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Abstract

Nucleic acids are considered not only extraordinary carriers of genetic information
but also are perceived as the perfect elemental materials of molecular recognition
and signal transduction/amplification for assembling programmable artificial reac-
tion networks or circuits, which are similar to conventional electronic logic devices.
Among these sophisticated DNA-based reaction networks, catalytic hairpin assem-
bly (CHA), hybridization chain reaction (HCR), and DNAzyme represent the typical
nonenzymatic amplification methods with high robustness and efficiency. Further-
more, their extensive hierarchically cascade integration into multi-layered autono-
mous DNA circuits establishes novel paradigms for constructing more different
catalytic DNA nanostructures and for regenerating or replicating diverse molecular
components with specific functions. Various DNA and inorganic nanoscaffolds have
been used to realize the surface-confined DNA reaction networks with significant
biomolecular sensing and signal-regulating functions in living cells. Especially, the
specific aptamers and metal-ion-bridged duplex DNA nanostructures could extend
their paradigms for detecting small molecules and proteins in even living enti-
ties. Herein, the varied enzyme-free DNA circuits are introduced in general with
an extensive explanation of their underlying molecular reaction mechanisms. Chal-
lenges and outlook of the autonomous enzyme-free DNA circuits will also be dis-
cussed at the end of this chapter.
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1 Introduction

In recent years, nucleic acids have substantially expanded their functions from natu-
ral bioinformation storage platforms to potent and designable tools for biosensing
and bioengineering applications [1]. DNA represents the most powerful candidate
for assembling artificial reaction networks for their intrinsic biocompatibility and
programmability features. DNA reaction networks are composed of a series of suc-
cessive strand displacement reactions and cascaded hybridization chain reactions,
and they are especially appealing in investigating the signal pathways of more dif-
ferent cellular compartments, e.g., cytoplasm. As compared with the current arti-
ficial reaction networks, the advantage of DNA is overwhelmingly obvious for the
following reasons. Firstly, DNA could be easily accommodated into different bio-
logical microenvironments without additionally complicating the information trans-
mission between biological systems and electronic devices. Secondly, the direction-
ality and programmability of DNA provides the most up-to-date powerful circuitry
design and information storage based on the well-known Watson—Crick base-pairing
interaction. Thirdly, more different functional DNAs, including aptamers and DNA-
zymes with their molecular recognition and signal transmission capabilities, could
be facilely integrated into the present DNA-based artificial reaction networks. This
allows the sensitive and selective sequence-specific analysis of nucleic acids, small
molecules, and proteins, which is of great vitality for pathogen identification [2],
medical diagnosis [3, 4], and environmental and food safety monitoring [5]. As a
traditional nucleic acid amplification method, the polymerase chain reaction (PCR)
shows a powerful capability to sensitively detect trace amounts of nucleic acids and
other analytes [6, 7]. However, to guarantee the successful initiation of an efficient
amplification, PCR needs complex and precise thermocycling procedures with spe-
cific polymerases, which may limit its applications in the detection of non-nucleic
acid targets as well as in thermosensitive environments. As alternative tools, some
isothermal signal amplification methods have thus been developed with more con-
venient and satisfying amplification capacity, including loop-mediated isothermal
amplification (LAMP) [8], rolling circle amplification (RCA) [9, 10], as well as
strand displacement amplification (SDA) [11, 12]. While these amplification meth-
ods are still bothered by the fragile biological enzymes. Enzyme-free isothermal
detection methods are increasingly developed as alternative strategies for overcom-
ing these limitations. The nonenzymatic DNA reaction networks provide the ideal
candidate to fulfill these different requirements based on the versatile design out of
protein enzyme. Then how to improve these nucleic acid amplification technologies
that can compete with the current gold-standard enzyme-mediated amplification
methods? Here, the topic of autonomous enzyme-free DNA reaction circuits will be
discussed in this chapter by addressing the construction of different kinds of DNA
reaction schemes and their effective integration with an adequate discussion of their
potential applications.
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2 Enzyme-Free DNA Circuit

Nucleic acid reaction networks have attracted increasing attention in the fields of
analytical chemistry and biochemistry, and have been explored for sensitive detec-
tion of various target molecules. Enzyme-free signal amplification methods are
especially appealing for the development of more robust and low-cost point-of-care
diagnostics [13]. Among these different enzyme-free DNA reaction circuits, cata-
lyzed hairpin assembly (CHA) [14] and hybridization chain reaction (HCR) [15]
are emerging as typical amplification strategies that depend only on autonomous
hybridization and strand-displacement reactions to achieve efficient signal ampli-
fications [16]. Figure 1 exemplifies the well-known toehold-mediated strand dis-
placement [17]. During this process, the initial DNA duplex is elongated with an
exposed single-stranded domain, namely toehold that can hybridize partially with
the input DNA primer. Then the sequential branch migration proceeds, and the input
gradually displaces one primer that is partially (or fully) complemented to the other
primer of the duplex, yielding a new and more stable DNA duplex structure. As
shown in Fig. la, the primers P1 and P2 are connected by the hybridization of a—a*
(domain x corresponds to a Watson—Crick base-pairing with x*.) that is elongated
with a toehold sequence a,. The DNA complex P1/P2 hybridizes with the input DNA
P3 by toehold binding of a*—a,, after which the a*—a-mediated sequential branch
migration leads to the ultimate assembly of P1/P3 product with the simultaneous
generation of P2 strand. Interestingly, the kinetics (rate constant) of these strand-dis-
placement reactions varied with the base numbers and species of toehold domains
(Fig. 1b), and the G—C-rich toehold leads to a higher strand displacement reaction
rate than that of the A-T counterpart.

Based on this mechanism, various research has been carried out to address the
strand-displacement process and to extend their broader applications. Among these
different works, CHA and HCR have been well developed and have attracted more
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Fig. 1 a Schematic illustration of DNA strand-displacement principle. b Kinetics models of DNA strand-
displacement reaction that were affected by the number and species of bases in the toehold domain.
Reprinted with permission from Ref. [17]. Copyright 2009 American Chemical Society
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attention for their isothermal and autonomous hybridization reaction properties. In a
typical CHA process, the initiator acts as a special key to cyclically open their corre-
sponding hairpin locks without consuming the input strand itself. CHA mediates the
target-catalyzed hybridization and strand-displacement of hairpins for assembling
numerous dsDNA products, which are especially useful in amplifying and trans-
ducing the input DNA at the terminus of nucleic acid amplifications. Indeed, CHA
is facilely conjugated with other amplification procedures to achieve an improved
sensing performance. As for the HCR, the input primer promotes the autonomous
cascade cross-hybridization of hairpin reactants, yielding long nicked dsDNA
copolymers through an easy and programmable operation. Also, the generated
long dsDNA nanowire products are not only encoded with various functional DNA
sequences but are also utilized as powerful nanocarriers for accommodating small
guest molecules [18]. Meanwhile, DNAzymes are emerged with fascinating cata-
lytic functions of protein enzymes that can catalyze various biological and chemical
reactions, including DNA ligation and cleavage. These enzyme-mimicking function-
alities with multiple turnover rates allow DNAzymes to be ideal candidates for high-
performance signal amplification applications. All of these enzyme-free DNA cir-
cuits have prominent and modular amplification features—that is, their signal gain
performance could be improved by integrating with other amplification methods in
more extended application fields. These nonenzymatic amplification strategies have
been used to detect various important analytes (nucleic acids [19, 20], proteins [21],
small molecules [22], and metal ions [23]) with different transduction approaches,
such as fluorescence [24, 25], colorimetry [26], chemiluminescence (CL) [27], and
electrochemical approaches [28].

