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Computation has consistently served as a significant indicator and direction of social development, and
volume, speed, and accuracy are critical factors during development. To accelerate this computational
process, various advanced technologies and constantly optimized computational methods have been
developed, such as upgrading chip design and proposing quantum and photonic computing. Recently,
DNA computing, as a unique computational model distinct from traditional methods, offers remarkable
advantages and addresses problems that are difficult to solve with conventional computing. By designing
DNA molecules and utilizing their spontaneous reactions, specific types of complex problems can be solved,
such as combinatorial optimization, traveling salesman, Sudoku and other nondeterministic polynomial time
(NP) problems. Based on the spontaneity of reactions, this type of computation exhibits high parallelism, making
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DNA computing a viable solution for high-complexity problems. This review presents an overview of the theo-
retical foundations of DNA computing and summarizes three distinct advantages to over traditional computing:
high parallelism, efficient storage, and low energy consumption. Furthermore, based on these advantages, we
assess the current state of development in two critical branches of DNA computing: DNA circuit and DNA
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Introduction

Computing is essentially used to perform a series of operations
in a set scenario to obtain specific results. In the process of
computing, different conditions and operations may lead to
changes in the results, but they also affect the space and time
required for computing. A permanent pursuit in this field is to
adopt appropriate conditions and computing processes for
different problems by using small volume spaces to get the
desired results quickly. However, efficient computation based
on the complex models designed for particular problems
remains a significant challenge, necessitating excess utilization
of scarce computing resources and data storage. DNA computing
provides an effective means in the field of computing in some
special application scenarios. In 1994, Professor Leonard Adleman
first proposed the concept of DNA computing and demonstrated
the potential of DNA computing." The fundamental idea of DNA
computing is utilizing DNA molecules as the primary components
of computation, whereby varying pieces of information are loaded
into the DNA sequences through the programmable property and
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information storage, and provide unique insights for the future development of DNA computing.

specificity of DNA molecules, thereby realizing different conditions
and computational operations by using their special chemical
reactions. Since the proposal of DNA computing, different comput-
ing processes and feasibility experiments for different mathema-
tical and logical problems have also appeared, starting a new
chapter in computing.

In this review, we summarized three prominent advantages
of DNA computing compared to traditional computing: high
parallelism, efficient storage and low energy consumption,
which is significant for the development of DNA computing. Based
on these advantages, DNA computing derives two important devel-
opment branches, DNA circuits and DNA information storage,
which offer innovative concepts and methodologies for addressing
intricate scientific challenges. We provide a comprehensive over-
view of the current state of development in these two domains,
aiming to systematically organize and introduce the development
of DNA computing and inspire researchers to further understand
and reflect on its strengths and weaknesses, potentially promoting
the practical application of DNA computing and breakthroughs in
technology and design (Fig. 1).

Advantages of DNA computing
Highly parallel

High parallelism is the most significant advantage of DNA
computing (10" to 10*° operations per second compared to

This journal is © The Royal Society of Chemistry 2025
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Davis was the first to experimentally prove that information
could be successfully stored in DNA®

Professor Adleman used DNA computing for
the first time to solve the HHP problem’

Boolean logic operations are designed based
on enzyme-free DNA logic circuits™

A neural network function is designed based
on enzyme-free DNA logic circuit”

Boolean logic operation is realized based
on DNA nanostructure circuit®

Arithmetic operations are realized by
enzyme-free DNA logic circuits™

Introduce Reed-Solomon codes into DNA coding**

Introduce fountain code into DAN coding**

DNA circuits are constructed by displacing DNA tiles*

Molecular diagnosis was realized by integrating
Cas nucleases with DNA circuits®

Dual coding of Yin and Yang is introduced into DNA coding*®

A high speed sequential DNA computing method
using DNA origami register is proposed>®
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Design DNA logic circuit based on enzymatic reaction®*

The DNA nanorods are used to store
information by fluorescence labeling*®

Use DNA dumbbell hairpin structures to store information?®®

The electrode array uses DNA nanostructures
to store information®®

The stored information is encrypted by using DNA nanostructure®*

DNA origami registers are designed and
manufactured using DNA nanostructures®

The DNA computing technology integrating storage, reading,
erasing, rewriting and computing functions has been realized™

Fig. 1 Timeline of the field of DNA computing, listing the major discoveries and developments.

10% to 10" operations per second in modern computers?),
owing to the high degree of randomness in the chemical
reactions that drive DNA strand growth. This allows all the
DNA strands in the system to perform simultaneous amplifi-
cation, denaturation, and base-pairing, which constitute the
fundamental principles of DNA computing in addressing
complex non-deterministic polynomial time (NP) problems.
Therefore, implementing NP-complete problems through
DNA computing represents a breakthrough from verifying the
correctness of polynomial-time solutions to discovering
polynomial-time solutions."*™> Under high parallelism, DNA
computing often yields a large number of results, and one of
the key aspects of DNA computing is to filter out a few correct
solutions from the vast number of brute-force computational
outcomes.

