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Abstract: Numerical computation is a focus of DNA computing, and matrix operations are among
the most basic and frequently used operations in numerical computation. As an important compu-
ting tool, matrix operations are often used to deal with intensive computing tasks. During calcula-
tion, the speed and accuracy of matrix operations directly affect the performance of the entire com-
puting system. Therefore, it is important to find a way to perform matrix calculations that can ensure
the speed of calculations and improve the accuracy. This paper proposes a DNA matrix operation
method based on the mechanism of the DNAzyme binding to auxiliary strands to cleave the sub-
strate. In this mechanism, the DNAzyme binding substrate requires the connection of two auxiliary
strands. Without any of the two auxiliary strands, the DNAzyme does not cleave the substrate.
Based on this mechanism, the multiplication operation of two matrices is realized; the two types of
auxiliary strands are used as elements of the two matrices, to participate in the operation, and then
are combined with the DNAzyme to cut the substrate and output the result of the matrix operation.
This research provides a new method of matrix operations and provides ideas for more complex
computing systems.

Keywords: DNA computing; numerical computation; matrix operations; DNAzyme

1. Introduction

DNA nanotechnology has developed rapidly in recent years, and as its main mate-
rial, DNA molecules have been widely used in DNA computing [1-3], artificial intelli-
gence [4,5], disease diagnosis [6], and other fields [7]. The DNA molecule follows the prin-
ciple of Watson—Crick complementary base pairing, which has powerful parallel compu-
ting capabilities and excellent data storage capabilities, so it is expected to perform com-
putational operations.

In recent years, many reports have used different bio-engineered methods to achieve
complicated computing systems based on DNA [8-11]. For example, Zhou et al., con-
structed a novel digital comparison system by combining graphene oxide with DNA,
which was able to realize the comparison of two or more binary numbers [12]. In another
paper, Zhou et al., constructed a logic circuit that can compute the cube root of a 10-bit
binary number (within the decimal number 1000) for the first time. This research opened
up a new vision for complex computing circuits and demonstrated the outstanding ability
of DNA in the field of biological computing [13]. Fan et al., used DNA strand replacement

Biomolecules 2021, 11, 1797. https://doi.org/10.3390/biom11121797

www.mdpi.com/journal/biomolecules



Biomolecules 2021, 11, 1797

2 of 16

technology to design a DNA-based switching circuit to implement digital computing,
providing a new strategy for the development of molecular computers [14]. Dediu et al.
[15] simulated the Boolean circuit using contextual hypergraph grammars techniques and
further constructed the self-assembly of DNA tiles. In addition, half adder and half sub-
tractor [16-18], full adder and full subtractor [19-21], encoder decoder [22,23], square root
calculation [24], and neuron calculation model [25] have emerged. Qian and Winfree et al.
[26] proposed a “seesaw door” DNA motif based on DNA strand displacement technol-
ogy, and on this basis, they further constructed a four-neuron Hopfield neural network
computing model that can realize “heart guessing” [27] and winner-take-all neural net-
work model [28]; this was breakthrough research in the field of molecular intelligent com-
puting. The calculations performed by neural networks consist of only a few operations,
and matrix operations are one of them. In fact, matrix operations can be applied to many
fields, such as mathematical modeling, cryptography, chemistry, communications, and
computer science. In matrix operations, the main method of computing operations is DNA
strand displacement [29]. The common problem with this method is leakage. Based on the
importance of matrices in molecular calculations, higher requirements have been put for-
ward for the accuracy of matrix operations. Therefore, finding a matrix construction
method that can reduce leakage is a key step.

Notably, catalytic nucleic acids (DNAzymes or ribozymes) [30,31] have had promi-
nent applications in logic calculation [32-35], micromolecular detection (virus, miRNA)
[36], biosensors [37-39], and signal amplification [40] in recent years because of their char-
acteristics of specific recognition and high-efficiency catalysis. The DNAzyme is an en-
zyme that relies on and is affected by metal ions. Under the trigger of metal ions,
DNAzyme can form a stable catalytic core and catalytic substrate. This feature is often
used to detect the presence of ions [41,42]. In addition, the pH value is also a condition
that affects the activity of the DNAzyme [43]. Only in a certain pH value range can it
exhibit activity. When the pH exceeds a certain range, the DNAzyme may be in an inactive
state and does not cut the substrate. In biological systems, the activity of the DNAzyme is
also affected by its own structural changes. This feature is widely used to construct mo-
lecular logic gates [44,45], cascade logic circuits [46,47], and catalytic circuits [48]. In addi-
tion, expansive regulation [49-51] is a special way to regulate the catalytic activity of the
DNAzyme that does not need to change the structure of DNAzyme. When the sequence
of the substrate and the DNAzyme recognition domain are highly mismatched, it is nec-
essary to introduce outside regulatory molecules to help the DNAzyme cleave the sub-
strate. Inspired by this, we applied this kind of regulation method to the E6 DNAzyme.
The introduced regulation molecule is called an “auxiliary strand.” The E6 DNAzyme cuts
the substrate with the assistance of the auxiliary strand. This strategy of regulating the
DNAzyme activity by introducing an auxiliary strand is naturally suitable for construct-
ing matrix operations.