2.1 Catalytic Hairpin Assembly (CHA)

The analyte-activated isothermal autonomous catalytic hairpin assembly (CHA)
was initially proposed by Pierce et al. [14]. It provides a versatile free-energy-
driven amplification procedure to stimulate the catalytic generation of stable linear
or branched duplex DNA nanostructures. The mechanism of CHA is presented in
Fig. 2a. A characteristic CHA reaction consists of two hairpins, H, and Hy. The
sequence a—a of H, is complementary to domain a*—a* of trigger T, and hairpin Hy
is designed to hybridize with H, from b.*. T opens hairpin H, to generate the DNA
assembly “I” based on toehold-mediated displacement of sequence a*-a*. The
released domain b-b, of H, hybridizes with hairpin Hy, generating an intermediate
structure “II”. The newly released Hy initiates the branch migration procedure and
gradually stimulates the strand displacement of T to form numerous dsDNA product
“III”. The regenerated trigger strand allows the continuous activation of CHA circuit
that stimulates the successive hybridizations between hairpins H, and Hy. Similarly,
more different hairpins can be assembled by CHA to generate a “Y-shaped” model
with three hairpin reactants or “X-shaped” model with four hairpin reactants.

The trigger-induced CHA-mediated cross-opening of nucleic acid hairpins could
also enhance the complexities of DNA nanostructures. As shown in Fig. 2b, the cas-
caded cross-opening of three hairpins leads to the formation of a three-arm branched
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Fig.2 Schematic illustration of conventional CHA. a CHA-assembled linear dsDNA nanostructure,
which is induced by trigger-catalyzed assembly of hairpins H, and Hg. b CHA-assembled Y-shaped
DNA nanostructure that is generated by cross-opening of hairpins H,, H, and He.. ¢ AFM images of the
CHA-assembly of “Y-shaped” (upper AFM image) and “X-shaped” (lower AFM image) dsDNA nano-
structures, respectively. Scale bar indicates 10 nm. Reprinted with permission from Ref. [14]. Copyright
2008 Nature Publishing Group

junction structure. The initiator T hybridizes with hairpin H, to generate dsDNA
product “I”, and the toehold of “I”’ opens Hy to generate structure “II”. The exposed
toehold in “II” opens H- to form an intermediate structure “III”. The newly released
strand of H initiates the branch migration and displaces T to form the three-arm
branched junction structure “IV”. The released initiator subsequently stimulates the
successive hybridizations among hairpins H,, Hy, and H to generate “Y-shaped”
DNA nanostructures. Similarly, the four-arm branched junction structure could be
programmed through the catalytic self-assembly of four hairpins, as demonstrated
in Fig. 2c. The autonomous regeneration of trigger with the cross-opening hairpin-
mediated hybridization method represents an isothermal enzyme-free amplification
method for the analysis of trigger DNA.

The as-demonstrated CHA system can be extended as a powerful sensing plat-
form for analyzing nucleic acids and more different analytes via fluorescence
transduction [29]. In Fig. 3a, trigger T hybridizes with hairpin Hp to generate
the actual initiator T-Hp with a newly exposed toehold sequence (light blue), and
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Fig.3 a Schematic illustration of an isothermal autonomous CHA amplifier for analyzing target DNA
with the aid of an auxiliary sensing module Hp. b Schematic illustration of the analysis of thrombin
based on the CHA-mediated transduction of an aptamer recognition module. ¢ Fluorescence spectrum of
the CHA-amplified thrombin detection system by incubating with different concentrations of thrombin:
a—k: 0, 20xg 107", 5.0x 107", 2.0x107'%, 5.0%1071°, 2.0x107°, 5.0x107°, 1.0x 1078, 2.0x 1078,
5.0x107%, and 1.0x 1077 M. (Inset) Derived calibration curve. Reprinted with permission from Ref.
[30]. Copyright 2012 Elsevier

then the T-Hp initiator catalyzes the cross-opening of H, and Hy to implement
the CHA reaction, yielding a duplex Hy,—Hy with a single-strand domain (dark
blue) that could displace a fluorophore/quencher-modified duplex and generate
fluorescence readout for detecting DNA targets [30]. Apart from DNA detection,
CHA could also be applied for protein detection with the specifically designed
aptamer that was encoded into one of these two hairpin reactants (H, and Hp),
Fig. 3b. Here, H, contains a thrombin—aptamer sequence in the loop region and is
attached with a fluorophore/quencher pair on each end. In the presence of throm-
bin, H, is opened to form the thrombin—aptamer complex with a toehold (brown),
which then opens Hy to generate an intermediate structure “I”’. The exposed toe-
hold of Hy competitively binds the aptamer region associated with thrombin and
releases the thrombin analyte for continuously triggering the CHA system. The
formation of H,-Hy leads the efficient separation of fluorophore and quencher,
and generates high fluorescence signal for analyzing thrombin down to 20 pM
(Fig. 3c).
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Apart from the programmed catalytic assembly of different DNA nanostructures,
the CHA reaction could be facilely engineered as a stochastic DNA walker that uti-
lizes hybridization reactions to traverse a microparticle surface. Figure 4a exempli-
fies the initiator-catalyzed successive cross-opening of surface-immobilized H; and
FAM-functionalized H, on microparticles [31]. The catalyst DNA can open the
surface-bound H; through toehold-mediated strand-displacement reaction. Then, a
newly released tether of H, hybridizes to the toehold of FAM-modified H, for ini-
tiating a branch migration reaction, resulting in the generation of an intermediate
structure consisting of H;, H,, and the catalyst. Along with the strand displace-
ment process, the catalyst DNA is displaced from the duplex structure of H,—H,.
The regenerate catalyst then continuously participates in the nearby CHA reaction
cycle. Through the CHA process, the nanoscale movements of the walker (catalyst)
lead to the immobilization of fluorescent strands on the surface of the microparticle.
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Fig.4 a Schematic illustration of the microparticle-confined CHA based on the catalytic hybridization
reaction between surface-anchored H; and non-anchored FAM-modified H,. b Flow cytometry charac-
terization of the microparticle-confined CHA over different time intervals (0, 0.5, 1, 2, 4, 8, 24 h, from
left to right). ¢ Flow cytometry characterization of the negative CHA control experiment without the
involvement of H,. d Summary of the mean fluorescence intensity from the flow cytometry assay over
time (black for catalytic system; blue and yellow for non-catalytic and no-catalyst controls, respectively).
Reprinted with permission from Ref. [31]. Copyright 2016 Nature Publishing Group
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An obvious fluorescence change over different time intervals has demonstrated the
successful capture of FAM-H, on microparticles through the as-suggested CHA
process (Fig. 4b). The H,-absent negative control experiment was carried out with
substantially lower fluorescence readout and thus exemplified the amplification per-
formance of CHA (Fig. 4c). This signal difference could be easily observed from the
summarized flow cytometry assay, as shown in Fig. 4d. The walking system offers
new insights into the analytical and diagnostic applications, as well as biomaterials
development.

