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Molecular logic computing is revolutionizing biosensing by enabling intelligent, programmable detection,
moving beyond simple target recognition to advanced molecular-level information processing. By
employing biological molecules such as DNA/RNA, proteins/enzymes, or even whole biological cells as
building blocks for creating molecular logic toolkits, logic operations have made rapid progress in
molecular logic-based biosensing. In this review, we present a comprehensive overview of intelligent
molecular logic operation toolkits and their contributions to advancing biosensing technologies. We first
outline the design principles of these toolkits, detailing various types of logic gates, including Boolean,
combinatorial, and sequential logic, as well as advanced feedback systems, fuzzy logic, and reversible
logic. We delve into the construction of DNA-based, synthetic, and nanomaterial-based logical operation
toolkits. Following this, we explore the functionalities of intelligent molecular logic computing toolkits,
which encompass modular multi-signal integration, activatable lock—-key (OFF-ON) reconfigurable
control, programmable control, and logic-gated nanomachines. We also elaborate on the analytical
mechanisms underpinning molecular logic-gated operations that utilize various detection platforms,
including fluorescent, colorimetric, and electrochemical techniques, along with artificial intelligence-
powered and smartphone-based detection platforms. Applications spanning genetic analysis, cancer
analysis, pathogen identification, living cell logic analysis, and point-of-care diagnostics are highlighted.
Finally, the future challenges associated with molecular logic toolkits in enhancing biosensing and
potential solutions were outlined, providing insights into practical obstacles as well as future trends and
prospects.
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1 Introduction

Today, silicon-based computing systems are widely used in
various aspects of our lives due to their powerful computing
capabilities and remarkable implementation. These silicon-
based computing systems operate using intelligent electronic
circuits known as logic gates, which can make logic decisions
based on input parameters to produce discrete outputs.'”
Unlike analog circuits, which can provide a continuous range of
values, logic gates only offer two discrete binary outputs, 0 and
1, representing false and true.* This type of operation disregards
the chaotic signal between 0 and 1, focusing only on deter-
mining true or false. This simplifies computer calculations and
enhances communication between humans and machines,
making logic operations widely used in silicon-based computer
systems." However, as semiconductor sizes continue to shrink,
the Moore limit hinders the further development of silicon-
based operations.>® Additionally, silicon-based circuits cannot
function in bio-electrolyte solutions, making it impossible to
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study the molecular parameters of living organisms, especially
in biosensing.

Currently, researchers are exploring alternative solutions to
improve computing power in various application scenarios. In
this pursuit, novel intelligent molecular logic computing, as
a molecular-level functional simulation of silicon logic equiva-
lents, has captured significant attention and offered a unique
vision for enabling diverse intelligent applications.*”* Molec-
ular logic computing represents a fundamentally distinct
paradigm from traditional silicon-based electronics in infor-
mation processing. While this approach encounters certain
challenges, including limited operational speed due to chem-
ical kinetics, difficulties in cascading gates and achieving fan-
out, restricted programmability, and concerns about stability
(as outlined in Table 1), its unique advantages are considerable.
First, as comprising small molecular clusters, molecular logic
gates offer a theoretical integration density that surpasses the
physical limitations of silicon-based chips, potentially allevi-
ating the scaling and economic constraints associated with
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Table 1 Comparison: molecular logic computing vs. silicon-based electronic logic computing
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Dimension of comparison

Molecular logic computation

Silicon-based electronic logic computation

Relative advantages

Key limitations

Critical challenges

Biocompatibility: operate in aqueous/biological
environments, enabling direct integration with
biochemical systems

Functional diversity: diverse molecular
structures allow for customized functionality
Ultra-low power consumption: energy use per
molecular switch is extremely low, approaching
the theoretical limit

Slow speed: switching and response times are
very slow

Signal interfacing challenge: molecular signals
are difficult to transmit over long distances and
have weak driving capability

Limited functionality & programmability:
function is often determined by chemical
structure, lacking general programmability
Environmental instability: relatively poor
stability, susceptible to interference from the
chemical environment

System integration & scaling: overcoming
cascading and fan-out challenges to integrate
molecular devices into complex circuits
Input/output standardization: establishing
reliable methods for signal input, output, and
readout to solve the signal conversion problem
Transition to practical systems: advancing the
technology from laboratory proof-of-concept to

High operational speed: extremely fast
processing speed

High technological maturity: possesses a highly
mature manufacturing and global ecosystem
High reliability & stability: stable performance
with low error rates, meeting industrial
standards

Physical scaling limit: micro/nano-fabrication is
approaching the physical miniaturization limit
of silicon transistors

High power consumption & heat dissipation:
high integration density leads to significant
power consumption

Rigid structure & application limits: devices are
rigid and difficult to apply directly in flexible
electronics or within living organisms

von Neumann bottleneck: the von Neumann
bottleneck constrains overall data processing
efficiency

Extending Moore's law: exploring new materials
and architectures to break performance
bottlenecks

Power & thermal management: optimizing
designs from materials to systems to address
high power density and heat dissipation issues
Reliability & security: addressing new failure
mechanisms from process scaling to ensure

practical systems

photolithography.” Additionally, rather than relying solely on
electrons, molecular logic employs a variety of information
carriers, such as ions, photons, and redox species, for inputs
and outputs. This often results in significantly lower energy
consumption compared to electron movement in semi-
conductor circuits. Lastly, a critical advantage of molecular
logic is its biocompatibility. Many molecular logic gates func-
tion optimally in aqueous environments, including physiolog-
ical buffers and within living cells - conditions that typically
hinder silicon-based devices. This intrinsic compatibility offers
a remarkable capability for direct bio-interfacing, facilitating
seamless integration with biological systems.®

Molecular logic computing involves using a molecular
substrate as a computing device to process physical or chemical
inputs and produce outputs using logic operators.>* Since de
Silva developed the first molecular logic gate," scientists have
focused on using molecular simulations of the fundamental
components of integrated circuits to enable intelligent
computing. It is now ready for diverse practical applications,
venturing into new areas untouched by silicon-based logic
gates. Scientists can create synthetic molecular systems and
nanoscale supramolecular materials by simulating Boolean
logic gates.” These cutting-edge systems demonstrated basic
arithmetic and memory functions by integrating light, chem-
istry, or electrochemistry technologies, making molecular logic
computing ready for many potential practical applications. In
molecular logic computing, molecules can respond to changes

© 2025 The Author(s). Published by the Royal Society of Chemistry

chip security and reliability

in biological microenvironments, such as ions, biological
substances, pH, viscosity, temperature, and pressure.”'> As
a result, these molecules can function as binary-coded inputs
(present 1, non-existent as 0) and produce optical (colorimetric,
fluorescent, luminescent) or electrochemical signals as outputs.
Therefore, molecular logic gates are widely used in the bi-
osensing field. They have become versatile toolkits for multi-
scenario biosensing, greatly promoting sensing analysis, time-
liness, intelligence, and accuracy.

In the field of molecular logic biosensing, biomolecules such
as proteins and deoxyribonucleic acid (DNA) have been used as
building blocks to create molecular logic-based sensors. By
employing biomolecules like DNA/RNA, proteins/enzymes, and
even entire biological cells, in combination with concepts from
systems biology, significant advancements have been achieved
in the development of molecular logic sensors.”** One of the
advantages of biomolecular logic computing systems is their
ability to be integrated into complex artificially designed
chemical processes to simulate multi-step information pro-
cessing networks.'*"” These molecular logic computing sensors
are capable of monitoring cellular components as inputs and
generating outputs that are relevant to medical diagnosis and
treatment."'® The sensors can operate by reading fluorescence,
colorimetric, or electrochemical signals that are linked to the
output port and indicate the presence (1) or absence (0) of
a specific compound.™?® Thus, there are high expectations for

Chem. Sci., 2025, 16, 20139-20180 | 20141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06176h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 1404. Downloaded on 06/12/1404 02:39:05 ..

(cc)

Chemical Science

expanding molecular logic computing toolkits into biochemical
sensing systems.

Nucleic acid-based sensing, as a significant sensing direc-
tion in the biosensing field, plays a vital role in clinical diag-
nosis, genotyping and therapy. This field has gained increased
importance with the Human Genome Project* and the
current novel coronavirus disease (COVID-19) caused by severe
acute respiratory syndrome Coronavirus 2 (SARS-CoV-2).242¢
Nucleic acids possess unique Watson-Crick base complemen-
tary pairing properties, allowing for precise information trans-
duction between nucleic acid chains and base pairs, which
coincides with the development needs of molecular logic tool-
kits.>”*® Nucleic acids can serve as targets or components of
logic gates for molecular logic-based biosensing due to their
biocompatibility and programmable properties. Consequently,
research into nucleic acid-based sensing and detection strate-
gies, including nucleic acid target detection and its application
as a sensing tool, holds significant value in bioanalytical
chemistry.*?° In recent years, nucleic acid-based biosensors
have been designed and applied to enable biomedical functions
such as targeting, imaging, sensing and therapy.*~**

However, the traditional nucleic acid sensing has long
operated under a “one target, one output” linear model. While
this approach can be effective in simpler scenarios, it faces
significant challenges in complex biological systems, such as
the inability to interpret intricate molecular states and logical
relationships, weak anti-interference capability, and limited
information output dimensions. As a result, it falls short of
meeting the growing demands for analytical complexity, high
specificity, and intelligent data processing. In contrast, molec-
ular logic-gated sensing presents a more reliable alternative and
integrating signal processing capabilities. This molecular logic
possesses a natural ability to interpret complex biological
logics, demonstrates intrinsic resistance to environmental
noise, and supports multiplexed intelligent outputs.>*®
Together, these attributes transform these sensors from mere
passive signal transducers into active information processors.
Furthermore, these biosensors have been combined with logic-
gated functions to facilitate rapid molecular logic operations,
underscoring the growing impact of this field in chemistry. This
evolution represents a significant technological advancement,
propelling in vitro diagnostics towards unparalleled precision
and paving the way for a new era in intelligent biosensing and
theranostics.

In recent years, nucleic acid-related biosensing based on
molecular logic operation has been a hot research topic, and
numerous studies have been conducted. Several reviews have
also been published on this topic. For instance, Bose et al.
reviewed logic devices for biomolecular computing;'> Fan et al.
reported on advancements in innovative DNA logic computing
nanostructures and smart bio-applications;*® and Yin et al
summarized biosensors based on DNA logic gates, focusing on
the biosensors in solution, at interfaces, and in cellular envi-
ronments.** While existing reviews have explored logic
computing in bio-applications (such as cell-related biosensing
and smart logical diagnostic devices), a systematic new evalu-
ation of their role in enhancing biosensing is still required. This

20142 | Chem. Sci, 2025, 16, 20139-20180
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gap is particularly evident in the lack of comparative analysis
covering the design, construction strategies, and functionalities
of diverse logic paradigms from Boolean and combinatorial to
sequential logic, advanced feedback systems, fuzzy logic, and
reversible logic. To fill this significant gap, the present article
provides the first systematic review focusing specifically on bi-
osensing advancements driven by intelligent molecular logic
computing toolkits. In this review, not only DNA-based logic
computation, including DNAzyme-based and enzyme-free DNA
logic computation, but also synthetic and nanomaterial-based
logic computation toolkits are introduced. The key functional-
ities, such as modular multi-signal integration, activatable
lock-key (OFF-ON) control, and programmable logic-gated
nanomachines, are explored. Furthermore, the applications in
genetic analysis, cancer diagnostics, pathogen identification,
point-of-care testing, and dynamic in vivo environments are
surveyed (Scheme 1), highlighting their roles in the enhance-
ment of biosensing. In addition, the underlying analytical
mechanisms, including optical, electrochemical, and intelli-
gent sensing approaches integrated with smartphones and
artificial intelligence (AI), are elaborated. Finally, the current
challenges in translating these toolkits from proof-of-concept to
practical application, potential solutions, and the future devel-
opmental trends are conjectured, aiming to provide a fresh and
critical perspective on the evolving field of molecular logic-gated
computing.

2 Design and construction of
intelligent molecular logic
computation

2.1 Design of nucleic acid-based molecular logic
computation

2.1.1 Design principles and concepts. Molecular logic
represents a novel paradigm for information processing, which
utilizes molecules, rather than silicon-based electronics, as
fundamental computing units. By embedding information-
processing capabilities directly into matter, it enables intelli-
gent recognition, decision-making, and response within
complex chemical or biological environments such as living
systems, medical diagnostics, and environmental moni-
toring.*”** As illustrated in Fig. 1, molecular logic systems are
typically designed into three functional layers: the input layer,
the logic processing layer, and the output layer.

The input layer functions as the interface for detecting
external chemical or physical signals, which serve as the initial
conditions that trigger logical operations. Common input
modalities in the design of this layer include biological inputs
(e.g., DNA, enzymes, antibodies, or pathogens), chemical inputs
(such as specific ions or small molecules), and physical inputs
(including light, temperature, or electric fields). Unlike tradi-
tional computers, which rely on electrical signals, molecular
logic systems operate through direct interaction with environ-
mental variables. This allows seamless integration into biolog-
ical or chemical milieus without the need for complex signal
transducers or external sensors.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Molecular Logic

Toolkits
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] Design
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Output layer
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Advanced logic loops
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Nanomaterial-based logic
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Programmable control

Logic-gated nanomachines

Collaborate with

intelligent tools

Smartphones
Artificial intelligence ]

Machine learning

X . DNA
Genetic analysis {

RNA
pH levels
Hypoxia

Cancer analysis Antigen density

Biosensing Tumor protease

applications

Cytokines

SARS-CoV-2
Pathogen identification { Influenza A, influenza B

MERS-CoV

Dynamic in vivo
environment
sensing

Cell-membrane markers
{ Intracellular targets

Other in vivo markers

Fluorescent signals
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Strategies
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Scheme 1 Flowchart of intelligent molecular logic computing toolkits for nucleic acid-based biosensing.

The logic processing layer acts as the “brain” of the molec-
ular logic system. It receives signals from the input layer and
performs computations according to predefined Boolean logic
operations, such as AND, OR, XOR, and INHIBIT. The
molecular-level design of this layer can be achieved through
various strategies, including DNA-based computing, synthetic
biology-driven logic, and nanomaterial-mediated logic opera-
tions. In DNA-based molecular logic computing, input signals,

such as specific DNA sequences, ions, or small molecules are
interpreted as binary inputs (0 or 1). The computation proceeds
through molecular interactions like DNA hybridization, strand
displacement, or enzyme-driven reactions, resulting in
a detectable output signal.***® Synthetic biology-based logic
employs genetic engineering to build biomolecular logic gates
from DNA, RNA, or proteins. These circuits control gene
expression in response to logical operations (e.g., AND, OR,

Design of nucleic acid-based molecular logic computation
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Fig.1 Design principles of nucleic acid-based molecular logic systems through three functional layers: input layer, logic processing layer, and
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NOT), thereby enabling programmable cellular functions.*"*
Nanomaterial-based logic employs materials like metal nano-
particles, carbon nanotubes (CNTs), or quantum dots as both
the fundamental computing elements and signal transducers.
Interactions with nucleic acids or other input stimuli induce
quantifiable alterations in the physical properties of these
nanomaterials, resulting in a measurable response that encodes
the output of the logic operation.*>**

The output layer serves as the interface through which
a molecular logic system communicates the results of its
computations. It converts the outcomes processed by the logic
layer into readable and actionable signals. Common output
modalities include optical signals such as changes in fluores-
cence intensity or color, as well as electrochemical signals and
other measurable physical or chemical changes. Meanwhile, the
output often constitutes a direct action rather than mere data.
For example, the system may be designed to recognize and kill
targeted cells, trigger an immune response, or release thera-
peutic agents.*>*¢

From a three-layer architectural perspective, molecular logic
represents a shift in information processing. It relocates
“intelligence” from macroscopic computer chips and embeds it
directly into molecules. This seamless integration of computa-
tion and execution enables the system to autonomously
complete a “sense-compute-act” cycle without human inter-
vention, facilitating direct molecular-level decision-making and
operation. This approach empowers matter itself with the
ability to perceive, compute, and act, advancing the conver-
gence of chemistry, materials science, biology, and information
science.

2.1.2 Different types of logical computing. At present, the
primary types of logic operations encompass Boolean logic,
combinatorial logic, sequential logic, advanced logic loops and
feedback systems, fuzzy logic, and reversible logic. As illustrated
in Table 2, these logic paradigms are systematically compared
based on their theoretical foundations, input/output behavior,
key characteristics, and typical applications.

