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ABSTRACT:

Hybridization chain reaction (HCR) can be dividatbitwo categories: linear HCR and nonlinear HGR. |
traditional linear HCR, the relatively slow kineti@and less sufficient sensitivity largely limit iscope of
application. In the nonlinear HCR system, under ttigger of the initiator, the judicious designagbstrate
sequences (hairpin or hairpin-free) will self-asbymto dendritic or branched DNA nanostructureshwit
exponential growth kinetics. Given the advantagésit® enzyme-free, high-order growth kinetic, high
sensitivity, and simple operation, nonlinear HCReigarded as a powerful signal amplifier for theedgon of
biomarkers by integrating with versatile sensingtfokms in the past few decades. In this reviewdegcribe
the basic features of nonlinear HCR mechanism &ssify the nonlinear HCR into several categorigseal on
their self-assembly mechanisms: the branched HERdritic HCR, hydrogel-based clamped HCR, and other
types of HCR. Then, we summarize the recent dewsdop of nonlinear HCR in biosensing, such as naclei
acid, protein, enzyme activities, and cancer celéction,etc., and we also review the current applications of
nonlinear HCR in bicimaging (MRNA in situ imagingVe choose several representative works to further
illustrate the analysis mechanisnag various detection platforms, such as fluorescemtestrochemical,
colorimetric,etc. At last, we also review the challenges and furgegspectives of nonlinear HCR in the use of
bioanalysis.

KEYWORDS: nonlinear hybridization chain reaction, biosendgspthermal amplification, detection,

nucleic acid, biomarker
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1. Introduction

DNA, as functional biomacromolecule, its ability eélf-assembly not only essential for
maintaining normal life processes of living orgamss but also has the potential to artificially
construct functional DNA dynamic nanostructuresifosnyi et al., 2019; Pinheiro et al., 2011,
Kallenbach et al.,, 1983). DNA nanostructures, cdifize the flexibility and rigidity of
deoxynucleotide strands to create any desired ifumadt nucleic acids through sophisticated
design and assembly (Pinheiro et al.,, 2011; He lget 2008). Moreover, its excellent
biocompatibility makes DNA molecular an ideal basemomaterial which is widely used in
bioimaging, bioanalysis, and drug delivery (Rohakt 2011; Li et al., 2008). DNA dynamic
nanotechnology is one of the important componeh3MNA nanotechnology, that mainly uses
toehold mediated strand displacement (TMSD) to woos an automated synthesis of
oligomers (Simmel et al., 2019). TMSD was a prooebsch two partially complementary
single-strand hybridize to each other first; thitre, toehold domain (unhybridized part) can be
hybridized with the third strand, replacing fornstrand from a hybridized product, thereby
branch migration occurred (Zhang and Seelig, 2011).

Recently, TMSD based Nucleic acid amplification teen wildly used in the field of
bioanalysis. In particular, the most typical exaenpf TMSD is Hybridization chain reaction
(HCR), an enzyme-free isothermal amplification tetgg proposed by Dirks and Pierce in 2004
(Dirks and Pierce, 2004). Hybridization chain reattreaks the previous inherent impression
of nucleic acid amplification methods, as it distsacomplicated thermocycling steps, achieves
PCR (Polymerase Chain Reaction)-like ultra-highedebn sensitivity without enzymes
involved, and simplifies the detection system dyedtevertheless, HCR-based amplification
still confronts several problems: (1) At presentpsin HCR reactions are only at the
one-dimensional level; linear growth HCR alone may provide sufficient sensitivity when it
comes to identifying and tracking targets (Yan@let2017). (2) Initiating the HCR reaction by

designing multiple hairpin structures requires tiooasuming process and critical principle.
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Additionally, there is still a lack of systematiaidelines for hairpin design standard (Bi et al.,
2017; Srinivas et al., 2017). (3) In the absencetavfiet molecules, signal leakage is
unavoidable because of transient DNA melting or thesathing” phenomenon between
hairpins (S. Li et al., 2020). Sensitivity needsbt® improved if it is to be applied to clinical
diagnosis in the future (Srinivas et al., 2017)nNwar HCR, as a highly dimensional HCR,
tends to improve its sensitivity by forming mulegbranches DNA nanostructure on the basis of
HCR. Under the trigger of the initiator sequendss tairpin structure will be opened to
self-assembly dendritic or branched DNA nanostmastuwith high-order growth kinetics.
Compared with one-dimensional HCR, Nonlinear HCR keeatly improved the detection
performance which needs to be solved at presepgcedly the detection sensitivity and
selectivity (Li et al., 2018). Hsing’s Group devedéa a hairpin-free Nonlinear HCR protocol. In
this protocol, two double strand DNA substrate waesigned with loop and toehold, and its
excellent sequence specificity resulted in a déiecdBDNA nanostructure formation under a
triggered process. This Nonlinear HCR can readiblize exponential growth, and the signal
leakage can also be well-controlled, which greatiguces the background signal (Xuan and
Hsing, 2014). Inspired by Hsing’s work, Ding’s gpumproved and constructed a labeled-free
electrochemical biosensor for detecting nucleid asid small molecules (Ding et al., 2017b).
By designing different primers and nonlinear metjodarious Nonlinear HCR has been
reported, including bHCR (branched HCR) (Tang gt24117), dendritic HCR (Xuan and Hsing,
2014) , and clamped HCR (Jianbang Wang et al., 2@1@. In addition to biomarker detection,
fluorescence reporter molecules conjugated nueleitt probes have enabled the realization of
biomolecule in situ imaging and signal localizationliving cell through the combination of
nonlinear HCR amplifier. Liu’s group proposed armiaed HCR circuit for amplified imaging
of mMRNA in a living cell, which demonstrated theglher amplification efficiency than
conventional HCR (Liu et al., 2018). The traditibf#SH (fluorescence in situ hybridization)

strategy can only provide compromised sensitivitgl apecificity, especially for point mutation.
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With the in situ nonlinear HCR amplification methallang and co-workers designed bHCR
method which offered multiple visible fluorescensgot on the hybridization product, and
significantly enhanced FISH specificity (Tang et, a@017). Due to the properties of
enzyme-free, isothermal signal exponential amg@ltfan and readily achieved dendritic
nanostructure, Nonlinear HCR-based amplificatiomatsy has great promise in the
development of ultrasensitive detection platform msensing(Zhou et al., 2014, Zhao et al.,
2017; Xu and Zheng, 2016) (especially for low-akamze biomarker detection), bioimaging
(Shang et al., 2020; Wei et al., 2018; Huang e&i18) and molecular diagnostics field, given
its advantages in ultra-high sensitivity, excellsatjuence specificity, and simplistic operation
(G. Xu et al., 2019).

In this review, we first introduce the fundamergghciples and classification of Nonlinear
HCR. Then we discuss the representative applicatidwonlinear HCR directed amplification
in biosensing and bioimaging. Finally, the conabasi and future perspectives of Nonlinear

HCR will be proposed.

2. Basic features of Nonlinear HCR

After proposing the idea of the hybridization chesaction, which autonomously forms an
one-dimensional DNA nanostructure for amplificatidbierce and coworkers came up with
several DNA dynamic assembly proposals on the lmddt#CR. For example, a four-way branch
migration (which is achieved by the exchange oflthses at the junction of the four helices)
(Venkataraman et al., 2007) can program biomoleadH-assembly pathways, in which hairpin
sequence cacatalyze biomolecular self-assembly for dendritiovgh of DNA nanostructures
under the trigger of initiator (Yin et al., 2008jowever, this kind of dendritic growth of DNA
can hardly be considered as a formal Nonlinear HQk, to the non-self-sustained process.
During this molecular assembly pathway, additiomakpins need to be added in each step to

