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HYBRIDIZATION CHAIN REACTION METHODS

FOR IN SITU MOLECULAR DETECTION

RELATED APPLICATION DATA

This application claims priority to U.S. Provisional Application No. 62/326,959 filed

on April 25, 2016 which is hereby incorporated herein by reference in its entirety for all

purposes.

STATEMENT OF GOVERNMENT INTERESTS

This invention was made with government support under Grant No. DGE1 144 152

awarded by National Science Foundation and under Grant No. HG005550 awarded by

National Institutes of Health. The government has certain rights in t e invention.

BACKGROUND

A hybridization chain reaction method is described in Choi, Harry MT, Victor A .

Beck, and Niles A . Pierce. "Next-generation in situ hybridization chain reaction: higher gain,

lower cost, greater durability." ACS nano 8.5 (2014): 4284-4294. Other methods include

those disclosed in US2005/0260635, US 2006/0228733, and US 7,727,72 1.

SUMMARY

Embodiments of the present disclosure are directed to methods of using one or more

or a plurality of probe sets based on the hybridization chain reaction ("HCR") for the

identification and/or sequencing of one or more or a plurality of molecules in a sample, such

as a biological sample. In general, hybridization chain reaction uses a nucleic acid initiator

sequence, such as a DNA initiator sequence, and two or more or a plurality of metastable



HCR monomers, which may take the form of a double stranded portion connected by a linker

at one end of t e double stranded portion and a single stranded sequence, such as a toe hold

sequence, attached to one strand at t e other end of the double stranded sequence. An

exemplary metastable HCR monomer is a DNA hairpin with a toehold sequence. For ease of

understanding, reference may be made to a hairpin sequence as exemplary of a metastable

HCR monomer with the understanding that other metastable HCR monomers having a

different structure may be used. The initiator sequence hybridizes to one strand of a first

hairpin sequence causing the first hairpin sequence to open leaving a single stranded labeled

extension which can then hybridize with a second hairpin sequence causing the second

hairpin sequence to open leaving a single stranded extension which can then hybridize with a

third hairpin sequence, etc., to form a polymer having a plurality of labels. Materials and

methods regarding the use of the hybridization chain reaction are provided in US

2006/0228733 hereby incorporated by reference in its entirety.

Methods described herein incorporate hybridization chain reaction ("HCR") as a

dynamic DNA-based sensing platform that can be used to read-out information encoded by

the presence, abundance, and localization of initiator strand(s) of DNA or RNA, which trigger

chain reaction of hybridization of nucleic acid molecules from a pool of stable or metastable,

HCR monomers such as hairpins, which are generally understood herein to include a double

stranded portion linked at one end by a linker or linker sequence. HCR amplifies the signal

by increasing the number of detectable moieties, such as fluorophores, localized to the

initiator strand. The initiator strand is said to be information encoding to the extent that

initiator strands can be designed to be associated with a particular target molecule within a

sample including a plurality of target molecules.

The disclosure provides hybridization chain reaction cycling strategies. Probe sets are



used to create a plurality of HCR reactions, conducted in series, such as between 2 and 10

serial reactions, between 5 and 100 serial reactions, between 10 and 100 serial reactions, or

between 20 and 100 serial reactions; or as sets of parallel reactions conducted in series, such

as between 2 and 10 serial reaction sets, between 10 and 100 serial reaction sets, or between

20 and 100 serial reaction sets, of which each set of reactions contains between 2 and 4 HCR

reactions, between 2 and 10 HCR reactions, between 2 and 20 HCR reactions, between 5 and

20 HCR reactions, or between 5 and 50 HCR reactions. These serial reactions or serial sets of

parallel reactions can be used to achieve serial or combinatorial labeling of a plurality of

analytes, such as between 10 and 1,000, between 10 and 10,000, between 100 and 1,000,000,

between 500 and 100,000, or between 1,000 and 10,000 analytes. The disclosure provides

methods of using sets of probes against a target analyte, whether modified or unmodified,

using a schedule of serial probing events. The disclosure provides methods of programming

t e association between a probe against a target analyte and one or more HCR initiator

sequences. The disclosure provides methods of programming the functionality of an HCR

initiator sequence. The disclosure provides methods of using sets of HCR hairpins, whether

modified or unmodified, for programmable assembly / disassembly of an HCR polymer. The

disclosure provides methods of programming the association between an HCR polymer and a

fluorescence signal.

Methods described herein incorporate features shown in Figs. 1A-1C and as set forth

in ACS Nano 8.5 (20 14): 4284-4294 hereby incorporated by reference in its entirety. Figs.

1A-1C depict in situ amplification via hybridization chain reaction (HCR). Fig. 1A depicts an

HCR mechanism. Metastable fluorescent hairpins self-assemble into fluorescent

amplification polymers upon detection of a cognate initiator. Initiator II, comprised of single-

stranded segments "b*-a*", nucleates with hairpin H I via base-pairing to single-stranded



toehold "a" of H I , mediating a branch migration that opens the hairpin to form complex

I I H I containing single-stranded segment "c*-b*". This complex nucleates with hairpin H2

by means of base-pairing to single-stranded toehold "c", mediating a branch migration that

opens the hairpin to form complex Ι 1Ή 1Ή 2 containing single-stranded segment "b*-a*".

Thus, the initiator sequence is regenerated, providing the basis for a chain reaction of

alternating H I and H2 polymerization steps. Red stars denote fluorophores. Fig. IB depicts

an in situ hybridization protocol. At the detection stage, probe sets including one or more or a

plurality of initiator strands are hybridized to mRNA targets, and unused probes are washed

from the sample. At the amplification stage using hybridization chain reaction by an initiator

and a plurality of hairpins as described in Fig. 1A, initiators trigger self-assembly of tethered

fluorescent amplification polymers from hairpins, and unused hairpins are washed from the

sample. Fig. 1C depicts an experimental timeline. The same two-stage protocol is used

independent of the number of target mRNAs. For multiplexed experiments (three-color

example depicted), probe sets for different target mRNAs (five probes depicted per set) carry

orthogonal initiators that trigger orthogonal HCR amplification cascades labeled by spectrally

distinct fluorophores.

An "HCR system," "HCR probe set," or "HCR initiator/hairpin set" include one or

more initiator strands of nucleic acid together with one or more metastable HCR monomers,

such as nucleic acid hairpins, that together are capable of forming the hybridization chain

reaction polymer. According to methods described herein, an HCR system is designed using

criteria to achieve the desired properties, such as orthogonality or non-reactivity with other

nucleic acid species, as well as to have the desired kinetic and thermodynamic properties. The

HCR system may be synthesized using standard methods, such as chemical nucleic acid

synthesis, including commercial sources such as Integrated DNA Technologies (IDT,



Coralville, Iowa), W.M. Keck Foundation Oligo Synthesis Resource (New Haven,

Connecticut), or Molecular Instruments (Pasadena, California). Alternatively, t e HCR

system components may be synthesized and/or amplified using standard enzymatic methods,

such as PCR followed by lambda exonuclease digestion of one strand to yield ssDNA, (see

Current Protocols in Molecular Biology (20 14): 14-23 hereby incorporated by reference in its

entirety) or in vitro transcription followed by reverse transcription to yield ssDNA (see

Science 348:6233 (20 15):aaa6090 hereby incorporated by reference in its entirety.

Methods described herein utilizing features of hybridization chain reaction can be

used for detecting one or more analytes or target molecules, such as for example within a

biological sample (in situ), by designing of one or more or a plurality of HCR reactions,

conducted in series, or as sets of parallel reactions conducted in series, for serial or

combinatorial labeling of a plurality of target molecules, molecular identities, molecular

qualities, or molecular compositions, such that each target is associated with a unique HCR

signal or set of HCR signals over the totality of HCR reactions. Target molecules include

nucleic acid polymers, such as RNA, DNA, and their analogs, amino acid polymers,

including proteins, chemical modifications of any of the above, lipids, metabolites,

biomolecules, and other small molecules, and molecular compositions including one or more

of any of the above.

Target molecules or analytes are target by probes which may be connected to an

initiator strand. The disclosure provides that the probe may be connected to the initiator

strand by a linker. The disclosure provides that the initiator strand may be removable from

the probe. The disclosure provides that the linker may be a cleavable linker. The disclosure

provides that the linker may be formed from any binding pair of molecules which may bind

together and be separated. The binding pair would connect the probe and the initiator strand



such that the probe and the initiator would not be directly connected but would be indirectly

connected through t e binding pair of molecules.

Methods described herein allow rapid and isothermal amplification of a signal and

detection of a diversity of analytes or target molecules in the same sample. Methods

described herein include multiplexing by simultaneously using independent and orthogonal

HCR systems to detect distinct analytes, multiplexing by simultaneously using independent

and orthogonal HCR systems labeled with spectrally distinct dyes to detect distinct analytes,

augmented space of spectrally distinct labels by combinatorial or colorimetric barcoding, as

by simultaneously using one or more fluorophores per HCR system (see Science 297: 836-840

(2002) hereby incorporated by reference in its entirety), specificity by using triggered probes

that protect the initiators until the probes bind specifically to targets, reduced background by

using self-quenching HCR system components with fluorophore/quencher pairs that become

separated during assembly into amplification polymers, where unreacted HCR system

components exhibit suppressed fluorescence, efficient penetration into a sample by using

small HCR system components that diffuse rapidly and penetrate into a small-pore matrix

such as a formaldehyde-fixed biological sample or polyacrylamide hydrogel, sensitive

quantitative amplification by using nonlinear HCR mechanisms that offer exponential growth

into polymers of a particular final size, and programmable amplification by using HCR

systems exhibiting linear, quadratic, or exponential polymer growth.

Accordingly, methods described herein utilize target molecules or analytes which can

be tracked for analysis as methods described herein utilize a cyclic method for analyzing such

target molecules or analytes. That is, a particular target molecule or analyte is subjected to

repeated or cyclic analysis using HCR as described herein and so is tracked in a manner that

it is spectrally resolvable from other target molecules or analytes which may be in the same



sample. One exemplary method of tracking a particular target molecule or analyte is by

fixing t e sample in a three dimensional matrix, so that each target molecule or analyte has a

fixed known position within t e matrix and can be subjected to repeated or cyclic HCR

procedures as described herein wherein a signal resulting from HCR can be monitored and

analyzed to produce time-ordered signals for the same or particular target molecule or

analyte.

Methods described herein, such as repeated or cycling of certain method steps,

advantageously overcome an upper limit on the number of orthogonal HCR systems

associated with known systems. See ACS Nano 8.5 (20 14):4284-4294. HCR has been

known to be limited to five orthogonal DNA HCR probe sets. In order to be used

simultaneously, the HCR probe sets must be non-reactive with each other, which is typically

achieved by computationally designing the HCR probe sets simultaneously. This process may

be computationally intensive, and scaling the number of simultaneously designed probe sets

can dramatically increase the computational cost. In practice, growing the number of HCR

probe sets comes at the cost of increased background and false-positive amplification, as the

distance between probe sets in nucleic acid sequence space shrinks, given a nucleic acid

sequence space defined by the size of the HCR system functional domains (e.g. an initiator

domain and a propagation region). There may be other costs associated with engineering the

HCR probes to be more specific by increasing the size of the nucleic acid sequence "design

space", e.g. HCR probe sets with longer propagation regions may take significantly longer to

polymerize.

Methods described herein advantageously overcome inherent barcoding limitations

associated with known systems. If each HCR probe set is labeled with one of N spectrally

distinct dyes, N analytes may be labeled simultaneously. If all combinatorial and single-color



barcodes are used, the number of analytes labeled simultaneously is equal to 2N-1.

Biological systems exhibit enormous complexity in terms of molecular species,

molecular qualities, and molecular configurations. Methods described herein can be used to

simultaneously multiplex label a plurality of molecular species, molecular configurations, and

molecular qualities, for t e purpose of determining identity, abundance, and localization of

molecules within biological systems, e.g. measuring the molecular configuration of biological

systems. A certain property of the target analyte contains some "original information"

regarding the existence, localization, abundance, number, identity, quality, configuration, or

other property of the target, which is desired to be measured; where "information" is broadly

considered to refer to what is conveyed or represented by the particular spatial and/or

temporal arrangement of atoms, molecules, compounds, or molecular complexes, within a

biological system, which is desired to be measured. During detection, this information or

some fraction thereof is conveyed from the target analyte to a human or computer system via

labeling and detection.

Given N orthogonal, independent, and spectrally distinct HCR systems, methods

described herein provide greater multiplexity by using method steps of serial labeling of

analytes for either linear or exponential barcoding. Linear Barcoding re-uses, (i.e. uses the

same) N HCR systems serially k times to label N total analytes. This can be achieved by

changing the association between the analyte and the HCR initiator between each round of

HCR amplification and detection, such that each HCR initiator is associated with a different

analyte during each round of HCR. Exponential barcoding re-uses (i.e. uses the same) N

HCR systems serially k times to label N total analytes. This can be achieved by changing the

association between the analyte and the HCR initiator between each cycle of HCR

amplification and detection, such that each analyte is associated with a number of HCR



initiators over the totality of sequential HCR cycles (each analyte associated with between 0

and 1 HCR systems during each sequential cycle of HCR). Over the totality of HCR cycles,

t e combinatorial label associated with a target analyte is thereby constructed from the

individual HCR signals within each cycle. In both cases, the relationship between the target

analytes and the HCR reactions, which are understood to generate the detected fluorescence

signals, is programmable, in that the HCR reactions are engineered over time to generate a

coded set of fluorescence signals for the purpose of labeling analytes, such as those in situ.

Collectively, this technology is referred to herein as cyclic HCR (CHCR), as steps within the

overall labeling process can be cycled, i.e. occurring in a successive and recurring manner.

The disclosure provides methods and materials for "programming" the labeling

cascade of HCR reaction including the steps of contacting the sample with a probe,

contacting the sample with an HCR initiator sequence, contacting the sample with metastable

HCR monomers, such as hairpins, and contacting the sample with fluorescent moieties,

wherein the probe binds the target analyte, and wherein the HCR initiator sequence is

associated with the probe, and wherein the initiator sequence nucleates with the cognate

hairpin and triggers self-assembly of tethered amplification polymers, and wherein the

tethered amplification polymer is associated with the fluorescent moieties, and wherein the

target analyte is detected by measuring fluorescence of the sample.

The disclosure further provides methods and materials for "programming" the

labeling cascade including the steps of contacting the sample with a probe, contacting the

sample with an HCR initiator sequence, contacting the sample with metastable HCR

monomers, such as hairpins, and contacting the sample with fluorescent moieties, wherein the

probe binds the target analyte, and wherein the HCR initiator sequence is associated with the

probe, and wherein the initiator sequence nucleates with the cognate hairpin and triggers self-



assembly of tethered amplification polymers, and wherein the tethered amplification polymer

is associated with t e fluorescent moieties, and wherein the target analyte is detected by

measuring fluorescence of the sample; and also including the steps of dissociating the

fluorescent moieties from the HCR polymer and removing them, such as by washing, from

the sample, of degrading or disassembling the HCR polymer and removing the constituent

fragments from the sample, such as by washing, of dissociating or removing the HCR

initiator sequence from the probe contacting the target analyte and removing it, such as by

washing, from the sample, and/or of dissociating the probe from the target analyte and

removing it, such as by washing, from the sample.

Cyclic HCR is enabled specifically by methods and materials to achieve

programmability of each information transfer step. "Programmability" refers to the materials

and methods enabling each step of the information transfer or labeling cascade to be either

able to be gated, i.e. executed according to a pre-determined, discontinuous schedule, where

the information transfer or labeling cascade is dependent upon one or more, or a plurality of

inputs; or each step is able to be specifically reversed, i.e. where the information passed to a

subsequent step in the labeling cascade is selectively deactivated, removed, destroyed or

rendered undetectable, after being detected; or each step is able to be both gated and

reversible. "Gated" as used herein may mean "inactive", "inhibited", "unable to proceed",

and "ungated" as used herein may mean "active", "activated", "uninhibited", "able to

proceed", and the like.

The disclosure provides a method for detecting a target analyte in a biological sample

comprising the steps of: contacting the sample with a probe including an initiator sequence,

contacting the sample with one or more, or a plurality of metastable fluorescent HCR

monomers, such as hairpins, wherein the probe binds the target analyte, and wherein the



initiator sequence nucleates with the cognate hairpin and triggers self-assembly of tethered

fluorescent amplification polymers, and detecting t e target analyte in the sample by

measuring fluorescence of the sample. In one embodiment, a plurality of probes can be added

for detecting multiple target analytes. In another embodiment, a plurality of metastable

fluorescent hairpins having spectrally distinct fluorophores can be added for multiplexed

detection. In one embodiment, the analyte comprises nucleic acid polymers including RNA,

DNA and their analogs. In another embodiment, the analyte comprises amino acid polymers

including proteins and chemical modifications thereof. In yet another embodiment, the

analyte comprises lipids, metabolites, biomolecules, and other small molecules. In one

embodiment, the initiator sequence is a DNA initiator sequence. In another embodiment, the

method of the disclosure further comprises serial labeling of the analytes for either linear or

exponential barcoding for multiplexed detection. In one embodiment, the method of the

disclosure further comprises attaching a linker probe or secondary probe to the target analyte.

In another embodiment, the linker probe or secondary probe binds to the probe including the

initiator sequence. In certain embodiments, the initiator sequence is common or unique to the

target analyte. In one embodiment, the probe is a triggered or activatable probe, such that the

initiator sequence is protected or inhibited until the probe binds specifically to the target

analyte, whereupon the initiator sequence is activated. In certain embodiments, a unique label

associated with a target analyte is constructed from one or more, or a plurality of individual

HCR signals using Cyclic HCR.

The disclosure further provides a method of in situ imaging comprising the steps of:

contacting a biological sample with a probe, contacting the sample with an HCR initiator

sequence that becomes associated with the probe, contacting the biological sample with a

metastable HCR monomer(s) such as a hairpin(s), wherein the probe binds a target analyte in



the biological sample, and wherein the HCR initiator sequence is associated with the probe,

and wherein the initiator sequence nucleates with the cognate hairpin and triggers self-

assembly of tethered amplification polymers, and wherein the tethered amplification polymer

is associated with the fluorescent moieties, and wherein the target analyte is detected in the

biological sample by measuring the fluorescence of the polymers.

In one embodiment, a plurality of probes can be added for imaging multiple target

analytes. In another embodiment, a plurality of metastable fluorescent hairpins having

spectrally distinct fluorophores can be added for multiplexed imaging. In another

embodiment, the method of the disclosure further comprises serial labeling of the analytes for

either linear or exponential barcoding for multiplexed detection. In one embodiment, the

method of the disclosure further comprises attaching a linker probe or secondary probe to the

target analyte wherein the linker probe or secondary probe is unique to the target analyte. In

another embodiment, the linker probe or secondary probe binds to the probe comprising the

initiator sequence. In certain embodiments, the initiator sequence is common or unique to the

target analyte. In one embodiment, the probe is a triggered probe where the initiator sequence

is protected or inhibited until the probe binds specifically to the target analyte whereupon the

initiator sequence is activated. The method according to the present disclosure further

comprises rounds of hybridization chain reaction "HCR" and detection cycles.

The disclosure provides a hybridization chain reaction "HCR" system including a

probe including one or more nucleic acid initiator strands, and a metastable nucleic acid

fluorescent HCR monomer such as a hairpin, wherein the initiator strand is capable of

nucleating with the cognate hairpin and triggering self-assembly of HCR fluorescent

polymers. In one embodiment, a plurality of probes are present for imaging multiple target

analytes. In another embodiment, a plurality of metastable fluorescent hairpins having



spectrally distinct fluorophores are present for multiplexed imaging. In one embodiment, t e

system is designed using criteria to achieve the desired properties, such as orthogonality or

non-reactivity with other nucleic acid species, and to have the desired kinetic and thermal

properties. In one embodiment, the hairpins can be generated by chemical and/or enzymatic

synthesis. In some embodiments, rounds of hybridization chain reaction "HCR" and detection

cycles can be performed. In one embodiment, the initiator and hairpin can be re-used. In

another embodiment, the fluorescent signal can be programmatically generated and reset.

According to one aspect, the present disclosure provides a method for detecting one or

more target analytes in a sample including contacting the sample with one or more probe sets

wherein each probe set comprises one or more primary probes each cognate to a linker, and

wherein each probe set is specific to a target analyte, contacting the sample with one or more

hybridization chain reaction (HCR) initiators which bind to the linker, contacting the sample

with one or more HCR amplifier systems, wherein each HCR amplifier system comprises two

or more metastable HCR monomers, wherein at least one of the HCR monomers comprises a

detectable label, wherein the primary probe binds the target analyte, wherein the linker

connects the primary probe with the initiator, and wherein the initiator contacts the cognate

HCR amplifier monomers and triggers hybridization chain reaction of self-assembled and

tethered nucleic acid amplification polymer products, and wherein the detectable label is

detected. In one embodiment, a plurality of probe sets each specific to a target analyte is

designed for programmable and temporally ordered hybridization chain reactions. In another

embodiment, the detectable label is fluorescent label and the totality of the temporally

generated fluorescent signals provides a unique set of information for each target analyte

including molecular identity, molecular quality, or molecular configuration. In one

embodiment, the sample can be contacted with the probe set and the initiator simultaneously.



In another embodiment, t e HCR amplifier system is comprised of two metastable DNA

hairpins. In one embodiment, the detectable label of the HCR amplifier system comprises

spectrally distinct fluorescence signals for multiplexed detection. In another embodiment, the

detectable label of the HCR amplifier system comprises a sequencing template for fluorescent

sequencing by hybridization, fluorescent sequencing by ligation, or fluorescent sequencing by

synthesis. In some embodiments, the target analytes comprise nucleic acid polymers

including RNA, DNA and their analogs. In other embodiments, the target analytes comprise

amino acid polymers including proteins and chemical modifications thereof. In some

embodiments, the target analytes comprise lipids, metabolites, biomolecules, and other small

molecules. In certain embodiments, the initiators comprise a nucleic acid hybridization chain

reaction (HCR) initiation region. In one embodiment, the initiators comprise DNA. In some

embodiments, the HCR amplifier monomers comprise metastable DNA double strands joined

by a linker. In some embodiments, the target analytes are serially labeled. In one

embodiment, the combined temporally ordered set of detected labels from the totality of

cycles of HCR, wherein each cycle comprises detection of the detectable labels of one or

more HCR systems, comprise a unique composite label for each target analyte. In another

embodiment, the composite label comprises a linear or exponential barcode for multiplexed

detection. In one embodiment, the unique composite label comprises a barcoded message. In

another embodiment, the barcoded message further contains additional information including

for error detection or error correction. In one embodiment, the design of a set of

programmable and temporally ordered hybridization chain reactions and cognate fluorescent

signals comprise a unique barcoded message for each target analyte. In one embodiment,

cyclic HCR is enabled by the programmability of each information transfer step. The

programmability refers to enabling each step of information transfer to be gated and or



reversed. The gated information transfer refers to an execution according to a pre-determined,

discontinuous schedule where the information transfer is dependent upon one or more inputs.

