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DNA circuits are powerful tools in various applications such as logical computation, molecular diagnosis
and synthetic biology. Leakage is a major problem in constructing complex DNA circuits. It directly af-
fects the output signal and harms the circuit’s performance significantly. In the traditional DNA circuits,
the gate complex is a duplex structure. There are insufficient energy barriers to prevent spontaneous de-
tachment of strands, resulting in a leak prone. Herein, we have developed triplex-structure based DNA
circuit with ultra-low leakage and high signal-to-noise ratio (SNR). The triplex structure improves the
stability in the absence of input. At the same time, the driving force of the strand displacement cascades
reduces the influence of the triplex structure on the desired reaction. The SNR of the DNA circuit was
increased to 695, while the desired reaction rate remained 90% of the conventional translator circuit. The
triplex-structure mediated leakage prevention strategy was further tested at different temperatures and
in DNA translator and seesaw circuits. We also constructed modular basic logic gates with a high effi-
ciency and low leakage. On this basis, we further constructed triplex-structure based tertiary DNA logic
circuits, and the SNR reached 295, which, to the best of our knowledge, was among the highest of the
field. We believe that our scheme provides a novel, valid, and general tool for reducing leakages, and we

anticipate that it will be widely adopted in DNA nanotechnology.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

DNA is a ubiquitous biomolecule that stores heritable in-
formation. Owing to the specificity and predictability of its
Watson-Crick base-pairing, it is considered an ideal material for
nanoengineering [1]. Scientists have constructed DNA logic circuits
that are similar to digital circuits based on DNA-strand displace-
ment reactions and have developed a variety of applications re-
lated to logic circuits, such as logical computation [2,3], diagnostic
applications [4-6], molecular amplifiers [7-9], and synthetic biol-
ogy [10,11]. One of the biggest challenges faced in the field of log-
ical computation is leakage [12] (undesired triggering in the ab-
sence of an input). High leakage in systems contributes greatly
to the logic circuit signal and affects system performance directly,
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such as lowering the sensitivity of biological monitoring [8,13], re-
sulting in molecular calculation errors [7,14-16], or reducing the
dynamic range of synthetic biological components [17]. Moreover,
as the complexity of the circuits (the number of DNA components)
increases, the leakage worsens [18,19]. This seriously damages the
complexity, extensibility, and stability of DNA nanostructure net-
works, limiting their scale and making it difficult to construct high-
performance DNA devices.

Leakage can be broadly divided into initial and asymptotic types
[20]. The initial leakage is mainly caused by inadequate DNA pu-
rification [21]. Impurities in the DNA structure cause the signal to
rise rapidly at the initial stage of the reaction, thereby generating
nonspecific background signals. The asymptotic leakage is consid-
ered to be caused by undesired “toeless” strand displacement [18],
which starts from the fraying at the end of double-stranded DNA
(dsDNA), providing an instantaneous toehold for the leak reaction.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Several methods have been developed to prevent leak reactions.
Efforts to control the initial leakage were predominantly targeted
at optimizing the procedures for purifying DNA [22]. In addition,
two great advances have been made concerning the optimization
of asymptotic leakage. One is at the sequence level, where leak-
age is reduced by changing a few bases. These methods can be ap-
plied to most DNA circuits. For example, extending 1-3 C/G bases
at the end of dsDNA (called “clamp”) has been widely used to min-
imize leakage [7]. Moreover, introducing a mismatch in the fray-
ing region helps to minimize leakage [23]. However, the efficacy of
these methods is still unsatisfactory [18]. The application of locked
nucleic acids in DNA circuits can lead to better results, but the
construction cost of a DNA circuit is extremely high [24-26]. The
other method is to improve the design of the novel logic gate el-
ements at the system level and build a new low-leakage logic cir-
cuit. For example, introducing redundancy into the design can ef-
fectively minimize leakage [18]. This method introduces a double-
long domain structure so that all gate elements are combined into
a huge complex to generate a leakage signal. This method is known
to be effective; however, constructing logic gates is difficult [18].
Multi-arm junction structures can be used to create multiple high-
energy barrier steps to minimize leakage. However, this dramat-
ically minimizes the desired reaction rates. By building a set of
shadow circuits with the same structure as that of the main circuit,
the leakage response can be minimized even though the leakage
mechanism was unknown. This method did not require modifica-
tion of the original DNA circuit; however, the leakage prevention
effect was limited [27]. This significantly increases the complexity
of the circuits. The conventional sequence-level methods for de-
signing DNA circuits have faced limitations due to the traditional
duplex structure, which makes it challenging to effectively regu-
late and optimize AG for both the desired reaction and leak reac-
tion. System-level methods offer an alternative solution, but they
require changes to the migration domain of DNA strand displace-
ment cascades, resulting in increased energy barriers for the de-
sired reaction and complicating the reaction process, reducing its
rate. These structural changes also make it difficult to apply tra-
ditional DNA logic circuit construction methods and to construct
complex circuits. Therefore, there is a need for a method that can
minimize leak reactions while maintaining a high desired reac-
tion rate and a simple design. The triplex structure design offers
a unique solution as it avoids changes to the migration domain, al-
lowing for more careful regulation and optimization of AG while
retaining the ability to build high-performance logic circuits.