continue the dendritic formation process. Aftervear@Chandranet al. developed a DNA
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detection system, in which a target DNA triggened-toop structure hairpins to form a dendritic
nanostructure without external intervention, raaglin exponential growth of DNA dendrimers
(Chandran et al., 2013). Nevertheless, the drawgatkhis method are obvious: temperature
needs to be controlled; the spontaneously openepirnatructure is a relatively long stem which
may cause linear growth instead of dendritic growibvitable leakage of the signal causes the
false positive result, which largely decreasesdbmesitivity of the reaction. Additionally, it is
doubted that the exponential kinetic growth hapdeag no solid evidence (morphology, the
kinetics of the formation of DNA nanostructuresyigntioned. Therefore, great improvements
were remaining urgently for direction self-assembilynanostructures with high efficiency and
controllability. In recent years, various novel erpntial enzyme-free amplification methods
based on HCR have been developed. Here, we sunedadxeral categories of Nonlinear HCR
and demonstrated the amplification process weigure 1, including branched HCR, dendritic
HCR, and clamped HCR. In addition, the AFM imaglesvged in Figure 2 intuitively revealed
the morphology of final hybridized products andttfier confirmed that the hybridization event
for the polymerization of strands into giant polymestructures of each approach could proceed

efficiently as anticipated.
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Fig. 1 Fundamental of nonlinear HCR. Schematic illustration of Tail-triggered HCR. Inetfirst layer, initiator sequence(a-b)
hybridized with a*-b* segment of hairpin H1 and shunfolded H1 to further expose segment c-b, whitibled the open up of
H2 via strand displacement interaction. The expagedain on H2 was identical with initiator sequefed) and thus propagted
a long nicked dsDNA as traditional HCR. Subsequyettle hairpin H3 was added, and the yellow segreehbverhang at each
terminus of the first layer product acted as a matiator for the sencond layer reaction, thus auei3 and H4 formed the
branched dsDNA products in the same manbeSchematic illustration of Hairpin-triggered HCRu the first layer, a long
nicked double strand polymer was formed under igritlization event between initiator, HL and H2.nGequensely, the
formation of first layer product brought two spititiator segment (x, y’ at the H1, y” at the HR)gether, activting the second
layer HCR with the cross-opening of H3 and 4 Schematic illustration of Con-BHCR. In the firstyer, the initiator a-b
triggered the HCR assembly by cross-opening H1Hhduring the assembly process, the yellow dordaamd e were brought
proximty to form a “T” structure. The mutiple “T"nothe HCR-1 backbone acted as new initiator forHlHR-2, and opened up
the H3, H4, H5, H6/a strand displacement interaction, resulting in bhed dsDNA concatamed. Schematic illustration of
Dendritic HCR. The initiator was complementary wghbstrate A and opened the left loop. The assistavas then introduced
to remove Q strand from Substrate A to produce toghpct via TMSD reaction and opened the right lobwo Substrant Bs
could combine to the two new exposed toeholds erSilibstrate A, and two Assistant Bs were addedssmdated Q strands in
the same manner. The new exposed four toeholdnhsgieere idendital to initiator sequence, thus #iged new round cycle.
Schematic illustration of Hyperbranched HCR. Thigator first hybridized with 5° SH1 and opened thettom two loops. Then
the H1 and AS1 were added to open the upper lotipeisame way and finished the first layer reactidre red segment on the
first layer product might be an initator and opetteel bottom two loops of SH&a branch migration. After the introducation of
H2 and AS2, the second layer was complished antbtigeon the SH2 was totally opened up, the newfosed segment was
idential with initiator sequence in the first layeaction, and would extend forward to propagasmtied-growth nanostructure.
f. Schematic illustration of Clamped HCR. H1 ownedraque dimer structure (ten palindromic bases at8hend before
annealed). The introduce of initiator first operikd right loop of H1 and its exposed segment c-bldvdurther open up H2
through DNA strand displacement reaction. The ogengion on H2 was identical with initiator sequen©ne H1 had two
branches, which were able to hybridize with botitiator and H2 simultaneously, forming the threezaconjunction, or

hybridize with two H2 to construct the four-arm gamction, thus the 3D hydrogel nanostructure wassssfully constructed.
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Fig. 2 AFM images of the assembled produesTail-triggered HCRb) Hairpin-triggered HCRc) Con-BHCR.d) Dendritic
HCR. e) Hyperbranched HCR. In the absence of target mi#eonly some small spots can be observed (LefelsanAfter the
target-triggered self-assembly of nonlinear HCR, thulti-branched products both polydisperse in sizé morphology with
different shapes (Right panels). Scale bars: 20@dapted with permission from Ref. (Xu and Zhengl@0 (Tang et al., 2017),

(Wei et al., 2018), (Xuan and Hsing, 2014), (Bakt 2015).
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2.1 Branched hybridization chain reaction

Branched hybridization chain reaction (B-HCR) candescribed as a hierarchical coupled
reaction of duplex HCR circuits. It can achievegnificant signal by integrating two cascaded
traditional linear hybridization chain reactionag&gies in a sequential and continuous manner,
leading to the formation of branched DNA nanostitet The component unit of B-HCR is two
layers of successful linear HCRs. The first lay€@RHis used as an intermediate that recognizes
the target sequence, and the second layer HCRaacthe amplified transducer. Typically,
B-HCR requires three to six functional hairpin pgslio continue the self-assembly process. The
reactant is well-designed and coexists metastaibthe absence of initiator. After triggered by
the initiator, the domain on the backbone chai®BfA hybridized product might act as a new
initiator, yielding the formation of a branched te+stranded nanostructure.

Generally, in the first layer of HCR, hairpin H1daRI2 alternate a nicked double strand
helix after triggered by the target DNA. The initimof the second layer always comes from the
backbone of the first layer hybridized product. Thain difference among these methods is how
to trigger the second layer HCR reaction. Basedthen difference of second layer HCR

triggering, B-HCR can be divided into 3 types.

2.1.1 Tail-triggered B-HCR (Fig. 1a)

Hairpin H1 itself modified with extra single straralerhang at the 5 end created a
hybridization tail (e d). Upon the involvement dfetinitiator a-b, it hybridized with segment
a*-b* on hairpin H1 and thus unfolded H1 to furtlexpose segment c-b. The new exposed c-b
then opened up Hfia strand displacement interaction. The opened H2 rewgaled segment
a-b that was identical with initiator sequence. relfiere, segment a-b of H2 could trigger another
hybridization event with the formation of long-netk dsDNA polymer. Now the hybridization

tail e-d was already overhang at each terminusheffirst layer product, it acted as a new

10
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initiator for the second layer of HCR process thiridized with H3, H4 in the same manner. In
briefly, the first layer HCR was triggered with ogmition event of initiator sequence, activating
cross-open of H1 and H2 through toehold mediateshdtdisplacement. After the formation of a
nicked double strand, the hybridization tail overtpat each terminus triggered the second layer
of HCR process that further hybridized with H3 dtdl to program self-assembly of branched
nonlinear HCR (Xu and Zheng, 2016).

2.1.2 Hairpin-triggered B-HCR (Fig. 1b)

In the presence of initiator (a-b), H1 was opened exposed domain x-y’-c*-b thought
TMSD event, then the domain c*-b enabled the cogsming of H2 that further led to the
release of domain a-b of H2, accessible for thesegient TMSD event to accomplish the first
layer hybridization. As the hairpin structure iseapd up in the formation of first layer procedure
that bought two spilt initiator domain (x, y' atethd1, y” at the H2) together, the newly exposed
domain (x y”) on the new produced double strandAWrns into an initiator, activating the
second layer linear growth assembly between H3 k#éd Thus, the exponential growth of
branched DNA nanostructure process can be readhigwaed.

Zheng's group reported a 2-dimensional hybridizth@in polymerization for the sensitive
detection of RNA, by forming several sandwich Ig@mplexes on the solid phase; and SYBR
green was introduced to generate fluorescence ls{maand Zheng, 2016). Similarly, Jiang’s
group developed a fluorescence FISH strategy baseB-HCR for the detection of a single
MRNA mutation in a single cell; and this strate@dlthe potential for quantifying the mRNA
expression(Tang et al., 2017). Moreover, the samepgsuccessfully developed a bHCR circuit
to localize imaging of mRNA in a living cell withuorescent resonance energy transfer (FRET)
organic group (donor and acceptor) labeled in thebg H3, which generated super-strong
fluorescent signals from target mRNA when the psobere transfected into cells. A highly

dimensional multiplexed HCR system was well faliedaby Reboun’s group, which used a

11
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three-arm branching structure to realize multiptex&molecular detection in a label-free and

reagent-less manner (G. Xu et al., 2019).

