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The predictability of Watson—Crick base pairing provides unique
structural programmability to DNA, facilitating the development
and application of biomolecules in biocomputing. However, in
DNA-based biocomputing, the scale of operation that can be
achieved by an existing reaction system is very limited. How to
expand the operation range of a logic circuit and realize the
integration and extensibility of circuits is always the key problem
to be solved in this field. In this work, by designing a multifunctional
DNA-nanostructure-based reaction platform, which can realize an
output of up to 2" scalable fluorescence signals, combined with the
construction of an input “library” and a modular distribution strat-
egy of output signals, for the first time, we successfully performed
the calculation of both square roots and cube roots of consecutive
integers within a decimal number of “10” and in each result of the
operation, two digits after the decimal point are preserved
(V/x = M -ab,/y = N - cd). We believe that the design concept pre-
sented in this work can help effectively solve the urgent problems
of biological computing in terms of computational scaling, integra-
tion and scalability, and can open up new horizons for the design of
new functional devices and complex computing circuits.

1 Introduction

DNA computing is an emerging interdisciplinary subject devel-
oped on the basis of computational science and molecular
biology, and is a promising alternative to biological
computing.'™ With great storage density and high parallelism,
DNA computing provides a new method to solve complex
combinatorial optimization problems, such as NP-complete
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New concepts

Over the past decade or so, biochemical approaches based on nucleic acid
molecules have been shown to be successful in solving computer problems.
However, the logic gates designed in the present study are relatively simple.
When multiple logic gates are required, how to find a suitable pair of
fluorescence FRET without overlapping each other may be a difficult problem
to solve. Also, the bottleneck for further development in this field is how to
construct complex logic circuits to expand the scope of computation, to realize
the integration and scalability of circuits, and further promote the completion
of larger scale logic circuits. This work overcomes the problem that the
fluorescence output channel cannot be improved due to the limitation of the
types of fluorescence signals modified on DNA strands (generally no more than
10, and the emission peaks overlap, making it difficult to distinguish and
extract the signals). Based on this, the strategy successfully extracts up to 2"
fluorescence output channels from the reaction solution, and it is scalable.
Furthermore, this work successfully realized the calculation of both square
roots and cube roots of consecutive integers within a decimal number of “10”,
and in each result of operation, two digits after the decimal point are preserved
(¥/x~ M -ab, /7 = N - cd). This is by far the most computationally complex
logical operation with the largest scale of output channels in DNA-based
biological computing.

problems, opening up a broad application prospect.>® With
the boom in the DNA nanotechnology pioneered by Ned See-
man, DNA is no longer thought of as a pure carrier of genetic
codes, and has emerged as a fine engineering material for
logical computation because of its specific base-pairing
properties,””® which makes it possible to construct DNA circuits
for complex tasks. Up to now, various basic and advanced DNA-
based logic gates have been reported, especially for implement-
ing specific arithmetic functions, non-arithmetic information
processing, general cascaded/concatenated logic circuits, non-
Boolean logic, etc.'®'® However, the bottleneck for further
development in this field is how to construct complex logic
circuits to expand the scope of computation, realize the inte-
gration and scalability of circuits, and further promote the
completion of larger-scale logic circuits.'®

To get to the root of the problem, we try to explore the causes
of the three basic components of DNA computing, including
the coding of the solution, the processing of information

This journal is © The Royal Society of Chemistry 2023
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through molecular interactions, and the extraction of the out-
put signal after processing. Based on long-term experimental
experience and literature analysis in this field, we summarize
the following three reasons limiting the development of large-
scale DNA computing. First, coding input DNA for increasing
the scale of parallel computing is limited. The amount of DNA
involved in encoding and the number of bases per DNA
sequence directly affect the encoding efficiency. In the currently
used DNA logic gates, there is usually only one DNA sequence
encoded in each input channel.””?° In addition, due to the
limitation of synthesis technology, an excessive number of DNA
bases lead to a reduction of purity and an increase in errors,
which significantly limit the encoding range of DNA involved in
the reaction and the scale of parallel computation. Second, the
limitation of building a powerful reaction platform adapted to the
large number of input signals used in highly parallel computing,
as described above. The three basic components of DNA comput-
ing are interconnected, so an increase in the coding range of the
input signal at the upper level requires a corresponding increase
in the function of the reaction platform at the lower level. The
third limitation is the specific recognition of large-scale output
signals for the extraction of solutions. As the input becomes larger
and the response platform becomes more powerful, the corres-
ponding large-scale identifiable output signal is needed to extract
the results obtained by the logic operation. However, the scale of
the output signal that can be achieved is currently limited, usually
no more than 5-bit binary digits."**°

