mm NaOH at 0.7 V with a Model CHI800 Voltammetric Ana-
lyzer (CH Instruments, Austin, TX). The distance between the working
electrode and the end of capillary was 200 um.

Adaptive interactions: For adaptive binding action, the two aptamers
were dissolved in the binding buffer (20 mm phosphate of pH 7.0). Just
before use, they were heated at 88°C for 10 min to dissociate any inter-
molecular interaction, then cooled and allowed to hybridize. Aptamer
Al was hybridized at room temperature for 1 h to form one binding site
of the three-dimensional structure, while aptamer A2 was hybridized at
4°C for 30 min to form a hairpin structure with a ten-residue loop. Then
the aptamer solutions were mixed with the targets dissolved in the bind-
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ing buffer. The interaction between aptamer Al and cocaine was kept
for 1 h at room temperature, while aptamer A2 was incubated with Arm
at 4°Cfor 2 h.

Molecular recognition: As precolumn preparation, the target molecules
and the analogues were incubated with aptamers to form corresponding
molecule-aptamer complexes, accompanied by a decrease in the concen-
tration of free target molecules. Then the mixtures were used as samples
and measured using CE with ECL or EC detection. Target molecules
generated ECL or EC signal on the electrode surface and were used as
indicators for the molecule—aptamer interactions, reflecting the adaptive
binding by the decrease of their signal intensities. As control experi-
ments, target molecules without incubation with aptamers were subse-
quently measured by CE analysis.

Biological application: Cocaine samples in biological fluids were pre-
pared by addition of 100 pL of 20 mm cocaine and 150 pL of 10 mm ecgo-
nine to 250 pL of FBS. Then 10 pL of biological sample was mixed with
10 pL of 2 mm aptamer Al. After incubated at room temperature for 1 h,
the mixture was analyzed by CE-ECL. A mixture of 2 mM cocaine and
1.5 mm ecgonine dissolved in 25 % FBS was used as control.
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