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ABSTRACT

A series of multiple logic circuits based on a sin-
gle biomolecular platform is constructed to perform
nonarithmetic and arithmetic functions, including 4-
to-2 encoder, 1-to-2 demultiplexer, 1-to-4 demulti-
plexer, and multi-input OR gate. The encoder to a
DNA circuit is the equivalent of a sensory receptor to
a reflex arc. They all function to encode information
from outside the pathway (DNA circuit or reflex arc)
into a form that subsequent pathways can recognize
and utilize. Current molecular encoders are based
on optical or electrical signals as outputs, while DNA
circuits are based on DNA strands as transmission
signals. The output of existing encoders cannot be
recognized by subsequent DNA circuits. It is the first
time the DNA-based encoder with DNA strands as
outputs can be truly applied to the DNA circuit, en-
abling the application of DNA circuits in non-binary
biological environments. Another novel feature of the
designed system is that the developed nanodevices
all have a simple structure, low leakage and low
crosstalk, which allows them to implement higher-
level encoders and demultiplexers easily. Our work
is based on the idea of complex functionality in a
simple form, which will also provide a new route for
developing advanced molecular logic circuits.

GRAPHICAL ABSTRACT

INTRODUCTION

The beauty of life is made possible by ubiquitous computing
and information processing at the molecular level. DNA,
the most potent information processing medium in living
organisms, has been widely used to construct a series of ba-
sic logic gates and advanced logic devices due to its good
specificity, high flexibility, and easy self-assembly with de-
sirable conformational changes (1–5). As DNA-based de-
vices have much better biocompatibility than silicon-based
electronics (6,7), DNA circuits have a bright prospect of be-
ing used for environmental monitoring, drug delivery and
smart medical diagnostics (8–13).

An encoder is a combinational circuit device that com-
piles and converts the information into a binary code us-
able for circuit communication, transmission, and storage.
An encoder is often applied as the start of a circuit (14,15).
The encoder to a DNA circuit is the equivalent of a sensory
receptor to a reflex arc. The sensory receptor receives an ad-
equate stimulus and encodes that stimulus into a nerve im-
pulse that can be recognized and utilized by afferent nerves.
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The encoder recognizes the information (e.g. DNA strands,
RNA strands or proteins) in the application scenarios (e.g.
environmental monitoring, drug delivery and smart medi-
cal diagnostics) (8–13) and encodes this information into a
binary code for use in subsequent DNA circuits. The sig-
nificance of the DNA encoder lies in its ability to convert
signals from the biological environment into a binary code
that DNA circuits can use for logical operations. To our
knowledge, current molecular encoders always use fluores-
cence or chemiluminescence signals as the output (16–23).
As DNA circuits use DNA strands as transmission between
components (1–3), the mismatch of their media makes the
current molecular encoders unable to provide binary codes
for subsequent circuits. Current encoders cannot be utilized
to start a DNA circuit. Just as a reflex arc without sensory
receptors cannot respond directly to external stimuli, DNA
circuits without encoders are extremely limited in their di-
rect application to real-world environments. Thus, the en-
coder applied in DNA circuits in living organisms’ complex
and non-binary environments is urgently needed.

The circuit diagram and truth table of the encoder are
shown in Supplementary Figure S1 (24). It has a maximum
of 2n input lines and n output lines. It will produce a binary
code equivalent to the input. The circuit diagram shows that
a 2n to n encoder requires a composition of n2n–1-input OR
gates (Supplementary Figure S1A and C) or n(2n–1 –1) 2-
input OR gates (Supplementary Figure S1D). Simply stack-
ing encoders with 2-inputs OR gates would significantly in-
crease the number of circuit stages and design difficulty, re-
sulting in considerable leakage and crosstalk. Therefore, the
implementation of a multi-input OR gate with a simple de-
sign, low crosstalk and signal amplification capability is a
way to implement the encoder.