In this study, we demonstrated a new systematic leakage
prevention method for the asymptotic leakage mechanism. This
method inhibits the leakage caused by DNA respiration by con-
structing a triplex DNA structure thermodynamically and kineti-
cally. The SNR of the DNA logic circuit was increased by a factor
of 50, while the reaction rate was not significantly affected. This
method is simple and it exhibits good performance for basic logic
gates and complex logic circuits.

To prepare the triplex gate strands (including translator gate,
AND gate, and OR gate), we mixed the TOP, BOT and SEAL strands
at 1:1:1 ration in 1xThermoPol reaction buffer (NEW ENGLAND
BioLabs). The gate strand mixtures were then thermally annealed
using PCR machine, following a thermal profile of initial heating
to 85°C for 5 min, then to 55°C for 3 min, next cooling to 25°C
with the rate 0.1°C/s. Formulated gate strand solutions were then
stored in 4 °C until use. The preparation process of duplex gate
strands was basically the same as that of triplex gate strands ex-
cept the SEAL strands. After the gate strands got prepared, the in-
put strands and 5 pL of 10x ThermoPol Buffer were added to a
200 pL PCR tube, the gate strands and brought up to a total volume
of 50 pL by deionized water. All the samples were mixed and pre-
pared at room temperature. The solutions were immediately put
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into the Q1000 Real-Time PCR System (LongGene, China) for flu-
orescence measurement. Additional experimental details could be
found in the Supporting information, including materials, analysis
of the fluorescence data and the calculation of free energy.

First, we constructed a translator gate based on the DNA triplex,
which can translate the input strands to the output strands. Fig. 1
demonstrated both principles of the traditional and triplex trans-
lator. The translator gate consisted of two fuel complexes (F; and
F,) and a reporter duplex (RP). Fig. 1a showed the intended path-
way of the desired and the leak reactions in the traditional trans-
lator system. The traditional fuel complex consists of two strands:
the TOP strand and the BOT strand, while the triplex fuel complex
has an extra SEAL strand. Pairs that hybridized to the SEAL strands
had similar numbers of TOP and BOT strands, enabling the triplex
to exist stably. Between the hybridized region of the SEAL strands,
we add a free region to avoid the dissociation of the triplex struc-
ture due to excessive rigidity. A stable triplex prevents leakage.
The intended pathway of the desired reaction in the triplex trans-
lator system was shown in Fig. 1b. The process comprised three
steps. (i) The input strands reacted with the first triplex through
toehold-mediated strand displacement, thereby releasing the TOP
strands of an independent sequence to the input. Meanwhile, the
hybridization region of the SEAL strands and TOP strands was not
sufficient for the SEAL-TOP duplexes to exist stably. Therefore, the
desired reaction pathway is less affected. (ii) The first TOP strands
then reacted as input to the downstream fuel triplex (or reporter)
to trigger a consequent cascade reaction. Each strand of the re-
porter duplex was labelled by a fluorophore and a quencher. (iii)
The final output hybridizes with the reporter duplex to separate
the fluorophore-quencher pair. The output was monitored by flu-
orescence intensity. Fig. 1b also demonstrated the leak pathway
of the triplex translator system. The leakage was thought to be
caused by the instantaneous dissociation of 6x,* in F;, which can
hybridize with the downstream unbounded toehold region §x, to
induce an undesired toehold-mediated strand displacement. How-
ever, the SEAL strands sealed the end of F; and increased the en-
ergy barrier for the instantaneous dissociation of §x,*, thereby in-
hibiting leakage kinetically. Here, we randomly design 24 groups of
traditional and triplex translator cascades to perform a thermody-
namic analysis. We calculated the Gibbs free energy change of both
desired reaction (AGgesireq) and the leak reaction (AGe,y) in the
traditional and triplex translator systems. In all designs, AGgesired
were all less than 0, which means the desired reaction can pro-
ceed normally. Most of the AG, in the traditional translator sys-
tem was less than 0, meanwhile, all of the AG., in the triplex
system were greater than 0, demonstrating that the SEAL strands
successfully suppressed the occurrence of the leak reaction in ther-
modynamics. The results are shown in Figs. 1c and d. Moreover,
the SEAL strands created greater steric hindrance, thus kinetically
impeding leakage.