Table 2 Different types of logical computing

View Article Online
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Boolean logic is the most fundamental logic circuitry, based
on George Boole's algebraic system. It operates using binary
variables that can assume only two values: TRUE (1) or FALSE
(0). Key operations such as AND, OR, and NOT are defined
through truth tables. In Boolean logic, the inputs and outputs
are distinctly binary, meaning that one or more binary inputs
produce a single binary output based on the specified logical
operation. Its main characteristics include simplicity, deter-
minism, and a binary structure. The output is determined
exclusively by the current combination of inputs, without any
memory capability. Applications of Boolean logic are diverse,
ranging from molecular computation using DNA to create
artificial chemical reaction networks (CRNs) that execute
Boolean logic tasks,** to gene editing techniques that utilize
Boolean logic for spatiotemporally regulated genome editing
and intelligent delivery systems.>

Combinational logic refers to circuits composed of Boolean
logic gates, where the output is determined solely by the current
combination of inputs and does not depend on prior inputs or
internal states. These circuits operate according to the princi-
ples of Boolean algebra. The inputs consist of various combi-
nations of binary signals, and the output is a direct function of
the current input values. Key characteristics include the
absence of memory (the output is independent of input history),
the lack of feedback loops, and the presence of propagation
delay, which serves as a significant limiting factor. Typical
applications encompass arithmetic logic units, encoders and
decoders, multiplexers and demultiplexers, and parity checkers.
Additionally, combinatorial logic supports advanced applica-
tions such as translating upstream pathway information into
binary DNA codes for downstream DNA-based circuits and
nucleic acid computing,” as well as enabling the design of
sophisticated multiplexing systems.***

Sequential logic refers to a type of logic circuit where the
output is determined not only by the current input but also by
the sequence of previous inputs, which is known as the present
state. This type of logic is typically modeled using finite state

Logic type

Theoretical basis

Input; output

Key features

Typical applications

Boolean logic

Combinational logic

Sequential logic

Advanced logic loops

Fuzzy logic

Reversible logic

Boolean algebra, binary
system

Boolean algebra,
combinatorial Boolean logic
circuit

Finite-state machine,
sequential circuit theory

Cybernetics, dynamical
systems theory

Fuzzy set theory,
approximate reasoning

Thermodynamics, quantum
mechanics

20144 | Chem. Sci., 2025, 16, 20139-20180

Single/multiple binary
inputs; single binary output
Combination of binary
inputs; binary output

Current input + clock +
current state; output + next
state

External input + feedback
input; system output

Crisp values (fuzzified); fuzzy
values [0,1] (defuzzified)

Equal number of inputs and
outputs (one-to-one
mapping)

Binary values (0/1),
deterministic, memoryless
Output depends only on
current inputs, memoryless,
no feedback

Memory elements, output
depends on input history
and state, uses feedback
Feedback loops, dynamic,
non-linear, oscillatory
Handles partial truth &
uncertainty, rule-based

Information conservation,
low power consumption,
foundational for quantum
computing

Basic digital gates, simple
decision circuits

Adders, multiplexers,
encoders/decoders

Counters, shift registers,
memory units

Oscillators, bistable
switches, adaptive systems
Intelligent control,
encoding, encryption, and
concealment systems
Ultra-low-power circuits,
quantum algorithms, nano-
computing
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machines. Inputs to sequential logic comprise both data inputs
and a clock signal, with the output being a function of the
combination of current inputs and the current state. Key char-
acteristics of sequential logic include memory capabilities,
enabled by storage elements such as flip-flops and latches, the
presence of feedback loops, and reliance on clock signals for
synchronization in synchronous sequential logic. Common
applications include counters, shift registers, memory units,
microprocessor control units, and state management in digital
systems.’*® Sequential logic circuits based on DNA strand
displacement can be utilized to model signal processing events
in biological systems that involve time-dependent information.
Advanced logic loops and feedback systems are based on the
principle of reintegrating a system's output as input (feedback),
which results in dynamic and often nonlinear behaviors. This
concept is rooted in cybernetics and dynamical systems theory.
Inputs to these systems typically encompass both external
stimuli and feedback signals; the output is determined by the
current state of the system and the inputs received, which are
then looped back into the system. These systems are charac-
terized by feedback loops and the ability to exhibit complex
dynamic behaviors like oscillation, bistability, and chaos.
Furthermore, they can support memory and adaptive
functions.*”* In 2011, Winfree et al. developed a synthetic
oscillator utilizing transcriptional regulatory components,
including promoters, repressors, and feedback loops.>® The
DNA-based oscillators offered new functionalities for DNA
computing, including the generation of precise timing signals
to synchronize different operations and recognize specific
patterns. These advances demonstrated that DNA-based
networks were capable of supporting more sophisticated func-
tions, such as dynamic and continuous signal processing.
Fuzzy logic expands upon Boolean logic by incorporating the
concept of “partial truth”, where truth values can range
continuously from 0 (completely false) to 1 (completely true),
rather than being limited to just 0 or 1. It is grounded in fuzzy
set theory. Inputs can be either precise or fuzzy values, which
are transformed into degrees of membership through a process
known as fuzzification. Outputs are represented as fuzzy sets,
which are often converted into precise values via defuzzifica-
tion. Key characteristics of fuzzy logic include its capability to
manage uncertainty and approximate reasoning, the use of
linguistic variables, and rule bases (such as IF-THEN rules), all
of which allow it to emulate human decision-making processes
effectively. Fuzzy logic enables a broad range of applications
within electrochemical molecular systems, including sensing,
logic computation, encoding, encryption, and stegano-
graphy.®®®* For instance, Huang et al. have devised a novel
perception method grounded in fuzzy logic that employed
acridine orange dye-graphene as a nano-filter and nano-switch.
This approach capitalized on graphene's capacity to interact
with DNA structures of varying conformations.®” The system
mimicked human reasoning to tackle complex nonlinear chal-
lenges, transforming numerical outputs into linguistic
descriptions applicable in biochemical systems, environmental
monitoring, and molecular-level fuzzy logic computing. The
authors also successfully developed a graphene-based chemical
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system that could implement Boolean logic trees. This system
supported both fluorescent combinational logic, including
basic gates and complex integrated circuits, as well as fuzzy
logic computations.®® This facilitates the development of
advanced molecular-based logic programs for applications in
biosensing, nanotechnology, and drug delivery. Furthermore,
they developed a graphene-based steganographic aptasensing
system that functioned as a dual cryptographic and stegano-
graphic platform for information computation, encryption,
hiding, fluorescence sensing, and in vivo imaging of fish path-
ogens.* By enhancing material composition and system func-
tionalities, this platform could be expanded to facilitate
multimodal colorimetric sensing, advanced logic computing,
and multi-layer information protection with improved anti-
interference capabilities.®® It allowed for the encoding, encryp-
tion, and concealment of specific information, such as notable
quotations and literary excerpts, thereby advancing the fields of
nano-cryptography and steganography.

Reversible logic is rooted in principles from thermody-
namics and quantum mechanics. It encompasses a category of
logic operations where information is preserved, allowing for
the unique reconstruction of the input vector from the output
vector without erasing any information during computation, in
line with Landauer's principle.®® The fundamental requirement
for reversible logic is that the number of input lines must match
the number of output lines, ensuring a one-to-one mapping that
prevents information loss. Key characteristics of reversible logic
include its significance in ultra-low-power design, its founda-
tional role in quantum computing, and the reversibility of its
logic gates. For example, Li et al. demonstrated a reversible logic
circuit created through the programmable assembly of inter-
locked nanostructures based on double-stranded DNA (dsDNA)
pseudorotaxanes, which facilitates the repetitive operation of
a DNA-based computing unit.*” A significant challenge in
improving the computational capabilities of nucleic acid-based
molecular logic is the issue of reusability. To tackle this
problem, Liu et al. introduced a highly reusable enzyme-driven
DNA logic circuit that utilized the selective cleavage activity of
Exonuclease III to reset the reaction system from its final state
back to the initial state.*® This reset mechanism enabled the
logic circuit to be executed multiple times. The reuse strategy
demonstrated exceptional performance in both single-gate and
multi-level cascade systems with varying input conditions.

2.2 Construction of nucleic acid-based molecular logic
computation

2.2.1 DNA-based logic computation. DNA, was originally
considered as a carrier of genetic information based on the
principle of base complementarity. Due to its distinctive prop-
erties, such as binding specificity and structural stability, it
plays a crucial role in the design of molecular machines and
sensing components, facilitating molecular recognition and
information processing.®®* The construction of a nucleic acid-
based intelligent logic computing system relies on the strict
principles of Watson-Crick base pairing. This system can

execute various algorithms and tasks using DNA-based

Chem. Sci,, 2025, 16, 20139-20180 | 20145


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06176h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 1404. Downloaded on 06/12/1404 02:39:05 ..

(cc)

Chemical Science

intelligent computing circuits. Nucleic acid intelligent logic
operations not only perform precise calculations similar to
traditional silicon-based computers but also enable biochem-
ical molecular recognition, sensor analysis, and diagnostic and
treatment detection.”®”* Unlike silicon-based chips, which
cannot operate in electrolyte solutions, nucleic acids are
biocompatible and water-soluble, allowing them to function
effectively in diverse biochemical environments. These advan-
tageous properties make nucleic acids excellent candidates for
use in intelligent computing systems. In 1994, Adleman et al.
proposed that DNA could serve as a model for computational
solutions to standard problems in computer science, marking
the beginning of DNA computing.”” Since then, extensive
research has focused on nucleic acid intelligent computing.
With the aid of parallel computing systems, scientists have
demonstrated the significant potential of functional nucleic
acid nanotechnology in the field of intelligent computing.””*

DNA is commonly employed as inputs, processing elements,
and outputs in the construction of DNA logic gates.**”* As
inputs, specific sequences of DNA or RNA strands serve as initial
stimulus signals. For instance, in strand displacement reac-
tions, a single-stranded DNA (ssDNA) input can trigger a pre-
designed reaction pathway. For processing, DNA molecules
perform logical operations through processes such as hybrid-
ization, strand displacement, and enzymatic reactions (e.g,
cleavage by endonucleases or ligation by ligases). The compu-
tation itself is achieved via physicochemical interactions among
DNA molecules. As outputs, the results of the computation are
typically presented as detectable DNA/RNA signals, such as the
generation of a specific fluorescent reporter strand or a confor-
mational change in a DNA structure. As illustrated in Fig. 2a,
Song et al. developed a DNA-based logic circuit architecture that
utilized single-stranded logic gates and strand-displacing DNA
polymerase.” These logic gates consisted of only a single DNA
strand, which significantly reduced leakage reactions and
simplified signal recovery steps, thereby improving circuit
performance in terms of both computational speed and the
number of DNA strands required. Large-scale logic circuits can
be constructed through a straightforward cascading strategy.

Traditional DNA computing systems primarily utilize nucleic
acid sequences, such as DNA or RNA strands, as inputs, pro-
cessing units, and outputs within fundamental components
like DNA logic gates. However, biological processes in nature
are far more complex than merely nucleic acid interactions,
involving extensive regulation by non-nucleic acid entities such
as small molecules and proteins. Therefore, integrating non-
nucleic acid signals into DNA-based computational frame-
works is a crucial step in advancing the field from theoretical
concepts to practical applications.

To enable these non-nucleic acid targets to operate similarly
to nucleic acid strands, synthetic DNA converters can be used to
achieve protein-controlled manipulation of dynamic nucleic
acid networks.”” One of the most widely adopted strategies in
this context is the use of aptamers, which act as interfaces
between various non-nucleic acid targets and nucleic acid-
based computations. Aptamers are short nucleic acids (DNA
or RNA) selected via SELEX (systematic evolution of ligands by
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exponential enrichment), capable of binding non-nucleic acid
targets with high specificity and affinity.”®”® As illustrated in
Fig. 2b, the mechanism relies on the fact that non-nucleic acid
ligands do not directly participate in nucleic acid reactions.
Instead, when a target ligand (input signal) binds to its corre-
sponding DNA aptamer, it induces a significant conformational
change in the aptamer, such as a transition from an unfolded
state to a folded state, or vice versa. This conformational change
is pre-designed within the DNA logic circuit to mimic the
introduction of an input nucleic acid strand, thus triggering
subsequent strand displacement or assembly reactions.*»*' In
this process, a small molecule or protein input functions
similarly to a nucleic acid strand input. The aptamer-ligand
binding event effectively replaces traditional nucleic acid
hybridization as the new input instruction. This strategy facil-
itates the efficient and orthogonal transduction of small mole-
cules and proteins, importantly enabling logical and cascaded
operations among different ligands.** As illustrated in Fig. 2c,
Zhang et al. demonstrated that conformation-controlled ligand
converters could seamlessly integrate various non-nucleic acid
molecules, including small molecules and proteins, into nucleic
acid computations.** This integration enhanced the construc-
tion of circuits with greater complexity and scalability, even
allowing for algorithmic operations.

Moreover, this strategy can also be applied to perform DNA
logic operations using multiple aptamers on living cell
membranes for accurate identification of cancer cells,”®** or to
construct DNA logic-gated nanorobots for multiplexed diag-
nosis and synergistic therapy.*® Additionally, aptamer-based
strategies can be combined with various nanomaterials to
form DNA hybrid structures for highly sensitive detection
applications, such as antibiotic monitoring.*

2.2.1.1 DNA enzymes (DNAzyme)-based logic computation.
Typical biosensing strategies often rely on protein-based
molecules, such as antibodies or enzymes. While these
methods are effective, they encounter several limitations,
including high costs, poor stability, and complex preparation
processes. The emergence of DNAzymes has challenged the
conventional view of DNA as merely a carrier of genetic infor-
mation, revealing its additional role as a remarkably efficient
catalytic element.** By harnessing the dual “recognition-
catalysis” functionality of DNAzymes, sensing strategies based
on these molecules can convert the presence of specific targets,
such as metal ions or nucleic acids, into measurable signal
outputs, thus providing a novel technological avenue for
modern analytical science.

In 2002, Stojanovic et al. pioneered a novel logic-gated
operation strategy utilizing DNAzymes,*® capable of executing
nucleic acid logic operations for any Boolean function. This
groundbreaking work has catalyzed the development of diverse
functional nucleic acid logic-gated computing systems. Subse-
quent innovations have encompassed deoxyribose-based
molecular automata,” Boolean logic control of aptamer
binding states,”> and advanced intelligent manipulation,
including training nucleic acid molecular automata for game-
playing applications.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Construction of the input and processing layers in DNA-based logic computation. (a) Schematic of a single-stranded DNA logic gate
circuit utilizing strand-displacing DNA polymerase. Reproduced with permission.”® Copyright 2019, Springer Nature. (b) Mechanism of DNA
aptamer binding and its interaction with target molecules. (c) Schematic illustrating the integration of non-nucleic acid molecules into nucleic
acid computing systems via nucleic acid aptamers. Reproduced with permission.®* Copyright 2022, John Wiley and Sons Ltd. (d) Mechanism of
the interaction between DNAzymes and target ions leading to sequence-specific cleavage of nucleic acids. (e) A temporal DNA logic gate
constructed by DNAzyme-based dissipative DNA strand displacement. Reproduced with permission.>* Copyright 2024, the American Chemical
Society. (f) Enzyme-free strategy for implementing nucleic acid logic circuits and performing logical operations. Reproduced with permission.*®

Copyright 2011, American Association for the Advancement of Science.

DNA logic gates constructed using various types of enzymes
can be divided into DNAzyme-based logic gates and protease-
based logic gates. DNAzymes are a class of catalytic nucleic
acids generated through in vitro selection,”*® enabling the
cleavage of specific substrates in the presence of cofactors. As
illustrated in Fig. 2d, DNAzymes are capable of catalyzing
a variety of chemical reactions with high efficiency and speci-
ficity, similar to protein-based enzymes. One of the most
common reactions they facilitate is the cleavage of RNA phos-
phodiester bonds. The essence of this strategy lies in a system
where the substrate strand and enzyme strand are initially
separated. The substrate strand typically contains a cleavable
ribonucleotide (rA) site. In the presence of a specific target (e.g.,
Mn>*, Zn®"), the catalytic core of the DNAzyme binds to the
target, inducing a conformational change that activates its
catalytic function.®”*® The activated DNAzyme then cleaves the
IA site within the substrate strand, resulting in the formation of

© 2025 The Author(s). Published by the Royal Society of Chemistry

two fragments. This cleavage event generates detectable physi-
cochemical changes, such as fluorescence emission, alterations
in electrical signals, or nanoparticle aggregation, enabling
highly sensitive detection of the target.