Furthermore, the demultiplexer is a logical related com-
ponent of the encoder (16). The demultiplexer is a combi-
national circuit that distributes the single input data to a
specific output line. The circuit diagram and truth table of
the demultiplexer are shown in Supplementary Figure S2
(24). It has a single input, n selection lines and a maximum
of 2n outputs. The input will be connected to one of these
outputs based on the values of selection lines. Since there
are n selection lines, there will be 2n possible combinations
of zeros and ones. In simple terms, it assigns signals to the
lines you want basing on the selection input.

With multi-input OR gates having multiple input lines
and one output line and demultiplexers having one input
line and multiple output lines, we want to build a single plat-
form that recognizes n inputs and produces n outputs (n–n
platform) to implement both of them. An encoder design
with DNA strands as outputs is implemented simultane-
ously. The n–n platform is relatively easy to implement in
DNA logic circuits based on single-stranded gates (SSG)
using strand-displacing polymerase (Figure 1A) (25) and
the Exponential Amplification Reaction (EXPAR) of nu-
cleic acids using strand-displacing polymerase and nicking
enzyme (Figure 1B) (26). However, a large number of single-
stranded DNA (ssDNA) with free 3’-OH ends in these sys-
tems can generate significant crosstalk and leakage in the
presence of polymerase. A schematic illustration of possible
sources of background amplification triggered by transient
template hybridizations, strand replacement and the subse-

quent extension by DNA polymerase is shown in Supple-
mentary Figure S3 (27).

Herein, we transform the SSG and EXPAR into a three-
way junction-incorporated double hairpin unit (TJDH,
Figure 1C) with a simple design to achieve complex func-
tions. In the TJDH reaction system, the three-way junc-
tion structure blocked the interaction among the exposed
ssDNA in SSG and EXPAR. This advantage could reduce
leakage. Moreover, TJDH with palindromic sequences can
amplify the output, which ensures that the data distribu-
tion function of the TJDH-based demultiplexer is robust
even when the signal is degraded. The amplification ability
also ensures that the encoder composed of TJDH can gener-
ate enough binary code output for subsequent circuits, even
in environments with few specific signals (DNA or RNA
strands). In addition to non-nucleic acid information (e.g.
ions, small molecules, proteins, cells and microorganisms),
we can also use aptamers to convert this information into
a nucleic acid that can be sensed by TJDH (Supplemen-
tary Figure S4) (28). Furthermore, the select output func-
tion could be realized with the assistance of annihilators in
the demultiplexer. Besides, the TJDH can robustly perform
multi-input OR gate functions even in complex secondary
structures of input chains.

We have implemented multi-input OR gate, 1-to-2 (1–
2) and 1-to-4 (1–4) demultiplexers in this work. More im-
portantly, we have assembled the TJDH into 4-to-2 (4–2)
encoders, realizing the first molecular encoder that can be
truly applied to DNA circuits and verifying its ability to en-
code for downstream circuits.

MATERIALS AND METHODS

Materials and apparatus

All oligonucleotides used in this study were synthesized
and purified by Tsingke Biotechnology Co., Ltd. (Wuhan,
China) and Sangon Biotech Co., Ltd. (Shanghai, China).
Vent (exo-) DNA Polymerase (Vent), Nt.BstNBI nicking
enzyme (Nt.BstNBI), 10× NEBuffer 3.1 (1 M NaCl, 500
mM Tris–HCl, 100 mM MgCl2, 1 mg/ml BSA, pH 7.9),
10× ThermoPol Reaction Buffer (200 mM Tris–HCl, 100
mM (NH4)2SO4, 100 mM KCl, 20 mM MgSO4, 0.1% Triton
X-100, pH 8.8) were purchased from New England Biolabs
Inc. (Beijing, China). Deoxynucleotides (dNTPs, 2.5 mM)
was purchased from Tiangen Biotech Co. Ltd. (Beijing,
China). Agarose, 5× TBE Buffer, 4S Red Plus Nucleic Acid
Stain, 6× DNA Loading Dye and DNA Marker A (25–500
bp) were purchased from Sangon Biotech Co., Ltd. (Shang-
hai, China). The concentration of DNA oligonucleotides
was measured using a NanoDrop 2000 UV–vis spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).
The sequences of all oligos are listed in Supplementary Ta-
ble S1. The secondary structure of TJDHs at 55◦C predicted
by NUPACK (http://nupack.org/) (29–32) is shown in Sup-
plementary Figure S5.

