Published on 24 March 2021. Downloaded on 5/29/2024 10:34:38 AM.

#® ROYAL SOCIETY

Nanoscale
PP OF CHEMISTRY

Horizons

View Article Online
View Journal | View Issue

REVIEW

Boolean logic gate based on DNA strand
- | displacement for biosensing: current and
é:’nf;g:us. Nanoscale Horiz., 2021, emerging Strategies

\ '.) Check for updates ‘

Shuang Zhao, ¢ Lianyu Yu,1® Sha Yang,? Xiaoqi Tang,® Kai Chang*® and
Ming Chen () *abc

DNA computers are considered one of the most prominent next-generation molecular computers that
perform Boolean logic using DNA elements. DNA-based Boolean logic gates, especially DNA strand
displacement-based logic gates (SDLGs), have shown tremendous potential in biosensing since they can
perform the logic analysis of multi-targets simultaneously. Moreover, SDLG biosensors generate a
unigue output in the form of YES/NO, which is contrary to the quantitative measurement used in
common biosensors. In this review, the recent achievements of SDLG biosensing strategies are
summarized. Initially, the development and mechanisms of Boolean logic gates, strand-displacement
reaction, and SDLGs are introduced. Afterwards, the diversified input and output of SDLG biosensors are
elaborated. Then, the state-of-the-art SDLG biosensors are reviewed in the classification of different
signal-amplification methods, such as rolling circle amplification, catalytic hairpin assembly, strand-
displacement amplification, DNA molecular machines, and DNAzymes. Most importantly, limitations and
future trends are discussed. The technology reviewed here is a promising tool for multi-input analysis
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rsc.li/nanoscale-horizons and lays a foundation for intelligent diagnostics.

1. Introduction

Over the past few decades, computers have rapidly developed
but their information storage capacity and parallel computing
capabilities have presented major challenges. Hence, novel
methods, such as DNA," quantum,’ optical,’ and neural
network computing,* continue to emerge. DNA computing was
first proposed by Adleman in 1994.° It is the most promising
modality because of its powerful information encoding and
storage capacity, biodegradability, and molecular recognition
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ability.®®* DNA computers could analyze several targets
simultaneously by performing logic gates, and thus show great
potential in biosensing. By setting the threshold, the generated
signal can be converted into a YES/NO form that is contrary to
the quantitative measurement used in common biosensing
strategies. These decisive answers eliminate human error and
generate relatively more valuable and instructive output.” Logic
elements generate digital output in the form of YES and NO in
response to the input. This property meets the critical immediate
response requirement of an ideal “fast-screening” diagnostic
tool."?

Various DNA technologies have been developed to construct
Boolean logic gates to effect DNA computing, including DNA
strand displacement,' DNA self-assembly,'> and DNAzymes."?
DNA strand displacement technique is widely used one because
the “invading chain-to-displaced chain” model fits well with
the “input-to-output” model of logic gates. Moreover, the
advantages of its easy-operation and being self-triggered make
it promising in practical use."* However, the input and output
of strand displacement-based logic gates (SDLGs) are nucleic
acids and the “DNA-to-DNA” model does not support the
construction of universal biosensors that can detect multiple
types of targets or have different signal transmission
methods.'® Besides, the high DNA input concentration
required for strand-displacement reactions (SDRs) are always
equal to or higher than the nanomolar level.">'” Also, the
sensitivity of the DNA strand displacement-based detection
method is limited. In order to remove limitations, scholars
have integrated various emerging materials and technologies
into SDLG biosensing platforms in an attempt to detect other
input signals, such as ATP,'® cancer cells,"® and metal ions.>
In addition, in combination with fluorescent materials,"*>
electrochemical technology,”® and gold nanoparticles
(AuNPs),** SDLGs can generate fluorescent, electrical, and
naked-eye signals that accommodate the application requirements
of various biosensing platforms. Furthermore, the application of
emerging materials and signal-amplification strategies that are
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suitable for diagnostics enhance SDLG biosensing platform
sensitivity; also meeting actual application requirements. The
implementation of these strategies augment the practicality,
maturity, and diversity of SDLG biosensors.

In view of the vigorous SDLG biosensing platform development
in recent years, the present review furnishes a map of the current
SDLG biosensor landscape. First, we introduce the development
and mechanism of the logic gate, SDR, and SDLG. Second,
the diversified input and output of SDLG biosensors are
recommended by noting some representative researches. Then,
we focus on the highly sensitive SDLG biosensors integrated with
signal-amplification methods, such as rolling circle amplification
(RCA), catalytic hairpin assembly (CHA), strand-displacement
amplification (SDA), DNA molecular machines, and DNAzymes.
Finally, the limitations and future prospects of SDLGs are
discussed in the review.