2.1.3 Concatenated B-HCR (Fig. 1¢)

The concatenate branched hybridization chain r@ad¢tCon-B-HCR) was proposed in the
same manner. With the elaboration sequence desgjr bairpin structure, the toehold mediated
strand displacement between H1 and H2 brings dochand e together to reconstitute the “T”
structure, leading to the formation of long dsDNgnowires with tandemly repeated “T” on the
backbone of first layer hybridized product. Subsadially, each of reconstituting “T” structure
enables the triggering of downstream HCR-2 and ggafes the hybridization between H3, H4,
H5, and H6. The fabric of Con-B-HCR make it readitjopted in a new target detection through
simply re-designed of base pairing between strafiuis, enables to utilize the functional
amplification strategies in various sensing platfdor biomarker detections.

Wang's group utilized this cascaded self-asseml#yhod with an amplified FRET signal
readout. In the HCR-2 process, the hairpin of whaloeled with donor/acceptor were brought in
close proximity to each other, thus generatingngfrBRET signals. This method showed great
promise for analyzing various biological targetctsas intracellular imaging of miRNA (Wei et
al., 2018), polynucleotide kinase (Shang et al2@0the detection of UDG (Uracil-DNA
glycosylase) and its inhibitors (Jing Wang et @017), etc. Additionally, a Concatenated
B-HCR-DNAzyme circuit could be introduced into tHER-2 step for the following generation
of DNAzyme branched nanowires to achieve amplifigghal readout, which was systematically
investigatedin vitro for the distinguish of a biomarker in cancer diagis (Wu et al., 2019).
Furthermore, based on the Con-B-HCR, Fuan’s grayeldped a polynucleotide kinase (PNK)
sensing platform for intracellular imaging. Hairgitp and\ exonucleasei(Exo) were used as

PNK capture and recognition element (Shang et2820). Compared with traditional linear

12
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HCR assay, the PNK response of Concatenated B-H@Rdatection limit is significantly

improved.

2.2 Dendritic hybridization chain reaction

Dendritic hybridization chain reaction (D-HCR) cée described as a target-triggered
formation of an exponentially growing dendritic watructure through recruiting hairpin or
non-hairpin probes. It can be divided into two gatges according to the number of starting
points: single starting point, and multi-startingrgs.

A hairpin-free triggered self-assembly DNA dendnmerotocol is the typical single start
point D-HCR (Fig. 1d). The reaction consists of tdouble strand probes (Substrate A and
Substrate B), and two single strand probes (assigtaand assistant B). Substrate A and
Substrate B, both are annealed by two partiallyplementary single strands Q and F, which
formed a bulge loop structure in the middle of Ehehain and exposed toehold domain at one
end. Once the trigger is inputted into the systiérspon combines with the exposed toehold of
Substrate A and open the first bulge loop on theh&in, initiating the first TMSD reaction.
Subsequently, the exposed part of the Q chain, twisccompletely complementary with
assistant A and spontaneously hybridizes togetbhlrases from Substrate A, and generates the
by-product. Thus, the exposed two identical toeltmdhains will recruit Substrate B and open
its exclusive bulge loop. Similarly, assistant B ltlae responsibility to replace the Q chain from
Substrate B. It sooner exposes identical two takhoh the F chain which is regarded as a new
trigger that continuously initiates the TMSD reanti and the dendritic growth of DNA
nanostructure will sustainably continue. Since $lgstem does not require hairpin structures,
there are few secondary structures in the DNA nudéscparticipating in the reaction, which can
greatly reduce non-specific cross-reactions betwkerchains and shows excellent exponential
amplification efficiency.

The dendritic HCR amplification system (Xuan andngs 2014) was successfully applied

13
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in the construction of electrochemical and eledtessiluminescence biosensor platform for
analyte recognition through optical and electrocicahrmethod (Ding et al., 2017b; Zhao et al.,
2017; Jia et al., 2016; Hun et al., 2017; Xu et2017), which had achieved high sensitivity and
outstanding specificity. The same group had dewslopn integrating DNA displacement

circuitry based on the D-HCR with minor change oimer sequence to achieve arbitrary target
detection. A new circuit was created before demdgelf-assembly, which released a single
strand through TMSD reaction to trigger the progreed self-assembly procedures which
obtained a high molecular-weight dendritic nanadtrice. Nevertheless, there remained an
unavoidable signal leakage problem, which was ahlsethe purification step, for the extra

unreacted strand needed to be removed throughothe ¢f by-products. This sort of leakage

might lead to false positive results.

A hairpin-based hyperbranched hybridization chasaction (HB-HCR) strategy was
reported with multiple start points (Fig. 1e). TR8-HCR strategy relies on the design of two
super-hairpins (SH1, SH2), two hairpins (H1, H2)] &wvo ssDNA helper (AS1, AS2) species. In
the absence of the initiator, each probe could st&ldy coexist in the solution. Once the DNA
initiator is introduced, the initiator hybridizesitiv SH1 thus open up two bugle loop in the
middle of the hairpin, the newly exposed toeholgioe can trigger the first linear hybridization
chain reaction between SH1 and H1 to propagatdidteayer products, and the single strand
AS1 is hybridized to the SH1 at the same time. Agalisly, SH2 can bind to the toehold region
on the first layer, cooperating with H2 and ASatbive the second hybridization chain reaction,
resulting in the generation of the second layehwitanched growth of products. Theoretically,
the HB-HCR will continue, as the product of eachelawill expose a new toehold domain to
trigger the next TMSD reaction to obtain expondrgi@wth of HB-HCR products after many
reaction cycles.

Compared with Hsing’s work, the HB-HCR reaction @dnmultiple start points as the

formation of a nicked double strand DNA, the hypanzhed strand could extend from each start

14
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point. This HB-HCR method had exhibited ultrasewmsitamplification efficiency and had
provided an outstanding platform in the biosenbtoreover, a photoelectrochemical biosensor
for Human telomerase RNA detection was propose@édas the catalytic hairpin assembly
(CHA) coupled with HB-HCR amplification strategyndh it showed excellent amplification
efficiency (Chu et al., 2019).

2.3 Hydrogel-based clamped hybridization chain reaction

DNA hydrogel is a novel microscopic functional naraierial that can utilize nucleic acid
to construct a 3D hydrophilic crosslink network Hwitexcellent biocompatibility, easy
programmability, and stability (Lee and Mooney, 20Bhajouei et al., 2020; (Ahmed, 2015). In
recent years, this 3D polymer scaffold has beeulwixploited in drug delivery, biosensors,
imaging, and tissue engineering (Willner, 2017).eTtlamped hybridization chain reaction
(Clamped HCR) strategy was reported to form a 8Bvark hydrogel under the guidance of
small amount initiator by stimuli-triggering hybiz@ events between hairpin probes (Jianbang
Wang et al., 2017(Fig. 1f). Unlike typical linear or dendritic HCRje construction of Clamped
HCR is enabled by bridging and locking the DNA taes, forming the 3D network
nanostructure, and realizing the solution-gel titeors In the clamped HCR, two hairpin (H1,
H2) and an initiator are prepared to drive the-asfembly process. H1 probe is designed with a
dimer structure (ten palindromic bases at the &’leefore annealed) to bridge the dsDNA. In the
presence of initiator, one bugle loop of H1 is agmeand exposed to the toehold domain (b and
c), which activates the H2 unfolded in the samemearDue to the dimer structure, one H1 owns
two branches which are able to hybridize with hattiator and H2 simultaneouslforming the
three-arm conjunction, or hybridize with two H2 donstruct the four-arm conjunction. In this
case, the gel growth can be controlled by the diitriggered Clamped HCR with the formation
of expanded 3D network.

Based on the controllability character of ClampedR{ Song’s group further designed a

scheme for an aptamer-triggered Clamped HCR (atgH@fch enabled controllable growth of
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patterned hydrogels on the cell surface, and hadessfully applied in suit circulating tumor
cells (CTCs) for live cell analysis (Song et aD1Z). Moreover, a pH-triggered hydrogel based
on clamped HCR strategy had also been proposedh@dhacroscopic hydrogel showed great
potential in drug delivery, tumor therapy and bimgag with less loss of cell viability and

integrity (Y. Li et al., 2020).