Fluorescence monitoring

Fluorescence was measured using a LineGene Mini FQD-
16A (Bioer Technology Co., Ltd., Hangzhou, China) at
55◦C. The fluorescence intensity was recorded every 1 min

http://nupack.org/


Nucleic Acids Research, 2022, Vol. 50, No. 15 8433

Figure 1. Construction of circuit components in SSG, EXPAR and TJDH. (A) n–n platform (capable of recognizing n inputs and generating n outputs)
in SSG. (B) n–n platform in EXPAR. (C) Structure of n–n TJDH (indicates a TJDH with n inputs and n outputs) unit program. (D) The reactions of the
TJDH corresponding to the input, including transformation and amplification reaction, address selection based on annihilator and reporting.

for 2 or 4 h, and the gain levels of the FAM, HEX, ROX and
Cy5 channels were 10, 7, 10 and 10, respectively. The excita-
tion and emission wavelengths were set to 470 and 525 nm
for the FAM channel, 523 and 564 nm for the HEX chan-
nel, 571 and 612 nm for the ROX channel, and 628 and 692
nm for the Cy5 channel.

Agarose gel electrophoresis analysis

Agarose gel electrophoresis was carried out using a 3%
agarose gel at 110 V in a 1× TBE buffer. All the samples
were prepared in 200 �l PCR tubes and incubated at 55◦C

for 2 h. Then, 10 �l of sample solution and 2 �l of load-
ing buffer were mixed and added to each well. After the
separation in the electrophoresis apparatus (Junyi, Beijing,
China), the gels containing DNA were stained using 4S
Red Plus and visualized at a wavelength of 590 nm using
a Bio-Rad Universal Hood II gel imaging system (Bio-Rad,
Shanghai, China).

Preparation for the reaction

TJDH, SSG, And gate, molecular beacon (MB) and re-
porter were annealed by heating to 95◦C for 10 min followed
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by cooling to 30◦C over 60 min in 1× ThermoPol Reaction
Buffer, ensuring that they can form a stable and desirable
secondary structure. Reagents for the reaction and the de-
tection of the products were prepared in one vial. Enzymes
were added to the vial last and the final total volume of the
solution in the vial was kept at 20 �l, and the fluorescence
intensity was recorded immediately after enzyme addition.

Optimization of experimental conditions of TJDH

The reaction system consisted of 100 nM 1–2 TJDH, 100
nM MB-1, 100 nM MB-2, 250 �M dNTPs, 0.5× NEB-
uffer 3.1 and 1× ThermoPol Reaction Buffer. The Control
group contained no input-1, and the experimental group
contained 100 nM input-1. The concentration of Vent was
optimized by keeping the concentration of Nt.BstNBI at 50
U/mL and Vent at 10, 15, 20, 25, 30 U/ml, respectively. The
concentration of Nt.BstNBI was optimized by keeping the
concentration of Vent at 20 U/mL and Nt.BstNBI at 50,
37.5, 25, 12.5 U/ml, respectively.

Demultiplexer in SSG without considering address selection

The reaction system consisted of 100 nM 1–2 SSG (com-
posed of SSG-1, SSG-2 and SSG-3), 100 nM MB-1, 100 nM
MB-2, 250 �M dNTPs, 0.5× NE Buffer 3.1, 1× ThermoPol
Reaction Buffer and 20 U/ml Vent. The Control group con-
tained no input-1 and the experimental group contained 100
nM input-1.

EXPAR

The reaction system consisted of 100 nM EXPAR-
Template, 100 nM MB-1, 100 nM MB-2, 250 �M dNTPs,
0.5× NEBuffer 3.1, 1× ThermoPol Reaction Buffer, 25
U/ml Nt.BstNBI and 20 U/ml Vent. The Control group
contained no input-1 and the experimental group contained
100 nM input-1.

