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Aptamers are artificial oligonucleotide receptors originated from Scheme 1. The TREAS Strategy for ATP Detection?
in vitro selection (SELEX}. In principle, aptamers with high

specificity and affinity can be selected for any given target, ranging
from small molecules to large proteins and even cellberefore,
aptamers are widely recognized as highly promising tools for a e
variety of important application’s* Aptamers are particularly useful -
eToff eT on

as the biosensing element as they are chemically stable, readily
available, and offer high flexibility in biosensor desigrt
Recently, Heeger, Plaxco, and others developed a series of novel
electrochemical aptamer-based (E-AB) sensors for thrombin,
cocaine, and potassiuh?r’l4 an ana|ogous version to the electro- 2|n the initial state, the ATP aptamer forms a duplex and ferrocene is

; . 15 _ distal to the electrode surface (et OFF; et stands for electron transfer); after
chemical DNA (E-DNA) sensc¥:° These E-AB sensors are based reaction with ATP, the aptamer forms a tertiary structure with ATP and

on binding-induced conformational changes of redox-tagged and jiperates its complementary strand. Ferrocene is proximal to the electrode
surface-confined aptamers, which have proven highly sensitive andsurface (et ON) in this state.
selectivel*™ Also, because E-AB sensors are electrochemistry- poth cases. In contrast, the ON state of E-AB is in a floppy structure,
based, they are inherently fast, portable, and cost-effective. y, s glectrochemical signals come from dynamic collision between
However, since E-AB relies on unique structures of aptamers, theseyg glectrode and the redox moiety, which may attenuate the signal
sensors have to be designed case-by-case for different aptamer gain.
target pairs. As a step further, Xiao et al. recently developed a = \e first employed a model system to test this proposed TREAS
potentially generalizable E-AB sensor for thrombin by using target- gyateqy, which involves two different duplexes self-assembled on
induced strand displacemeittere we report a target-responsive o4 electrodes. Both duplexes contain one thiolated strand at either
electrochemical aptamer switch (TREAS), which is a signal-on {he 5. or 3-terminus, while the complementary strands are tagged
sensor featuring both generalizability and simplicity in design, \yith ferrocene at the 'Serminus. Of note, the'Bhiolated one is
toward reagentless detection of adenosine triphosphate (ATP) Withanalogous to the eT OFF state of TREAS (duplex) and the
high sensitivity and selectivity. , 3-thiolated one to the eT ON state (aptamer). Indeed, we found a
We employed an in vitro selected 27-base anti-ATP aptamer, air of well-defined CV peaks corresponding to the reduction and
which possesses high affinity for ATP while not for its analogues, qyiqation of ferrocene for the proximal ferrocene (Supporting
cytidine triphosphate (CTP), guanosine triphosphate (GTP), and |ytormation, Figure 1-S). In contrast, we only found a very small
ur_'d'”‘? triphosphate (UTF).The anti-ATP aptamer dually labeled  gjgna in cyclic voltammetry (CV) for the distal ferrocene (the small
with 3-SH and Sferrocene is self-assembled on gold electrodes gjgna| might be attributed to incomplete hybridization and resulting

in its duplex form (Scheme 1). We reason that ferrocene is distal rggjgyal ssDNA at the surface). This clearly demonstrates that the
to the electrode surface, thus cannot efficiently exchange electrons,qqox reaction of ferrocene is highly distance-dependent, as

with the underlying electrodes due to large distance separatibd (  regicted by the Marcus electron transfer theory. It is worthwhile
nm) in this eT OFF state. In the presence of the target ATP, the 5 oint out that this phenomenon is different from the redox
tertiary aptamer structure is stabilized, which responsively denatures 4 ction of methylene blue, which is insensitive to its position on

the duplex and liberates the complementary DNA, similar to the pa duplexes. This is because methylene blue, while not ferrocene,
aptamer structural switch in solutidhAs a consequence of this s 5 DNA intercalator. and its electron communication with