These DNAzymes possess both enzymatic and DNA proper-
ties, which play a crucial role in the development and applica-
tion of sensing technologies and nanotechnology. Applications
include walkers, tweezers, signal amplifiers, logic gates and the
composition of dynamic networks (CDN).** As shown in Fig. 2e,
Hu et al. developed a DNAzyme-based dissipative DNA strand
displacement (D-DSD) system.** In this approach, the input
performed a branchpoint-mediated strand replacement reac-
tion, which incorporated the active region of DNAzyme between
the branchpoint and the migrating structural domain. The
cleavage site for DNAzyme was also included in the substrate
ssDNA, activated by a temporal logic gate response. On this
basis, two distinct types of temporal logic gates were developed
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by combining D-DSD as the foundational elements for temporal
control, thereby enabling temporal logic operations and
creating a modular, scalable autoregressive memory storage
methodology. Liu et al. demonstrated an innovative integration
of clustered regularly interspaced short palindromic repeat
(CRISPR)-DNAzyme with a photoactivation strategy and Boolean
logic gates, creating a sophisticated DNAzyme-based imaging
probe for sensing and analyzing nuclear metal ions.”® This
system enabled dynamic monitoring of nuclear Zn** in HeLa
cells and mice, showcasing the superior spatiotemporal control
capabilities of CRISPR-DNAzyme for advanced imaging
applications.

Furthermore, DNAzymes demonstrate remarkable potential
for intelligent response control applications. Wang et al. re-
ported a significant advancement in cell-specific chemo-
dynamic therapy (CDT) guided by DNAzyme logic gates.”” They
engineered an intelligent nano-machine that utilized DNAzyme
logic gates as the control center and metal-organic frameworks
(MOFs) as the actuators. In cancer cells, this control center can
be activated by high concentrations of microRNA-21 (miRNA-
21) and H,0,, which subsequently inhibits the expression of
catalase, leading to the effective accumulation of H,0,. The
increased concentration of H,0, further served as an input
signal to activate the control center, creating a positive feedback
loop that amplified H,O, production within the cancer cells.
Upon receiving instructions from the upstream control center,
the actuator executed the CDT, converting the over-
accumulated H,0, into cytotoxic hydroxyl radicals (-OH),
which powerfully targeted and eliminated cancer cells.

DNAzyme-based sensing strategies offer several compelling
advantages. They demonstrate remarkable catalytic efficiency
and robust signal amplification, allowing for highly sensitive
detection without the reliance on protein enzymes. These
systems also achieve high specificity. Through the rational
design of the catalytic core, DNAzymes can effectively discrim-
inate between even closely related target molecules. Addition-
ally, they exhibit superior chemical stability when compared to
protein-based enzymes, showcasing resilience to elevated
temperatures and degradation. This durability simplifies long-
term storage and transportation while ensuring reliable
performance under challenging conditions. By merging
molecular recognition with effective catalytic signal enhance-
ment, DNAzyme-based sensing represents a significant
advancement in biosensing technology. Given their exceptional
performance and versatility, these systems hold considerable
potential for a wide range of applications in environmental
monitoring, medical diagnostics, food safety, and other areas
crucial to public health and societal well-being.

2.2.1.2 Enzyme-free DNA logic computation. In the early
stages of developing logic-gated molecular cascade reaction
systems based on nuclease-driven processes, notable limita-
tions emerged, particularly regarding the efficiency of nuclease
cleavage. To overcome these challenges, Seelig et al. introduced
an enzyme-free nucleic acid logic circuit that employed ssDNA
as both inputs and outputs for constructing DNA logic gates.*®
This innovative logic circuit demonstrated capabilities in
executing logic operations, cascading, recovery, fan-out, and
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modularization, effectively reflecting digital design principles.
Qian et al. further advanced this field by utilizing DNA strand
displacement cascades to implement digital logic circuits,*
experimentally demonstrating various configurations, culmi-
nating in a four-bit square root circuit composed of 130 DNA
strands. These multi-layered circuits incorporated thresholding
and catalysis at each logic operation to facilitate digital signal
restoration, achieving fast and reliable performance in large-
scale circuits with approximately constant switching times
and linear signal propagation delays (Fig. 2f). Subsequently,
Srinivas et al. also developed an enzyme-free nucleic acid
dynamical system,’® creating a biochemical oscillator that
functioned without enzymes or evolved components, instead
relying on specially designed DNA molecules within strand
displacement cascades. The nucleic acid logic circuit could
perform a complete set of Boolean logic functions-AND, OR,
and NOT. Moreover, since the input and output took the same
form, multi-layer cascades could be achieved. The modular
architecture of this system also facilitated integration with
a variety of existing molecular components, enabling the
construction of a broad and universal nucleic acid-based
intelligent logic computing platform.***® Due to the inherent
advantages of DNA, such as easy synthesis, low cost, high
programmability and excellent biocompatibility, DNA-based
enzyme-free computing has emerged as one of the most
promising candidates for the next generation of molecular
computers, capable of efficiently performing Boolean logic
operations.

Enzyme-free DNA logic computing is commonly performed
through nucleic acid toehold-mediated strand displacement
(TMSD) reactions, which involve the specific hybridization of
complementary sequences based on Watson-Crick base pairing
for information processing. This TMSD process triggers
a cascading strand migration through DNA inputs, enabling
multiple nucleic acid site-based ligations. The TMSD process
generally consists of three main stages, pivot binding, branch
migration and strand dissociation.'**'** In the TMSD processes,
an ssDNA initiated the substitution process by binding to the
branched structural domain of the dsDNA, which led to the
release of another ssDNA sequence. Due to TMSD's program-
mable modular responses and excellent biocompatibility,
nucleic acid sensors based on TMSD circuits were useful for
signal amplification, feedback, cascading, and mode switch-
ing.'** These features make them highly promising for appli-
cations in bioanalytical and biomedical research.

By using the TMSD circuits, programmable molecular
computing has significantly enhanced the capabilities of cell-
free biosensing technology. Jung et al. developed a small
molecule sensing platform that combined a pivot-mediated
TMSD with an in vitro transcription interface,'* serving as an
information processing layer. This setup included a ligand-
induced activation of the RNA output sensors activated by
ligand induction. This platform significantly improved the
response speed, achieving a minimum detection time of less
than 10 min. Utilizing this principle, TMSD circuits were
combined with allosteric transcription factors interface to
construct biosensors capable of performing complex logic gate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculations. This was achieved by layering basic logic compo-
nents, including NOR, NAND, IMPLY and NIMPLY logic gates.
Thus, a multilayer TMSD circuit system similar to the analog-to-
digital converter was constructed to produce a series of binary
outputs, encoding the concentration range of the target mole-
cule through modeling simulations.

However, system leakage significantly hinders the develop-
ment of TMSD-based DNA cascade systems that must be
implemented sequentially. In order to reduce system leakage in
cascade DNA systems, Lv et al. designed cascade systems con-
taining two entropy-driven DNA circuits (EDC) processes that
operated independently of system leakage caused by unpurified
reactants.’ The authors proposed the “splitting-reconstruc-
tion” and “protection-release” strategies, which were used to
guide the construction of potential downstream circuit starters
derived from upstream EDCs. These strategies enabled the
development of cascaded systems that were robust against
leakage. The reconstructed downstream circuit starters fol-
lowed cascade and gate logic principles. Applying these
methods, two cascading systems were developed to execute
design sequences. The inherent properties of the upstream EDC
enhanced the performance of the downstream circuit,
improving the signal amplification capabilities of the cascade
system for sensitive detection of the corresponding promoter
chain. These strategies provided valuable insights for con-
structing higher-order DNA logic networks utilizing EDC-like
circuits.

Efficient analysis of multiple inputs is essential for DNA-
based molecular logic computation. To achieve simultaneous
analysis of multiple miRNA targets inputs, Miao et al. developed
an electrochemical platform that combined cascade strand
displacement reactions with bipedal walking for the ultrasen-
sitive electrochemical detection of two miRNAs in breast cancer
cells.*** This method prevented strand breaks at the sensing
interface and achieved an estimated limit of detection (LOD) of
10 aM. Additionally, the input-triggered cascade strand
displacement reaction enabled the construction of various logic
gates, including AND, NOT, OR, XOR, NOR, XNOR and XAND,
demonstrating the platform's versatility and potential for
advanced molecular computing applications.

2.2.2 Synthetic biology-based logic computation. Synthetic
biology has emerged as a paradigm for advanced cellular engi-
neering. It enables the development of powerful genetic tools
for studying, diagnosing, and treating diseases. Molecular logic
computation grounded in synthetic biology employs engineered
biomolecules, such as DNA, RNA, and proteins, to create
programmable computing systems within living cells or in cell-
free environments. These systems replicate Boolean operations
(e.g., AND, OR, NOT), similar to electronic logic gates, allowing
for precise control over biological behaviors. Central to this
discipline is the concept of synthetic biology-based logic
computation, which involves embedding computational
instructions into natural cellular components to achieve precise
regulation of cellular phenotypes.’®'*® By responding to
external inputs, including organic or inorganic molecules or
light, this approach allows modulation of component functions
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or their internal control mechanisms, thereby enabling
programmable manipulation of biological systems.'*”*

Synthetic gene networks have been utilized to construct
a wide array of biological devices, including logic gates,™
molecular counters,™® cell classifiers,"*'*?> oscillators,"** and
toggle switches."® However, unlike electronic circuit compo-
nents, which can be electrically and spatially isolated from one
another, biological components often interact within the intri-
cate cellular environment and are susceptible to unwanted
crosstalk. Limitations in the number and orthogonality of
available biological parts hinder the construction of more
sophisticated circuits capable of robust operation in living cells.
Consequently, designing novel regulatory components that
offer broad dynamic range, low crosstalk, and flexible
programmability remains highly challenging.

RNA-based regulatory elements present a promising
approach to overcoming the challenges associated with
controllable gene regulation in synthetic biology."**'**> Biolog-
ical components crafted from RNA utilize predictable Watson-
Crick base pairing to influence cellular behavior and can be
designed with advanced software tools that predict RNA-RNA
interactions. Nature has evolved various RNA-based mecha-
nisms that operate at both transcriptional and post-
transcriptional levels, making RNA regulators particularly
well-suited for logic-driven genetic control in synthetic
biology."®> In computational modules, expressed miRNAs can
downregulate transcripts encoding output proteins through
RNA interference, enabling logical control of protein expression
and thereby supporting diverse cellular functions.

The regulation of RNA-based genetic circuits can be effec-
tively achieved through the use of engineered circular RNAs,
which facilitate highly efficient and stable translation in
eukaryotic cells.”*®* However, while circular interactions are
products of natural evolution, creating controllable linear-
linear RNA interactions to enhance the dynamic range of
riboregulators continues to pose challenges. To tackle this
issue, Green et al. have developed a novel class of de novo
riboregulators that facilitated post-transcriptional activation of
protein translation.*” These synthetic riboregulators, known as
toehold switches, differentiated themselves from traditional
riboregulators by utilizing in vitro-developed toehold-mediated
linear-linear interactions to initiate RNA-RNA strand
displacement. The versatility, dynamic range, orthogonality,
and programmability of toehold switches have established
them as a robust platform for sensing and programming the
internal states of living cells.

Building on this work, the authors later designed an inno-
vative translation-repressing riboregulator known as the
toehold repressor."*® It utilized robust RNA secondary structures
to create inhibitory hairpins through RNA-mediated strand
displacement, providing a wide dynamic range that was suitable
for precise translational control. This design provided low
crosstalk and was suitable for multi-input logic systems. This
approach was utilized to create multi-input logic circuits, such
as NAND and NOR gates, facilitating logical operations with up
to four inputs and introducing innovative tools for program-
ming cellular functions. Following this, Siu et al. introduced an
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innovative class of riboregulators known as toehold-gated
gRNAs (thgRNAs), which incorporated toehold switch
elements into the sgRNA scaffold.”® They demonstrated the
programmability of these thgRNAs for multiplexed regulation
in E. coli with minimal crosstalk. The thgRNAs were designed to
utilize TMSD to alter gRNA structure, thereby conditionally
controlling Cas9 activity. This technology provided a straight-
forward “plug-and-play” design framework for orthogonal
regulation, allowing various cellular mRNAs to serve as triggers
for strand displacement and subsequent modulation of gene
expression. Subsequently, Zhao et al. also developed an RNA-
based eukaryotic toehold switch (eToehold) system that could
detect specific RNA sequences within eukaryotic cells and
subsequently initiate the translation of a target protein.'*® This
eToehold technology, which responded to intracellular RNAs,
enabled precise targeting of specific cells, tissues, or organisms
and functions as a modular component in the design of intri-
cate genetic circuits, offering significant potential for thera-
peutic and diagnostic applications.

Constructing complex circuits using RNA-delivered devices
within living cells continues to present challenges. Matsuura
et al. illustrated a synthetic mRNA delivery circuit that inte-
grated RNA-binding proteins for logic computation in
mammalian cells.”” They developed a series of logic gates
(AND, OR, NAND, NOR, and XOR) utilizing miRNAs and
protein-responsive mRNAs as decision-making controllers to
drive transgene expression in response to intracellular inputs
(Fig. 3a). Notably, the authors showed that an apoptosis-
regulating AND gate sensing two miRNAs could selectively
eliminate target cells. Thus, these synthetic RNA-based logic
circuits might provide a powerful tool for future therapeutic
applications.

Synthetic biology-based logic computation
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Overall, synthetic biology-based logic computation offers
a powerful framework for programming cellular behaviors, with
broad applications in biotechnology and medicine. By
combining modular genetic logic gates, multi-input sensing
abilities, and sophisticated gene circuits, this method enables
the creation of intelligent cellular systems capable of perform-
ing complex tasks with high precision and control.

2.2.3 Nanomaterial-based logic computation.
materials have garnered significant attention in biochemistry
and molecular logic computing, particularly in the development
of nucleic acid-based biosensing devices, due to their unique
physical and chemical properties. These latter include a large
specific surface area, excellent biocompatibility, and superior
catalytic performance, which improve the sensitivity and spec-
ificity of the sensing methods."**'** For instance, lanthanide
functionalized MOFs hybrid materials can serve as hybrid
materials for logic gate operations, leveraging their multiple
luminescence-responsive properties.”*»*** Meanwhile, DNA
exhibits attachment capabilities across a diverse range of
substrates, including polymers, soft materials, and quantum
materials such as polydopamine, hydrogels, microplastics,
cellulose nanocrystals, nanodiamonds, and carbon quantum
dots.”® Primary adsorption mechanisms involve -7 stacking,
hydrogen bonding, hydrophobic interactions, and metal coor-
dination. Material properties such as surface charge, functional
groups, and wettability significantly influence the adsorption
and release of DNA, allowing the construction of stimulus-
responsive systems. Additionally, by incorporating DNA with
nanomaterials and leveraging DNA's excellent programmability
and unique interactions with them, the catalytic activity and
adsorption performance of nanomaterial-based nanocatalysts

Nano-

Nanomaterial-based logic computation

B IS o VT o W v W v W i U e
(c) | = g — 24 2T =TT
YES| NO A ) NAND O XOR INHIBIT\

Fig. 3 Different strategies of synthetic biology-based logic computation and nanomaterial-based logic computation. (a) Schematic of synthetic
RNA-based logic computation in mammalian cells. Reproduced with permission.*** Copyright 2018, Springer Nature. (b) Schematic of the
preparation and application of smart nanomaterial-based logic entropy-driven nanomachine for high-throughput detection. Reproduced with
permission.*?® Copyright 2023, American Chemical Society. (c) Schematic of the DNA molecular computation using the CRISPR-mediated
reaction and surface growth of gold nanoparticles. Reproduced with permission.** Copyright 2024, American Chemical Society.
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can be effectively regulated. This enables valuable functions in
nanomaterials-based molecular logic systems.

Programmable DNA circuits can be functionally modified on
nanomaterials and rationally designed as artificial molecular
catalysts for specific amplification reactions. Pang et al. con-
structed intelligent down/up conversion nanomachines (D/
UCNMs) by integrating photosensitizer-designed DNA logic
circuits on down/up conversion nanoparticles (D/UCNPs)."*
The DNA logic circuits perform “AND” logic operations in
response to dual inputs of tumor-associated glutathione and
thymidine kinase 1 mRNAs, thereby initiating enzyme-free
TMSD. In addition, the up-conversion luminescence, initially
quenched by D/UCNPs, was restored, activating a near-infrared
(NIR)-triggered photodynamic therapy (PDT) system with high
spatiotemporal precision and enhanced efficiency. Moreover, in
vivo visual localization of these smart D/UCNMs was achieved
utilizing the down-conversion luminescence of D/UCNPs in the
second NIR window.