Simulation of operation in signal attenuation condition

The reaction system consisted of 100 nM 1–2 SSG or 100
nM 1–2 TJDH, 100 nM MB-1, 100 nM MB-2, 250 �M
dNTPs, 0.5× NEBuffer 3.1, 1× ThermoPol Reaction Buffer
and 20 U/ml Vent. For the reaction system with 1–2 TJDH,
25 U/ml Nt.BstNBI was also added. Control group con-
tained no input-1 and the experimental group contained 50
nM (0.5×) input-1.

Detection limits for TJDH

The reaction system consisted of 100 nM 1–1 TJDH-1, 100
nM MB-1, 250 �M dNTPs, 0.5× NEBuffer 3.1, 1× Ther-
moPol Reaction Buffer, 12.5 U/ml Nt.BstNBI and 10 U/ml
Vent. The Control group contained no input-1, and the
experimental group contained 10, 25, 50, 100 or 150 nM
input-1.

Transformation of the TJDH into a demultiplexer via anni-
hilator

The reaction system consisted of 100 nM 1–2 TJDH or 1–
4 TJDH, 100 nM MB-1, 100 nM MB-2, 250 �M dNTPs,

0.5× NEBuffer 3.1, 1× ThermoPol Reaction Buffer, An-
nihilator for FAM, HEX, ROX or Cy5 channel at various
concentrations (0, 100(1×), 200(2×), 300(3×), 400(4×) and
500(5×) nM), 20 U/ml Vent and 25 U/ml Nt.BstNBI. For
the reaction system with 1–4 TJDH, 100 nM MB-3, 100 nM
MB-4, additional 20 U/ml Vent and 25 U/ml Nt.BstNBI
were also added. The Control group contained no input-1,
and the experimental group contained 100 nM input-1.

Multi-input OR gates

The reaction system consisted of 100 nM 3–1 TJDH or 100
nM Multi-input OR gates in SSG (composed of SSG-4 and
SSG-5), 100 nM MB-1, 250 �M dNTPs, 0.5 × NEBuffer
3.1, 1× ThermoPol Reaction Buffer and 10 U/ml Vent. For
the reaction system with 3-1 TJDH, 12.5 U/ml Nt.BstNBI
was also added. The Control group contained no inputs,
and the experimental group contained inputs (I-1, I-2 and
I-3) whose concentration was 100 nM each.

4–2 Encoder

The reaction system consisted of 100 nM 1–1 TJDH-1,
100 nM 1–1 TJDH-2, 100 nM 1–2 TJDH, 100 nM Input
(I-0, I-1, I-4 or I-5), 100 nM MB-1, 100 nM MB-2, 250
�M dNTPs, 0.5× NEBuffer 3.1, 1× ThermoPol Reaction
Buffer, 20 U/ml Vent and 25 U/ml Nt.BstNBI.

Encoder in the DNA circuit

The reaction system consisted of 100 nM 1-1 TJDH-1, 100
nM 1-1 TJDH-2, 100 nM 1–2 TJDH, 100 nM Input (I-0, I-
1, I-2 or I-3), 100 nM And gates (composed of And-1, And-
2 and And-3), 100 nM reporter (composed of Reporter-
1 and Reporter-2), 250 �M dNTPs, 0.5 × NEBuffer 3.1,
1× ThermoPol Reaction Buffer, 20 U/ml Vent and 25 U/ml
Nt.BstNBI.