In order to overcome the limitations mentioned above and
realize large-scale complex logic circuits, this work is devoted to
the following three aspects of improvement. First of all, a DNA
sequence ‘“library” is constructed to support multi-channel
signal input, replacing the traditional single-stranded DNA
input mode. This improvement greatly increases the encoding
capacity of the input DNA and provides a more flexible and
large addressable range for downstream reaction platforms. In
addition, because of DNA’s powerful base-pairing properties
and structural stability, the chain number of a DNA library can
increase linearly or nonlinearly with an increase in the com-
plexity of the solving problem. Second, in order to satisfy the
increasing coding capacity of input DNA, a multi-component,
multi-functional and highly stable DNA-nanostructure-based
system is constructed as a reaction platform for large-scale
complex logic operations. On the basis of our previous
research,'®"" the scale of the reaction platform is enlarged in
this work, and the range of molecular interactions is further
increased. In this reaction system, each DNA-nanostructure
monomer can provide up to six coding sites (Fig. S1, ESI{) with
high parallelism and scalability. Therefore, such an improved
reaction platform can not only be applied to a large-scale signal
input and its encoding, but can also be enlarged with an
increase in input capacity. Third, modular division of output
fluorescence signals is carried out. The aim of this strategy is to
overcome the problem that the fluorescence output channel
cannot be improved due to the limitation of the types of
fluorescence signals modified on DNA strands (generally no
more than 10, and the emission peaks overlap, making it
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difficult to distinguish and extract the signals). Based on this,
the strategy successfully extracts up to 2" fluorescence output
channels from the reaction solution, and it is scalable.

Based on the above strategy, in this work, depending on the
same reaction system, we successfully realize the calculation of
both the square roots and cube roots of consecutive integers
within a decimal number of “10”, and in each result of the
operation, two digits after the decimal point are preserved
(Vx~ M -ab,/y = N - cd). This is by far the most computa-
tionally complex logical operation with the largest scale of
output channels in DNA-based biological computing.

2 Methods

2.1 Chemicals and apparatus

The DNAs used in this work were synthesized by Sangon
Biotechnology Company (Shanghai, China) and are listed in
Tables S1-S3 (ESIf). All the DNAs were dissolved in
distilled water and quantified using a Nanodrop One system
from Thermo with the following extinction coefficients
(2260nm, M " cm™'): A = 15400, G = 11500, C = 7400, T = 8700.
The chemicals acrylamide, ammonium persulfate, tris(hydro-
xymethyl) aminomethane, and boric acid used in the experi-
ment were purchased from Aladdin Biochemical Technology
Co. LTD. Ethylene diamine tetra acetic acid (EDTA) was pur-
chased from Sangon Biotechnology Company. All chemicals
used were of analytical grade were used without further pur-
ification. All solutions were prepared using ultrapure water
(18.2 MQ cm) obtained from a Milli-Q purification system.
The DNAs were diluted with tris-HCI buffer (20 x 10> M
Tris-HCI, 200 x 10> M KCl, and 10 x 10> M MgCl,, pH 8.0)
before use in the logic operation. The native polyacrylamide gel
electrophoresis experiments were performed using an electro-
phoresis tank from Bio Rad. The gel images were obtained using
a BioDoc-It2 imager from UVP. The fluorescence emission
spectra were collected using an Agilent Microplate reader.