The entropy-driven nanomachine (EDN) can also be inte-
grated with nanomaterials to achieve specific functions in
nanomaterial-based logic computation. In a related investiga-
tion, Zhang et al. developed an EDN that was activated in
response to specific targets, subsequently regulating DNA
templates and controlling the synthesis of copper nanoclusters
(CuNCs) by inhibiting enzymatic cleavage.’”® As shown in
Fig. 3b, this innovative approach employed stabilized lumi-
nescent CuNCs in conjunction with EDN, utilizing photonic
crystals (PCs) as a signal-enhancing substrate array. This
strategy enabled the ultrasensitive detection of miRNA-21,
achieving high throughput and direct signal readout (96
samples/4 min) with a low LOD of 4.5 pM."*® By constructing
this nanomaterial-based logical EDN, the logical analysis of
multiple miRNAs was achieved through “AND” or “OR” logic
gating operations. Therefore, the detection method offered
several advantages, including being label-free, highly sensitive,
flexibly designed, and capable of high-throughput analysis. In
an interesting study, Nikitin et al. demonstrated the trans-
formation of nanoparticles and microparticles into autono-
mous biocomputational structures capable of implementing
a full set of Boolean logic gates, including YES, NOT, AND, and
OR.™ These logic gates were controlled by input-induced
structural disassembly, allowing for applications in targeted
cell delivery and advanced immunoassays. To highlight the
versatility of this approach, the study also presented a protein-
based biocomputing system that operated entirely indepen-
dently of DNA or RNA, showcasing its adaptability and flexi-
bility. This comprehensive exploration emphasizes the
transformative potential of nanomaterials and DNA-based
systems in advancing nucleic acid detection, molecular logic
gates, biocomputing, diagnostic and therapeutic applications.

In contrast to traditional nanomaterial-based logic gates that
primarily rely on catalytic effects as variable fluorescence
outputs, Guo et al. pioneered the use of the catalytic reaction of
DNA-silver nanoclusters (AgNCs) as an output signal.’*® The
established DNA/Ag NC-based nanocatalysts were useful in the
construction of molecular logic gates. Moreover, as illustrated
in Fig. 3c, Fu et al. constructed a series of logic gates, including
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YES/NOT, AND/NAND, OR/NOR, XOR and INHIBIT, through the
DNA-mediated growth of gold nanomaterials.** These funda-
mental logic operations were later employed to create an OR-2
to 1 encoder, a parity checker, and a Gray (G) code encoder as
a reflected binary code encoder. These developed biological
computing systems provided remarkable benefits, including
simplicity, fast, and label-free functionality and possess great
potential for revolutionizing information processing.

3 Functionalities of intelligent logic-
gated toolkits
3.1 Modular multi-signal integration

Modular multi-signal integration is essential for sophisticated
multiple-target sensing, particularly when instruments have
limitations that restrict them to detecting only a limited
number of signals. Consequently, it becomes necessary to make
logical integration judgments regarding multiple signals to
streamline output procedures and signal processing. This
modular multi-signal integration approach serves as an intel-
ligent simplification strategy for logical operations, enabling
precise temporal responses to multiple inputs, processing and
integrating biological signals from various signaling domains,
and programmatically executing corresponding functional
responses.”*** This methodology is widely utilized for signal
perception, integration and actuation in complex environ-
ments. It is of critical importance in the fields of gene regula-
tion, precise identification of cell types, cell therapy, and
diagnosis and treatment of disease.

Kang et al. designed a multi-input Boolean logic computa-
tional conditional guide RNAs (cgRNAs) to achieve orthogonal
regulation of endogenous gene expression.*** By leveraging the
dynamic tunability of cgRNA design, two-input AND, OR, NOT
logic gates and three-input A OR (B AND C) logic operations
were achieved (Fig. 4a). This approach allowed for precise
regulation of target gene expression for enzymes, transcription
factors, and cytoskeleton-associated proteins. This cgRNA
design strategy exhibited a broad dynamic range and the ability
to process complex intracellular logic operations.

Based on the TMSD reaction, DNA strand displacement-
based AND logic gates can be designed to achieve intelligent
multi-target analysis, facilitating accurate cell identification. Li
et al. designed an anemone-like DNA nanomachine utilizing
TMSD reaction, comprising two YES gates and one AND gate,
for simultaneous detection of multiple cellular targets.*** This
nanomachine integrates different types of logic gates-think of
them as decision-making processes-allowing it to work effec-
tively with various signals. As a result, this technology can
quickly and accurately identify tumor cells, which is essential
for early diagnosis and treatment of cancer. Chang et al. have
created a device that worked like a smart switch on living cell
surfaces using a joint pivot formation approach. This device
used a clever approach to activate multiple pivot regions by
initiating a hybridization chain reaction (HCR) process in
a programmed and timed manner, ensuring accuracy and
specificity in cell recognition.?** The fully modular components
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Fig. 4 Functionalities of intelligent logic-gated toolkits. (a) Schematic of the logical regulation of endogenous gene expression using a modular
multi-input processing strategy. Reproduced with permission.*** Copyright 2024, Oxford University Press. (b) Schematic of the lock-and-key
controlling strategy for cell-specific modulation of ligand—receptor interaction. Reproduced with permission.*** Copyright 2020, John Wiley and
Sons Ltd. (c) Schematic of a DNA origami plasmonic nanoantenna for programmable SERS sensing of multiple cytokines in cancer immuno-
therapy. Reproduced with permission.*>® Copyright 2024, the American Chemical Society.

allowed for scalability through multiple fulecrum combinations,
enabling logical calculations based on various cell markers.
Additionally, Cho and colleagues developed a programmable
SUPRA CAR system that enhanced tumor specificity through
logical responses to multiple antigens.**® The modular design of
this system permitted easy redirection of target specificity and
adjustment of T cell activity, enabling independent control of
different signaling pathways and cell types. By integrating these
signaling pathways into a single system, the effectiveness and
safety of CAR T-cell therapy were improved, making it a more
reliable cancer treatment.

To integrate three or more inputs, Kempton et al. developed
a highly programmable, spontaneously reconfigurable split-
type Cas12a system for signal integration. This system worked
like a series of switches, implementing robust two, three, and
four inputs for scalable AND gates to control endogenous
genes.'*” By combining these signals, the system can be used to
help guide treatment decisions, acting as a central platform for
developing new technologies that respond to cancer-related
information.

3.2 Activatable lock-key (OFF-ON) reconfigurable control

Activatable lock-and-key (OFF-ON) reconfigurable control
systems play a pivotal role in advancing biochemical research,
particularly in elucidating complex biomolecular interactions.
These systems offer several critical advantages, including
precise molecular recognition and regulation, conditional
activation and response mechanisms, dynamic regulatory

20152 | Chem. Sci,, 2025, 16, 20139-20180

capabilities, significant reduction of background noise with
enhanced fault tolerance, cell-specific recognition enabling
targeted therapeutic interventions,'***'* implementation of
sophisticated biological logic operations, and real-time moni-
toring coupled with feedback control mechanisms.

The activatable lock-and-key reconfigurable control repre-
sents an advanced molecular mechanism that operates through
conditional, trigger-dependent activation. This system utilizes
intra- and extracellular or cell-surface inputs as molecular keys
while employing DNA- or aptamer-encoded logic gates as cor-
responding locks. These molecular locks undergo structural
reconfiguration upon specific activation events, enabling them
to respond to diverse biological cues. This sophisticated
mechanism facilitates precise, context-dependent biological
responses, making it particularly valuable in complex biological
systems and therapeutic applications.

The lock-key strategy can achieve accurate molecular
recognition and regulation. For the detection of biochemical
targets secreted by cells into in vitro, Wang et al. proposed
a double-locked probe mediated catalytic hairpin assembly
(CHA) for logical detection of miRNA and apurinic/apyrimidinic
endonuclease 1 (APE1)."*® Each CHA hairpin contained a lock,
with APE1 serving as the first key to unlock and miRNA as the
second key. The system required the presence of both keys to
unlock the hairpin, triggering a self-assembly reaction that
produced a fluorescent signal. This dual-lock biosensor
exhibited low background noise and high sensitivity and spec-
ificity, making it a robust tool for biochemical detection. Ren
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et al. also designed a double-lock key system that activated two
recognition elements on the target cell membrane before
delivering small interfering RNA (siRNA), effectively controlling
the cell's “lock-open” state.*** The system significantly improved
delivery specificity, avoided off-target toxicity, and achieved
specific cell subtype recognition and precise delivery of siRNA.

The lock-key strategy can also realize complex biological
logic operations. Nikitin et al. demonstrated the transformation
of nanoparticles or microparticles into autonomous bi-
ocomputational structures capable of implementing a fully
functional set of Boolean logic gates (YES, NOT, AND, and
OR)." These structures were logically gated by input-induced
structural disassembly, enabling logically-gated cell targeting
and advanced immunoassay.*® The biocomputational struc-
tures were based on stimulus-responsive composite
nanoparticle/biomolecular interfaces, which can target a wide
range of entities, from solid-bound molecules to nanoparticles
and living cells. This diverse mode of operation enabled
complex information processing and targeted biological
interventions.

The activatable key-locked (OFF-ON) reconfigurable control
strategy not only conducts in responds to complex signals with
logical reliability but also selectively regulates cellular behavior,
which is crucial for cell therapy. In terms of techniques for
tracking macrophage movement, Fernandez et al. introduced
a fluorescent-activated C-C motif chemokine ligand 2 (CCL2)
chemokine, enabling in vivo imaging of active transfer-
associated macrophages through the “AND” gate strategy.'**
Unlike previous methods that relied on fluorescently labeled
antibodies and always-on fluorescent chemokines, this strategy
ensured that fluorescence was released only after receptor
binding and intracellular activation, thereby achieving high
specificity.

Douglas et al. described an autonomous DNA nanorobot
controlled by aptamer-encoded logic gates, capable of deliv-
ering signaling molecules to the cell surface for conditional,
triggered activation.'*® The nanorobot reconfigured its structure
for signaling and was able to collect flagellin from solution,
inducing enhanced T cell activation. This suggests that the
activatable lock-and-key reconfigurable control strategy can
induce multiple modifiable changes in cell behaviour, high-
lighting its potential for therapeutic applications. As illustrated
in Fig. 4b, our group designed an intelligent “Scan and Unlock”
DNA automaton system that used DNA-based cell surface CRNs
to scan and evaluate the molecular profile of proteins on the cell
surface via Boolean logic circuits.*® This system selectively
activated protein-ligands to interact with homologous receptors
on their target cells, modulating cell-specific signaling and
behavior. This strategy enabled the design of highly cell-
selective protein ligands that regulate cell behavior, providing
a programmable, scalable, and universal paradigm for cell-
specific therapy with minimal side effects.

3.3 Programmable control

Logic-gated programmable bioanalytical strategies represent
a cutting-edge approach in bioengineering and biosensing,
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allowing for the creation of sophisticated, context-dependent
systems for biological analysis and intervention. These strate-
gies harness the principles of Boolean logic and molecular
programming to develop highly specific and tunable biological
circuits, offering transformative potential in both fundamental
research and applied sciences. Logic-gated systems employ
molecular components, such as DNA, RNA, proteins, or
synthetic molecules, to function as biological logic gates (e.g.,
AND, OR, NOT). These gates interpret specific input signals,
such as biomarkers or cellular signals, and produce precise
outputs, including signal transduction or therapeutic
actions."* ¢ The programmability of these systems facilitates
the integration of multiple inputs and enables the execution of
complex decision-making processes at the molecular level.

Programmable DNA circuits are artificially engineered
systems based on molecular self-assembly and dynamic inter-
actions of DNA, capable of emulating the functions of electronic
logic circuits to perform computation, signal processing, and
decision-making at the molecular level. Their core functionality
leverages DNA's programmability, high specificity, and massive
parallelism to enable sophisticated biomolecular information
processing. Programmable control enables the design and
programming of various logic circuits capable of recognizing
complex multi-signal inputs and regulating cellular behavior
with high precision. Chen et al. developed a set of logic gates
(YES, NOR, AND, OR, AND/OR) that respond to multiple inputs
by employing aptamer recognition and proximity-induced DNA
assembly."” They designed aptamers as “robotic arms” to
capture target receptors (c-Met and CD71) and facilitate DNA-
induced receptor assembly. This approach allowed for the
programmable regulation of cell signal transduction and
behavior. This modular design and construction of DNA-based
logic gates enabled the programmable control of layered
circuits, providing sophisticated computational control over
receptor organization and function.

Tian et al. introduced a programmable vector-cyclic single-
stranded DNA (CssDNA) for gene expression in a yeast-based
cell-free protein expression (CFE) system.'*® The positive and
antisense CssDNA had distinct protein expression pathways. By
designing and constructing dual-input logic gates using
CssDNA as a logic unit, they validated the feasibility of CssDNA
as a programmable vector for gene regulation in CFE systems.
This study enhanced the understanding of how CssDNA can be
utilized for programmable gene expression and regulation,
thereby expanding the synthetic biology toolkit.

Programmable remodelling of the cell surface enables
logical control of cell behaviour. Qu et al. constructed a series of
DNA-based logic gates (AND, OR, XOR, AND AND-OR) to
program mammalian cell adhesion and achieve high-precision
regulation of cell behavior.**® The modular design of DNA-based
logic gates enabled the engineering of complex hierarchical
circuits, allowing for advanced computational control of
mammalian cell adhesion. The mechanism of DNA-based
CRNs, which relied on sequence recognition and strand
displacement reactions, provided a versatile and programmable
tool for the logical control of mammalian cell behavior with
high accuracy and predictability.
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Surface-enhanced Raman spectroscopy (SERS) offers signif-
icant advantages over fluorescence spectroscopy in identifying
trace substances due to the signal enhancement provided by
plasma nanostructures. The assembly of equipartitioned exci-
tonic nanostructures using programmable DNA origami
enables multiple detection in practical applications. As shown
in Fig. 4c, Tang et al. constructed a novel stimulus-responsive
DNA origami plasmonic nanoantenna, implementing
a complete set of Boolean logic gates using cytokine molecules
as inputs and changes in Raman signals as outputs.”® These
logic gates included AND, NOT, OR, NOR, XOR, XNOR and
INHIBIT gates, achieving programmable SERS-based multiple
biosensing of cytokines in cancer immunotherapy. Future
development of logic-gated programmable bioanalytical strate-
gies may include incorporating Al to optimize circuit design,
exploring new molecular components for enhanced function-
ality, and translating these systems into clinical and industrial
applications.

3.4 Logic-gated nanomachines

Logic-gated nanomachines are artificially engineered nano-
systems designed to perform molecular logic operations,
enabling them to execute programmed responses when they
encounter specific combinations of biological signals. These
sophisticated systems have emerged as a cutting-edge area of
research, due to their pivotal roles in disease diagnostics,
precision therapeutics, and real-time in vivo monitoring.*3**515>

These nanomachines perform critical functions, starting
with molecular-level conditional decision-making through
Boolean logic gates (AND, OR, NOT). Their operation requires
co-activation by specific biomarkers (e.g., miRNAs, proteins, pH
changes, or enzymes) to minimize false-positive signals in
diagnostic applications. A notable example is the autonomous
DNA nanorobot developed by Douglas et al. (Fig. 5a),"*®* which
demonstrated three key capabilities: (1) the transport of
molecular payloads to target cells, (2) sensing of cell surface
inputs for conditional activation, and (3) structural reconfigu-
ration for accurate payload delivery. This programmable device
allowed for the loading of various therapeutic materials in
a highly organized manner and was controlled by aptamer-
encoded logic gates, enabling a response to multiple molec-
ular cues. The system employed several distinct AND-gate
operations and demonstrated effectiveness in selectively
controlling the functions of the nanomachine, and can be
utilized in precision cell-targeting therapies.

Additionally, these nanomachines demonstrate a dynamic
ability to respond to changes in their microenvironment, such
as hypoxia, reactive oxygen species (ROS) levels, and adenosine
triphosphate (ATP) concentrations. This responsiveness
enables targeted actions at pathological sites, including tumors
and inflamed tissues. Liu et al. engineered an innovative class of
logic-gated plasmonic nanodevices by co-assembling two gold
nanorods (AuNRs) with computational elements on a tweezer-
shaped DNA origami template (Fig. 5b).'** Upon recognizing
a variety of molecular inputs, such as DNA strands, glutathione,
or adenosine, these nanostructures underwent programmed
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geometric reconfiguration, resulting in corresponding changes
in the circular dichroism (CD) signals of the plasmonic AuNR-
origami assemblies. This platform successfully executed
a complete set of modular Boolean logic operations (YES, NOT,
AND, OR) and was further developed to create a sophisticated
three-input circuit capable of performing combined OR-NOT-
AND Boolean computations. This DNA-based self-assembly
approach highlights significant potential for programmable
applications across fields such as photonic modulators,
molecular information processing, and bioanalytical systems.

