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ABSTRACT DNA molecular as the material for logical computing and information storage has been
widely applied. An important mechanism for DNA logical computing is the toehold-mediated DNA Strand
Displacement (DSD). Researchers have used the DSD mechanism and designed various DNA circuits to
perform logical computing processes. However, the logy reaction speed in some logic gates limited the speed
of response, the output response is not sensitive enough. Therefore, no output response is often misjudged to
logic ““0”’, high output response is not accurate to logic “1”. In this paper, we proposed a highly creditable
step function gate, which consists of a step function module and a threshold module. The output signal in
this proposed gate is highly sensitive and accurate to logic “0” & ““1”’. The proposed gate can recognize the
difference between ‘““‘no input” and “low input”. Besides, we built the OR, AND, NOT, XOR circuits by the

proposed step function gate, and the simulation results are highly supported.

INDEX TERMS DNA strand displacement, step function gate, logic circuits, DNA computing.

I. INTRODUCTION

DNA as the carrier of heredity information can be used
as nanomaterial [1]. It is natural and biocompatible; the
four types of canonical bases can be coded for programing.
Researchers have used DNA and fulfilled various applica-
tions. Such as, DNA nano architectures [2]-[5], information
storage [6], [7], logic computing [8]-[10], etc.

Recently, programmable DNA computing is thriving.
Notably, the toehold-mediated DNA Strand Displace-
ment (DSD) plays a vital role in DNA computing. DSD
is the Enzyme-free tech, with toehold and immigration
domains [11]-[13]. It can be used in the second gen-
eral Gene test [14], [15], intelligent molecular detection
[16], [17], etc. Currently, some DNA processing systems
have been generated by using DSD technology, such as acid
logic circuits [18], [19], evolvable molecular machines [20],
Hopfield network with automatic associative memory
calculation [21], etc.

DSD based logic circuits is a promising research area for
constructing nanocircuits. Researchers have proposed various
methods to construct the circuits with stable output.
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Many DNA logic gates have been proposed [22]-[25].
Fan et al. constructed the DSD based digital switching cir-
cuits, and completed a full-adder logic. Wang et al. [26]
designed a poll with three voters via a four-way junction.
Zhu et al. [27] designed three inputs two-layer DNA multi-
plexer. Zhu et al. [28] constructed a novel Bio-sensor based
on the DSD system [29].

A notable work is the Seesaw gate [30], it is modularized
and functionally robust. Each logic gate functions as a seesaw
node. Those nodes can be cascaded and formed the multi-
layers circuits.

However, the logic outputs in the above-mentioned meth-
ods are not accurate. The concentration of report strands (or
final output logics) is negative correlation with the number
of layers. Besides, the signal response (reaction speed) is not
highly sensitive. Because the larger the DSD based circuits,
the more reaction paths it will take. Then, the efficiency of
displacement decreases, the signal response rusted. We com-
pared the DSD simulation results of several logic circuits
at their best performance, which gives a direct sense of the
problems. (Table 1).

The best performance is the highest or the lowest concen-
tration of output strands in each method (Table 1), we can
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TABLE 1. The Logic output “1/0” in each method.

0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
= EERE R
0

Full-adder Poll Multiplexer Bio-senser Seesaw

M logicl ™ LlogicO

Xh Xa Xb Xc

FIGURE 1. Four-domain chain.

find that the highest concentration for logic “1” is around
0.7~0.8 (normalized); the lowest concentration for logic ““0”
is around 0.15~0.2.

Moreover, the signal sensitivity in the above-mentioned
methods is dull. We take the note in the Seesaw gate for a
more specific example. First, when the threshold is 0.5x%,
the input is 0.6, then the output signal of the node should
be 1x. But in fact, the steady output signal is 0.5x. Second,
when the input strand concentration is around O< x <0.2x
(low input), the output signal is not 0. The Seesaw gate cannot
distinguish the difference between low input “0” and no
input. Therefore, the NOT gate constructed by the seesaw
gate is not accurate.