In this study, we have used the auxiliary strand combined with E6 DNAzyme to form
a mechanism of the DNAzyme binding to auxiliary strands to cleave the substrate so as
to realize the application of matrix multiplication and weighted sum. First, the mechanism
of the DNAzyme binding to a single auxiliary strand to cleave the substrate was designed
that is a three-pronged complex structure composed of the E6 DNAzyme, the auxiliary
strand, and the substrate. Second, on the basis of the three-pronged complex, another aux-
iliary strand was introduced, innovatively constructing a mechanism of the DNAzyme
binding to double auxiliary strands to cleave the substrate, and thereby forming a four-
pronged complex structure consisting of an E6 DNAzyme, two auxiliary strands, and a
substrate. In this mechanism, E6 DN Azyme digests the substrate only when two auxiliary
strands are present at the same time. Finally, relying on this mechanism, a Boolean matrix
multiplication operation was constructed. The double auxiliary strands regulating the ac-
tivity of E6 DNAzyme provide a new method for matrix multiplication: the two auxiliary
strands can be directly used as the elements of the matrix to participate in the calculation.
2n auxiliary strands can be combined into the n? four-pronged complex structure in the
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presence of E6 DNAzyme to cleave n? substrate strands. This research aimed to construct
a new matrix operation method that not only guarantees the speed of calculation but also
avoids cross-interference between DNA when a large number of DNA strands participate
in the calculation. The innovative contributions of this research are as follows: 1. We pro-
pose a new method of matrix operation. The matrix multiplication operation was de-
signed by using the permutation and combination of auxiliary strands, DNAzymes, and
substrates. 2. We have used the DNAzyme’s specific digestion to reduce leakage. Com-
pared with the previous work [29], our method uses DNAzyme binding to double auxil-
iary strands to cleave the substrate. In this mechanism, the DNAzyme cutting the sub-
strate requires the connection of auxiliary strands. Without any of the two auxiliary
strands, the DNAzyme cannot bind to the substrate stably and cannot cut the substrate,
which effectively reduces the leakage. Thus, the DNA matrix operation we designed lays
the foundation for building a more complex and larger computing platform, and has con-
siderable potential in large-scale information processing systems.

2. Materials and Methods
2.1. Materials

All DNA strands were purchased from GenScript Biotechnology Co., Ltd. (Nanjing,
China). Unmodified DNA strands were purified by polyacrylamide gel electrophoresis
(PAGE), DNA strands were modified with RNA bases, and fluorophores were purified
by high-performance liquid chromatography (HPLC). All DNA strands were dissolved in
ultrapure water as a stock solution and quantified using a Nanodrop 2000 spectropho-
tometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The absorption intensity was
measured at A =260 nm. Other chemicals were of analytical grade and were used without
further purification.

2.2. DNA Sequence Design

The sequences of all strands in the experiment are listed in supplementary Tables S1-
S3, and these strand sequences were simulated using NUPACK to avoid unexpected hy-
bridization structures (Supplementary Figure S1) and reduce crosstalk between unrelated
domains.

2.3. Native PAGE

Each reaction sample (30 pL, 0.6 pM) was mixed with 60% glycerol solution (5 uL)
and subjected to 12% polyacrylamide gel electrophoresis in 1x TAE/Mg?* buffer at a con-
stant voltage of 90 V for 2 h. After the polyacrylamide gel electrophoresis was completed,
the gel was placed in the Stains-all solution for 1 h for staining. After staining and fading,
we used a Canon scanner to image the gel.

2.4. Kinetic Analysis of Fluorescence

Fluorescence results were obtained from real-time PCR (Agilent, Palo Alto, USA,
G8830A) equipped with a 96-well fluorescent plate reader. Fluorescence measurement of
all components was conducted in 1x TAE/Mg?* buffer (40 mM Tris, 20 mM acetic acid, 1
mM EDTA 2Na and 12.5 mM Mg(OAc)z, pH 8.0) solution; the reaction volume was 30 pL,
the reaction temperature was 25 °C, and the final reactant concentration was 0.3 pM. All
fluorescence experiments were performed thrice to ensure reproducibility.
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3. Results and Discussion
3.1. Mechanism of the DNAzyme Binding to a Single Auxiliary Strand to Cleave the Substrate