2.4 Other Nonlinear hybridization chain reaction

In order to establish a cancer cell detection ptatf with an enzyme-free isothermal
amplification strategy, avoiding tedious lysis stepe-engineered Multi-branched HCR (mHCR)
with multiple branched arms and binding sites waepgpsed (Zhou et al., 2014). The
biotin-labeled aptamer could hybridize with botlitiaior and EpCAM (Epithelial cell adhesion
molecule), which provided multiple binding sitesHER product in the cell surface. Initiated by
target sequence, mHCR reaction autonomously formdtiple branched arms of HCR products
on the cancer cell. Additionally, Chen’s group mepd a target-triggered DNA assembly of
multibranched DNA nanostructure composed of seeasly DNA concatamers and
G-quadruplex wires through the biotin-avidin syst@mXu et al., 2019).

Other shapes of nucleic acid self-assembly nancsiiel based on nonlinear HCR can also
be effectively used for cell detection or molecll@markers analysis. Zhang’s group proposed
a cross-like structure nonlinear HCR, which invalibe cross-open of DNA hairpins, producing
micro-net-like nanostructure automatically for thesitu determination of protein expression on
bone marrow cells (Li et al.,, 2018). Based on dpmececognition of aptamer, a net-like
hybridization chain reaction (nHCR) method for thdetection of cytokine IFN-
(interferon-gamma) was reported by Xiang's groupefSet al., 2018) (Fig. 4a). Hairpin probe
HA and dumb-bell DNA hairpin probe HF were coexistaetastably in the solution. HA probe
consisted of two functional domains, one was hybed with the complementary region of

IFN-y, and the other triggered polymerization of the demell hairpin probe. In the presence of
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IFN-y, it sooner bound the complementary region in tAgokbbe and exposed initiator region to
hybridize with dumb-bell HT probe to liberate agian strand sequence which could further
hybridize with another dumb-bell HF, leading to tet-like structure between HF and HT and
resulting in an amplified FRET signal for the déimc of IFN-y. The nHCR based sensor
platform could detect IFN-with the limit of detection (LOD) of 1.2 pM. Yargggroup had also

reported a DNA nanoprobe conformational changeldad(ll) ion assay to form a reticulated
dsDNA nanostructure on the electrode surface baseal four-way junction probe (Yang et al.,

2019).

3. Applications of nonlinear HCR in biological sensing

Compared with traditional HCR, the nonlinear growkimetic of HCR reaction has
satisfactory sensitivity and its amplification eféncy has proved to be a facile tool in the build
of biological sensing platform, making it more abie for point-of-care (POC) diagnosis. In
particular, the endogenous nucleic acids (espgdiatise with highly identical sequence between
family members) can easily be detected and disndted based on the nonlinear HCR amplified
biosensor protocol. Moreover, the other biologitetabolites and heavy metal ion can also be
sensitively detected upon introducing of aptamehnelogy. In this review, we summarized
several representative nonlinear HCR biosensoppotd and classified them into five categories

(Table 1).
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Table 1. Nonlinear HCR based biosensing strategies.

) Limit of Specificity Detection RSD
Target Method Signal output i ) Ref.
detection (Target/Blank) time (%)
S Hemin/G-quadruplex HRP-mimicking 12 .
DNA chemiluminescence 7.0x10"M 43.5 30min N/A  (Hunetal., 2017)
DNAzyme
BCR/ABL fusion Electrochemiluminescenc . )
Ru(phen)3 5.49fM 61.5 60min 3.33 (Xuetal., 2017)
gene e
) Electrochemiluminescenc ) ) ) )
MicroRNA o Dopamine and terbium (lIl) organic gel 0.18fM 3.3 6h 2.4 (Lietal., 2019)
DNA Colorimetric Peroxidase-mimicking DNAzyme 0.8fM 5.5 2h N/A  (Ravan et al., 2018)
MicroRNA Colorimetric TMB 13aM 36 5min 2.41 (Tangetal., 2019)
) i i Hemin /peroxidase mimicking G-quadraplex ) (Hosseinzadeh et al.,
MicroRNA Colorimetric 1pM 1.7 150min N/A
DNAzyme 2020)
i i interfacial electrons transfer resistance between )
microRNA Electrochemical 34 0.3334fM 3.14 52min 3.9 (Zhouetal, 2019)
DNA nanostructure and [Fe (CN)
, i streptavidin-alkaline phosphatase (ST-ALP)
Circulating tumor i ,
DNA Electrochemical catalyze the substratenaphthol ¢-NP) to an 3pM 22 30min N/A  (Huang et al., 2020)
electroactive product
DNA Electrochemical TMB 0.4ftM 31.5 N/A 5.1 (Jiaetal., 2016)
MicroRNA Fluorescence Fluorophore 0.3pM 4 5h N/A (Wuetal., 2019)
RNA Fluorescence SYBE Green | 1pM 15 N/A N/A  (Xu and Zheng, 2016)
microRNA Fluorescence Zinc (Il)-protoporphyrin IXn(PPIX) 0.7tM 40 90min N/A  (Xue et al., 2018)
MicroRNA Fluorescence Fluorophore 2.14pM 9 N/A N/A  (Wang et al., 2019)
DNA Photoelectrochemical ZnO flower-rod architeetifZnO FRs) 3.7tM 6.6 N/A 1.2 (Hanetal, 2017)
Human Telomerase ) 4-chloro-1-naphthol (4-CN) is deposited on the
Photoelectrochemical 17fM 12 N/A 2.1 (Chuetal., 2019)
RNA PEC electrode to reduce photocurrent

Macromolecule DNA dendrimer deposits on i
PML/RARa gene SPR . 0.72pM/ 0.65pM 48 60min 3.1/1.5 (Guo et al., 2017)
the SPR gold chip

18



Table 1. continued

KRAS gene QCM frequency response of amplified QCM  1.5nM 8.7 60min 4.2 (Zhao et al., 2017)
biosensor
i HCR product propagating SAW on the sensor
DNA Acoustic 25nM N/A N/A N/A  (G. Xu et al., 2019)
surface
TRPV4 Fluorescence Fluorophore 2.8pg/mL N/A 50min N/A  (Lietal., 2018)
VEGF Colorimetric AuNPs aggregation 185pM 1.7 25min N/A  (Chang et al., 2016)
The formation of Au@Ag core-shell on the
PSA SERS . ) 0.94fg/mL 7.5 2h 5.3 (Wang et al., 2020)
gold electrode surface with SRES signal output.
CA125 Electrochemical molybdophosphate psmL? N/A 2h 4.5 (Nie et al., 2018)
IFN-y Fluorescence Fluorophore 1.2pM 5.2 3h 5.1 (Shenetal., 2018)
, hemin/G-quadruplex DNAzyme catalyze H202
IFN-y Electrochemical ) . 0.6fM 5.5 2h 2.8 (Baoetal., 2019)
reduction of thioine
Jing Wang et al.,
UDG Fluorescence Forster resonance energy trafiSReT) 0.00011 U.mt 100 65min N/A (2013) g
PNK Fluorescence Forster resonance energy trafiSReT) 9.59x10-4 U.mt: 16 40min N/A  (Shang et al., 2020)
DNA
Fluorescence Forster resonance energy transferMFRE 0.015 U.mc* 15 60min N/A  (Q. Wang et al., 2017)
Methyltransferase
Cancer cell Fluorescence SYBR Green | 4. AxHis/mL 5 60min 6.1 (Zhaoetal., 2017)
Cancer cell Electrochemical TMB 4 MCF-7 cells 11 15min N/A  (Zhou et al., 2014)
Ochratoxin A Fluorescence Fluorescent perylenegrob 0.1pM 10 N/A 29 (Wangetal., 2016)
) ) CuS NPs is deposited on the photoactive matrix _
Kanamycin Photoelectrochemical ) 0.78pM 14 180min  1.02 (Zeng et al., 2019)
rGO-Bi2WO6-Au to reduce photocurrent
Polychlorinated
g'phen | Electrochemical methylene blue 0.001 ng'mL 11 90min 1.1 (Hanetal., 2020)
l Yy
streptavidin-alkaline  phosphatase (ST-AP)
ATP Electrochemical catalyze the substratenaphthol ¢-NP) to an 5.8nM 7 60min 5.6 (Ding et al., 2017b)

electroactive product
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Table 1. continued

Lead (1) Electrochemical Silver nanoparticle (AgNPs) 0.24pM 3 120min 21 (Xieetal., 2018)
Lead (1) Electrochemical methylene blue (MB) 8.4pM 35 120min N/A  (Yang et al.,, 2019)
Mercury (I1) Colorimetric AuNPs aggregation 2.8pM 5 12h N/A  (Shao et al., 2020)

Specificity: The ratio of the target molecule te thlank signal
RSD: Relative standard deviation
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3.1 Nucleic acid detection

Sequence-specific DNA and RNA represent ideal catds for biomarkers in therapy (Abi
et al., 2018). Therefore, the sensitive detectibmwuxleic acid has great potential in disease
diagnosis (especially for cancer) and clinical gsial Here, we introduce nonlinear HCR based

nucleic acid detection by using optical or eledtrmical methods.

