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DNA is a kind of nano-molecule considered to be computable on the molecular level, and the precise
Watson-Crick principle of base pairing has made it possible for DNA to be a novel computer material.
The DNA strand displacement technology has greatly facilitated the development of DNA computing in
both logical and intelligent computation. In this paper, we proposed and implemented a molecular
recognition circuit based on DNA strand displacement, which can achieve recognition and summation

functions. This circuit has a simple molecular composition and is easily scalable. A cross-inhibition
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Accepted 15th July 2024 module was integrated based upon the molecular recognition circuit to construct a molecular
comparator. Considering the advantages of modularity and the experimental feasibility of a scalable
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1 Introduction

In 1994, Adelman proposed a computational model using DNA
molecules to solve the directed Hamiltonian problem and
complete an experimental verification.' This groundbreaking
work proved that DNA, a small biological molecule, can be an
excellent carrier for information processing due to its predict-
ability under the Watson-Crick base complementation prin-
ciple, and led to the rapid development of DNA computation as
a hot topic of research.>* Due to the advantage of high paral-
lelism of the computational process, many DNA computational
models and methods have been proposed to solve non-
deterministic polynomial (NP) problems,*® such as the SAT
problem” and the graph coloring problem.®

The toehold-mediated strand displacement technique is an
important method for DNA computation. In 2006, Winfree et al.
constructed the basic molecular logic gates such as AND, OR,
NOT by mapping logical expressions to the strand displacement
reactions resulting from branch migration.’ In this theory, free
single-stranded DNA (ssDNA) works as a signal that releases
new ssDNA by reacting with DNA complexes called molecular
logic gates, which complete the activation of the output signal.
This opened up a new direction in logic operations using DNA,
giving rise to molecular circuits with different functions.'**
The DNA circuits have found wide applications in biosensing,
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medical diagnostics, and molecular computation, such as
molecular logic circuits for high-order-of-magnitude computa-
tion,"” competitive inhibitory classifiers,” a chemical timer
system that releases a target single strand at a constant rate,*
predictable molecular classifier circuits,*® and target antibody
detectors in human serum samples."”

DNA logic circuits based on DNA strand displacement tech-
niques are the foundation for many applications in DNA
computing. However, larger circuits tend to bring more chal-
lenges to the design of molecular sequences as the complexity
of the problem increases, which means the performance of the
circuits degrades with increasing number of molecules.”® A
feasible approach is to implement more functionality using
fewer molecular logic gates. For example, Eshra proposed an
updatable DNA logic circuit based on DNA hairpin structure,"®
and DelRosso et al.*® implemented a regenerator circuit that
enables multiple inputs for sequential computation. However,
such an approach is a challenge to researchers’ understanding
of molecular properties and reaction mechanisms, or relies on
skillful design. We consider another approach, in which the
circuits are modularized in order to expand the function
without over-constraining the number of molecules.

In this work, we have designed a scalable molecular recog-
nition circuit as an independent module comprising three logic
gates for recognition, summing and reporting. Each logic gate
was implemented using a DNA molecule. When the recognition
logic gate works, the input is recognized and delivered to the
summation gate. A strand displacement reaction occurs
between the ssDNA (single-stranded DNA) representing the
input and the recognition gate. The value of the input strand in
this reaction is passed downstream and the input sequence is
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regenerated in the presence of the fuel strand. The summation
logic gate is designed to sum the inputs identified as similar
signals, which are ultimately passed to a reporter gate to convert
the biological signals to fluorescent signals and output the
results. To show how the gate works, a simulation experiment
and a series of experiments are implemented successively. The
design of this circuit provides a new idea for the information
processing model of DNA computing. Defining local circuits as
modules makes it easy to add modules directly in the same way
when expanding functions, which enriches the method to
accept and process single or multiple inputs quickly and
concisely in the face of complex environments.