By using the underlying nanoparticles as nanocarriers, the CHA system could
also be applied towards sensitive detection of intracellular RNA, e.g., manganese
superoxide dismutase (MnSOD) mRNA in living cells [32]. Subsequently, other
functional nanostructures, e.g., tetrahedron DNA, are also supplemented versatile
tools to deliver DNA primers into living cells, considering that the homologous
DNA could be assembled into suitable size and shape for delivering DNA probes.
An entropy-driven three-dimensional DNA amplifier (EDTD) has been constructed
for delivering DNA probes into living cells where a specific intracellular mRNA
analyte triggers the EDTD-involvement CHA process [33]. As illustrated in Fig. 5a,
the first module of EDTD corresponds to an entropy tetrahedron (ET) module that
is constructed with six DNA primers and elongated an important dsSDNA toehold.
Here, the quencher-modified P5 and the fluorophore-modified P6 are assembled
together with no fluorescence readout. The other key module of EDTD is the fuel
tetrahedron (FT) module (Fig. 5b). Similar to ET, the FT uses four DNA primers to
construct the same tetrahedral backbone. Different from P4, here part of P7 toehold
acts as fuel sequence (yellow) in the CHA process. The tetrahedron amplifier could
be quickly activated by target mRNA which hybridizes with the exposed region 4*

Targer
mRNA Region ™

(A) (B) (D)ac = an - ras )
AN AG = AGp, + AGp, + AGR — AGgr — AGpr + RT
13 PN [ == BN .
Aehaigh anening. RANNANANA  qacaling - nQ @
T oot AGP, + AGH, + AGY - AGY; - AGH
h. V. % . = —0.4 keal/mol 3
Q = {([R)/")([P1)/°)([P2) /) ACET)/ " )[FT1/) ]}
(C) == and " = 1M
==t s 'P' e L
Cytoplasm i = [10°(100 - )T =407
—
s EBeacon
o) . S ‘
\{ . o~

Fig.5 Schematic illustration of the assembly of the entropy tetrahedron (ET) module (a), the fuel tet-
rahedron (FT) module (b), and the EDTD principle in living cells (¢). d Theoretical simulation of the
EDTD reaction. e EDTD-mediated intracellular imaging of TK1 mRNA in HepG2 cells that were treated
with different systems. Scale bar 20 pm. Reprinted with permission from Ref. [33]. Copyright 2018
American Chemical Society
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of ET to initiate the toehold-mediated strand displacement, resulting in an imme-
diate T-P5-P6 product (Fig. 5c). The as-achieved T-P5-P6 structure binds to the
exposed domain 2* of FT to release target mRNA and P6 with the formation of a
waste tetrahedron FT-P5 product. The regenerate mRNA and P6 can take part in
the next cycle of CHA reaction to realize an effective signal amplification. There-
fore, the fluorescence of P6 can directly reflect the amount of intracellular mRNA.
Different from the cross-opening of convenient CHA reaction, this new strategy is
free from hairpin reactants and is driven by entropy as demonstrated by theoretical
simulations (Fig. 5d). Benefiting from this special structure and the exclusive driv-
ing force, this DNA nanostructure could be operated in living cells for a high-per-
formance mRNA detection (Fig. 5e). This entropy-driven 3D DNA nano-amplifier
might provide a more reliable sensing platform for living entities.

2.2 Hybridization Chain Reaction (HCR)

Another characteristic isothermal non-enzymatic nucleic acid reaction, hybridiza-
tion chain reactions (HCR), is achieved by successive cross-opening of two hair-
pins to assemble dsDNA copolymeric nanowires [15]. As shown in Fig. 6a, H,
consists of the programmed sequences a—b and c-b*, which are complementary to
the sequence b*—a* of initiator I and b—c* of H,, respectively. The rest sequence of
H, corresponds to domain b¥*—a*, an analog sequence of I, which can subsequently
hybridize to domain a-b of H;. These hairpins stay in a kinetically trapped situa-
tion without initiator. Based on the toehold-mediated displacement process, initiator

Fig.6 a Schematic illustration of the HCR circuit where the initiator I triggers the autonomous cross-
opening of H; and H, to generate dsDNA nanowires. b Amplified ATP detection by integrating HCR
amplification with functional hairpin Hpp
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I opens hairpin H, to generate I-H, duplex. The released domain c-b* in I-H, opens
H, to form an immediate product I-H;-H, of which the exposed sequence b*—a* ini-
tiates the following new round of hybridization cycle, resulting in the generation of
long dsDNA polymeric nanowires. Here, H; is functionalized with 2-amino purine,
which shows high fluorescence in the single-stranded configuration of the hairpin
structure, while it is quenched by stacking in the duplex DNA nanowire structure.
More importantly, the HCR circuit could be served as an easily adapted amplifier for
extensive sensing applications, e.g., aptasensors (Fig. 6b).

The HCR system could also be considered as a more versatile sensing platform
when the HCR reactants H, and H, were labeled with two pyrene moieties on each
end (Fig. 7a) [34]. Without target DNA, both hairpins are in the closed form, and
the two pyrene moieties are separated far away from each other through the sticky
end, leading to the observation of the monomer emission spectra. Target DNA can
open H; through a strand-displacement reaction. The newly released toehold of H,
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Fig.7 a The autonomous HCR system based on the target-induced cross-hybridization of H; and H, that
were functionalized with pyrene units in two ends, resulting in the generation of long dsDNA nanowires
with exciplex emission of pyrene. b Schematic illustration of the intracellular multicolor miRNA imag-
ing based on the HCR reaction on graphene oxide (GO). ¢ Two-color confocal fluorescence imaging of
miR-21 and let-7a analytes in MCF-7 cells. The scale bar indicates 50 pm. Reprinted with permission
from Ref. [36]. Copyright 2017 Royal Society of Chemistry
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nucleates at the tether end of H, and opens H, to expose another target analog. Thus,
the target can propagate a successive cross-opening of two hairpins to yield long
dsDNA nanowires. In this HCR product, the pyrene moieties are brought into close
proximity, thus generating numerous pyrene excimers with an emission at approxi-
mately 485 nm. Therefore, the target can be sensitively detected by the varied emis-
sions of pyrene monomers and the corresponding excimers.