structural switch from the duplex to the tertiary aptamer structure g|ecrodes is coupled with highly efficient electron transfer within
(duplex-to-aptamer), the ferrocene moiety approaches the electrode,_gt4cked base pait8.
surface and generates measurable electrochemical signals (6T ON). \ye then evaluated TREAS both in the absence and in the
Of note, compared to the E-AB thrombin sensor reported by Xiao presence of ATP by using CV and square-wave voltammetry
et al.}® our TREAS is similarly generalizable while it has several (SWV). Similar to that in the model system, there was only a small
advantages. First, the sensor architecture is simpler. The sensingsigna| for TREAS in the duplex state (eT OFF). After challenging
DNA strand of E-AB contains three parts, aptamer region (for TREAS with 1 mM ATP, we observed a pair of well-defined CV
recognition), duplex region (structural support), and spacer region peaks corresponding to the redox reaction of ferrocene (eT ON,
(linkage), thus is inherently longer than the corresponding TREAS Figure 2-S in the Supporting Information). SWV offers better
sensing strand (only aptamer sequence). Second, TREAS has WQeggjution than CV, and we observed the similar trend in SWV.
well-defined “ON” and “OFF” states due to its rigid structures in - There was an intense SWV peak after reaction with 1 mM ATP,
T Shanghai Institute of Applied Physics, Chinese Academy of Sciences. with a signal gain of-10-fold compared tF) that in the absenlce of
#Graduate School of the Chinese Academy of Sciences. ATP. The SWV peak current gradually increased along with the

® -Fc = — ATP
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Figure 1. Representative square-wave voltammograms for the duplex
modified electrode after reaction with various concentrations of ATP,
ranging from 10 nM to 1 mM, in 10 mM HEPES containing 50 mM NaglO
(left panel). Plot for ATP concentration versus SWV peak current for
TREAS. Data were averaged from at least three independent experiment:
(right panel).
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Figure 2. Square-wave voltammograms for the duplex modified electrode
after reaction with 1 mM ATP (solid line) and a mixture of 1 mM CTP, 1
mM GTP, and 1 mM UTP (dashed line) in 10 mM HEPES containing 50
mM NaClQy.
increase of ATP concentration ranging from 10 nM to 1 mM (Figure
1). This detection sensitivity of TREAS compares favorably with
other reported aptamer-based ATP sensors (usuallymM).6.11.20
However, further optimization is still necessary in order to match
the sensitivity of commercially available luciferase-based ATP
assays{0.1 nM).

We also electrochemically interrogated the ferrocene redox
reaction. In the eT ON state, we found that CV peak currents of
ferrocene were linearly proportional to scan rates, implying that

the ferrocene electrochemistry was a surface-confined process

(Supporting Information, Figure 3-S). The apparent heterogeneous
electron transfer rate of ferrocene was determined to be 88 s
This rate is apparently low given that ferrocene is only ap-
proximately 1 nm away from the electrode in the eT ON state.
This possibly suggests that ferrocene is in a flexible conformation
due to the “soft” C6 linker, which increases thermodynamic and
kinetic dispersion of ferrocene redox and lowers the apparent
heterogeneous electron transfer rate.

TREAS is a selective sensor for ATP molecules. We challenged
TREAS with 1 mM ATP and a mixture of ATP analogues, CTP,
GTP, and UTP (all of 1 mM concentration). Importantly, the SWV
signal for the analogue mixture was only as small as the background
(in the absence of ATP), approximately 10-fold lower than that
for 1 mM ATP (Figure 2). This excellent selectivity arises not only
from the high specificity of anti-ATP aptamer but also from the
additional stringency due to the competition between the duplex
and the aptamer structure. In order to perform ATP assays in rea
samples, we employed TREAS to directly detect cellular ATP. We
obtained a prominent SWV signal for freshly lysed cells (ATP

present). In contrast, only a small residual signal was observed after

S

storing cell lysates for 24 h (ATP absent) (Figure 4-S, Supporting
Information). This clearly shows that TREAS might become a
promising probe for cellular ATP assays.

In summary, we have described a novel TREAS strategy for ATP
assays, which has several combined advantages. First, as with other
E-DNA and E-AB sensor&1>16TREAS is inherently resistant to
nonspecific interferences and highly usable in complex real samples.
Second, TREAS is a reagentless sensor since both the recognition
element (aptamer) and the signaling element (ferrocene) have been
integrated in a surface-confined configuration. Third, TREAS is a
signal-on sensor, which excels previously described signal-off
sensors in both selectivity and multiplexibility#1® Fourth, given
the simplicity in design of TREAS, it is fairly easy to generalize
this strategy to detect a spectrum of targets. In view of these
advantages, we expect that this TREAS, as a novel strategy in the
E-AB family, may offer a new direction in design of high-
performance electrochemical biosensors for sensitive, selective, and
reagentless detection of a wide spectrum of analytes.
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