2.2 Fluorescence measurement

The fluorescence emission spectra of the output were collected
in Tris-HCI buffer (20 x 107* M Tris-HCI, 200 x 10> M KCl,
and 10 x 10~° M MgCl,, pH 8.0) at room temperature. The
emission spectra of FAM were collected from 500 to 560 nm
with an excitation wavelength of 494 nm and the slit widths for
excitation and emission were all 10 nm. The emission spectra
of HEX were collected from 545 to 575 nm with an excitation
wavelength of 535 nm and the slit widths for excitation and
emission were all 10 nm.

2.3 Native polyacrylamide gel electrophoresis

Before use, the DNA solutions were heated at 90 °C for
10 min and slowly cooled down to room temperature. Then, a
mixture of platforms and corresponding inputs was added to
the final volume of 100 uL and incubated for 60 min. A 15%
native polyacrylamide gel was prepared and electrophoresis was
conducted in 1x TBE buffer (17.8 x 10™° M boric acid,
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17.8 x 1073 M Tris, 2 x 107> M EDTA, pH 8.0) at a constant
voltage of 80 V for about 2 h. Then, the finished gels were
scanned using a UV transilluminator.

2.4 Operation of square root and cube root logic circuits

The optimized DNA-nanostructure-based platform (P1-P10)
that was evenly distributed in five centrifuge tubes was used
as the universal system for the operation of 10-bit-output
square root and cube root logic circuits. Different DNA strand
solutions were heated at 90 °C for about 10 min and slowly
cooled down to room temperature. According to the truth table,
the input sequences used for one calculation were mixed in
advance and the mixture was then added in equal quantities to
five centrifuge tubes containing the reaction platform. After
about an hour of reaction, all the solution to be tested was
transferred into a 96-well plate, and the output signal was
tested quickly and efficiently with a microplate reader. The
optimized concentrations of inputs and DNA-based platform
were mixed to a final volume of 100 pL.

3 Results and discussion

Since the invention of the algebraic system of logic by George
Boole in the middle of the 19th century, “Boolean logic opera-
tion” has been established by using binary numbers to carry
out logical operations, assigning “1” to “true” and “0” to
“false”.”" Logic gates are basic components that are used to
perform Boolean logic operations (logic circuits), which include
three basic types: AND gate, OR gate and NOT gate. By control-
ling the high and low voltages of the inputs (representing the

View Article Online
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logical “true” and ‘“‘false” or “1” and “0” in binary, respec-
tively), the logic gate is triggered to generate corresponding
binary output signals (“0” or “1”), thus realizing the logical
operation. Similar to electronic computation, in biocomputa-
tion, molecular logic gates use binary-encoded molecules as
inputs (“1” for presence and “0” for absence) and optical/
electrochemical signals as outputs (““1” for high and “0” for
low).>>® For a given logical function to be calculated, the
logical relationship between its input variables and output
variables should be described in a table in the binary language
in advance, which is called a truth table.>” Then, the corres-
ponding logical circuit diagram is drawn according to the
distribution of the truth table. Based on this, the operator then
begins to encode the input signal of the logic circuit, construct
the reaction platform and encode the interaction between it
and the input signal, and finally collect the output signal for
the extraction of solutions. In this work, in order to perform
large-scale complex logic calculations with 4-bit input and 10-
bit output square roots and cube roots, while satisfying the
requirement that the result of calculation is reported to two
digits after the decimal point (¥/x ~ M - ab, J/y = N - cd), the
corresponding two truth tables should be defined first of all
(Fig. 1).

As shown in Fig. 1, the logical calculation ranges of square
roots and cube roots are chosen to be any integer in the range
“1 < x <10” (or “1 <y < 10”), and the result value is reported
up to two digits after the decimal point. The truth table begins
with the conversion of the digits to be taken square root
(decimal number) into a 4-bit binary number, which is used
as input signals. The results of the computation reported to two