3.1.1 Fluorescence-based detection

Nonlinear HCR based fluorescence method was desthly using fluorescence spectra as
the amplified responses and can be classifiedthmee types: (1) Fluorophore is labeled on the
hairpin structure or substrate flue chains to poedihe fluorescence signal during the assembly
process. (2) Fluorescent dye such as SYBR Gredlnarescent indicator (e.g. Protoporphyrin
IX zinc) is added that further intercalates inte thpecific binding site of nonlinear HCR
products. (3) The FRET signal can be detected, tduthe acceptor group and doner group
labeled on the substrate flue strands gettingpnbaimity during the assembly process.

Zheng's group proposed a label-free fluorescensdnsor platform by using several
oligonucleotide probes to form a sandwich-like hgiziation product that aims to capture target
mMiRNA on the solid phase (Xu and Zheng, 2016). Theture stage was constructed by
hybridization even between series of oligos (capfumobe, CEs, LES), then the adaptor probe
contained initiator sequence that was introduced @mbined to the sandwich-like product,
triggering the formation of 2-dimensional branchBNA nanostructure on the solid surface.
SYBR Green | was added as amplification indicaborthis study, they replaced the tedious
modification step of immobilizing target miRNA orhet solid surface with a series of
oligonucleotides, which greatly reduced the experital cost. However, the non-specific
binding of SYBR Green | might enhance backgrourghali and decreased the selectivity and

sensitivity. To overcome this problem, Xue'’s grqupposed the high-selectivity ZnPPIX (zinc
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(IN-protoporphyrin IX)/G-quadruplex fluorescencgstem-mediated D-HCR to achieve low
background detection (Xue et al., 2018). The twdsenf the substrate chain were cleverly
designed with split G-quadruplex sequences for ineat HCR self-assembly. After the
introduction of target miRNA, the hairpin-captumipe would open and the exposed fragments
acted as an initiator to trigger the D-HCR reactidfhat's more, during the assembly process,
the divided G-quadruplex fragments gradually apghned each other to obtain a macromolecule
dendrimer that contained multiple G-quadruplex ctrees. In the end, the ZnPPIX was
selectively inserted into the multiple G-quadruplexgenerate exponential growth of fluorescent
signals.

In addition to fluorescent indicators, Kong’'s gragported a quadrivalent tetrahedral DNA
nanostructure (QTDN)-mediated hyperbranched HCRopab for the detection of miRNA via
FRET signal output (Wang et al., 2019). Unlike theditional HCR reaction, the hairpin H1
(labeled with doner) and H2 (labeled with acceptamild be connected to the four vertices of
gTND, respectively. Therefore, multiple directioelfsassembly would occur on each terminal
vertex of qTND. The possibility of intermoleculanliision was greatly increased because the
HCR amplification could be carried out at differeltections, finally forming a hyperbranched
nanostructure with FRET signal output. On the amyir Wang's group demonstrated
extracellular vesicles-associated miRNAs discrimiamaassay by destroying the FRET system,
apart the acceptor and doner away, via the cleawdgilg’’-dependant DNAzyme in the

presence of M ions (Wu et al., 2019).

3.1.2 Electrochemical-based detection

Electrochemical biosensor has implemented intoouaribiomarkers detections due to the
advantage of flexible instrumentation step, highs#evity, low cost, and less consumption of
reagent. Nonlinear HCR based electrochemical gtygiays an increasingly crucial step in the

establishment of electrochemical biosensor withstamiding signal amplification capability,
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which can be divided into three varieties: (1) Rhse the employment of enzymes (e.g. HRP,
alkaline phosphatase) immobilized on products talgaze substrates and produce electroactive
substances. (2) Immobilized electroactive indicaton the electrode surface. (3)
Immobilized-free strategies, which introduce peptidicleic acid probe with its natural neutral
backbone.

Wang’s group developed a DNA detection biosens@etbaon the measurement of the
electrocatalytic current of 3,3, 5, 5 -tetramethylbenzidine (TMB), which was generated by
avidin-HRP in the presence ot®; (Jia et al., 2016). In this method, the capturdpr(CP) was
hybridized with auxiliary DNA 1(Al) to form a dsDNAwith two bugle loop structures) on the
gold electrode via Au-S bond. In the presence rgfetaDNA (tDNA), it soon combined to the
unhybridized domain of CP and opened the first &@dgbp. Then the auxiliary DNA 2 (A2),
which was completely complementary with Al, spostarsly hybridized together with Al to
open the second loop, and generated the by-prodpcto then, two identical toehold domains
were exposed, which were able to recruit two HRPBelled H1 to form two branched
hybridization products. Then the H2 spontaneouslyridized with H1 which were readily for
the new round reaction. The formation of multi-HRPBeled dendritic nanostructure on the gold
electrode made it readily catalyzed byGdand the reduction current could be monitored by the
catalytic oxidation of TMB. The detection limit dfis strategy was as low as 0.4fM and it was
also capable to distinguish single-nucleotide nimabetween accompanying DNA sequences.

Similarly, three different well-designed dumbbelNE probes were designed to generate
nest-like DNA nanostructures by Wang’'s group (Huabg@l., 2020). In the presence of target
DNA, one segment of the target DNA could be hylzedi to the capture probe on the electrode
surface and the other end combined with the HCRIymts to form a stable hybridization.
According to the avidin-biotin system, the biotiatgd nonlinear HCR products reacted with the
streptavidin-alkaline phosphatase (ST-ALP), and #ieP could catalyze the irreversible

conversion of the substratenaphthol ¢-NP) to an electroactive product for the quantrati
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detection of target DNA. Additionally, another mitanched DNA nanoarchitecture was
ingeniously designed by using linear HCR prodactDNA concatamer, as the main body and
multiple  G-quadruplex wires constructed by TdT rigral deoxynucleotidyl
transferase)-promoted polymerization were usedrasched arms. The final added hemin then
combined to the G-quadruplex with electrochemiedbi signal (Xu et al., n.d.).

Another competitive label-free electrochemical noetHor the detection of miRNA was
reported by Chen’s group (Zhou et al., 2019) (Fgy. Ihe author immobilized the Y-shaped
DNA structure (consisting of three oligo DNA Y1, Y23) as the probe on the electrode, and the
miRNA was the target to compete for the probe bigdsite, thus released Y3 from Y-shape
structure, thereby triggering the nonlinear HCRctieam on the electrode surface. To our
acknowledge, most of the electrochemical basedctiete requires a specific probe to be
immobilized on the electrode surface, and laboriopmization methods are used to increase
sensitivity and accuracy. However, the steric hande effect still cannot be avoided, thus results
in the reduction of hybridization kinetics and lowsensitivity. To overcome the above
limitations, an immobilization-free and kineticaltpntrolled strategy was developed by Hsing’s
group for the nucleic acid sensing (Xuan et all3)(qFig. 3b). In the absence of target DNA, the
freely diffusible ferrocene-labeled peptide nucleicid probe (Fc-PNA) in the solution was
access to the negative charge indium tin oxide )I€@ctrode surface because of its neutral
backbones, and a strong electrochemical signaldcbeldetected (signal-on). When the target
DNA was introduced in the solution, Fc-PNA and elabe designed DNA strands were
automatically assembled into dendritic nanostrestuthrough a series of toehold-mediated
strand displacement reactions. The DNA/PNA complas thus formed in the solution. Due to
electrostatically repulsion, the DNA/PNA complexsazard to be in close proximity to the ITO
electrode, and the signal was weakened (signal-bififs immobilized-free detection limit of this