2. Boolean logic gate and strand-
displacement reaction

Boolean logic gates are physical devices that receive single or
multiple inputs, exert logical operations, and yield a single
digital output. The principle of logical operations is the foundation
of all silicon-based computing,”® and comprises input signals,
logic components, and output signals. The input and output
signals are converted into binary signals. The true and false signals
may be distinguished by setting the thresholds. If the signal value
exceeds the threshold, it is regarded as true or “1”; if the signal
value is less than the threshold, then it is assumed false or “0”.
Different logic gates have various logic operation complexities. For
the single-input YES and NO logic gate, the presence or absence of
the input directly determines the result of the output (“0 to 07, “1
to 1” mode). When the input signal information is increased, a
series of logic gates may be constructed to execute different logic
functions. The common logic gates include AND, OR, INHIBIT,
XOR, and those with contrary functions (NAND, NOR,
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Table 1 Truth value and symbols of some dual-input logic gates
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IMPLICATION, and NXOR). Table 1 shows the truth values and
symbols for certain dual-input logic gates.

For the AND gate, only when all the inputs are present will
the “1” output be generated; otherwise, the output will be “0”.
For an OR gate, as long as any one input exists, the “1” output
will be produced, and only if all the inputs are absent will the
“0” output be generated. For the INHABIT gate, one of the
inputs is used as a prohibition factor, and only when it does not
exist and the other inputs are present will the “1” output be
produced. For XOR gates, the existence of any input “10 or 01”
will result in a “1” output, whereas when none or both of the
inputs exist “00 or 11” or “0” outputs will be produced. This
unique input-to-output pattern makes XOR usually hard to be
realized at the molecular level. NAND, NOR, IMPLICATION,
and XNOR are the opposite of these logic gates. Remarkably,
these basic logic gates can evolve into advanced logic devices
through various combinations and integrations, such as half/
full adder and half/full subtractor.

SDR is the most extensively used dynamic DNA nanotechnology
to construct Boolean logic gates and DNA circuits.>® It utilizes
the characteristics of molecular hybridization systems to
establish stable energy levels. SDR could be induced by the

invading chain to release another DNA chain. By way of specific
recognition, release, capture, and other manipulations can be
accomplished.?” The basic principle of toehold-mediated SDR
is shown in Fig. 1A-a chain B//C’ is a partial double-stranded
chain composed of two partially complementary DNA strands.
Chain A’ is a single strand whose sequence is fully comple-
mentary to that of chain B’/C’. Chain A’ recognizes and binds
the toehold and migrates to the most stable branch. The chain
B'/C’ base pair is then gradually replaced by the chain A’/C’
base pair until the chain B’ is released. Different from the fully
displaced mode, a free toehold domain overhanging ensures
the reversibility of the toehold exchange reaction (Fig. 1A-b).”®
The reaction process is actually a redistribution of the reactant
concentration. The thermodynamic basis of SDR has been
discussed in previous research,”®*® which has reported that
the binding free energy of the toehold domain determines the
displacement rate and equilibrium concentration. The proper
design of toeholds can tune the rate of strand displacement
over 10° orders of magnitude.**>* Therefore, the length and
base sequence of a toehold are most critical for the control of
the SDR reaction rate.** However, as this rate changes
exponentially with the binding strength,**? it is difficult to
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Fig. 1 (A) Schematic diagram of two models for the toehold-mediated strand-displacement reaction: (a) toehold displacement reaction, (b) toehold
exchange reaction. (B) Mechanism of the remote toehold mode.>* (C) Intramolecular conformational motion strategy for kinetic modulation in strand
displacement.® (D) Scheme of hybridization-based associative toehold activation.®® (E) Schematic illustration of the principles of allosteric toehold-
mediated DNA strand displacement.®” In all the panels, the toeholds are shown as red lines and BM domains are shown as green lines.
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achieve a precise adjustment only by changing the length and
sequence. Fortunately, researchers have successively developed
a series of strategies for the accurate adjustment of the SDR
rate, which greatly enriches the SDR toolbox. As the distance
between the branch migration (BM) domain and toehold is
crucial for the SDR rate, the continuous displacement rate can
be precisely adjusted by changing the distance between the BM
domain and the toehold. In 2011, Genot et al. introduced a
remote toehold mode (Fig. 1B),>* where the toehold and strand-
displacement domains are separated by a spacer. By controlling
the length and hybridization state of the spacer, the SDR rate
could be changed by over three orders of magnitude. Similarly,
in the intramolecular conformational motion strategy
(Fig. 1C),*® the author cleverly designed the spacer into a
reconfigurable stem-loop structure. SDR is more likely to occur
when the stem-loop structure is formed by an accelerating
internal diffusion rate and favorable thermodynamics. When
the stem-loop structure and complementary sequences form a
rigid double helix structure, SDR cannot occur. In this way, by
controlling the structural length of the stem-loop and its
complementary sequence, the SDR kinetics was allowed to be
reversible and real-time regulated. Compared with the method
that separated the toehold and BM domain by an additional
sequence or structures in a single strand, designing them on
two chains may simplify the design. Chen et al. proposed a
toehold activation strategy, in which the toehold and BM
domain are separated on the two strands and then hybridized
together (Fig. 1D).*° Two bulged bases at the three-way junction
ensure high efficiency, and thus this method is feasible for
practical applications. Similarly, the allosteric DNA toehold was
proposed by Yang et al,*” in which the toehold and BM
domains are also separated. The toehold was designed as an
regulator, which not only simplifies the DNA sequence design but
also dynamically and selectively controls DNA strand displacement
(Fig. 1E). In addition, this unique design is compatible with
other activation mechanisms, thus making it possible to design
more complex DNA circuits. Robust regulation strategies for
enzyme-free DNA circuits, such as nonlinear regulation with
ultrasensitive switches, have also been proposed.*® These
methods supplement the control of the SDR rate and greatly
enrich the SDR toolbox. Therefore, a more controllable, flexible,
and compatible SDR can be developed.