Moreover, these nanomachines exhibit cascading response
capabilities that amplify and transduce subtle biological signals
into measurable outputs (e.g., fluorescence, electrochemical
signals), thereby achieving a significant enhancement in
detection sensitivity. For example, Wang et al. developed
a genetically intelligent DNA nanorobot (Fig. 5¢),'*> which was
precisely engineered to execute coordinated responses to both
intercellular and intracellular microenvironmental cues. This
innovative system facilitated lysosome-targeted payload
delivery, markedly improving therapeutic efficacy through
subcellular-level interventions in tumor treatment. Such logic-
gated DNA nanorobots showcase extraordinary potential for
modulating cellular functions and advancing applications in
precision medicine. Expanding on these capabilities, logic-
gated nanomachines present particularly promising platforms
for point-of-care diagnostic systems as well as dynamic in vivo
therapeutic applications, as thoroughly discussed in Section
5.5.6.

4 Analytical sensing strategies based
on intelligent logic-gated operations
4.1 Fluorescent strategies

Fluorescent sensors are analytical devices that convert analyte
signals into fluorescent signals as outputs. These sensors utilize
various reporter modules, including chemically synthesized
fluorophores,'* nucleic acid-based probes,'>>*” metal-organic
skeletons,*® quantum dots,”® nanoparticle-based probes,**®
and genetically engineered fluorescent proteins.'** The inte-
gration of DNA logic computation with fluorescent biosensors
has significantly advanced the bioanalytical field, facilitating
the development of multi-sensing platforms that offer user-
friendly, rapid, and precise diagnostic analyses with excep-
tional sensitivity and specificity.

The main challenge of fluorescence sensing is the limitation
of the fluorescence channel in multi-color fluorescence. To
address this challenge, implementing logical operations can
transform the fluorescence signal into a reprogrammable and
independent readout for the sensing system. Xiao et al. devel-
oped self-luminous carbon dots (CDs) that emit blue (CD-1),
green (CD-2), and red (CD-3) fluorescence.’® As shown in
Fig. 6a, these CDs were designed to perform various logic
operations, including NOT, NAND and NOR. Furthermore, the
logical outputs resulting from these logic operations were
encoded into quick response codes, which could be readily
scanned and decoded with a smartphone. This strategy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Functionalities of logic-gated nanomachines. (a) Schematic of a logic-gated nanorobot for targeted transport of molecular payloads.
Reproduced with permission.*®® Copyright 2012, the American Association for the Advancement of Science. (b) Schematic of logic-gated
plasmonic nanodevices based on DNA-templated assembly. Reproduced with permission.*>* Copyright 2021, the Chinese Chemical Society. (c)
Schematic of logic-gated intelligent DNA nanomachines engineered for cascade responses, targeted cargo delivery and enhanced cancer
therapy. Reproduced with permission.'>2 Copyright 2025, John Wiley and Sons Ltd.

established a robust framework for multi-level logical opera-
tions and provided a user-friendly and accessible readout
system for molecular computing applications. Wang et al.
proposed a molecular logic-gated fluorescent probe Py,-pH-SO,
for dual-channel simultaneous detection of sulfite and pH
changes in mitochondria.'®® This fluorescent molecular logic
gate probe was rapidly activated by mitochondrial sulfite,
resulting in the emission of green fluorescence, while red
fluorescence was simultaneously quenched by mitochondrial
protons. This study introduced a logic-gated molecular probe,
offering a versatile strategy for monitoring the roles of sulfite
and H' in cuproptosis.

Genetically encoded fluorescent sensors are transformative
tools that convert chemical and physical signals into optical
signals, enabling the visualization of physiological processes in
living cells and freely moving animals. These sensors predom-
inantly employ fluorescent proteins as their reporter
modules.’® Chen et al presented a novel approach for
designing logic gates capable of regulating protein binding.'*
These gates were constructed from engineered small proteins,
which shared structural similarities but were designed with
specific interaction modules. By utilizing monomers and

© 2025 The Author(s). Published by the Royal Society of Chemistry

covalently linked monomers as inputs, the authors successfully
developed 2-input and 3-input logic gates based on competitive
binding mechanisms. Vishweshwaraiah et al. conducted an
engineered single-protein system designed to function as
a “two-input logic OR gate” through allosteric regulation.**® This
system enabled orthogonal control of protein function using
chemical and optogenetic switches. This study established
a proof of principle for the precise multimodal regulation of
protein function and laid the groundwork for the development
of sophisticated nanoscale computational agents.

For fluorescence sensing, signal amplification strategies
significantly improved the sensitivity and detection capabilities.
Among various amplification methods, CHA shows the unique
advantages of programmable design, ease of operation, time-
saving and low cost, as well as a strong ability to amplify
signals efficiently under in vitro and in vivo thermostatic
conditions. Luo et al. summarized the application of CHA as
a cascade nucleic acid circuit in fluorescent biosensors.'*” Deng
et al. developed a logic gate biosensing platform by integrating
CRISPR-Cas12a with CHA for the detection of polychlorinated
biphenyls.’®® The output signal of this platform was visually
observable under ultraviolet light. This biosensing platform
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electrochemical OR gate assay for the detection of NSCLC-derived exosomes. Reproduced with permission.*®* Copyright 2024, Springer Nature.
(d) Schematic of an electrochemical biosensor integrated with a logic circuit as an intelligent automaton for two-miRNA detection. Reproduced

with permission.*®” Copyright 2024, The Royal Society of Chemistry.

demonstrated significant advantages, including versatile input
combinations, intuitive digital output, and high flexibility and
scalability, making it a promising tool for the intelligent and
efficient detection of polychlorinated biphenyls.

DNAzyme-based amplification also offers significant advan-
tages such as high specificity and design flexibility for fluores-
cence sensing, making it a powerful tool in bioanalytical
applications. Pan et al. developed an ultrasensitive fluorescent
biosensor for the detection of Cd*>" by leveraging a Cd**-driven
wheel walker deoxyribonuclease.'®® This sensor exhibited
a linear detection range from 1 pM to 10 nM and an LOD of 0.2
pM. The sensor utilized a Cd*"-specific deoxyribonuclease for
heavy metal ion recognition. Upon activation by Cd**, the
deoxyribonuclease traversed a DNA track via a TMSD reaction,
leading to successive cleavage of BHQ-Cy5-modified substrate
strands and generating a high fluorescence signal.

To improve the anti-interference capability and self-
calibration functionality of fluorescence sensing, ratiometric
fluorescence sensors are commonly designed for implementing
logic-gated molecular operations in fluorescence-based detec-
tion systems."”® Ratiometric fluorescence sensors offer the
advantages of visual detection, interference tolerance and
higher sensitivity than single-emission fluorescence sensors.'”
Tian et al. developed a ratiometric fluorescence aptamer sensor
for sensitive detection of kanamycin (KAN) using fluorescence
and colorimetric signals.””> CuNCs encapsulated in SiO,

20156 | Chem. Sci., 2025, 16, 20139-20180

(CuNCs@Si0,) were used to enhance stability and maintain
bright blue fluorescence as a reference signal. DNA-templated
silver nanoclusters (DNA-AgNCs), synthesized using DNA
strands containing KAN aptamers, served as the response signal
for red fluorescence. The presence of KAN induced fluorescence
signal changes, resulting in visual color alterations. The apta-
sensor demonstrated LODs of 7.3 nM and 14.5 nM for ratio-
metric fluorescence and colorimetric modes, respectively, and
was effectively applied for quantitative measurement of KAN in
food samples. Hou et al. fabricated a MOF nanozyme-based
ratiometric fluorescence sensor for the intelligent recognition
and detection of sarcosine, utilizing an AND-(AND"NAND)
contrary logic circuit.'”® This sensor demonstrated commend-
able performance in human serum samples, and further
advancements enabled smartphone-based portable sensing of
sarcosine through ratiometric RGB analysis, advancing the field
of point-of-care analysis.

4.2 Colorimetric strategies

Colorimetric methods are increasingly favored for field diag-
nostics due to their operational simplicity, cost-effectiveness,
practicality, and visual result output. Colorimetric sensors
that utilize logic-gating intelligent arithmetic strategies can
process multiple inputs and visualize output signals through
Boolean logic operations. This approach provides a versatile
solution to deal with different situations of analytes. Moreover,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the programmability of logic gates allows the flexible design of
custom logic systems tailored to specific detection needs. For
example, Ge et al. demonstrated a novel approach by visualizing
output signals from a 3D DNA walker."”* This system success-
fully detected SARS-CoV-2 RNA fragments at concentrations as
low as 1 nM. The DNA walker unsealed the walking strand in the
presence of both ORFlab and NRNA fragments, cleaving the
track strand during the walk. As the walking process proceeded,
the decrease in negative charge density and the weakening of
spatial repulsion caused the DNA walker to aggregate at high
salt concentrations. This aggregation led to a visible color
change from red to purple, permitting easy interpretation of the
results. In another study, Borah et al. developed a logic gate
biosensor for colorimetric detection of thiocyanate.'” This
system utilized Cu”®" and thiocyanate as inputs, which were
composed of a silver-based colloidal plasmonic nanosensor, to
form an AND logic gate. The biosensor exhibited a detection
range of 100 nM to 1.0 uM for thiocyanate with an LOD value of
53.60 nM.

To detect multiple nucleic acid targets simultaneously in one
detection, Gong et al. developed a CRISPR/Casl2a-based bi-
osensing platform utilizing AND logic gates for the highly
sensitive colorimetric detection of dual miRNAs.*”® This inno-
vative strategy facilitated the simultaneous identification of two
target miRNAs through CRISPR-Cas12a and a single crRNA,
eliminating the need for complex nucleic acid amplification
procedures or sophisticated instrumentation. Notably, the
colorimetric response induced by target miRNA concentrations
as low as 1 pM was discernible by the naked eye, while the
instrumental LOD was an impressive 36.4 fM. The platform
successfully detected the overexpression of miRNA-205 and
miRNA-944 in clinical human serum samples, enabling reliable
discrimination between lung cancer patients and healthy indi-
viduals. Current molecular logic gates primarily focus on
qualitatively assessing the presence of target substances, which
poses limitations in situations that require quantitative anal-
ysis, such as monitoring chemical pollutants. To address this
gap, Wang et al. have developed a novel type of DNA logic gate
with an adjustable threshold, specifically designed to overcome
the challenges posed by pollutants.'”” As shown in Fig. 6b, the
core of this logic gate was a DNA-gold nanoparticle (AuNP)
hybrid film that incorporated an aptamer selectively binding to
acetamiprid and atrazine. Upon interaction with these pollut-
ants, the film degraded and released AuNP, which then cata-
lyzed the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) in
the presence of Hg”", producing a visible blue color on the test
paper. This method enabled a semi-quantitative evaluation of
pollutant levels and provided clear visual feedback regarding
excessive contamination.

Given that colorimetric methods facilitate on-site diagnos-
tics without the need for sophisticated instrumentation, while
fluorescence-based methods offer quantitative and highly
sensitive detection, biosensors integrating fluorescence-
colorimetric dual-mode detection have gained significant
attention in analytical applications. For example, Choi et al.
pioneered a nucleic acid amplification-free biosensor based on
CRISPR-Cas12a, capable of detecting breast cancer gene-1
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within 30 min."”® This system permitted visual detection of
cell-free DNA in the nanomolar range, while metal-enhanced
fluorescence enabled quantification of target concentrations
from 1 fM to 100 pM. Rong et al. developed a colorimetric and
fluorescent dual-signal readout method based on AND logic
gates for the detection of tetracyclines (TCs)."”® This system
achieved LODs of 83.3 nM and 21.9 nM, respectively. In this
design, AuNPs, commonly used in colorimetric detection, were
released through the etching of the MnO, shell layer in the
presence of TCs, resulting in a visible color change.

Additionally, Han et al. engineered SiO,@Au/QDs with dual
functionality for colorimetry and fluorescence, integrating them
into a novel biosensor for lateral flow immunoassay.'* This
biosensor achieved LODs of 1 ng mL™" and 33 pg mL™" for
colorimetric and fluorescent modes, respectively. The biosensor
had the advantages of a simple synthesis method, low cost, and
possibility of mass production, which can be effectively applied
to those resource-poor areas that lack advanced testing
personnel and equipment.

4.3 Electrochemical strategies

Electrochemical sensors incorporating logic-gated intelligent
arithmetic strategies have garnered significant interest due to
their unique integration of the high sensitivity of electroana-
Iytical techniques with the programmable versatility of nucleic
acid molecules.’®"'®> These sensors leverage specific biomolec-
ular recognition events to process multiple signal inputs
through logical operations, converting biochemical targets into
measurable electrical outputs. The synergy between highly
sensitive electrochemical methods and programmable nucleic
acid interactions endows these biosensors with advantageous
features, including rapid detection, operational simplicity, cost-
effectiveness, minimal sample requirements, and portability,
making them highly promising for clinical diagnostics.

Meng et al. developed an innovative ratiometric electro-
chemical biosensor integrated with an OR logic gate for surface
protein profiling of exosomes derived from clinical serum
samples.*®* As shown in Fig. 6c¢, by utilizing specific aptamers to
identify clinically validated biomarkers, the assay demonstrated
the ability to ultrasensitively detect trace levels of non-small cell
lung cancer (NSCLC) derived exosomes within complex serum
samples. This method performed the analysis of six serum
biomarkers in the accurate diagnosis, staging, and prognosis of
NSCLC, achieving a diagnostic sensitivity of 93.3%, even at the
early stage. This assay provided an advanced tool for exosome
quantification and promoted exosome-based liquid biopsy for
clinical cancer management.

To achieve ultrasensitive detection of trace nucleic acids in
complex samples, various signal and nucleic acid amplification
strategies, such as HCR and ligase chain reaction (LCR), are
commonly utilized. For example, Zhu et al. pioneered the inte-
gration of two-dimensional (2D) nanomaterial-nucleic acid
interactions with electrochemiluminescent resonance energy
transfer to develop DNA-based molecular logic gates.®* The
innovative approach allowed for the quantification of miRNA-
133a through a ratiometric measurement, achieving a low
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LOD of 0.41 pM. A significant challenge in real-sample
electrochemical biosensing is the fouling of electrode surfaces
by interfering substances, such as proteins and sulfur-
containing compounds. To tackle this issue, Yang et al. intro-
duced a split strategy to separate the recognition process from
the signal detection step, effectively avoiding contaminant-
induced degradation of the sensing layer and maintaining the
fidelity of electrochemical signal transduction.'®® This system
was applied to the early diagnosis of chronic granulocytic
leukemia and minimal residual disease (MRD) monitoring,
achieving an ultra-low LOD of 1 aM for BCR/ABLp210 tran-
scripts. The method had the advantages of low consumption,
simplicity, and miniaturisation, which enabled the monitoring
of MRD at an ultralow level and facilitated on-site diagnosis for
point-of-care clinical applications.

The advancements in nucleic acid circuitry have led to the
creation of waste-free, entropy-driven DNA amplifiers that
reduce circuit leakage and improve detection reliability. These
systems are increasingly utilized for quantifying low-abundance
miRNAs in cellular contexts. For instance, Chen et al. designed
a smart photoelectrochemical biosensor that integrated a waste-
free entropy-driven DNA amplifier with superparamagnetic
Fe;0,@Si0, particle enrichment.*® This innovative approach
allowed for the highly specific detection of miRNA-155 at an
impressive LOD of 3.2 aM. This research provided a new
perspective for the detection of miRNAs in complex biological
systems, facilitated the development of waste-free DNA molec-
ular machines, and advanced the field of DNA-based
nanotechnologies.

The detection of multiple biomarkers in complex biological
systems provides enhanced reliability compared to single-
analyte approaches. In this regard, Xie et al. have developed
a pioneering electrochemical biosensor equipped with compu-
tational capabilities, effectively functioning as an intelligent
automaton for logic-based biomarker detection.'® As illustrated
in Fig. 6d, the system employed predefined logical combina-
tions of miRNA-21 and miRNA-122 as detection modes, imple-
menting corresponding AND and OR logical automata. By
integrating target recognition, signal processing, and compu-
tational analysis, it simplified the detection process, delivering
binary results (“0” or “1”) based on computational algorithms.
The modular design allows adaptation to various biomarker
panels, enhancing potential clinical diagnostics and paving the
way for next-generation intelligent biosensing platforms.