In 1994, professor Adleman first used DNA computing to
solve the seven-vertex directed Hamiltonian path problem
(HPP), marking the beginning of DNA computing (Fig. 2)."
In this computation, researchers derived all possible solutions
in one step and then refined the results through purification
methods. The entire experiment took about seven days.
By leveraging the high parallelism of DNA computing, the
generation of a solution space that would be computationally

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 ) Illustration of the problem of directed Hamiltonian path with
seven vertlces. (b) Professor Adleman designed the path points and
directions of the Hamiltonian path problem, where each piece of informa-
tion was expressed in 20 base sequences. Parts (a) and (b) were repro-
duced with permission from Adlemen® Copyright 1994, Science.

infeasible in classical electronic computing could be achieved
in a single time step. However, the large number of computa-
tional results from brute-force methods would lead to an
exponential increase in the solution space as the number of
vertices in the Hamiltonian path problem increased. In addi-
tion to solving NP problems, the parallelism of DNA computing
can also be used to simulate the rules of chess,® and it shows
potential applications in other fields, such as biomedical
applications such as biosensing, diagnosis and conditional
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therapy.” Early high parallelism relied on the molecular random
collisions, with a limited computational scale and a propensity
for signal attenuation. In 2022, the Fan Team introduced an
innovative DNA-based programmable gate array, which guided
the directional transfer of molecules and successfully realized
30 gate-level circuits for the first time. This technology enhanced
computational reliability and minimized crosstalk, offering a
viable avenue for the pursuit of high parallelism and low-energy
biological computing.® In the same year, Xiong et al. constructed a
DNA computing structure of convolutional neural network algo-
rithm, and realized the recognition of up to 32 molecular patterns
with lower connectivity and complexity.” In 2024, Lin et al. con-
structed a DNA computing structure which can solve simple
chess and Sudoku problems.'® In addition to the exploration of
computing power, DNA computing has gradually been applied
in the field of pathological diagnosis in recent years, such as the
diagnosis system of various pathological causes'"'> and cancer
diagnosis.”***

Efficient storage

DNA serves as a data coding carrier of biology, consisting of a
random arrangement and combination of four distinct nucleo-
tide bases. Meanwhile, the advanced synthesis methods of DNA
molecules enable the precise arrangement of nucleotide bases,
thereby facilitating the encoding of desired information. More-
over, the information storage density of DNA is exceptionally
high (one bit per cubic nanometer, compared with three bits
per 10" nanometers in modern computers®), and the loaded
data on DNA can be stored for long periods of time under
suitable conditions. In essence, DNA computing is a new solution
to data processing and storage that utilizes molecular-level
reactions to solve complex problems. Consequently, the data
storage is the ultimate outcome of DNA computing.

The concept of DNA as a data carrier can be traced back to
the mid-1960s. However, DNA synthesis and sequencing tech-
nology were not mature at that time. The initial experimental
demonstration occurred in 1988, as evidenced by the studies
conducted by Davis."> He encoded the light and dark pixels of
the image through 0 and 1, and then converted the data into a
DNA strand with 28 bases and inserted it into E. coli. After
nearly 25 years of slow development, DNA information storage
technology saw a breakthrough in 2012 when Church’s team
successfully encoded a 659 kB book using a method called
short chain DNA."® In 2013, Goldman’s team achieved ground-
breaking progress in DNA data storage by successfully encoding
739 kB of data.’” In 2024, Preuss used short sequence
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combination coding to significantly improve the density of
information storage, achieving a DNA information storage
density of 1.6 picobits (PB) per gram.'® In the same year, DNA
information storage also began to be effectively integrated with
DNA computing on a large scale, developing the capability to
repeatedly write, read, erase, reload and compute specific
data.'® At the same time, with the development of random
access technology for DNA data storage, the practicability and
reliability of DNA storage have also improved.'®*°

Low-energy

DNA computing is a low-energy computing method. Unlike
traditional electronic computers, DNA computing leverages the
spontaneous behavior of DNA molecules in chemical reactions,
using specific processes such as self-assembly and molecular
recognition through enzymatic reactions to perform computa-
tional tasks. These reactions typically occur at room tempera-
ture, eliminating the need for complex energy supply systems,
and the energy consumption of these chemical reactions is
significantly lower than that of the electronic operations in
traditional computers. Therefore, DNA-mediated computing is
more energy-efficient than modern computers. A typical DNA
strand reaction in DNA computing consumes 5 x 102 joules
of energy, compared to 10~ joules in silicon-based computers.>
DNA computing has the natural advantage of low energy
consumption. By optimizing the operational processes and
mechanisms of DNA computing, it can become even more
energy efficient. By designing DNA switches and DNA molecular
logic gates, the computing amount is reduced to constructing
more convenient logic circuit optimization®"** (Table 1).