In short, the advantages of its dynamic nature, high control,
and freedom make SDR a powerful and promising tool for
Boolean logic gates construction.®® Ogihara et al. applied the
DNA strand-displacement theory to construct logic gates.’® In
1996, they successfully constructed “AND” and “OR” gates
using a designed DNA strand as the input and output. In
2006, Winfree’s group constructed a serious of digital logic
circuits using SDR.*' The more complex full/half adder based
on DNA SDR was also successfully constructed in 2016.*>
More importantly, a series of in-depth research studies were
conducted to improve the performance of SDR-based DNA
circuits. For example, the signal leakage in the DNA circuits
was reduced by using a digital droplet assay.** Switching s SDR
allowed implementing faster digital computing.** The optically

This journal is © The Royal Society of Chemistry 2021
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controlled DNA switching circuits broaden the DNA circuit
functions.*” In particular, some strategies were proposed to
improve the specificity of nucleic acids hybridization in DNA
circuits, which further ensured the accuracy when applied in
biosensing.*®*® Therefore, the in-depth mechanism research
for SDR logic circuits has paved the way for realizing more
complex functions in biosensing and other fields.

3. Diversified SDLG biosensing
platform input and output

Embedding logic analysis in biosensors will make them possi-
ble to perform multi-target intelligent analysis. However, since
both invading and displaced strands are nucleic acids in SDLG,
this “DNA to DNA” model cannot meet the various input and
output requirements of biosensing. Fortunately, the application
of aptamers, DNA enzymes, fluorescent-labeling technology,
electrochemical technology, and spherical nucleic acids can
make the input and output of SDLG more diversified. Thus,
SDLG has the potential to become a general biosensing strategy.

3.1 Diversified input of SDLG biosensors

It is easy for SDLG to detect nucleic acids. The target nucleic
acids could be designed as an invading chain, which could
trigger the SDR and drive the logical analysis. This strategy has
been shown to be effective and efficient.>"*>*° Notably, the
addition of some identification devices makes it not only
capable of detecting nucleic acids but also ATP, cancer cells,
and metal ions.

Aptamers are screened from in vitro oligonucleotide libraries
via systematic ligand evolution through exponential enrichment
technology.” They consist of 20-80 bases and have complex
spatial structures that bind enzymes, peptides, metal ions, and
cells. The features of high specificity and high affinity make
them a good choice for SDLG biosensors. Zhu et al. introduced a
three-way junction-driven strand-displacement mode to detect
nucleic acids and ATP in the presence of aptamers.'® They built a
logic circuit composed of AND and NOR logic gates using ATP
and DNA strands as the input (Fig. 2A). The molecular platform
could be applied to a wider field by altering the aptamer
sequence. The detection limits of ATP and DNA were 40 uM
and 6.9 nM, respectively. However, these detection limits are
unremarkable for practical applications. By combining aptamers
and toehold-mediated strand displacement, Tan’s group realized
the logic analysis of multiple markers on the cell membrane to
identify cancer cells and built AND, OR, and NOT gates'’ (Fig. 2B
shows the “A AND B NOT C” gate). However, taking the “A AND
B” gate as an example, if two neighboring cells express A and B
markers respectively, this platform will produce a “joint-
positive” result. To overcome this false-positive result, a simple
but powerful molecular device named a ‘“nano-claw” was
designed in their other research® (Fig. 2C). Two-input and
three-input AND gates were achieved with similar mechanisms.
The above two platforms could be highly integrated to achieve a
more powerful cell recognition function.