RESULTS AND DISCUSSION

Principle of TJDH mediated amplification reaction

TJDH is the structural basis of our experiments. The struc-
ture and reaction program of the TJDH unit are shown
in Figure 1C. In TJDH, I* is the region complementary
to the input (I), O* is complementary to the output (O),
P is the palindromic sequence, and C is the complemen-
tary zone. I* can be divided into n segments, correspond-
ing to n inputs. O* can also be divided into n segments,
corresponding to n outputs. Here, the input is defined as
the DNA strands that could react with the TJDH template
to trigger the polymerase elongation. The output is defined
as the DNA strands that could react with the downstream
molecular beacons. The length requirements of input and
output sequences are discussed in Supplementary Discus-
sion S1. An ‘n–n’ TJDH means that the TJDH could deal
with the input number up to n (the former), and the out-
put number is n (the latter). In the initial state, the template
forms a three-way junction structure with two hairpins.
There are no free bare ssDNA chains, which significantly
reduces the background signal. As shown in Figure 1D, af-
ter I hybridizes with TJDH, the three-way junction struc-
ture will be destroyed by the involvement of polymerase.
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Then the TJDH/I duplexes are self-hybridized (Path1, 80%)
or inter-hybridized (Path2, 20%) by the exposed P (Supple-
mentary Figure S6, Supplementary Figure S7 and Supple-
mentary Discussion S2). Then, with the reaction of DNA
polymerase, TJDH/I forms a complete long hairpin (Path1)
or long double-stranded DNA (dsDNA) (Path2), and I
is displaced to react with another TJDH. With the Vent
polymerase and Nt.BstNBI (the enzymes used in the re-
action system are discussed in Supplementary Discussion
S3), the Input’ (I’) and O could be produced. I’ consists of
the sequence of I and two regions complementary to C. I’
could also hybridize with a new TJDH to trigger the re-
action. Thus, one input becomes two inputs after one re-
action round, resulting in an amplification reaction. The
palindromic sequence provided two paths for the reaction,
and we named it dual-path amplification (DP-A). A molec-
ular beacon (MB) reacts with outputs and provides fluores-
cent signals. MB characterizes the output yield and mim-
ics downstream reactions in the DNA circuit. The reaction
of the TJDH platform and its products were characterized
using agarose gel electrophoresis (Supplementary Figure
S7 and Supplementary Discussion S2). Annihilator could
compete with MB to block the output to realize the address
selection function.

Optimization of experimental conditions and comparison
with SSG and EXPAR

We start with 1–2 TJDH. The detailed reaction process of
1–2 TJDH is shown in Supplementary Figure S8. In the-
ory, the amplification efficiency of DP-A mainly relies on
the synergy of polymerase and nickase. The amounts of
Vent polymerase and Nt.BstNBI nickase were optimized
by changing one experimental condition and keeping the
consistency of the other parameters. The average signal-
to-noise ratio (Avg (F/F0)) was used to evaluate the re-
sults. F and F0 are the fluorescence intensities of the indi-
vidual channel at 90 min with or without the input, respec-
tively. The fluorescence changes and the average signal-to-
noise ratio at different enzyme concentrations are shown in
Supplementary Figure S9 and discussed in Supplementary
Discussion S4. Avg(F/F0) reached a maximum when the
concentrations of Vent and Nt.BstNBI were 20 U/ml and
25 U/ml, respectively, so our subsequent experiments were
performed based on this condition. Figure 2 shows that
the Avg(F/F0) of TJDH at the optimum enzyme concentra-
tion is much higher than that of SSG and EXPAR, which
indicates that our modified structure has minimal leakage
and crosstalk. This high robustness creates the possibility
of subsequent encoder assembly. We analyzed the reasons
for the extremely high background signal possessed by the
SSG and EXPAR. Firstly, SSG and EXPAR have many sin-
gle chains and 3′-OH ends. Coupled with sufficient poly-
merase, any small portion of transient template hybridiza-
tions will result in a significant background signal (Supple-
mentary Figure S3A–C). Secondly, the free 3′-OH of the
output strands in the SSG may bind directly to the molec-
ular beacon or downstream circuit to undergo a strand re-
placement in the absence of the input and directly react with
the assistance of polymerase (Supplementary Figure S3D).

In addition, to demonstrate the general applicability of
TJDH to the number of outputs, we obtained 1–4 TJDH
(Supplementary Figure S10A) by simply adding two more
cleavage sites, extending the length of the template strand,
and doubling the enzyme concentration. The result in Sup-
plementary Figure S10B shows high robustness comparable
to 1–2 TJDH, which creates the possibility of implementa-
tion of multithreading demultiplexers and encoders.