E6 DNAzyme is a kind of DNA molecule with catalytic function isolated by in vitro
selection. After cloning, sequencing and catalytic activity testing of individuals in selected
populations, the structure of E6 DNAzyme was finally determined. It contains two stems
that are involved in substrate binding and has a central core containing 15 highly-con-
served nucleotides and a stem-loop structure of variable sequence. The loop connected to
the two stems that are involved in substrate binding is the catalytic core of the E6
DNAzyme. The loop is invariant, having the sequence 5-binding stem-AGCGAT-
CACCCATGT-binding stem-3'. The E6 DNAzyme whose catalytic core has changed
showed no catalytic activity, suggesting that mutations within either of the two strictly-
conserved unpaired regions are not tolerated [30]. In this study, we chose Mg?*-dependent
E6 DNAzyme as the tool enzyme for our experiment.

The principal diagram of the mechanism of the DNAzyme binding to a single auxil-
iary strand to cleave the substrate is shown in Figure la. To optimize the DNAzyme di-
gestion effect of the three-pronged complex structure composed of the DNAzyme auxil-
iary strand substrate, we verified the length of stems S2, S3, and S4. During this period,
the length of stem S1 was kept unchanged (stem S1 was 7 bp). The most critical component
is the length of stem S2. It is necessary to ensure that the DNAzyme can smoothly cleave
the substrate when the auxiliary strand is added and to ensure that stem S2 is unstable
when there is no auxiliary strand so that DNAzyme does not cleave the substrate. First,
we fixed the length of stem S3 to 12 bp and stem 54 to 10 bp, and then adjusted the length
of stem S2 from 0-5 bp. The result of polyacrylamide gel electrophoresis is shown in Fig-
ure S2. When the length of the stem S2 is 0 bp, 1 bp, or 2 bp, the DNAzyme cannot cleave
the substrate, with or without the auxiliary strand. When the length of stem 52 is 3 bp or
4 bp, the DNAzyme starts to cleave the substrate, but only produces a small amount of
cleavage products. When the length of stem S2 is 5 bp, a large amount of substrate is
cleaved, but as the DNAzyme also cleaves the substrate slowly when no auxiliary strand
is added (as shown in Figure S3), leakage occurs; as a result, we ruled out 5 bp as a candi-
date length for S2. Next, we optimized the case where stem S2 was 3 bp or 4 bp. Because
the rigidity of the auxiliary strand bends the substrate so that the substrate cleavage site
deviates from the catalytic core of the DNAzyme, a buffer area (base TA) was added be-
tween stem S2 and stem 5S4 to increase the substrate strand flexibility and achieve the best
catalytic effect. As shown in Figure 54, lanes 3 and 9 have no buffer area added, whereas
lanes 5 and 11 have an added buffer area. The amount of product produced by the latter
is significantly greater than the amount of product produced by the former. In this mech-
anism, the DNAzyme cutting effect is almost the same when the length of stem S2 is 3 bp
or 4 bp. Therefore, in the subsequent experiments, the length of stem S2 was selected as 3
bp. In addition, we also verified the influence of the length of stem S3 and stem S4 on this
mechanism (as shown in Figures S5 and S6). The results show that when the length of
stem S3 is 11 bp or 12 bp, the catalytic activity of DNAzyme is higher. When the length of
the stem S4 is 6-10 bp, the catalytic activity of the DNAzyme gradually decreases with the
shortening of the stem length. By 7 bp, the DNAzyme no longer functions properly; that
is, the auxiliary strand loses its auxiliary catalytic effect. In short, during the operation of
the mechanism, when the length of stem S2 is 3 bp, the length of stem S3 is 11 bp, the
length of stem S4 is 10 bp, and the DN Azyme can better catalyze the substrate. In addition,
adding a buffer area between stem S2 and stem 54 makes the entire mechanism more sta-
ble, as the DNAzyme catalytic core can more accurately identify the substrate cleavage
site, and this improves the efficiency of the mechanism of the DNAzyme binding to a
single auxiliary strand to cleave the substrate. The activity of DNAzyme is also affected
by pH value, and it only shows activity within a certain pH value range. As shown in
Figure S7, when the pH value of the reaction environment is between 8.0 and 9.0, the
DNAzyme activity reaches its peak. When the pH value is lower or higher, the activity of
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DNAzyme is reduced or even inactivated. Therefore, in this study, the pH value of our
reactant environment is 8.0.
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Figure 1. (a) Diagram of the mechanism of the DNAzyme binding to a single auxiliary strand to cleave the substrate. The
mechanism is composed of the DNAzyme, an auxiliary strand, and a substrate strand. The three strands combine to form
a three-pronged complex structure. The stems S1, 52, S3, and S4 are the important parts of the three-pronged complex
structure. (b) The detailed process demonstration diagram of the mechanism of the DNAzyme binding to a single auxiliary
strand to cleave the substrate. The 5’ end of the substrate strand is labeled with FAM fluorophore, and the 3’ end is labeled
with the quencher BHQI for the fluorescence signal measurement. (c) PAGE analysis of the mechanism of the DNAzyme
binding to a single auxiliary strand to cleave the substrate. The strands and complexes involved are marked above the
lane number. Lane 1, DNAzyme DZ3; lane 2, substrate strand BrA3T; lane 3, input strand Aux; lane 4, DNAzyme DZ3
and substrate strand BrA3T reaction; lane 5, combination of the input strand Aux with the mixture of DNAzyme DZ3 and
substrate strand BrA3T; lane 6, product strand BrATTT; lane 7, complex of DNAzyme DZ3 and auxiliary strand Aux.
([DZ3]:[BrA3T]:[Aux] = 1:1:1, [DZ3] = [BrA3T] = [Aux] = 0.6 uM). (d) the normalized fluorescence map of the mechanism
of the DNAzyme binding to a single auxiliary strand to cleave the substrate. Curve (1), only the fluorescent substrate
strand is present; curve (2), no input strand Aux is added, and only the DNAzyme DZ3 and fluorescent substrate strand
BrA3T are added; curve (3), add the input strand Aux to the mixture of DNAzyme DZ3 and substrate strand BrA3T.
([DZ3]:[BrA3T]:[Aux] = 1:1:1, [DZ3] = [BrA3T] = [Aux] = 0.3 uM). The sampling interval is 4 min, 150 cycles.