In one embodiment, the binding of one or more primary probe sets to the target is repeated

two or more times. In one embodiment, the primary probe and the linker are connected via

covalent or non-covalent interactions. In another embodiment, t e linker and the initiator are

connected via covalent or non-covalent interactions. In one embodiment, the linker can be a

bond or comprise a sequence portion that is complementary to a sequence portion of an

oligonucleotide comprising an initiator sequence and hybridizes to the oligonucleotide

comprising an initiator sequence. In another embodiment, the connection among the primary

probe and the linker are programmably disrupted or reversed. In one embodiment, the

connection among the linker and the initiator are programmably disrupted or reversed. In

another embodiment, the linker comprises an initiator sequence cognate to a protecting group,

which prevents the initiator from initiating HCR. In one embodiment, the initiator sequence is

protected by a protecting oligonucleotide. In another embodiment, the protecting group is

programmably disrupted from the linker, which allows the initiator to initiate HCR. In one

embodiment, a de-protecting oligonucleotide can be introduced to remove the protecting

oligonucleotide by toehold strand displacement. In another embodiment, the HCR polymer is

degraded or disassembled after detecting the detectable label. In one embodiment, the

connection among the HCR polymer and the detecting label is programmably disrupted or

reversed after detection. In another embodiment, the binding of the primary probe to the

target, and the connection among the primary probe, the linker, the initiator, the polymer, and

the detecting moiety, can be programmably disrupted and reversed. In certain embodiments,

the method further includes rounds of hybridization chain reaction "HCR" and detection

cycles. In other embodiments, the method can be used for in situ imaging of a biological



sample.

According to another aspect, the present disclosure provides a cyclic hybridization

chain reaction "HCR" system including one or more probe sets wherein each probe set

comprises one or more primary probes each cognate to a linker, and wherein each probe set is

specific to a target analyte, an initiator, and one or more HCR amplifier systems, wherein

each HCR amplifier system comprises two or more metastable HCR monomers, wherein at

least one of the HCR monomers comprises a detectable label, wherein the initiator contacts

the cognate HCR amplifier monomers and triggers hybridization chain reaction of self-

assembled and tethered nucleic acid amplification polymer products, and wherein the

detectable label is detected. In one embodiment, a plurality of probe sets each specific to a

target analyte is designed for programmable and temporally ordered hybridization chain

reactions. In another embodiment, the totality of the temporally generated fluorescent signals

provides a unique set of information for each target analyte including molecular identity,

molecular quality, or molecular configuration. In one embodiment, the HCR amplifier

monomers are DNA hairpins. In another embodiment, the detectable label of the HCR

amplifier monomers further comprises spectrally distinct fluorescent signals for multiplexed

detection. In one embodiment, the system is designed using criteria to achieve the desired

properties, such as orthogonality or non-reactivity with other nucleic acid species, and to

have the desired kinetic and thermodynamic properties. In another embodiment, the HCR

monomers can be generated by chemical and/or enzymatic synthesis. In one embodiment,

non-fluorescent HCR monomers can be used. In another embodiment, the non-fluorescent

HCR monomers are fluorescently labeled during or after the HCR polymerization stage. In

one embodiment, the polymers formed from the non-fluorescent monomers are fluorescently

labeled after the HCR polymerization stage. In another embodiment, the polymers formed



from the non-fluorescent monomers are fluorescently labeled after t e HCR polymerization

stage by fluorescent sequencing by hybridization, fluorescent sequencing by ligation, or

fluorescent sequencing by synthesis, by enzymatic reaction, or by chemical reaction. In

certain embodiments, more than one round of hybridization chain reaction "HCR" and

fluorescence detection can be performed. In other embodiments, the probes, linkers, initiators

and HCR monomers can be re-used. In one embodiment, the linker is a nucleic acid sequence

that is complementary to an oligonucleotide comprising an initiator. In another embodiment,

the linker comprises a functional group for programmable disassociation from the initiator.

In one embodiment, the linker comprises an initiator cognate to a protecting group, which

prevents the initiator from initiating HCR. In another embodiment, the binding of the primary

probe to the target, and the connection among the primary probe, the linker, the initiator, the

polymers, and the detectable label can be disrupted and reversed during each round of

hybridization chain reaction "HCR" and detection cycle to enable programmability of the

system. In one embodiment, detection of the detectable label can be programmatically

generated and reset. In another embodiment, the HCR amplifier monomers contain functional

groups for programmable disassembly or degradation of the polymer. In one embodiment, the

functional groups are comprised of toehold strand displacement sequences. In another

embodiment, the functional groups comprise chemically labile, enzymatically labile, or

photo-labile chemical groups. In certain embodiments, the probe binding to the target analyte

is reversed by methods comprising chemical treatment, enzymatic treatment, DNase

treatment of RNA ISH probes, exonuclease treatment of 5' phos ISH probes, nuclease

treatment of nucleic acid probes, proteinase treatment of peptide probes, use of heat or

denaturant to disrupt nucleic acid hybridization, use of heat or denaturant to disrupt aptamer

binding, or use of heat or denaturant to disrupt bonding between antibody and protein. In one



embodiment, the system comprises methods for programming HCR initiator functional

linkage to bound probe. In another embodiment, the methods for programming HCR initiator

functional linkage to bound probe comprise a) use of nucleic acid hybridization to add an

initiator to a linker probe bearing a complementary nucleic acid molecule using sequencing

by hybridization, b) use of an enzyme to add an initiator to a linker probe, c) use of heat or

denaturant to disrupt nucleic acid hybridization to remove an initiator hybridized to a linker

probe, d) use of toehold strand displacement to remove a protecting strand from an initiator

that is localized to a target molecule via a linker probe, and e) incorporation of chemical,

enzymatic, or photo-labile group between the initiator and linker probe, such that the initiator

can be removed by chemical, enzymatic, or light treatments that disrupt the chemical linkage

between the initiator and the linker probe. In one embodiment, the enzyme that adds the

initiator to the linker probe is a DNA ligase that catalyzes a splint ligation reaction. In another

embodiment, the system comprises methods for reversing a hybridization chain reaction. In

one embodiment, the methods for reversing the hybridization chain reaction comprise a)

using modified HCR monomers comprising one or more additional sequence for toehold

strand displacement, such that addition of one or more complementary DNA strands will

cause the HCR polymer to disassemble, and b) using modified HCR monomers comprising

one or more enzymatic or chemical sensitive groups, or photo-labile groups in the DNA

backbone of the HCR monomers, such that the HCR polymer can be fragmented or disrupted

by chemical, enzymatic, or light treatments. In one embodiment, the system comprises

methods for programming the functional generation of the HCR polymer fluorescent signal.

In certain embodiments, the methods for programming the HCR polymer functional

generation of fluorescent signal comprise a) using modified HCR monomers comprising

additional sequence capable of being probed using sequencing by synthesis (SBS),



sequencing by ligation (SBL), or sequencing by hybridization (SBH) to introduce fluorescent

moieties to the HCR polymer, b) using modified HCR monomers comprising enzymatic,

chemical, or photo-labile groups between the HCR DNA monomer backbone and fluorescent

moieties, such that the fluorescent moieties can be removed by chemical, enzymatic, or light

treatments, c) using modified fluorescent probes capable of labeling a HCR polymer such as

by SBS, SBL, or SBH, wherein the fluorescent probes comprise additional sequence for

toehold strand displacement such that t e fluorescent probes can be removed from the HCR

polymer by disrupting t e hybridization between the fluorescent probes and the HCR

polymer, and d) using modified fluorescent probes capable of labeling a HCR polymer such

as by SBS, SBL, or SBH, wherein the fluorescent probes comprise enzymatic, chemical, or

photo-labile groups between the HCR polymer backbone and fluorescent moieties, such that

the fluorescent moieties can be removed by chemical, enzymatic, or light treatments.

According to one aspect, the present disclosure provides a method for detecting one or

more target analytes in a biological sample in situ by hybridization chain reaction (HCR)

including contacting the sample with one or more probe sets wherein each probe set

comprises one or more primary probes each cognate to a linker, and wherein each probe set is

specific to a target analyte, contacting the sample with one or more hybridization chain

reaction (HCR) initiators, contacting the sample with one or more HCR amplifier systems,

wherein each HCR amplifier system comprises two or more metastable HCR monomers,

wherein at least one of the HCR monomers comprises a detectable label, wherein the primary

probe binds the target analyte, wherein the linker connects the primary probe with the

initiator, and wherein the initiator contacts the cognate HCR amplifier monomers and triggers

hybridization chain reaction of self-assembled and tethered nucleic acid amplification

polymer products, and wherein the detectable label is detected. In one embodiment, a



plurality of probe sets each specific to a target analyte is designed for programmable and

temporally ordered hybridization chain reactions. In another embodiment, the totality of the

temporally generated fluorescent signals provides a unique set of information for each target

analyte including molecular identity, molecular quality, or molecular configuration. In one

embodiment, the sample can be contacted with the probe set and the initiator simultaneously.

In another embodiment, the probe binding to the target analyte can be reversed so that the

target analyte can be re-probed using hybridization chain reaction to amplify the signal. In

certain embodiments, the probe binding to t e target molecule is reversed by methods

comprising chemical treatment, enzymatic treatment, DNase treatment of RNA ISH probes,

exonuclease treatment of 5' phos ISH probes, nuclease treatment of nucleic acid probes,

proteinase treatment of peptide probes, use of heat or denaturant to disrupt nucleic acid

hybridization, use of heat or denaturant to disrupt aptamer binding, or use of heat or

denaturant to disrupt bonding between antibody and protein. In one embodiment, t e method

further includes methods for programming HCR initiator functional linkage to bound probe.

In one embodiment, the methods for programming HCR initiator functional linkage to bound

probe comprise a) use of nucleic acid hybridization to add an initiator to a linker probe

bearing a complementary nucleic acid molecule using sequencing by hybridization, b) use of

an enzyme to add an initiator to a linker probe, c) use of heat or denaturant to disrupt nucleic

acid hybridization to remove an initiator hybridized to a linker probe, d) use of toehold strand

displacement to remove a protecting strand from an initiator that is localized to a target

molecule via a linker probe, and e) incorporation of chemical, enzymatic, or photo-labile

group between the initiator and linker probe, such that the initiator can be removed by

chemical, enzymatic, or light treatments that disrupt the chemical linkage between the

initiator and the linker probe. In one embodiment, the enzyme that adds the initiator to the



linker probe is a DNA ligase that catalyzes a splint ligation reaction. In one embodiment, t e

method further includes methods for reversing a hybridization chain reaction. In one

embodiment, the methods for reversing the hybridization chain reaction comprise a) using

modified HCR monomers comprising one or more additional sequence for toehold strand

displacement, such that addition of one or more complementary DNA strands will cause the

HCR polymer to disassemble, and b) using modified HCR monomers comprising one or

more enzymatic or chemical sensitive groups, or photo-labile groups in the DNA backbone of

the HCR monomers, such that the HCR polymer can be fragmented or disrupted by chemical,

enzymatic, or light treatments. In one embodiment, the method further includes methods for

programming the functional generation of the HCR polymer fluorescent signal. In one

embodiment, the methods for programming the HCR polymer functional generation of

fluorescent signal comprise a) using modified HCR monomers comprising additional

sequence capable of being probed using sequencing by synthesis (SBS), sequencing by

ligation (SBL), or sequencing by hybridization (SBH) to introduce fluorescent moieties to the

HCR polymer, b) using modified HCR monomers comprising enzymatic, chemical, or photo-

labile groups between the HCR DNA monomer backbone and fluorescent moieties, such that

the fluorescent moieties can be removed by chemical, enzymatic, or light treatments, c) using

modified fluorescent probes capable of labeling a HCR polymer such as by SBS, SBL, or

SBH, wherein the fluorescent probes comprise additional sequence for toehold strand

displacement such that the fluorescent probes can be removed from the HCR polymer by

disrupting the hybridization between the fluorescent probes and the HCR polymer, and d)

using modified fluorescent probes capable of labeling a HCR polymer such as by SBS, SBL,

or SBH, wherein the fluorescent probes comprise enzymatic, chemical, or photo-labile groups

between the HCR polymer backbone and fluorescent moieties, such that the fluorescent



moieties can be removed by chemical, enzymatic, or light treatments.

According to another aspect, the present disclosure provides a method for detecting

one or more target analytes comprising contacting a sample with a cyclic hybridization chain

reaction "HCR" system more than one time, wherein each target analyte within a sample is

associated with one amplified fluorescence signal over the total number of HCR cycles. In

one embodiment,

t e combination of HCR cycle and spectrally resolvable fluorescence signal generated by

Cyclic HCR comprises a unique label for the target analyte.

According to another aspect, the present disclosure provides a method for detecting

one or more target analytes comprising contacting a sample with a cyclic hybridization chain

reaction "HCR" system more than one time, wherein each target analyte within a sample is

associated with more than one amplified fluorescence signal over t e total number of HCR

cycles. In one embodiment, the amplified fluorescence signals generated by each target

analyte are informatically combined into a composite label. In one embodiment, each target

analyte is associated with a unique composite label. In another embodiment, the sample is

fixed. In one embodiment, the composite label is generated by means of the spatial invariance

of the target analytes between HCR cycles. In one embodiment, the target analytes are

attached to a 3D matrix. In another embodiment, the composite label is generated by means

of the spatial invariance of the target analytes between HCR cycles. In one embodiment, the

composite label is generated by means of the positional order invariance of the target analytes

between HCR cycles. In another embodiment, one or more components of the Cyclic HCR

system are attached to a 3D matrix. In one embodiment, the composite label is generated by

means of the spatial invariance of the target analytes between HCR cycles. In another

embodiment, the composite label is generated by means of the positional order invariance of



the target analytes between HCR cycles. In one embodiment, t e association between the

target analyte and the HCR fluorescence signal is programamble. In another embodiment, the

association between the target analyte and the HCR fluorescence signal is programmable.

According to one aspect, the present disclosure provides a method for detecting one or

more target analytes in a sample including (A) contacting the sample with one or more probe

sets wherein each probe set comprises one or more primary probes each having a linker, and

wherein each probe set is specific to a target analyte, wherein the one or more primary probes

having a linker bind the target analyte; (B) contacting the sample with one or more

hybridization chain reaction (HCR) initiators which bind to t e linker, (C) contacting the

sample with two or more metastable HCR monomers, wherein the one or more initiators

contact the two or more metastable HCR monomers and initiates hybridization chain reaction

to produce self-assembled and tethered nucleic acid amplification polymer products, and (D)

attaching one or more detectable labels to the tethered nucleic acid amplification products,

and optionally detecting the one or more detectable labels. In one embodiment, the probe is

removable from the target analyte, the initiator is removable from the linker, the nucleic acid

amplification polymer product is removable from the initiator or the one or more detectable

labels are removable from the nucleic acid amplification polymer product. In another

embodiment, the probe is removable from the target analyte, the initiator is removable from

the linker, and the nucleic acid amplification polymer product is removable from the initiator.

In one embodiment, the probe is removable from the target analyte. In another embodiment,

the initiator is removable from the linker. In one embodiment, the nucleic acid amplification

polymer product is removable from the initiator. In another embodiment, the one or more

detectable labels are removable from the nucleic acid amplification polymer product. In

another embodiment, the probe is removable from the target analyte, the initiator is



removable from the linker, the nucleic acid amplification polymer product is removable from

t e initiator and the one or more detectable labels are removable from the nucleic acid

amplification polymer product.

According to another aspect, t e present disclosure provides for a method for

detecting one or more target analytes in a sample including (A) contacting the sample with

one or more probe sets wherein each probe set comprises one or more primary probes each

having a linker, and wherein each probe set is specific to a target analyte, wherein the one or

more primary probes having a linker bind the target analyte; (B) contacting the sample with

one or more hybridization chain reaction (HCR) initiators which bind to the linker, (C)

contacting the sample with two or more metastable HCR monomers including a detectable

label, wherein the one or more initiators contact the two or more metastable HCR monomers

and initiate hybridization chain reaction to produce self-assembled and tethered nucleic acid

amplification polymer products, and (D) optionally detecting the one or more detectable

labels. In one embodiment, the probe is removable from the target analyte. In another

embodiment, the initiator is removable from the linker. In yet another embodiment, the

nucleic acid amplification polymer product is removable from the initiator.

According to one aspect, the present disclosure provides a method for identifying a

target analyte in a sample, including (a) contacting the sample with one or more probes,

wherein a given probe of said one or more probes is coupled to a linker, and wherein said

given probe has a sequence that is complementarity to a sequence of said target analyte,

wherein upon contacting said sample with said one or more probes, said given probe binds to

said target analyte; (b) contacting the sample with one or more hybridization chain reaction

(HCR) initiators under conditions sufficient to permit a given HCR initiator of said one or

more HCR initiators to bind to the linker, wherein said given HCR initiator is separate from



said given probe, and wherein upon contacting said sample with said one or more HCR

initiators, said linker couples said probe with said given HCR initiator; (c) contacting the

sample with one or more HCR amplifiers to trigger a hybridization chain reaction, wherein a

given HCR amplifier of said one or more HCR amplifiers comprises at least one HCR

monomer that comprises a detectable label, thereby generating an amplification product

comprising said HCR monomer, which amplification product is coupled to said given probe;

and (d) detecting said amplification product, thereby identifying said target analyte. In one

embodiment, the method further includes contacting the sample with a plurality of probe sets

each specific to a target analyte, the plurality of probe sets configured to allow for

programmable and temporally ordered hybridization chain reactions. In another embodiment,

the detectable label is fluorescent label and said detecting comprises detecting fluorescent

signals, wherein a totality of the temporally generated fluorescent signals provides a unique

set of information comprising a molecular identity, molecular quality, or molecular

configuration for each target analyte. In one embodiment, the one or more HCR amplifiers

comprise two metastable DNA hairpins. In another embodiment, the detectable label of the

one or more HCR amplifiers comprises spectrally distinct fluorescence signals for

multiplexed detection. In one embodiment, the detectable label of the HCR monomer

comprises a sequencing template for fluorescent sequencing by hybridization, fluorescent

sequencing by ligation, or fluorescent sequencing by synthesis. In another embodiment, the

target analyte comprises nucleic acid polymers including RNA, DNA, RNA analogs, DNA

analogs, proteins, and chemical modifications thereof. In yet another embodiment, the target

analyte comprises lipids, metabolites, biomolecules, and other small molecules. In one

embodiment, the method further includes serially labeling target analytes. In one

embodiment, said serially labeling comprises associating each analyte with a plurality of



HCR initiators. In another embodiment, the given HCR amplifier comprises two or more

metastable HCR monomers. In one embodiment, said binding of said given to the target

analyte is repeated two or more times. In one embodiment, the linker can be a bond or

comprise a sequence portion that is complementary to a sequence portion of an

oligonucleotide comprising an initiator sequence and hybridizes to t e oligonucleotide

comprising the initiator sequence. In certain embodiments, the method further includes

disrupting or reversing the coupling between the given probe and the linker, the coupling

between the linker and the HCR initiator, or the coupling between said given probe and the

HCR initiator. In one embodiment, the linker comprises an initiator sequence cognate to a

protecting group, which prevents the HCR initiator from triggering the HCR. In another

embodiment, the protecting group is a protecting oligonucleotide. In another embodiment, the

method further includes disrupting the protecting group from the linker, thereby allowing the

HCR initiator to trigger the HCR. In one embodiment, said disrupting comprises introducing

a de-protecting oligonucleotide to the sample to remove the protecting group by a toehold

strand displacement. In another embodiment, the method further includes degrading or

disassembling the amplification product after said detecting. In one embodiment, the method

further includes disrupting or reversing a coupling between the amplification product and the

detecting label after said detecting. In another embodiment, the method further includes

disrupting or reversing the binding of said given probe to said target analyte. In yet another

embodiment, the method further includes conducting a plurality of rounds of hybridization

chain reactions comprising a plurality of detection cycles. In one embodiment, the plurality of

rounds of hybridization chain reactions comprise reusing the one or more HCR initiators or

the one or more HCR amplifiers. In another embodiment, the method further includes

programming a functional linkage between the given HCR initiator to the given probe,



wherein said programming comprises a) use of nucleic acid hybridization to add the HCR

initiator to a linker probe bearing a complementary nucleic acid molecule using sequencing

by hybridization, b) use of an enzyme to add the HCR initiator to a linker probe, c) use of

heat or denaturant to disrupt nucleic acid hybridization to remove t e HCR initiator

hybridized to a linker probe, d) use of toehold strand displacement to remove a protecting

strand from the HCR initiator that is localized to a target molecule via a linker probe, or e)

incorporation of chemical, enzymatic, or photo-labile group between the HCR initiator and a

linker probe, such that the HCR initiator can be removed by chemical, enzymatic, or light

treatments that disrupt the chemical linkage between t e initiator and the linker probe. In one

embodiment, the enzyme that adds the HCR initiator to the linker probe is a DNA ligase that

catalyzes a splint ligation reaction. In another embodiment, the method further includes

reversing or arresting the hybridization chain reaction. In one embodiment, reversing or

arresting the hybridization chain reaction comprises a) using modified HCR monomers

comprising one or more additional sequences for a toehold strand displacement, such that

addition of one or more complementary DNA strands will cause the amplification product to

disassemble, or b) using modified HCR monomers comprising one or more enzymatic or

chemical sensitive groups, or photo-labile groups in a DNA backbone of the HCR monomers,

such that the amplification product is fragmented or disrupted by chemical, enzymatic, or

light treatments. In another embodiment, the method further includes programming

generation of fluorescent signals from the amplification product by a) using modified HCR

monomers comprising additional sequences capable of being probed using sequencing by

synthesis (SBS), sequencing by ligation (SBL), or sequencing by hybridization (SBH) to

introduce fluorescent moieties to the amplification product, b) using modified HCR

monomers comprising enzymatic, chemical, or photo-labile groups between a DNA backbone



of the HCR monomer and t e detectable label comprising fluorescent moieties, such that the

fluorescent moieties can be removed by chemical, enzymatic, or light treatments, c) using

modified fluorescent probes capable of labeling the amplification product by sequencing by

synthesis (SBS), sequencing by ligation (SBL), or sequencing by hybridization (SBH),

wherein the fluorescent probes comprise additional sequences for toehold strand

displacement such that the fluorescent probes can be removed from the amplification product

by disrupting hybridization between the fluorescent probes and the amplification product, or

d) using modified fluorescent probes capable of labeling the amplification product such as by

SBS, SBL, or SBH, wherein the fluorescent probes comprise enzymatic, chemical, or photo-

labile groups between a backbone of the amplification product and detectable label

comprising fluorescent moieties, such that the fluorescent moieties can be removed by

chemical, enzymatic, or light treatments. In one embodiment, the given probe is removable

from the target analyte, the HCR initiator is removable from the linker, the amplification

product is removable from the HCR initiator, or the detectable label is removable from the

amplification product.