One of the most commonly used method is to add a “clamp”
domain. This method has strong universality and could be well
compatible with other methods, but that leakage prevention effect
was limited. Herein, we compared two improvement directions to
get a better effect: extending the “clamp” domain or add an extra
SEAL strand. The mechanism for leakage prevention of clamp and
the improvement directions of the traditional “clamp” are shown
in Fig. 2a. For a fair comparison, we used clamps throughout our
design, including triplex or duplex, to demonstrate the leakage in-
hibition beyond the clamp-only methods. Figs. 2b and ¢ showed
the kinetic behavior of the traditional translator system with clamp
domains of different lengths with and without input strands. When
the length of the clamp domain is extended to 7nt, the reaction
rate is too slow, resulting in the reaction remaining in a linear in-
crease phase for 5 h. The results for triplex design are shown in
Fig. 2d. In the absence of input strands, the fluorescence signal of
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Fig. 1. Comparison of traditional and triplex translator systems. The traditional translator fuel complex (TOP strand: Fy-X,Vy1, F2-y1V2; BOT strand: F;-X;*Xy*X3*, F2-6X2*y1*X4*)
and the triplex fuel complex (SEAL strand: F;-8y;*Xs, F2-8y2*X4; TOP and BOT strands are as same as traditional) are shown. The symbol * denotes the complementary domain
of the original domain, and the symbol § denotes a subsection of the original domain. (a, b) The intended pathway of the desired and leak reaction are illustrated for both
systems. (c, d) The change of Gibbs free energy AG in the traditional and triplex translator systems. AGgesireq in both two systems are less than 0. Most of the AGe, in the
traditional system are less than 0, and all of the AG, in the triplex system are greater than 0. The details of calculation process and sequence information are included in

the Tables S3-S6 in Supporting information.

the triplex-based translator gate was significantly lower than that
of the traditional duplex. The SNR reached 600, which was approx-
imately 50 times that of the traditional duplex. Details of the leak-
age signal changes were presented in Fig. S1 (Supporting informa-
tion). Meanwhile, the reaction rate did not decrease significantly.
Fig. 2e demonstrated the quantitative results. We designed a total
of three different sets of triplex translator systems with different
sequences, all of which achieved good leakage prevention effects

and similar SNR values. The results are shown in Fig. S2 (Support-
ing information).

Extending the clamp domain at the end of the duplex only im-
proved the SNR by 1.5 times at most. Hence, comparing with the
extension of the clamp domain at the end of the duplex, the triplex
design could greatly enhance the steric hindrance, thereby dynam-
ically inhibiting the occurrence of leakage and achieving a better
leakage prevention effect.
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Fig. 2. Comparison of the effect of “clamp” and the triplex structure. (a) Mechanism
and improvement directions of traditional "clamp"” for leakage prevention. (b, c) Ki-
netics of the traditional translator system with clamp domains of different lengths
with and without input strands. n and n’ referred to the desired and leak reactions
respectively when the clamp length was n. (d) Long-time running of the triplex
translator system. In 10-hour timeframe, the SNR in the triplex translator system
reaches 600, 50 times that of the traditional structure. (e) The SNR of the traditional
translator system with clamp domains of different lengths and the triplex transla-
tor system. The SNR of the translator with the extended clamp domain can be up
to almost 2 times that of the translator with the original clamp domain, while the
SNR of the triplex domain is 50 times better. The inputs are added no more than
3min before measurement at 25 °C.