Simulation of operation in signal attenuation condition

In addition to its high robustness, another feature of the
TJDH compared to other DNA logic gates is its nucleic
acid amplification capability. In addition to background sig-
nals and crosstalk, attenuation of the target signal is another
great challenge for DNA circuits. The TJDH’s amplification
capability enables it to perform data distribution robustly
even in circuits with attenuated signals and generate more
transmitted signals for subsequent circuits. It also enables
the encoder to generate enough binary code output for sub-
sequent circuits, even in biological environments with low
specific signals (inputs). We simulated the signal attenua-
tion phenomenon in the circuit by scaling down the input
concentration from 1× (100 nM) to 0.5× (50 nM). Because
the crosstalk and leakage of EXPAR were too high, we only
compared the resistance to signal attenuation of the TJDH
and SSG. When the input was reduced to half, the signal
of TJDH (blue and red solid lines in Figure 2E) was sig-
nificantly higher than the half signal of the 1 × input (blue
and red solid lines in Figure 2A), maintaining a high signal-
to-noise ratio. In contrast, When the input was reduced to
half, the signal of SSG (blue and red solid lines in Figure
2F) reduced to half of the signal of the 1× input (blue and
red solid lines in Figure 2B), and the signal-to-noise ratio
was poor.

For subsequent circuit-related experiments, we make
these rules. For the input, when the concentration is >10
nM, it is defined as the 1 state, while the input with lower
(to 0) concentrations is the 0 state. For the output, after re-
acting with the molecular beacons, if the fluorescence inten-
sity is >3000, it is the 1 state. If the fluorescence intensity is
smaller than 3000, it is the 0 state.

We also evaluated the detection limit of 1–1 TJDH-1 to
validate the sensitivity of the TJDH platform. In our DP-A,
the signal is obtained only when enough input is accumu-
lated. We can calculate the average and standard error of
the initial background fluorescence intensity in one fluores-
cence response curve, find the fluorescence intensity value
that is ten times of the background standard error larger
than the background average, and define the time of this
value in the fluorescence response curve as the rising time.
By taking the signal rising time as the analysis criterion, it
is easier to draw the standard curve and quantify the con-
centration of input (Supplementary Figure S11). The limit
of detection (LOD) was calculated to be 0.67 nM (3�/K). If
the threshold of the fluorescent intensity is set at 3000 a.u.
with our instrument, the minimal concentration of the input
should be around 10 nM. In contrast, other molecule en-
coders require input concentrations of 100 nM or more (16–
23), as none of them has amplification capabilities. Our plat-
form shows better sensitivity than current encoders. How-
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Figure 2. Comparison of performance between circuit components in TJDH, SSG and EXPAR. (A) The fluorescence changes and the average signal-
to-noise ratio of 1–2 TJDH at the optimum enzyme concentrations. (B) The fluorescence changes and the average signal-to-noise ratio of 1–2 SSG at
the optimum enzyme concentrations. (C) Detailed reaction process of 1–2 EXPAR. (D) the fluorescence changes of 1–2 EXPAR at the optimum enzyme
concentrations. (E, F) Simulation of operation in signal attenuation (0.5 × input). (E) 1–2 TJDH. (F) 1–2 SSG.

ever, the detection limit of DP-A is not as good as that of the
conventional EXPAR reaction (26,27), which we speculate
is due to the long chain of TJDH and the complex reaction
procedure, which also limits its sensing of much lower con-
centrations of biomolecules.