According to another aspect, the present disclosure provides a cyclic hybridization

chain reaction (HCR) system comprising one or more probes, wherein a given probe of said

one or more probes is coupled to a linker, wherein said given probe has a sequence that is

complementary to a sequence of a target analyte, one or more HCR initiators, wherein a

given HCR initiator of said one or more HCR initiators is separate from said given probe, and

wherein said given HCR initiator is configured to bind to the linker and couple said probe

with said give HCR initiator, and one or more HCR amplifiers, wherein a given HCR

amplifier of said one or more HCR amplifiers comprises at least one HCR monomer that

comprises a detectable label,



wherein said given HCR initiator is configured to couple to t e HCR monomer and trigger a

hybridization chain reaction to generate an amplification product comprising said HCR

monomer, which amplification product is coupled to said given probe. In one embodiment,

t e system further includes a plurality of probe sets each specific to a target analyte, wherein

the plurality of probe sets are designed for programmable and temporally ordered

hybridization chain reactions. In one embodiment, the plurality of probe sets are configured

to provide temporally generated fluorescent signals, and wherein a totality of the temporally

generated fluorescent signals provide a unique set of information for each target analyte

including molecular identity, molecular quality, or molecular configuration. In another

embodiment, each of the HCR amplifiers comprise two or more metastable HCR monomers

each of which are DNA hairpins. In another embodiment, the one or more HCR amplifiers

comprise two or more metastable HCR monomers comprising detectable labels, the

detectable labels comprising spectrally distinct fluorescent signals for multiplexed detection.

In one embodiment, said HCR monomer is a non-fluorescent HCR monomer. In another

embodiment, the non-fluorescent HCR monomer is configured to be fluorescently labeled

during or after the generation of the amplification product. In one embodiment, the

amplification product formed from the non-fluorescent monomers are fluorescently labeled

after generation of the amplification product by: fluorescent sequencing by hybridization,

fluorescent sequencing by ligation, or fluorescent sequencing by synthesis, by enzymatic

reaction, or by chemical reaction. In another embodiment, the one or more probes, the linker,

one or more HCR initiators, or one or more HCR amplifiers are configured to be re-used. In

one embodiment, the linker is a nucleic acid sequence that is complementary to an

oligonucleotide comprising the HCR initiator. In another embodiment, the linker comprises a

functional group for programmable disassociation from the initiator. In one embodiment,



detection of the detectable label can be programmatically generated and reset. In another

embodiment, the HCR monomer contains functional groups for programmable disassembly

or degradation of t e amplification product. In one embodiment, t e functional groups

comprise toehold strand displacement sequences. In another embodiment, the functional

groups comprise chemically labile, enzymatically labile, or photo-labile chemical groups. In

one embodiment, the binding of the given probe to the target analyte is configured to be

disrupted or reversed during the hybridization chain reaction. In another embodiment, the

given probe binding to the target analyte is disrupted or reversed by chemical treatment,

enzymatic treatment, DNase treatment of RNA in situa hybridization(ISH) probes,

exonuclease treatment of 5' phos ISH probes, nuclease treatment of nucleic acid probes,

proteinase treatment of peptide probes, use of heat or denaturant to disrupt nucleic acid

hybridization, use of heat or denaturant to disrupt aptamer binding, or use of heat or

denaturant to disrupt bonding between antibody and protein.

According to one aspect, the present disclosure provides a method for identifying a

target analyte in a sample, including (a) contacting said sample with a primary probe that

comprises a sequence that is complementary to a sequence of said target analyte; (b)

contacting said sample with a secondary probe configured to couple to said primary probe,

wherein coupling of said primary probe with said secondary probe facilitates a hybridization

chain reaction (HCR) in the presence of at least one HCR amplifier comprising a detectable

label, to generate an amplification product comprising said detectable label, wherein said

secondary probe is separate from the HCR amplifier and said primary probe; and (c)

detecting said detectable label, thereby identifying said target analyte. In one embodiment,

said HCR is not polymerase chain reaction. In another embodiment, said amplification

product is coupled to said primary probe. In one embodiment, said HCR amplifier has a



sequence that is complementary to a sequence of said secondary probe. In another

embodiment, said primary probe is coupled to a linker that permits said primary probe to

couple to said secondary probe. In one embodiment, the primary probe comprises an HCR

initiator that initiates said HCR. In another embodiment, the primary probe comprises a

protecting group which prevents the HCR initiator from initiating said HCR prior to said

contacting said sample with the secondary probe. In one embodiment, said protecting group

comprises a protecting oligonucleotide. In another embodiment, the secondary probe

comprises an HCR initiator that initiates said HCR. In one embodiment, said secondary probe

does not include a detectable label. In another embodiment, said HCR amplifier comprises

two or more metastable HCR monomers. In one embodiment, each of said two or more

metastable HCR monomers comprise a metastable DNA hairpin.

According to another aspect, the present disclosure provides a system for identifying a

target analyte in a sample, including a detector for detecting a detectable label; and a

controller operatively coupled to said detector, wherein said controller comprises one or more

computer processors that are individually or collectively programed to direct: (i) contacting

said sample with a primary probe that comprises a sequence that is complementary to a

sequence of said target analyte; (ii) contacting said sample with a secondary probe configured

to couple to said primary probe, wherein coupling of said primary probe with said secondary

probe facilitates a hybridization chain reaction (HCR) in the presence of at least one HCR

amplifier comprising a detectable label, to generate an amplification product comprising said

detectable label, wherein said secondary probe is separate from the HCR amplifier and said

primary probe; and (iii) using said detector to detect said detectable label, thereby identifying

said target analyte.



According to another aspect, the present invention provides a kit for identifying a

target analyte in a sample, includinga hybridization chain reaction (HCR) amplifier

comprising a detectable label, which HCR amplifier is configured to facilitate HCR; a

primary probe that comprises a sequence that is complementary to a sequence of said target

analyte; and a secondary probe configured to couple to said primary probe, wherein said

secondary probe does not include a detectable label, wherein said secondary probe is separate

from said HCR amplifier and said primary probe. In one embodiment, t e kit further includes

instructions for using said HCR amplifier, primary probe and said secondary probe to conduct

said HCR. In another embodiment, the kit further includes a cleaving agent, said cleaving

agent configured to cleave the linker between t e primary probe and the secondary probe,

thereby disrupting the one or more HCR initiators from triggering the chain reaction with the

one or more HCR amplifiers. In another embodiment, said HCR amplifier has a sequence that

is complementary to a sequence of said secondary probe. In one embodiment, said primary

probe is coupled to a linker that permits said primary probe to couple to said secondary

probe. In another embodiment, the primary probe comprises an HCR initiator that initiates

said HCR. In one embodiment, the primary probe comprises a protecting group which

prevents the HCR initiator from initiating said HCR prior to coupling of said primary probe

with the secondary probe. In another embodiment, said protecting group comprises a

protecting oligonucleotide. In one embodiment, the secondary probe comprises an HCR

initiator that initiates said HCR. In another embodiment, said HCR amplifier comprises two

or more metastable HCR monomers.

According to an additional aspect, the present disclosure provides a method for

disrupting production of a hybridization chain reaction (HCR) amplification product,

including (a) providing a sample comprising a primary probe coupled to a secondary probe,



wherein the primary probe comprises a sequence that is complementary to a sequence of a

target analyte, and wherein said primary probe is hybridized to said target analyte under

conditions sufficient to facilitate hybridization chain reaction (HCR) to generate an

amplification product; and (b) contacting said sample with a cleaving agent to decouple said

primary probe from said secondary without decoupling said primary probe from said target

analyte, thereby preventing said HCR and disrupting generation of said amplification

product.

Further features and advantages of certain embodiments of t e present invention will

become more fully apparent in the following description of embodiments and drawings

thereof, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing executed in color. Copies

of this patent or patent application publication with color drawing(s) will be provided by the

Office upon request and payment of the necessary fee. The foregoing and other features and

advantages of the present embodiments will be more fully understood from the following

detailed description of illustrative embodiments taken in conjunction with the accompanying

drawings in which:

Figures 1A-1C depict an in situ amplification via hybridization chain reaction (HCR).

Fig. 1A depicts an HCR mechanism. Metastable fluorescent hairpins self-assemble into

fluorescent amplification polymers upon detection of a cognate initiator. Initiator II,

comprised of single-stranded segments "b*-a*", nucleates with hairpin H I via base-pairing to

single-stranded toehold "a" of HI, mediating a branch migration that opens the hairpin H I to

form complex I I H I containing single-stranded segment "c*-b*". This complex nucleates

with hairpin H2 by means of base-pairing to single-stranded toehold "c", mediating a branch



migration that opens the hairpin to form complex Ι 1Ή 1Ή 2 containing single-stranded

segment "b*-a*". Thus, the initiator sequence is regenerated, providing the basis for a chain

reaction of alternating H I and H2 polymerization steps. Red stars denote fluorophores. Fig.

IB depicts an in situ hybridization protocol. Detection stage: DNA probe sets, with each

probe containing initiators I I and 12 and a region complementary to an mRNA target, are

hybridized to mRNA targets; unbound probes are washed from the sample. Amplification

stage: initiators trigger self-assembly of tethered fluorescent amplification polymers; un-

polymerized hairpins are washed from the sample. Fig. 1C depicts an experimental timeline.

The same two-stage protocol is used independent of the number of target mRNAs. For

multiplexed experiments (three-color example depicted), probe sets for different target

mRNAs (five probes depicted per set) carry orthogonal initiators that trigger orthogonal HCR

amplification cascades labeled by spectrally distinct fluorophores.

Figures 2A-2B depict a schematic of the information transfer steps A-D of the cyclic

HCR technology. The original information is a property of the analyte being detected, such as

the molecular species, a molecular quality, or a molecular configuration being interrogated.

In Step A, the analyte is targeted by a probe, which specifically binds the target analyte, such

that the original information of the analyte is represented by the presence of the bound probe.

In Step B, the analyte information or some fraction thereof, conveyed by the probe, is

transferred via a linker to the HCR initiator. The HCR initiator is associated with the probe

which is associated with the analyte. The linker connects the probe to the initiator. In Step

C, the analyte information or some fraction thereof, conveyed to the presence and localization

of the HCR initiator, is converted into a DNA polymer by means of initiation of a

hybridization chain reaction of one or more metastable HCR monomers, such as hairpins,

known as an HCR polymer. Metastable HCR monomers are added to the sample and the



initiator initially binds to a metastable HCR monomer and then a chain reaction of one or

more remaining HCR monomers results to form t e HCR polymer. In Step D, the analyte

information or some fraction thereof, conveyed to t e presence and localization of an HCR

polymer, is converted into an amplified fluorescence signal that can be measured using a

photon detector such as a microscope equipped with a digital camera. The HCR polymer is

associated with one or more or a plurality of detectable moieties. These steps A-D describe

the general method and the chain of information transfer in an analyte detection experiment

using HCR, such as the HCR-amplified mRNA fluorescent in situ hybridization experiment

depicted in Figure 1. Cyclic HCR is enabled specifically by methods and materials to achieve

programmability of each information transfer step. "Programmability" refers to the materials

and methods enabling each step of the information transfer to be either able to be gated, i.e.

executed according to a pre-determined, discontinuous schedule, where the information

transfer is dependent upon multiple inputs; or each step is able to be specifically reversed, i.e.

where the information passed to a subsequent step in the process is selectively destroyed or

removed or rendered undetectable after being detected; or each step is able to be both gated

and reversible. The detectable moieties may be removable or removed from the HCR

polymer, the HCR polymer may be removable or removed from the initiator, the initiator may

be removable or removed from the probe and the probe may be removable or removed from

the analyte. This is in contrast to the HCR reaction in Figure 1, in which the information

transfer is continuous and non-reversible, e.g. the probe (region of sequence complementary

to mRNA sequence, which binds the mRNA) is irreversibly linked with the HCR initiator and

will initiate generation of an HCR polymer upon introduction of the complementary HCR

hairpins. Programmability of Step C, for example, is intended to indicate that the reaction

between the initiator and the HCR hairpins is gated in some way, such as by requiring



another input signal other than the necessary HCR hairpins, in order for the reaction to

proceed, and that formation of the HCR polymer can be reversed, such as by targeted

degradation of the polymer. Programmability between information transfer steps is

represented by the connector lines in Figure 2B bearing arrows on each end.

Figure 3 depicts a schematic of the informatic and physical representations of the

original information of the analyte throughout an analyte detection experiment using cyclic

HCR. The original information is a property of the analyte being detected, such as the

molecular species, a molecular quality, or a molecular configuration being interrogated. The

original information is uniquely associated with an informatic label, referred to as the "label".

The label is represented here as a binary string, but is meant to convey any symbolic

representation of the original information, such as an alphanumeric value corresponding to

the analyte or its original information, e.g. a gene name, or reference thereto. The informatic

label is uniquely represented by an informatic message, which is conveyed via

spatiotemporally organized fluorescence signals comprising the detected message. The

informatic label and message may be the same, or the message may contain additional

information beyond that which is strictly necessary to refer to the label, as in additional

information used for the purpose of error detection or error correction. In this example, the

"message" is constructed as the bit string of the label followed by the reversed bit string of

the label. In detecting this message, each bit of the label will be detected twice, allowing for

certain errors to be detected (e.g., if the first bit of the label is detected as "0" in the first bit of

the message and then " 1" as the last bit of the message, it is clear an error has occurred during

transmission or detection of the message, as during probing, HCR, imaging, or image

processing). The message is converted into a unique set of temporally ordered fluorescent

HCR signals, which is the detected message. The temporal ordering of HCR signals is



enabled by the programmability of t e cyclic HCR methods and materials, designed as a set

of experimental protocols and materials, e.g. Primary (Step A) Probes, Step B Probes, Step C

Probes, and/or Step D probes, a microscope, other reagents, etc., and implemented

experimentally.

Figure 4 depicts a schematic of programming probe binding to a target molecule over

two rounds of Cyclic HCR for serial detection of two target analytes. At Time=0, two target

molecules are present in a sample. At Time=l, a Primary (Step A) Probe, such as an

antibody, aptamer, or DNA/RNA ISH probe, referred to as "Probe Alpha", represented as an

orange triangle, cognate to the HCR initiator "il" via a certain linker, represented as the short

red line, such as a chemical bond or molecular interaction, but understood to be any kind of

programmable or non-programmable linker as described by Step B of Cyclic HCR, is added

to the sample and binds to Target 1. At Time=2, HCR hairpins are introduced to the sample,

contact the initiator, and subsequently generate an amplified fluorescent HCR signal. At

Time=3, Probe Alpha has been stripped from the sample, and the HCR polymer has also been

removed using any methods described in Step C of Cyclic HCR. At Time=4, a new probe,

"Probe Beta", cognate to the same HCR initiator "il" via a certain linker, such as a chemical

bond or molecular interaction, but understood to be any kind of programmable or non

programmable linker as described by Step B of Cyclic HCR, has been added to the sample

and bound Target 2; At Time=5, HCR hairpins are added to the sample, contact the initiator,

and subsequently generate an amplified fluorescent HCR signal. At Time=6, Probe Beta has

been stripped from the sample, and the HCR polymer has also been removed using any

methods described in Step C of Cyclic HCR. In this example, the same HCR fluorescence

signal amplification hairpins and initiator are re-used over the two cycles of HCR to detect

two target molecules in series. The first cycle of HCR is represented at Time=l through 3,



whereas the second cycle of HCR is represented at Time=4 through 6 . Where detection of

HCR fluorescence is represented as a binary 1, and lack of HCR fluorescence is represented

as a binary 0, t e detected message corresponding to Target 1 is "10", whereas the detected

message corresponding to Target 2 is "01". Therefore although detection of these two

molecules utilizes the same HCR fluorescence signal amplification hairpins and initiator, t e

ordered set of fluorescence signals constituting the detected message are unique for each

target molecule.

Figures 5A-C depicts schematics of specific mechanisms of programming primary

probe binding via Step A of the Cyclic HCR method. Figure 5A depicts a target analyte

bound in Step 1 with a nucleic acid or nucleic acid analog aptamer, called "Probe Alpha,"

cognate to an HCR initiator and subsequently detected via amplified fluorescence HCR

signal, via a linker, such as a chemical bond or molecular interaction, but understood to be

any kind of programmable or non-programmable linker as described by Step B of Cyclic

HCR, referred to as "Linker Alpha". In this schematic, the Linker represents all downstream

information transfer via Steps B-D of Cyclic HCR. In Step 2, binding between the aptamer

and the target molecule is disrupted, as by treatment with a denaturant such as formamide,

which destabilizes the interactions such as hydrogen bonding and hydrophobic interactions

between the aptamer and the target molecule. Probe Alpha is then washed from the sample.

At Step 3, the same primary probe, aptamer Probe Alpha is re-introduced to the sample, again

binding the target molecule, but cognate to a different linker, "Linker Beta," which represents

the downstream Steps B-D of Cyclic HCR reaction. For example, Linker Beta may differ

from Linker Alpha in that Linker Beta is associated with a spectrally distinct HCR

fluorescence signal than that of Linker Alpha. Figure 5B depicts a target analyte bound in

Step 1 by an antibody as the primary probe, "Probe Alpha", cognate to an HCR initiator and



subsequently detected via amplified fluorescence HCR signal, via a linker, such as a chemical

bond or molecular interaction, referred to as "Linker Alpha". At Step 2, binding between the

antibody and the target molecule is disrupted as in 5A Step 2 . In Step 3, a different antibody,

"Probe Beta", is introduced to bind t e same target analyte, cognate to an HCR initiator and

subsequently detected via amplified fluorescence HCR signal, via a linker, such as a chemical

bond or molecular interaction, referred to as "Linker Beta", which is distinct from "Linker

Alpha" from Step 1 as in 5A. Figure 5C depicts the same reversibility of Step A as in Figure

5A, except with an RNA or DNA target molecule, which is bound by a nucleic acid or

nucleic acid analog ISH probe referred to as "Probe Alpha". In this example, the reversal of

Cyclic HCR Step A is mediated in Step 2 of Figure 5C, as by activation of a photolabile

group incorporated into Probe Alpha, which disrupts nucleic acid annealing upon induction

by UV light; or by treatment with DNase enzyme to digest a DNA ISH Probe Alpha bound to

a target RNA molecule.

Figure 6 depicts a schematic of programming the functional linkage between t e

primary probe and the HCR initiator sequence "i l " for serial detection of two target analytes

over two serial rounds of Cyclic HCR, utilizing both methods of Step B, i.e. programming the

physical association of the HCR initiator to the Primary Probe by means of a Step B Probe,

and programming the state of a gated HCR initiator. At Time=0, two target analytes are

present and have been bound by primary probes, which also contain a linker motif but not a

functional HCR initiator sequence. Target 1 has been bound by "Probe Alpha", which also

contains a binding moiety referred to as "Linker Alpha." Target 2 has been bound by "Probe

Beta", which is attached to a gated inactive HCR initiator "il *", referred to as "Linker Beta."

At Time=l, a Step B Probe containing complementary binding moiety to the binding moiety

of Linker Alpha, such as a complementary nucleic acid sequence, is bound to Linker Alpha,



and also contains the HCR initiator sequence "il"; At Time=2, HCR hairpins are added,

which generates an amplified fluorescence HCR signal which is detected. At Time=3, the

HCR fluorescence signal from Time=l has been removed using methods and materials

described in Step C herein, and the Step B Probe has been removed or separated from

Primary Probe Alpha, by methods described herein, and washed from t e sample. At Time=4,

t e gated HCR initiator sequence contained in Linker Beta of Primary Probe Beta is

activated, such as by use of an input signal. At Time=5, HCR hairpins are added, which

generates an amplified fluorescence HCR signal which is detected. At Time=6, the HCR

fluorescence signal from Time=l has been removed using methods and materials described

in Step C herein, and the HCR initiator present in Linker Beta has been inactivated. In this

way the HCR system corresponding to initiator sequence "il" has been used in series for

detection of two target analytes. The first cycle of HCR is represented at Time=l through 3,

whereas the second cycle of HCR is represented at Time=4 through 6 .

Figures 7A-C depicts a schematic representation of methods of programming Step B

of Cyclic HCR. In Figure 7A, an analyte has been bound by "Probe Alpha", which contains a

linkage to an HCR initiator sequence "il". The linkage between these may be covalent, as in

direct conjugation of the HCR initiator sequence oligonucleotide onto an antibody Probe

Alpha for detection of a protein target analyte. However, the linkage is not a functional one

because the initiator sequence is unable to initiate an HCR polymerization reaction due to it

being protected by a protecting oligo, shown in purple, which also contains additional

sequence "a." At Step 1, a de-protecting oligo referred to as the Step B Probe is introduced to

the sample and removes the protecting strand by means of toehold strand displacement. The

displaced protecting strands are washed from the sample. Subsequently, HCR hairpins are

added, which generates an amplified fluorescence HCR signal which is detected. At Step 2,



the initiator "il " is again rendered unable to initiate the HCR polymerization reaction by

means of capping it with a complementary protecting strand "i l ' " . In Figure 7B, a target

analyte is bound by primary Step A Probe "Beta", which does not contain an HCR initiator

sequence, but instead contains additional binding moiety "b", such as an DNA

oligonucleotide sequence, referred to as "Linker Beta". At Step 1, an oligonucleotide probe

called Step B Probe "b'-i l " is added to the sample and hybridized to Linker Beta, introducing

t e HCR initiator sequence "il". Subsequently, HCR hairpins are added, which generates an

amplified fluorescence HCR signal which is detected. At Step 2, the linkage between the

region of Step B Probe "b'-il" complementary to motif "b" and the region containing t e

initiator sequence "i l " is cleaved, such as by silver nitrate cleavage of a bridging

phosphorothioate bond in the backbone of the oligonucleotide "b'-i l", where the cleavable

group is represented by the small yellow circle of "b'-il", returning the Primary Step A Probe

to a state where it is unable to initiate an HCR polymerization reaction. Figure 7C depicts the

same Step B reaction as in 7B, except in 7C the mechanism of creating the functional linkage

between the Primary Probe and the HCR initiator is by a sequencing by ligation reaction to

conjugate an oligonucleotide containing sequence complementary to Linker motif a "a2" ' and

a separate sequence containing HCR initiator sequence "i l " onto the Primary Probe. The

sequencing by ligation reaction is primed by oligo "a1"'. At Step 2, the initiator "il" is again

rendered unable to initiate the HCR polymerization reaction by means of capping it with a

complementary protecting strand "il ' " .