The development of DNA computing and molecular circuits
has led to the emergence of DNA circuits that act as small neural
networks, exhibiting simple autonomic behavior like Hopfield's
associative abilities.**>* We would like the designed recognition
circuits to realize more complex functions, such as recognizing
pattern inputs and making decisions, as well as to work in
a larger chemical reaction system. Therefore, we have imple-
mented a molecular comparator by integrating a cross-
inhibition module to the molecular recognition modules. A
comparator aims at correctly recognizing multiple inputs that
may be received, classifying the inputs into separate signals as
required and comparing the values of the signals. In the
recognition module, different inputs are specifically recognized
and summed to an output signal, which is read out by a reporter
modified with a fluorescent material subsequently detected
under a specific channel. However, in the cross-inhibition
module, we have cleverly caused cross-inhibition between the
signals through sequence conflicts between the reporter mole-
cules, which compares the magnitude of the signals without
introducing additional molecules. Happily, we then confirmed
the good performance of the 2-input molecular comparator by
simulation and fluorescence experiments, demonstrating that
the molecular comparator can be used to compare signals at
different concentrations. The implementation of the molecular
comparator validates the success of the local circuit modulari-
zation idea. The designed molecular recognition circuit can not
only be modified to scale up the circuit, but can also be
combined with other functional modules. At the same time, this
functional expansion demonstrates the potential application of
scalable molecular circuits in bio-computing.

2 Results and discussion
2.1 Principles of molecular recognition circuits

In this work, we have designed a molecular circuit with a func-
tion of recognizing multiple inputs. As shown in Fig. 1a, the
input 4; enters the recognition circuits, which will be recognized
by the recognition gate W; and summed by the summation gate
SG, and finally output as signal A by reporter J. For this purpose,
a molecular recognition circuit with scalability is designed in
this paper. As shown in Fig. 1b, the n-bit inputs represented by
different ssDNA are recognized and summed by the DNA circuit
with a toehold, followed by a fluorescence reporter that converts
the biochemical signals into real-time fluorescence curves.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of molecular recognition circuits. (a) n-
input recognition logic circuit (1 =i = n). (b) Schematic of recognition
circuits based on DNA molecules.

Therefore, the presence of either input A; would result in
a strong signal output of A from the fluorescence curve.

The composition of the molecular recognition circuits is
shown in Fig. 2, and mainly consists of the three steps in Fig. 2a.
Reaction (I) for the recognition of inputs: different DNA inputs
A, correspond to different weight gates W;, where the addition of
fuel strands allows the sufficient reaction of the inputs. This
step transformed the input 4; into the molecule C;. This is fol-
lowed by summation reaction (II) and fluorescence report (III):
one or more C; is intruded into summation gate SG, which is
transformed into molecule I and then outputs the fluorescence
result through the reporter gate J.

The reaction process of the molecular recognition circuits
based on DNA strand displacement is shown in Fig. 2b. 4; is the
input whose concentration respectively represents the value,
and W; is the recognition gate, in which the sequence of
domains x; is used to distinguish A;. Domain ¢ worked as
a toehold to start strand displacement reaction. Reaction (I)

a recognition A, + W, — C, +D, 1)
sum C,_ +SG—-H+1 (I
reportsignal - J + J— K +L (I1I)

6

IS
‘_.....C......%..

SG(sum
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Fig. 2 Logic design diagram of molecular recognition circuits. (a)
Chemical reaction of molecular recognition circuits. (b) Molecular
recognition circuits based on DNA strand displacement.
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consisted of a catalytic inverse reaction process that ensured the
full reaction of the input 4; by adding an appropriate amount of
fuel E;, to minimize the loss of input in the cascade reaction. In
reaction (II) different A; corresponded to only one summation
gate SG, and multiple inputs 4; could be summed to a result
which is expressed as intermediate product I. The purpose of
reaction (III) is to report the summation results. To integrate the
cross-inhibition module described later, a triple-stranded
complex J is designed as a reporter, in which the structural
domains s* and s respectively carried the fluorophore FAM and
the quencher BHQ1. When summation I is generated, it would
combine with the toehold ¢* of the reporter and initiate branch
migration, ultimately generating complex K with only the fluo-
rophore, which outputs the fluorescence result.

Since the recognition circuit is capable of summing inputs
and generating the type of signal to which it belongs, we
consider the three molecular logic gates containing the recog-
nition, sum, and reporter as a recognition module. Modules can
be integrated with others in series or in a parallel way, leading to
a scalability of both size and function of the molecular circuits.
The circuit not only allowed the identification of target mole-
cules to be characterized by fluorescence intensity, but also
achieved a reaction process with simple and modular steps, and
stable results, which made large-scale cascading possible.