The aforementioned findings revealed that the design of the
triplex not only inhibited the leak reaction but also changed the
reaction rate slightly, thereby demonstrating the feasibility of this
scheme. However, the triplex structure design resulted in a de-
crease in the signal plateau value. The reason is that the strong
binding force of the triplex complex made it difficult for the in-
put strands to completely release the TOP strands, resulting in
some reduction of the downstream output. To address this, we
conducted a series of experiments. The directions of optimization
are shown in Fig. 3a.

The first challenge we faced during optimization was to de-
termine the length of the seal strands. If the SEAL strand is too
long, the unduly stable triplex fails to react with the input strands,
resulting in the loss of the main signal. Meanwhile, if the SEAL
strand is too short, the triplex will not form and will not act as
a leakage-inhibited device. The length of the SEAL strand was de-
fined as a+b, where a and b are the numbers of base pairs in
the binding region of the SEAL strand to the TOP and BOT strands,
respectively. Nine seal strands have lengths of 7+8, 7+9, 7+10,
8+8, 8+9, 8+10, 9+8, 9+9 and 9+ 10, respectively. Next, we
applied these SEAL strands to the triplex-based translator gate and
detected fluorescent signals with and without the input. We com-
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pared the SNR of the triplex structure with that of the traditional
structure and the results are demonstrated in Fig. 3b. When the
length of the SEAL strand was 8+ 10, it not only achieved less
leakage, but also avoided the loss of the main signal. The raw data
for the bar graph analysis were presented as line charts in Fig. S3
(Supporting information). Furthermore, we did comparative exper-
iments on free region in triplex structures. Fig. S4 (Supporting in-
formation) demonstrated the positive effect of free region on struc-
tural stability. The length of the toehold region also affected the
signal plateau value. We designed and synthesized triplex-based
translator gates with different lengths in the toehold region. The
SEAL strands were 8 + 10 in length. We detected fluorescent signals
with and without input. The findings are shown in Figs. 3c and d.
When the length of the toehold region was extended to 8nt, the
loss of the desired signal was almost negligible. Meanwhile, the
SNR of the DNA circuit was increased to 695.

After resolving the problem of signal plateau-value decrease, we
constructed 5-layer translator cascade based on DNA triplexes and
duplexes, respectively. Experimental results in Fig. 3e showed the
desired triggering and leakage of the two designs. The leak reac-
tion of the cascade based on the triplex is greatly suppressed, im-
proving the SNR by 12 times and the desired triggering presented
minimal loss, demonstrating the validity of our design in the DNA
circuit. Moreover, it also demonstrated that the triplex design can
be applied in complex DNA logic circuits.

Since the effect of the triplex structure against leakage is main-
tained by the stability of the structure, we explored various fac-
tors that can affect the binding rate of the triplex structure for
further investigation. First, we explored the most important influ-
encing factor, temperature. As the temperature increases, the sta-
bility of DNA binding decreases, leading to an increased proba-
bility of the generation of instantaneous toehold domains, which
lead to greater leakage and interfered with the normal functioning
of the DNA circuit. Fig. S5 (Supporting information) demonstrates
the leakage prevention effects of the triplex design at various tem-
peratures. The constructed translator gates were designed to op-
erate at 25°C. When the temperature attained 30°C, the triplex-
based translator gate worked with low leakage, increasing the SNR
by five times compared with the traditional translator. When the
temperature increased to 37°C, the triplex-based translator gate
worked with visible leakage, while the SNR doubled compared to
the traditional translator. These results indicated the efficiency of
the triplex design in reducing leakage at different temperatures.
However, it needs to be explored at further different temperatures.
In addition to the temperature, the experimental system is also in-
fluenced by the ionic environment. Therefore, in order to inves-
tigate the effects of different ion concentrations on the DNA cir-
cuits, we adjusted the concentration of Mg+ to 2, 4 and 8 times
the original concentration and the concentration of K* to 2, 3
and 4 times the original concentration, respectively. The results are
shown in Figs. S6 and S7 (Supporting information). With increasing
concentrations of both magnesium and potassium ions, the extent
of the desired reaction increases continuously, while the leak reac-
tion was not greatly affected.