Figure 8 depicts a Cyclic HCR implementation using Steps A and B . At Time=0, two

target analytes are present in the sample. In the first cycle of HCR, depicted as during Times

1 through 3, the first analyte is detected. At Time=l, Target 1 is bound with a Primary Probe

"Alpha", which is functionally linked to HCR initiator sequence "i l " via "Linker Alpha",



understood to be a covalent linkage or a programmable linkage using the methods described

herein in Step B programmability. At Time=2, HCR hairpins cognate to HCR initiator "il"

are added to the sample, and contact initiator "il"; an HCR polymer is formed and the

amplified fluorescence signal is detected. At Time=3, Step B is reversed for Target 1, such as

by cleaving the initiator "il" from the Linker. At this time, Steps C and D are also understood

to have been reversed, such that the fluorescence signal detected at Time=2 is no longer

present. At Time=4, Step A is iterated to the next cycle by introduction of Primary Probe

"Beta", which binds Target analyte 2, and which is functionally linked to HCR initiator

sequence "il" via "Linker Alpha", understood to be a covalent linkage or a programmable

linkage using the methods described herein as Step B programmability. At Time=5 HCR

hairpins cognate to HCR initiator "il" are added to the sample, and contact initiator "il"; an

HCR polymer is formed and t e amplified fluorescence signal is detected. At Time=6, Step B

is reversed for Target 2, as by gating t e HCR initiator to an inactive state, "il*". In this way,

Steps A and B are cycled in a coordinated manner for detection of two target analytes.

Figure 9 depicts a schematic of programming Step C, the HCR polymerization

reaction. At Time=0, two target molecules are present. Target 1 has been bound with Primary

Probe "Alpha," which is functionally linked to HCR initiator sequence "il" via "Linker

Alpha". Target 2 has been bound with Primary Probe "Beta," which is functionally linked to

HCR initiator sequence "i2", understood to be via a linker. The linker may be a covalent

linkage or a programmable linkage using the methods described herein as Step B

programmability. At Time=l, HCR hairpins cognate to initiator "il" are added to the sample,

and "il" is contacted by the cognate HCR hairpins forming an HCR polymer, represented by

the red star indicating a red fluorescence signal, which is detected. The HCR polymer is

subsequently degraded or disassembled at Time=2, thereby returning the sample to a prior



state without HCR polymers. At Time=3, HCR hairpins cognate to initiator "i2" are added to

the sample, and "i2" is contacted by the cognate HCR hairpins forming an HCR polymer,

represented by the red star indicating the same red fluorescence signal, which is detected. The

HCR polymer is subsequently degraded or disassembled at Time=4, thereby returning the

sample to a prior state without HCR polymers. The first cycle of HCR is represented at

Time=l through 2, whereas the second cycle of HCR is represented at Time=3 through 4 .

Figures lOA-C depict a schematic representation of materials and methods for

programming Step C of Cyclic HCR. Figure 9A depicts a target analyte bound by Primary

Probe "Alpha", functionally linked to the initiator sequence "il" via a linker represented as

"L", but understood to be any kind of programmable or non-programmable linker as

described in Step B of Cyclic HCR. At Step 1, cleavable fluorescent HCR hairpins are added

to the sample. The blue stars represent fluorescent moieties; while the blue squares represent

cleavable moieties, such as 5' or 3' bridging phosphorothioate linkages in the backbone of

the HCR hairpins. The hairpins contact the initiator sequence "il" and form an amplified

fluorescent HCR polymer at the target analyte, which is detected. At Step 2, a reagent

catalyzing cleavage of the cleavable moiety, such as silver nitrate for the example of a

bridging phosphorothioate linkage, is added to the sample, which causes the HCR hairpins to

be cleaved at the site of the modified backbone represented by the blue square. The HCR

polymer is thereby fragmented, and the fragments are washed from the sample. In this

depiction, a fragment complementary to sequence "il" is left bound to the initiator sequence,

effectively capping the initiator, which represents a concerted reversal of Cyclic HCR Steps

B and C . Figure 10B depicts a target analyte bound by Primary Probe "Alpha", functionally

linked to the initiator sequence "il" via a linker represented as "L", but understood to be any

kind of programmable or non-programmable linker as described in Step B of Cyclic HCR. At



Step 1, cleavable fluorescent HCR haipins are added to the sample. The blue stars represent

fluorescent moieties, and t e HCR hairpins contain an additional sequence motif handle,

represented as the purple segment of t e hairpin. The hairpins contact the initiator sequence

"il" and form an amplified fluorescent HCR polymer at the target analyte, which is detected.

The HCR polymer also contains the additional handle motifs as single-stranded sequences. At

Step 2, toehold displacement strands (generically referred to herein as Step C probes) are

added to the sample, which bind to the additional handle sequence of the HCR polymers and

induce a toehold strand displacement reaction, which causes the HCR polymer to be

disassembled into double-stranded fragments, which are washed from the sample. Figure IOC

depicts a target analyte bound by Primary Probe "Alpha", functionally linked to the initiator

sequence "il" via a linker represented as "L", but understood to be any kind of programmable

or non-programmable linker as described in Step B of Cyclic HCR. At Step 1, cleavable

fluorescent HCR haipins are added to the sample. The blue stars represent fluorescent

moieties, and the HCR hairpins contain an additional modification represented by the red

triangle, which is recognized by an exonuclease, such as a 5' monophosphate recognized by

Terminator Exonuclease. The hairpins contact the initiator sequence "il" and form an

amplified fluorescent HCR polymer at the target analyte, which is detected. At Step 2, an

exonuclease targeted to the modified hairpins are added to the sample, which recognize the

modified HCR polymers and digest the constituent oligonucleotides into single nucleotides,

which are washed from the sample. In each of Figures lOA-C, the sample is left in a state

where no HCR polymers or the associated fluorescence signals are present.

Figure 1 1 further depicts a diagram of a reversible HCR polymerization example.

Left) An HCR polymer, where the constituent monomer strands bear dU nucleobases, is

enzymatically degraded by USER enzyme reaction, which combine UDG and EndoVIII



enzymes to nick dsDNA at dU sites. Right) An HCR polymer bearing additional 3' or 5'

toehold displacement domain sequences is disassembled by t e introduction of a new DNA

strand bearing the full complementary sequence. The dsDNA monomers are washed away.

Figure 12 depicts a schematic of programming Step D, association of a fluorescent

moiety to the HCR polymer. At Time=0, two target analytes 1 and 2 are bound by Primary

Step A probes "Alpha" and "Beta", respectively, functionally linked to the initiator sequences

"il" and "i2", respectively, via linkers represented as "L", but understood to be any kind of

programmable or non-programmable linker as described in Step B of Cyclic HCR. HCR

hairpins corresponding to t e orthogonal HCR systems initiated by initiators "il" and "i2"

have been added to the sample, and have contacted the initiator sequences "il" and "i2",

which are linked to Primary probes Alpha and Beta, respectively, and formed HCR polymers

at the target analytes. At Time=l, the HCR polymer generated by initiator "il" linked to

Probe Alpha has been conjugated to a fluorescent moiety and the fluorescence is detected,

thereby detecting target analyte 1. At Time=2, the fluorescent moieties are removed from the

HCR polymer. At Time=3, the HCR polymer generated by initiator "i2" linked to Probe Beta

has been conjugated to a fluorescent moiety and the fluorescence is detected, thereby

detecting target analyte 2 . At Time=4, the fluorescent moieties are removed from the HCR

polymer. In this example, only a single fluorescent moiety is re-used in serial to label two

target analytes. The first cycle of HCR is represented at Time=l through 2, whereas the

second cycle of HCR is represented at Time=3 through 4 .

Figure 13 depicts a schematic of programming Step D of Cyclic HCR. An analyte is

bound by a Primary Step A probe, functionally linked to the initiator sequence "il" via a

linker represented as "L", but understood to be any kind of programmable or non

programmable linker as described in Step B of Cyclic HCR. HCR hairpins containing



additional handle sequences have been added to the sample, and have contacted t e initiator

sequence "i l " and formed an HCR polymer at t e target analyte. The HCR polymer also

contains the additional handles. In Step 1, a fluorescent Step D Probe, which is

complementary to the handles of the HCR hairpin, is added to the sample and hybridizes to

the handle sequences of the HCR polymer, associating an amplified fluorescence signal to the

polymer and by extension to the target analyte, which is detected. In Step 2, the fluorescent

Step D Probe is stripped from the HCR polymer or otherwise specifically degraded as

described in Step D methods and materials, such that the HCR polymer is no longer

fluorescently labeled.

Figures 14A-B depict diagrams of a cyclic fluorescent labeling of HCR polymer using

Step D methods and materials. Figure 14A depicts a target analyte represented by the blue

circle labeled with a number of primary probes, represented by orange triangles, functionally

linked to HCR initiators, which have generated HCR amplicons, being fluorescently labeled

programmatically, such as by sequencing by hybridization (e.g. hybridizing a fluorescent

probe to a particular sequence contained in the HCR amplicon), or sequencing by synthesis or

ligation. Here, the signal is additive between the two cycles, e.g. using only the

programmability of the association of fluorescence with the polymer, and not dissociation of

fluorescence with the polymer. Figure 14B depicts a Step D probe being conjugated to an

HCR polymer, such as by sequencing by hybridization or sequencing by ligation reaction,

carrying a fluorophore. After imaging, the fluorescent moiety is chemically cleaved from the

HCR amplicon, as by silver cleavage of a bridging sulfur atom phosphorothioate linkage in

the DNA strand, leaving double-stranded overhangs on the HCR polymer, but resetting the

sample to a dark state.

Figures 15A-D depict a schematic of an implementation of detection of a



combinatorial signal over multiple cycles of HCR constituting a barcode in an exponential

labeling space as the detected message. In Figure 15A, two targets are each labeled with four

independent Primary Probes, depicted as orange triangles, each of which generates a

temporally ordered fluorescence signal during the cyclic HCR experiment. Each temporally

ordered fluorescence signal is referred to as a "Label," with n total labels. Each unique label

corresponds to a unique combination of fluorescence spectral signal and timepoint within a

cyclic HCR reaction. For example, a CY3 signal in the first round of Cyclic HCR may be

understood as "Label a", whereas a CY3 signal in t e second round of Cyclic HCR may be

understood as "Label ' . Notice that both target analytes share "Label a", but over the set of

all ordered fluorescence signals, each target analyte has a unique set of ordered labels, [a,d, h,

m] for Target 1, and [a, f, g, n] for Target 2., e.g. the primary probes in this example may be

four ISH probes for each mRNA Target 1 and 2 . Cyclic HCR is conducted, and ordered

fluorescence signals are detected. After the totality of HCR cycles and detection events, a

combinatorial label is generated for each target analyte, and the combinatorial label is

mapped to certain original information, such the molecular species of the target analyte. In

Figure 15B, each Target 1 and 2 is bound with a single Primary Probe, shown as the orange

triangle, which contains a number of independent Labels, where each unique label is

understood to a unique combination of fluorescence spectral signal and time point within a

cyclic HCR reaction. In this example, the Primary Probes could be antibodies bound to

protein targets 1 and 2; the Labels can be understood to be distinct DNA linker motifs, which

are hybridized by Step B Probes serially or in parallel in a Cyclic HCR experiment. Cyclic

HCR is conducted, and ordered fluorescence signals are detected. After the totality of HCR

cycles and detection events, a combinatorial label is generated for each target analyte, and the

combinatorial label is mapped to some original information, such the molecular species of the



target analyte. Figure 15C depicts a look-up table mapping t e labels from Figure 15A onto a

set of temporally ordered, spectrally distinct HCR signals. The left column contains the label

index. The column "HCR Cycle" refers to the cycle number or time point of detection within

a Cyclic HCR reaction. In this example, n labels are detected by k orthogonal and spectrally

distinct HCR systems in ceil(n/k) cycles. The column "HCR Index" refers to which of the k

orthogonal and spectrally distinct HCR systems corresponds to each Label during each cycle

of HCR. Figure 15D depicts a look-up table mapping a detected message, understood to be

the ordered set of HCR signals generated by the targets depicted in Figure 15A, constituting

the barcode, to the identity of the analytes being detected. The Barcode is constructed of

ternary values, i.e. of the set [1, 2, 3], which each correspond to an HCR index in Figure 15C.

In this example, the HCR indices may refer to three orthogonal HCR systems, each labeled

with a spectrally distinct fluorescent moiety. The order of the values in the barcode

corresponds to the order of the HCR cycles in Figure 15C.

Figure 16 depicts a diagram of cycles of HCR experiments conducted to the sample

depicted in Figure 15A, 15C, and 15D. In each round of HCR within the cyclic HCR

experiment, the Primary Probe, depicted as an orange triangle, is conjugated to a linker

referred to as "Label x ", which uniquely refers to the combination of HCR cycle number and

HCR system or spectrally distinct fluorescence signal. Step B is programmed by introduction

of Step B probes which functionally link the Primary Probe to an HCR initiator sequence, one

of the set "il", "i2", or "i3", as by DNA hybridization. In this example, in each HCR cycle a

set of three Step B Probes hybridize to the Primary Probe linkers, adding an initiator

sequence. HCR hairpins corresponding to the 3 orthogonal HCR systems are added and

contact the initiator, forming an HCR hairpin and amplified fluorescence signal is detected.

In this example, each of the three HCR systems can be understood to have a spectrally



distinct fluorescence signal. Between subsequent rounds of HCR, Step B is reversed, such

that the initiator from t e previous cycle is removed from the sample. For each subsequent

cycle, new Step B Probes are added to functionally link a distinct set of Primary Probes to

one of the three HCR initiators. The three orthogonal HCR systems are re-used in each cycle

of HCR. The signals from each cycle are combined into a barcode, which is mapped to a

target analyte using Table 5D.

Figures 17A-B depict a diagram of an example of exponential barcoding of a nucleic

acid target molecule using Cyclic HCR. A RNA or DNA molecule, shown in green, is

targeted and assigned a unique informatic label composed of 24 ordered bits (224) . The

informatic label is converted into a unique barcode composed of 12 ordered quaternary

numerical values, i.e. 12 ordered integers chosen from the set [0, 1, 2, 3] . The barcode is

broken into 3 "chunks" of four values, "b l-b4", "b5-b8", and "b9-b l2". Each individual

quaternary value of, i.e. [0, 1, 2, 3] corresponds with an unique, orthogonal, spectrally

resolvable HCR system including initiator sequence and hairpins. At each position in the

quaternary barcode string, i.e. "b l " through "b l2," four unique sequences are assigned to

each possible quaternary value, i.e. [0, 1, 2, 3], for a total of 48 unique sequences referred to

as "linkers". The linker sequences are designed to be orthogonal to hybridization under

certain reaction conditions, such that a probe complementary to one of the 48 will hybridize

specifically with its binding partner and not bind non-specifically with any of the other 47

linker motifs. For the target RNA or DNA, a plurality of primary probes, equal in number to

3k, are designed, containing sequence complementary to the target RNA or DNA sequence

(shown in blue). Each primary probe is assigned one of the three chunks of the barcode, such

that over the entire pool of primary probes, each label is present k times. In Figure 17A, the

Primary probes are each modified with additional sequence on the 3' and 5' ends of the



oligonucleotides to contain the four sequences assigned to t e quaternary values of each

barcode position within the chunk of four assigned to each probe, for the barcode assigned to

the target molecule. The target RNA or DNA molecule is hybridized with the plurality of

primary probes. In Figure 17B, during each cycle of Cyclic HCR, a pool of four Step B

Probes are added to the sample, corresponding to the quaternary values [0, 1, 2, 3] at each

position "bx" for each position of the barcode. The four Step B Probes corresponding to the

quaternary values each contain additional sequence functioning as an HCR initiator for one of

the four orthogonal, spectrally resolvable HCR systems, referred to as initiator iq . In Figure

17B, a set of four Step B Probes containing sequence "b»" are annealed and excess are

washed away. Each Step B Probe contains one of the four "bn" sequences corresponding to

quaternary value q=[0, 1, 2, 3]; therefore the Step B Probes can be uniquely referred to as

"bn,q" , where n refers to the cycle of HCR and the barcode position being detected in that

cycle, and q refers to the quaternary value [0, 1, 2, 3]. In Step 1 of Figure 17B, HCR hairpins

are added to the sample, contact the initiator, and HCR polymer q is generated at initiator iq,

generating an amplified fluorescence signal which is detected. In Step 2 of 17B, The HCR

amplicon has been degraded using the methods and materials for programming Cyclic HCR

Step C, and the linker Step B Probe has also been removed from the sample using the

methods and materials for programming Step B . Steps B and C of cyclic HCR are cycled a

total of 12 times using this approach to detect each position of the 12-value barcode, with

each value corresponding to one of four spectrally distinct amplified HCR fluorescence

signals. Only four orthogonal, independent, spectrally distinct HCR systems are used to

generate over 16 million unique barcodes using N=12 cycles of Cyclic HCR, with each cycle

reading out four possible quaternary values, (barcode space 412) via 4N orthogonal linker

domains.



Figures 18A-D depict a diagram of an example of exponential barcoding probe

design. One design of t e probe set, where each probe contains a region for targeted

hybridization (shown in blue) against a target RNA or DNA molecule (shown in green), and

an information-bearing label sequence containing the combined pairwise information about

t e cycle of HCR (N) and HCR probe set (k). Here the region for targeted hybridization of

the primary probe against the target nucleic acid is 25-42 bases long, and the label sequence

portion of the primary probe is 25 bases long. The set of all probes are designed for 5 cycles

of HCR using 4 orthogonal HCR probe sets, each encoding a quaternary signal value in the

target barcode and detected using a spectrally resolvable fluorescence signal of the set [FAM,

CY3, Texas Red, and Cy5], requiring 20 orthogonal information-bearing probe sets and

giving 1024 possible barcodes (45) . Figure 18A depicts the design of the primary probes and

the order of the procedure as including the steps of hybridizing the primary probe set and then

conducting Cyclic HCR. Figure 18B contains a table including the partial map of the label

sequence, of the set 0-19, to the cycle, orthogonal HCR system, and fluorescence signal as

part of the experimental design. Figure 18C depicts the first cycle of HCR, wherein four Step

B probes are hybridized to the sample, one of which anneals to a primary probe on each of

the target molecules. Excess Step B probes are washed away, and HCR hairpins are added to

the sample, where they contact the initiators and polymerize into a fluorescently labeled HCR

polymer. Fluorescence signal is detected and understood to be one of the quaternary values in

the first position of the barcode. In this panel, the target molecule has value 2 at the first

position of the barcode, corresponding to HCR system number 2, which has a CY3

fluorescence signal. After detection of the signal, the HCR polymer is removed from the

sample using methods described as Cyclic HCR Step C, and Step B is also reversed, such that

the Primary Probe no longer contains or is linked to a functional HCR initiator. Figure 18D



depicts the second cycle of HCR, wherein four Step B probes are hybridized to t e sample,

one of which anneals to a primary probe on each of the target molecules. Excess Step B

probes are washed away, and HCR hairpins are added to t e sample, where they contact the

initiators and polymerize into a fluorescently labeled HCR polymer. Fluorescence signal is

detected and understood to be one of the quaternary values in the first position of the barcode.

In this panel, the target molecule has value 1 at the first position of the barcode,

corresponding to HCR system number 1, which has a FAM fluorescence signal. After

detection of the signal, the HCR polymer is removed from the sample using methods

described as Cyclic HCR Step C, and Step B is also reversed, such that the Primary Probe no

longer contains or is linked to a functional HCR initiator. After three additional cycles of

HCR, not depicted, each target molecule is identified using the unique combination of the

five amplified fluorescence signals generated during Cyclic HCR, and constituting a unique

combinatorial barcode.

Figure 19 depicts a schematic of a Cyclic HCR experiment using Steps A-D to detect

a target nucleic acid molecule. Step 1 is directed to the introduction and binding of a set of

primary ISH probes to the target analyte. Step 2 is directed to establishing a functional link

between the HCR initiator and the primary probe, as by introducing and binding Cyclic HCR

Step B probes containing sequence complementary to the primary probe and also the HCR

initiator. In this diagram, the Cyclic HCR Step B probes contain a cleavable group,

represented by the green circles. Step 3 is directed towards introducing HCR hairpins, which

contact the initiator and polymerize into tethered nucleic acid polymers known as HCR

polymers. In this diagram, the HCR hairpins are modified with a cleavable group, represented

by the green circle. Step 4 is directed towards fluorescent labeling of the HCR polymers, with

fluorescent moieties represented as orange dots on the polymers. Step 5 is directed towards



programming Cyclic HCR Step D by reversing t e fluorescent labeling of t e HCR polymer.

Step 6 is directed to programming Cyclic HCR Steps B and C by cleaving the HCR

polymers, as by introduction of a chemical agent that reacts with the cleavable moiety, which

also cleaves the HCR initiator from the Primary Probe. Step 7 is directed to washing the HCR

polymer fragments from the sample. Step 8 is directed to programming Cyclic HCR Step A

by stripping the primary probe from the target analyte, as by digestion of a DNA ISH probe

using DNase, which does not digest the RNA target. Step 9 is directed to programming

Cyclic HCR Step B, by introducing new sets of Cyclic HCR Step B probes as a precursor to

generating new HCR polymers.

Figure 20 depicts a schematic overview of methods for synthesizing multiplex HCR

hairpins using in vitro transcription or polymerase extension followed by lambda exonuclease

digestion to yield single-stranded DNA hairpins.

Figure 2 1 depicts an HCR labeling strategies I . A dsDNA template is generated

through chemical synthesis or chemical synthesis followed by DNA polymerase strand

extension. The dsDNA template contains the sequence for the HCR hairpin, as well as any

additional sequences such as handles for fluorescent probe hybridization or toehold strand

displacement. The dsDNA template contains an RNA polymerase promoter, such as the T7

RNA polymerase promoter sequence. The dsDNA template may also be purified, as by

polyacrylamide gel electrophoresis (PAGE). The dsDNA template is used to generate RNA

molecules by in vitro transcription (IVT). The RNA may be purified from the dsDNA

template. The RNA molecule is used as a template for reverse transcription (RT) to generate

a complementary ssDNA molecule. The RNA is degraded and/or the ssDNA is purified and

folded into the metastable hairpin. The HCR hairpin is fluorescently labeled in a number of

ways, such as by terminal deoxy transferase reaction to add one or more terminal



fluorescently-modified DNA bases. The RT primer contains one or more fluorophores, which

are incorporated into the resulting ssDNA molecule. Fluorescent DNA bases are incorporated

into t e ssDNA molecule during reverse transcription. Or, additional sequence is added to the

HCR molecule, as during reverse transcription, which serves as a site for fluorescent labeling

by sequencing by hybridization (SBH), sequencing by synthesis (SBS), or sequencing by

ligation (SBL).

Figure 22 depicts an HCR labeling strategies II. An ssDNA hairpin is generated by

DNA polymerase extension followed by lambda exonuclease digestion of one of t e strands

of DNA, leaving an ssDNA molecule, which may be purified by PAGE and folded into the

HCR hairpin. The HCR hairpin is fluorescently labeled in a number of ways, such as by

terminal deoxy transferase reaction to add one or more terminal fluorescently-modified DNA

bases. The DNA strand protected from exonuclease digestion may contain one or more

fluorophores. Fluorescent DNA bases are incorporated into the ssDNA molecule during

polymerase extension. Or, additional sequence is added to the HCR molecule, as during

reverse transcription, which serves as a site for fluorescent labeling by sequencing by

hybridization (SBH), sequencing by synthesis (SBS), or sequencing by ligation (SBL).