Nanoscale Horiz., 2021, 6, 298-310 | 301
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Fig. 2 (A) (@) Schematic diagram of the sensing platform based on three-way junction-driven toehold-mediated SDR and (b) logic circuit with strands R,
cABA, and ATP as input. Reprinted with permission from ref. 18, Copyright 2014, American Chemical Society. (B) (a) Experimental schemes, (b) symbols,
and (c) truth tables and of 3-input “a AND b NOT c” gate for identifying cancer cells. Reprinted with permission from ref. 19, Copyright 2015, American
Chemical Society. (C) The symbols and construction schemes of (a) 2-input trivalent “Y"-shaped Nano-Claw and (b) 3-input tetravalent “X"-shaped
Nano-Claw. Reprinted with permission from ref. 51, Copyright 2014, American Chemical Society.

Metal ion-dependent DNAzyme can catalyze the cutting of
DNA to detect metal ions. The first DNA-based enzyme was
isolated by Breaker and Joyce in 1994.°> As early as 2009,
Willner used two DNAzymes that relied on UO** and Mg”",
respectively, to construct AND and OR gates.”® When UO*" and
Mg>" exist, the corresponding DNAzyme cuts the chain and the
product of cleavage can form a G-quadruplex with hemin to
generate a visible signal to achieve the purpose of detection.
Using two DNA enzymes to implement AND logic gates in the
same system may make the design more complicated.
The application of multi-ion-dependent DNAzyme may simplify
the design. Although not described as an AND gate, the
DNAzyme Ce13d is indeed such an enzyme that requires both
Na" and Ce®" to be activated.>® The Hg”>* sensor based on the
UO,”" DNAzyme is also such an example.”>® Through the clever
design of the circular substrate, Bi et al. used DNAzymes to
construct a complete set of logic gates (OR, AND, INHIBIT,
XOR, NOR, NAND, and XNOR) to realize the rapid colorimetric
detection of metal ions.”® This further demonstrates the
application potential of DNAzymes in the SDLG strategy.
Because of the designability of DNAzymes, it could unite with
other DNA nanotechnology to achieve more incredible functions.
Yue et al. integrated the DNAzyme structure into DNA tweezers,>®
and the changes of the K' concentration in solution could
reconstruct the orthogonal balance of the tweezers. This input-
guided continuous dynamic network had the potential for
biological sensing and logical operation applications. Markedly,

302 | Nanoscale Horiz., 2021, 6, 298-310

the addition of metal ion-dependent DNA enzymes makes the
SDLG strategy expandable for detecting metal ions. The unique
catalytic properties and adjustability also make these DNAzymes
more widely used in SDLG. This point will be discussed further
in later chapters.

3.2 Diversified output of SDLG biosensors

In practical application, biosensing often requires different
signal output strategies. For example, in the laboratory, the
output of fluorescent or electrochemical signals can meet the
requirements, but in a point-of-care testing environment, visual
color comparison may be more suitable. The following are
typical examples of SDLG biosensors producing three main
types of output.

Fluorescent signals are mostly created using fluorescent
dyes or labels. Chen et al. used the displaced chain of SDLG
as a primer of RCA, whereby the fluorescence signal could be
detected when SYBR Green I bound the amplified product.”’
Fu’s group reported another method, in which the input of the
target molecule opened the DNA lock by driving the SDR,*” then
the cofactor was exposed and combined with the enzyme to
generate a fluorescent signal. Meanwhile, Peng et al. used SDR
to separate the fluorescent agent and quencher to generate
a fluorescent signal,®® which has also been widely used.
The characteristics of high sensitivity, high spatial resolution,
and high detection speed of fluorescent signals make it widely
used in SDLG biosensors.

This journal is © The Royal Society of Chemistry 2021
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The most common electrochemical sensing platform
immobilizes nucleic acid probes labeled with methylene blue
on the electrode. When the reaction occurs on the electrode,
the probe state will trigger the changes of the electrochemical
signals. For example, Wang et al. fixed a DNA nanorobot on the
electrode. SDLG activated this nanorobot to cleave a methylene
blue-labeled probe that was fixed on a gold electrode, generating
electrochemical signals.® As the immobilization of the nucleic
acid chain on the electrode will inevitably produce steric
hindrance, the signal-to-noise ratio is low. To avoid this situation,
Dai et al. combined novel electrochemical active-inactive
conversion molecular beacons, such as ferrocene or hemin
molecular beacons, as an electrochemical platform that was
not fixed on the electrode surface, resulting in a higher
signal-to-noise ratio.>®