Two-dimensional nanomaterials, including graphene oxide (GO) [35], molyb-
denum disulfide (MoS,), and manganese dioxide (MnO,), could also be integrated
with HCR amplifier for intracellular mRNA imaging, originating from their excel-
lent capability of ssDNA adsorbing and fluorescence quenching. Figure 7b exempli-
fied the simultaneous detection of two intracellular miRNAs by using GO-supported
HCR circuit [36]. Here, H; and H, were functionalized with fluorophore FAM for
miR-21 detection while H; and H, were modified with fluorophore ROX for let-7a
detection. These hairpins were physically absorbed on the surface of GO through
noncovalent n—r stacking interaction and all fluorophores were efficiently quenched.
These hairpin probes were transported into living cells by GO via a non-destructive
clathrin-mediated endocytosis process. Then the miR-21 target could initiate the
successive hybridization between H,; and H,, yielding long dsDNA (H,/H,),, nanow-
ires. These nanowires were then detached from the surface of GO with fluorescence
recovery of FAM, which is originated from the weak interaction between dsDNA
and GO. Similarly, the let-7a analyte could trigger the sequential hybridization of
H; and H, for obtaining a remarkable higher fluorescence of ROX. The amplified
green and red fluorescence signal represented the corresponding miRNAs in living
cells, and thus providing a novel tool for sensitive intracellular imaging of multiple
biomarkers (Fig. 7c).

Besides graphene oxide, gold nanoparticles (AuNPs) could also be utilized for
transducing the HCR system via a colorimetric or fluorescent bioassay. Figure 8a
illustrates the colorimetric detection system based on AulNPs transduction of
HCR system consisting of two hairpins H; and H, [37]. Domains I and II of H;
are designed to be complementary to domains I' and II' of H,. Without target, the
ssDNA tethers of HCR hairpins are absorbed on the surface of AuNPs, and thus
avoid the salt-induced aggregation of AuNPs. The introduced target can hybridize
with domain I of H; and open H, through strand displacement reaction (step 1).
The newly exposed tether II of H, then hybridizes to domain II' of H, and opens H,
(step 2). The as-released domain I' is encoded with the same sequence of target for
triggering the efficient opening of H; (step 3). With the repeat operation of steps 2
and 3, the sequential hybridization of H; and H, leads to the efficient assembly of
long dsDNA nanowires. Under this circumstance, these as-achieved nanowires are
detached from the AuNPs, resulting in the aggregation of AuNPs under high-salt
concentrations with immediate color transition. This method achieves a simple yet
convenient colorimetric detection of DNA and could sensitively and selectively dis-
criminate single base-pair mismatches of the target (Fig. 8a inset).

For HCR transduction, AuNPs were not only acting as colorimetric transduc-
tion agent, but were also considered as a versatile fluorescence quencher [38].
The combination of AuNPs with HCR circuit has also been applied for intracel-
lular mRNA imaging. The target survivin mRNA is known to be overexpressed in

Reprinted from the journal 355 @ Springer



Topics in Current Chemistry (2020) 378:20

(A) arge mmn?b —_— %"
:\-g/ft\_ Step 2

I CHw 0

ste?\
H1 H2 f?p.‘a
Step 2 mﬂ%
\ no target “

S O ST T  »

| Step 3

Nucleus o

Fig.8 a Schematic illustration of the colorimetric detection of DNA target through AuNPs-mediated
transduction of HCR amplifier. Inset shows the corresponding photographs of AuNPs solutions that were
introduced with different reactants. Reprinted with permission from Ref. [37]. Copyright 2013 American
Chemical Society. b Scheme of the fluorescent detection of mRNA target using AuNPs-supported HCR
amplification. Reprinted with permission from Ref. [39]. Copyright 2015 American Chemical Society

most cancer cells [39]. In Fig. 8b, two hairpin reactants H; and H, are designed to
recognize and amplify the target mRNA. Here, H,; and H, are functionalized with
a fluorescence donor (FAM) and a fluorescence acceptor (TMR), respectively,
and are steadily assembled on the surface of cationic peptide-coated AuNPs.
These fluorescence signals are thus effectively quenched by AuNPs. The sur-
vivin mRNA opens hairpin H; with the exposure of an ssDNA tether. This tether
sequence then hybridizes with hairpin H, and releases the same sequence of tar-
get. Then the alternative hybridization of H, and H, generates dsDNA nanow-
ires with rigid conformation, resulting in the dissociation of these HCR nanow-
ires from the surface of AuNPs. The dissociated product brings two fluorophores
FAM and TMR into close proximity for generating an efficient Forster resonance
energy transfer (FRET) signal. The gold particles-DNA nanoassembly enables
high performance to deliver into living cells and to quench the DNA probes, thus
offering high sensitivity and specificity for intracellular mRNA imaging. The
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nanoassembly might provide a novel strategy for low-abundance biomolecule
detection and regulation in cell biology studies.

The confined HCR reaction on AuNPs could similarly be extended to DNA nano-
structures, e.g., rolling circle polymerized one-dimensional RCA nanowires. This
DNA-confined HCR system is proposed as a powerful tool for realizing intracel-
lular sensing applications (Fig. 9a) [40]. Based on an accelerated HCR system on
the RCA track product, the DNA “nano string light” (DNSL) achieved high-perfor-
mance intracellular mRNA imaging. This system was designed by interval immo-
bilizing functional hairpins H; and H, on RCA-produced DNA nanowires. The
fluorophore/quencher-modified hairpin H; was conjugated with folic acid (FA) for
targeting HeLa cells. The intracellular survivin mRNA initiates the cascade cross-
opening of the alternatively arranged H, and H, along the DNA nanowire, which
could enhance the fluorescence of DNSL (Fig. 9b). In comparison with the non-con-
fined catalytic amplification and successive DNA hybridization, the DNSL includes
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Fig.9 Schematic illustration of the one-dimensional DNA scaffold-confined HCR reaction through the
alternative arrangement of hairpins H; and H, on the RCA-produced nanowire. a DNSL synthesis proce-
dure and b the targeting delivery of DNSL into living cells for imaging target mRNA. ¢ Confocal images
of HeLa cells that were treated with H,, mixture of H; and H,, and DNSL, respectively. Scale bar 20 pm.
Reprinted with permission from Ref. [40]. Copyright 2018 American Chemical Society
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numerous H; and H, that were alternately arranged with designed space, to acceler-
ate hybridization reaction and strand-displacement with enhanced sensing perfor-
mance. The biocompatible DNSL further facilitated the efficient delivery of HCR
probes into living cells (Fig. 9c). It thus introduces a potential intracellular mRNA
imaging platform for various disease diagnostics and therapies.