Square Root
Cube Root

M. a b (1=x<10,xEZ)

N. ¢ d: (1sy<10,yEZ)

Square Root J Truth Table Definition Cube Root
l Integer bit l
Square Inputs Gobhe Inputs
Root D CB Afy v4 6 \ S p e B A Y4 0
H) H i i
3i=100 (00 0 10 1i0 0 o ; Yi=100 [0 0/ 0 1:0 110 0 0 i
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32=1.41 00100150100550001§ 2=1.26 001001500105:01105
¥3=173 (0[0 1 1i0 10 1 1 150 0 1 1| Y3=144 (001 1:0 150 1 0 0i0 1 0 0
1 i} |} ]
32=200 0 1 0 01 00 0 0 0i0 00 0] Ya=159 01 0 0:0 10 1 0 11 0 0 1|
1 1 [} 1
¥5=224 [01]0]11 0o 0 1 0i0 1 0 0! Y5=171 (010 110 150 1 1 150 0 0 1!
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I I ]
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¥5-3.00 (1 0 0 11 10 0 0 0i0 0 0 0 Y9=208 (10 0 1i1 010 0 0 0i1 0 0 0
20316 1 01 011 1 =\0 0 0 1}{9 110 YTo=215 1 0 1 01 0{\0 00 1}‘\0 10 1)

Fig. 1 Definition of truth tables for 4-bit-input/10-bit-output square root and cube root calculation. The output signals are modularized into three parts,
respectively representing the integer bit, first digit behind the decimal point, and second digit behind the decimal point in the decimal calculation result.
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digits after the decimal point (decimal number) are then
converted to a 10-bit binary number, which is used as an output
signal. Finally, according to the distribution position of the
digits before and after the decimal point in the calculation
result, the 10-bit output binary numbers are modularly divided
into three parts, namely, the calculated integer bit of the
decimal fraction (the decimal number of “M” corresponds to
two binary numbers of “Y1” and “Y2”), the first digit after the
decimal point (decimal number of “a” corresponds to four
binary numbers of “Y3”, “Y4”, “Y5” and “Y6"’), and the second
digit after the decimal point (decimal number of “b” corre-
sponds to four binary numbers of “Y7”, “Y8”, “Y9” and “Y10”)
in sequence.

In the next step, relying on the powerful DNA hybridization
and toehold-mediated DNA strand displacement (TDSD), a
multi-functional reaction platform capable of implementing
both square root calculation and cube root calculation needs
to be constructed. The reaction platform is similar to the
“central processing unit” of a traditional computer, which
can read input instructions and perform certain operations
on them (DNA hybridization or chain displacement reaction),
and then release the signal as output for subsequent analysis.
For complex biological computations, including the computing
system in this work, the output scale of which is up to 10-bit
binary digits, usually requires 10 fluorescent dyes with different
emission peaks as output signal markers for detection and
recognition. However, limited by the current development of
science and technology, it is difficult to find 10 kinds of
fluorescent output dyes that meet the conditions, which is also
one of the difficulties faced in biocomputing in the expansion
of the computing scale.

In order to overcome this problem, we construct a set of ten
DNA-nanostructure-based monomers (P1-P10) as the reaction
platform for this work, and evenly distributed these ten mono-
mers in five tubes in turn, so that each pair of two monomers
modified with different fluorescence signals (FAM and HEX) is
divided into a subset, as shown in Fig. 2(a). Each monomer is
composed of three DNA single strands, and two of the strands
are modified with fluorescence groups and quenching groups,
which hybridize with the third single strand. Based on this, the
corresponding ten output signals are spatially isolated into five
independent subsets too. Combined with the loading reaction
platform of a 96-well plate and signal acquisition of a micro-
plate reader, the multi-channel, high-efficiency, and distin-
guishable detection of the ten output signals labeled with
only two fluorescent dyes is realized. The reaction system shows
good scalability, which can be further expanded by increasing
the channel of the reaction base and the corresponding
encoded DNA input into the library. Also, the complexity of
calculation can be overcome by directly increasing the number
of reaction monomers and centrifuge the tubes arranged in
parallel, and finally, an output scale of logic operation up to 2"
can be realized. Although in this work we have accomplished an
operation output scale of n = 5, in the subsequent research, we
will continue to study in depth, aiming at achieving the
complex logic operations with larger output.