Advances in DNA computing

The above three major advantages have laid the foundation for
the advancement of DNA computing, which confirm the
potential for the functional and application development. By
drawing upon the established framework of traditional electro-
nic computing development, DNA computing has successfully
harnessed these advantages to create a range of new function-
alities and applications. Traditional electronic computers rea-
lize various operations through different combinations of
electronic logic gates to receive and process electronic input
signals and produce output signals. Therefore, various logic
gates based on DNA molecules in DNA computing are the basis
of their development, and the DNA-based computing structure
using logic gates has become the core architecture of DNA

Table 1 The difference between silicon-based computing and DNA computing. The table was reproduced with permission from Shu et al.? Copyright

2023, American Chemical Society

Characteristics Silicon-based

DNA-mediated

1 bit per 10'* nm?®
10° to 10" operations per second
10° operations per Joule

Information storage
Processing speed
Energy efficiency
Computing architecture
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Effective for single operation; multiple cores of CPU
for multiple operations at one time (up to six operations)

1 bit per nm®

10" to 10*° operations per second (ligation)
2 x 10"° operations per Joule

Ineffective for single operation; naturally
effective for massive parallel operations

This journal is © The Royal Society of Chemistry 2025
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computing. In order to realize the logic gate function of
different scenarios, DNA circuits currently have four construction
methods: only composed of DNA chains, composed of a series
of enzymatic reactions, based on DNA nanostructure circuits
and compartmentalized DNA circuit structures based on other
materials.

Enzyme-free DNA logic circuits

The enzyme-free DNA logic circuit is a kind of computing method
developed based on traditional DNA computing, executing com-
plete complex computing operations only through the interaction
of DNA molecules. The core idea of the enzyme-free DNA logic
circuit is to design specific DNA sequences and reaction steps, so
that DNA molecules can spontaneously complete logic operations
driven by molecular thermodynamics without enzyme catalysis.
The realization of an enzyme-free DNA logic circuit is usually
based on two basic strategies of DNA molecular exchange and
DNA molecular recognition. In molecular exchange, DNA mole-
cules can spontaneously react with each other through the energy
difference of designed base pairing to exchange specific nucleo-
tide pairs and finally realize the exchange of DNA chains.
In molecular recognition, the transmission of signals is formed
through specific DNA molecular recognition, and the continuous
DNA strand displacement controls the output result of the entire
circuit (Fig. 3a).”® Based on the above two strategies, the combi-
nation of specially designed DNA sequences that enables DNA
computing to perform the same operations as in an electronic
computer, such as Boolean logic, is implemented by using a
molecular exchange strategy (Fig. 3b),>*** and arithmetic opera-
tion is implemented by using a molecular recognition strategy
(Fig. 3¢)*® and a series of neural network functions.” With the
development of complex DNA computing systems, more DNA
logic circuits are being applied to improve the energy efficiency,
computing rate and the stability of computing. In 2018, Wang
Boya et al. introduced redundant sequences to generate entropy
changes that are unfavorable for reaction occurrence, thus con-
structing an error correction circuit that makes unnecessary
reactions less likely to occur.”® In 2020, Wang Fei et al. simulated
the switching circuit used in electronic computing to enable
DNA circuits to perform operations in a modular and high-
speed manner.>® With the increasing complexity of DNA circuits,
higher levels of logic statements have been designed through the
cross-design and application of molecular exchange and mole-
cular recognition strategies, such as oscillating,”® probabilistic
switching,*® buffering®* and time control.*?

In the enzyme-free DNA logic circuit, the circuit structure
and experimental operation are simple with high system stabi-
lity. However, due to the single strategy of calculation steps,
the computational efficiency and flexibility are limited when
dealing with complex tasks. The enzymatic DNA logic circuit
compensates for these deficiencies to some extent.

Enzymatic DNA logic circuits

In synthetic biology, DNA structures that are constructed
through simple enzymatic reactions exhibit enhanced specifi-
city and superior catalytic capability compared to pure DNA

This journal is © The Royal Society of Chemistry 2025
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systems.**** Therefore, learning from these successful experi-
ences, DNA logic circuit introduces the enzyme to make DNA
computing have a simpler circuit structure to achieve efficient
computing and faster computing speed.’’?> In enzyme-free
DNA logic circuits, one of the severe challenges is leakage,
caused by multiple strand complexes resulting from defects in
sequence design and synthesis errors. In the enzyme-promoted
DNA circuit, due to the catalysis of an enzyme, the leakage
problem is significantly alleviated by allowing simpler struc-
tures to be used as logical statements. For example, Song et al.
used chain replacement DNA polymerase to achieve signal
replacement output through primer polymerization.”* In his
design, the circuit functions of the OR gate (Fig. 4a) and AND
gate (Fig. 4b) are realized successfully, and the result can be
detected by using a fluorescence signal. The selection of
enzymes is one of the most important steps in the enzymatic
logic circuit, and the commonly used enzymes include DNA
polymerase or splicing enzyme. There are also some promising
DNA computing enzymes such as RecA (recognition and excision
enzyme), deoxyribozyme, and Cas nucleases.*® Milligan et al. used
the RecA in 2015 to increase the reaction rate of DNA circuits by
nearly 9 times (Fig. 4c).>® Cas nucleases can bind to RNA with a
complementary base, thus recognizing DNA sequences specifi-
cally through specific RNA sequences. Therefore, based on this
characteristic of the Cas nuclease, various applications can be
achieved by the rational design of different guide RNA and DNA
circuits. In 2007, Barrangou et al. were able to control the activity
of Cas nucleases through DNA circuits to regulate gene expression
in living cells.”” Simultaneously, specific Cas nucleases would
exhibit indiscriminate nuclease activity upon binding, leading
to non-selective cleavage of all single-stranded nucleic acids.
By taking advantage of this indiscriminate catalytic capacity,
Cas nucleases can be used to activate fluorescent single-
stranded DNA reporters and be integrated with DNA circuits for
sensitive molecular diagnostics.*®*° At the same time, various
combinations of polymerases, restriction endonucleases, ligase
and nucleases have been gradually integrated into DNA circuits.
For example, Kim and Winfree used T7 RNA polymerase to create
various types of transcriptional oscillators to produce RNA and
used RNaseH to destroy it (Fig. 4d).*° The addition of enzymes not
only brings more strategic choices to DNA circuits in addition to
molecular exchange and molecular recognition, but also enables
enzymatic DNA circuits to have complex and efficient structures
by using the specificity and catalytic control of enzymes.