2.3 DNAzyme

DNAzymes are referred to as catalytic ssDNAs that are obtained via the in vitro
selection. They usually require indispensable cofactors for executing an efficient
catalytic DNA or RNA cleavage, DNA hydrolyzation, DNA ligation, and so on.
One of the most commonly used DNAzymes is the metal ion-dependent RNA-
cleaving DNAzyme, which requires the involvement of metal ion cofactors, such as
Mg?* [41], Cu®* [42], Ni2* [43], Hg?* [44], Zn" [45], Pb** [46], and so on. The
DNAzyme-based biocatalysis reactions have been extensively described in a series
of review articles [47, 48]. As shown in Fig. 10a, the DNAzyme (blue strand) can
specifically bind to the riboadenine (rA, yellow)-containing DNA substrate (pur-
ple strand) through Watson—Crick base pairing hybridization. The DNAzyme folds
into the catalytic active structure with metal ions for cleaving substrate at “rA”
site, releasing two fragments of the cleaved substrate. Here, the cleavage of RNA
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Fig. 10 a Schematic illustration of the DNAzyme-mediated RNA-cleavage with the aid of indispensable
cofactors. b The design of fluorescent DNAzyme biosensors based on the fluorophore/quencher-modified
DNAzyme and substrate. Reprinted with permission from Ref. [49]. Copyright 2017 American Chemi-
cal Society. ¢ The specific Ag*-involved assembly of cytosine-Ag*-cytosine bridges for constructing
hemin/G-quadruplex HRP-mimicking DNAzyme. Reprinted with permission from Ref. [52]. Copyright
2009 American Chemical Society
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is mostly initiated by the attacking of 2'-OH group to the scissile phosphate. The
released DNAzyme then moves to the cyclic cleavage of another substrate, thus
achieving the amplified catalytic process. The substrate could be labeled with a F/Q
pair for transducing the DNAzyme reaction process [49]. Figure 10b shows that the
DNAzyme catalytically cleaves the FAM-labeled substrate with metal ion cofactors.
The cleaved substrate fragments detached from the quencher-functionalized DNA-
zyme, resulting in the recovery of FAM fluorescence. Another widely used DNA-
zyme is the hemin/G-quadruplex horseradish peroxidase (HRP)-mimicking DNA-
zyme, which could mimic the catalytic functions of peroxidase for catalyzing the
oxidation of ABTS or TMB with color changes, and the chemiluminescence of lumi-
nol with H,O, [50, 51]. Since the cytosine—cytosine (C—C) gap of dsDNA can spe-
cifically capture Ag™ ions to generate C—-Ag*—C bridge, a DNA-based Ag™ sensor
was then constructed [52]. Figure 10c depicts the hemin/G-quadruplex DNAzyme-
mediated colorimetric detection of Ag™ ions. Without Ag*, these hemin/G-quadru-
plex strands are separated with each other with no DNAzyme activity. The Ag™ ions
can initiate the generation of C-Ag*—C base pairs for assembling hemin/G-quadru-
plex DNAzyme. The as-achieved DNAzyme can catalyze the ABTS-H,0, reaction
and give rise to a colorimetric assay. This Ag*-mediated DNAzyme switch system
could be used for sensitive detection of Agt with a detection limit of 2.5 nM.

Since the surface plasmon resonance absorption of AuNPs is affected by their
size and distance, AuNPs are widely used in assembling various colorimetric sen-
sors. This property is especially appealing for producing DNAzyme biosensors
via the DNAzyme-conjugated AuNPs [53]. As shown in Fig. 11a, the AuNPs
were modified with DNAzyme/substrate strands through Au—S bond. The DNA-
zyme-hybridized substrate was elongated to capture AuNPs, leading to the aggre-
gation of AuNPs with blue color in solution. In the presence of Pb>* cofactor,
the DNAzyme was activated to cleave the substrate and led to the dissociation
of gold nanoassembly with red color of the dispersed AuNPs. Not only metal ion
cofactors, but other factors could also be considered as the specific analytes for
their influence on the compact DNAzyme structure. With the help of AuNPs and
aptamer-involved recognitions and activations, an amplified aptazyme—AuNPs
biosensor was assembled for intracellular ATP detection [54]. Here, the apta-
zyme is designed with two major regions: ATP aptamer-recognition domain and
DNAzyme transduction region. As shown in Fig. 11b, the ATP aptazyme and
its substrate are both immobilized on AuNPs. Meanwhile, the ATP aptazyme is
labeled with a quencher (BHQ-2) unit and the substrate is labeled with a fluoro-
phore unit. In that case, the fluorophore would be effectively quenched by AuNPs
and BHQ-2. Thus, the ATP aptazyme sensors are catalytic inactive without fluo-
rescence readout. The ATP could specifically combine with aptazyme and favor
the assembly of DNAzyme microenvironment for activating the cleavage reac-
tion of DNAzyme substrate. After cleavage, the fluorophore-labeled DNA frag-
ment is separated from the substrate strand and moves far from the quencher
units, thus yielding a high fluorescence signal. The AuNPs surface-confined
DNAzyme reaction leads to an efficient DNAzyme reaction as mentioned before.
Thus, the free aptazyme keeps active to hybridize with other substrate strands on
AuNPs for new cycles of DNAzyme cleavages, resulting in highly sensitive ATP
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Fig. 11 a The colorimetric assay of lead ions based on the integration of DNAzyme biocatalysis with
AuNPs labels. Reprinted with permission from Ref. [53]. Copyright 2003 American Chemical Society.
b Schematic illustration of the AuNPs-confined aptazyme sensing platform for ATP assay. ¢ Intracellular
imaging of ATP by AuNPs-confined aptazyme reaction in HeLa cells that were treated with different sys-
tems: A, 10 pg/ml oligomycin and 5 mM 2-deoxy-p-glucose; B, intact control; C, 5 mM Ca®*. Scale bar
10 pm. Reprinted with permission from Ref. [54]. Copyright 2016 American Chemical Society
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detecting performance. Moreover, this strategy can further be applied for intracel-
lular imaging of various targets in living cells (Fig. 11c). Similarly, based on the
remarkable affinity difference between GO and ssDNA, the GO surface-confined
DNAzyme has also been introduced for selective and amplified Pb>* detection
[55].

Apart from AuNPs integration, DNAzymes can also be applied to cascade
with the endonucleases, which could realize a more sensitive enzymatic recycling
cleavage strategy. The molecular recognition element was facilely integrated with
a signal reporter element with improved sensitivity. As shown in Fig. 12a, the
dual loop hairpin Hy, is composed of DNAzyme and substrate that were connected
by a poly-T sequence. In the presence of L-histidine, the intramolecular cleavage
reaction releases a trigger sequence T. Then the reporter MB is opened by trig-
ger T to form the double-stranded recognition site for Nicking enzyme, realiz-
ing the second cycle of cleavage. The cascade DNAzyme-Nicking enzyme sys-
tem undergoes sequential and successive cleavage of MB probe, providing a high
fluorescence readout (Fig. 12b). This cascade-catalytic sensing strategy affords a
sensitive L-histidine assay down to 200 nM [56]. Except for cofactors detection, a
ligase-regulated DNAzyme system was similarly developed to probe DNA ligase
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Fig. 12 a Schematic illustration of the cascade from L-Histidine-DNAzyme to nicking enzyme biocataly-
sis. b Fluorescence monitoring of the cascade DNAzyme system for histidine detection. Inset: Derived
calibration curve. Reprinted with permission from Ref. [56]. Copyright 2011 American Chemical Soci-
ety. ¢ Schematic illustration of a coupled ligase/DNAzyme cascade for ATP detection. Reprinted with
permission from Ref. [57]. Copyright 2011 American Chemical Society. d Schematic illustration of a
coupled ligase/hemin/G-quadruplex for detecting ligase activity

activity [57]. One of the feasible examples is based on an allosteric DNAzyme-
containing hairpin probe (HDP). With the help of DNA ligase, DNAzymes could
be synthesized as “products” to achieve a more sensitive bioassay. As illustrated
in Fig. 12c, the ligase-mediated ligation of two DNAzyme fragments activate the
assembly of new DNAzyme. Only with ATP, then the ligase is active to assem-
ble a new DNAzyme for cleaving the F/Q-labeled substrate, resulting in the gen-
eration of a high fluorescence signal. In another study, the DNAzyme domain is
partially caged on the stem domain of a hairpin, Fig. 12d. [58]. Once the ligase
repairs the nicking site and forms a more stable duplex DNA, then the hemin/G-
quadruplex DNAzyme could be activated with peroxidase-like activity.