2.2 Results of molecular circuit implementation

To demonstrate the feasibility of this circuit, we have analyzed
both single and multi-input circuits in Fig. 3. First, a visual DSD
simulation experiment was carried out to analyze the experi-
ments for single and multiple inputs, respectively, with the A4;
concentration set to 100 nM. In order to pass the input values as
accurately as possible, the fuel E; and the input 4; were at the
same concentration to facilitate the reaction. Since the molec-
ular logic gates need to be excessive for more inputs, here the
concentrations of W; and SG are set to 2 pM and the reporter to
5 uM. The simulation results show that the concentrations of
fluorescent molecules all increase rapidly with equally
increasing inputs. 1-3 inputs produce exponentially increasing

Feature input

Feature recognition

Simulation output

one
input

two
inputs

three

—
inputs I

Fig.3 Simulation experiment results of molecular recognition circuits.
(@) Simulated reaction of one-input. (b) Simulated reaction of two-
inputs. (c) Simulated reaction of three-inputs.
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signal concentrations respectively, which shows the correct
recognition and summation of input values by the recognition
module. The simulated experimental results were consistent
with the output as expected, which proved the accuracy of the
logic.

The compilation mode of this experiment was set to finite
mode. The results were represented by the concentration values
of the fluorescent molecules, while the y-axis represents the
concentration of the fluorescent complex and the x-axis means
the reaction time.

The DNA sequences used in the experiments to implement
the molecular recognition circuits were all obtained via the
specialized nucleic acid design and analysis software NUPACK*>*
(https://www.nupack.org), and manually adjusted to prevent
complex instability and auto-hybridization based on the anal-
ysis results. Finally, the ssDNA sequences in the molecular
recognition circuit experiment are shown in Table S1.7 To fully
demonstrate the thermodynamic stability of the molecular logic
gates after adjusting the sequences, we analyzed the hybrid-
ization of ssDNA sequences at 37 °C (Fig. S17).

After demonstrating the robustness of the circuit and the
molecular logic gates through simulation experiments, molec-
ular experiments were performed on single input and multiple
inputs to verify whether the molecular recognition circuits are
regulated by concentration. In each group of experiments,
excessive logic gates W;, SG and J were added as substrates. In
the quantitative curve, the x-axis represents the measuring time
of the real-time quantitative PCR at a frequency of once every
ten seconds of data reading, and the y-axis represents the
relative intensity of the fluorescence. The reaction occurred
continuously at 25 °C.

Fig. 4a indicates the fluorescence results produced by the
same input A1 with different concentrations. As shown by the
curve, the fluorescence intensity increases with the concentra-
tion of the input. To demonstrate that the fluorescence intensity
is not affected by the sequence, Fig. 4b presents the results of
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Fig.4 Fluorescence results of molecular recognition circuits. (a) Same

input at different concentrations; (b) different inputs at the same
concentration; (c) result of two inputs; (d) result of three inputs.
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Fig. 5 Schematic diagram of the molecular comparator design prin-
ciple. (@) (n + m)-input comparator logic circuit (1 = n, 1 = m). (b)
Molecular comparator based on DNA strand displacement.

different inputs 4,, A,, and A; according to the same concen-
tration, verifying that the circuit working is not affected by the
DNA sequence. Fig. 4c and 5d correspond to the results of
fluorescence experiments for different concentrations of two
and three different input combinations. It can be noticed that
the slope of the fluorescence curve changes as the input
concentration increases and the reaction proceeds faster. The
fluorescence results show that for multiple inputs, the fluores-
cence intensity also increased with concentration of the inputs,
proving that the molecular recognition circuits can be scaled
according to the number of inputs.

2.3 Principle of the molecular comparator

DNA logic circuits with a comparison function automatically
make decisions at the molecular level. We constructed a two-
input non-linear comparator by improving on the molecular
recognition circuits, and the feasibility is verified by Visual DSD
software simulation as well as biochemical experiments.*

The design of the molecular comparator is based on
a molecular recognition circuit, which is realized through the
extension of the molecular recognition circuit module and the
combination of cross inhibitor components (Fig. 5a). The
principle is a logic circuit that recognizes and respectively sums
different inputs, and compares signal A with signal B. There are
three cases of results: when A is greater than B, signal A
suppresses signal B, presented by the large fluorescence inten-
sity of signal A; when A is smaller than B, signal B inhibits signal
A, presented by the large fluorescence intensity of signal B;
when A and B are equal, there is an equal level of inhibition
between the two for the stability of the recognition circuit
module, presented by the fluorescence intensity of signal A in
agreement with the fluorescence intensity of signal B.