As the naked-eye colorimetric method does not require
bulky inspection equipment, it is most suitable for point-of-
care testing. Spherical nucleic acid (SNA) is a functionalized
AuNP composed of a gold core and an oriented oligonucleotide
shell. It has the same physicochemical properties as AuNPs and
the powerful programming and algorithm functions of the
nucleic acid shell.°”®' Besides, the disassembly of SNA
aggregates can be easily detected by the naked eye through a
visible color change of the supernatant because of its the
distinct optical properties. These features demonstrated SNA
conjugate’s superiorities in colorimetric biosensing. Wei et al.
combined DNA strand-displacement circuits with SNA and
established a smart strategy for visible SNA aggregate
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disassembly that was programmed by entropy-driven SDR.%?
The initiation of visible SNA aggregate disassembly relied upon
a trigger strand released from the upstream DNA circuit
through successive SDRs. The SNA may be compatible with
any upstream circuit and there is no need to change any DNA
strand in the downstream system (Fig. 3A). In this manner,
costs are lowered and it is not necessary to design new SNA
aggregates. By uniting two parallel catalytic DNA circuits
upstream with a fixed SNA disassembly system downstream,
an OR gate was constructed for multiplexed target detection.
Thus, the SNA aggregate-based disassembly strategy is simple
and universal.

4. SDLG-integrated signal-
amplification strategy for biosensing

4.1 SDR initiates rolling circle amplification for logic-
controlled biosensing

Rolling circle amplification (RCA) is an isothermal enzymatic
reaction in which DNA or RNA polymerases, such as phi29 DNA
polymerase,®® are used to produce single-stranded DNA or RNA
molecules connected by numerous complementary units in a
template. The reaction is simple and productive since the signal
of a single binding event could be magnified exponentially over a
thousand-fold.®* Thus, RCA is optimal for the required ultra-
sensitive detection. An effectively amplified DNA AND logic gate
platform based on an SDR and RCA strategy was designed for the
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Fig. 3 (A) (a) Schematic diagram, (b) symbol, and (c) image of the visible of OR logic gate based on upstream SDR and downstream SNA. Reprinted with
permission from ref. 62, Copyright 2019, American Chemical Society. (B) (a) Schematic diagram and (b) symbol, and (c) truth table of two-input AND logic
gate detecting DNA T1 and T2 inputs simultaneously with entropy-driven SDR and RCA. Reprinted with permission from ref. 21; permission conveyed
through Copyright Clearance Center, Inc. (C) (a) Schematic illustration of three-input concatenated YES—AND—-AND logic circuits based on catalytic
self-assembly of duplex-looped DNA hairpin. (b) Truth table of the concatenated logic circuits. (c) Schematic illustration of using RCA and MGO reduce
background, amplifying signal. Reprinted from ref. 65, Copyright 2016, with permission from Elsevier.
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ultrasensitive detection of low-abundance DNA fragment
inputs®* (Fig. 3B). It consisted of entropy-driven, toehold-
mediated SDR that released the strand and the RCA reaction
to amplify the released strand. This process allowed a highly
sensitive simultaneous detection of two nucleic acids.
Fluorescence of the SYBR Green I could reduce the detection
limit to 500 aM. The detection of endogenous miR-21 and let-7a
in total RNA samples extracted from HeLa cells showed
comparable good performance and minimal interference due
to the biological sample heterogeneity. Therefore, this approach
is apt for clinical use. Similarly, Bi et al. also used RCA to
amplify the product of a logic circuit for achieving a lower
detection limit.*® They applied SDR-based programming for
the catalytic self-assembly of the duplex-looped DNA hairpin
and developed a three-input YES-AND-AND logic circuit
(Fig. 3C-a). When all the inputs exist, the duplex-looped DNA
hairpin will be formed to trigger RCA. Recycling the initiator in
the cascade reaction and the presence of magnetic graphene
oxide further reduced the background and enhanced the
sensitivity (Fig. 3C-b). The proposed delicate DNA SDR-based
methodology with engineering dynamic functions could have
numerous applications in the creation of controllable DNA
nanostructures, functional biosensing platforms, and complex
DNA circuits.
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4.2 SDR initiates catalytic hairpin assembly for logic-
controlled biosensing

Catalytic hairpin assembly (CHA) is a toehold-mediated SDR
originally introduced by Yin et al in 2008.°° Li et al later
modified it for use in various analytical applications.®”
The CHA reaction is usually executed by using two stable
hairpin structures with complementary sequences. The
complementary domains are caged within hairpin stems.
Thus, spontaneous interactions between DNA strands are
kinetically blocked. As a toehold is present, two hairpins
successively open and the most thermodynamically favorable
DNA duplexes are rapidly formed.®® This mechanism results in
an enzyme-free, high-efficiency, isothermal amplification
method.” Yue et al. proposed a chemiluminescence resonance
energy-transfer (CERT) biosensing platform based on a cross-
CHA amplification strategy and established a logic network
(Fig. 4A).°° The system consists of a crossed two-layer CHA
cascade that generates exponential signal amplification and
provides high-sensitivity DNA detection in <1.5 h. The detection
range was five orders of magnitude. The experiments of Yue et al.
demonstrated its excellent specificity and good performance
with biological samples. A multilevel circuit was established
and it consisted of one YES and three AND gates with a
feedback mechanism. This kind of logic network offered a new
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permission from Elsevier. (B) Representation of AND-AND-YES DNA domino-based nanoscale logic circuit. Reprinted with permission from ref. 73,
Copyright 2017, American Chemical Society. (C) (a) Graphical representation and (b) logic scheme of the integrated DNA logic circuitry comprising CHA
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perspective in the design of diagnostic hierarchical molecular
circuits.