Figure 23 depicts a schematic of cyclic HCR experimental data from three cycles of

Cyclic HCR. The vertical axis depicts the time axis, over which three timepoints

corresponding to the three cycles of HCR. Each box depicts a four-color image of a single

cell. The four colors correspond to signals from four spectrally resolvable fluorescent

moieties cognate to four orthogonal HCR systems, used at each time point of Cyclic HCR.

The box labeled "Target 1" depicts the composite label for a particular target analyte,

indicated by the arrows connecting the box "Target 1" to the fluorescent HCR signal in each

time point. In this depiction, the target analyte 1 is identified by the unique time-ordered



composite label, or barcode, [0, 3, 2] . The box "HCR Signal" depicts t e four spectrally

resolvable fluorescent signals corresponding to the four orthogonal HCR systems, along with

t e quaternary numerical value associated with each signal. A large number of target analytes

are simultaneously detected within the cell. Within each cycle of HCR, the fluorescent

signals are degenerate, or not uniquely identifying, but over the totality of HCR cycles, the

combined time-ordered composite signal is a unique identifying label for each target analyte.

Each target analyte is tracked over time, allowing the signals from each cycle to be combined

into the composite label. Each target analyte is identified as a particular molecular species,

molecular quality, or molecular configuration. In this way, the spatial localization and spatial

distribution of each target analyte can be measured, as well as the abundance of each target

analyte.

Figure 24 depicts an in vitro demonstration of the use of modified synthesized HCR

reagents, specifically the cleavable HCR monomers for programming Step C of cyclic HCR.

This 1% agarose DNA electrophoresis gel shows a size ladder in Lane 1 with size bands

corresponding to 25 bp, 0.5 kb, and 2.65 kb indicated by arrows. Lane 2 shows the monomer

without initiator and without cleavage demonstrates minimal amplification leakage of the

metastable monomers. Lane 3 shows that in the presence of the cleavage reagent, which in

the case of these hairpins is silver nitrate, cleaving a bridging phosphorothioate linkage, the

hairpins and monomers are degraded and no band is apparent. Lane 4 shows that in the

presence of initiator and monomers, but without cleavage reagent, the monomers amplify into

larger polymers, seen as the higher molecular weight smearing up to several kilobases in size.

Figures 25A-C depict certain implementations of the Cyclic HCR technology. Figure

25A depicts HCR fluorescent amplification on beads. Streptavidin-coupled magnetic beads

(Dynabeads) were conjugated to a biotin-modified DNA oligonucleotide by hybridizing the



beads with the DNA oligo for 30 minutes in PBS buffer, followed by washing several times

using a magnet to prevent t e beads from being removed with the supernatant. One pool of

beads, referred to as "+ Step B Probe" was then annealed with a secondary probe comprising

an HCR initiator, which is complementary to the primary biotinylated probe, by incubating in

2X SSC for 10 minutes. The "- Step B Probe" was incubated in SSC only with no secondary

oligo. Both sets of beads were washed 5 times for 5 minutes each in 0.2X SSC. Beads were

then added to positively charged glass. CY3 -labeled HCR amplifier monomers were snap

cooled according to the protocol (Molecular Instruments), and 30 pmol each were added to

500 uL volume of 5X SSC to the beads, and incubated at room temperature for 4 hours. Both

beads were washed 5 times for 5 minutes each in 0.2X SSC. Beads were imaged in both

widefield and CY3 channels, demonstrating selective amplification of the beads with the Step

B Probe. In this manner, the labeling cascade from the primary probe to the detection of HCR

fluorescence signal have been decoupled. In Figure 25B, drosophila melanogaster embryos

were harvested and were permeabilized according to standard protocols, and then incubated

with LabelX reagent to modify RNA with an acrydite moiety. The embryos were then

embedded within an acrylamide hydrogel matrix, linking the RNA molecules to the hydrogel.

The sample was then treated extensively with proteinase to clarify the sample and reduce

autofluorescence. The sample was used for in situ hybridization against RNA POLII mRNA,

using the sequences in Table 1, by overnight incubation in a hybridization buffer containing

SSC and a crowding agent dextran sulfate. The embryos The Step B probe with Label ID 0

from Table 2 was then hybridized to the primary probes. HCR resulted in generation of

amplified fluorescence puncta within the drosophila embryos. Figure 25C depicts two cycles

of HCR from massively multiplex Cyclic HCR ISH targeting a pool of 500 mRNAs in

primary human fibroblast cells. Human fibroblasts were cultured on glass, fixed, and



permeabilized. A pool of DNA ISH probes targeting a set of 500 mRNAs was added to the

sample and hybridized for 48 hours in a hybridization buffer containing SSC and a crowding

agent dextran sulfate. A certain subset of Step B linker probes were hybridized to t e primary

probes, and HCR was used to generate two populations of non-fluorescent, orthogonal

tethered HCR polymers, each having an additional handle for hybridization of a fluorescent

Step D probe. In Cycle 1, a certain Step D probe were hybridized to one subset of the

polymers and used to generate amplified fluorescence signal, which was detected. The

sample was then treated with silver nitrate to cleave the fluorophores from the Step D probes.

In Cycle 2, the other Step D probe was hybridized to the other subset of polymers to generate

an amplified fluorescence signal using the same fluorescent moiety as in Cycle 1, which was

detected.

DETAILED DESCRIPTION

The disclosure provides for a method for detecting one or more target analytes in a

sample including the steps of: (A) contacting the sample with one or more probe sets

wherein each probe set comprises one or more primary probes each having a linker, and

wherein each probe set is specific to a target analyte, wherein the one or more primary probes

having a linker bind the target analyte, (B) contacting the sample with one or more

hybridization chain reaction (HCR) initiators which bind to the linker, (C) contacting the

sample with two or more metastable HCR monomers, wherein the one or more initiators

contact the two or more metastable HCR monomers and initiates hybridization chain reaction

to produce self-assembled and tethered nucleic acid amplification polymer products, and (D)

attaching one or more detectable labels to the tethered nucleic acid amplification products,

and optionally detecting the one or more detectable labels. The disclosure provides that the



probe is removable from the target analyte, the initiator is removable from the linker, the

nucleic acid amplification polymer product is removable from the initiator or t e one or more

detectable labels are removable from t e nucleic acid amplification polymer product. The

disclosure provides that the probe is removable from the target analyte, the initiator is

removable from the linker, the nucleic acid amplification polymer product is removable from

the initiator and the one or more detectable labels are removable from the nucleic acid

amplification polymer product.

The disclosure provides a method for detecting one or more target analytes in a

sample including the steps of: (A) contacting the sample with one or more probe sets

wherein each probe set comprises one or more primary probes each having a linker, and

wherein each probe set is specific to a target analyte, wherein the one or more primary probes

having a linker bind the target analyte, (B) contacting the sample with one or more

hybridization chain reaction (HCR) initiators which bind to the linker, (C) contacting the

sample with two or more metastable HCR monomers including a detectable label, wherein

the one or more initiators contact the two or more metastable HCR monomers and initiate

hybridization chain reaction to produce self-assembled and tethered nucleic acid

amplification polymer products, and (D) optionally detecting the one or more detectable

labels. The disclosure provides that the probe is removable from the target analyte. The

disclosure provides that the initiator is removable from the linker. The disclosure provides

that the nucleic acid amplification polymer product is removable from the initiator.

Aspects of the present disclosure are directed to generating a programmable

association between target analytes and fluorescent signals generated by N orthogonal,

independent, and spectrally resolvable HCR systems over a number of cycles of sequential

HCR reactions to label more than N analytes, wherein the information-transferring linkages



between the components of t e HCR technology are made modular, i.e., shown as separate

steps or activities, as shown in Figure 2 . In Figure 2, the information in t e analyte is broadly

considered to refer to what is conveyed or represented by the particular spatial and/or

temporal arrangement of atoms, molecules, compounds, or molecular complexes, which is

desired to be measured, such as the molecular species, molecular quality, or molecular

configuration being interrogated. During detection, this information or some fraction thereof

is transferred from the target analyte to a human or computer system via labeling and

detection. "Transferred" in this context refers to the information, or some fraction thereof, or

some representation thereof, being conveyed via physical or electromagnetic interactions,

such as by a molecular contact or photon.

The original information is a property of the analyte being detected, such as the

molecular species, a molecular quality, or a molecular configuration being interrogated. The

information is transferred via the analyte being contacted by a probe, which specifically binds

the target analyte, such that the original information of the analyte is represented by the

presence of the bound probe. The analyte information or some fraction thereof, conveyed by

the probe, is transferred via a linker to the HCR initiator. The analyte information or some

fraction thereof, conveyed to the presence and localization of the HCR initiator, is transferred

into a DNA polymer by means of initiation of a hybridization chain reaction of one or more

metastable hairpins, known as an HCR polymer. The analyte information or some fraction

thereof, conveyed to the presence and localization of an HCR polymer, is transferred into an

amplified fluorescence signal that can be measured using a photon detector such as a

microscope equipped with a digital camera. These steps describe the chain of information

transfer in an analyte detection experiment using HCR, as depicted in Figures 1 and 2 . In the

context of the present disclosure, the "chain of information transfer" may refer to the



individual methods steps of associating, such as reversibly associating, a probe with a target

analyte, associating, such as reversibly associating, an initiator strand with the probe,

associating, such as reversibly associating, the initiator strand with metastable HCR

monomers to produce an HCR polymer and associating, such as reversibly associating, t e

HCR polymer with one or more or a plurality of detectable labels or moieties. Each step in

the process may be reversible to return to the prior step and ultimately to the original target

analyte. Each step in the process may be reversed and repeated or cycled a plurality of times.

The original information of the analyte has both informatic and physical

representations throughout an analyte detection experiment using cyclic HCR, as is shown in

Figure 3 . The original information is uniquely associated with an informatic label, referred to

as the "label". The label can be represented as a binary string, but is meant to convey any

symbolic representation of the original information, such as an alphanumeric value

corresponding to the analyte or its original information, e.g. a gene name, or reference

thereto. The informatic label is uniquely represented by an informatic message, which is

conveyed via spatiotemporally organized fluorescence signals comprising the detected

message. The informatic label and message may be the same, or the message may contain

additional information beyond that which is strictly necessary to refer to the label, as in

additional information used for the purpose of error detection or error correction. For

example, the "message" may be constructed as the bit string of the label followed by the

reversed bit string of the label. In detecting this message, each bit of the label will be detected

twice, allowing for certain errors to be detected (e.g., if the first bit of the label is detected as

"0" in the first bit of the message and then "1" as the last bit of the message, it is clear an

error has occurred during transmission or detection of the message, as during probing, HCR,

imaging, or image processing). Other methods for constructing the message including extra



information for error detection and correction include repetition codes, use of parity bits, use

of checksums, Reed-Solomon codes, Golay codes, and Hamming codes. The message is

converted into a unique set of temporally ordered fluorescent HCR signals, which is t e

detected message. The temporal ordering of HCR signals is enabled by the programmability

of t e cyclic HCR methods and materials, designed as a set of experimental protocols and

materials, e.g. Primary (Step A) Probes, Step B Probes, Step C Probes, and/or Step D probes,

a microscope, other reagents, etc., and implemented experimentally.

Cyclic HCR is enabled specifically by methods and materials to achieve

programmability of each information transfer step. "Programmability" refers to the materials

and methods enabling each step of the information transfer to be either able to be gated, i.e.

executed according to a pre-determined, discontinuous schedule, where the information

transfer is dependent upon multiple inputs; or each step is able to be specifically reversed, i.e.

where the information passed to a subsequent step in the process is selectively destroyed or

rendered undetectable, after being detected; or each step is able to be both gated and

reversible.

In this context, the analyte is being interrogated using the HCR method described

herein. In Step A, the analyte is targeted by a probe, which specifically binds the target

analyte, such that the original information of the analyte is represented by the presence of the

bound probe. In Step B, the analyte information, conveyed by the probe, or some fraction

thereof is transferred via a linker to the HCR initiator. In Step C, the analyte information or

some fraction thereof, conveyed to the presence and localization of the HCR initiator, is

converted into a DNA polymer by means of initiation of a hybridization chain reaction of one

or more metastable HCR monomers or hairpins, known as an HCR polymer. In Step D, the

analyte information or some fraction thereof, conveyed to the presence and localization of an



HCR polymer, is converted into an amplified fluorescence signal that can be measured using

a photon detector such as a microscope equipped with a digital camera. This flow of

information, also referred to as the labeling cascade, is depicted in Figure 2 .

At each step of t e flow chart from A to B to C to D, or for any subset of these steps,

the process is cycled a desired number of times as further described herein. Therefore cyclic

HCR is enabled by methods and materials to achieve programmability of the information

transfer steps in order to cycle them a number of times. Each step can be cycled, i.e.

repeated, a number of times. In preferred implementations of cyclic HCR, one or more

information-transfer steps A-D (i.e., the primary probe is attached to the analyte, primary

probe is functionally linked to an HCR initiator sequence, the initiator is contacted with

hairpin structures, the hybridization chain reaction takes place, and the resulting polymer

generates a detectable signal, which is detected, such as a fluorescent signal) are made

reversible in order to allow those steps to be repeated one or more times.

"Reverse", "reversed" or reversable" as referred to throughout the specification may

refer to the removal or separation of molecules that have been joined or otherwise connected,

or removal of a fluorescent moiety from the sample, or otherwise returning the sample to a

state where there is no detectable moiety or activated moiety to be detected. The detectable

moiety can be removed using methods described herein or as known to those of skill in the

art. This allows the entire space of spectrally distinct signals to be used each round.

Alternatively, the signals may be additive, in which case each round of HCR adds new

signals to the existing ones. In that case, the existing signal may be subtracted

computationally in order to infer the new signal. "Reverse", "reversed" or reversable" may

refer to returning the sample to an earlier state, such as the sample being in state D and being

modified to place the sample in step A, B, or C .



Cyclic hybridization chain reaction (CHCR) can be used for detecting one or more

analytes or target molecules by designing of one or more or a plurality of HCR reactions,

conducted in serial, or as sets of parallel reactions conducted in serial, for serial or

combinatorial labeling of a plurality of target molecules, molecular identities, molecular

qualities, or molecular compositions, such that each target is associated with a unique HCR

signal or set of HCR signals over the totality of HCR reactions. Target molecules include

nucleic acid polymers, such as RNA, DNA, and their analogs, amino acid polymers,

including proteins, chemical modifications of any of the above, lipids, metabolites,

biomolecules, and other small molecules, and molecular compositions including one or more

of any of the above.

Cyclic HCR achieves multiplex analyte detection by enabling the fluorescence signals

from each cycle of HCR to be combined into a composite label, or barcode, of greater

information content than is contained in any individual fluorescence signal. Information is

acquired, as by digital microscopy, upon the detection of fluorescence signals present within

a sample. The detection timepoints of a CHCR experiment may be determined by any

combination of cycling CHCR steps A-D. For example, some subset of the detection

timepoints may occur during cycling Step D, i.e. cycles of associating fluorescence signal

with HCR polymers tethered to target analytes via the Primary Probe and the linker,

understood to be any of the non-programmable or programmable CHCR Step B methods

described herein, which contains an functional HCR initiator. Another subset of detection

timepoints within the same experiment may occur during cyclic of Steps B-D, i.e. by

functionally linking an HCR initiator to a Primary Probe, generating a tethered HCR

polymer, and detecting the amplified fluorescence signal. These subsets of timepoints may be

either sequential or interleaved. The detection timepoints are determined by the design of the



CHCR experiment. In any case, each distinct detection event is understood to be t e

acquisition of image data. Between detection events t e association between the fluorescence

signals generated by HCR and the target analytes is changed in some way. The association

between fluorescence signals and the target analytes may be additive, in which case new

fluorescence signals are added in each cycle. Alternatively, the association between

fluorescence signals and the target analytes may be exchanged, such that the previous signals

are abolished and new signals are established.

Composite labels constructed from time-ordered signals can vary in multiplexity, or

theoretical information content. Assume in each cycle of HCR, N spectrally resolved

orthogonal HCR systems are used to generate fluorescence signals. These N spectrally

resolved signals may be fluorescent moieties whose emission spectra is able to be

distinguished from one using techniques known to those familiar with the art, such as by

using band pass filters to detect light from specific wavelengths in any particular image.

Alternatively, the N spectrally resolved signals may comprise "colorimetric" combinations of

fluorescent moieties. Composite labels, or barcodes, are used to label target analytes by

combining the information from more than one detection event within a cyclic HCR

experiment.

Exponential or combinatorial barcoding is enabled by the detection of more than one

fluorescence signal per target molecule over the course of a Cyclic HCR experiment. The

term "combinatorial" is used to refer specifically to the mathematical notion of permutation,

which relates to the act of arranging all members of a set into some sequence or order,

including partial permutations, which are ordered arrangements of k distinct elements

selected from a set (when k is equal to the size of the set, these are the permutations of a set).

In Cyclic HCR technology, the sequence or order is understood as the temporal ordering of



fluorescence detection events over the course of a cyclic HCR experiment, such as by cycling

one or more of CHCR Steps A-D. The members of t e set are understood to be the set of all

spectrally resolvable fluorescence signals generated by t e totality of HCR systems within

any single timepoint of CHCR. If each distinct HCR signal within a single timepoint is

generated by one of N spectrally distinct dyes, the signals are members of this set, of size N .

If all single-colors and combinations are used, there are 2N- \ members of the set of spectrally

resolvable fluorescent signals (e.g. if we have single colors red and blue, we consider the set

of distinct signals to contain the three signals red, blue, and the combined signal of red AND

blue simultaneously).

The term "exponential" is used to refer specifically to the case where the barcode

space grows exponentially with the number of cycles, i.e. the number of ordered detection

events. For example, if a set of N distinct signals is used at each timepoint, and k timepoints

are used for detection during cyclic HCR (as by cycling one or more of CHCR Steps A-D),

the barcode length is understood to be k, and the space of potential barcodes is , defining

the upper limit of distinct labels able to identified, i.e. the number of target analytes able to be

detected within the CHCR experiment. In this example, each target analyte is associated with

a fluorescence signal at each timepoint.

In each cycle of CHCR, between 0 and 1 distinct signals are associated with each

target analyte. In the case where each target analyte generates a distinct signal in exactly one

timepoint during cyclic HCR, the barcoding is understood to be linear. E.g. the number of

target analytes able to be labeled grows linearly by at most N distinct signals with each

additional cycle. Therefore using k cycles, with N distinct signals is used at each timepoint, it

is possible to detect at most N target analytes.

Mathematically, the upper bound of the number of target analytes able to be distinctly



labeled with a composite barcode of length a, within a Cyclic HCR experiment comprising k

cycles with N distinct signals is used at each timepoint, is equal to k/ Na.Using this formula,

we can easily arrive at t e earlier values. In the earlier case where each target analyte has a

fluorescence signal at each of timepoints, the length of the composite barcode a=k, and the

formula reduces the known . In the case where each target analyte has a fluorescence signal

at exactly one timepoint in Cyclic HCR experiment with k detection timepoints, the formula

reduces to N . It is possible to construct a Cyclic HCR experiment where each target

analyte is associated with a composite label of length a, given \<a<k.

This formula describes only the upper bound of the number of target analytes able to

be distinctly labeled within a Cyclic HCR experiment. As described, the detected informatic

message, which has length a, may contain some information beyond that which is necessary

for identification of the unique target analyte label, such as information used for error

detection or error correction.

In order to build a composite label, or barcode, with length greater than 1, i.e. in any

case where exponential barcoding is used, it is necessary to connect the signals from the

target analyte between cycles or timepoints, in order to assemble the time-ordered composite

label. This is typically accomplished by fixing the target analytes in space, such as by

chemical fixation of a biological sample, or by cross-linking the target analytes to a 3D

matrix such as a hydrogel, to preserve the spatial organization of the target molecules

between cycles of HCR. However, it is also possible to connect the signals from a target

analyte by tracking the position of the target analyte over time, such that the HCR signals can

be mapped to a single target analyte. For example, a tracking moiety may be affixed to a

target analyte, which is detected continuously or at time intervals sufficient to track the

position of the target analyte over time. At each HCR detection event, the HCR signal can



then be associated with a specific target molecule. Any method that allows the HCR signals

from each time point to be mapped to a particular target molecule will enable the assembly of

a composite label from individual fluorescence signals.

For unique labels generated using cyclic HCR with a length equal to one, i.e. for a

cyclic HCR labeling method wherein each target analyte generates exactly one amplified

fluorescence signal over the totality of HCR cycles, it is not necessary to track the target

analyte over time, as the single detection event conveys all of the original information and is

sufficient to identify the target analyte.

When assembling composite labels under certain implementations, it may be

important to detect signals associated with single target molecules. For example, if two target

molecules are located spatially within a diffraction-limited distance, the fluorescence signal

that they generate will be super-imposed using diffraction-limited microscopy. Therefore the

composite labels for these two target molecules, if they are of a different label, will be

convolved, and it may not be possible to identify the underlying composite labels from the

convolved composite label. However, any number of strategies are compatible with Cyclic

HCR to avoid this problem. For example, any number of existing super-resolution

microscopy techniques may be used to spatially resolve the signals. These include any of the

stochastic super-resolution methods, such as DNA PAINT, STORM, PALM, SOFI, and

others, where objects blink stochastically, and are then localized with sub-diffraction-limited

precision, as well as deterministic super-resolution microscopy methods, such as STED, SIM,

and others. Aspects of the Cyclic HCR invention may enable novel methods of stochastic or

deterministic super-resolution detection, as by detecting only a subset of composite labels at

any one time in a Cyclic HCR experiment, then later detecting another subset, and so on,

such that the concentration of target analytes in each subset is sufficiently low that all



individual target molecules are spatially resolvable within each detection event (i.e.

partitioning). In certain implementations, the target analytes may be physically linked to a

swellable 3D matrix, such as the expanding matrix in (Science 347(622 1):543-548), which

physically separate target analytes such that they can be individually resolved. In other

implementations, t e primary probe or primary probes, linker, Step B Probe, HCR initiator,

HCR polymer, or detectable label, or any physical object comprising or representing the

original information being detected may be linked to the expanding matrix. Any method that

enables resolving individual target molecules during detection, such that composite labels can

be assembled for individual target molecules, or that enables informatic deconvolution of

detected convolved composite labels, such that composite labels corresponding to individual

target molecules can be recovered, are enabling for the detection of composite labels using

Cyclic HCR.

Step A) Cyclic labeling of a plurality of target molecules by one or more primary

probes.