Figure 1b shows the mechanism of the DNAzyme binding to a single auxiliary strand
to cleave the substrate. The mechanism contains DNAzyme DZ3, a substrate with RNA
modification BrA3T and auxiliary strand Aux. As the 3'-end binding arm of DNAzyme
DZ3 is unstable in binding to the substrate BrA3T with RNA modification, DNAzyme
DZ3 and the substrate BrA3T initially coexist in the solution, and the substrate is not
cleaved. When the auxiliary strand Aux is introduced, a part of the auxiliary strand Aux
binds to DNAzyme DZ3, and the other part of the auxiliary strand Aux serves as the bind-
ing arm of DNAzyme DZ3. At this time, DNAzyme DZ3 and auxiliary strand Aux bind
to the substrate BrA3T simultaneously to form a three-pronged complex structure so that
the substrate BrA3T is cleaved; this was confirmed by native polyacrylamide gel electro-
phoresis experiments. As shown in lane 4 of Figure 4, without the auxiliary strand Aux,
DNAzyme DZ3 does not react with the substrate BrA3T, and two corresponding separate
bands can be observed. When the auxiliary strand Aux is added, DNAzyme DZ3 binds to
the auxiliary strand Aux and cleaves the substrate BrA3T. Meanwhile, the substrate
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BrA3T disappears and forms two cut products (lane 5). In addition, real-time fluorescence
analysis of the mechanism was performed, as shown in Figure 1d: when no auxiliary
strand is added, the fluorescence signal does not increase significantly (Figure 1d, curve
2). When the auxiliary strand is added, the fluorescence signal increases significantly (Fig-
ure 1d, curve 3). This indicates that the mechanism of the DNAzyme binding to a single
auxiliary strand to cleave the substrate is successful.