4.4 Surface plasmon resonance (SPR) sensing strategy

SPR sensors operate based on the phenomenon of collective
electron oscillations on the surfaces of noble metals such as
gold or silver. When the refractive index at the metal surface
changes, the conditions for plasmon resonance are altered,
resulting in a shift in the resonance absorption peak or a change
in its intensity.'®® The output signal is typically a shift in either
wavelength (1) or angle (). The integration of logical gating with
SPR can be achieved by functionalizing the gold surface with
two distinct aptamers or DNA strands, each tailored to capture
specific target molecules. A significant SPR signal shift,
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indicating a “1” output, occurs only when the target molecules
are present in a specific logical combination. Under these
conditions, the target molecules work together to form
a complete and more rigid composite layer on the sensor
surface, inducing a substantial change in the refractive index.
Conversely, in the absence of the appropriate logical molecular
combination, binding is weak or disordered, resulting in
minimal refractive index change and a weak signal output (“0”).

AuNPs are extensively utilized in SPR sensors due to their
unique plasmonic properties. However, the strong non-specific
adsorption of interferents on AuNP surfaces can compromise
detection accuracy. To tackle this issue, Zhang et al. introduced
a dual-signal channel assay for detecting Hg>" ions, employing
an AND logic gate that harnesses both the plasmonic and
nanozyme characteristics of AuNPs.'® This strategy utilized the
dual response of the AuNP nanoprobes to implement logical
operation through an AND gate, effectively distinguishing Hg**
from interfering substances. By introducing an additional
decision criterion, this method significantly enhanced the
accuracy of Hg®" detection. This dual-channel response strategy
demonstrated substantial promise for elevating the perfor-
mance of AuNP-based SPR sensing platforms.

4.5 Thermosensitive and mass-sensitive sensing strategies

Thermosensitive sensors generally employ polymer thermo-
sensitive materials that exhibit a lower critical solution
temperature (LCST). When the temperature is below the LCST,
the polymer chains maintain a hydrophilic and extended
conformation. However, once the temperature exceeds the
LCST, they undergo a hydrophobic collapse, resulting in
significant changes in solution turbidity or volume phase
transition.”>** The output signal is typically characterized by
variations in light transmittance or volume. By integrating logic
recognition elements, such as enzyme-cleavable peptide linkers
or DNA cross-linkers, into thermosensitive materials and fine-
tuning the LCST to align with near physiological tempera-
tures, a logic-gated sensing mechanism can be created. A
notable change in turbidity or volume (“output 1”) occurs only
when target molecules are present in a specific logical combi-
nation that cooperatively cleaves the cross-linking points within
the material, thereby drastically altering its LCST and phase
transition behavior at the operating temperature. In the case of
a single input, the cross-links remain largely intact, and no
pronounced phase transition occurs. For instance, Wu et al.
introduced a comprehensive logic gate system utilizing the
light-responsive sensor material BiFeO;."> This sensor could
detect not only light intensity and temperature but also perform
three fundamental logic operations: AND, OR, and NOT. It
successfully detected optical and thermal patterns and accu-
rately produced the corresponding logic outputs. This work
provided a new way for constructing highly integrated multi-
functional logic devices that can advance large-scale sensing,
communication, and computing operations.

Mass or force-sensitive sensors, primarily represented by
quartz crystal microbalance or cantilever-based systems, oper-
ate on the piezoelectric effect.’®® When there is a change in mass
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on the crystal surface, its intrinsic resonant frequency shifts,
generating an output signal that manifests as a change in
frequency or mass response. Logic-gated mass-sensitive sensing
can be achieved by engineering DNA nanostructures or
dendritic molecules on the mass-sensitive electrode, designed
to require specific logical triggers for assembly. Only when
target molecules are present in the precise logical combination
do they act as “fuels” to trigger structural reorganization or
hybridization reactions. This induces a significant frequency
decrease, corresponding to a “1” output. A single input is
insufficient to initiate large-scale assembly, thereby enabling
logic-gated force-sensitive detection."®'** For instance, Cao
et al. fabricated mechanically responsive ion channels by axially
coating CNT fibers with polymers of different elastic moduli.
The ion rectification of these channels could be controlled by
the differential mechanical response of the CNT fibers to
stress.'®® By integrating these channels into logic gate devices,
the authors achieved AND and OR logic operations. This
conceptual framework provided a simple and cost-effective
method for fabricating ion channels, highlighting their poten-
tial for use in complex, highly integrated ionic logic circuits.

4.6 Integration with intelligent sensing strategies

Although molecular logic operations hold great promise, they
still face challenges such as slow processing speeds, difficulties
in signal conversion, and limited programmability and general
applicability. To address these issues, researchers have
embarked on integrating molecular logic computing with
cutting-edge modern intelligent technologies, such as smart-
phones, Al, and machine learning.*”*** This integration paves
the way for the construction of intelligent sensing and pro-
cessing systems that bridge the microscopic and macroscopic
worlds. As illustrated in Fig. 7, an integrated strategy can be
achieved by combining molecular logic sensing (molecular
layer), smartphone-based signal conversion (signal conversion
layer), and Al-powered cloud computing (AI layer).

Molecular logic systems serve as intelligent front-end
sensors. By designing functional molecular logic gates (e.g,
AND, OR, XOR) or more complex computational networks,
these systems can be engineered to respond specifically to
a wide range of environmental stimuli, including specific ions,
PH, temperature, disease biomarkers, or toxins.*””** These
molecular systems are capable of performing preliminary,
parallel information processing at the molecular level. For
instance, Li et al. developed a cell-free logic-gated detection
system based on a three-layer polymerase chain reaction
architecture.”” This architecture consisted of a sensing layer,
a processing layer, and a signal amplification layer, enabling the
detection of target ligands, the conversion of nucleic acid
signals, and the generation of an amplified fluorescent output
(Fig. 7a). This design significantly enhanced detection sensi-
tivity, achieving limits of 0.025 uM for tetracycline and 0.1 uM
for zinc. This system demonstrated broad applicability for
signal amplification in cell-free biosensors and provided
a generalizable methodology that paved the way for enhanced
biosensor performance and expanded detection capabilities.
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Smartphones and other physical devices serve as versatile
signal converters (or bridges) that transform the results of
molecular computations, which are typically optical or electro-
chemical signals, into digital data. This conversion is achieved
using built-in components such as optical cameras, photodi-
odes, electrochemical sensors, or portable spectrometers. To
meet the demand for rapid, portable, and multiplex on-site
detection, Li et al proposed an integrated intelligent
system.”®* This approach involved optimizing multiplex
recombinase polymerase amplification primers to achieve effi-
cient simultaneous amplification of CaMV35S and NOS genes in
a single reaction tube, overcoming challenges such as primer
interference and low amplification efficiency in multi-target
assays. Combined with built-in heating and backlight
modules, the device enabled a fully portable workflow that
integrated amplification, cleavage, and color development. To
eliminate reliance on subjective visual assessment, a deep
learning algorithm was implemented for automated object
detection and grayscale analysis, allowing results to be auto-
matically recognized via a smartphone (Fig. 7b). Furthermore,
smartphone-based sensing platforms also allowed for highly
sensitive gene detection, such as targeting viral genes, at the
point of care applications.**> Such systems hold great potential
for distributed diagnostic testing in primary care settings,
particularly in resource-limited regions, and support timely
sharing of epidemiological data.

Al computing can serve as a central processor (or “brain”),
leveraging its powerful computational capabilities, connectivity,
and advanced algorithms to perform in-depth data analysis,
storage, visualization, and decision-making. In this respect,
Zhao et al. developed a machine learning-enabled dual-channel
droplet biosensor platform for meat authenticity verification.?*
This system enabled rapid identification and analysis of animal-
derived components in food samples. The biosensor employed
a CRISPR/Cas12a-mediated fluorescence detection mechanism,
which converted and amplified nucleic acid signals into fluo-
rescent outputs. In this assay, a smartphone application was
also developed by integrating with a random forest machine
learning model to analyze key parameters, including droplet
area, fluorescence intensity, and count to ensure precise image
capture and processing (Fig. 7c). The proposed biosensor
accurately detected ND1 (pig-specific) and IL-2 (duck-specific)
genes even in highly processed meat products, demonstrating
greater robustness and practicality compared to conventional
methods. By integrating smartphone-based microscopic
imaging with deep learning, one-click classification could also
be achieved. This enabled accelerated model inference, full
automation, and on-site testing, offering efficient diagnostic
solutions especially suited for resource-limited settings.**”*%*

The integration of molecular logic computation with modern
intelligent technologies represents a strategic pathway for
building the foundation of a future smart society. It is not
merely a combination of existing technologies, but rather the
creation of a new, bio-inspired paradigm for information
sensing and processing. Although challenges remain, such as
improving the stability of molecular systems, standardizing
signal readouts, and miniaturizing integrated devices, the
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detection system, which comprised a three-layer architecture: a sensing layer, a processing layer, and a signal amplification layer. Reproduced
with permission.2°® Copyright 2025, Springer Nature Limited. (b) A portable, smartphone-based detection device developed for on-site analysis
and quantitative signal readout. Reproduced with permission.?®* Copyright 2025, Elsevier. (c) Machine learning-assisted dual-channel droplet

biosensor platform for meat species authentication. Reproduced with

strategic value and application prospects of this convergence
are clear. Ultimately, it promises to contribute to a world with
sharper sensing, smarter decision-making, and faster response
capabilities.

5 Enhanced biosensing applications
by using molecular logic computing
toolkits

5.1 Enhanced biosensing: comparison with conventional
sensing

The evolution of biosensing technologies has followed two
distinct paradigms. Conventional sensing strategies operate on
a direct-readout model wherein singular molecular recognition
events generate measurable signals. In contrast, molecular
logic-based sensing constitutes a fundamentally different
approach inspired by digital computing principles. By con-
structing nucleic acids, proteins, and enzymes into computa-
tional elements, these systems execute Boolean operations
(AND, OR, XOR, INHIBIT). These operations integrate diverse
biological inputs such as specific miRNAs, enzymatic activities,
pH variations, or small molecules to produce programmed

20160 | Chem. Sci,, 2025, 16, 20139-20180

permission.2®*> Copyright 2024, the American Chemical Society.

outputs.***** This paradigm shift from specific detection to
programmable computation represents the emergence of
dynamic, software-defined chemical systems capable of
sophisticated information processing at the molecular level. A
comparative analysis of molecular logic gate-based sensing
versus traditional sensing is presented in Table 3, highlighting
a fundamental dichotomy between conventional analytical
strategies and emerging molecular logic approaches in terms of
both performance and operational philosophy.

Conventional sensing methods are primarily designed for
the quantification of single analytes, relying on highly specific
molecular recognition events to achieve selectivity. Such plat-
forms have achieved robust commercial and clinical adoption,
as evidenced by widespread applications including glucose
monitors, pregnancy tests, and COVID-19 antigen tests,>***%
demonstrating successful translation into home and point-of-
care settings. For more complex diagnostic needs, established
technologies such as qPCR/digital PCR,*”” immunoassays,*****
and next-generation sequencing*®**' remain indispensable
gold standards, providing critical capabilities in infectious
disease management, cancer genotyping, and non-invasive
prenatal testing. Ongoing development efforts are accordingly
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Table 3 Comparison of conventional strategies and molecular logic strategies in biosensing

Analysis performance Conventional strategies

Molecular logic strategies

Core function
Number of inputs
Selectivity source

LOD Excellent

Robustness High (decades of optimization)
Programmability None (fixed detection parameters)
Scalability Limited (physical multiplexing constraints)

Output signal
concentration
Modularity & programmability
new task
Information density

Integration with computing

focused on enhancing automation and reducing costs to
improve the accessibility of these tools. However, conventional
strategies suffer from inherent limitations. These systems
typically operate as single-input devices, lacking programma-
bility due to their fixed detection parameters. Furthermore,
their scalability is hampered by physical multiplexing
constraints, which restrict simultaneous multi-analyte detec-
tion. The output signal is generally analog and continuous,
correlating directly with analyte concentration. Consequently,
this design yields low information density, with each sensor
generating only a single data point. As a result, substantial
external computation is often required for signal processing
and interpretation, limiting their adaptability for complex
diagnostic scenarios.

In contrast, molecular logic strategies are characterized by
their capacity to perform Boolean computations using multiple
inputs. Selectivity in these systems arises from programmable
logical operations enabling advanced pattern recognition.
Although current implementations often exhibit variable
detection limits (typically in the nanomolar range) and
moderate, platform-dependent robustness, they offer inherent
programmability and exceptional theoretical scalability. A key
advantage lies in their modularity; the same molecular platform
can be reconfigured for different logical tasks without funda-
mental redesign. These systems produce digital-like, binary
outputs (0/1) that boost information density, allowing a single
molecular sensor to deliver complex diagnostics based on
multiple inputs. Most notably, computation is embedded
within the molecular system itself, effectively allowing the
molecule to serve as the computer and integrating sensing and
logical processing at the point of measurement.

Despite the fact that most molecular logic configurations
remain at the proof-of-concept stage-with only elementary logic
gates such as AND gates approaching practical application,
several promising translational pathways have recently
emerged. These include in vivo diagnostic and therapeutic
systems, multiplexed pathogen discrimination, and intelligent
biomarker interpretation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Quantification of a single analyte
Typically one (the target analyte)
Molecular recognition fidelity (lock-and-key)

Analog, continuous, proportional to
Low; a new sensor must be designed for each
Low (one piece of data per sensor)

Output must be processed by an external device

Boolean computation based on multiple inputs
Inherently multi-input (2, 3, or more)
Programmable Boolean logic (pattern
recognition)

Variable (typically nanomolar range)

Moderate (platform-dependent)

Exceptional (inherent capability)

High (theoretical multiplexing superiority)
Digital-like, binary (ON/OFF, yes/no)

High; same platform can be reconfigured for
different logic

High (one sensor delivers a complex diagnostic
result)

The molecule itself serves as the computational
unit

Among these, in vivo diagnostic and therapeutic applications
utilizing DNA/RNA-based logic circuits represent one of the
most compelling approaches. For instance, AND-gated DNA
nanodevices designed to release therapeutic agents only upon
simultaneous detection of two cancer-specific antigens have
demonstrated significantly improved safety profiles in animal
models by substantially reducing off-target effects.”> Other
advances include logic-gated DNA nanostructures that enable
spatially controlled ATP and glutathione imaging within mito-
chondria using AND-gate operation, markedly improving
tumor-to-normal tissue contrast.>"

Multiplexed pathogen discrimination through molecular
computational methods allows for differential diagnosis within
a single reaction vessel. By employing logical operations that
produce pathogen-specific fluorescent barcodes, these systems
can effectively distinguish between related respiratory viruses-
such as influenza and SARS-CoV-2-with a theoretical multi-
plexing efficiency surpassing that of conventional physical
multiplexing approaches.** For example, Lim et al. developed
a logic-gated, amplification-free CRISPR-Cascade detection
system®"® that incorporated a positive feedback loop, enabling
detection of pathogen DNA without nucleic acid amplification
within 10 minutes at a signal-to-noise ratio > 1.3. In another
study, Weng et al. constructed a versatile logic-gated DNAzyme-
amplified protease sensing platform by integrating cationic
peptides with DNAzymes,*'® enabling rapid detection of various
proteases. Compared to conventional non-amplified protease
sensors, this platform exhibited significantly improved sensi-
tivity, allowing for accurate SARS-CoV-2 diagnosis and reliable
classification of colorectal cancer.

Intelligent biomarker interpretation represents a paradigm
shift from mere concentration measurement toward evaluating
clinically meaningful relationships among multiple analytes. By
implementing a conditional logic statement, these systems can
achieve more accurate prostate cancer risk stratification than
single-analyte quantification. Illustrative examples include
miRNA-responsive AND-logic-gated RNA devices for precision
diagnostics and therapeutics®” as well as logic-gated biosensors
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that integrate an additional layer of information processing
between sensing and output to synthesize complex diagnostic
conclusions.””*

5.2 Biosensing applications

5.2.1 Genetic analysis. In the rapidly advancing fields of
precision medicine and molecular diagnostics, genetic analysis
has become a core tool for revealing the code of life and
enabling early disease detection.”*® A crucial factor propelling
advancements in this field is the accurate identification and
dynamic monitoring of nucleic acids-the essential carriers of
genetic information. Beyond their critical role in gene expres-
sion, nucleic acids are gaining recognition as highly promising
targets in biosensing technologies. Abnormal expression
patterns and mutations in nucleic acids are strongly linked to
various diseases, making their detection crucial for disease
screening and risk assessment.”* To improve detection sensi-
tivity and efficiency, researchers have integrated intelligent
molecular logic computation into biomolecular sensing.”>7”®
This innovative approach combines the selective recognition of
targets by functional nucleic acids with advanced signal
amplification strategies, leading to the development of highly
accurate and efficient diagnostic systems.