The design of the molecular comparator is based on
a molecular recognition circuit, which is realized through the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extension of the molecular recognition circuit module and the
combination of cross inhibitor components (Fig. 5a). The
principle is a logic circuit that recognizes and respectively sums
different inputs, 4; and B;, and compares signal A with signal B.
There are three cases of results: when A is greater than B, signal
A suppresses signal B, presented by the large fluorescence
intensity of signal A; when A is smaller than B, signal B inhibits
signal A, presented by the large fluorescence intensity of signal
B; when A and B are equal, there is an equal level of inhibition
between the two for the stability of the recognition circuit
module, presented by the fluorescence intensity of signal A in
agreement with the fluorescence intensity of signal B.

To distinguish different signals, the circuit involves two sets
of molecular recognition circuits. When comparing two signals
A and B, the inputs 4; and B; could be recognized by WA; and
WB;, and then summed by corresponding summation gates SGA
and SGB. The core of the circuit, JAJB, is used to receive the
summed signals A and B as well as to carry out a cross-
inhibition reaction to compare the strength of them. The reac-
tion schematic of the molecular circuit is shown in Fig. 7. In the
molecular comparator, 4; and B; are inputs about two kinds of
signals, distinguished by the toehold domains ¢ and s. The
different A; and B; are distinguished, just like in the molecular
recognition circuits, by the structural domains x; and y;, which
consequently would be specifically recognized by WA; and WB;.
Multiple different inputs of the same signal can be computed by
summation gates, The domain c in the summation gate is used
for the detection of identical signals, c1 for signal A and c2 for
signal B which means that both A and B have their corre-
sponding summation gates SGA and SGB, and the results are
represented as intermediate products Ia and Ib. The molecular
structures of the fluorescence reporter JA and JB consist of
structural domains a, b, t and s, where a and b are particular
structural domains used for cross-inhibition reactions. In the
complex J, the toeholds s} and #, carried different fluorophores
FAM and HEX, while s; and ¢; domains carried the quencher
BHQ1. The summation resultant I migrating from SG could
bind to the toehold of the reporter J, releasing a single strand
and generating a complex with fluorophores to measure fluo-
rescence intensity.

The molecular comparator is designed as a two-input
molecule circuit and consists of two kinds of modules. The
first module is based on the molecular recognition circuits;
when an input is available, the recognition module will deter-
mine the type of input and signal, sum the similar signals, and
export the fluorescence intensity. The circuit can be expanded
within the recognition module to enable comparison of
multiple inputs about two signals. When there is only one
feature input, the summation gate merely functions as a signal
transform. The second type of module of the molecular
comparator performs the comparison operation based on the
principle of cross-inhibition. Such a design simplified the
process of comparing the signals individually, rather than
annihilating each other two by two, but directly judges their
fluorescence intensities to determine the result. The cross-
inhibition reaction caused Ia and Ib to invade the reporters of
each other's signals, resulting in the suppression of each other's

Nanoscale Adv., 2024, 6, 4852-4857 | 4855
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fluorescent signal reports without introducing other molecules.
As the two reporters were modified with different fluorophores,
the results were directly determined by the fluorescence inten-
sity and were clear and easy to read.

2.4 Results of the molecular comparator implementation

To verify the logical accuracy of the molecular comparator, we
performed a Visual DSD simulation experiment to further
demonstrate its feasibility by simulating three cases of the two-
input experiment. Three groups of experiments were input with
different concentrations of A and B signals, and the results of
the simulation experiments are shown in Fig. 6, from top to
bottom, as >B, A = B, and A < B. It can be observed that the
molecular comparator could compare two signals of different
concentrations, and the results are consistent as expected:
when the concentrations of the two signals were unequal, only
the fluorescence curve of the signal of the high concentration
was output; when the concentrations of the two signals were
equal, the fluorescence curves of the two signals were output at
the same time. The results confirmed the logical accuracy and
feasibility of the molecular comparator.