Logic circuits for DNA nanostructures

Whether enzyme-free or enzyme-containing, the stability of
DNA circuits primarily depends on the precise pairing and
interaction between DNA molecules. This makes them more
susceptible to interference or failure when exposed to environ-
mental changes or require precise reactions. In contrast, DNA
nanostructures are designed with a certain level of structural
stability and redundancy, allowing them to maintain strong
stability under specific environmental conditions. In the 1980s,
professor Seeman first proposed the scheme to self-assemble
DNA strands from the bottom up.*! In the following 40 years,

Nanoscale Horiz., 2025, 10, 3204-3217 | 3207


https://doi.org/10.1039/d5nh00459d

Published on 27 d' agost 2025. Downloaded on 4/3/2026 0:02:38.

View Article Online

Nanoscale Horizons Review
a. , y e sx T S Sx T TTay T & Eai oy
1
> O/C {C Rep :S(x) TH i | 1CS(y) T NEERARY | ' Rep T !
1 | 1
OFF Blocked OFF ! !
: OFF \.i! Blocked i NS OFF |
Switch flipping T 5 x % é """"""""""""""""""""""""""
P—O0—O0—C O—e e Rl e e T !
ON |S(x)-ON g 4+ |
Blocied 1 < Current signal ] @
1
¢® Signal transmission T T T T T T T T oo oo oo oo oo oo e s e e e e e e .
T T T T e ST b
X VO i -
—> <
>—o—o—o/o—- | S(y)-OFF :
OFF L e T _ﬁﬁ,ﬁﬁ,h‘,‘,f*_,_\.ﬁﬂl
¢@ Switch flipping v
— e \
-
ON 1 TOLL LA i -
Read out N\ 1
¢@ i SN ~ +Current signal : @
(N PRSI NSRS SPUNSR <k s e M Y
—) B, o, s e SRR [
}—O—O—O_O—’ :Rep-ON (NN t
I I
ON o Lol k-
CIRCUIT DIAGRAM FOR: let-7c AND miR-124a - C. reporting complexes
§ fromRNA37C ___ d, d 3
lot-7¢ g g Laahid - a= - _a_' - -
- T sz,\ SN 2 (oo rea] b, b, b, 4 v
K et b e | o aby By L L _y,
v F ~+no total RNA = - % + ]

i 7" Ft FLUOROPHORE g DNA inputs b, b, b, > -
miR-124a R - - g O d, d, I I 1, " —
b = 4 = ) ] ® WY o PSS - — |]

out Time (hours) ——

CIRCUIT DIAGRAM FOR: (NOT let-7c) AND miR—124a = S X= 0) (1 (0) (1)
i o g ] /—-“'-""""‘"""‘ 0 0 1 g |
S o - H { 1.0
o7 L 5 - 10 0 1 {0} 1
et oo somam oot g w(Ohce(0) 1 [ () 1) 1 () Jos
miR-124 L _ =" Fy FLUOROPHORE g O —
e W e = s
Mo me (hours) w
N G O F 61 ) es
1 1 05 o
11
CIRCUIT DIAGRAM FOR THRESHOLDING <
g 4 —

e S 1T 0

o 2
SN Thou Quut g 11 0 1 1 1
N Iggi QUENCHER gos 0 1) ( ) ( ) /( ) () 0.5
S e e ST % [m — 0.0
R \\\ Thigon gy Thi Py FLUOROPHORE g d ol [threshold] = 250 nM| 0 50 0 50 0 50 0 50 100"

[input] ("M)

Fig. 3

time / minutes =—Y,=—

1

(a) Schematic diagram of DNA signal conduction in a simple circuit. Using four steps, the circuit process using molecular exchange and molecular

recognition strategies is realized through a specially designed DNA sequence. The figure was reproduced with permission from Wang et al.X® Copyright
2020, Nature Publishing Group. (b) Some basic Boolean logic operations are implemented by the specific design of the DNA sequence, which are

Translator gates, NOT operation and signal restoration from top to bottom.

L 17

The figure was reproduced with permission from Seelig et al.”” Copyright

2006, The American Association for the Advancement of Science. (c) Boolean matrix multiplication was performed by the combination and replacement
of DNA, and 12 different combinations of products were calculated using the presence or absence of specific DNA chains to represent true (1) and false
(0). The figure was reproduced with permission from Genot et al.*> Copyright 2012, John Wiley and Sons.