The base mutations or mismatches can also destabilize the
structure and thus affect the normal response of the switch. There-
fore, we designed a series of experimental controls to explore the
impact of mismatches on the triplex structure design by adding 1,
2, 4 and 6 mismatched base pairs in the migration domain, and
designed an experimental control group containing 2 mismatched
base pairs in the Seal-Bot combined domain. The mismatched base
pairs are all on the bot strands. The details are demonstrated in Fig.
S8 (Supporting information). When the mismatches were in the
migration domain, the system could remain stable in the presence
of 2 mismatched base pairs, while when there were 4 mismatched
base pairs, the system was too unstable to maintain the normal
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structure and function. When the base mutations or mismatches
were in the Seal-Bot hybridization domain. the triplex structure
behaved more stable and can tolerate more base mutations.

Furthermore, we applied a triplex structure to the seesaw cir-
cuit. The principle and experimental results are shown in Fig. S9
(Supporting information). The introduction of the triplex structure
increased the SNR of the seesaw circuit by 25 times. The results
showed that the triplex structure is general and can be applied to
different types of circuits.

Herein, we applied the triplex structure in translator cascades
in different experimental environments and in different types of
DNA circuits. The results demonstrated that the triplex design is
valid, stable, and general. Furthermore, we have attempted to con-
struct complex logic circuits based on a triplex structure.

First, we constructed fundamental logic gates based on a triplex
structure. As shown in Fig. 4a, the structure of the OR gate was the
same as that of the triplex-based translator gate mentioned above.
Based on a triplex-based translator gate, we extended the length
of SEAL strands to achieve the logical function of the AND gate.
The hybridization region between SEAL and BOT strands was 5nt
longer and the triplex structure was stable, making it fail to react
with Input 1. Toehold region y,* with the same length as x;* was
added at the 3’-end of the SEAL strand. Input 1 and Input 2 were
both necessary to react with the triplex, releasing the TOP strand
as the output. However, neither Input 1 nor Input 2 could release
the TOP strand alone. The intended pathway of the AND gate was
shown in Fig. 4b. The OR and AND gates were tested for all pos-
sible inputs. The experimental results were shown in Figs. 4c and
d. Correct results were obtained in all cases with low leakage, con-
firming that the triplex design worked well in single fundamental
logic gates.

To demonstrate the validity of our method, we constructed ter-
tiary cascade OR-AND-OR. As shown in Fig. 5a, it produced cor-
rect results for all the representative input combinations, and there
was no obvious leak reaction. We also constructed AND-OR-AND
cascade and obtained similar results (Fig. S10 in Supporting infor-
mation). Finally, medium-sized circuits containing three-layer and
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Fig. 4. (a) Implementation of a one-input triplex circuit that computes OR. (b) Im-
plementation of a two-input triplex circuit that computes AND. (c, d) Kinetics of the
triplex circuits that computes AND/OR with and without input strands. The leakage
signal was not measurable in the absence of input. The experiment was performed
at 25°C.
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Fig. 5. (a) Abstraction and kinetics experiments of three-layer cascades OR-AND-
OR. (b) Abstraction and kinetics experiments of a moderate-scale circuit of four
gates. The experiment was performed at 25 °C.

four-gate circuits were tested. The results were shown in Fig. 5b.
The correct results were also obtained for all representative in-
put combinations, and the SNR reached 295 (a/d). These results
demonstrate that the proposed scheme is suitable for use in com-
plex logic circuits.

In this paper, we demonstrated a novel DNA logic circuit ar-
chitecture based on a triplex structure that could effectively re-
duce the leak reaction. Compared with the duplex, the triplex-
based DNA logic circuit maintained the triggering reaction rate and
reduced the leakage signal. The results demonstrated that it can
be applied at different temperatures and in different types of DNA
circuits. The triplex structure had the additional advantage of the
ability to work with other existing leakage prevention strategies,
such as using clamp domains, introducing a mismatch in the fray-
ing region, using locked nucleic acids, and others. The main limi-
tation of the triplex structure is the reduction of the main signal.
This could be a problem if there was little leakage of the circuit.

We also constructed a modular basic logic gate with a high ef-
ficiency and low leakage, which is convenient for building com-
plex circuits. On this basis, we demonstrated a medium-sized cir-
cuit without an obvious leak reaction. Overall, we believe that our
scheme provides a novel, valid, and general tool for reducing leak-
ages. We anticipate that it will be widely adopted in DNA circuits.
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