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We report a sensitive electrochemical aptasensor for adenosine
based on electrochemical impedance spectroscopy measure-
ment, which gives not only a label-free but also a reusable
platform to make the detection of small molecules simple and
convenient.

Since screened through the systematic evolution of ligands by
exponential enrichment (SELEX) process from random RNA
or DNA libraries,! aptamers have been widely used in analytical
assays and shown their enormous potential in recognizing and
detecting various targets’'® due to their generally impressive
selectivity, affinity and their multifarious advantages over the
traditional recognition elements.'” As it was especially difficult to
find a specific recognizing element for small molecules, aptamers
from in vitro SELEX did possess considerable advantages in
analytical assays for small molecules. Up to now, many aptamer-
based methods have been used for small molecules,'®'® such as
fluorescence,” ! colorimetry'? and electrochemistry.'*® Though
all the methods developed could realize the small molecule
detection successfully, some common disadvantages could not
always be avoided. First, most of the existing methods required the
step of labeling the probes onto the ssDNA molecules or the
targets. Such a labeling process would not only make experiments
relatively complex and expensive, but also affect the binding
affinity between the targets and their aptamers to a greater or
lesser degree. Secondly, many of the sensing systems rely on the
conformational change of the aptamers after binding with
their targets, therefore the application was obviously limited.
Furthermore, many of the sensing systems were not reusable after
detection, which increased the complication of operation.
Electrochemical impedance spectroscopy (EIS) is a rapidly
developing electrochemical technique and has been imported to
design the aptasensing systems for its advantages such as sensiti-
vity, label-free nature, low-cost and convenience.'” However, most
of the EIS aptasensors focused on protein detection'” but not of
small molecules. Recently AMP'™® was detected based on a
reagentless aptamer/complementary strand-aptamer/target sensing
system using EIS and ISFET for measurement, which made the
detection simpler. However, the sensing process based on the
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displacement of part of the complementary strands to the targets,
could only be applied to the targets that did not lead to obvious
impedance increase when complementary strands were displaced.
Meanwhile, the sensing system was relatively difficult to reuse after
one detection.

Herein a reusable and label-free electrochemical aptasensor for
sensitive detection of small molecules has been developed based on
EIS using adenosine® as a model molecule. Through the change
from an HS-part complementary strand-aptamer/target to an HS-
part complementary/aptamer-target system, as shown in Fig. 1,
adenosine was easily detected by the decrease of the impedance.
The relatively longer strand of aptamer was taken off from the
electrode (but not the shorter complementary one), which could
not only increase the detection sensitivity, but also provide a
promising advantage of reuse of the sensing system.

According to previous work of Barton®' and Willner,” a
sensing interface was fabricated by functionalizing the gold
electrode with part duplex hybridized by 5'-thiolated part comple-
mentary strand (PCS) and adenosine-binding aptamer strand
(ABA) (the sequences'? are listed in the ESIf). The formation of
the self-assembly layer was then measured using both cyclic
voltammetry and electrochemical impedance spectroscopy. For
the Au/PCS-ABA electrode, the negatively charged interface
repelled its negatively charged probe, [Fe(CN)¢* "~ anions,
which retarded the interfacial electron-transfer kinetics of the
redox probes.!” As shown in Fig. 2 (inset), the electrochemical
reaction of the redox couple was significantly inhibited and the
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Fig. 1 A circuit for the EIS (left) and a schematic of the method (right).
Part of the duplex was first immobilized on the gold surface, followed by
binding with adenosine to decrease the amount of the aptamer on the
electrode surface.
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Fig. 2 Nyquist plots of the control experiment for testing the stability of
the Au/PCS-ABA sensing interface. Inset: The CV curve before (a) and
after (b) functionalizing the electrode with PCS-ABA.

peak-to-peak separation increased. This illustrated that the PCS-
ABA self-assembly layer was compact enough for blocking the
redox probes from effective electron-transfer at the sensing
interface. A consistent result was also provided in the impedance
spectra. Fig. 1 (left) shows the circuit that includes the commonly
present electrolyte resistance (Rs), constant phase element (Q),
Warburg impedance (Zw) and the electron-transfer resistance
(Ret/Rct). The bare Au electrode showed a very small semicircle
domain, which represented the Ret (Fig. 2), while for the Au/PCS-
ABA system, the response of the equimolar [Fe(CN)¢]* >~ anions
was reduced and led to an obviously decreased electron-transfer
efficiency. Both CV and EIS measurement demonstrated that the
PCS-ABA functionalized electrode was very useful for adenosine
sensing. To get a satisfactory sensing efficiency, comparison
among Au/PCS-ABA, Au/PCS-ABA/MCH (6-mercatohexanol)
and Au/PCS-ABA/MCE (2-mercatoethanol) was carried out. It
was found that the usually used MCH and MCE '*'7 could not
show a good function in this system, so we chose the Au/PCS-
ABA as the sensing system, which has been proven to be
applicable previously.?'