DNA nanostructures were gradually improved by the initial
tiles, extending to DNA brick and DNA origami structures,
which can lead to construction of DNA structures with con-
trollable geometry and topology.*>

At the same time, compared with DNA molecules, a major
advantage of DNA nanostructures is that the spatial structure of
DNA circuits can be predetermined. Chatterjee realized DNA
circuits with predetermined reaction paths by constructing
DNA hairpins with certain spatial structures on DNA origami
scaffolds (Fig. 5a and b).** This highly precise and stable self-
assembly design, along with modular DNA circuits, can address

3208 | Nanoscale Horiz., 2025, 10, 3204-3217

specific tasks, such as cargo sorting,** maze solving,” building
limited-state machine*® and cryptography.”” Among them, a
promising DNA computing device is the DNA origami register,
which is designed and manufactured using the addressable
characteristics of the DNA nanostructure. This structure can
temporarily store the intermediate data of the computing and
guide the asynchronous computing of the cascade circuit, thus
increasing the scale and circuit depth of the liquid phase DNA
digital computing.® By designing solid-state DNA origami reg-
isters and surface-to-solution adapters to form a heterogeneous
integrated architecture, the signal transmission speed between

This journal is © The Royal Society of Chemistry 2025
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(a) The design and testing of OR gate DNA polymerase enzymatic DNA circuits, which involve two types of DNA hybridization (DH) and

polymerization (PO) reactions in the OR gate. (b) The design and testing of AND gate DNA polymerase enzymatic DNA circuits, which involve two types of
DNA hybridization and polymerization reactions in the AND gate to generate output strands. The above two figures were reproduced with permission
from Song et al.*> Copyright 2019, Nature Research. (c) The use of RecA, a molecular sliding enzyme, to form catalytic complexes with DNA, enhancing

the reaction rate in DNA circuit reactions. The figure was reproduced with permission from Milligan et a

(d) The design and construction of a bistable negative feedback oscillato
permission from Kim et al.>®

sequential cascaded circuits is improved, realizing high-speed
sequential DNA computing (Fig. 5¢).*® Apart from DNA origami
registers, DNA nanostructure itself can also be used as a unit of
DNA computing. The carefully designed DNA nanostructure
can be used to interact with biomolecules, and the computing

This journal is © The Royal Society of Chemistry 2025

(.29 Copyright 2015, Royal Society of Chemistry.

r using T7 RNA polymerase and RNaseH. The figure was reproduced with

Copyright 2011, European Molecular Biology Organization.

can simulate Boolean logic in living cells in vitro.**™"

In addition to programming a single DNA nanostructure, it is
also possible to organize and coordinate multiple nanostruc-
tures to form DNA circuits, and then construct complex self-
assembly circuits for DNA computing. DNA computing circuits

Nanoscale Horiz., 2025,10, 3204-3217 | 3209
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Fig. 5 (a) An abstract logic circuit (left) is implemented using DNA hairpin components arranged on the DNA origami, and a top view (middle and
bottom) of the circuit on the origami shows that there are four basic hairpins in the circuit, which is tested experimentally to test the structure of the
circuit (right). (b) The reaction mechanism of the four basic DNA hairpins on DNA origami. The above two figures were reproduced with permission from
Chatterjee et al.*® Copyright 2017, Nature Research. (c) The left figure shows the sequential calculation of data exchange between liquid circuit and solid-
state DNA origami register, while the right figure shows the molecular details of the DNA origami record that can work on the surface. The gray box
shows the molecular details of the storage unit. The figure was reproduced with permission from Zhang et al.** Copyright 2024, American Chemical
Society. (d) Schematic diagram of the three scenarios of DNA chain replacement reaction at the level of DNA strand, domain and DNA nanostructure are

realized by DNA tiles. The figure was reproduced with permission from Petersen et al.*> Copyright 2019, Nature Publishing Group.

can be constructed through the interaction between DNA
nanostructures, such as Petersen et al. constructed DNA circuits
by the displacement of DNA tiles in 2018 (Fig. 5d).>* In addition
to building DNA circuits, the nuclease resistance of the DNA
nanostructure may be used to realize the long-term stable DNA
circuit in cells, so as to realize the living application of DNA
computing. Whether it is an enzyme-free or enzyme-containing
DNA circuit or a logic circuit of DNA nanostructure, there
are always biological molecules diffusing and mixing in the
solution, so it is difficult to control the inherent random
collision of molecules.>® To deal with this problem, researchers
proposed a method to construct compartmentalized DNA cir-
cuit using other materials.

Compartmentalized DNA circuit

The compartmentalized DNA circuit is a strategy to provide an
alternative for the positioning of DNA circuits by using other
materials or structures besides DNA nanostructures, such as
colloid, lipid, protein, vesicle, etc., so as to reduce the accidental
crosstalk in the solution system after the attachment or

3210 | Nanoscale Horiz., 2025, 10, 3204-3217

encapsulation of DNA circuit. For example, Kim and colleagues
constructed DNA logic circuits by loading DNA-functionalized
nanoparticles onto lipid bilayers, using the hybrid state of these
nanoparticles as a signal (Fig. 6a).> However, the reaction rate is
slow, especially between particles, due to the very small amount
of DNA on such 2D surfaces.”” This issue can be addressed by
encapsulating DNA circuits in vesicles or oil-in-water droplets.
For vesicle encapsulation, the vesicle membrane is modified
with nanopores to create a compartmentalized space for single-
stranded DNA (Fig. 6b)°° or absorbable aggregates.”” For oil-in-
water droplet encapsulations, the signal changes are determined
by the random distribution of key components such as internal
enzymes,”® making them ideal for optimizing DNA circuits in
a large parameter space. Additionally, the small volume of
the droplets enables single-molecule level DNA computations,
making them suitable for constructing highly sensitive sensing
devices.*