3.2. Mechanism of the DNAzyme Binding to Double Auxiliary Strands to Cleave the Substrate

To further explore the possibility of the mechanism of the DNAzyme binding to a
single auxiliary strand to cleave the substrate and increase the complexity of the system,
we introduced a second auxiliary strand on the basis of single auxiliary strand mediation,
and constructed a mechanism of the DNAzyme binding to double auxiliary strands to
cleave the substrate, as shown in Figure 2a. Based on the above experience, we set the
length of stem 52 and S4 to 3 bp, and controlled the length of stems S1, S3, S5, and 56
unchanged (wherein the length of stem S1 and S5 was 12 bp, and the length of stem 53
and S6 was 10 bp). We added a buffer area between stems 54 and S6, and between stems
52 and S3. We used native polyacrylamide gel electrophoresis to perform comparison ex-
periments with or without the buffer area. As shown in Figure S8, lane 6 does not have
the added buffer area, and lane 12 does have the added buffer area. It can be clearly seen
that lane 6 has almost no digestion products, while lane 12 produces a large amount of
digestion products. This shows the importance of the buffer area to this mechanism. In
addition, we also verified the influence of the length of stems S1 and S5 and stems S3 and
S6 on the mechanism. Keeping the length of stems S3 and 56 unchanged, we adjusted the
length of stems S1 and S5 from 8 bp to 12 bp. Fluorescence analysis (Figure S9) showed
that the length of stems S1 and S5 was reduced from 11 bp to 8 bp, and the cleavage activ-
ity of DNAzyme gradually decreased. The reason is that as the lengths of S1 and S5 are
shortened, the binding effect of the auxiliary strands and DNAzyme gradually weakens,
and the combined digestion structure tends to be unstable. In order to make the digestion
effect more stable, we chose the length of the stems S1 and S5 to be 11 bp. Keep the length
of stems S1 and S5 at 11 bp, and adjust the length of stems 53 and S6 from 6 bp to 10 bp.
Fluorescence analysis (Figure S10) shows that when the length of stems S3 and S6 is 10 bp,
DNAzyme can stably cleave the substrate. Apart from this, DNAzyme hardly cleaves the
substrate. Since the result of our matrix operation is a Boolean value, we can accept it as
long as DNAzyme has a significant cutting effect. The length of the stems S3 and S6 is 10
bp, which is within our acceptable range. In short, we choose the length of the stems S1
and S5 to be 11bp and the length of the stems S3 and S6 to be 10 bp, and add buffer area,
the catalytic effect of DNAzyme can achieve the purpose of our Boolean matrix operation.
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Figure 2. (a) Diagram of the mechanism of the DNAzyme binding to double auxiliary strands to cleave the substrate. This
mechanism is composed of the DNAzyme, two auxiliary strands, and the substrate strand. The four strands combine to
form a four-pronged complex structure. The stems S1S5, S254, and S35S6 are the important parts of the four-pronged com-
plex structure. (b) Demonstration diagram of the detailed process of the mechanism of the DNAzyme binding to double
auxiliary strands to cleave the substrate. The 5’ end of the substrate chain is labeled with FAM fluorophore, and the 3’ end
is labeled with the quencher BHQI for the fluorescence signal measurement. (¢) PAGE analysis was done on the mecha-
nism of the DNAzyme binding to double auxiliary strands to cleave the substrate. The strands and complexes involved
are marked above the lane number. Lane 1, DNAzyme DE3; lane 2, substrate strand ErA3T; lane 3, input strand Aux1-z11;
lane 4, DNAzyme DE3 reacts with substrate strand ErA3T; lane 5, only one input strand Aux1-z11 is added to the mixture
of DNAzyme DE3 and the substrate strand ErA3T; lane 6, only add another input strand Aux2-z11 to the mixture of
DNAzyme DE3 and the substrate strand ErA3T; lane 7, add two input strands Aux1-z11 and Aux2-z11 to the mixture of
DNAzyme DE3 and the substrate strand ErA3T; lane 8, a complex of DNAzyme DE3 and two auxiliary strands Aux1-z11
and Aux2-z11; lane 9, product strand DB. ([DE3]:[ErA3T]:[Aux1-z11]:[Aux2-z11] = 1:1:1:1, [DE3] = [ErA3T] = [Aux1-z11] =
[Aux2-z11] = 0.6 uM). (d) the normalized fluorescence map of the mechanism of the DNAzyme binding to double auxiliary
strands to cleave the substrate. Curve (1), only the fluorescent substrate strand ErA3T is present; curve (2), only DNAzyme
DE3 and fluorescent substrate strand ErA3T are added; curve (3), only one input strand, Aux1-z11, is added to the mixture
of DNAzyme DE3 and fluorescent substrate strand ErA3T; curve (4), only one input strand Aux2-z11 is added to the
mixture of DNAzyme DE3 and fluorescent substrate strand ErA3T; curve (5), the two input strands Aux1-z11 and Aux2-
z11 are added to the mixture of DNAzyme DE3 and the fluorescent substrate strand ErA3T. ([DE3]:[ErA3T]:[Aux1-z11]:
[Aux2-z11] = 1:1:1:1, [DE3] = [ErA3T] = [Aux1-z11] = [Aux2-z11] = 0.3 uM). The sampling interval is 4 min, 300 cycles.

Figure 2b shows the process of the mechanism of the DNAzyme binding to double
auxiliary strands to cleave the substrate. The mechanism includes DNAzyme DE3, the
substrate ErA3T with RNA modification, and the two auxiliary strands Aux1-z11 and
Aux2-z11. In this mechanism, the combination of DNAzyme DE3 and ErA3T is unstable,
so DNAzyme does not cleave the substrate without adding any input. When only the aux-
iliary strand Aux1-z11 is added, part of the auxiliary strand Aux1-z11 hybridizes with
DNAzyme DE3, and the other part hybridizes with the substrate ErA3T. However, owing
to the weak binding ability, and the fact that the other part of the substrate is in a sus-
pended state, the substrate is still free in the solution. DNAzyme DE3 does not cleave the
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ErA3T substrate, and no signal is generated. Therefore, when only the auxiliary strand
Auxl-z11 exists, it cannot help DNAzyme DE3 perform the cleavage effect. Similarly,
when only the auxiliary strand Aux2-z11 is added, DNAzyme DE3 cannot cleave the sub-
strate ErA3T, nor does it generate a signal. However, when the auxiliary strands Aux1-
z11 and Aux2-z11 are added at the same time, the binding arms at both ends of DNAzyme
DE3 bind to a part of the two auxiliary strands, and the remaining parts of each of the two
auxiliary strands hybridize with the substrate ErA3T, thereby forming a four-pronged
complex structure of DNAzyme DE3, the auxiliary strand Aux1-z11, the auxiliary strand
Aux2-z11, and the substrate ErA3T. DNAzyme DE3 cleaves the substrate ErA3T to gen-
erate an output signal.