According to methods described herein, a plurality of target molecules within a

sample are each individually detected in series or, preferably, in parallel including the step of

attaching one or more, or a plurality of primary probe to a target molecule. The primary probe

is also referred to as the "Primary Probe", "Primary Step A Probe", or "Step A Probe." At

some later time, a hybridization chain reaction of nucleic acid hairpin molecules including a

detectable moiety or detectable label thereby associates a plurality of detectable moieties or

detectable labels with the probe, and thereby to the target molecules. The detectable moieties

or detectable labels are detected. Programmability of Step A is enabled by methods and

materials to reverse the association between the target analyte and the primary probe. See



Figures 4-5 .

The probe(s) are responsible for the specificity of analyte detection. Each probe must

form chemical bonds or molecular interactions (e.g. hydrophobicity, charge, etc.), such as

affinity or reactivity associations, with target analytes. Under certain conditions, each probe

has certain specificity to the target analyte, which may be degenerate. The primary probe

determines the original information being detected and transmitted by virtue of the binding or

reactivity profile of the probe itself, under t e experimental conditions and in the context of

the sample. For example, a primary probe binding to a particular protein species is considered

to transfer or detect the information of the presence and identity of the protein species, and

thereby can be used to measure presence, identity, number, abundance, and distribution in

space or over time of that protein species. A primary probe may bind specifically to a

modification or a molecular species modified in a certain way, thereby transferring

information about both the presence and identity and modification state of the molecular

species. A primary probe may bind specifically to a molecular species in a certain

conformation, or in a certain context (e.g. local environment, sample pre-treatment). A

primary probe may bind to a class of, or set of related proteins or nucleic acid molecules,

thereby transferring information about the presence of one of a set of potential molecular

species. A primary probe may bind with a certain kinetic on and off rate to one or more, or a

plurality of spatial configurations of atoms, molecules, or molecular complexes, where the

information transferred is of a probabilistic nature, where the probability of the bound

molecular species being of any particular species is related to the binding and binding kinetic

properties of the primary probe, the concentration and accessibility of potential targets to

binding by the primary probe, and other conditions of the experiment, all or part of which

may be either known, inferred, or measured in the process of analyzing the data.



Examples of primary probes include, but are not limited to DNA and RNA in situ

hybridization (ISH) oligonucleotides, which contain nucleic acid sequences complementary

to target nucleic acids; Nucleic acid analog probes, which bind to target nucleic acids;

Immunological proteins, immune-derived proteins, or peptide fragments, such as antibodies,

nanobodies, single chain variable fragments, phage-display particles, etc., which bind to

target analytes including proteins, modified proteins, and other types of biomolecules;

Aptamers including nucleic acid and nucleic acid analog polymer ligands which bind to

target analytes; Proteins, such as lectins, which bind certain carbohydrate analytes; Other

types of ligands, which exhibit any non-random binding pattern for other molecules under

any conditions.

Figure 4 is directed to programming the interaction between the primary probes and

the target analytes. Figure 5A is directed to an example of an aptamer as the primary probe.

Figure 5B is directed to an example of an antibody as the primary probe. Figure 5C is

directed to an example of an oligonucleotide ISH primary probe.

The methods of reversibility of Step A are inherently linked to the nature of the probe.

Reversibility of Step A may be accomplished by any means of reversing the chemical bonds

or molecular interactions between the target analyte and the probe. For example, temperature,

salt concentration, and/or denaturants such as guanidine HC1, urea, and formamide can be

used to disrupt nucleic acid annealing, removing bound DNA or RNA ISH probes from a

target nucleic acid molecule. Temperature, salt, and/or denaturants such as guanidine HC1,

urea, and formamide can also be used to disrupt the interactions between peptide ligands such

as antibodies and lectins, reversing the binding of the ligand to the target analyte. Enzymatic

treatments can reverse probe binding by specifically degrading the probe, as by DNase

digestion of DNA ISH probes targeting mRNA or RNA molecules, which digest the DNA



probe but not the target molecule. Oligonucleotide or nucleic acid analog probes, as well as

peptide probes, may be synthesized to contain chemical groups sensitive to photo-, chemical,

or enzymatic treatment rendering the probe labile, as in degraded or displaced from the target

molecule. For example, an antibody probe may contain non-natural amino acid residues with

cleavable groups in the backbone of t e amino acid polymer, causing the antibody to be

specifically degraded. A nucleic acid or nucleic acid analog primary probe may contain

modified bases or a modified sugar backbone, such as a 3' or 5' bridging phosphorothioate

linkage, which is cleaved by Ag ion, or a photocleavable group, which is cleaved by UV

light, or a photolabile group, which changes atomic conformation upon treatment by UV light

altering the conformation of the oligonucleotide to disrupt nucleic acid annealing.

Introduction of azobenzene-containing guanidinium derivatives (Bergen et al 201 6 ACS

Nano Letters.) can function as a photosensitive intercalator for photoreversible nucleic acid

annealing, disrupting the probe binding from a target nucleic acid.

After reversing the chemical bonds or molecular interactions between the target

analyte and the probe, in which case the probe is either unbound or specifically degraded, the

probe or probe fragments are removed from the sample, such as by washing. At least some

portion of target analytes, however, remain intact and able to be probed in subsequent cycles

of Cyclic HCR.

For example, by specific degradation of DNA ISH probes using DNase, the target

mRNA molecules remain intact and able to be re-probed using the same or a new set of

primary probes. In another example, protein targets are probed in one cycle of HCR; later, the

protein target probes are removed from the proteins by treatment with a denaturant such as

urea, and the primary probes are washed away. The target proteins can then be re-probed

using the same or a new set of primary probes. Alternatively, subsequent cycles of Cyclic



HCR may target other types of molecules such as nucleic acids, which are not affected by the

probing or removal of protein probes, i.e. the forward and reverse mechanisms of Step A

programmability .

The labeling of the analyte of interest in each cycle of HCR may be reversed or

undone or the primary probe may be otherwise separated from the target molecule, e.g. by

stripping a hybridized nucleic acid probe from the target nucleic acid, such as by heating or

by using a denaturant (e.g. urea, or formamide), or by enzymatic digestion of the hybridized

nucleic acid probe as by DNase I digestion of DNA probes bound to RNA molecules, which

are not degraded by the DNase enzyme. A bound antibody may be stripped by heat or

chemical treatment (e.g. formamide). Note, however, that reversing the labeling of the target

analyte does not necessarily remove the HCR polymer and associated fluorescent signal;

therefore these methods may be combined with methods for reversing steps C and D . For

example, disruption of the annealing between a nucleic acid ISH probe and target nucleic

acid by triggering a conformation change of the primary probe containing one or more

photolabile groups will not necessarily remove the HCR polymer itself, which may not

contain the photolabile groups and therefore will remain polymerized, although now

disconnected from the target molecule. Therefore this reversal of Step A could be combined

with a reversal of Steps B, C, and/or D to facilitate removal of the HCR initiator, HCR

polymer, or fluorescence signal associated with the HCR polymer, such that the sample is

returned to a state suitable for subsequent rounds of detection using Cyclic HCR.

Any number of orthogonal cycling systems for Step A may be combined to

programmatically render a subset of the Primary Probes bound or unbound within a cycle.

For example, a subset of Primary Probes may be cycled using photo-labile groups, while

others are cycled simultaneously or in series by use of chemically-labile groups to remove the



Primary Probe.

A Cyclic HCR reaction may not utilize Step A programmability, as in the case where

all of the desired plurality of target molecules are probed with a primary probe

simultaneously and exactly once, and Cyclic HCR reactions using programmability of any of

Steps B-D are conducted. In this case, the probe is never removed from the target molecule.

Step B) Programmable Functional Linkage of the Primary Probe to an HCR Initiator

According to methods described herein, a plurality of target molecules within a

sample are detected including the steps of attaching a probe or set of probes to each of a

plurality of target molecules, such that all of the desired plurality of target molecules, or some

desired subset thereof, have a probe or set of probes attached thereto, wherein each probe is

capable of transferring information via Cyclic HCR Steps B-D, namely functional linkage to

an HCR initiator, initiation of an HCR polymerization reaction, and generation of an

amplified fluorescence signal by the HCR polymer. Functional linkage between the primary

probe and the HCR initiator is intended to describe both the physical linkage, comprised of

chemical bonds and molecular interactions, between the primary probe and the HCR initiator,

and the state of the HCR initiator as gated or ungated, e.g. able to initiate HCR under

appropriate conditions and in the presence of the complementary HCR monomers such as

hairpin(s). Functional linkage between t e primary probe and the HCR initiator may be

programmed by either controlling the physical linkage between the primary probe and the

HCR initiator, such that a physical linkage may be established and/or specifically dissolved;

or by gating the HCR initiator such that the initiator may be specifically rendered capable of

initiating HCR under appropriate conditions and in the presence of the complementary

hairpin(s) and/or specifically rendered incapable of initiating HCR under appropriate



conditions and in t e presence of t e complementary hairpin(s); or both.

A programmable functional linkage between the primary probe and the HCR initiator

is enabled by use of a secondary probe to physically link the HCR initiator to the primary

probe, referred to as the "Step B Probe". A Step B Probe including an initiator molecule

bound to a nucleic acid sequence complementary to an attachment moiety (if it is a nucleic

acid sequence) or binding pair of the attachment moiety of the Step A Probe is added to the

sample and the Step B probe binds to the Step A probe bound to the target molecule.

Corresponding hairpin molecules are then added and a hybridization chain reaction is carried

out as described herein. In this manner, each target molecule within the sample is bound to a

Primary Step A Probe having a secondary binding site for a Step B Probe. A Step B probe,

which contains the HCR initiator motif, is used to bind or associate the same or one of a

common set of initiator sequence(s) to each of the target molecules over the course of a

Cyclic HCR experiment. In this manner, the same or common initiator sequence and hairpin

sequences can be used during each detection step, or for detection of each target molecule in

the plurality of target molecules. The detectable moieties or detectable labels are detected.

The Step B probe, which contains the HCR initiator motif, may later be stripped, removed, or

otherwise disassociated from the Primary Step A Probe, such that the Step A Probe is no

longer physically linked to an HCR initiator and therefore is considered "reversed" or "reset"

or unable to initiate an HCR polymerization reaction. In this manner, the function of the

system to detect a target molecule is reversed, i.e. returned to an earlier state, so that a second

analyte or subset of target analytes can be detected. The process is then repeated for a second

and subsequent target molecule or subset of target molecules, using one or more Step B

Probe(s) specific for the binding moiety of the Step A probes of the next target molecule or

set of target molecules, but where the Step B Probes have the same HCR initiator sequence(s)



and the same detectable moiety or detectable label that was used with the first target molecule

or set of target molecules. In this manner, t e same initiator and hairpin molecules can be

used, i.e., "re-used" for each target molecule.

According to certain aspects, methods and materials are provided for forming a

chemical bond (ionic, covalent, or hydrogen) between the Primary Step A Probe (i.e., the

primary probe responsible for binding the target analyte, but also with the secondary

attachment site for attachment to the Step B Probe, which contains the HCR initiator

sequence) and the Step B probe with the HCR initiator. These methods include Sequencing

by hybridization, e.g. annealing a nucleic acid Step B probe to a complementary sequence on

the Primary Step A Probe, as in Figure 7B; Sequencing by ligation, as in Figure 7C, to form a

stable duplex nucleic acid or nucleic acid analog linking the HCR initiator sequence in a Step

B Probe to a Step A Probe; or Use of a ligand conjugated to an HCR initiator sequence as a

Step B probe, as by an antibody, aptamer, or protein ligand, which specifically binds an

epitope present on the Step A probe, e.g. a streptavidin-modified HCR initiator sequence

which binds to a biotinylated Primary Probe.

Further methods and materials are provided for disrupting a chemical bond (ionic,

covalent, or hydrogen) between the Primary Step A probe and the Step B probe, or for in any

way severing the physical linkage or association between the Primary Probe and the HCR

initiator sequence. These methods include Methods for disrupting the bond between annealed

nucleic acids or nucleic acid analogs by means of temperature, salt concentrations,

denaturants (urea, formamide, guanidine HCl); or Step B Probe materials and methods for

introducing a photo-labile, chemically-labile, or enzymatically-labile group anywhere in the

portion of Step B Probe that binds the Step A Probe, such that the binding is disrupted upon

induction, as by light treatment or introduction of a chemical or enzymatic agent, e.g. a



photolabile group, which changes conformation upon treatment by UV light altering t e

conformation of t e oligonucleotide to disrupt nucleic acid annealing between the Step A

Probe and the Step B probe; Step A Probe materials and methods for introducing a photo-

labile, chemically-labile, or enzymatically-labile group anywhere in the portion of Step A

Probe that binds the Step B Probe, such that the binding is disrupted upon induction, as by

light treatment or introduction of a chemical or enzymatic agent, e.g. a photolabile group,

which changes conformation upon treatment by UV light altering the conformation of the

oligonucleotide to disrupt nucleic acid annealing between the Step A Probe and the Step B

probe; Step B Probe materials and methods for introducing a photo-labile, chemically-labile,

or enzymatically-labile group anywhere between the portion of Step B Probe that binds the

Step A probe and the HCR initiator, such that the physical linkage is broken and the HCR

initiator sequence(s) can be washed away or removed; e.g. introduction of a 3' or 5' bridging

phosphorothioate linkage in the backbone of a DNA oligonucleotide between the region

complementary to the Step A Probe and the HCR initiator sequence; Step A Probe materials

and methods for introducing a photo-labile, chemically-labile, or enzymatically-labile group

anywhere between the portion of Step A Probe that binds the target analyte and the portion

that binds the Step B Probe, such that the physical linkage is broken and the HCR initiator

sequence(s) can be washed away or removed; e.g. introduction of a 3' or 5' bridging

phosphorothioate linkage in the backbone of a DNA oligonucleotide between the region

complementary to the Step B Probe and the region of the Step A Primary probe that contacts

the target analyte; Step B Probe materials and methods for specifically degrading the Step B

probe or the portion thereof either containing the HCR initiator or responsible for binding to

the Step A Probe; e.g. DNase digestion of a DNA Step B probe, where the Step A probe is

protected from the DNase activity by means of a modified base, such that the Step B probe is



specifically degraded; Materials and methods for specifically degrading at least the portion of

t e Step A probe containing the binding moiety responsible for binding to the Step B Probe;

e.g. DNase digestion of a DNA conjugated to a peptide Step A Probe.

According to one aspect, methods include cycling step B by simultaneously labeling a

number of target analytes, such that each analyte is associated with one or more primary

probes, but none of the primary probes are inherently HCR initiators. Systematically, subsets

of the primary probes are associated with HCR initiators, as by sequencing by hybridization

or sequencing by ligation. In the former case, nucleic acid probes complementary to a

sequence contained in the primary Step A probe and also bearing an HCR initiator sequence

are hybridized to the sample. In the latter case, DNA ligase is used to covalently extend a

second-strand of DNA partially complementary to a Primary probe sequence but also bearing

an HCR initiator sequence.

The association of the Primary probe with the HCR initiator may be reversed, i.e. the

Step A probe and the HCR initiator may be separated, e.g. by stripping the hybridized nucleic

acid probe bearing the initiator sequence, referred to as the Step B Probe, from the Step A

probe. The HCR polymer may be displaced and the nucleic acid bearing the HCR initiator

domain capped, such as by toehold strand displacement. See Nature Chemistry 3:103-113

(201 1) hereby incorporated by reference. The nucleic acid bearing the HCR initiator domain

may be chemically cleaved, such as by silver nitrate reaction with a bridging sulfur

phosphorothioate linkage located between the chemical bonds between the linking probe and

the HCR initiator sequence. A DNA strand bearing the HCR initiator domain may be

enzymatically or chemically degraded, as by lambda exonuclease digestion of a 5'-phosphate

bearing DNA strand, ds-specific DNase, or as by USER system (UDG/EndoVIII) or EndoV

digestion of DNA containing dU and dl nucleobases, respectively. Alternatively, an



endonuclease may cut the initiator sequence. Reversing the association between the HCR

initiator and target may not necessarily remove the HCR polymer and associated fluorescent

signal; therefore these methods may be combined with methods for reversing steps C and D .

Furthermore, a programmable functional linkage between the primary probe and the

HCR initiator is enabled by only methods and materials to specifically dissolve the linkage

between the Primary Probe and the HCR initiator, or for in any way severing the physical

linkage or association between the Primary Probe and the HCR initiator sequence. In one

implementation, the Primary Probe contains a functionally active HCR initiator.

Corresponding hairpin molecules are then added and a hybridization chain reaction is carried

out as described herein. At a later time, the HCR initiator on the Primary Probe is physically

separated from the Primary Probe, or otherwise degraded. Figure 7B Step 2 is directed

towards the removal of the functional initator from the Primary Probe, independent of use of

Figure 7B Step 1. New Primary Probes may be added to the sample, introducing the same

HCR initiator sequences. In this manner, each target molecule may be associated with the

same or one of a common set of initiator sequence(s) over the course of a Cyclic HCR

experiment. In this manner, the same or common initiator sequence and hairpin sequences

can be used during each detection step, or for detection of each target molecule in the

plurality of target molecules. The detectable moieties or detectable labels are detected.

Methods and materials for specifically dissolving the linkage between the Primary Probe and

the HCR initiator include all those listed above. Where the linkage between the Primary

Probe and the HCR initiator include any of the linkage methods described in Step A, these

are also understood to be included in Step B; e.g. use of any ligand to bind a Step B Probe to

a Step A probe, and any method of dissolving that linkage.

Furthermore, a programmable functional linkage between the primary probe and the



HCR initiator is enabled by methods and materials for gating an HCR initiator physically

linked to the Primary Probe. Step B may be programmed by gating the HCR initiator such

that the ability of the Primary Probe to initiate HCR is modulated by some external input.

Step B may be programming by materials and methods to gate an HCR initiator such that it is

dependent on another input, such as any kind of physical or electromagnetic signal or use of

an atomic or molecular activator, to initiate HCR; or by methods and materials to gate an

HCR initiator such that an input, such as any kind of physical or electromagnetic signal or

use of an atomic or molecular activator, inactivates the HCR initiator such that it can no

longer initiate an HCR polymerization reaction; or both. A Primary Probe including a gated

HCR initiator molecule is added to the sample and bound to the target molecule. At a later

time, the HCR initiator may be activated, HCR monomers such as hairpins are added to

sample and contact the active initiator, generate an HCR polymer, and a detectable moiety,

such as a fluorescent moiety, is detected. At a later time, the HCR initiator may be

inactivated, such that hairpins are added to the sample, but either cannot contact the initiator

or otherwise contact the inactive initiator but do not cause a polymerization reaction.

In one implementation, the Primary Probe contains a functionally active HCR

initiator. Corresponding hairpin molecules are then added and a hybridization chain reaction

is carried out as described herein. At a later time, the HCR initiator on the Primary Probe is

gated, or rendered unable to initiate an HCR polymerization reaction. New Primary Probes

may be added to the sample, introducing the same HCR initiator sequences, or existing

Primary Probes already present in the sample, but whose HCR initiator sequences are gated

and unable to initiate HCR may be then ungated and rendered able to initiate an HCR

polymerization reaction. In this manner, each target molecule may be associated with the

same or one of a common set of initiator sequence(s) over the course of a Cyclic HCR



experiment. In this manner, the same or common initiator sequence and hairpin sequences

can be used during each detection step, or for detection of each target molecule in the

plurality of target molecules. The detectable moieties or detectable labels are detected.

In another implementation, the Primary Probe contains an inactive or gated HCR

initiator sequence, incapable of initiating an HCR polymerization reaction. All or some subset

of t e HCR initiator sequences on the Primary Probes are ungated, Corresponding hairpin

molecules are then added and a hybridization chain reaction is carried out as described

herein. According to one aspect, subsequent cycles of HCR, other subsets of the HCR

initiator sequences are ungated, creating an additive HCR signal at each cycle. According to

another aspect, the HCR initiator on the Primary Probe is either physically separated from the

Primary Probe, or otherwise degraded, or gated, or rendered unable to initiate an HCR

polymerization reaction, such that subsequent HCR cycles create new signals in the absence

of previous signals. In this manner, new Primary Probes may be added to the sample,

introducing the same HCR initiator sequences, or existing Primary Probes already present in

the sample, but whose HCR initiator sequences are gated and unable to initiate HCR may be

then ungated and rendered able to initiate an HCR polymerization reaction. In this manner,

each target molecule may be associated with the same or one of a common set of initiator

sequence(s) over the course of a Cyclic HCR experiment. In this manner, the same or

common initiator sequence and hairpin sequences can be used during each detection step, or

for detection of each target molecule in the plurality of target molecules. The detectable

moieties or detectable labels are detected.

Methods of gating the HCR initiator include Methods of introducing a protecting

moiety on the HCR initiator, such that it is unable to initiate an HCR polymerization reaction;

Methods of protecting the HCR initiator with a complementary strand, such that it is



inaccessible to initiate the HCR polymerization reaction, as in Figure 7A; Where t e

protecting strand contains additional sequence, such that a complementary strand can be

introduced (also referred to as Step B Probe, as it is responsible for programming the

functional linkage between the Primary Probe and the HCR initiator), such that toehold strand

displacement occurs, causing the HCR initiator sequence(s) to be single-stranded and/or

made available to initiate an HCR polymerization reaction; Methods and materials for

introducing and/or removing a photo-labile, chemically-labile, or enzymatically-labile

protecting moiety on the HCR initiator, such that it is unable to initiate an HCR

polymerization reaction; Methods for specifically activating an HCR initiator, or for

specifically deactivating an HCR initiator, such as by the addition or removal of a binding

moiety, such as a ssDNA binding protein, which blocks the ssDNA initiator sequence from

contacting the HCR hairpins; Methods and materials for a chemically-, photo-, or

enzymatically-labile HCR initiator sequence and use thereof, such that the atomic

conformation of t e HCR initiator is able to be modulated to allow the HCR initiator to either

contact or be prevented from contacting the HCR hairpins; Methods are provided to cycle

step B by protecting and/or de-protecting the initiator sequence, as by double stranding the

initiator sequence with a complementary protecting strand. The complementary protecting

strand may be displaced as by DNA toehold strand displacement. The protecting strand may

be chemically cleaved, such as by silver nitrate reaction with bridging sulfur

phosphorothioate linkages along the backbone of the protecting strand. The protecting strand

may be enzymatically or chemically degraded, as by lambda exonuclease digestion of a 5'-

phosphate bearing DNA strand, ds-specific DNase, or as by USER system (UDG/EndoVIII)

or EndoV digestion of DNA containing dU and dl nucleobases, respectively. The protecting

strand may be forced to un-hybridize by incorporating photolabile bases that change atomic



configuration upon exposure to different wavelengths of light.

Broadly, t e functional linkage between t e Primary Probe, or region thereof, that is

responsible for contacting and binding the target analyte, and the HCR initiator sequence(s),

are described as "the linker," "linker," "functional linker", "Step B Linker," or

"programmable linker". In the case of Cyclic HCR using Step B programmability, any of the

aforementioned methods and materials constitute the linker, e.g. the combined binding

moities of the Step A Probe and the Step B Probe, which establish a physical linkage between

the Primary Probe and the HCR initiator, or the Step A Probe containing a gated or gate-able

HCR initiator.