The catalysts initiate successive CHA reactions between
stable hairpins and form branched junctions with different
numbers of arms. The wise sticky end design gives full play to
the branched DNA junctions. Sensing platforms based on
branched DNA junctions amplify the signals and dramatically
improve the sensitivity as the ends of each arm can be engineered
to form DNAzymes,”® converted to other amplification methods,”*
and bound to nanoparticles for further signal amplification.”
Based on this strategy, Ravan et al. designed a DNA domino-based
nanoscale logic circuit composed of three logic gates (AND-
AND-YES), which could analyze nucleic acid biomarkers
simultaneously.”® The triple signal-amplification strategy based
on AuNP, a hairpin assembly, and DNAzymes provided about a
tenfold signal improvement and a detection limit of 100 aM
(Fig. 4B). This nanodevice could analyze and compute several
nucleic acid disease biomarkers by expanding the DNA domino
chain as a multiplexed platform. In 2016, a cascaded DNA
nanocircuit integrating CHA with a hybridization chain reac-
tion (HCR) was proposed for hyperbranched DNA structure self-
assembly.”* HCR is also a simple, effective, widely used iso-
thermal amplification strategy based on SDR. The integrated
DNA circuit consists of cascaded AND gates, four hairpins
(HP1-4), and one catalyst DNA (Fig. 4C). The entire DNA logic
circuit includes an upstream CHA and a downstream HCR.
A single-stranded C opens the HP1 of the upstream circuit and
releases its single-stranded region. The HCR then triggers HP3
and HP4 cross-opening and forms a self-assembled
hyperbranched DNA structure as the output. When HCR was
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combined with CHA for miR-122 detection, the dynamic range
was 1 pM-10 nM and the detection limit was 0.72 pM. This high
sensitivity was attributed to the amplification effect of the
DNA logic circuit and the highly sensitive chemiluminescence
resonance energy-transfer system. Therefore, the integrated
DNA logic circuits could efficiently amplify the signals for the
construction of various molecular diagnosis platforms.

4.3 SDR initiates strand-displacement amplification for
logic-controlled biosensing

Strand-displacement amplification (SDA) was inspired by iso-
thermal nucleic acid amplification and first proposed in
2009.”° SDA consists of a hairpin-shaped molecular beacon, a
polymerase, and a primer. The target triggers the SDA reaction
and the primer binds. The polymerase extends the primer on
the molecular beacon template and the hybridized target is
then released and enters another cycle reaction to generate a
considerably enhanced signal. In 2018, Xue et al. concatenated
three logic gates to perform multiple SDA and screen cancer-
related point mutations.?” The design included a hairpin probe,
which was a self-folding molecular beacon whose overhangs
exhibited a near-inverted mirror image. Cascade SDAs occur on
this hairpin probe and promote each other so the molecular
beacon is successively opened and the signal is amplified
(Fig. 5A). The targets could be detected at concentrations as
low as 10 pM. Xue et al. used two primers and target genes as
indispensable input signals and proposed a series of logic gate
circuits consisting of a YES and an AND gate. For the YES gate,
the target opens the hairpin structure of the mirror image
probe and the two primers combine to produce the “AND”
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gate. The three concatenated logic gates circuit change from
“off” to “on” only when two primers and a complementary
target DNA co-exist in the sample. This process yields a strong
fluorescent signal. If mismatched DNA is used, then the circuit
is “off” regardless of the number of mismatched bases. This
feature enables the sensitive screening of single base mutations
and deletions. Blind tests proved that the distinction of mutant
from wild type genes was feasible with this complex biological
matrix. This innovative biosensing strategy demonstrated the
cooperation between SDA and SDLG biosensing.