We confirmed this mechanism through native polyacrylamide gel electrophoresis.
As shown in Figure 2¢, in lane 4, only DNAzyme DE3 and the substrate ErA3T are added.
As seen in the figure, both have separate bands, so no reaction occurs. When only one of
the auxiliary strands is added, DNAzyme DE3 binds to the auxiliary strand but does not
cleave the substrate ErA3T (lanes 5, 6). When both auxiliary strands are added, the sub-
strate ErA3T is cleaved by DNAzyme DE3 (lane 7). Real-time fluorescence analysis is also
proved at this point. As shown in Figure 2d, DNAzyme does not work either when no
auxiliary strand is added or when only one of them is added. When both auxiliary strands
are added, the auxiliary strand helps DNAzyme DE3 cleave the substrate ErA3T and pro-
duces a strong fluorescent signal. This indicates that the mechanism of the DNAzyme
binding to double auxiliary strands to cleave the substrate is successful.

3.3. Realization of Boolean Matrix Multiplication

In previous work [29], the main method of matrix operation was the combinatorial
displacement mechanism. In the absence of strands with toehold domains, a slow branch
migration occurs. Therefore, we avoided the use of this mechanism and instead propose
a method of DNAzyme binding to auxiliary strands to cleave the substrate. The process
of calculating the value was transformed into the process of two auxiliary strands binding
the DNAzyme to cleave the substrate. The DNAzyme cutting the substrate requires the
binding of two auxiliary strands, and without any of the two auxiliary strands, DNAzyme
does not cleave the substrate, which effectively reduces the leakage. Based on this, the
mechanism is highly suitable for the calculation operation of the multiplication of two
matrices. The mechanism can be applied to the calculation of the Boolean product of N x
N matrices in theory. The condition that two matrices can be multiplied is that the number
of columns in the first matrix must be the same as the number of rows in the second ma-
trix. As shown in Figure 3, matrix M has N rows and N columns, making it an N x N
matrix, and matrix X is a column vector with N elements, which is an N x 1 matrix, and
its number of rows is the same as the number of columns of matrix M. In the mechanism
of the DNAzyme binding to double auxiliary strands to cleave the substrate, one of the
auxiliary strands is used as an element in matrix M, and the other auxiliary strand is used
as an element in matrix X. The elements in matrix M are multiplied by the elements in
matrix X, with the participation of the reporting module (DNAzyme and the functional-
ized substrate). The calculation result is successfully transduced to the fluorescent signal,
and the calculation result is judged by reading the fluorescent signal. In the matrix, the
same domain is designed between the elements of each row and the elements of each col-
umn, so that when the rows and columns of the two matrices are multiplied, they can
combine different DNAzymes but can cut the same substrate to produce the same fluo-
rescence signal.
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Figure 3. Schematic diagram of N x N matrix multiplication based on the mechanism of the
DNAZzyme binding to double auxiliary strands to cleave the substrate.