system could be down to 100fM.
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3.1.3 Colorimetry-based detection
The colorimetric biosensor has come into notice ttuéhe advantage of easy operation,

instrument-free and cost-effective (Song et al11J0Recently, a functional nanomaterial with
catalytic properties was proposed by Tang’s graarpsfgnal amplification (Tang et al., 2019).
Two hairpin H1 and H2 were the substrate flue chahlinear HCR reaction. Magnetic &&
nanosheet was modified with four identical ssDNA ickh had fragments that were
complementary to H1 and H2. In the presence ofetangRNA, it initiated the hybridization
chain reaction, and each of the ssDNA on th#Faanosheet was able to hybridize with H1 and
H2, the magnetic nanosheet and dendritic dsDNAc&ira were thus conjugated to each other,
thereby resulting in the formation of 2D DNA/J network. As the aforementioned property,
the peroxidase-liked 2D DNA/ @, network was able to catalyze TMB in the presendd,Qkh,
thus generated a blue product that could be readyumaked eyes and the sensitive UV-vis
signal could be detected. In this study, the bamkgd signals could be mostly reduced by
magnetic separation and the LOD could be as lot3as/. In another study, Pourghadamyari’s
group used DNAzyme fragments modified hairpin tonstouct peroxidase mimicking
G-quadraplex DNAzyme structure through bHCR circlat miRNA-21 detection. In the
presence of hemin, the gathered split DNAzyme frags could catalyze the oxidation of
colorless ATBS (2, 2-azino-bis, 3-ethylbenzothiazoline-6-sulfoaizid) into green color ATBS

with a wide linear range from 1pM to 1nM (Hosseneha et al., 2020).

3.1.4 Electrochemiluminescence-based detection

Electrochemiluminescence (ECL) biosensor has redealot of attention thanks to its low
background interference and wild linear rangesthia protocol, an intermediate produced by
electrochemistry undergoes a highly exothermictr@aand emits light to be detected (Forster
et al., 2009). Li's group developed an electrocieminescence detectiomia introducing

self-assembly DNA high-weight molecular on the tenb organic gels (TOGs) modified
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electrode (Li et al.,, 2019). TOGs, as a newly eme@rglectroluminescent material that can
generate superior ECL emission under the negatotengial scanning. In this study, four
hairpins were introduced in the system. One oftthiepins was labeled with biotin, the other
three were labeled with dopamine which could quahehECL signal produced by TOGs. The
nonlinear HCR reaction was initiated by the targé®NA, assembling a branched nanostructure
on the Streptavidin-AuNPs/TOGs electrode surfat® biotin-streptavidin interaction, and
successfully constructed target-triggered nanostradiosensor platform in a one-step approach.
Therefore, it could be observed that the ECL sighidlOGs was significantly reduced, allowing
the detection of microRNA-141 with a 0.18fM LOD. &nother ECL-based strategy, Ding’s
group proposed a target-triggered hairpin switch self-assembly of dendritic nanostructure,
using Ru(phenf* as ECL indicators, and produced an exponentiatasifor the sensitive
detection of BCR/ABL fusion gene (Xu et al., 2013)milarly, Hun and coworkers constructed
the hemin/G-quadruplex DNAzyme structure on theisba$ dendritic HCR by redesign the
substrate sequence. As a result, the ECL signdd dmudetected in the presence gOpi(Hun et

al., 2017).

3.1.5 Other detecting signals

Surface plasmon resonance (SPR) is a label-fretmah method capable of real-time
detection of low abundance of biomolecules quickhd efficiently (Nguyen et al., 2018y
using nonlinear HCR as a signal amplification mdtha large number of macromolecular
dendritic DNA nanostructure can be deposit on #esig ship surface and generates a strong
SPR response signal readout. Ding’'s group propaskdbel-free and enzyme-free SPR based
biosensor for the detection of DNA and small molesyDing et al., 2017a). The gold electrode
surface was immobilized with a capture proise Au-S bound that could further recognized the
target DNA, activating the autonomous self-assembl®NA dendrimer. In another SPR study,

Xu's group improved the aforementioned method bgucing the assembly sequence of
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dendritic nanostructures at the SPR interface antplifying the analysis steps to detect
PML/RARa fusion gene (Guo et al., 2017). Recently, the gilettrochemical (PEC) analysis,
has emerged as a powerful tool in the field of mwal@ detection and environmental analysis.
PEC analysis uses light as the excitation signdl@mtocurrent as the detection signal, which
involves the charge and energy transfer reacti@ndgzet al., 2017). Accordingly, Chu’s group
established a detection technology based on CHAalite hairpin assembly) and
hyperbranched HCR amplification strategy in the tpakectrochemical platform (Chu et al.,
2019). In the presence of target DNA, it activatkd CHA-hyperbranched HCR to form a
dendritic DNA nanostructure on the electrode swfathe amplified product would further form
hemin/G-quadruplex DNAzymes structure, generatelible substance 4-chloro-1-naphthol
under the catalysis of ¥, and formed an insulating layer on the electrodéasa to suppress
photocurrent. Since the photocurrent signal wasrsely proportional to target concentration, it
could achieve high sensitivity and stability dei@ctof Human Telomerase RNA with 17fM
LOD. In another study, photoactive substance Zrdwék-red architectures (ZnO FRs) was
added to releases photocurrent, and the currentbeamhibit once the formation of DNA
dendrimer on the electrode allow a detection lwhitmol (Han et al., 2017).

By using acoustic biosensor, Xu's group proposetlighly dimensional amplification
product coupled with interdigitated transducersT{i@or multiplexed detection of DNA (G. Xu
et al., 2019). Moreover, DNA dendrimer was utilizzsl a functional signal amplifier probe for
the establishment of quartz crystal microbalanc€NI biosensing platforms by Liu’s group

(Zhao et al., 2017).
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biosensor to detect microRNA. Reproduced with pssion from Ref. (Zhou et al.,, 2019%). Schematic illustration of
immobilization-free dendritic DNA/PNA nanostructusased nucleic acid sensing. Reproduced with psiomigrom Ref. (Xuan

et al.,, 2015).

3.2 Protein detection

Protein, as an important material participateshm éxecution and regulation of major life
activities. The abnormality of protein moleculamusture and functional deviations in the human
body is an important cause of disease. Therefordgip detection is very important potential
biomarker for the diagnosis of diseases (Jayaritlal.e 2017). However, at present, there are
certain difficulties in detecting and identifying tow-abundance proteins. In this case, the
biological detection platform can be used to depzoteins with high sensitivity through signal
amplification. Nonlinear HCR as a highly selectmed highly sensitive amplification method

can be used to detect and monitor low-abundandeipso

3.2.1 Antibody based approaches
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Using specific antigen-antibody interaction as eogmition strategy, the nonlinear HCR
signal amplification and fluorescent indicator &nal output can achieve the highly sensitive
detection of transient receptor potential vanilldidTRPV4) on cell surface (Li et al., 2018). In
this study, an initiator was first labeled on theilaody, after the immune interaction between
TRPV4 and its antibody, the initiator subsequenihgned the hairpin 1 to expose new toehold
that further hybridized with hairpin 2 and opengulthe hairpin structure. The hairpin 3, and
hairpin 4 was unfolded in the same way and formedi@o-net like nanostructure on the cell
surface, the fluorophore labeled on the hairpin ld@enerate strong fluorescence signal which
could be easily detecte@ihis method could also perforim situ cell detection, monitor protein

expression without damaging cells.