In this paper, we proposed an accurate step function gate
with high sensitivity, the final output strands are accurate to
be “0” or “1”. The proposed logic gate can distinguish the
difference between low input and no input. Besides, the reac-
tion speed is fast and can be controlled. The designing of the
Step function gate is described in the following text.

Il. STEP FUNCTION GATE

A. INPUT STRAND

We used the “four-domain” strand to encode the input strand
[29]. As shown in Figure 1, the four-domain chain X com-
poses of four parts: the history domain Xh, the recognition
domain Xb, the two toehold domains Xa and Xc. The history
domain (Xh) is used for indicating the previous generation of
chains. Assuming a chain is generated by multiple reactions.
Their historical domains are different, but their identification
domains are the same, then we consider those chains belong
to the same input signal.

The step function gate contains two modules: the step
function module and the threshold module. Both modules
use the input chain X as the input signal. By controlling the
reaction rate between the two modules. The threshold module
and step module can be integrated.
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B. THE STEP FUNCTION MODULE

We define the initial concentration of chain X as [X]o,
the steady-state concentration of chain X is [X]x(Chain X
can be produced from the step function module).

+o0
[XToo :/o X (r)dt ey
The definition of the step function is:

[Glo, [X1o>0

Yoo = :O, otherwise @

The initial chain X as the input signal determines the

existence or absence of the step signal, G is the gain signal

which determines the amplitude of the step signal. The step

signal module contains four reactions (As shown in formula

3). X is the input signal chain, G is the gain signal chain, S1,

S2, and S3 are auxiliary chains, I1, 12, and B are intermediate
products, and @ represents no signal chain, null.

SI+G < I1+B (3a)
S2+B — f (3b)
X+11 - 12 3c)
3412 > X+Y (3d)

The auxiliary chain S1 and the gain signal chain G products
I1 and B through a reversible chain displacement reaction.
To push forward the reaction (3a), S2 will be irreversibly con-
sumed by the intermediate product B. Subsequently, the input
signal X reacts with I1, produces chain 12. Finally, chain
12 reacts with S3 and produces chain Y. Since X is cyclic
reacted in the system. If X is present, it continuously produces
chain Y, until G is consumed. To maintain those reactions, S1,
S2, and S3 are oversupplied. The reactions in the step function
module are shown in Fig.1.

C. THE THRESHOLD MODULE

We designed the threshold strand T, T can annihilate input
signal X with the help of auxiliary strand Al and A2, like
a seesaw node (formula 4a). The annihilate reactions are as
follows:

Al+T < I1+B (4a)
A2+B — 0 (4b)
X+11 = @ (4c)

The annihilation method is not unique. Soloveichik et al.
used the bimolecular reaction method [31], B Yordanov
and Lakin MR implemented the two-domain and the three-
domain annihilation, respectively [32], [33]. In addition,
Soloveichik et al. proposed the concept of replace ratio, and
Yordanov et al. defined the ration as complementarity [31],
[33], [34].
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FIGURE 2. The reactions of the step function module.

The chain displacement speed is between 10~/ nM~!'S~!
and 1073nM~!S~! [35]. Assuming that the full domain
replacement speed of X is gqy then x*c is the replace speed
with replace ratio ¢ (c is between 0 and 1).

In the seesaw gate, the reaction between input and the logic
gate is reversible. The reaction between input and threshold
gate is irreversible. The irreversible reaction has a higher
reaction speed. Input strands inclined to react with the thresh-
old gate. When the threshold gates are all consumed, further
reactions will produce output strands. Therefore, the step
function works. We generate the step function gate by adjust-
ing the replace ratio of chain X, and fulfilled the highly
sensitive and accurate signal response. The reaction network
is shown in Fig.2. The auxiliary strand S1, S2, and S3 are all
oversupplied.