4.4 SDR initiates DNA walker for logic-controlled biosensing

In recent decades, DNA machines have aroused widespread
attention because of their structural simplicity, uncomplicated
construction, ample sequence design space, and predictable
molecular behavior.>***’® DNA machines include tweezers,**
motors,”” robots,”® and walkers.”® DNA walkers run autonomously
on their designated tracks and have great applicability toward
biosensing platforms.®* In 2018, Wang et al. developed an
electrochemical nucleic acid detection platform by combining
SDR with DNA walker.>® Here, a series of SDRs are triggered by
the target to release the DNA walker, which then walks
autonomously by cleaving the DNA probe modified on the gold
electrode. This reaction generates a strong electrochemical
signal and could achieve the detection of 36 fM. The cooperation
between SDR and DNA walker obviated the requirements for
nucleases and hairpin self-assemblies and boosted the signal-to-
noise ratio and sensitivity. Then, the aforementioned SDR-driven
nanorobot was used to construct AND OR and combinatorial
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logic gates (OR and AND) for the intelligent analysis of
multi-targets in a sample (Fig. 5B). This innovative sensing
strategy combined SDLG and DNA walker perfectly, and laid a
good foundation for the development of high-sensitive SDLG
electrochemical biosensors.

4.5 SDR activates enzymes for logic-controlled biosensing

4.5.1 DNAzyme. DNAzyme has become a research hotspot
in the field of biosensing in recent years because of its high
catalytic efficiency and adjustability.®" Controlling DNAzyme
catalysis via SDR is a robust and programmable method.*?
When the chain blocking the DNAzyme sequence is displaced,
the DNAzyme strand folds into a catalytically active conformation.
This strategy avoids the complicated sequence changes that are
needed in pH-controlled and ion-triggered strategies, making
DNAzyme easier to control and more applicable. This approach
has been widely used in molecular computing systems to con-
struct logic gates. In 2014, Graves’ group developed a DNAzyme
displacement reaction, wherein DNAzyme catalysis was controlled
by toehold-mediated strand displacement.®® Fig. 6A-a shows that
upstream DNAzyme 1 opens and cleaves the uniquely designed
structured chimeric substrate (SCS) probe through SDR. Then the
activator strand is released to displace the chain blocking the
DNAzyme 2 sequence. When DNAzyme 2 is activated, it cleaves
the substrate to produce a fluorescent signal. The combination of
DNAzymes, SDR, and SCS triggers synthetic signaling cascades
compatible with multiple DNA logic gates. Hence, the authors
designed a two-layer, three-input AND circuit with two DNA
oligomers from conserved sequences within the sSRNA dengue
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DNAzyme displacement reaction. (b) Design of multi-layer diagnostic logic circuits for the detection of sequences from the genomes of all four dengue
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Table 2 Performances of some representative SDLG-based biosensors
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Sensitivity enhancing

strategy Targets Read-out LOD Logic gate Ref.
— DNA&ATP Fluorescence of PPIX + G-quadruplex DNA 40 uM ATP YES AND NOR 18
6.9 nM
— Cancer cells Fluorescence of FAM — AND OR NOT 19
— Ions Colorimetric signals of AuNPs — OR AND INHIBIT XOR 20
NOR NAND XNOR
RCA miRNA Fluorescence of SYBR Green I 0.05 nM AND 21
Feedback + RCA + MGO DNA Fluorescence of SYBR Green I 0.84 nM YES-AND-AND network 65
TMSDR feedback DNA Colorimetric signals of AuNPs 2 nM in 20 min, OR 62
02nMin4h
CHA DNA&miRNA CRET signals 0.67 pM YES AND 49
CHA + AuNP + DNAzyme DNA Absorbance values 100 aM AND YES 73
CHA + HCR + DNAzyme miRNA CRET signals 0.72 pM AND 74
SDA DNA Fluorescence of FAM 10 pM YES-AND 22
TMSDR feedback + DNA DNA Electrical signals 36 fM AND OR combinatorial 23
walker logic gate (OR and AND)
DNAzyme DNA Fluorescence of FAM — AND 83
Semisynthetic luciferase miRNA Bioluminescence signals 400 pM AND 86
NIR Ag,S QDs miRNA Fluorescence of NIR Ag,S quantum QDs 100 fM YES AND OR 87

LOD: limit of detection, PPIX: Protoporphyrin IX, AuNP: Au nanoparticles, RCA: rolling circle amplification, MGO: magnetic graphene oxide,
TMSDR: toehold-mediated strand-displacement reaction, CHA: catalytic hairpin assembly, CRET: chemiluminescence resonance energy-transfer,
HCR: hybridization chain reaction, SDA: strand-displacement amplification, NIR Ag,S QDs: near-infrared Ag,S quantum dots.