3.2.2 Aptamer based approaches

Based on the aptamer-linker DNA, Huang’s group hamnstructed an
antibody-antigen-aptamer hetero-sandwich strudbased SERS (Surface Enhanced Raman
Scattering) immunoassay for the detection of ptesgtpecific antigen (PSA) (Wang et al., 2020).
One ends of the aptamer bound to the antigen,lendther end acted as a trigger, initiating the
Con-BHCR to form a macromolecular nanostructurehenSRES platform. The newly formed
DNA nanostructure combined with ST-Alra the biotin-avidin system, and the ST-ALP could
hydrolyze the 2-phosphgascorbic acid trisodium salt (APP), result in tbemation of strong
reducing ascorbic acid (AA), which could restoreN&; and settle the silver element on the
gold electrode surface to form Au@Ag core-shelhvakcellent SRES signal output. Nie's group
proposed immunodetection of carbohydrates by ugold nanoparticles to enhance the signal
amplification of HCR (Nie et al., 2018). After tHermation of the antibody-antigen-aptamer
linker DNA structure, the hairpin labeled AuNPs sephybridized with aptamer sequence and
then initiated the dendrimer like chain reactidime phosphate groups of DNA reacted with

molybdate to form a redox-active molybdophosphatach could detect strong electrochemical
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current on the electrode surface. Another AuNPsedasolorimetric sensing strategy was
proposed by Chang’s group (Chang et al., 2016)higrstudy, AUNPs acted as signal indicator,
upon the introduction of VEGF (Vascular endothefiabwth factor), it unfolded the capture
probe and triggered the branch growth assemblysBINA, leading to the AuNPs salt-induced
aggregation with the red to blue color changess Hansing platform allowed the limitation
lower to the femtomole level. Similar target-respgr nHCR aptamer-based sensor platform
was built to detect IFN-with fluorescence assay with the detection linfil @pM (Shen et al.,
2018). In another study, AuNCs-GR@ZIF-8 (grapheneddtzc imidazolate framework-8
hybrids anchored gold nanoclusters) electrocherpiegdlorm was developed for the detection of
IFN-y based on layered-branched HCR reaction, and tteeten limit was as lower as 0.3fM
(Bao et al., 2019).

3.3 Enzyme activity detection

The enzyme is an indispensable biocatalyst withalgt ability for metabolism in
organisms. The accurate evaluation of enzyme #e8vi(e.g. Uracil-DNA glycosylase(Jing
Wang et al., 2017), Polynucleotide kinas (Shangl.et2020), and DNA methyltransferase (Q.
Wang et al., 2017) et.al) and screen for its inhibwill be of great significance in clinical
treatment and diagnosis. Polynucleotide kinase (PNlgys an important role in the DNA
ligation reaction and its abnormal expression terofrelated to various diseases. The reported
nonlinear HCR based platforms for enzyme activitalgsis are mainly based on fluorescence
method. When the target enzyme appears, it wdas? the pre-designed initiator nucleic acid
through different approaches, and triggers theBHIGR event to get a strong FRET signal after
amplification. Wang’s group established an ultrag@re PNK biosensor based on the
Con-B-HCR andl exonucleasesi{Exo) mediated DNA cleavage reaction (Fig. 4b).tte
presence of PNK, the 5 hydroxyl end of the hairpip could be converted into a phosphate

group under the action of ATP, then the Hp carmeth phosphate group was recognized and

30



10

11

12

13

14

15

16

17

cleaved byi-Exo. The exposed | sequence would initiator thet fayer HCR-1 process. In the
step of HCR-2, the TAMRA (accepter) and FAM (donlateled on hairpins got into proximity,
resulting multiple “off” fluorescence signal causeyl FRET. In the absence of PNK, th&xo
could not recognize and cleave Hp and was unahldttate the DNA self-assembly event. The
Epigenetic process changes caused by DNA methgfeease (MTase) defection are often
associated with the occurrence and developmenirbis. The same group had also proposed
the MTase (Dam) sensing platform based on Con-BH@® jntroducing a specific designed
Y-shape DNA initiator, and had the potential foreeming MTase inhibitors (Fig. 4c). On the
contrary, in the presence of target MTase, the Bé#CR was blocked, and it was attributed to
the recognition and methylation of MTase to theh#ge DNA initiator. Then, under the cleavage
of Dpnl endonuclease, the Y-shape DNA was convartedsplit oligonucleotides, which were
failure to initiate subsequent amplification evéihen there was no target MTase, the Y-shape

initiator could easily trigger the Con-B-HCR, withe generation of efficient FRET signal.
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detection of IFNy. Reproduced with permission from Ref. (Shen et2018).b) Schematic illustration of Con-BHCR PNK
assay. Reproduced with permission from Ref. (Shaingl., 2020).c) Schematic illustration of Con-BHCR for the DNA

Methyltransferase Activity detection. Reproducethvgiermission from Ref. (Q. Wang et al., 2017).

3.4 Cancer cell detection

Malignant epithelial cell tumors, also called casceare the most serious diseases that
endanger human health. Circulating tumor cell (CIBCA kind of cell that sheds from primary
tumors and then is transported into thexipheral blood stream (Pantel and Speicher, 2016)
Capturing of living CTC has been investigated asracial tool for disease diagnosis and
prognosis. There is various detection technology @ancer cell sensing, including
electrochemical platform, QCM (quartz crystal mlmatance) fluorescence platform and
plasmon resonance adsorption signal. An aptanggetred clamped HCR for in suit capture and
the release of CT@a DNA hydrogel was developed by Zou’s group (Songlgt2017), and it
had the ability to determine low amount of canadl im whole blood (Fig. 5a). In this method,

the aptamer-initiator probe was particularly bouodthe EpCAM on the cell surface, it then
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triggered the clamped HCR reaction with the gem@nadf DNA hydrogel. Afterward, the newly
formed porous hydrogel could cloak and capturescili further sensitive clinical diagnosis.
Due to the design of ATP stimulus-response sitesh& hydrogel, the conformation of the
hydrogel could be destroyed and decloak cells wittioe loss of integrity when ATP was added.
Interestingly, the plasmon resonance adsorptioAuMPs was used as a visual indicator for the
guantitative detection of circulating tumor celésyd up to five cancer cells could be detected
using this method. In another study, Zuo and cokexs proposed a multi-boranch HCR (mHCR)
method by capturing the cancer cell to the goldtedele surface. Large amount of HRP was
applied for signal output, and it would attach k@ tmHCR product on the cancer cell, thus
efficient electrochemical signal could be well d¢¢el on the electrode surface (Zhou et al.,
2014).

Another label-free cell sensing platform based o@MQ(quartz crystal microbalance)
technology and self-assembly DNA dendrimer nanodempvas developed by Liu and
coworkers (Zhao et al., 2017). In this study, tiéADdendrimer-SA nanocomplex, composed by
the dendritic HCR products (DNA dendrimer) and agidin (SA), was regarded as a
fluorescent probe by coupling with an aptamer reggeaind SYBR Green |. Under the specific
interaction between sgc8 aptamer and the PTKY iprote the Hela cell surface, the aptamer
capture probe, which was immobilized onto the quagtass slides, subsequently captured the
cell on a solid surface. After that, the fluoredgamobe was final added with strong fluorescence

signal output.

3.5Metal ion and chemical compound detection

Heavy metal ion contamination of food and cropsclissely related to human health.
However, the current analytical methodology (e.gectrometry) is rather expensive and
immature (Saidur et al., 2017). DNA based biosensoe expected to solve the issue of heavy

metal detection. Yang’s group have demonstrateohaersion strategy by introducing four-way
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conjunction nanoprobe and Au@®e scaffold, transforming the input Pbinto output
oligonucleotides thus initiating the nonlinear H@Rcess with generation of electron current
signal (Yang et al., 2019). The four-way nanoprelas hybridized with four oligonucleotides
(S1, S2, hD, P) and immobilized on the Au@Fe3Odbtastruct the conversion system (Fig. 5b).
When the PB was input in the system, the nanoprobe collapsedalthe interaction between P
(consist of P aptamer sequence) and’Blresulting in the release of two outputs ssDNAbpro
S1 and S2. The solution that contained S1 and 88 tropped into the H1 immobilized
electrode and hybridized, respectively. Branchelridization chain reaction occurred between
the output DNA and four hairpins (H2, H3, H4, H5jielding the reticulated dsDNA
nanostructure on the electrode surface which peavichultiple embedding site for methylene
blue (MB) to generate electrochemical current. imother study, Xu's group took the
metal-mediated base-pairs into consideration fa& éstablishment of Hg (ll) ions sensing
platform (Shao et al., 2020). In the first reacticghe Hg (ll) ion triggered exponential
amplification reaction (EXPAR) between oligo X'Ynhd X that produced massive oligo Y
assistant by the DNA polymerase and endonucleadéelsecond reaction, the oligo Y released
from the first circuit was used to initiate the rolged HCR reaction and generated
three-dimensional DNA hydrogel. The porous hydrdgad the ability to accept and trap AuNPs
into its network, and the assembly of massive AuNfR¥rogel structure turned the solution into
red color which could be measured and quantifietd¥yvis absorption spectra.