The sensing interface was then used for response to the small
molecule adenosine, which is an endogenous nucleoside with
potent vasodilator and antiarhythmic activities.”” Two control
experiments were also carried out. First, to decrease the non-
specific DNA absorption onto the electrode as much as possible,
before use, the Au/PCS-ABA was dipped in the washing buffer for
about 3 h with shaking. As shown in Fig. 2, the Ret of such a
treated electrode stayed the same after 3.5 h immersion in the
binding buffer (B-buffer used for adenosine and its aptamer
reaction), which showed good stabilization of the well-washed
electrode. By contrast, after 3 h immersion in 500 utM adenosine
(dissolved in binding buffer), the Ret decreased significantly. This
reflected that adenosine has effectively interacted with its aptamer
and the loss of the ABA strand due to the formation of an
adenosine-ABA complex. The other control experiment between
adenosine and a uridine-cytidine mixed solution was also carried
out. As shown in Fig. 3, after 3 h immersion in mixed uridine
(0.36 mM) and cytidine (0.32 mM), the Au/PCS-ABA showed no
response of Ret decreasing. The small increase of Ret may result
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Fig. 3 Control experiment of a mixed solution of 0.36 mM uridine and
0.32 mM cytidine. The error bars represent the standard deviation of two
measurements.

from the non-specific absorption of small molecules onto the Au
or DNA strands.

Because the sensor designed here was based on the adenosine
competing reaction between adenosine and part complementary
strand, the relatively longer ssDNA strand of the aptamer on the
electrode would be decreased. This is different from the usual
mode in which PCS is lost from the electrode. This could not only
provide high sensitivity of detection but also an easily reusable
sensing platform. Using the method here, the detection limit could
reach ~1077 M, as shown in Fig. 4, as low as the most sensitive
methods reported.m’18 Meanwhile, the detection range could
extend up to ~107> M, with the most sensitive response range
between 107¢ and 10™* M. However, since we did not treat the
electrode with small thiolated complexes as usually done, the array
of the DNA duplex on the Au surface might not be very well
ordered. Meanwhile, the adenosine needed to compete with PCS
to bind with ABA, which might be relatively harder than the
condition of only adenosine—ABA interaction. These factors could
lead to relatively slow response to the target compared with some
other sensors.'” Work focusing on resolving this and other
problems is now in progress through adjusting different factors
such as ionic strength, temperature and the length or sequence of
the part-duplex.
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Fig. 4 Response of the sensor to different concentrations of adenosine.
Inset: the response to adenosine from 0 to 160 uM. ARet = Ret (max.) —
Ret (min.); AR’ = Ret (max.) — Ret.
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Fig. 5 Nyquist plots of regenerating process of the sensing interface by
treating the electrode with ABA solution after one time detection of
500 uM adenosine (squares).

Another advantage of the designed aptasensor was the
regeneration ability of the aptasensor. Fig. 5 shows the regenera-
tion process of the sensing interface after interacting with 500 pM
adenosine (i.e. after one time use/detection). The electrode was first
covered with 15 pLL 2.8 uM ABA at 4 °C for 2 h, which could not
lead to very effective hybridization as shown. Then the electrode
was treated with the same method above at ~17-18 °C.
The hybridizing process was obviously accelerated. After 4 h
hybridization, the sensing interface was almost completely
regenerated (~90%) and could be used again. The sensing ability
of the regenerated electrode is provided in the ESL.¥

In conclusion, a sensitive electrochemical aptasensor for
adenosine has been developed using electrochemical impedance
spectroscopy measurement. The EIS method provided a very
simple detection means for small molecules based on a part
complementary aptamer strand sensing platform. Through this
method, relatively complicated and expensive steps such as
labelling probes on the DNA or targets were avoided.
Meanwhile, the relatively longer aptamer strand loss (but not the
shorter complementary one) could not only make the detection
sensitive, but also provide a regeneration ability of the sensing
interface. Finally, the method proposed did not rely on the
molecule size or the conformational change of the aptamer, so it
might possess the potential of wider application for further targets,
even proteins.
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