A Cyclic HCR reaction may not utilize Step B programmability, as in the case where

all primary probes are directly cognate to an ungated HCR initiator, e.g. an HCR initiator that

will initiate an HCR polymerization reaction in the presence of the complementary hairpin(s)

and in a suitable environment (e.g. aqueous buffer, temperature, etc.). In this case, the

functional linkage of the primary probe to an HCR initiator may be by direct chemical

linkage, e.g. a DNA HCR initiator conjugated directly to an antibody primary probe (e.g.

Solulink); or as by the phosphodiester bond in the backbone of a nucleic acid between the

region of a nucleic acid or nucleic acid analog primary probe complementary to a target

nucleic acid molecule and the region containing the HCR initiator motif; or as by a non-

reactive spacer sequence, e.g. poly-T, poly-A, or poly-[TA] repeat between the region of a

nucleic acid or nucleic acid analog primary probe complementary to a target nucleic acid

molecule and the region containing the HCR initiator motif. In these examples, the physical

linkage between the probe and the ungated HCR initiator is direct and the functional linkage,

which refers to both the physical linkage and the state of the HCR initiator as being gated or

not, is also direct, and not designed in any way to be capable of being physically separated or



gated; therefore Step B is not programmable. These are also referred to "the linker". Cyclic

HCR reactions may still utilize programmability of any of Steps A, C, and D .

Any number of orthogonal Step B strategies may be combined to programmatically

render a subset of the initiator domains accessible and functional within a cycle. For

example, a subset of Primary Probes may be present within a cycle with HCR initiators gated

by a protecting strand, while a distinct subset of Primary Probes do not contain an HCR

initiator, but rather a sequence complementary to a Step B probe containing the HCR

initiator.

Figure 6 is directed to the use of both methods of Step B, i.e. programming the

physical association of the HCR initiator to the Primary Probe by means of a Step B Probe,

and programming the state of a gated HCR initiator, for detection of two target analytes using

two cycles of HCR. Figure 7 is directed to mechanisms of programming the functional

linkage between the Primary Probe and the HCR initiator, wherein Figure 7A is exemplary of

use of a gated HCR initiator, and Figures 7B and 7C are exemplary of programming a

physical linkage between the Primary Probe and the HCR initiator, using Sequencing by

Hybridization (7B) and Sequencing by Ligation (7C) reactions.

Step C) Cyclic HCR Polymerization

According to methods described herein, a plurality of target molecules within a

sample are detected including the steps of attaching one or more, or a plurality of Primary

probe(s) to each of a plurality of target molecules, such that at some predetermined time

during the Cyclic HCR method, each of the desired plurality of target molecules has a

Primary probe or set of Primary probes attached thereto, wherein each Primary probe is

functionally linked at some predetermined time to an HCR initiator. Metastable HCR



monomers, such as Hairpin molecules, which correspond and bind to, and which may be

unique to, an initiator are added and a hybridization chain reaction is carried out as described

herein, generating a tethered HCR polymer at t e site of the initiator. The HCR polymer is

"tethered" to the extent that the initial HCR monomer is hybridized or bound to the initiator

and remaining HNR monomers are extended in series to make the HCR polymer. At some

predetermined time, the tethered HCR polymer is labeled by one or more, or a plurality of

fluorescent or detectable moieties. In this manner, each target molecule within the sample is

bound to a probe having an HCR initiator and HCR monomers such as hairpin molecules are

added to detect the target molecule. This process can be conducted in series or in parallel for

each target molecule in the sample over time. Each target molecule may be bound to a probe

having an HCR initiator, where HCR monomers such as hairpin molecules are subsequently

added to detect the target molecule, one or more times over the course of a Cyclic HCR

method. Over the entire course of a Cyclic HCR method, each analyte, or each unique aspect

of original information being interrogated, such as a molecular species, molecular quality, or

molecular configuration, generates a unique pattern of ordered amplified fluorescence signals

via Cyclic HCR. For Cyclic HCR, the HCR hairpin molecules and associated or cognate

initiator sequence may be degenerate to each target molecule. Within an ordered set of HCR

polymerization reactions, the same or a common set of HCR polymers may be used

repeatedly, with the HCR polymers being functionally reversed between HCR polymerization

reactions, as by reversal of the polymerization or otherwise by degradation or detachment of

the HCR polymer. In this manner a single HCR system, or a set of orthogonal HCR systems,

can be used to detect all of the plurality of target molecules in the sample. The ability to form

and degrade or detach an HCR polymer is enabled by materials and methods described

herein, which functionally reset the sample between each HCR polymerization reaction,



allowing the HCR system(s) to be re-used between cycles of Cyclic HCR.

Figure 9 is directed to a two cycles of HCR for detection of two target analytes using

two orthogonal HCR systems, but only a single spectrally resolvable fluorescence signal.

Target 1 is bound by Primary Probe "Alpha", which contains an initiator sequence "il", and

Target 2 is bound by Primary Probe "Beta", which contains an initiator sequence "i2". At

Time=l, HCR hairpins cognate to initiator "il" are added to the sample, and "il" is contacted

by the cognate HCR hairpins forming an HCR polymer, represented by t e red star indicating

a red fluorescence signal, which is detected. The HCR polymer is subsequently degraded or

disassembled or detached at Time=2, thereby returning the sample to a prior state without

HCR polymers. At Time=3, HCR hairpins cognate to initiator "i2" are added to the sample,

and "i2" is contacted by the cognate HCR hairpins forming an HCR polymer, represented by

the red star indicating the same red fluorescence signal, which is detected. The HCR polymer

is subsequently degraded or disassembled or detached at Time=4, thereby returning the

sample to a prior state without HCR polymers.

According to certain aspects, methods are provided for an HCR polymerization

reaction that occurs only at initiator sequences for which the corresponding HCR hairpins are

present. Figure 9 is directed to this, as HCR polymerization at Times 1 and 3 each occur at

only one of the two initiator sequences, "il" and "i2", as in each time point only one set of

HCR hairpins cognate to "il" or "i2" are added. According to certain aspects, an HCR

polymerization reaction proceeds in the presence of the initiator sequence, although the

initiator sequence may need to be rendered accessible or activated as by Step B . According

to certain aspects, the detectable moiety may be added, activated, removed or "reversed" as

described herein as in Step D . According to certain aspects, the HCR polymer itself is subject

to targeted degradation or disassembly or detachment, constituting programmability of Step



C .

Step C may be reversed by targeted degradation or disassembly or detachment of the

HCR polymer, i.e. the HCR polymer may be degraded or disassembled or detached. One or

more strands of an HCR polymer may be displaced as by DNA toehold strand displacement,

as is depicted in Figure 10B. One or more strands of the HCR polymer may be chemically

cleaved, such as by silver nitrate reaction with bridging sulfur phosphorothioate linkages

along the DNA backbone, as is depicted in Figure 10A. One or more strands of the HCR

polymer may be enzymatically or chemically degraded, as by lambda exonuclease digestion

of a 5'-phosphate bearing DNA strand, ds-specific DNase, or as by USER system

(UDG/EndoVIII) or EndoV digestion of DNA containing dU and dl nucleobases,

respectively, as is depicted in Figure IOC. Other enzymes include cas9, zinc finger

nucleases, and other targeted endo- and exo-nucleases. The HCR strands may be forced to

un-hybridize by incorporating photolabile bases that change atomic configuration upon

exposure to certain wavelengths of light. These exemplary methods may or may not remove

the initiator itself. To prevent additive signal over rounds of cyclic HCR, methods described

above for reversing steps A and B may be used.

Any number of orthogonal Step C strategies may be combined to programmatically

render a subset of the HCR polymers as polymerized within a cycle. For example, some

polymers may be degraded using chemical methods, while others are simultaneously or

serially disassembled using toehold strand displacement.

A Cyclic HCR reaction may not utilize Step C programmability, as in the case where

HCR polymers remain intact in a sample after being formed through the HCR polymerization

reaction, i.e., the HCR polymer is not removable. Cyclic HCR reactions may still utilize

programmability of any of Steps A, B, and D . For example, HCR polymers may be formed in



an additive manner over time, but only a subset rendered fluorescent at any one time by use

of Step D programmability. Alternatively, the HCR polymers may be formed exactly once,

but only a subset rendered fluorescent at any one time by use of Step D programmability.

Step D) Programmable Fluorescent Labeling of HCR Polymer

According to methods described herein, a plurality of target molecules within a

sample are detected including the steps of attaching a Primary probe or set of Primary probes

to each of a plurality of target molecules, such that at some predetermined time during t e

Cyclic HCR method, each of the desired plurality of target molecules has a Primary probe or

set of Primary probes attached thereto, wherein each Primary probe is functionally linked at

some predetermined time to an HCR initiator. HCR monomers, such as hairpin molecules,

associated with or unique to an initiator are added and a hybridization chain reaction is

carried out as described herein, generating a tethered HCR polymer at the site of the initiator.

At some predetermined time, the tether HCR polymer is labeled by one or more, or a plurality

of fluorescent or detectable moieties. In this manner, each target molecule within the sample

is bound to a probe having an HCR initiator and HCR monomers, such as hairpin molecules

are added to detect the target molecule. This process can be conducted in series or in parallel

for each target molecule in the sample over time. Each target molecule may be bound to a

probe having an HCR initiator, where HCR monomers, such as hairpin molecules are

subsequently added to detect the target molecule, one or more times over the course of a

Cyclic HCR method. Over the entire course of a Cyclic HCR method, each analyte, or each

unique aspect of original information being interrogated, such as a molecular species,

molecular quality, or molecular configuration, generates a unique pattern of ordered

amplified fluorescence signals via Cyclic HCR. For Cyclic HCR, the fluorescence signal



may be degenerate to each target molecule during any cycle of HCR. Programmability of

Step D is enabled by methods of programming the HCR polymer with the fluorescence

signal, such that fluorescent moieties can be specifically coupled to the HCR polymers and/or

specifically removed from the HCR polymers. In this way, within an ordered set of HCR

polymerization reactions, the same or a common set of detectable moieties may be used

repeatedly.

Programmability of Step D of Cyclic HCR is enabled by materials and methods to

specifically associate an HCR polymer with a detectable moiety, such as a fluorescence

moiety; materials and methods to specifically remove detectable moieties, such as

fluorescence moieties, from an HCR polymer; or both.

Use of a secondary probe, referred to as the Step D Probe, which bears the detectable

moiety such as a fluorescent moiety, allows the detectable moiety to be introduced to the

HCR polymer, and/or removed from the polymer. This process can be conducted in series or

in parallel for each target molecule in the sample wherein the detectable moiety can be the

same within and across all set of HCR polymer molecules generated at the target molecules.

In this manner a single detectable moiety can be used to detect all of the plurality of target

molecules in the sample. The detectable moieties or detectable labels are detected.

According to certain aspects, the detectable moieties or detectable labels are removed from

the HCR polymer after detection, i.e. the detectable labels are removable. In this manner, the

function of the system to detect a target molecule is reversed. According to certain aspects,

the constituent HCR monomers, such as hairpins that form the HCR polymer contain a

detectable moiety, such as fluorescence moiety, such that the HCR polymer contains a

plurality of detectable moieties, such as fluorescence moieties; the HCR polymer is thereby

detected; and the detectable moieties or detectable labels are removed from the HCR polymer



after detection. In this manner, the function of t e system to detect a target molecule is

reversed.

Figure 12 is directed to two cycles of HCR using Cyclic HCR Step D

programmability. Two target analytes are bound by Primary Step A probes "Alpha" and

"Beta", respectively, functionally linked to the initiator sequences "i l " and "i2", respectively,

via linkers represented as "L", but understood to be any kind of programmable or non

programmable linker as described by Step B of Cyclic HCR. HCR monomer hairpins

corresponding to the orthogonal HCR systems initiated by initiators "i l " and "i2" have been

added to t e sample, and have contacted the initiator sequences "il " and "i2", which are

linked to Primary probes Alpha and Beta, respectively, and formed HCR polymers at the

target analyte. In series, each HCR polymer associated with or cognate to initiators "i l " and

"i2" are conjugated to a detecting fluorescence moiety, represented by the blue stars. After

detection, the fluorescent moiety is removed from the HCR polymer, although the HCR

polymer remains intact, thereby returning the sample to a state of no detectable fluorescence

signal between cycles of HCR.

Methods and materials enabling the programmable labeling an HCR Polymer include

HCR monomer or hairpin molecules having a nucleic acid handle moiety for binding a probe,

referred to as the Step D Probe, including a detectable moiety. One or more complementary

oligonucleotide Step D probes including one or more detectable moiety or moieties is added

to bind to the handles of the HCR polymer; HCR monomer or hairpin molecules having an

epitope, which is bound by a ligand referred to as the Step D probe, including one or more

detectable moiety. One or more ligand Step D probes including one or more detectable

moiety is added to bind to the epitopes of the HCR polymer. HCR monomer or hairpin

molecules having a chemical group or handle, for which a chemical or enzymatic reaction



can specifically conjugate a detectable moiety onto t e HCR polymer; e.g. an accessible 3'

OH for addition of a fluorescent dNTP by a terminal transferase; or an accessible 5'phosphate

for addition of a fluorescent oligo by a DNA ligase; or bearing a primary amine, for reaction

with a fluorophore conjugated to an NHS-ester.

Methods and materials enabling t e programmable removal of a detecting moiety, e.g.

reversal of the fluorescence labeling of the HCR polymer, include Methods for disrupting the

bond between annealed nucleic acids or nucleic acid analogs by means of temperature, salt

concentrations, denaturants (urea, formamide, guanidine HC1) to remove a fluorescent Step D

probe from the HCR polymer; Step D Probe materials and methods for introducing a photo-

labile, chemically-labile, or enzymatically-labile group anywhere in the portion of Step D

Probe that binds the HCR polymer, such that the binding is disrupted upon induction, as by

light treatment or introduction of a chemical or enzymatic agent, e.g. a photolabile group,

which changes conformation upon treatment by UV light altering the conformation of the

oligonucleotide to disrupt nucleic acid annealing between the Step D Probe and the HCR

polymer; HCR monomer or hairpin materials and methods for introducing a photo-labile,

chemically-labile, or enzymatically-labile group anywhere in the portion of the HCR hairpin

that binds the Step D Probe, such that the binding is disrupted upon induction, as by light

treatment or introduction of a chemical or enzymatic agent, e.g. a photolabile group, which

changes conformation upon treatment by UV light altering the conformation of the

oligonucleotide to disrupt nucleic acid annealing between the Step D Probe and the HCR

polymer; Step D Probe materials and methods for introducing a photo-labile, chemically-

labile, or enzymatically-labile group anywhere between the portion of Step D Probe that

binds the HCR polymer and the fluorescence or detecting moiety, such that the physical

linkage is broken and the fluorescent or detecting moiety can be washed away or removed;



e.g. introduction of a 3' or 5' bridging phosphorothioate linkage in the backbone of a DNA

oligonucleotide between the region of t e Step D probe physically linked to the HCR

polymer and the fluorescent or detecting moiety; HCR monomer or hairpin materials and

methods for introducing a photo-labile, chemically-labile, or enzymatically-labile group

anywhere between t e portion of HCR hairpin involved in formation of the HCR polymer

and the binding partner of the Step D Probe including the fluorescence or detecting moiety,

such that the physical linkage between the polymer and the fluorescence moiety is broken and

the fluorescent or detecting moiety can be washed away or removed; e.g. introduction of a 3'

or 5' bridging phosphorothioate linkage in the backbone of a DNA oligonucleotide between

the region of the HCR hairpin annealed to another HCR hairpin within the HCR polymer and

the region containing the binding partner to the Step D Probe containing the fluorescent or

detecting moiety; Step D Probe materials and methods for specifically degrading the Step D

probe or the portion thereof either containing the fluorescent moiety or responsible for

binding to the HCR polymer; e.g. DNase digestion of a DNA Step D probe, where the HCR

polymer is protected from the DNase activity by means of a modified base, such that the Step

D probe is specifically degraded; HCR monomer or hairpin materials and methods for

specifically degrading the binding partner of the Step D Probe, such as enzymatic or chemical

digestion of an epitope, cleavage or fragmentation of a nucleic acid handle, such that the

binding partner of the Step D Probe is removed from the HCR polymer, thereby allowing the

Step D Probe containing the detecting or fluorescence moiety to be removed from the HCR

hairpin as by diffusion or washing; Step D probe materials and methods for quenching the

fluorescence or detecting moiety, such as photobleaching of a fluorescent moiety to

permanently eliminate the fluorescence excitation/emission quality of the detecting moiety;

or such as introduction of a secondary Step D probe, which binds to a portion of the primary



Step D probe and bears a quenching group.

The disclosure provides that an HCR polymer may generate fluorescent signal by

fluorescent sequencing by hybridization, sequencing by synthesis, or sequencing by ligation

reactions. The fluorescent label may be dissociated or "reversed" by enzymatic or chemical

cleavage of the fluorescent moiety from the HCR polymer, or by DNA toehold strand

displacement. Figure 13 is directed to t e programming of fluorescence to an HCR polymer

by hybridization of a Cyclic HCR Step D Probe to an HCR polymer via an additional handle

sequence present on t e HCR polymer, and then later stripping the fluorescent Step D Probe

from the HCR hairpin after detection of the fluorescence signal. Figures 14A is directed to

additive programming of Cyclic HCR Step D, e.g. only the association of fluorescence with

the HCR polymer is programmed, and not the dissociation of fluorescence from the HCR

polymer, such that each cycle of Step D adds additional fluorescence signals to the sample.

Figure 14B is directed to programmability of both association and dissociation of

fluorescence signal with/from the HCR polymer.

The disclosure provides methods to fluorescently label an HCR polymer by

modifying the HCR polymer with additional 5' or 3' handle sequences where a fluorophore-

laden oligo, referred to as a Step D Probe, can be hybridized. Alternatively, the handle may

serve as a template site for enzymatic sequencing reaction such as sequencing by ligation or

sequencing by synthesis using a DNA polymerase to incorporate a fluorescent moiety into a

subset of HCR amplicons. For example, in the first cycle, a complementary DNA strand Step

D Probe is hybridized to a subset of HCR probe handle sequences, serving as a sequencing

primer. A polymerase can be used to incorporate a fluorescent base on that subset of HCR

polymers. In subsequent cycles, orthogonal sequencing primers are used to fluorescently

label other subsets of the HCR polymer space. In a separate example, a complementary DNA



strand Step D Probe is hybridized to a subset of HCR probe handle sequences, serving as a

sequencing primer. A polymerase can be used to incorporate a fluorescent base on that subset

of HCR polymers. In subsequent cycles, each of t e four bases of DNA are used to

fluorescently label other subsets of t e HCR polymer space, where templated incorporation

of each base is directed to a subset of the HCR polymer space. In this example, each

fluorescently labeled nucleotide incorporated in series during the sequencing reactions may

use a common color of fluorescence.

To dissociate or "reverse" the fluorescent signal, the fluorophore-bearing strand Step

D Probe may be displaced as by DNA toehold strand displacement. The fluorescent moiety

may be chemically cleaved, such as by silver nitrate reaction with bridging sulfur

phosphorothioate linkages along the DNA backbone. The DNA bearing the fluorescent

moiety may be enzymatically or chemically degraded, as by lambda exonuclease digestion of

a 5'-phosphate bearing DNA strand, ds-specific DNase, or as by USER system

(UDG/EndoVIII) or EndoV digestion of DNA containing dU and dl nucleobases,

respectively, releasing the fluorophore into solution. Alternatively, the HCR polymer itself

may bear functional groups responsible for cycling Step D, as where a chemically-, photo-, or

enzymatically-labile group is synthesized into the HCR hairpin between the regions

responsible for forming the HCR polymer and the handle or binding moiety for the Step D

probe, which contains one or more fluorescent moieties.

In the case where the number N of orthogonal, independent HCR systems is greater

than the number of spectrally distinct fluorescent signals it is possible to use Step D of

Cyclic HCR invention to virtually increase the number of distinct signals by using the

temporal domain over k serial cycles of HCR to separate spectrally indistinguishable

fluorescent signals. The combined space of k f is limited only by N In this implementation,



N analytes are labeled with N probes bearing N initiator sequences, and subsequently N HCR

hairpin(s) are added to the sample resulting in amplification of N species of HCR polymers,

each bearing a unique sequence serving as a handle for hybridization of a fluorescent Step D

probe. /Step D probes are introduced in each round of cyclic HCR, each bearing a spectrally

distinct fluorophore. The fluorescence signal is detected, and optionally the Step D probe is

removed from the HCR polymer or the fluorescence signal is otherwise reversed as described

herein. In subsequent cycles of Step D, / Step D probes are introduced, targeting a distinct

subset of the N HCR polymers. This method can be used, independently of t e other

mechanisms described here, to ensure that the number of temporo-spectrally distinct

fluorescent signals will always equal N , the number of orthogonal, independent HCR

systems. This method can be used for exponential barcoding.

Any number of orthogonal Step D strategies may be combined to programmatically

render a subset of the HCR polymers as fluorescently labeled within a cycle. For example,

one subset of HCR polymers may be fluorescently labeled by hybridizing a complementary

oligonucleotide containing a fluorescent moiety onto a handle feature of the HCR polymer,

while another subset of HCR polymers may be fluorescently labeled by binding of a

fluorescent moiety conjugated to a streptavidin moiety onto a biotin group attached to the

HCR polymer.

A Cyclic HCR reaction may not utilize Step D programmability, as in the case where

HCR monomers or hairpins directly contain the fluorescent or detecting moiety, such as by

chemical linkage or the fluorophore being directly coupled to the hairpin, or the hairpin

containing a fluorescent nucleic acid analog, and are not removable. Cyclic HCR reactions

may still utilize programmability of any of Steps A, B, and C . For example, HCR polymers

may be directly fluorescent, but still fluorescence is effectively cycled by reversal of HCR



polymerization and removal by washing of the fluorescent HCR fragments using methods

and materials described herein.

Relationship between Steps A-D of Cyclic HCR Method

The Steps A-D of the Cyclic HCR method described herein as they relate to the

transmission of information throughout the labeling and detection cascade from the original

information of the target analyte captured by the binding of a primary probe through to the

detection and analysis of fluorescence signals, are conceptually modular, i.e. able to be

separated as discrete steps, but may be functionally either modular or coordinated in the

actual design and implementation and use of a particular Cyclic HCR method. The

performance or reversal of any one step may be coordinated with the performance and/or

reversal of one or more other steps of a Cyclic HCR method.

In certain aspects of the invention, reversal of one step of Cyclic HCR effectively

reverses other steps. For example, degradation of the HCR polymer into fragments, i.e.

reversal of Step C, which are washed from the sample, may effectively remove the associated

fluorescence from the sample, effectively reversing Step D as well. As another example,

DNase digestion of DNA ISH probes targeting RNA targets may reverse Step A as well as

Steps B-C by simultaneous digestion of the HCR initiator and HCR polymer.