Currently, compartmentalized DNA circuits have not been
widely applied in the construction of DNA computing.
Their potential to achieve computational reaction specificity

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Three types of DNA-modified nanoparticles, memory, floating and reporting, are attached to the lipid bilayer. Memory and reporting

nanoparticles are fixed, while floating nanoparticles can diffuse and react with DNA in the solution to change the hybridization state of nanoparticles. The
figure was reproduced with permission from Kim et al*’ Copyright 2020, American Association for the Advancement of Science. (b) By inserting
cholesterol-tagged DNA origami signal units (DOSUs) into the surface of the vesicles, a transmission channel through which fluorescent molecules can
be transported was constructed. The figure on the right shows the vesicles containing DOSUs (first row) and those without DOSUs (second row) in a

fluorescent solution. The figure was reproduced with permission from Jahnke et al.*® Copyright 2024, Wiley. (c) Oil-in-water droplets containing DNA

can be prepared using protein polymer conjugates and streptavidin for DNA computing. The figure was reproduced with permission from Joesaar et al.

Copyright 2019, Nature Research.

by attaching or encapsulating DNA circuits remains to be
explored. This approach could lead to a breakthrough in the
flexibility of DNA computing by preventing unnecessary inter-
actions (Fig. 6¢).°° In such a system, the diffusion of biomole-
cules no longer causes circuit crosstalk; instead, it facilitates
circuit operation. Theoretically, this system allows for the
construction of complex DNA computations using only identi-
cal and simple circuits.®

DNA computing structure

Currently, DNA logic circuits have been successfully constructed
using different reaction principles and basic structures. When
constructing DNA computing systems using these different DNA
logic circuits, there are typically two approaches. The first
approach involves achieving specific functions through the
unique recognition capabilities of DNA. A prime example is
the development of various DNA-based sensors that detect
changes in parameters such as fluorescence, current, or absor-
bance intensity. These sensors achieve high sensitivity by design-
ing specific DNA sequences to target molecules. To date, nearly
infrared voltage sensors,”> magnetic sensors,*® cisplatin sensors
based on fluorescent DNA,** and a series of enzyme sensors have

This journal is © The Royal Society of Chemistry 2025
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been successfully developed.®® In the field of bioengineering,
DNA biosensors are widely used in environmental monitoring
and clinical diagnosis. However, most DNA computations cur-
rently focus on the outside of cell membranes, with applications
within cells limited to relatively simple circuits.®® Therefore,
developing DNA biosensors that can function normally in living
cells is crucial for further advancements. First, it is necessary
to develop DNA circuits with long-term stability, such as using
DNA nanostructures to enhance the stability of DNA circuits in
living cells.®” The second type is an integrated DNA computing
structure designed for large-scale parallel computing and
problem-solving. In 2001, the Benenson’s team constructed a
programmable finite automaton using DNA and DNA poly-
merase.®® In 2018, Cherry et al developed a winner-take-all
neural network based on DNA strand displacement reactions
and an extended seesaw DNA gate motif,>>* which enabled
information memory and utilization.”® In 2023, Fan et al.
designed a highly scalable DNA-based programmable gate array
(DPGA) and integrated three layers of DPGA to create a universal
DNA integrated circuit (DIC) capable of solving binary equations,
thus overcoming the limitations of circuit scale and depth in
DNA molecular computing.®

Nanoscale Horiz., 2025, 10, 3204-3217 | 3211
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Progress in DNA data storage

The DNA circuit is the main framework of DNA computing.
Its development is very important, but as the input signals and
output signals of the ends of computing, information storage is
also a key component that cannot be avoided in the develop-
ment of a DNA computer. The rapid development of DNA data
storage began in 2012, when the Church Team first realized
large-scale data storage in DNA molecules.'® After nearly 12
years of development, DNA data storage has made impressive
achievements in the design of data coding algorithms and data
storage modes.

DNA data coding algorithm

The first key point of data storage is the coding of data. In the
coding design of data, the storage capacity and recoverability of
data are mainly considered. However, there are some special
obstacles in the DNA data storage due to the synthesis and
nature of DNA, including base mutation, sequence loss,
sequence duplication, and generating unsatisfactory secondary
structures. Therefore, in the development of DNA data storage

