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Abstract: Conventional electronic circuits can perform multi-
level logic operations; however, this capability is rarely realized
by biological logic gates. In addition, the question of how to
close the gap between biomolecular computation and silicon-
based electrical circuitry is still a key issue in the bioelectronics
field. Here we explore a novel split aptamer-based multi-level
logic gate built from INHIBIT and AND gates that performs
a net XOR analysis, with electrochemical signal as output.
Based on the aptamer–target interaction and a novel concept of
electrochemical rectification, a relayed charge transfer occurs
upon target binding between aptamer-linked redox probes and
solution-phase probes, which amplifies the sensor signal and
facilitates a straightforward and reliable diagnosis. This work
reveals a new route for the design of bioelectronic logic circuits
that can realize multi-level logic operation, which has the
potential to simplify an otherwise complex diagnosis to a “yes”
or “no” decision.

A wide and diverse range of DNA molecular devices have
been realized in the past decade with the goal of harnessing
specific properties of molecules as electric components for
molecular-scale computing.[1] Various Boolean logic opera-
tions have been developed with different applications in
biology, ranging from biosensors to bioimaging and thera-
peutics, which primarily focus on the basic logic functions,
AND, OR, and XOR.[2] For integrated electronic circuits,
a multi-level logic operation can be easily performed by
wiring different logic gates together electrically. However, the
connection of biological logic gates to form a multi-level
circuit poses significant challenges. Although enzymatic net-
works with hierarchical circuit design,[3] as well as modular
DNA-based Boolean logic gates wired into a three-level
circuit have been reported that exhibited a Boolean XOR
function,[4] most logic gates (mainly DNA-based) employ
fluorescent or colorimetric signals as their outputs. These
optical signals prove cumbersome for further linking of
different logic gates and their integration with electronic
devices. In order to design multi-level logic gates and further

close the gap between DNA computation and electrical
circuitries, the future of such logic elements is closely related
to the successful linkage of nucleic acid to a conductive or
semiconductive support with electrochemical (electric) sig-
nals as their outputs, as well as functional DNA recognition
motifs to implement special biological applications. Just a few
pioneering attempts have been performed to immobilize
DNA logic gates on electrochemical supports, however, with
only one- or two-level logic operations.[5]

Recently, a novel kind of molecular recognition element
has been developed that is based on specific single-strand
DNA/RNA molecules selected from libraries with random
sequences.[6] The so-called aptamers offer great flexibility in
terms of structure variants to bind to a variety of targets with
high affinity and specificity, and are promising candidates for
bioanalytical applications and new computing systems.[7]

Moreover, when a single aptamer splits into two fragments,
they usually can form associated sandwich-type complexes
with their target.[8] Herein we extend this concept of a split
aptamer-based electrochemical sensor by incorporating
a novel electronic element, namely electrochemical current
rectification (ECR) for signal amplification capabilities and
its application in multi-level logic circuits.

Interest in ECR has increased rapidly due to its ability to
facilitate unidirectional current flow across an electrochem-
ical interface.[9] A characteristic property of the ECR process
reported here is that the entire charge transfer occurs only in
one direction between solution-phase redox probes and
electrode via surface-confined redox groups. It has been
successfully implemented in bioelectronic and bioelectro-
chemical systems through the incorporation and tailoring of
biomolecules into supramolecular bioassemblies to perform
electronic operations.[10] Furthermore, our group recently
reported the application of ECR for mimicking molecular
logic gate operations, as well as the realization of transistor
functions with signal amplification.[11]

We set out to design a multi-level aptamer-based logic
gate, which is built from sequential INHIBIT (INH) and
AND gates, that performs a net XOR analysis, with electro-
chemical signal as output. We used ATP and its split aptamers
as a model; one INH logic gate is initially constructed as the
starting point of the logic operation (Figure 1A). The 27-mer
ATP aptamer is divided into two parts with different
sequences.[8, 12] First, the electrode surface is modified by
a 14-mer split aptamer (Apt-1) through covalent thiol–gold
bonds (Figure 1 B, curve a). When the second 13-mer split
aptamer strand (Apt-2) bearing a ferrocene (Fc) tag is
applied, a stable sandwiched structure forms through
target–ATP binding. An anodic peak at around 0.35 V and
a cathodic peak at around 0.28 V (vs. Ag/AgCl) can be
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measured (Figure 1B, curve ). The system
responds quite differently in the absence of ATP
molecules due to the thermal instability of target-
free aptamer complex.[13] The peak position and
the equal peak heights clearly indicate a reversible
and surface-confined electron transfer between Fc
and the electrode (Figure S1). Under optimized
modification conditions (Figures S2 and S3), the
DNA surface density is calculated to be about
(3.85� 0.33) × 1011 moleculescm¢2, which corre-
sponds to previously reported DNA densities.[14]