D. RESULTS AND ANALYSIS

We used the Visual DSD software to simulate the Step
functions gate and the Seesaw gate. The four-domain input
chains are built based on the toehold-mediated DND strands.
The unit concentration of every strand in each group is
1 x 10~ 'nM. We adjusted the concentration of input strands
from 0.1 to 1.0x, every 0.1x per step. The concentration
of threshold, output strands, fuel strands in the Seesaw
gate is 0.5x%, 1x, 2x, separately. The speed of forwarding
reaction is 0.002aM ~1s~1, the speed of reverse reaction is
0.0013nM ~'s~1. The threshold in the Step function is 0.5x,
and auxiliary strands are all 100x.

Figure. 3(a) and 3(b) show the results of the step-signal
response. The dashed line shows the response of low input
(input concentration is lower than threshold). The full line is
the response of high input (inputs concentration is higher than
threshold).

In the seesaw gate, the concentration of output response
between 0~0.3 is the low output, between 0.7~1.0, is the
high output. When the concentration of the input strand is
between 0.1~0.4, they quickly consumed. When the input
strand raised to 0.5 (equal to the threshold gate), the output is
enhanced, but not obvious. (Fig 3.a). When the input strand
far overweighs the threshold gate, the output responds quickly
reach to a balance with high concentration.
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The lower input responses (in the seesaw gate or the
proposed step function gate) are almost the same. However,
the high input responses are different, the output responses in
the proposed methods are all 1x. The different responses of
low/high input are obvious. The output responses dispersed at
two poles, away from the middle baseline (0.5 threshold).

Figure 4(a) and 4(b) shows the output curve (x-axis is the
concentration of input strand) of the Seesaw gate and the
Step function gate, separately. We found that: First, the input
chain at the range of 0.1 ~ 0.4 produces low output in the
Seesaw gate, and the output signal slowly gains with the
increase of the input signal. Second, when the input is around
the threshold, the gradient gain is lower, and the mutation
is smooth. Third, when the input excesses the threshold, the
output cannot be stabilized, still increases with the input
signal.

In contrast, the results of the step function gate are highly
credible. The output responses of low inputs are all 0, the
output responses of high input are all 1x. (Fig 4.b) The
gradient gain is high, which means the response around
the threshold is sensitive.

Table 1 and Table 2 list the steady-state output of the
seesaw gate and step function gate in low input and high
input situations, separately. When the input is less than or
equal to the threshold: the average steady output of the seesaw
door is 0.0816, the variance is 0.0104; the average steady
output of the step function gate is 0.0074, the variance is
1.256 x 10%. The output value of the Step function reduced
by 91.3%, the variance drops 98.79%, compared with the
Seesaw gate. When the input is higher than the threshold: the
average steady output of the Seesaw gate is 0.6964, the vari-
ance is 2.124 x 107%; the average steady output of the step
function gate is 0.9995, and the variance is 1.214 x 107°. The
mean value increased by 30.33%, and the variance reduced
by 99.43%. Our proposed method significantly improves the
accuracy.

lll. LOGIC AND/OR/NOR/XOR GATES

We set the concentration of input strands at 0.1 x as the lowest
signal, the input concentration 0.9x as the highest signal.
The main idea to construct those gates by the step function is

125515



IEEE Access

C. Chen et al.: DNA Logic Circuits Based on Accurate Step Function Gate

e )
Tb Xa Xb  Xc Th Ta Tb Th Ta Tb Xb  Xc . xa
Ta* Tb* Xa* Xb* Xc* | Ta* Tb* Xa*  Xb* Xc* —
Al T I1 B
Tb
Tb Xa Tb Xa Tb Xa Tb
+ | —_
—_— —_— ——— ~ T
Tb* Xa* Tb* Xa*
A2 B Waste Waste
+
Th Ta Tb Xb  Xc s
_a A | Xh Xa Xb Xc Th Ta Tb Xa Xb Xc | Xb  Xc
Ta* Tb* Xa*  Xb* Xc* Ta* Tb* Xa* Xb* Xc*
\_ 11 X Waste Waste )

FIGURE 3. The reactions of the threshold module.
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FIGURE 4. (a) Signal response of the Seesaw gate. (b) Signal-response of
the step function gate.