After determining that the design of the molecular compar-
ator was feasible, we tested the performance of the molecular
comparator through fluorescence experiments, specifically by
adjusting the concentration of two inputs to validate the 2-input
molecular comparator which was designed based on the
molecular recognition circuits. The signal magnitude is repre-
sented by the input concentration and the final result is visually
compared by the fluorescence intensity. The DNA sequences
used in the experiment are shown in Table S2.} Fig. S21 displays
the MFE structure of the DNA logic gates involved in the 2-input
molecular comparator experiment, and the low free energy of
the secondary structures indicated that they were as stable as in
the recognition circuits.

Real-time fluorescence quantification experiments were
performed using the above logic gate molecules and the results
are shown in Fig. 7. Signal A is finally output by the FAM-
modified fluorescence reporter JA, and signal B is finally
output by the HEX-modified fluorescence reporter JB. OA is the
real-time fluorescence curve of signal A, and OB is the curve of

Fig. 6 Simulation results of the two-input molecular comparator.
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Fig. 7 Real-time fluorescence curve of the molecular comparator. (a)
The result of signal A > B. (b) The result of signal A = B. (c) The result of
signal A < B.

signal B. OA-blank and OB-blank are blank groups. All mole-
cules other than the input strand were added to the blank
group. Fig. 7a shows that that FAM fluorescence was stronger
than HEX when signal A > B, while Fig. 7b demonstrates that
FAM and HEX fluorescence intensities were almost equal after ¢
= 2500 s when signal A = B, and we considered that JA and JB
inhibit each other to a comparable extent. Fig. 7c exhibits that
FAM fluorescence is weaker than HEX when signal A < B. The
experimental results for all three cases indicated that the signal
outputs conformed to the design expectations of the molecular
comparator.

3 Conclusion

In this paper, we developed a molecular circuit capable of
recognizing and summing inputs that contain stable complexes
for fluorescence reporting. After proposing the molecular
model, we have validated it from simulated strand displace-
ment reaction experiments and molecular experiments in the
tube, including analyses of the molecular circuits' logical
accuracy, robustness, and scalability. The results showed that
the molecular circuit can recognize and sum the output of
single or multiple signals of the same or different concentra-
tions in the experiment. After achieving success of molecular
recognition circuits, we constructed a molecular comparator by
novelly introducing a cross-inhibition module between two
recognition circuit modules through sequence correlation of
DNA logic gates. This allowed us to decide how many different
inputs we need within the same recognition module by defining
the x; and y; domains, and how many different recognition
modules were needed in total by defining the sequence of
toehold domains. The recognition modules are used internally
to identify the corresponding inputs and externally to compare
different signals, which reflected the scalability of the initial
design of this molecular recognition circuit. In the same way, we
verified that a 2-input comparator can automatically determine
3 different cases in both simulation and molecular experiments.
The implementation of the molecular comparator not only
confirmed that the designed molecular recognition circuits can
be cascaded to achieve more complex logic circuit functionality,
but also demonstrated its potential for application in bio-
computing.

The modular molecular recognition circuits we designed
could be used as processing devices for multiple inputs, such as
the classification of multiple pattern inputs in intelligent DNA
circuits. The molecular comparator is a DNA circuit that can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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automatically make a judgement on the magnitude of multiple
signals, which can be applied to DNA computing models in
several situations or provide insights into quantitative analysis
tasks in biosensors. Due to the enzyme-free character of the
entire system, the experimental environment and consumables
are low-cost, and the reaction process is stable. Moreover, the
higher level of modularity enabled easy expansion of the circuit:
three logic gate molecules were required for the first input
within each recognition module; only one logic gate and one
fuel strand were added for each additional input above the
initial foundation. Furthermore, the adoption of a cross-
inhibition module is only related to the sequence of the
reporter and no other logic gates need to be attached. Therefore,
adding logic gates within the recognition module or increasing
the number of modules as the scope of the circuit grows could
extend more complex bio-computing functions. The circuit has
been tested in both simulations and molecular experiments,
which provided new ideas for DNA computing models, and
enriched the toolbox of intelligent DNA circuits or DNA sensors
as a fast and concise way to take in and process multiple signals.
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