To illustrate that the mechanism of the DNAzyme binding to double auxiliary
strands to cleave the substrate can be applied to matrix multiplication, we performed the
multiplication calculation of 2 x 2 Boolean matrix. Figure 4a shows the mathematical prin-
ciple of 2 x 2 matrix multiplication. Figure 4b is a demonstration of using DNA to realize
the multiplication of two matrices. Matrix M is a 2 x 2 matrix; the first row of elements is
composed of Mn and Mz, the second row of elements is composed of M21 and Mz, and
the two elements of matrix X are Xi1, Xz1. The reporter module is composed of DNAzyme
E1, E2, and two functionalized substrate strands, R1 and R2. The 5’ end of R1 modifies the
fluorophore FAM, and the 3' end modifies the quencher BHQ1. Moreover, the 5" end of
R2 modifies the fluorophore ROX, while its 3’ end modifies quencher BHQ2. First, the
elements Mu and Mz of the first row of matrix M are multiplied by the two elements, Xu
and X21, of matrix X, and the two combinations, M1 X11 and M12X21, are obtained. Both of
these combinations perform an “AND” operation; that is, if any element is missing in each
combination, the calculation result of the combination is “0”. MuXu1 combines with
DNAzyme E1 to form the mechanism of the DNAzyme binding to auxiliary strands to
cleave the substrate, which cuts the substrate R1 and generates a fluorescent signal. M12Xx1
binds to DNAzyme E2, which also cleaves the substrate R1 to produce the same fluores-
cence signal. The two combinations of M11Xu and Mi2X21 perform an “OR” operation; that
is, when either one or both of them exist, the result is calculated as “1”; otherwise, it is “0”.
Second, the elements M2 and M2 of the second row of matrix M are multiplied by the two
elements, X1 and X21, of matrix X, and the two combinations obtained are M21X11 and
M2:Xz1. Similarly, the two elements of each combination perform an “AND” operation, in
which both of the two elements must be present; otherwise, the combined calculation re-
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sult is “0.” Combination M21X11 binds to DNAzyme E1 and cleaves the fluorescent sub-
strate R2 to generate a fluorescent signal. The combination M22X21 binds to DNAzyme E2
and cleaves substrate R2 to generate the same fluorescent signal. The “OR” operation is
performed between these two combinations. When one or both of them is present, the
calculation result is “1”; otherwise, it is “0”.

(a)

M1+ Maz X1 | — | MaaXaa+Ma2Xaq | — [F1
Mz1 M2z Xa1 | T | M2aXq1+Mz22X21| T F2

© YD) ,; Rg");

Ma4 M1z X1 Ma1X14 Mi2X21 E1
A% % - 1% 2% 3 4*
a* a* " S 2t bt + a‘ b* F1 o + -

RO I I el R SR

E2
* bt ¢ b + ¢+ b ) Mg‘
Mz1 M2z X1 M21X11 M22X21 »w** 9 5
b

R1e nwm 1) o
R2@ Cmemv 2 R F2 %A + A Nra
Matrix M || Matrix X Multiplication Report module |

Figure 4. Boolean matrix multiplication reaction process diagram. (a) The mathematical principle of matrix M and matrix
X multiplication. (b) Scheme diagram of the matrix M multiplied by the matrix X. The elements of the two matrices are
represented by two auxiliary strands that constitute the mechanism of the DNAzyme binding to auxiliary strands to cleave
the substrate. The reporting module consists of two DNAzymes and two substrate strands modified with FAM and ROX
and quenching groups, respectively.

Regarding the multiplication of the matrix M and the matrix X, the calculation results
were all represented by the output of the fluorescence signal. If the fluorescence signal
rose, the result was interpreted as “1,” and if the fluorescence signal did not rise, the result
was interpreted as “0.” We performed 16 groups of independent experiments; the results
are shown in Figure 5. The blue curve in the figure represents the element value F1 of the
first row of the output matrix F, which is represented by the fluorophore FAM. The red
curve represents the element value F2 in the second row of the output matrix F, repre-
sented by the fluorophore ROX. The 16 independent experiments correspond to four dif-
ferent M matrices multiplied by 4 different X matrices. The matrix M has four different
input strands, and the matrix X has 2 different input strands. The element values “1” and
“0” of each matrix are coded by whether the input strand exists or not. The existence of
the input strand represents “1,” and the absence of the input strand represents “0”. In
addition, in the supplementary material, we show another 16 groups of independent ex-
periments, depicted in Figure S11. In all experiments, the element values of the first row
represented by the fluorophore FAM are subjected to a unified normalization process, and
the element values of the second row represented by the fluorophore ROX are subjected
to a unified normalization process.
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Figure 5. Results of 16 independent experiments. Before adding the element strands of the two matrices, the two
DNAzymes and the two substrate strands of the reporting module are mixed. The sampling interval is 4 min, 300 cycles.

3.4. Weighted Sum of Boolean Matrix Multiplication

In the calculation of the multiplicative weighted sum of the 2 x 2 Boolean matrix, the
element in the i-th row, j-th column of the matrix F is equal to the product of the element
in the i-th row of the matrix M and the corresponding element in the j-th column of the
matrix X and then multiplied by the sum of their respective weights. As shown in Figure
6, the elements of the two matrices represent input signals, DNAzyme E1 and DNAzyme
E2 represent weights, and the fluorescent substrate strands R1’ (5'-end modified fluores-
cent group FAM, 3'-end modified quencher BHQ1) and R2' (5'-end modified fluorescent
group ROX, 3'-end modified quencher BHQ2) are used to detect the output signal. In or-
der to perform quantitative calculations, we lengthened stem S3 in the four-pronged com-
plex to 14 bp and shortened the length of stem S6 to 9 bp. The verification process is shown
in Figures S13 and S14. In this experiment, we fixed the weight to 1, and the output signal
depended on the input of the matrix elements. Figure 7a is a schematic diagram of the
weighted sum of the elements F1 in the first row of the output matrix F. The input auxil-
iary strand combination is multiplied by its respective weights to form a structure of the
DNAzyme binding to double auxiliary strands, and then the same substrate is cleaved to
release a fluorescent signal.
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Figure 6. Schematic diagram of the weighted sum of 2 x 2 matrix multiplication based on the
mechanism of the DNAzyme binding to double auxiliary strands to cleave the substrate.