TABLE 2. Response of low input.

Input 0.1 0.2 0.3 0.4 0.5
Seesaw gate 0.0105 0.0238 0.0420 0.0718 0.2597
6.6923

Step function 0.0015 0.0027 0.0048 0.0273

x 10~*

converting multiple input chains into different signals. Then
transferring those different signals to generate the low bit or

high bit signals.
The signal molecular reactions are defined as
following [21]:
Ul+X — 1 (52)
U2+1— Y1+Y2 (5b)
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TABLE 3. Response of high input.

Input 0.6 0.7 0.8 0.9 1.0
Seesaw gate 0.6774 0.6875 0.6970 0.7059 0.7143
Step function 0.9975 1.0000 1.0000 1.0000 1.0000

First, input strand X will react with U1 and produce I, and
then I will react with U2 and produce Y1 and Y2. Those two
reactions are integrated as:

X+UI+U2— YI+Y2 (5¢)

A. AND/OR GATES

Figure 5(a) is the flow chart of AND/OR gate. We set the
threshold gate at 1.2x (t=1.2) to form the AND gate, and
adjust the threshold gate to 0.4 x (t=0.4) to form the OR gate.

The reactions: X1 — T1 + T2 and X2 — TI 4 T2
produce T1 and T2. Either existence of T1 or T2, imply that
the signal molecular reacted. T1 transfers to the step function
gate (threshold =0; gain=0.1) and then produce the output
strand (0.1 Y). T2 transfers to another step function gate
(threshold =1.2; gain=0.8), when the input strands X2 is over
1.2, the output Y is “1” (0.1Y40.8Y). In contrast, if t=0.4,
either X1 or X2 is high input, the outputis Y is “1”°.

We used the Visual DSD software to simulate the AND/OR
gates. The forward reaction speed is 1.3nM~'s~!, bind ratio
is 0.003. Each logic gate has three types of input signals “00”’,
“01” and “117, respectively. Those three types of inputs
represent the low-level inputs, a low input & a high input,
and high-level inputs.

As shown in Fig. 5(b), the AND gate, when the inputs are
“00 and “01” the concentration of output is 0.1 x. When
the input is “11”°, the step function AND gate produce 0.9 x
high output signal. Fig. 5(c), the OR gate, when input strands
are “01” or “11” the output strand concentration is 0.9x.
The trajectory line of “11”" is slower than the others, but the
final output is also 0.9x.

B. NOT GATES

The traditional logic gate used the presence or absence of the
output strand to indicate “1”” or ”’0”. For example, the seesaw
gate regards the output concentration in the range of 0 ~ 0.3
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C. Chen et al.: DNA Logic Circuits Based on Accurate Step Function Gate

IEEE Access

08

Z
=06
o
0.4
02
0
01 02 03 04 05 06 07 08 09 1
Input
(a)
1k
08
2
506
=]
0.4
0zr
0 & o
01 02 03 04 05 06 07 08 08 1

Input

(b)

FIGURE 5. (a) Output curve of the Seesaw gate. (b) Output curve of the
step function gate.

TABLE 4. NOR Gate represented by dual-rail logic.

X ox o ox o gty
1 0 1 0 0 1
1 0 0 1 1 0
0 1 1 0 1 0
0 1 0 1 1 0

as output “0”’. Output concentration in the range of 0.7 ~ 1 is
“1”’. But, the absence of the output strand (or input strand) is
misrecognized as output (or input) “0”. Also, the definition
of “1” is not precise. Consider those short comes. Usually,
the dual-rail logic method was utilized to design the NOR
gate.