2.4 Integration
These catalytic CHA, cross-hybridization-involved HCR, and functional DNA-
zyme have shown great performance for amplified biosensing, yet are constrained

with low signal gain. To make full use of these different enzyme-free circuits, the
sophisticated cascading integration of these amplifiers was proposed to realize a
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more readily quantitative detection as well as the assembly of exquisite DNA nano-
structures [1]. Only through the corrected executions of individual reaction path-
ways, then the integrated multiple or cross-initiated enzyme-free amplifiers could be
engineered for precisely detecting both nucleic acids and other analytes, leading to a
higher amplification efficiency with delicate hierarchical DNA nanostructures [59].
The catalyzed translation of CHA leads to the assembly of numerous dsDNA by the
preceding initiator.

For cascaded integration of catalytic hairpin assembly (CHA), the two-layered
and three-layered CHA reactions have been engineered to further improve the signal
amplification [60]. The integration depth of CHA was further promoted by using
a cross-catalytic hairpin assembly (cross-CHA) circuit that consists of three CHA
units, CHA-1, CHA-2, and CHA-3 (Fig. 13) [14]. Here, CHA-1 is composed of
two hairpins H, and Hy, which is initiated by trigger T to realize the assembly of
H,—Hjy duplex through the catalyzed hairpin hybridization. The newly exposed sin-
gle-stranded initiator of duplex H,—Hy product can catalyze CHA-2 to assemble the
Hc—Hp, duplex from H and Hy, reactants. Interestingly, the single-stranded region of
duplex H-—Hp, is encoded with the same initiator sequence I that can reversely acti-
vate CHA-1 to generate another catalytic circuit “CHA-3”. Therefore, the CHA-1
and CHA-2 circuits could mutually trigger each other by the intermediator “CHA-3”
circuit, yielding an autocatalytic module for substantially promoting the cross-CHA-
mediated exponential amplification.

The exposed single-stranded tether of CHA product could be utilized as a versa-
tile trigger for motivating other DNA circuit, e.g., HCR circuit for generating long
dsDNA polymers [61-64]. As shown in Fig. 14, the upstream catalytic CHA gener-
ates numerous dsDNA structures that each is decorated with an analogous sequence
of T trigger for downstream HCR circuit. During this process, the low amount of

/—HIZ 8
CHA-2
H(—le\ H Ho H,Hy-H
HH,

Fig. 13 Schematic illustration of the trigger T-driven cross-CHA circuit for yielding an exponential sig-
nal amplification
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Fig. 14 Schematic illustration of the CHA-HCR system; a Gel-PAGE demonstration of the feasibility
of CHA-HCR strategy: i/ii for HCR without/with T; iii/iv for CHA without/with I; v/vi for intact CHA-
HCR without/with I. b Different calibration curves: (a) CHA-HCR, (b) HCR, and (c) CHA methods for
analyzing different concentrations of analytes. Reprinted with permission from Ref. [65]. Copyright 2018
Royal Society of Chemistry

initiator I is transduced with the assembly of numerous duplex H;,—-H, products, of
which the newly exposed trigger T motivates the downstream HCR-driven sequen-
tial cross-hybridization among H;, H,, Hs, and Hg. This leads to the efficient assem-
bly of plenty of long dsDNA copolymeric nanowires with the CHA trigger than that
of HCR initiator (Fig. 14a). Then the respective FAM and TAMRA fluorophores of
H; and H; are brought into close proximity, yielding a remarkably FRET signal [65].
This successive cascade hybridization between CHA and HCR realizes a sensitive
detection of analytes. As shown in Fig. 14b, the CHA-HCR system showed a higher
sensing-performance than the conventional CHA or HCR system, generating a sig-
nificant synergistic amplification capacity.

The CHA circuit could also be translated into the assembly of DNAzyme cata-
lyst. The integrated CHA-DNAzyme circuits showed great potential in high-per-
formance biosensing applications [66, 67]. The sequential amplification feature
of CHA-DNAzyme circuit could be further improved by using a cyclic-catalytic
CHA-DNAzyme circuit where the DNAzyme biocatalysis could also trigger the ini-
tial CHA circuit (Fig. 15a) [68]. In the initial CHA scheme, initiator T catalyzes
the cross-hybridization between H; and the fluorophore donor/acceptor-bearing H,,
yielding a ‘‘turn-on’’ fluorescence readout. The as-achieved H,—H, duplex product
carries an active DNAzyme that can cleave the T-caged S—L substrates to generate
new trigger strands for reversely initiating the CHA circuit. Based on the program-
mable and modular characteristics, the cross-catalytic CHA-DNAzyme method
is decomposed into two simplified basic reaction pathways, which are verified by
theoretical simulations and experimental demonstrations (Fig. 15b, c, respectively).
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Fig. 15 Schematic illustration of the cross-catalytic CHA-DNAzyme circuit. b The mathematical
model for cross-catalytic CHA-DNAzyme reaction simulation. ¢ The fluorescence changes (solid lines
represent for simulation results while circle dots represent for experimental data) of the cross-catalytic
(a/a") and non-feedback systems (b/b’) with/without input. Error bars +SD (n=3). d CLSM imaging of
miRNA in MCF-7 cells with the cross-catalytic and non-feedback-catalytic CHA-DNAzyme methods.
Scale bars 20 pm. Reprinted with permission from Ref. [68]. Copyright 2019 Royal Society of Chemis-
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Through the feedback DNAzyme loop, the newly exposed CHA initiators can essen-
tially promote the assembly of numerous CHA products with high fluorescence
readout. This isothermal cross-catalytic DNA circuit was then utilized as a general
sensing strategy for amplified intracellular imaging of microRNA in living cells,
which revealed a tremendously higher fluorescence readout than the conventional
CHA-DNAzyme cascade (Fig. 15d).