Beyond that, an ATP–aptamer complex that has
already been formed can be dissociated by apply-
ing adenosine deaminase (ADA) (Figure 1B,
curve c). ADA is a key hydrolytic enzyme in
purine metabolism that can efficiently catalyze
the deamination of adenosine (deoxyadenosine)
into inosine (deoxyinosine), for which the ATP
aptamer shows no detectable affinity. This makes it
possible for ADA to break the formed sandwich
structure.[15] Inherited ADA deficiency is one main
cause for severe combined immune deficiency
disease (SCID).[16] In contrast, ADA plethora
may also cause diseases, such as tuberculosis and hemolytic
anemia.[17] In healthy human plasma the ATP concentration is
roughly on the mm level, and the ADA activity is on the level
of 0.03 UmL¢1.[18] Too high or too low ATP/ADA concen-
trations are critically harmful for human beings. Our present
logic gate is expected not only to link multi-level logic gates

together, but also to supply diagnostic information on
a coupled biological system.

To produce an INH logic gate, high levels of ATP (In1)
and ADA (In2) are defined at � 10 mm and at � 0.03 UmL¢1,
respectively, as the “1” states while lower concentrations of
each of these are defined as the “0” states. For the output of
the INH gate, the electrochemical signal in the presence of
10 mm ATP represents the threshold. If the current value is
higher than this, it is considered as “1”, while lower values are
considered as “0”. In evaluating the four different states in the
presence and/or absence of ATP and ADA, namely (0,0) (1,0)
(0,1) (1,1), only (1,0) induces a significant relative current
change, resulting in a “1” output. Thus, an INH logic
operation can be realized by controlling the concentrations
of the ATP and ADA activity unit (Figure 1C and Figure S4).

One important concern about such a design is that the
signal obtained by this method is strongly dependent on the
surface probe density, which is typically in the range of a few
pmol cm¢2 or even less. The low probe density usually affects
the platformÏs sensitivity and applicability.[14] Therefore we
introduce the concept of electrochemical rectification (ECR)
for signal amplification.

Starting from the outputs of the INH gate, a third input,
ferrocyanide (In 3), is then introduced into the system to
perform the second-level logic operation. The ECR effect is
realized through a relayed charge transport between split
aptamer-linked Fc groups and solution-phase redox probes as
shown in Figure 2A. Due to their different redox potentials,
the charge transfer can be efficiently relayed from the

electrode via the Fc center (Fc+/Fc redox potential around
0.32 V vs. Ag/AgCl) to ferrocyanide (Fe3+/Fe2+ redox poten-
tial 0.21 V vs. Ag/AgCl), which leads to a significant increase
in the anodic current (Figure 2A). In the reverse direction,
however, the electron-transfer process is thermodynamically
forbidden.[11, 19] The surrounding of the surface-tethered

Figure 1. A) Schematic illustration of the ATP split aptamer-based INH
logic gate. In the presence of ATP, a sandwich complex is formed
between the surface-tethered split aptamer (Apt-1) and the ferrocene-
containing split aptamer (Apt-2). ADA is able to catalyze the conver-
sion of ATP to inosine triphosphate (ITP). The latter shows no
interaction with the ATP aptamer and the sandwich aptamer complex
dissociates. B) CV curves of different electrode surfaces: a) Apt-1-
modified gold electrode; b) Apt-1-modified electrode after incubation
in 1 mm Apt-2 solution in the presence of 500 mm ATP and c) in the
presence of both ATP and 0.1 UmL¢1 ADA. C) The INH logic scheme
and truth table.

Figure 2. A) Electrochemical current rectification (ECR) scheme. The ECR effect is
realized through a relayed charge transport between the split aptamer-linked Fc tag
and the solution-phase redox probes. B) CV curves in K4[Fe(CN)6] solutions of
different concentrations. Inset: the linear relationship between peak current and
K4[Fe(CN)6] concentration. C) The two-level INH–AND logic scheme and truth table.
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aptamer strand was backfilled with insulating 1-undecane-
thiol molecules to eliminate the direct charge transfer
between the electrode and the solution-phase redox probes
via defects in the self-assembled monolayer (Figure S5).[19]