In genetic analysis, the primary research focus lies in DNA
and RNA analysis studies. The integration of logic gating facil-
itates rapid and intelligent signal switching and amplification
for genetic analysis. Bonnet et al. developed a three-terminal
device known as a transcriptor, which employed phage serine
integrase to regulate the flow of RNA polymerase along DNA."
This innovative approach enabled the permanent amplification
of logic gates (AND, OR, NOR, XOR, NAND, and XNOR) triggered
by standard control signals, as well as sequence-based logic that
promoted autonomous intercellular communication through
DNA-encoded logic states. The single-layer digital logic archi-
tecture introduced here allowed for the engineering of ampli-
fied logic gates that could precisely modulate transcription rates
both within and across different organisms.

The programmability of DNA-based molecular logic devices
enables the design of dynamic, sequential DNA circuits capable
of spatially organizing different DNA species. Emanuelson et al.
developed an activated fluorescent reporter utilizing a DNA
strand displacement circuit.”** Upon specific DNA input,
a sequential strand displacement reaction was triggered, facil-
itated by the hybridization between a probe-mediated vinyl-
ether-caged fluorophore and its complementary tetrazine
partner, resulting in fluorescence activation. Unlike traditional
fluorophore-quencher systems, this approach offered a key
advantage for DNA computing in mammalian cells (Fig. 8a).
Fluorescence activation was independent of circuit degradation,
eliminating false signals. The reporter's robustness and sensi-
tivity were validated by its successful application as a readout
device for DNA logic circuits in live cells.

For RNA analysis, the DNA molecular logic tools were mostly
used for the analysis of miRNAs. As shown in Fig. 8b, Wen et al.
developed an innovative biosensing platform for the highly
specific and sensitive detection of bi-mature miRNAs.*** This
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platform functioned as a second-order logic biosensor, merging
the YES logic gate capability of DNA nanocages with the AND
logic gate functionality of CRISPR/Cas12a. The DNA nanocages
allowed for selective differentiation between mature miRNAs
and pre-miRNAs, thus expanding potential applications in
biological science research and clinical disease diagnosis.

In addition, molecular logic gates offer an intelligent solu-
tion for the simultaneous detection of multiple biomarkers. Shi
et al. developed a dual-mode DNA logic gate system for POCT,
enabling portable and intelligent detection of various miR-
NAs.?*? In this system, platinum-coated gold nanoparticles
(Au@PtNPs) with catalase-like activity served as signal
reporters. The presence of target miRNAs triggered a strand
displacement reaction, leading to a substantial accumulation of
Au@PtNPs. This accumulation permitted the visual detection of
miRNAs through lateral flow strip analysis. As shown in Fig. 8c,
this strategy effectively implemented two-input and three-input
AND logic gates, facilitating multiplex detection of two and
three miRNAs, respectively. This approach presents a promising
platform for advanced multi-input biomarker analysis, paving
the way for the development of intelligent and portable bi-
osensing and bioanalytical systems.

5.2.2 Cancer analysis. Detection of
biomarkers is extremely important for cancer screening and
early anti-tumour therapy. Logic-gated biosensors utilize logic-
based bio-computation to rapidly and accurately generate
detection results upon receiving input signals, simplifying the
complex detection process. Moreover, logic-gated operation in
response to multiple signals simultaneously can be realized,
which in turn enhances precise disease targeting.

Tumor-associated antigens are not exclusively expressed in
cancer cells, and the complex tumor microenvironment renders
single-stimulus responses inadequate.””® Thus, developing
reliable methods for precise cancer cell eradication is a major
research focus.”* To facilitate the precise identification of
cancer cells, well-crafted molecular logic circuits can be
employed to achieve intelligent discrimination of cancer
targets.””**®* As shown in Fig. 8d, Sima et al developed
a straightforward and effective DNA-based logic circuit that
could accurately identify cancer cells while exhibiting
outstanding performance in tumor imaging.”*® This promoted
the use of DNA logic circuits in advancing convenient and
intelligent precision diagnostics. Chao et al. developed an
innovative computational system that integrated a logic gate for
computation and release, a dual-amplification DNA cascade
circuit, and an MnO, nanocarrier.””” The system was specifically
designed to logically process the expression levels of miRNA-21
and miRNA-892b in cells, generating fluorescent signals based
on their relative concentrations (Fig. 8e). By simultaneously
detecting these two biomarkers, it facilitated the accurate
identification of cancer cells, even within heterogeneous cell
populations.

In addition, logic-gated tumor microenvironmental nano-
amplifiers that utilized logical gating to facilitate targeted
delivery of CRISPR/Cas9 for multimodal cancer therapy have
been studied. Pan et al. developed a system that encapsulated
the CRISPR-associated 9 protein and glucose oxidase (GO,)

cancer-related
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within an amorphous zeolite imidazolium ester skeleton-8
(CG@ZIF-8).*** This CG@ZIF-8 construct was subsequently
coated with a covalent-organic framework (COF) that degraded
under anoxic conditions and loaded with DNAenzymes capable
of cleaving peroxidase mRNAs, resulting in an acid “AND”
hypoxia logic-gated gene editing platform. This self-amplifying
gene-editing strategy incorporated an AND logic gate respon-
sive to pathological markers (acidosis and hypoxia), enhancing
therapeutic precision while reducing genotoxicity. This
approach highlights the potential of biocomputing-based
CRISPR delivery systems in targeted cancer therapy.

Integrating Boolean logic into CAR T cells is essential for
enabling them to differentiate between healthy and cancerous
tissues, a critical requirement for effectively targeting a wide
range of solid tumors.”* In this vein, Tousley et al. developed
a logic-gated intracellular network that operated via the LAT-
SLP-76 signaling scaffold.”® This innovative system marked
the engineered CAR T-cell platform that restricted T-cell acti-
vation to interactions with dual antigens in a direct, transient,
and reversible manner.

© 2025 The Author(s). Published by the Royal Society of Chemistry

By employing logic gates as a framework, researchers can
improve cancer selectivity and therapeutic efficacy in solid
tumors through the implementation of dual-input systems,
such as dual-specific CAR-T cells or multi-specific T cell
engagers, rather than relying solely on single-input
approaches.”®>*** In addition to traditional dual-antigen tar-
geting utilizing OR-gate and AND-gate logic, further tumor-
selective inputs-including pH levels, hypoxia, antigen density,
tumor protease activity, and gradients of immunosuppressive
cytokines-can be creatively integrated into therapeutic designs.
This logic-based approach significantly enhances the precision
of cancer detection and treatment, maximizing tumor speci-
ficity while minimizing off-target toxicity.

5.2.3 Identification of pathogens. The 2019 COVID-19
pandemic caused by SARS-CoV-2 posed a great threat and
burden to global public health. SARS-CoV-2 comprises four
main structural proteins (spike (S), nucleocapsid (N), envelope
(E), and membrane (M)) and their corresponding genes.>** The
primary method for diagnosing COVID-19 is nucleic acid-based
testing, exemplified by quantitative reverse transcription-
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polymerase chain reaction (QRT-PCR), which detects the open
reading frame 1ab (ORF1ab) and nucleoprotein genes of SARS-
CoV-2.%**?% However, current qRT-PCR techniques are suscep-
tible to false-positive results due to issues such as cross-
contamination or nonspecific amplification.****” Fortunately,
researchers have leveraged the powerful information processing
capabilities and molecular data biocomputing functions of DNA
molecular logic gates to tackle these challenges. This innova-
tion has facilitated intelligent screening of multiple SARS-CoV-2
variants, enabled home-based disease surveillance, and
reduced the incidence of false-positive misdiagnoses through
the development of DNA molecular biocomputing systems.

To address the issue of false-positive misdiagnosis arising
from cross-contamination or nonspecific amplification, Chen
et al. proposed an advanced SARS-CoV-2 RNA detection system
that utilized a logic-gated dumbbell-type triple-state molecular
switch (DTMS).>*” The DTMS consisted of a triple-helix stem
region and two loop regions to detect SARS-CoV-2. The coexis-
tence of ORF1ab and nucleoprotein genes induced a structural
rearrangement of the DTMS, shifting two pyrene moieties to the
spacer region and producing a unique signal output. This
amplification-free method achieved an LOD of 1.3 nM, high-
lighting its significant potential as a diagnostic tool for COVID-
19 and possibly other epidemic surveillance applications.

Multiplexed target detection utilizing logic-gated signal
readouts can significantly enhance diagnostic accuracy by
minimizing both false-negative and false-positive results. Bha-
dra et al. advanced loop-mediated isothermal amplification
(LAMP) assays by integrating oligonucleotide strand exchange
probes, which facilitate fluorescent or colorimetric detection
through lateral flow test strips.*® This streamlined one-pot
approach maintained operational simplicity while providing
accurate sequence-specific verification, allowing for multi-
plexed amplicon interrogation (for target redundancy or co-
detection) and binary (YES/NO) visual readouts.

The emergence of multiple variants of SARS-CoV-2 has
markedly increased viral transmissibility and reduced the effi-
cacy of detection.” In response to this challenge, Deng et al.
developed a cutting-edge molecular computing system
designed for the intelligent detection of SARS-CoV-2 multiple
variants.>*® As shown in Fig. 9a, the system featured six inter-
connected sequence-specific molecular switches that carried
out parallel arithmetic operations, allowing for the simulta-
neous multi-channel detection of SARS-CoV-2 and its variants.
This method facilitated rapid logic-based identification in just
10 min, making it especially advantageous for large-scale
variant screening initiatives.

In order to accurately identify infectious individuals with
active virus, researchers have investigated methods for detect-
ing active viral particles, in addition to developing sensitive,
rapid, and cost-effective techniques for identifying viral frag-
ments. Huang et al. introduced an AND logic circuit micro-
fluidic strategy designed to enrich intact SARS-CoV-2 virus.”*" As
shown in Fig. 9b, this approach employed a microfluidic
enrichment technique based on stoichiometric balanced DNA
computation, achieving an LOD of as low as 37 active virus
particles per microliter.
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In addition to detecting SARS-CoV-2, the molecular logic
operation toolkit has also played a critical role in differentiating
various viruses in recent years. Li et al. developed a dual hairpin
ligation-induced temperature amplification protocol that could
reliably enable ultrasensitive genotyping, producing a strong
fluorescent signal.>** This method has been successfully utilized
for the detection of influenza A, influenza B, MERS-CoV, and
SARS-CoV-2 (Fig. 9c). Current diagnostic methods for SARS-CoV-
2 and influenza B face significant limitations in home-based
disease surveillance due to their dependence on specialized
equipment, operational complexity, and the necessity for
human intervention. To overcome these challenges, Chen et al.
designed a highly sensitive time-resolved cascade logic gate
microfluidic chip (TCLMC) to achieve one-step, capillary force-
driven home self-screening.>*® By integrating logic gates
inspired by analog circuits, the TCLMC autonomously managed
flow rates and regulated incubation times to optimize the
performance of immunoassays. This innovation has consider-
able potential to enhance early disease detection and reduce
transmission rates. In addition, Sen et al developed an
electrochemical sensing platform based on trimeric aptamers
in conjunction with machine learning algorithms to achieve
highly sensitive and specific detection of SARS-CoV-2 and
influenza A viruses (H3N2 subtype).>** The technology effec-
tively integrated the multivalent aptamer enrichment with real-
time kinetic monitoring of single-frequency impedance spec-
troscopy, addressing matrix interference in heterogeneous
samples by analyzing 9-dimensional electrochemical features
through machine learning.

Moreover, molecular logic-based tools offer the capability for
the simultaneous detection of multiple pathogens.*'**** Petro-
nella et al. developed a logic-OR gate plasmonic array that could
independently or concurrently identify various bacterial strains,
highlighting the system's multiplexing potential.>*® The
approach utilized the high sensitivity of colloidal AuNRs to
localized refractive index changes, along with their photo-
thermal conversion efficiency, to formulate an optimized AuNR
array (Fig. 9d). The platform exhibited exceptional morpholog-
ical and optical properties for real-time pathogen detection,
including Escherichia coli and Streptococcus thermophilus, as well
as enabling on-demand water disinfection. Such versatility is
crucial for improving point-of-use water quality monitoring
systems.

5.2.4 Living cell logic analysis. The advancement of
molecular logic devices with multiple biological computational
capabilities offers considerable promise for various life science
applications, including cell imaging, cell recognition, and
response to cell-specific markers.>*”**® There are two main
strategies for conducting molecular logic operations in living
cells. The first involves surface-based intelligent cell identifi-
cation, which relies on membrane-associated protein
biomarkers for recognizing cells. The second strategy is intra-
cellular molecular logic analysis, which utilizes internal
biomarkers to facilitate multiplexed detection and logic-based
responses within the cell. These methods enhance the poten-
tial for programmable biological sensing and precision
diagnostics.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Identification of pathogens by using molecular logic computing toolkits. (a) Schematic of programmable DNA biocomputing circuits for

screening of SARS-CoV-2 variants. Reproduced with permission.?*® Copyright 2022, Elsevier. (b) Schematic of a logical stoichiometric balanced
DNA computation strategy for high sensitivity detection of pseudotyped SARS-CoV-2. Reproduced with permission.2** Copyright 2023, the
American Chemical Society. (c) Schematic of a ready-to-use and multimodal logic sensing strategy for detection of multiplex pathogens.
Reproduced with permission.2*2 Copyright 2022, John Wiley and Sons Ltd. (d) Schematic of a logic-OR gate gold nanorod-based plasmonic
biosensor for multipathogen detection. Reproduced with permission.?*¢ Copyright 2025, the Royal Society of Chemistry.

For cell surface-based intelligent logic analysis, Gong et al.
developed a cell-membrane-anchored DNA molecular logic
system governed by a “YES-AND” logic circuit.>** The concen-
trations of extracellular potassium ions (K') and ATP exhibited
significant variation across different cellular microenviron-
ments, rendering them effective biomarkers for early disease
detection and cellular localization. This innovative system
combined a bimolecular G-quadruplex with an ATP aptamer,
which was anchored to the cell membrane through cholesterol
molecules (Fig. 10a). The resulting structure facilitated in situ
visualization and sensing of the tumor cell microenvironment.
Dong et al. developed a DNA walker-driven SERS logic apta-
sensor designed for the highly sensitive and specific identifi-
cation of tumor cells by enabling membrane protein imaging on
individual living cells.?® The sensor consisted of logic probes,
network probes, and EpCAM probes, all of which were anchored
on AUNPs. Upon the binding of EpCAM, the DNA walker initi-
ated the assembly of AuUNP network nanostructures on the cell
membrane, thus allowing the system to execute AND-gated
Boolean logic analysis. To achieve more precise molecular

© 2025 The Author(s). Published by the Royal Society of Chemistry

logic operations on cell membranes, Fang et al. developed
a logic-identification cell membrane-guided DNA computing
system designed to selectively protect lysosome-targeting
chimeras (LYTACs) within cells.®® As shown in Fig. 10b, this
system employed a dsDNA structure that shielded the regions
corresponding to the protein of interest and the lysosome-
targeting receptor, thereby minimizing systemic toxicity
during administration. For experimental validation, the
researchers utilized MCF-7 (cancer cells) and MCF-10A (normal
cells) as model cell lines. The above approaches facilitate
precise detection and classification of cell subtypes, showcasing
significant potential for application in precision diagnosis and
detection.

For the intracellular molecular logic analysis, while nucleic
acid computing has emerged as a revolutionary approach for
molecular information processing in chemical and biological
environments, implementing molecular logic circuits within
cells remains challenging due to the complexity of intracellular
conditions. To address this challenge, Sun et al. introduced
allosteric strand exchange (ASE) as a mechanism to expand
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gated nanoassemblies for extracellular bioimaging. Reproduced with
permission.?s* Copyright 2022, the American Chemical Society. (b)
Schematic of a logic-identification cell membrane-guided DNA
computing system for selectively protecting LYTACs. Reproduced with
permission.?* Copyright 2024, John Wiley and Sons Ltd. (c) Schematic
of the implementation of complex nucleic acid circuits in living cells.
Reproduced with permission.?** Copyright 2025, American Associa-
tion for the Advancement of Science.

nucleic acid-based logic computation in mammalian cells.**
Their research led to the development of a scalable nucleic acid
circuit architecture capable of executing complex Boolean logic
functions within a single circuit layer, including AND, OR,
AND-OR combinations, and even multi-input expressions with
4 or 8 inputs (Fig. 10c). Notably, these ASE-based circuits can be
easily reprogrammed to interface with CRISPR-Cas9 systems,
enabling controllable gene editing and demonstrating signifi-
cant potential for advancing intracellular biocomputing
applications.