Similarly, by precise design, the triple-layered CHA-HCR-DNAzyme circuit
can also be integrated for amplified biosensing [61]. This isothermal autonomous
enzyme-free DNA circuit system is constructed from the sequential integration of
CHA, HCR, and DNAzyme amplifiers (Fig. 16a) [69]. The analyte-triggered CHA
amplifier leads to the assembly of numerous dsDNA products in the first amplifica-
tion stage. Here, the dsDNA products are encoded with HCR trigger sequence that
can stimulate the cross-hybridization of HCR hairpins. Along with the generation of
HCR copolymers, the DNAzyme biocatalysts are simultaneously activated for sus-
tainably cleaving its fluorophore/quencher-labeled DNAzyme substrates, yielding an
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Fig. 16 a Scheme of the CHA-HCR-DNAzyme circuit. b The fluorescence monitoring the dual or triple
DNA circuits initiated by their corresponding analytes. ¢ Confocal imaging of miR-21 in MCF-7 cells
through the CHA-HCR-DNAzyme system. Scale bar: 20 pm. Reprinted with permission from Ref. [69].
Copyright 2019 Royal Society of Chemistry

amplified fluorescence readout. As shown in Fig. 16b, the triple CHA-HCR-DNA-
zyme strategy realizes a more synergistic amplification performance than the dual
CHA-DNAzyme and HCR-DNAzyme control circuits. This system was facilely
introduced into living cells for intracellular imaging of microRNA with high signal
gain and accuracy (Fig. 16¢). Furthermore, the HRP-mimicking DNAzyme has also
integrated with a cross-CHA circuit for amplified DNA detection with increased
sensing performance by three orders of magnitude than traditional CHA [70].

As mentioned before, the HCR circuit could be heterogeneously integrated with a
different CHA system. In fact, the HCR could also be integrated with a homologous
HCR system to construct a cascade HCR system, where the initial HCR copoly-
mer product could be elongated with new functional DNA branches through a
sequential hybridization reaction [71]. The two-layered enzyme-free C-HCR circuit
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Fig. 17 Schematic illustration of the cascaded HCR circuit with a miR-21 sensing module. b Specific
detection with the cascaded HCR system: a-e for no analyte, f-actin mRNA, let-7a, son DNA, and miR-
21, respectively. Inset: summary of these fluorescence intensity readout. ¢ The stability study of cascaded
HCR-mediated miR-21 sensing system in serum buffer. bd Confocal imaging of miR-21 with FRET
transduction (in the form of F,/Fp) in (a/d) MCF-7/Hela cells by cascaded HCR amplifier, (b) MCF-7
cells by conventional HCR amplifier and (c) miR-21-inhibited MCF-7 cells by cascaded HCR amplifier.
Scale bars 20 pm. Reprinted with permission from Ref. [72]. Copyright 2018 Royal Society of Chemis-
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is composed of HCR-1 and HCR-2 circuits, which allows the first HCR-1 layer to
be cascaded into the other HCR-2 circuit as shown in Fig. 17a [72]. Without ini-
tiator I, all hairpin reactants coexist metastable in the initial state. The initiator I
triggers the successive cross-hybridization reaction between hairpins H; and H, in
upstream HCR-1 for generating long dsDNA HCR-1 nanowires that concomitantly
assemble the tandem trigger T. Here, the system realizes the first amplification stage
by converting the limited amount of initiator into thousands of triggers through the
successful cross-hybridization of upstream HCR-1. Subsequently, the newly gener-
ated T triggers HCR-2 to assemble dsDNA copolymers in the as-achieved HCR-1
DNA nanowires, where the fluorophore donor/acceptor pair is brought into close
proximity for enabling the FRET process. This two-layered C-HCR circuit realizes
a remarkably effective detection of microRNA with an improved anti-interference
ability (Fig. 17b, c¢). Meanwhile, this amplification strategy has been further applied
for miR-21 detection in living cells by coupling with a “plug-and-play” sensing
module, whose promoted signal amplification capacity was demonstrated as com-
pared with the conventional HCR system (Fig. 17d).

The facile design of HCR facilitates the assembly of tandem colocalized DNA
sequences with more different decorations, e.g., DNAzymes. The HCR-DNAzyme
amplification paradigm introduced a sensitive HCR-assembled DNAzyme amplifica-
tion platform, Fig. 18a [73]. The HCR scheme is merely composed of two hairpins,
which are grafted with two split functional DNAzyme subunits. The split DNAzyme
stays in a catalytic inactive state for the absence of a favorable DNAzyme micro-
environment. Once the analyte induces the assembly of two hairpins into dsDNA
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Fig. 18 a Schematic illustration of the HCR-DNAzyme cascade. Inset: AFM characterization of HCR
copolymer nanowires. b Dynamic fluorescence changes of the HCR-DNAzyme system for detecting tar-
get with different concentrations: a—i for 0, 1 X 107" 1x10753, 1x107'2, 1x 107", 1x10719, 1x 1072,
4x107%, and 2x 1077 M, respectively. Inset: Derived calibration curve. Reprinted with permission from
Ref. [73]. Copyright 2011 American Chemical Society

polymer nanowires, the split DNAzyme subunits would be brought into close prox-
imity on the HCR backbone, resulting in the assembly of a compact tandem DNA-
zyme nanostructures. These DNAzymes would be activated in the presence of their
corresponding cofactors, leading to the cyclic cleavage of the F/Q-labeled DNA-
zyme substrate with a tremendously amplified fluorescence readout (Fig. 18b).

Many excellent systems have shown the merits of the cascade sensing features
of synergistic HCRs, and sensitive HCR-DNAzyme systems [74]. Similarly, these
previous cascaded HCR systems could also be integrated with the DNAzyme bioca-
talysis amplifier, Fig. 19a [75]. This triple-layered cascaded HCR-DNAzyme circuit
is designed in a more compact and precise format. In the presence of an initiator, the
preceding HCR-1 produces numerous analogous sequence T to motivate the follow-
ing HCR-2, which concomitantly promotes the assembly of numerous tandem DNA-
zyme biocatalysts on the HCR-2 copolymer backbone. As demonstrated by AFM,
large amounts of linear dSDNA copolymers are observed for the initiator-triggered
HCR-1 system (Fig. 19b). As anticipated, micrometer-long dsDNA branches were
observed after the initiation of CHCR-DNAzyme process with a height of ~ 2 nm.
By incorporating a flexibly sensing module, this sophisticated CHCR-DNAzyme
system extends its broad application for miRNAs detection in EVs.

Besides these different DNA hybridization networks, the varied DNAzymes
could also be integrated for amplified sensing applications. As functional catalytic
DNA strands, DNAzymes require the involvement of cofactors for executing an effi-
cient biocatalysis and signal transduction. This property could be utilized for sensi-
tively and selectively analyzing their corresponding cofactors by using the different
DNAzyme or cascade DNAzyme systems. For example, the Pb>*- or L-histidine-
dependent DNAzyme could be initially applied to activate the assembly of two

Reprinted from the journal 367 @ Springer



Topics in Current Chemistry (2020) 378:20

H:
(A)la‘ HCR a b C h‘,.d PR i
b* @ o (b e b‘]LLLhJN
H: I4H,-H,)
HCR1 (A) 17Ha)x
HGNEE) e ) Nx
HCR2 ¢tz d
Hs 3
L EREN
S eae
Ny L dr[Ed g dhedmdpd gde m'*”‘ HHsHox
x |
==Lt @d"hd rd rd gt d” ¢ dJN
S &
I T N et
U M g — 4
DNAzyme Mg
Amplrﬁer(C)u‘ & I_il d* g d h*d* f*d* f*d* gde d_l \'Q \.a
i ...'.'..-
Nx ke d f d ") g*d*hd fd fd o) e 'd*-TN
. o —= [-(H,*HyHs Ho
o e o T

3.3nm

-1.5nm

0.0 3.0pm
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hemin/G-quadruplex HRP-mimicking DNAzyme through the catalyzed disassembly
of two cooperatively stabilized duplexes (Fig. 20a). Only with their corresponding
cofactors, the DNAzyme substrate could be cleaved for releasing the hemin/G-quad-
ruplex DNAzyme that enabled the colorimetric or chemiluminescence detection of
Pb?* or L-histidine (Fig. 20b, ¢) [76]. Here, the compact DNAzyme could be easily
reconfigured into other metal ions or amino acid-dependent DNAzyme sequences,
e.g., Pb>*~DNAzyme (Fig. 20d), thus providing a universal and facile toolbox for
more different bioassays.