The height of the sensor signal can be easily amplified by
tuning the concentration of electron-donating redox probes in
the solution (Figure 2B). The solution-phase redox probes
diffuse to the electrode to continuously replenish electrons to
the charge-transfer mediator and thus amplify the current
response with a linear relationship (Figure 2 B, inset). A
concentration of 1 mm is selected for the solution-phase redox
probes in the following sections (Figures S6 and S7). The
whole rectified current (j) can be tuned through two adjust-
able chemical parameters [Eq. (1)]: the concentration of the
redox probes in solution as discussed above, and the
population of redox sites on the electrode introduced by
target binding and the formation of the aptamer sandwich
structure (Figure 2 A).[10]

j ¼ Fkcross G0 cD ð1Þ

Equation (1) includes the Faraday constant F and the rate
constant kcross for the reaction between surface-confined Fc
groups and the solution-phase redox probe. G0 is the coverage
of redox-active sites on the surface, and cD is the concen-
tration of the solution-phase donor (or acceptor) probe. The
number of surface redox sites on the electrode depends
exclusively on the amount of Fc-labeled Apt-2 aptamer in the
presence of ATP. The relationship between the amplified
peak current and the ATP target concentrations was deter-
mined, and it exhibited a sensitive response for the target with
a detection limit of about 7.5 nm (Figure 3A; Figure S8). This
result represents an improvement of around 130 times
compared with the detection limit of 1 mm achieved in the
absence of ECR-based amplification (Figure S9). The apta-
sensor selectivity was proven through a comparison with
other target analogues and a direct detection in complicated
serum solutions (Figure S10). Based on the same mechanism,
this aptasensor is also sensitive to ADA activity response,
since Fc-linked Apt-2 is released from the surface after
enzyme treatment (Figure S11). An ADA activity detection
as low as 0.002 Uml¢1 can be obtained with a higher
sensitivity and an excellent selectivity compared with pre-
viously reports (Figure 3B, Figure S12, and Table S1).

Neither the detection of ATP nor ADA activity is affected
by the presence of interfering compounds in complex media.
Furthermore, the magnification of signal induced by ATP
binding occurs without the permeation of the mixed self-
assembled monolayer by solution-phase probes. This is an
important advantage of ECR-based amplification compared
with previously reported electrocatalytic amplification prin-
ciples, since a permeation reaction would reduce the charge-
transfer efficacy between surface-confined probe and solu-
tion-phase probe.[20] Our simple ECR amplification scheme
does not rely on comparatively expensive enzymes, stringent
environmental conditions, or complicated synthesis process-
es.[21] Therefore it can be concluded that the concept of ECR-
based signal amplification provides a suitable and more

general tool for the enhancement of aptamer-based biosensor
performance.

However, the additional third input (In3) not only enables
signal amplification but also introduces a second-level logic
gate, which facilitates distinguishable output signals by raising
the output threshold values. Therefore, the output of the INH
logic gate described above and In 3 can be considered as
inputs to enter into the next INH–AND logic operation, with
logic scheme and corresponding truth table shown in Fig-
ure 2C. Noteworthy, here we defined different threshold
values for the final output current produced by the split
aptamer-based electrode due to ECR-based signal amplifica-
tion. The region with an absolute current value higher than
1.5 mA (when ATP� 10 mm or ADA< 0.01 UmL¢1) was
defined as “1”, and the second region with a current value
lower than 0.1 mA (when ATP< 0.1 mm or ADA�
0.03 UmL¢1) was defined as “0”, with a difference of
a factor of 15 between them to avoid ambiguous states
(Figure 3). This gray region between “1” and “0”, which lacks
any definite response, corresponds to the usual amount of
ATP (0.1 to 10 mm) and ADA activity unit (0.01 to
0.03 UmL¢1) in normal human serum.[18] This definition is
also analogous to the approach used in electronics where only
appropriate voltage regions are employed to define the logic
functions. With the help of ECR, the different sensor
responses to ATP concentration and ADA activity are
much easier to analyze and the logic gate directly indicates
different states of health. The current increases significantly
only when In1 = 1 (ATP� 10 mm), In2 = 0 (ADA<

0.01 UmL¢1), and In3 = 1 (1 mm ferrocyanide), yielding

Figure 3. A) CV curves with amplified anodic currents caused by
increasing ATP concentrations from 0.01 to 50 mm, in the presence of
1 mm K4[Fe(CN)6] . Inset: Enlargement of the linear region at low ATP
concentrations. B) CVs recorded from an as-prepared electrode with
the surface-tethered ATP/aptamer complex during ADA activity detec-
tion with different activity units (0, 0.0025, 0.005, 0.01, 0.03, 0.05,
0.1) U mL¢1. Inset: Linear region of peak current and ADA activity unit.
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a “1” output in the presence of solution-phase probes for
ECR-aided signal amplification. This usually indicates a dis-
ease status, for instance, the presence of a severe combined
immunodeficiency.[22] Otherwise, the current intensity is lower
which corresponds to an output signal “0” (Figure 2 C and
Figure S13). According to the clinical studies,[18b] patients with
tuberculosis usually have higher levels of ADA activity
(ADA� 0.03 UmL¢1) in their serum, which corresponds to
inputs (0,1,1) or (1,1,1). Both of the output signals, “0” and
“1”, supply diagnosis information that indicate a physical
impairment. Only if the inputs are within the gray range is the
diagnosis without findings.