This journal is © The Royal Society of Chemistry 2023
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The reaction mechanism of P1-P10 monomers in the reac-
tion platform is shown in Fig. 2(c). The optimized concentra-
tions of three single-stranded DNAs that consist of each DNA-
nanostructure-based monomer has been discussed in Fig. S2
(ESIY). By editing the chain replacement hybridization reaction
between the input and the reaction platform, the quenched
fluorescence signal on the reaction platform can be effectively
turned on. As shown in Fig. 2(d), changes in fluorescence
intensity of ten monomers before and after adding the input
sequence that can react with them are respectively shown,
which proves that the reaction platform performs very well
and has a very low background signal. In addition, we further
prove that when ten monomers are divided into five subsets,
each subset can still maintain an ideal fluorescence switching
effect and a low background signal (Fig. S3, ESIt). As shown in
Fig. 2(e), we further demonstrated the structural integrity of the
synthetic DNA-nanostructure monomer by a PAGE experiment.
Due to the short sequence of Q-DNA, the bands cannot be
reflected in the PAGE.

The design rules of the reaction platform are closely related
to the construction of input sequences. In order to increase the
encoding capacity of the input DNA and provide a more flexible
and large addressable range for the downstream reaction plat-
form, two DNA sequence ‘“libraries” are constructed for the
operation of square root and cube root calculation in this work,
as shown in Fig. 2(b) and Fig. S4 (ESI{). The construction of one
DNA “library” used to calculate square roots is shown in
Fig. 2(b), which includes four input sets (A, B, C, and D).
According to the coding rules of the reaction system, each set
contains a different number of subsets. In library-A, there are
eight single strands of DNA serving as inputs, and two hairpin
sequences are included. In library-B, up to 10 single strands of
DNA serve as inputs. In library-C and library-D, a total of 6 and
8 DNA single strands serve as inputs, respectively. The red
portion of each input sequence is the active toehold-site for
TDSD reaction. The design of another input DNA “library” for
cube root logical calculation is shown in Fig. S4 (ESI¥).

Based on the successful construction of the reaction plat-
form and its input library, in the next step, we need to
determine the logical relationship between each subset of the
input (or each single-stranded input DNA) and platform mono-
mers. In this work, the square root (or cube root) logic opera-
tion of 4-bit-input and 10-bit-output is performed based on
three basic logic gates, namely,the “OR” gate, “AND” gate, and
“NAND” gate, as shown in Fig. 3(a). The input sequences
involved in the operation of the three gates are defined as
single-control switch (sc-SW), double-control switch (dc-SW),
and blocking switch (bl-SW), respectively, as shown in Fig. 3(b).
In the “OR” gate, based on the corresponding truth table, the
coding relationship between the input DNA and reaction plat-
form is as follows: any input sequence known as sc-SW can
undergo TDSD reaction with the reaction platform, resulting in
the recovery of the fluorescence signal (from low fluorescence
intensity of “0” to high fluorescence intensity of “1”). In the
“AND” gate, the logical relationship between the input and
platform is as follows: only when two input DNAs exist at the
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(a) Description of the construction of the reaction platform, which can be used to calculate both square root and cube root logic operations. The

reaction platform is a combination of ten DNA-nanostructure-based monomers (P1-P10), which are successively separated into five tubes periodically
with two different fluorescence (FAM and HEX). (b) Construction of an input DNA library for the logical operation of square roots. (c) Reaction mechanism
of P1-P10 monomers in the platform. The fluorescence signal can be enhanced by hybridization with any of the active sites on the monomer.
(d) Changes in the fluorescence intensity of ten monomers before and after adding the input sequence that can react with them. (e) Structural integrity of
the synthetic DNA—-nanostructure monomer is further demonstrated by a PAGE experiment. Taking the formation of P1 monomers as an example, P-1,
Q-1, and F-1 are single-stranded DNA respectively, and their band positions are shown in Fig. 2(e). When they were mixed together and reacted for
1 hour, a band at P1 position was formed, indicating that the three single-stranded DNA had undergone sufficient hybridization reaction.

same time can the fluorescence signal of the reaction platform
be stimulated to restore it to the high level of “1”, and the two
coexisting inputs involved in “AND” gate operation are called
dc-SW. In the “NAND” gate, which is a series of the “AND” gate
and “NOT” gate, the logical relationship between its corres-
ponding inputs and the platform is that only when two inputs
exist at the same time can the fluorescence signal of the