genomes and a serotype-specific DNA oligomer. When all these
3 oligomers coexisted, the “1” output was generated for the
diagnosis of dengue fever (Fig. 6A-b). It was proven to be very
effective and efficient in tests, demonstrating that DNAzyme
cascade is promising for the multi-input, multi-layer detection
of several pathogen traits. In 2019, Wei’s group proposed a strand-
displacement-mediated DNAzyme allosteric regulation, which
induced a conformational alteration of DNAzyme.** The strategy
was applied to E6 DNAzyme and used to construct a series of
common logic gates, including YES, OR, and AND gates (Fig. 6B).
By connecting the basic logic gates, two-level logic circuits, a
cascading and feedback circuit was established. Their experiments
showed that strand-displacement-mediated allosteric regulation is
applicable to DNA logic circuit construction and has the potential
for intelligent biosensing. In another work, a regulatory strategy
was proposed on the basis of covalent modification to control
catalytic DNA logic circuits.® The process combined DNAzyme
digestion and SDR was used to construct serial logic gates,
which further demonstrated the scalability and feasibility of the
regulation strategy. The aforementioned study disclosed that
SDR-regulated DNAzyme could not only be used to construct a
common Boolean logic gate, but also complex molecular computing
systems. This may offer novel ideas for biosensing and disease
diagnostics.

4.5.2 Other enzymes. The invention of bioluminescence
analysis technology has enabled smartphone analysis readouts.
Chang et al. reported an innovative biosensing strategy that
combines SDR and a semisynthetic luciferase molecular device
consisting of luciferase, a peptide nucleic acid whose sequence
is complementary to the target, and an inhibitor (Fig. 6C).%
The sensor is in the “off-state”” in the absence of an analyte, but
when the target is present, SDR dissociates the inhibitor and a
fluorescent signal detectable by the naked eye and smartphone
is emitted. An AND gate that can detect two targets simultaneously

This journal is © The Royal Society of Chemistry 2021

was later designed. This system fully met expectations when it
was used for miRNA detection. As SDR design complexity and
sophistication increase, other targets may be rapidly detected at
once. Furthermore, a simple mixing assay could sensitively
detect miRNA via a smartphone, which could be invaluable in
point-of-care testing.

5. Conclusion and prospects

In this review, we focused on the application of SDLG strategies
in the field of biosensing. After decades of development, SDLG
has achieved fruitful results. Table 2 compares some representative
SDLG biosensing platforms. SDLG biosensors integrate the
stringency of logical operations with the controllability and
biocompatibility of strand displacement perfectly. In addition,
SDLG biosensors have been shown to cooperate well with some
emerging materials and technologies in enabling the highly-
sensitive detection of multiple types of targets and the production
of multiple types of output signals. For many diseases, it is
difficult to obtain an accurate diagnosis using a single or
limited number of disease molecular markers, and it is
necessary to conduct a comprehensive analysis of different
permutations and combinations of multiple targets. Since some
biomarkers are related to the pathophysiological conditions in
specific diseases, an SDLG strategy could be designed based on
this relationship and could complete the intelligent analysis of
multi-targets, giving a unique YES or NO output. This is a
revolutionary change in biosensing brought about by the devel-
opment of computer science and DNA nanotechnology, making
it is not only a promising tool for clinical use, but also in
ecotoxicological analyses and environmental risk assessments,
particularly in terms of measuring the levels of xenobiotics and
anthropogenic chemicals and evaluating their impact on living
organisms in an ecosystem.
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However, SDLG has some limitations and development
bottlenecks: (1) various enzymes, labeled nucleic acid strands,
and nucleic acid amplification methods are frequently used for
high sensitivity, making the detection system complicated and
time-consuming. A simpler and low-cost logic detection platform
needs to be developed. In this process, certain materials with
excellent functions, such as near-infrared Ag,S quantum dots,*”
may be able to effect the measurement of low-abundance
molecules without time-consuming radiolabeling or complex
amplification;*®® (2) SDLG strategies have achieved various
functions at the cell level. In addition to the aforementioned
analysis of biomarkers on the cell surface to identify cancer
cells,">*"° there are also logical operations on the cell surface to
regulate cell adhesion behavior.”" In situ detection in living cells
has the unique advantage of locating the source of targets.
Owing to the biocompatibility of DNA nanomaterials, SDLG
has the potential to enter the cell for in situ logical operations.
Recently, Bai et al. reported a DNA circuit that could identify
cancer cells by the logical analysis of telomerase and microRNAs
in situ.”® This is an area that “silicon-based computing cannot
reach” and an important direction that needs to be studied more
deeply in the future; (3) higher-order logic circuits that could
perform comprehensive analysis of more than three targets are
difficult to design at the DNA molecular level. These circuits
need to be better designed and conceived; (4) the output form of
YES/NO is nonlinear, the boundary value of the transition in the
biological monitoring process thus needs to be evaluated.
Namely, for the YES/NO index of multi-target comprehensive
logic analyses, a related evaluation and judgment system needs
to be established.

In conclusion, SDLG has shown its magic power in “real-
smart” biosensing. Though it is still in the stage of principle
verification and in-tube detection, we believe that SDLG-based
diseases diagnosis will definitely reach a new level in the
not-too-distant future.
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