We used quantitative fluorescence experiments to verify the rationality of the F1
weighted sum. As shown in Figure 7b, when only the combination MuXir is input, the
combination is multiplied by the weight E1, and the substrate R1’ is digested to generate
a fluorescent signal and reach the appropriate level. When only the combination Mi2Xar
is input, the combination is multiplied by the weight E2, and the substrate R1' is also di-
gested to generate a fluorescent signal and reach the appropriate level. When the two
combinations Mir X1 and M12Xzr are both input, the combination MirXir is multiplied by
the weight E1, and the combination M12Xz1' is multiplied by the weight E2 to form struc-
tures of the DNAzyme binding to double auxiliary strands. At the same time, the substrate
R1' is digested to produce a fluorescence signal, and the fluorescence value reaches a
higher level; thus, the process of summing is realized. Figure 7c shows a histogram for
calculating the weighted sum of F1. From the histogram, it can be intuited that when both
sets of inputs are added, the fluorescence value reaches the maximum. This verifies the
rationale of the weighted sum module. The summation diagram of the element F2 in the
second row of the resulting matrix F is given in the supplementary material (Figure S12).
The above experiments prove that our mechanism of the DNAzyme binding to double
auxiliary strands to cleave the substrate is feasible in the matrix multiplication weighted
sum.
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Figure 7. Schematic diagram of the matrix multiplication weighted sum. (a) Schematic diagram of the weighted sum pro-
cess of the first-row value F1 of the output matrix F. (b) Normalized fluorescence image of F1. Curve (1), combination of
MuXir and weight E1, substrate R1’, [Mur]:[Xi]: [E1]: [R1] = 1:1:1:2; curve (2), combination of Mi2Xz1r and weight E2,
substrate R1’, [Miz]:[Xar]: [E2]: [R1] = 1:1:1:2; curve (3), combinations M1 X1, Mi2Xar, weights E1, E2, and substrate R1’,
[Mur]:[Xur]:[E1]:[M12]:[X2r]:[E2]:[R1] = 1:1:1:1:1:1:2. (c) Histogram representation of F1. The sampling interval is 7 min, 200

cycles.

4. Conclusions

In this study, a matrix multiplication operation method was constructed using the
mechanism of the DNAzyme binding to double auxiliary strands to cleave the substrate,
and a weighted sum function was realized. First, we designed a mechanism of the
DNAzyme binding to a single auxiliary strand to cleave the substrate. This mechanism
only requires the assistance of one auxiliary strand, and E6 DNAzyme can cleave the sub-
strate. The mechanism was optimized by adjusting the structure and sequence, and the
best performance was obtained through comparative analysis of experimental results.
Second, this study introduced a second auxiliary strand on the basis of the results with a
single auxiliary strand and constructed a mechanism of the DNAzyme binding to double
auxiliary strands to cleave the substrate. This mechanism requires two auxiliary strands
to help E6 DNAzyme cleave the substrate. Based on the experience of the mechanism me-
diated by a single auxiliary strand, the performance of the mechanism was also optimized.
The combination of two auxiliary strands was similar to the multiplication of the elements
of two matrices. In the presence of E6 DNAzyme and the substrate, a result value of matrix
multiplication was obtained. E6 DNAzyme was easy to synthesize, had good stability,
and could work at room temperature. Most importantly, E6 DNAzyme showed a specific
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recognition ability, which improved the accuracy of the calculation for the matrix compu-
ting method.

In terms of scale, our scheme is theoretically expandable. By adding elements with
identical structures, the order of the matrix can be increased. Therefore, these matrices
composed of DNA molecules can be multiplied not only by vectors but also by matrices.
The elements of the Boolean matrix are only 0 and 1, so its application is limited. There-
fore, to enhance the practical value of the matrix operations we designed, integers will be
introduced. Analog computation is currently used as a powerful tool for numerical com-
putation [52] that can handle calculations on integers appropriately. Therefore, analog
computation based on DNA molecules can be used to expand our matrix operations. The
value of the elements in the matrix can be expressed by the concentration of DNA strands.
Matrix operations based on integers will provide more possibilities for the construction of
large-scale computing circuits and the solution for many engineering problems. In the
field of artificial intelligence, they can be used to build neural network computing systems
and intelligent information processing systems.
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