180 | Nanoscale Horiz., 2023, 8,176-184

reaction platform be suppressed, otherwise, the fluorescence
signal output will be high (““1”). In this case, the two existing
inputs involved in the “NAND” gate operation are called bl-SW.
Based on this, similar to traditional electronic circuits, the logic
circuit diagrams composed of DNA inputs, DNA-based reaction
platform and the logical relationship between them are shown
in Fig. 3(c) and Fig. S5 (ESIf), which are used to realize the
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Fig. 3 (a) Three basic logic gates, namely, the "OR" gate, "AND" gate, and "NAND" gate, and the corresponding truth table are used in this work to
realize the operation of square root and cube root logic circuits. (b) The DNA hybridization/TDSD reactions involved in the operation of three logic gates

are encoded. (c) Logic circuit diagram for realizing square root calculation.

calculation of square roots and cube roots. Different from the
traditional circuit, the DNA-based logic circuit in this work uses
fluorescence signals as an output indicator.

Next, we systematically describe the successful implementa-
tion of square root logic operation based on the response of
each subset in the input “library” and the reaction platform, as
shown in Fig. 4. Due to a large amount of computation and the
similarity of the reaction mechanism, we select the calculation
of “¥/T = 1.00”, “/3 = 1.73”, “¥/7 = 2.65” and “¥/10 = 3.16” as
typical examples to illustrate. In this work, to run for the
calculation of any object, each of the input sequence is only
involved in the following three conditions of reaction, namely,
as a sc-SW directly reacting with the reaction platform to light it
up, a dc-SW together with other sequence to “light up” the
platform, and a bl-SW to ensure that an input sequence can
hinder the active site of the sc-SW, which prevents it from
“lighting up” the platform. First, in order to operate the
calculation of “v/1 =1.00”, only input-A set is encoded as
participating in the operation reaction according to the truth
table, that is, its subset-input-A1 performs TDSD reaction with
the P-2 nanoswitch in the reaction platform, restoring the
quenched HEX fluorescence signal modified on P-2 (i.e., from

This journal is © The Royal Society of Chemistry 2023

output binary “0” to “1”). Other nanoswitches in the reaction
platform do not participate in the calculation, and the fluores-
cence signal remains binary “0”. Second, in order to operate
the calculation of “v¢/3 = 1.73”, the input-A set (subsets A1, A3,
A4, A6) and input-B set (subsets B1, B2, B4, B5, B8, and B10) are
encoded as participating in the operation reaction. In this
operation, the recovery of fluorescence signals (P-2, P-4, P-5,
P-6, P-9, and P-10) depends on two switch modes, namely, sc-
SW and dc-SW. In the sc-SW, any input DNA can undergo TDSD
reaction with the corresponding platform and restore the
fluorescence intensity of ‘“1”. For example, input-Al or B1 can
react with P-2 and result in an enhanced HEX fluorescence
signal. In the dc-SW, only when all the input DNAs are added
can the TDSD reaction take place with the corresponding
nanoswitch platform and the fluorescence intensity is restored
to “1”. For example, only when input-A3 and B5 are added
simultaneously, TDSD reaction can occur with P-5, resulting in
an enhanced FAM fluorescence signal.

Third, in order to operate the calculation of “J7 =2.65", the
input-A set (subsets A1, A3, A4, A5, and A6), input-B set (subsets
B1, B2, B4, B5, B6, B8, and B10) and input-C set (subsets C1, C3,
C4, C5, and C6) are encoded as participating in the operation

Nanoscale Horiz., 2023, 8,176-184 | 181
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Fig. 4 Description of the reactions between the inputs and platform to demonstrate the successful operation of 10-bit-output square root logic circuits.
The calculations of “¥/T = 1.00", “¥/3 = 1.73", "¥/7 = 2.65" and “¥10 = 3.16" were selected as typical examples to illustrate.