Based on these amplified aptasensor performances with
the ECR effect, we continue to construct a multi-level logic
gate and combine the INH–AND gate with an XOR function
(Figure 4A). Instead of an anodic rectification based on

ferrocyanide, the cathodic current can also be amplified
simply by changing the solution redox species from ferrocya-
nide (0.21 V vs. Ag/AgCl) to hexachloriridate(IV) (0.68 V vs.
Ag/AgCl). The different redox potentials of the solution-
phase redox probes lead to different directions of the charge
transfer between the surface-bound Fc center (Fc+/Fc redox
potential 0.32 V vs. Ag/AgCl) and electron-donating (ferro-
cyanide, Fe3+/Fe2+)/electron-accepting (hexachloriridate, Ir4+/
Ir3+) species in solution (Figure 4B). In 3 and In4 correspond
to the addition of 1 mm ferrocyanide and iridate(IV) ions,
respectively, while the absence of the respective species is
considered to constitute “0”. With the same output definition

as discussed above in the INH–AND logic gate, three regions
of “1”, “0”, and “gray” are adopted for the intensity of output
signals. A three-level logic function can be realized by
adjusting different input values. When only one type of
redox probe is added to the solution, the aptamer-modified
electrode can be considered as an anodic or cathodic ECR.
This ECR functions similar to a diode, which facilitates an
electric current in one direction (forward-biased conditions)
and blocks the current in the opposite direction (reverse-
biased conditions), resulting in an INH–AND logic gate
(Figure 4B, curves b and c). When both In3 and In 4 are
applied simultaneously, the current responses decrease
largely because of the interplay of different interfacial and
solution-based charge-transfer processes (Figure 4B curve d
and Figure 4C).[11] The multi-level logic gate performs a final
XOR logic-gate function which results from the combination

of INH and AND gates (Figure 4 D and Figure S14). Two
inputs sets (1,0,1,0) and (1,0,0,1) give a final “1” output, in
which the current is recorded as an absolute value
independent of the current direction. The XOR logic
gate can be used to eliminate inaccurate diagnoses caused
by the system malfunctions. High noise components in the
sensor signal could spuriously lead to a false “1” readout.
However, this output should remain only if In3 and In 4
are added together for a defective system; it disappears if
the system works properly.

The full function of the multi-level logic gate corre-
sponds to an INH–AND–XOR operation. It combines
the aptamer-based biochemical logic gate responses of
the sensor receptor (INH) with the logic gates of the
electrochemical transduction scheme (AND–XOR). By
this means a biochemical binding process is transduced
into an electrical signal, the sensor signal is enhanced by
the ECR effect, and several (bio)chemical input signals
are converted into one output signal which reports on the
overall status of the system. Different target ranges
induce distinguishable and easy to analyze “yes” or “no”
outputs, which is of importance in particular for point-of-
care diagnostics.

In conclusion, we have successfully established
a novel multi-level logic gate based on a sensitive
aptamer-binding reaction and the concept of electro-
chemical rectification, with a final electrical signal output
and amplification strategy for logic performance and
detection. A rectified charge transport originates from
the consecutive charge transfer between the electrode,
aptamer-confined surface redox tag, and the redox probes

in solution. With ECR as a novel signal amplification strategy,
our work offers a sensitive, straightforward, and robust
detection technique for aptamer-based electrochemical bio-
sensors. In addition, by carefully considering the concentra-
tions of the ATP and ADA activity unit and integrating the
resulting anodic and cathodic current rectifier, we have
realized an INH–AND–XOR multi-level logic gate that
shows a high switching ratio between output signals “1” and
“0” with a final net XOR analysis, which makes it possible to
distinguish different health statuses and facilitates fast and
accurate diagnosis at the same time. Our sensor may serve as
a promising proof of principle that demonstrates increased

Figure 4. A) The INH–AND–XOR logic scheme built from INHIBIT and AND
gates that performs a net XOR analysis. B) The as-prepared split aptamer
sensor in the presence of different inputs: a (1,0,0,0), b (1,0,1,0), c (1,0,0,1),
and d (1,0,1,1). The anodic and cathodic current amplification are realized
with 1 mm K4[Fe(CN)6] and 1 mmK2IrCl6, respectively, in the same range of
CV potentials. C) Schematic illustration of the electron-transfer processes
between redox species and the aptamer-modified electrode surface. The
chemical equation demonstrates the direct charge transfer between the two
redox probes in solution. D) Truth table of the multi-level logic gate
designed for this work.
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computational complexity and enhanced sensor performance
by linking multiple logic gates together.
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logic gates · signal amplification
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