View Article Online

Review

there is an urgent need for algorithm optimization. In 2015,
Grass et al. first introduced the Reed-Solomon code for error
correction in the data field into the DNA data storage system
(Fig. 7a),”* thus successfully solving the error problems such as
base mutation and sequence loss, laying the foundation for
DNA data storage applications. From this advance, DNA storage
started to develop towards storage capacity. In 2017, Erlich and
Zielinski introduced the fountain code, successfully achieving a
high data density of 1.57 bits per nucleotide (Fig. 7b).”* In 2022,
Ping et al. used two sets of coding rules to encode and convert
two binary messages, with their intersection forming the final
sequence (Fig. 7¢).”® This coding scheme realized high density
and high stability of information storage, and increased the
storage density to 1.778 bits per nucleotide. The algorithm of
Yin-Yang dual encoding realizes high density and high stability
of data storage, and the storage density per nucleotide reached
1.778 bits. Meanwhile, the data recovery rate of Yin-Yang dual
encoding was nearly two orders of magnitude higher than that
of the fountain code. In 2024, Esra Satir proposed a lossless
compression method based on spatial coding, which encoded
and decoded the vectors of DNA bases in each two-bit space
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Fig. 7 (a) As illustrated in the figure above, two letters or bytes from the text file are mapped to three elements of a Galois field, which is 47 in size,

through a base conversion (from the square of 256 to the cube of 47). The Reed—Solomon (RS) code, as illustrated in the middle figure, is used to add
redundancy A to each block. Each column is indexed, and redundancy B is generated through a second (internal) RS encoding step. Finally, by mapping
GF (47) to the DNA encoding wheel depicted below, each element is mapped to three nucleotides, ensuring that no base is repeated more than three
times. The figure was reproduced with permission from Grass et al.%> Copyright 2015, John Wiley and Sons. (b) The 32-bit small file uses the fountain
code to divide into eight four-bit segments, and introduces a two-digit seed code, used only for display purposes. The figure was reproduced with
permission from Erlich et al.%® Copyright 2017, The American Association for the Advancement of Science. (c) As shown in the left figure, the YYC code is
used to split and compile the same information by combining two sets of Yin and Yang coding strategies. The process of realizing the right figure is shown
by YYC coding. The figure was reproduced with permission from Ping et al.%” Copyright 2022, Nature Research.
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domain to improve the efficiency and density of data storage, Such linear DNA structures store information via nanopore
achieving a storage density increase of 1.99 bits.”* Recently, reading. The key feature of using DNA origami for information
DNA storage systems predominantly utilize a substantial quan- storage compared to linear DNA is that the information can be
tity of short DNA strands within a DNA pool. The process of stored not just in the DNA sequences but directly in the three-
data writing is dependent on the synthesis of DNA array, while dimensional origami structure, where information is encoded
data reading is facilitated through DNA sequencing techno- through the deformation or asymmetry of the origami structure.
logies. Therefore, the faster speed and greater density of data Additionally, under this storage model, more cost-effective
writing and reading are apparently the further development of methods like fluorescence microscopy can be used to read the
DNA data storage technology. In recent years, with the advance- information. Lin et al. achieved asymmetric labeling on nanor-
ment of DNA nanostructure technology, which can write data at  ods using multicolor fluorescence, which exponentially increases
multiple sites in three-dimensional space and provides a larger coding capacity with the number of fluorophores and labeled
storage capacity, DNA nanostructures have emerged as a new regions, while also enabling information reading with super-
type of DNA information storage medium, avoiding the data resolution microscopy (Fig. 8c).”® Pan et al similarly labeled
read/write limitations associated with short-strand DNA. DNA nanorods with fluorescence and introduced varying
amounts of fluorophores as an intensity variable, enhancing
its coding capability.”® Moreover, DNA can also form unique
DNA nanostructures provide the potential to optimize these structures on other substrates for information storage, such as
problems through the three-dimensional multi-site writing and  fluorescently modified DNA strands loaded onto electrode arrays
more macroscopic data storage space. The main types of DNA  (Fig. 8d)*° and DNA chains are wound around carbon nanotubes
nanostructures in current DNA information storage technolo- (CNTs) to form tubular nucleic acids (TNAs).®' At the same
gies are linear DNA, DNA origami, and other structures. Linear time, the characteristics of self-assembly of DNA nanostructures
DNA structures encode information through differences in DNA endows them with unique advantages in data encryption. The
nodes, such as using enzymes to create deletions at specific self-assembly properties of DNA nanostructures provide unique
sites (Fig. 8a),””> designing DNA sequences to create dumbbell ~advantages in information encryption. Many information sto-
hairpin structures (Fig. 8b)”° or using biotin for modification.”” rage systems that utilize DNA nanostructures have achieved

Data storage in DNA nanostructures
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Fig. 8 (a) Different numbers of DNA dumbbell structures were inserted into a segment of the long DNA chain, resulting in different current signals under
the same potential in the nanopore. The torsion angle between each DNA dumbbell unit was 34.3°. The process of realizing the right figure is shown by
YYC coding. The figure was reproduced with permission from Tabatabaei et al.®® Copyright 2020, Nature Publishing Group. (b) The DNA-guided
programmable restriction enzyme Pyrococcus furiosus Argonaute (PfAgo) creates gaps at specific sites on linear DNA as sites for information storage.
The figure was reproduced with permission from Bell et al.”® Copyright 2016, Nature Research. (c) Different sites that can be loaded with fluorescein were
extended on the DNA nanorods, and barcodes based on DNA nanorods were created by introducing a variable number or type of fluorescein. The figure
was reproduced with permission from Lin et al.”?> Copyright 2012, Nature Research. (d) Three different types of information were recorded on a single
electrode array unit, with different bits represented by different fluorophores. The figure on the right shows the fluorescence readings for the three
different bits. The figure was reproduced with permission from Song et al.”* Copyright 2018, Nature Publishing Group.
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information encryption. By removing or replacing key elements,
the self-assembly structure of DNA nanostructures can become
more complex and secure. For example, Zhu used linear DNA
structures to store information by reserving specific ends at each
site, allowing for the addition of invasion chains to alter specific
information and achieve encryption.®” Talbot used DNA switches
to create small DNA loops within linear DNA structures, achieving
both information storage and encryption.**