The integration of gold nanomaterials with molecular logic
devices presents remarkable opportunities for enhancing bio-
logical research. Building on this idea, Li et al developed
a modular DNA logic gate nanomachine that utilized DNAzyme
and G-quadruplex-locked gold nanocages (AuNCs).>* The
system contained four mutually corroborating binary logic gates
(OR, NOR, XNOR, AND) with miRNA-21 and miRNA-155 as
logical inputs, producing Adriamycin fluorescence as outputs
and triggering specific responses based on distinct combina-
tions of inputs. Through this tandem logic circuit, the platform
facilitated initial screening, precise differentiation, and
comprehensive treatment of diseased cells. Wang et al. engi-
neered an endogenous enzyme-activated DNA nanomachine
that employed AuNCs as a carrier for the simultaneous detec-
tion of miRNA-21 and miRNA-210 in living cells.”®® This design
utilized cancer-overexpressed enzymes APE1 and telomerase as
control switches for the logic circuit, incorporating a signal
amplification strategy to achieve highly sensitive in situ analysis
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of intracellular miRNAs. This approach allowed for custom-
izable inputs and outputs, potentially universalizing biosensing
applications.

5.2.5 Point-of-care diagnostics and dynamic in vivo envi-
ronmental sensing. In recent years, molecular logic operations
have found extensive applications in point-of-care diagnostics
and dynamic in vivo monitoring. Their programmability, high
specificity, and parallel processing capabilities enable complex
biomolecular information processing while significantly
enhancing the specificity and robustness of biosensing
platforms.*#>2%

For point-of-care diagnostics, portable logic-gated sensors,
such as paper-based test strips, enable the simultaneous
detection of multiple biomarkers. Zhang et al. developed an
innovative biocomputing platform that integrated personal
glucose meters with logic capabilities (Fig. 11a), utilizing metal-
specific DNAzymes and natural enzymes as foundational
components for detecting various biomolecules in clinical
settings.”® This platform employed DNAzymes and protein
enzymes as logical components, demonstrating a versatile
system capable of implementing various logic gate responses
(YES, NOT, INHIBIT, NOR, NAND, and OR) to diverse biological
species. This breakthrough paved the way for the development
of intelligent point-of-care devices featuring biomolecular logic
gates for field applications. Yang et al. reported a split-type
electrochemical DNA sensor that integrated a double-stranded
LCR with OR logic gates (Fig. 11b)."*® The approach featured
several advantages, including low cost, ease of miniaturization,
and scalability. These characteristics represent the method's
significant potential for point-of-care clinical applications in
early diagnosis and monitoring.

The inherent programmability and modifiability of nucleic
acids have facilitated the diversification and intelligent
advancement of smart molecular logic computation in point-of-
care diagnostics for nucleic acid detection. For instance, Yu
et al. developed a dual-mode fluorescence and photothermal
logic sensing platform for the detection of miRNA.*” This
system incorporated CeO,@Au nanozymes into an AND logic
circuit, wherein the presence of two specific miRNA inputs
activated a photothermal signal output. This dual-mode logic
biosensor could be easily customized for various nucleic acid
biomarkers and other point-of-care signal readout methods by
simply adjusting the recognition sequences and modification
strategies. This flexibility opens up possibilities for developing
intelligent and adaptable diagnostics in point-of-care testing.

For dynamic in vivo environment sensing, implantable
nanomachines offer the potential for continuous, logic-guided
monitoring of metabolites such as glucose and lactate,
providing real-time feedback to external devices. A recent
advancement by Tu et al. demonstrated this concept through
the development of a dual-activated DNAzyme sensor spatially
confined within a DNA nanocage cavity for logic-gated molec-
ular imaging (Fig. 11c).** While traditional DNA-based molec-
ular logic tools for live-cell detection and imaging encounter
challenges related to limited spatial control and poor bi-
ostability, the reported engineered system accomplished
controlled spatial confinement of carefully designed, miRNA-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activatable DNAzyme probes within the nanocage. This inno-
vative design not only allowed for efficient intracellular delivery
but also enhanced biostability for AND-gate molecular imaging,
establishing a platform for self-delivering and self-protecting
activatable DNA nanosensor devices capable of detecting
a wide range of intracellular targets.

Beyond molecular detection, understanding cellular
dynamics in complex microenvironments remains challenging,
particularly regarding the correlation and causality between
focal adhesion kinase activity and cellular structural
complexity. Addressing this, Vishweshwaraiah et al. developed
a two-input protein-based logic gate for live-cell computation
(Fig. 11d),"*® where allosterically engineered orthogonal
switches propagated signals via independent pathways to
execute logical operations at target sites.

These advancements open new possibilities for investigating
in vivo environments, with potential applications that include
real-time monitoring and modulation of biological systems,
disease diagnosis, targeted drug delivery, and the rewiring of
cell signaling pathways. Furthermore, they facilitate context-
aware sensing of metals, pH levels, and temperature. Such
programmable nano-computing agents can usher in a new era
of robust and complex biomedical and biotechnological appli-
cations, ranging from precision therapeutics to synthetic
biology.

© 2025 The Author(s). Published by the Royal Society of Chemistry

In addition to the above applications, molecular logic
computing has also demonstrated significant potential in
addressing core challenges in practical applications, particu-
larly in clinical diagnostics. Moreover, by integration of modern
intelligent technologies, such as smartphones,””>'** AIL'® and
machine learning,'*>'*”'*¥ molecular logic toolkits have
dramatically broadened the scope across diverse disciplines,
highlighting their strong potential for future innovation. This
molecular logic technology greatly simplifies the processing of
complex sensing information while advancing intelligent data
computation and processing capabilities. As summarized in
Table 4, the various types of molecular logic computations,
sensing targets, sensing strategies, logic functionalities, and
applications are outlined. Molecular logic toolkits have opened
up considerable opportunities in diverse fields, ranging from
medical diagnostics to food safety.

The future translational potential of molecular logic is
dependent not on computational complexity, but rather on its
capacity to deliver efficient, reliable, and cost-effective solutions
to clearly defined problems. The most promising strategies are
logic operations as tools for functional integration and intelli-
gent response. In essence, the route to commercialization
involves simplifying complexity and enhancing practicality.
Translational strategies are generally application-driven,
exemplified by logic-gate-based multiplexed biosensing for
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integrated diagnostics,****** stimulus-responsive systems for
targeted therapy,”*>** and functional modules for synthetic
biology circuits.”***** In contrast, proof-of-concept strategies
often remain focused on technology rather than practical
applications, emphasizing computational power rather than
solving real-world issues. These approaches face significant
challenges, including large-scale networks plagued by signal
attenuation and noise, and impractical molecular systems
aiming for universal computation, which ignore the inherent
limitations of molecular substrates. Consequently, the future of
molecular logic does not lie in supplanting computers, but in
equipping molecules and cells with “intelligent switches”. This
shift requires moving away from complexity and towards the
development of “good-enough” systems that can integrate with
established platforms in materials science, microfluidics, and
drug delivery, ultimately creating intelligent biotechnologies
that address real-world needs.

5.3 Critical challenges and limitations

5.3.1 Cost and economic viability. The elevated cost of
molecular logic systems is not solely a manufacturing issue but
is intrinsically linked to the materials and processes involved.
The development of functional components such as DNA/RNA
strands (e.g., aptamers, DNAzymes), proteins, and other
molecular elements requires de novo synthesis and extensive
screening, such as the SELEX technology for aptamer selec-
tion,”*® which is both time-intensive and costly. Additionally,
many of these systems rely on costly fluorophores (like cyanine
dyes) or quenchers for optical signal detection, while electro-
chemical platforms often require specialized electrodes modi-
fied with precious metals, such as gold.*” The need for high-
purity oligonucleotides and organic compounds further esca-
lates expenses, particularly when scaling up to larger produc-
tion levels. Such economic barriers hinder the transition from
academic proof-of-concept to commercial viability, severely
limiting broader accessibility and adoption, especially in
applications like environmental monitoring. Thus, going
forward, more economical and practical strategies need to be
developed to meet the application requirements of nucleic acid
molecular logic gating.

5.3.2 Operational complexity and practical usability. A
significant barrier to the real-world deployment of molecular
logic systems is the gap between controlled laboratory envi-
ronments and practical application settings. Sample prepara-
tion often requires stringent conditions, including specific
buffer compositions, precise ion concentrations (such as Mg>"
for DNAzymes),**® the removal of inhibitors, and accurate pH
control. These requirements can adversely impact the feasibility
of simple and rapid analyses. While molecular logic systems can
generate straightforward binary outputs, the necessary instru-
mentation for signal generation and interpretation, such as
thermal cyclers, flow cytometers, or confocal microscopes,*®
remain relatively complex and ill-suited for point-of-care or field
applications. Furthermore, cascading multiple logic gates,
which is essential for advanced computations, leads to chal-
lenges such as signal cross-talk between components,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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progressive signal degradation, and kinetic mismatches among
gates operating at different rates. These issues collectively
necessitate specialized operational expertise and controlled
conditions, thus undermining the potential of molecular logic
systems as deployable “smart” sensors.

5.3.3 Biocompatibility and the in vivo challenge. For
biomedical applications, biocompatibility represents a signifi-
cant challenge. Native nucleic acids are highly susceptible to
rapid degradation by nucleases found in biological fluids, such
as serum nucleases in blood.>”” Similarly, protein-based
components are susceptible to proteolysis, which considerably
diminishes their functional longevity in vivo. Furthermore, the
introduction of exogenous molecular components can elicit
immune responses, leading to inflammatory reactions and
premature clearance from the body. Efficient intracellular
delivery is yet another substantial barrier; achieving cell-specific
targeting often requires encapsulation within delivery vehicles,
such as lipid nanoparticles or viral vectors,>**”> which can
introduce additional complexities and potential toxicities. As
aresult, a system that demonstrates strong performance in vitro
may fail in vivo unless purposefully engineered to function
within the intricacies of a biological environment. Thus, prior-
itizing strategies to enhance biocompatibility and stability, such
as the biochemical modification of nucleotides, should be
a focal point for future research.

5.3.4 The performance chasm. Although academic reports
frequently highlight successful logic operations, they often
overlook critical performance shortcomings. For instance,
molecular logic gates typically operate at slow speeds limited by
diffusion kinetics,”® making them inadequate for real-time
diagnostics or monitoring applications. Signal outputs - often
optical - tend to exhibit low intensity, high background noise,
and significant attenuation when gates are cascaded, reducing
reliability in practical settings. Moreover, a fluorescence change
that is statistically significant in controlled experiments may be
imperceptible to human observation or incompatible with low-
cost sensors. Reproducibility across different synthesis batches
remains another substantial, yet frequently unaddressed,
challenge-hindering consistent large-scale implementation and
validation.

The above challenges related to cost, operational complexity,
biocompatibility, and performance collectively underscore
a deeper issue: the “pragmatism gap” between theoretical
demonstration and practical utility. Bridging this gap requires
a shift in focus from molecular computation as an end in itself
to molecular engineering as an application-driven discipline.
The goal should not be to compete with silicon-based
computing, but to exploit the unique capabilities of molecular
systems such as their ability to sense and respond intelligently
within biochemical environments. Future breakthroughs will
likely arise from the design of simple, robust, and efficient
logic-gated systems that outperform existing solutions in real-
world scenarios. Achieving this will necessitate realigned
research priorities, strategic funding, and a redefinition of
success to emphasize applicability, scalability, and translational
impact.

Chem. Sci., 2025, 16, 20139-20180 | 20169


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06176h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 1404. Downloaded on 06/12/1404 02:39:05 ..

(cc)

Chemical Science

6 Conclusions

Molecular logic computing toolkits are advancing rapidly in the
bioanalytical and biomedical research fields. These molecular
logic operations can detect multiple input signals within
complex environments by utilizing modular multi-signal inte-
gration, activatable locking key (OFF-ON) reconfigurable
control and programmable control of multiple toolkit features.
This permits effective analysis and integration of input signals,
ultimately generating concise and clear output signals. This
review focuses on summarizing the construction and func-
tionality of smart molecular logic computing toolkits in nucleic
acid-associated biosensing, highlighting significant advance-
ments in analytical sensing strategies, functionalities and their
applications.

Although molecular logic systems have advanced from basic
Boolean gates to complex circuits that can process intricate
biomarker profiles, their translation from proof-of-concept into
practical applications remains limited by key interdisciplinary
challenges. Herein, we delineate these major barriers and
present a forward-looking perspective on potential strategies to
address them.

6.1 Enhancing signal integrity and noise resilience in
biological environments

A central challenge in deploying molecular logic systems under
physiological conditions stems from the inherently stochastic
and diffusion, limited nature of biochemical signaling. In
complex cellular or tissue environments, molecular circuits are
prone to signal attenuation, inter-pathway crosstalk, and
kinetic delays, issues that become increasingly pronounced in
multi-layered or cascaded network architectures. To mitigate
these effects, next-generation systems should integrate AI-
enhanced noise suppression strategies, such as recurrent
neural networks for real-time signal denoising or convolutional
models for deconvolving multiplexed outputs in spectrally
overlapping assays. Further gains in reliability may be achieved
by embedding kinetic proofreading mechanisms and non-
equilibrium dynamic circuit designs, which can significantly
reduce false-positive rates and improve operational specificity
under low signal-to-noise conditions.

6.2 Scalability and interoperability in multi-layer circuit
design

A major bottleneck in scaling molecular logic systems is the
absence of a plug-and-play architectural framework, which
hinders modular integration and seamless interoperability
between components. Constraints such as limited fan-out and
fan-in capacity in individual logic gates restrict the development
of complex cascaded circuits, while the lack of standardized
signal translators complicates communication between dispa-
rate sensing modules. To address these issues, the field should
prioritize the establishment of modular bio-interfaces based on
universal optical, electrochemical, or plasmonic reporting
mechanisms. When combined with Al-driven circuit routing
algorithms, such platforms can enable autonomous
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optimization of inter-gate connectivity and support dynamic
reconfiguration—essential advances toward scalable, multi-
plexed diagnostic systems capable of decoding complex disease
signatures.

6.3 Clinical translation through portable and autonomous
platforms

A critical barrier to the clinical impact of molecular logic is its
current reliance on benchtop instrumentation, which limits
practical deployment. To overcome this, future efforts must
focus on the convergence of hardware and software: integrating
functional biomolecular circuits with wearable microsensors
and miniaturized readers equipped with onboard Al for real-
time, point-of-need decision-making. Such platforms will
enable continuous, closed-loop monitoring of complex
biomarkers. Beyond this, pioneering endogenous energy har-
vesting, from sources such as ATP, glucose, or other metabo-
lites, will be transformative, paving the way for fully self-
sustaining, implantable systems capable of intelligent and
adaptive therapy. This represents the ultimate frontier in
personalized medicine.

6.4 Al-guided design and context-aware logic

Biological environments present a formidable challenge for
molecular circuits due to their inherent complexity and
dynamic nature. Factors such as fluctuating pH, variable
metabolite concentrations, enzymatic degradation, and off-
target interactions create a noisy and unpredictable opera-
tional landscape. A central challenge in molecular computing
lies in overcoming the static nature of pre-defined circuits to
create systems that are truly adaptive to their complex biological
environments. The integration of machine learning, particu-
larly generative models and reinforcement learning, is key to
achieving this breakthrough. It will enable the accurate
prediction of nucleic acid behavior and circuit interactions,
thereby engineering systems that dynamically interpret
contextual cues. This advancement will unlock sophisticated
capabilities, from tissue-specific activation and biomarker-
weighted decision-making to closed-loop cellular control.

In summary, while molecular logic-based biosensing holds
considerable promise, its practical deployment remains con-
strained by issues of robustness, scalability, and real-world
integration. In the near term, progress will depend critically
on integrating machine learning-assisted circuit design to
improve dynamic response and system compatibility, alongside
hybrid material platforms that enhance signal amplification
and operational stability. Looking forward, molecular logic is
poised to transition from a laboratory tool to an integral part of
intelligent point-of-care diagnostics and closed-loop thera-
peutic systems. The field is moving toward embedded bi-
oanalytical devices capable of detecting complex biomarker
panels directly from clinical samples with high specificity.
Advances in Al-guided design and modular sensor integration
are catalyzing the development of context-aware molecular
systems that will ultimately enable autonomous diagnostics
and personalized medicine. Near-term efforts will likely focus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on hybrid bio-electronic interfaces that combine molecular
recognition with electronic readout and Al-enhanced data pro-
cessing. In the longer term, the convergence of synthetic
biology, functional nanomaterials, and machine learning could
give rise to autonomous molecular processors capable of real-
time health monitoring, adaptive drug delivery, and early
disease diagnosis. Through sustained innovation in molecular
design, signal processing, and system integration, molecular
logic is positioned to become a cornerstone of next-generation
precision medicine.
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