The dual-rail logic method uses a pair of input stands
to represent logic 1 and logic 0. Taking the NOR gate for
example, the truth value X is dived into X1 and X2, which
are dual values. If x(l) is <17, x% is “0”, then x1 is logic “0”;
If xg is “17, x; is “0”, then x2 is logic “0’. As a result, the
output y is logic “1” (y% is “17, y(l) is “0”). The truth table
of the NOR gate is illustrated in Table 3.

However, the disadvantage of dual-rail logic is obvious,
it cannot represent the NOT gate, directly. Whereas, we can
clearly clarify the low input, high input, and no input. There-
fore. We can design the NOT gate, directly.
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FIGURE 6. (a) The flow chart of AND/OR gate. (b) Simulation results of
AND gate. (c) Simulation results of OR gate.

The flow chart of the NOT gate is shown in Fig. 6 (a).
First, the input chain X transfers to the single-molecule reac-
tion X — T1 4 T2. When the input chain is low signal,
(input concentration is 0.1). Then, the output concentration
is determined by the step signal gate with the threshold gate
0 and 0.9 x gain (0.1 to 0.9). When the input chain is a
high-level signal (input concentration is 0.9), the step signal
gate with threshold gate 0.4, produced high output Y (Y is
0.8). Then, auxiliary strand Y’ will consume Y, haul back
the output strand to low strand concentration 0.1 (0.9 to 0.1).
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FIGURE 7. (a) The flow chart of NOT gate. (b) The simulation results of
NOT gate.

Fig. 6(b) is the results of step function NOT gate, which
reverse the input signals.

C. XOR GATES

Generally, the XOR gate consists of multiple AND, OR,
AND gates. Here, we used the dual-rail method to generate
the XOR gate, directly. Therefore, the number of required
gates is reduced. The flow chart of the XOR gate is shown
in Fig. 7.

As shown in Fig. 7(a), X1 and X2 produced TI,
T2, T3 via single molecular reactions:X1—T14+T24T3,
X2—T1+T2+T3. When X1 and X2 are low inputs, the out-
put is 0.1Y. When X1 or X2 is high input, the output is
a high signal. (0.1Y+0.8Y, or 0.8Y’-0.1Y). When X1 and
X2 are both high inputs, Y and Y’ strands will be quenched:
Y+ Y — ((0.8Y-0.8 Y’), the output is a low signal.

Fig. 7(b) is the XOR gate. When the input is “00” or
“11”, the final output strand is 0.1 x. When the inputis “01”,
the output strand is 0.9x. In the “11” trajectory, the output
strands raise to 0.3 x and then drop to 0.1 x. This is the effect
of the two threshold gates (t=0.4 and t=1.2), Y is produced
at the beginning (raise to 0.3x), then consumed by its paired
strand Y’.
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IV. CONCLUSION

In this paper, we designed a step function gate, and used this
gate to construct the AND, OR, NOT, XOR logic circuits.
We used the four-domain strand as the input signal, and
adjusted the reaction speed and thresholds to control the
reaction orders, so that the accurate step function gate can be
achieved.

Visual DSD simulation results show that when the input is
less than or equal to the threshold, the average steady-state
output is 0.0074, the variance is 1.256 x 10~*, which is
91.3% lower than that of the seesaw gate. When the input is
over the threshold, the average steady-state output is 0.9995,
the variance is 1.214 x 107°, the mean is increased by
30.33%, and the variance is reduced by 99.43%. Since the
reaction sequence is controlled by adjusting the concentration
of auxiliary strands. Leakage is possible in this system.

In the proposed method, we can clearly identify the high
output (>0.9), low outputs (<0.1), and no output (zero).
Therefore, the proposed gate clarifies the tangled output
signals, and can be utilized to form the NOT gate directly.
In addition, the saltation around the threshold is rapid, the out-
put is stately. Based on those characterizations, the step func-
tion gate can be used to assemble the XNOR gate, tri-states
gates, and complex programable DNA circuits.
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