In recent years, research studies on DNA information sto-
rage have primarily focused on the development of static
systems. When storing information, the inability to precisely
control individual bases in DNA makes it difficult to modify its
structure, thus the stored data is fixed at that moment. Further
developing DNA computing may require dynamic informa-
tion storage systems capable of reading, erasing, and writing
information.

Discussion

The emergence of DNA computing offers a new approach to the
field of computation. By leveraging its high parallelism and
efficient information storage, DNA computing demonstrates
superior efficiency in solving large-scale complex problems
compared to electronic computing. Additionally, due to its high-
specific programmability, DNA computing can also achieve func-
tional designs such as biological monitoring. Based on the scale
of application, DNA computing can be divided into two main
development directions: one is the integrated DNA computing
system designed for large-scale complex operations, and the other
is the small-scale DNA computing structure designed for specific
functions. Regardless of the direction chosen, the core focus
remains on the customized design of DNA circuits and the flexible
use of DNA information storage. In the design of DNA circuits and
DNA information storage, DNA origami has demonstrated unique
advantages. When constructing DNA computing structures, bio-
molecular components diffuse and mix in a solution, and the
inherent random collisions of molecules,> which are difficult to
control, hinder the development of scalable and programmable
biological computing devices. To address this issue, DNA origami
registers have been developed, offering a possibility for large-scale
and even small-scale ordered DNA computing.®*® Currently, the
development of DNA origami structures is still focused on the self-
assembly of superstructures®®® and biomedical applications
such as drug loading and targeted recognition.*”*® However, the
multi-site and three-dimensional spatial structure of DNA origami
structures in DNA circuits and DNA information storage indicates
greater potential for development.

Challenges and prospects

The high programmability and biocompatibility of DNA com-
puting, among other features, make its potential for develop-
ment undeniable. However, practical applications face
significant challenges due to the high costs of DNA synthesis
and sequencing, the low computational efficiency compared to
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electronic computing, and the instability of computational
results. The large-scale application of DNA computing still faces
numerous challenges. The development of DNA computing
shares similarities with traditional electronic computing,
including the need to explore new computational models,
optimize computational processes, and enhance DNA circuit
design. Additionally, it has its unique direction, which involves
adapting to the characteristics of DNA by upgrading and
iterating DNA synthesis and sequencing technologies, thereby
breaking the limitations on information reading and writing.

In the face of the potential of DNA computing, we need to
face up to the gap with traditional electronic computing and
explore its advantages. We need to accurately identify the
location of DNA computing to fully realize its potential cap-
abilities. The excellent biocompatibility of DNA computing
provides a solid foundation for biological detection. At present,
most of the DNA computing concentrates on the cell membrane
and the outside of the cell, and the intracellular application is
only relatively simple circuit, so the development of DNA
circuits that can function in living cells is the key to further
development, which needs to improve long-term stability for
DNA circuit in the cells. Additionally, compared to traditional
computing, DNA computing has very high computational
power, but due to the limited read and write speeds, this
potential has been difficult to fully explore. Therefore, the data
read and write potential of DNA nanostructure should be
further developed, and the enhanced programmability of the
system should be leveraged to develop a DNA data storage
solution characterized by high data storage density and the
capability for data modification.

DNA computing is still a long way from developing into an
integrated computer. For a real computer, circuits form its
fundamental framework, and information storage marks the
beginning and end of its computations. However, integrating
DNA circuits with DNA information storage has been a signifi-
cant challenge in DNA computing. The primary issue is the
limited controllability of DNA. Although DNA is highly pro-
grammable, accurately controlling individual bases within it
remains a significant challenge after synthesis. Consequently,
it is difficult to overwrite DNA circuits and information storage
at the single-base or short-chain level. Although a functional
DNA computer structure capable of storing, retrieving, comput-
ing, erasing, and rewriting DNA data is preliminarily con-
structed, this system still has vast potential for improvement
in terms for speed and information capacity, and further
advancements are needed to integrate DNA circuits with DNA
information storage.

In the case that the breakthrough of DNA computing to
electronic computing cannot be realized in the short term, the
combination of DNA computing and electronic computing and
the efficient conversion of DNA computing and data signals are
the greatest possibility for the practical investment of DNA
computing. In the future, by making full use of the advantages
of DNA computing and the combination with electronic com-
puting or living organisms, for example, enhancing the direc-
tionality and speed of DNA computing by activating different
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small-scale segmented DNA circuits with electrical signals, or
achieving comprehensive and efficient detection by combining
the biocompatibility and diversity of DNA sensors with the
conversion between DNA signals and electrical signals, we
may see a huge technological upgrade.
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