DNAzymes also show great sensing performance through regenerating
the target initiator by themselves [77], Fig. 21a. The autocatalytic DNAzyme
system consists of two caged DNAzyme subunits and an initiator sequence-
containing hairpin, which is functionalized with a F/Q pair in the stem’s ends
and a ribonucleobase (rA) in the loop. Target DNA induces the assembly of an
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inactive DNAzyme to specifically cleave the functional hairpin substrate with
an enhanced fluorescence readout. Meanwhile, the cleaved fragment contains
the same sequence of target DNA, thus inducing the initial assembly of DNA-
zymes for capturing and cleaving the substrate. Based on this catabolic replica-
tion method, this isothermal regenerating DNAzyme system realizes a significant
signal amplification. Here, the RNA-cleaving DNAzyme could be replaced with
a ligation DNAzyme, resulting in the assembly of an enzyme-free self-replication
DNAzyme machinery. This cascade ligation DNAzyme was developed for detect-
ing analyte, Fig. 21b [78]. Herein, target DNA hybridizes with the caged DNA-
zyme primer for generating a high fluorescence output and a new catalytic active
ligation DNAzyme unit. With Zn?*-cofactor, the ligation DNAzyme catalyzes
the ligation of two fragments to form a similar strand of target DNA. The newly
assembled target could be utilized for realizing ultrasensitive target DNA detec-
tion with the catalyzed assembly of more DNAzyme units.

In general, by taking advantage of these different amplification means, various
integrated isothermal amplification strategies have provided more possibilities for
realizing the more sensitive and selective detection of different analytes. These
cascade DNA circuits could be considered as general amplification modules and
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Fig.21 a Scheme of the autocatalytic DNAzyme system based on the catabolic DNAzyme reaction.
Reprinted with permission from Ref. [77]. Copyright 2011 Wiley—VCH. b Schematic illustration of a
ligation DNAzyme-mediated replication DNAzyme machinery circuit. Reprinted with permission from
Ref. [78]. Copyright 2012 American Chemical Society

further applied to parallelly detect various biomarkers with the help of other
recognition elements, for example, aptamers [79], methylation [80, 81], uracil-
DNA glycosylase [82], and special recognition sequence, e.g., C—Ag—C [83] or
T-Hg-T [84] bridge. It is also interesting to develop a parallel analysis for more
different targets with one cascaded catalytic machinery. In cells, the catalytic cir-
cuitry-based logic gates also contribute to the accurate analysis of more different
biologically important targets in a complicated environment [85, 86]. The cas-
cade DNA circuits could be applied for stimulating other signal transfer and com-
plex signaling pathways that are involved with selective branching and feedback
mechanisms, which can facilitate an in-depth and comprehensive understanding
about the magical nature of living entities.

3 Conclusions and Future Perspectives

This chapter has discussed the different autonomous enzyme-free DNA circuits,
including, catalytic hairpin assembly (CHA), hybridization chain reaction (HCR),
catalytic functional nucleic acids (DNAzymes), and the integrated DNA reac-
tion circuits in solution or on different nanoscaffolds (DNA, GOs [87] and AuNPs
[88]). Based on the Watson—Crick base pairing, these enzyme-free amplification
techniques have been successfully introduced for imaging intracellular mRNA [89,
90] or microRNA [91-94], and some interesting works also reported on surface-
confined HCR on cells surface by the specific aptamer recognizing element (e.g.,
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sgc8 aptamer binding PTK protein) with tremendously amplified transductions [95,
96]. Meanwhile, CHA, HCR, and DNAzyme could be integrated into a versatile and
powerful toolbox with special functions through the cascade reaction format, which
is especially suitable for isothermal conditions without special enzymes. Moreover,
most of these circuits have been implemented in serum biological environments
after a moderate modification of these DNA probes. The integration of DNA circuits
could achieve improved sensitivity and selectivity for sensing applications in living
entities. It is expected that these methods can be implemented with multiple sensing
transductions, and show extensive potential for clinical diagnosis and prognosis.

Despite this progress, several challenges are still ahead of us. It is more appealing
to realize intracellular analysis and to construct portable devices for POCT-based
diagnosis, even though some commercial products have emerged. The intracellular
amplified analyses of mRNA or microRNA are developed and non-nucleic acid bio-
molecules could also be converted into nucleic acid amplification events by intro-
ducing more configurable sensing modules [97]. Yet these systems are still con-
fronted with more challenges, e.g., fragile and easy disturbance by the complicate
bio-environment despite with relatively high stability. They are vulnerable to non-
specific adsorption and degradation in living animals. Single-layered enzyme-free
circuits are relatively easy to be delivered into living cells by nanoparticles while
cascade DNA circuits are more sophisticated with more DNA participants. This
requires more efficient carriers to protect and transfer DNA primers to target tis-
sues and cells. The specific and targeted delivery of DNA probes also represents a
great challenge, so that the sophisticate DNA circuits could realize their functions as
expected. What’s more, all the reactants of DNA circuits need longer sensing dura-
tions. A promising route might be the utilization of intracellular cicerone to deliver
them so that they can accumulate on a specific bio-compartments in a more efficient
way. At the same time, some alternative nanomaterials could be introduced to ensure
the proportional delivery of DNA probes and DNAzyme cofactors for DNAzyme-
involved DNA reaction circuits.

Furthermore, based on the corrected executions of individual pathways, the
autonomous DNA circuits have more significantly scientific implications far beyond
biosensing. They might yield new properties and functions for the integration of
diagnosis and immediate therapy. For example, the conjugation of gene-silencing
functional DNAzyme with CHA or HCR can construct multiplexed catalytic DNA
circuits with dual functions of sensing and disease treatment [98]. What’s more,
short-interfering RNAs are well developed to suppress gene expressions through a
highly regulated enzyme-mediated process [99]. It is also a promising strategy to
conjugate autonomous programmed cascade DNA circuits with siRNAs operations.
In general, there is still much room for autonomous DNA circuits to implement. We
hope this chapter will provide an overview of the autonomous enzyme-free DNA
circuits for readers and inspire their interest to develop more strategies and discover-
ies in this interesting research field.
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