Transformation of the TJDH into a demultiplexer via anni-
hilator

The outputs should be selectable in an ideal demultiplexer
to achieve the address selection function. So, we introduced
annihilators to eradicate the unwanted outputs. As shown
in Figure 1D, the annihilator consists of an O* region com-
plementary to the output and an extended E region with an
arbitrary sequence. When the annihilator presents, it com-
petes with the downstream circuit progenitor to react with
the output. The annihilator/output duplex could not react
with the MB to produce the signal. The annihilator sup-
pressed the signal as low as the background when the anni-
hilator concentration was 5 times as much as the MB (Sup-
plementary Figure S12). Figure 3 shows the graph of flu-
orescence results with a truth table for 1–2 demultiplexer
based on TJDH. Owning to the high robustness of TJDH,
the fluorescence change when D0 = 0 is the same as when
there are no inputs nor annihilators, so the fluorescence
change graph only shows the situation when D0 = 1. The
results show that the annihilator has good specificity and
does not affect the signal of other channels. The truth ta-
ble and result plot of the 1–4 demultiplexers are shown in
Supplementary Figure S13 and Figure S14.

The robustness of its core structure, TJDH, ensures low
crosstalk and low leakage of the demultiplexer. Further-
more, the diversity of its output numbers allows the 1-to-n

demultiplexer to be implemented with a simple modification
of the template sequence.

Multi-input OR gates

TJDH can also act as a multi-input OR gate. We compare
the performance of the TJDH-based multi-input OR gate
(Figure 4A) with the SSG-based multi-input OR gate (Fig-
ure 4B). Figure 4C and D show the plots of fluorescence
detection results for these two gates in the presence of input-
1, input-2 or input-3, respectively. With the TJDH-based
multi-input OR gate, all three inputs can eventually pro-
duce enough output to hybridize with all molecular beacons
downstream, resulting in almost the same maximum fluo-
rescence value (Figure 4C). However, with the SSG-based
multi-input OR gate, the fluorescence signal cannot reach
its maximum in the presence of input-3, indicating that the
expected amount of output cannot be produced, and a se-
vere signal attenuation occurs. We speculate that the sec-
ondary structure of inputs may hinder their reaction with
TJDH and SSG (Figure 4E). TJDH benefits from amplify-
ing with less input and ensures sufficient outputs. In com-
parison, SSG does not have this ability and is left to decay
the signal. In addition, the low background of TJDH still
showed its high robustness.

Encoder and its application in circuits

Last but not least, the TJDH was assembled into a 4–2 en-
coder (Figure 5A). Different signal chains in the environ-
ment correspond to different I* regions of different TJDH
platforms, thus generating different binary output chains.
For the 4–2 encoder in Figure 5A, when input-4 is present
in the environment, input-1 will bind to 1-1 TJDH-1 and
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Figure 3. 1–2 demultiplexer based on 1–2 TJDH and annihilators. (A) Schematic diagram of the program that implements the 1–2 demultiplexer based
on 1–2 TJDH. (B) The corresponding truth table of the 1–2 demultiplexer. (C) Fluorescence responses of the FAM channel of 1–2 demultiplexer under
different annihilators. (1,00,11) represents D0 = 1, S1 = 0, S2 = 0, O1 = 1, O2 = 1, and so on. (D) Fluorescence responses of the HEX channel of 1–2
demultiplexer under different annihilators.

Figure 4. Multi-input OR gates. (A) Schematic diagram of the program that implements the TJDH based 3-input OR gate. (B) Schematic diagram of
the program that implements the SSG based 3-input OR gate. (C) Fluorescence responses of TJDH based 3-input OR gate under different inputs. (D)
Fluorescence responses of SSG based 3-input OR gate under different inputs. (E) The unintended secondary structure formed by the 3–1 SSG prevents
the input-2 and input-3 from binding to the 3–1 SSG.