Antibiotic residues in water and agricultural prottuare a new type of environmental
pollutant in recent years. Tang’s group employesl tdrnary nanocompositeGo-Bi,WOs-Au,
coupled with bHCR amplification strategy to produemarkable decreased PEC signal (Zeng et
al., 2019). As a new photocatalytic material, rGa2MBO6-Au had superior electron transfer
efficiency and photocurrent output signal due te itvolvement of graphene oxide (rGo) and
gold nanopatrticles (Au). In the presence of Kanamymany branched products would be

formed on the surface of rGo-Bi2WO6-Au due to thHdCiR, and the deposition of CuS
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nanopatrticles (labeled on hairpin probe) would tiygaomote the consumption of hole-trapping
agent and remarkably reduce the photoelectric respcignal. This photoelectrochemical
bioanalysis platform showed excellent detectioriggerance with a LOD of 0.78pM. In addition,
by using fluorescent perylene probe and branche® Httategy, ochratoxin A (OTA) could be
detected with the limit detection of 0.10pM (Wang &., 2016). Moreover, the DNA
microcapsules based dendritic HCR with electrochamcatalytic reaction was used for the
polychlorinated biphenyl (PCB) detection, the specbinding between aptamer and target
enabled the dissociation of DNA microcapsules, tng released the methylene blue molecules

to interact with the newly formed dendritic nanasture (Han et al., 2020).
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Fig. 5 Nonlinear HCR base@TC cell and metal ion sensirg). Schematic illustration of a aptamer triggered clathplCR for
in suit capture and the release of CWi@ DNA hydrogel. Reproduced with permission from REgong et al., 2017)h)
Schematic illustration of four way branched nanepbased bHCR for Pbdetection. Reproduced with permission from Ref.

(Yang et al., 2019).

4. Applications of nonlinear HCR in bioimaging
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Nucleic acid, as the genic information carrier, whogreat potential in biological
applications; and the monitoring of abnormal expi@s and mutation of RNA in living cell
offers an approach for disease diagnosis and aliaitalysis. However, the low-abundance RNA
and complex intracellular environments create lande to the development of biomolecular
suit imaging (Visvader, 2011). Although the standard RH@as offered more options for
intracellular assay, the poor amplified efficientyw kinetics, and less biostability of hairpin
probes remain to be solved. In recent years, neatillCR based FISH strategy was applied for
in situ imaging of mMRNA in genotyping point mutation imgle cell level. In this study, Jiang’s
group reversely transcribed the target mRNA intdNéDwith locked nucleic acid (LNA), and
also protected the complementary sequence fronadation by RNase H. Then the DNA ligase
was added to produce ligate product that contalot¢@R initiator sequence, Under the perfect
match of cDNA and oligo probe, the ligate produtfigered the nonlinear HCR amplified
process, generating bright spot-like signals fativiual mMRNA molecules (Fig. 6a). The
hairpin labeled with different colors was used hopéify and localize the wild-type and mutant
MRNA, which was able to discriminate single nud@®tmutation in a single cell (Tang et al.,
2017). However, its multiple and tedious washingpstmade it hard to apply in living cells.
Therefore, the author proposed another wash-fraeched HCR based localizable imaging in
living cells (Liu et al., 2018). The HCR reactioraessary hairpin was transfected into the cell
and propagated brush like nanostructure on evarglesimRNA. In another study, Wang
developed Con-BHCR amplified system that could &soapplied in the miRNA (Wei et al.,
2018) and polynucleotide kinase (Shang et al., pOftacellular imaging by using FRET signal
output.

In particular, tetrahedral DNA nanostructure hasrbdeveloped for drug delivery carrier
and its excellent cell membrane penetrability makegadily fit to the complex intracellular
environment, offering new possibilities for biomalde imaging. Jiang’s group constructed the

protein scaffolded DNA tetrads for miRNA imagingslked on crosslinking HCR (Fig. 6b). In this
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process, the high-affinity of streptavidin and fduotin-labeled hairpin H1 or H2 constructed
multiple robust protein scaffolded nanotetrads (#tuaet al., 2018). More importantly, the
nanotetrads could escape from the lysosome, whiatienthe quick and fast entry to the cell
without the help of any transfection regent. In phesence of miRNA, it unfolded the hairpin H1
and initiated cross-linking HCR reaction in foureditions of nanotetrad, generating hydrogel
like 3D nanostructure. Chain-hybridize reactionugiat the doner (labeled in H2) and acceptor
(labeled in H1) in close proximity and FRET sigealld be detected along with the unfolded
hairpin. Similarly, a tetrahedral DNA is able tocapt four hairpin probes thus lead to the
formation of macromolecule nanostructure with anging cell membrane penetrability. The
hairpins based tetrahedral DNA nanostructure canomdy easily enter the cell fan situ
miRNA-21 imaging, but also can be regarded as dfelyver (e.g. methylene blue) for the
photodynamic therapy treatment of cancer cells laasl negligiblecytotoxicity (Wang et al.,

2019).
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Fig. 6 Nonlinear HCR based bioimaging applicatioasSchematic illustration obHCR based FISH strategy for in situ imaging
of mRNA. Reproduced with permission from Ref. (Tagtgal., 2017)b) Schematic illustration of protein scaffolded DNA

tetrads for miRNA imaging. Reproduced with pernoasirom Ref. (Huang et al., 2018).
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5. Conclusions

In this review, we have introduced a novel enzyme-hucleic acid amplification strategy
— nonlinear hybridization chain reaction, classityiits amplification mechanism into four
categories and holding several representative ebesmp clarify its biological applications in
biosensor and bioimaging. It is not hard to notitat nonlinear HCR is more in line with the
requirements of point-of-care testing (POCT) thalitional HCR, for its exponential scale of
amplification, rapid test speed, and low detectiont. Nonlinear HCR strategy can integrate
with optical techniques (e.g. fluorescent, colotineg, electrochemical techniques, and other
signal readout platforms (e.g. SPR, PEC) for uMtnagive and specific detection of diseases
biomarker. Nevertheless, some limitations of thethmdology still need to be addressed. First,
the self-assembly of DNA nanostructures largeliesebn kinetics and are driven by free energy,
sometimes even in the absence of catalyst. Théioranay proceed spontaneously, resulting in
high background signals and false positive resultserefore, it is crucial to enhance the
robustness of the reaction system and the purith®fmnucleotide. Second, the nonlinear HCR
process is irreversible and hard to control. Consetly, it is difficult to monitor the change of
reactant concentration over a long period of tiMereover, the various shapes of amplification
products make it rather difficult to achieve abselguantification. Third, on account of surface
charge, size, and biocompatibility, it is formidakib deliver nucleic acids directly into cells.
Fourth, like traditional HCR, nonlinear HCR basetbskensing technology is still at the
laboratory level, because its polydisperse assetdlythe uncontrollable size of hybridization
product can only provide compromised reproducipititcomplex sample matrix. Therefore, it is

still a long way to go before volume production aadid point-of-care applications.

6. Further perspective

In spite of these challenges, we have to admitribatinear HCR strategy is an innovation

of isothermal amplification methods, which can agki exponential amplification of targets

38



10
11

molecule under moderate experimental conditionsthen term of biosensor, nonlinear HCR
acted as signal amplifier that can incorporate welhsatile signal transduction platform for the
sensitive detection of nucleic acids, proteins,anieins and the activity of enzymes. It should be
noted that nonlinear HCR had the same amplificapotential as PCR and did not require
temperature cycling, which was expected to becomeeraerging single molecule detection
method just as ddPCR (digital droplet PCR) by camnigy with microfluidic technology. On the

other hand, nonlinear HCR has provided new oppdai&snforin situ imaging of molecules in a

living cell. On the whole, we assumed that, undstigious design, the synergy between
nonlinear HCR strategy and signal transductionfqlat is expected to be a satisfactory tool in

clinical diagnosis and point-of-care testing (PO@{he future.
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Nonlinear hybridization chain reaction is regarded as a powerful signal amplifier for
the detection of biomarkers by integrating with versatile sensing platforms.

The basic features of nonlinear HCR mechanism are summarized.

The recent development of nonlinear HCR in biosensing and bioimaging applications
have been discussed.

The challenges and further perspectives of nonlinear HCR are highlighted.
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