reaction. In this calculation, the recovery of fluorescence sig-
nals (P-1, P-4, P-5, P-8, and P-10) depends on three switching
modes, namely, sc-SW, dc-SW and bl-SW, in which the sc-SW
and dc-SW modes are committed to enhancing the fluores-
cence intensity from “0” to “1”, as described above. However,
the bl-SW mode in this operation works to prevent the fluores-
cence signal from becoming stronger (detailed description is
shown in Fig. S6, ESIf). For example, the added input-C6 can
preferentially hybridize with input-A4, blocking its active site
that can open the hairpin structure of B4, which can “light up”
the HEX fluorescence of P-6. Finally, in order to operate the
calculation of “v/10 = 3.16”, the input-B set (subsets B1, B2, B3,
B4, B7, B9, and B10) and input-D set (subsets D1, D2, D3, D4,
D5, D6, D7, and D8) are encoded as participating in the
operation. In this calculation, the recovery of fluorescence
signals (P-1, P-2, P-6, P-8, and P-9) depends on three switching
modes, namely, sc-SW, dc-SW and bl-SW. The detailed working
mechanism of bl-SW in this operation is shown in Fig. S6
(ESIT). All computed output signals are analysed in sequence by
modular segmentation, testing, and analysis. Based on this
reaction mechanism, in this work, we successfully implement
the square root and cube root logic operation of decimal
integers up to 10, which is almost the most complex logical
calculation with the largest scale of fluorescence outputs based
on DNA computation so far.

182 | Nanoscale Horiz., 2023, 8, 176-184

As shown in Fig. 5 and Fig. S7 (ESIt), the fluorescence
intensity values output by the system was normalized and the
threshold was defined to confirm the successful operation of
the 10-bit output square root and cube root logic circuit.
Thresholding is actually the digital abstraction of the output
signal, namely, binarization operation.'® It is the basic princi-
ple of digital logic in electronics—by pushing essentially analog
signals toward ideal ON or OFF values, which is the binary
number of “0” or “1”.%” Similar to the approach applied in
electronic circuits, in this work, the output threshold value is
defined as “1” when the normalized fluorescence intensities
are higher than 0.5. On the contrary, the output threshold value
can be defined as “0” when the normalized fluorescence
intensities are lower than 0.5. Due to thresholding, the problem
of signal interference caused by the presence of multiple input
signals can be effectively avoided to ensure the ideal OFF and
ON states of output signals, and maintain the digital
abstraction.

4 Conclusions

In summary, in order to construct complex logic circuits to
expand the scope of computation, to realize the integration and
scalability of circuits, and further promote the completion of
larger-scale logic circuits, we have made improvements from

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Histogram of normalized fluorescence output intensities of P1 to
P10 within the calculation range of any integer up to "1 < x < 10" in the
square root operation. The error bars are obtained via three independent
experiments and denote standard deviation (S.D.).

three aspects in this work. First, to increase the coding capacity
and provide a more flexible and large addressable range for
downstream reaction platforms, a DNA sequence “library” is
constructed to support a multi-channel signal input. Second, a
multi-component, multi-functional and highly stable DNA-
nanostructure-based system is constructed as a reaction plat-
form for large-scale complex logic operations. Third, in order to
obtain a large-scale distinguishable fluorescence output chan-
nel, the 10-bit output binary number is divided into three parts
in a modular manner. In addition, the resulting logic output

This journal is © The Royal Society of Chemistry 2023
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signals are thresholded, by pushing essentially analog signals
toward ideal ON or OFF values, which is the basic principle of
digital logic in electronics. Based on this, depending on the
same reaction system, we successfully realized the calculation
of both square roots and cube roots of consecutive integers
within the decimal number of “10”, and in each result of
operation, two digits after the decimal point are preserved
(Vx~ M -ab,y/y = N - cd). 1t is worth noting that the imple-
mentation of such a relatively large-scale logical system is based
only on predictable DNA hybridization reactions and TDSD,
which provides a robust database and unique structural pro-
grammability to DNA to open up inspiring horizons for design-
ing novel functional devices and complicated computing
circuits. We promise that in the future, based on the design
concept of this work and the powerful DNA chain displacement
reaction, we will continue to explore in depth to achieve larger
and more complex logic computations, achieving qualitative
improvements on a computational scale.
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