produce output-1 via the DP-A. When input-5 is present,
it will bind to 1–1 TJDH-2 and produce output-2. When
Input-1 is present, it will bind to 1–2 TJDH and produce
output-1 and output-2. When input-0 is present, no outputs
will be produced because there is no TJDH corresponding
to it. In this way, the complex biological signals could be
converted into the corresponding binary code. The truth ta-
ble of the 4–2 encoder is shown in Figure 5B. The fluores-
cence curve (Figure 5C and D) shows that TJDH continues

to demonstrate its high robustness. Characterization of the
reaction process of the 4–2 encoder using gel electrophore-
sis is shown in Supplementary Figure S15. To our knowl-
edge, this is the platform with the highest signal-to-noise
ratio for performing such complex functions in DNA cir-
cuits and is the first encoder capable of truly programming
and converting signals for DNA circuits. We wired the 4-2
encoder to the beginning of a DNA circuit to further verify
the encoder’s ability to encode for subsequent circuits. The
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Figure 5. Construction of the 4-2 encoder from TJDHs. (A) The schematic illustration and (B) truth table of the TJDH-based 4-2 encoder. (C) Fluorescence
spectra of the FAM channel of the TJDH-based 4-2 encoder under different logic operations. (D) Fluorescence spectra of the HEX channel of the TJDH-
based 4-2 encoder under different logic operations. (E) The logic circuit, (F) schematic illustration and (G) truth table of the three-stage circuit starting
with the TJDH-based 4-2 encoder. (H) The schematic of And gate and Reporter. (I) Fluorescence spectra of the three-stage circuit under different logic
operations.

logic circuit, schematic illustration and truth table of this
three-stage circuit are shown in Figure 5E, F and G, respec-
tively. The schematic of the subsequent circuit is shown in
Figure 5H. Figure 5I shows that the signal and background
are still clearly distinguishable even when the encoder is
placed in a circuit with three levels. Thus, the TJDH-based
encoder could be used in a real circuit, which is a break-
through for molecular encoders. It is the first connection
between molecular encoders and DNA circuits. Moreover,
the fluorescence curves of Figure 5I show similar trends
when the inputs are (1,0,0,0), (0,1,0,0), and (0,0,1,0), and
combined with previous reports in the literature on the re-
sults of logic gates involving polymerase in multilevel cir-
cuits (2), we speculate that the background signal comes
more from the downstream circuit than from the encoder
itself, the speculation was verified using agarose gel elec-
trophoresis (Supplementary Figure S15 and Supplementary
Discussion S5).

CONCLUSION

Current DNA circuits are mostly stacked with AND gates
or OR gates to form complex components. As the func-
tions become more complex and the circuit size becomes
larger, crosstalk and leakage will inevitably increase dramat-
ically, one of the major hindrances to the development of
current DNA circuits (1–3). Although complex circuit ele-
ments such as encoders, decoders, multiplexers and demul-
tiplexers have been implemented, they all resorted to com-
plex structure or non-biological materials such as nanogold
and graphene. More importantly, current molecular en-
coder only completes the logical function alone, with optical
signals as outputs. Therefore, they cannot be connected to
the DNA circuit, defeating the original purpose of design-
ing encoders for the circuit (16–23).

In this work, we designed a three-way junction-
incorporated double hairpin unit, TJDH. TJDH platform
is robust with low crosstalk and low leakage. The sys-
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tem has no introduction of non-biological materials and
exhibits extremely high robustness. Furthermore, its ampli-
fication capability can easily cope with signal attenuation
in the circuit or too small concentrations of recognized
chains in the biological environment. TJDH could be
used as a multi-input OR gate with lower leakage and
lower input sequence requirements than the SSG-based
multi-input OR gate. The TJDH can also be turned into
a demultiplexer when annihilators are introduced. Based
on TJDH, we implemented the first molecular encoders
in a single platform with DNA strands as outputs. The
encoder has proven to be truly applicable in DNA circuits.
Our design concept of ‘complex functions in a single
simple platform’ sets the stage for developing more com-
plex DNA circuits in the future. However, this work has
some limitations, such as the detection limit is not yet
sufficient for lower concentrations of nucleic acids. For
other biomolecular information, we can only use aptamers
to convert them into nucleic acids, and the aptamers are
limited. So, this work cannot sense those biomolecules that
do not have aptamers. This work is only the first small
step towards an encoder that can be truly used in DNA
circuits. We are confident that in the near future, more
powerful molecular encoders will be realized that will sig-
nificantly expand the range of DNA applications for DNA
circuits.
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