In certain aspects of the invention, Cyclic HCR is performed by cycling multiple

steps. Figure 8 is directed to an example of Cyclic HCR using Steps A and B . Figure 8

depicts two cycles of Step A, using programmable addition of Primary Probes, coordinated

with two cycles of Step B, using programmable inactivation or physical separation of the

HCR initiator from the Primary Probe. Figure 19 is directed to an example of Cyclic HCR

using the programmability of all four steps of CHCR A-D.



EXAMPLES

The following examples are set forth as being representative of the present disclosure.

These examples are not to be construed as limiting t e scope of t e present disclosure as

these and other equivalent embodiments will be apparent in view of the present disclosure,

figures and accompanying claims.

Example of Exponential Cyclic HCR Barcoding of RNA: Twenty orthogonal,

independent HCR systems exist. The 20 HCR systems are divided into pairs and labeled with

one of two spectrally distinct fluorescent colors, such that each pair has both fluorophores, as

signals 0 and 1 encoding 10 ordered bits (e.g. the first pair encodes the first bit). A set of 40

smRNA fish probes are designed for each of 1024 genes (e.g. using Biosearch Technologies,

Inc. Stellaris RNA FISH probe designer tool). Each gene is assigned a unique 10 bit binary

barcode (e.g. 0111010010). Each smRNA fish probe is labeled, according to the gene

barcode, on the 5' or 3' end with 3 of the 10 initiator sequences defining the gene barcode.

The initiators are distributed equally among the probes for a given gene, such that of the 120

sites per gene (3 sites per probe, 40 probes per gene), each of the 10 values of the barcode is

present 12 times. This provides redundancy, such that each value of the barcode can be

detected, even if only a fraction of the primary probes are hybridized to the target RNA. All

probes are simultaneously hybridized according to standard procedure to a biological sample.

The signal is amplified in 10 rounds of CHCR, each cycle detecting two of the 20 labels.

After each HCR amplification and imaging, the sample is treated with silver nitrate,

chemically cleaving the backbone of the HCR polymers, which are modified with bridging

sulfur phosphorothioate modifications, fragmenting the HCR polymers, and fragments are

washed from the sample, such that between cycles of CHCR no fluorescence signal is

present.



Example of Exponential RNA Barcoding using Eight Cycles of HCR with One Color:

A set of 40 smRNA fish probes are designed for each of 100 genes (e.g. using Biosearch

Technologies, Inc. Stellaris RNA FISH probe designer tool). Each gene is assigned a unique

8 bit binary barcode (e.g. 011100 10). The smRNA fish probes are labeled, according to t e

gene barode, on the 5' or 3' end with either HCR initiator sequence I I (=0) or 12 (=1) (Choi

et al. ACS Nano 8.5 : 4284-4294, 20 14), corresponding to one of the bits of the barcode. A

total of eight pools of probes are synthesized, corresponding to eight cycles of HCR, with the

set of probes targeting each gene within each pool containing initiator sequence

corresponding to that bit of the barcode, 1-8. The probes are serially hybridized according to

standard procedure to a biological sample in 8 cycles, and the signal amplified by DNA HCR

sets H I and H2, which are each modified with an additional handle. After each HCR

amplification, in serial, a fluorescent CHCR Step D probe complementary to the handle for

each of the two HCR polymer species is hybridized to the sample and imaged, detecting both

signals "H" HCR polymer and "12" HCR polymer (barcode values 0 and 1, respectively),

using only a single fluorescent moiety. The signal is additive between cycles, but the signal

from polymer "Π " is computationally subtracted form the signal detected during the second

step to generate a new virtual signal corresponding to the "12" HCR polymer. After detection,

the sample is treated with a DNase cocktail to remove the bound ISH probe, HCR initiator

sequence, and HCR polymers, which are removed from the sample. The 100 barcodes are

assigned within the 255-barcode space (2 -l) to maximize Hamming distance between

barcodes, serving as a form of error-detection.

Example of Linear Protein Barcoding: Eight primary antibodies, four each from two

host organisms, are purchased, e.g. from Sigma, targeting eight protein targets. Two

secondary antibodies capable of recognizing the immunoglobulin of the two primary



antibody species, but not cross-reactive, are purchased already conjugated to biotin, such that

two streptavidin-modified DNA oligonucleotide containing HCR initiator sequences I I and

12 can be conjugated to the secondary antibodies, respectively. The primary and secondary

antibody staining is done in pairs each containing one of each primary organism, and t e

signal amplified by the two orthogonal, independent, and spectrally distinct DNA HCR sets

H I and H2. After each HCR amplification and imaging, the sample is treated with

formamide, which disrupts the interaction between the antibody and epitope, such that t e

antibodies and initiators are washed away between each round. (After four cycles, all 8

antibodies have been used.)

Example Protocols of Implementations of Cyclic HCR Experiments

RNA In Situ Hybridization with Cyclic HCR Readout

1. Prepare a biological sample for RNA in situ hybridization

a . Plate fibroblasts at 30-80% confluence on glass bottom (MATTEK) dish

b. Grow cells for at least 1 h for attachment

c . Add 4°C 4% PFA in PBS + IX RNase Inhibitor, e.g. 2 mM vanadyl

ribonucleoside complex (VRC)

d . Incubate at 37°C for 10 minutes

e . To quench fixation add 100 mM glycine in PBS + RNase Inhibitor, e.g. 2 mM

VRC

f . Incubate at 24°C for 5 minutes

g . Wash IX for 1minute with RNase-free IX PBS with RNase Inhibitor, e.g. 2

mM VRC



h . Permeabilize cells with 0 .1% Triton-X in RNase-free IX PBS + RNase

Inhibitor, e.g. 2 mM VRC for 30 minutes

i . Wash twice for 1 minute each with RNase-free IX PBS with RNase Inhibitor,

e.g. 2 mM VRC

j . Add pre-hybridization buffer 2X Dennhardt's solution + IX RNase-free PBS +

RNase Inhibitor, e.g. 2 mM VRC

k . Incubate for 5 minutes

1. Add 2 nmol RNA ISH probe pool in 200 uL of hybridization buffer (recipe for

1 mL):

i . 100 uL 20X SSC

ii. 300 uL Formamide

iii. 10 uL RNase Inhibitor, e.g. VRC

iv. 40 uL 50X Dennhardt's Solution (final 2X)

v. 200 uL 50% Polyacrylic acid (sodium salt) MW 1000

vi. 350 uL H20

m . Hybridize for 36 hours at 37°C

pare sample and HCR reagents for cyclic HCR

a . Wash sample five times for five minutes each in 2X Sodium Acetate Sodium

Citrate buffer with 0 .1% Tween-20 (SASCT)

b. Prepare 30 pmol of each hairpin, modified with dU base incorporations, per

cycle of HCR by snap cooling in 10 uL of 5X SASC (heat at 95°C for 90

seconds and cool to room temperature on benchtop for 30 minutes).

c . Prepare hairpin solution by adding all snap-cooled hairpins to a volume of 5X

SASCT of 200 uL per cycle of HCR.



3. Cyclic HCR by mechanisms for Forward Step B and Reverse Steps B & C, for each

cycle of HCR:

a . Hybridize the cycle-subset of linker strands, modified with bridging

phosphorothioate, by adding 2.5 uM concentration each linker strand in 2X

SSC + 30% Formamide + 2 mM VRC at 37°C for 30 minutes

b. Wash 5X in 2X SSCT for 5 minutes each.

c . Add hairpin solution to sample and incubate at room temperature for 30

minutes to 16 hours.

d . Wash 5X in 2X SSCT for 5 minutes each.

e . Image sample

f . Add USER reaction as per NEB specification and incubate at 37°C for 30

minutes to degrade HCR polymer

g . Add to silver nitrate to final concentration of 50 mM to cleave initatior from

the linker probe

h . Wash 3X in 2X SSCT for 5 minutes each.

i . Repeat 3 until all subset of linker strands have been used.

DNA In Situ Hybridization with Cyclic HCR Readout

1. Prepare a biological sample for RNA in situ hybridization

a . Plate fibroblasts at 30-80% confluence on glass bottom (MATTEK) dish

b. Grow cells for at least 12h for attachment

c . Add 4°C 4% PFA in IX DNase-free PBS

d . Incubate at 37°C for 10 minutes

e . To quench fixation add 100 mM glycine in IX DNase-free PBS



f . Incubate at 24°C for 5 minutes

g . Wash IX for 1 minute with DNase-free IX PBS

h . Permeabilize cells with 0 .1% Triton-X in DNase-free IX PBS

i . Wash twice for 1 minute each with DNase-free IX PBS

j . Wash twice with 2X SSCT + 50% formamide

k . Prepare a hybridization master mix as per Oligopaints (Beliveau, Brian J.,

Nicholas Apostolopoulos, and Chao-ting Wu. "Visualizing Genomes with

Oligopaint FISH probes." CurrentProtocols in Molecular Biology (20 14): 14-

23 hereby incorporated by reference herein), with Oligopaint design such that

each genomic loci is barcoded using 5 HCR signals from a set of 20

orthogonal and independent HCR systems, to be detected with four spectrally

distinct fluorescent colors, designed for five cyclic read-outs of 4 HCR

polymer sets each. The five HCR initiator sequences constituting the locus

barcode are added to the 3' and 5' non-genome-hybridizing arms or handles of

the Oligopaints.

1. Heat the sample slides in 2X SSCT + 50% formamide at 92°C for 2.5 minutes.

m . Add the Oligopaint probe (20 - 30 pmol of Oligopaint probe is typically

sufficient to produce strong staining in fixed tissue culture cells; 10-fold more

probe is recommended for tissue sections and whole mount tissuesXsEpjin the

smallest volume of hybridization master mix capable of covering the sample,

and incubate >14 hours at 42°C in a heated humidified incubator.

pare sample and HCR reagents for cyclic HCR

a . Wash the sample with 2X SSCT, then incubate for 15 minutes at 60°C.

b . Wash the sample four times with 0.2X SSC for five minutes each.



c . Prepare 30 pmol of each hairpin by snap cooling in 10 uL of 5X SASC (heat at

95°C for 90 seconds and cool to room temperature on benchtop for 30

minutes). The HCR hairpins are modified with extended handles for

interrogation by sequencing by hybridization, e.g. hybridizing a fluorescent

probe, such that each independent and orthogonal HCR system has a unique

and orthogonal 25 base hybridization site. The hybridization sites can be

computationally designed to be mutually orthogonal and orthogonal to t e

HCR systems, preventing cross-species hybridization, as by use of

computational DNA design tools.

d . Prepare hairpin solution by adding all snap-cooled hairpins to a volume of 5X

SASCT of 200 uL per cycle of HCR.

e . Add the hairpin solution for all 20 HCR sets to the sample and incubate at

room temperature for 30 minutes to 16 hours.

f . Wash 5X in 2X SASCT for 5 minutes each.

lic HCR by mechanisms for Forward and Reverse Step D for each cycle of HCR:

a . For each cycle of HCR read-out, hybridize four probes, each conjugated to a

spectrally distinct fluorophore, with an intermediate 3' Thiol-dl base, add

probes at 2.5 uM concentration in 2X SASCT for 10 minutes at room

temperature

b. Wash four times in 0.2X SASCT for 5 minutes each

c . Image

d . Add silver nitrate to final concentration of 50 mM to cleave the fluorophore

from the DNA strand hybridized to the handle of the HCR polymer

e . Wash four times in 0.2X SASCT for 5 minutes each



Additional Embodiments of Exponential Barcoding

As shown in Figure 17, which depicts an example of exponential barcoding

according to t e methods of the present disclosure, an RNA or DNA molecule is targeted and

hybridized with a plurality of complementary probes, each with one of three 3' and 5' handle

motifs. Each probe contains four linker domains, each containing the combined information

about the cycle of HCR and HCR initiator. A linker is annealed to the information-bearing

domain introducing the initiator sequence, which is used to generate an HCR amplicon and

corresponding fluorescent signal. After imaging, the signal is reset using any of the methods

described, and the next cycle is performed. Only four orthogonal, independent, spectrally

distinct HCR systems are used to generate over 16 million unique barcodes (4 12) via 4N

orthogonal linker domains.

As shown in Figure 18 which depicts an example of exponential barcoding probe

design method according to the present disclosure, in one design of the probe set, where each

probe contains a region for targeted hybridization against a target RNA or DNA molecule,

and an information-bearing probe sequence containing the combined pairwise information

about the cycle of HCR (N) and HCR probe set (k). Here the information-bearing probe is 25

bases long. The set of all probes are designed for 5 cycles of HCR using 4 orthogonal HCR

probe sets, requiring 20 orthogonal information-bearing probe sets and giving 1024 possible

barcodes. At each cycle of HCR, four Step B probes are added to the sample, which hybridize

to the "Label" motif of the primary probe, linking an HCR initiator to the Primary Probe.

HCR is used to amplify and detect the fluorescent signal.



As shown in Figure 15, which depicts an example of exponential barcoding method

according to the present disclosure, at the first HCR cycle, three Step B probes are added,

linking the information-bearing primary probe sequence to an HCR initiator via t e Step B

probe motif "Label x", which contains the combined information about the cycle of HCR and

the orthogonal and spectrally distinguishable HCR system that will generate the amplified

fluorescence polymer. HCR is used to read out the fluorescent signal. As shown in Fig. 15A,

the combined set of ordered fluorescence signals may be generated by a plurality of probes at

each target molecule, where each primary probe contains only a fraction of the barcode, i.e.

the identifier for the original information in the target analyte to be detected specifically via

the binding of the primary probe. As shown in Fig. 15B, the combined set of ordered

fluorescence signals may be generated by a single probe at each target molecule, where the

primary probe contains the entire barcode.

Synthesis Methods for Modified HCR Reagents

Depending on the configuration, a number of possible HCR probe set designs are

possible. These probes generally have the features of being an orthogonal set of one or more

metastable HCR monomers such as hairpins capable of HCR. The HCR hairpins themselves

may be generated by chemical DNA synthesis, as well as enzymatic synthesis. Additional

features such as fluorescent labeling and chemistries for programmatically generating and

resetting the fluorescence signal are introduced.

A schematic overview of methods according the present disclosure for synthesizing

multiplex HCR monomers or hairpins is shown in Figure 20.

HCR labeling strategies I & II.



Figure 1 is directed to an HCR labeling strategy I according to the methods of the

present disclosure. A dsDNA template is generated through chemical synthesis or chemical

synthesis followed by DNA polymerase strand extension. The dsDNA template contains the

sequence for the HCR monomer or hairpin, as well as any additional sequences such as

handles for fluorescent probe hybridization or toehold strand displacement. The dsDNA

template contains an RNA polymerase promoter, such as the T7 RNA polymerase promoter

sequence. The dsDNA template may also be purified, as by polyacrylamide gel

electrophoresis (PAGE). The dsDNA template is used to generate RNA molecules by in vitro

transcription (IVT). The RNA may be purified from the dsDNA template. The RNA

molecule is used as a template for reverse transcription (RT) to generate a complementary

ssDNA molecule. The RNA is degraded and/or the ssDNA is purified and folded into the

metastable hairpin. The HCR hairpin is fluorescently labeled in a number of ways, such as by

terminal deoxy transferase reaction to add one or more terminal fluorescently-modified DNA

bases. The RT primer contains one or more fluorophores, which are incorporated into the

resulting ssDNA molecule. Fluorescent DNA bases are incorporated into the ssDNA

molecule during reverse transcription. Or, additional sequence is added to the HCR molecule,

as during reverse transcription, which serves as a site for fluorescent labeling by sequencing

by hybridization (SBH), sequencing by synthesis (SBS), or sequencing by ligation (SBL)

using methods known to those of skill in the art.

Figure 22 is directed to an HCR labeling strategy II according to the methods of the

present disclosure. An ssDNA hairpin is generated by DNA polymerase extension followed

by lambda exonuclease digestion of one of the strands of DNA, leaving a ssDNA molecule,

which may be purified by PAGE and folded into the HCR hairpin. The HCR hairpin is

fluorescently labeled in a number of ways, such as by terminal deoxy transferase reaction to



add one or more terminal fluorescently-modified DNA bases. The DNA strand protected

from exonuclease digestion may contain one or more fluorophores. Fluorescent DNA bases

are incorporated into t e ssDNA molecule during polymerase extension. Or, additional

sequence is added to t e HCR molecule, as during reverse transcription, which serves as a

site for fluorescent labeling by sequencing by hybridization (SBH), sequencing by synthesis

(SBS), or sequencing by ligation (SBL).

Table 1. Exemplary FISH Probe Set
(Probe set for cyclic HCR against drosophila melanogaster gene RNAP II)

Table 1 contains a set of DNA ISH probes targeting the mRNA drosophila

melanogaster gene RNAP II for CHCR using Step B . The Lable ID (Step B Probe Motif)

refers to the handle sequence complementary to a Step B Probe also containing an HCR

initiator. The underlined "TAT" sequence in each Sequence serves as a spacer between the

region complementary to the target mRNA (shown in lower case) and the region

complementary to the Step B Probe (shown in upper case). The Barcode for this gene is

determined by the set of Labels [0, 4, 8, 12, 16], which are converted into a set of ordered

fluorescence signals via CHCR, where the relationship between the Label and the HCR signal

is determined by the Step B Probe, which functionally links the Primary Probe to the HCR

initiator.

Probe Name Label Sequence Seq ID No.
ID

(Step
B

Probe
Motif)

dros_l_4_BrO 0 ccgaccgaaaagtgtgactgTATAAATATTCTCGGTACGTAC Seq ID No.
CCCGCC 1

dros_2_418_Br4 4 tcatcaggggacaaaatgccTATAATGACCTCCGTGCGAGG Seq ID No.
ATTTACT 2



dros_3_596_Br8 8 gtcgatgtgtccaaagtgacTATTTAAAACGGTTTGTCGGCA Seq ID No.
GCCCAC 3

dros 4 673 Brl 12 gagcagtagaagcacacacaTATAACCATTCATCGCTCCGT Seq ID No.
2 CGCCTTA 4
dros 5 1031 Br 16 catgcccagaataaagcactTATGGAAAAGTCGTTGGCGGG Seq ID No.
16 GTTTACG 5
dros 6 1149 Br 0 gcgtcaaatcatcctgattcTATAAATATTCTCGGTACGTACC Seq ID No.
0 CCGCC 6
dros 7 1176 Br 4 ttgccttgatgatatcggacTATAATGACCTCCGTGCGAGGA Seq ID No.
4 TTTACT 7
dros 8 1483 Br 8 gttagattctgggcaatggaTATTTAAAACGGTTTGTCGGCA Seq ID No.
8 GCCCAC 8
dros 9 1776 Br 12 acaggttcatgcggaaagtcTATAACCATTCATCGCTCCGTC Seq ID No.
12 GCCTTA 9
dros 10 1810 B 16 ccgtcgaaatcagcattgtaTATGGAAAAGTCGTTGGCGGGG Seq ID No.
rl6 TTTACG 10
dros 1 1 1983 B 0 tgatgaatacgtcgcgcttgTATAAATATTCTCGGTACGTAC Seq ID No.
rO CCCGCC 1 1

dros 12 2013 B 4 acatgagcagattcatcaccTATAATGACCTCCGTGCGAGGA Seq ID No.
r4 TTTACT 12
dros 13 2303 B 8 gtgaccaagttccaggaaacTATTTAAAACGGTTTGTCGGCA Seq ID No.
r8 GCCCAC 13
dros 14 2355 B 12 accaattgttgatcacggtcTATAACCATTCATCGCTCCGTCG Seq ID No.
rl2 CCTTA 14
dros 15 2387 B 16 accaataccgatactatggcTATGGAAAAGTCGTTGGCGGG Seq ID No.
rl6 GTTTACG 15
dros 16 2537 B 0 cttgttctcgaacgtctgacTATAAATATTCTCGGTACGTACC Seq ID No.
r O CCGCC 16
dros 17 2562 B 4 gagcatcgtttaggatacggTATAATGACCTCCGTGCGAGGA Seq ID No.
r4 TTTACT 17
dros 18 2625 B 8 ccatagcctttagattgttgTATTTAAAACGGTTTGTCGGCAG Seq ID No.
r8 CCCAC 18
dros 19 2747 B 12 aaagtggggaagagtgcgttTATAACCATTCATCGCTCCGTC Seq ID No.
rl2 GCCTTA 19
dros 20 2843 B 16 acccatagcgtggaaatagaTATGGAAAAGTCGTTGGCGGG Seq ID No.
rl6 GTTTACG 20
dros 2 1 2927 B 0 cgactccatagcctttataaTATAAATATTCTCGGTACGTACC Seq ID No.
r O CCGCC 2 1
dros 22 3038 B 4 tggcatgttctggaactcaaTATAATGACCTCCGTGCGAGGA Seq ID No.
r4 TTTACT 22
dros 23 3096 B 8 cgttgctccagtcaaatttgTATTTAAAACGGTTTGTCGGCAG Seq ID No.
r8 CCCAC 23
dros 24 3199 B 12 gaaaccaaacgatcccactcTATAACCATTCATCGCTCCGTC Seq ID No.
rl2 GCCTTA 24
dros 25 3221 B 16 ttgtctcaaactgtcgcgatTATGGAAAAGTCGTTGGCGGGG Seq ID No.
rl6 TTTACG 25
dros 26 3289 B 0 tgcacattccagatcatacaTATAAATATTCTCGGTACGTAC Seq ID No.



r O CCCGCC 26
dros 27 3453 B 4 ggattaggcactggaatagcTATAATGACCTCCGTGCGAGG Seq ID No.
r4 ATTTACT 27
dros 28 3545 B 8 gaaacgcgtctcgatttctcTATTTAAAACGGTTTGTCGGCA Seq ID No.
r8 GCCCAC 28
dros 29 3677 B 12 acccaatgttacgttctttgTATAACCATTCATCGCTCCGTCG Seq ID No.
rl2 CCTTA 29
dros 30 3719 B 16 gggctttttggatatgttgaTATGGAAAAGTCGTTGGCGGGG Seq ID No.
rl6 TTTACG 30
dros 3 1 3927 B 0 gatcaaagtcgggcatttcgTATAAATATTCTCGGTACGTAC Seq ID No.
r O CCCGCC 3 1
dros 32 3961 B 4 tcaatacgtagcaaccagggTATAATGACCTCCGTGCGAGG Seq ID No.
r4 ATTTACT 32
dros 33 4120 B 8 ttgttctcttcgttgttcatTATTTAAAACGGTTTGTCGGCAGC Seq ID No.
r8 CCAC 33
dros 34 4184 B 12 ctcaatgcagcgcaagaacaTATAACCATTCATCGCTCCGTC Seq ID No.
rl2 GCCTTA 34
dros 35 4287 B 16 cagtgatcacgatacgcttcTATGGAAAAGTCGTTGGCGGGG Seq ID No.
rl6 TTTACG 35
dros 36 4355 B 0 cactttcatcatcgatgtgcTATAAATATTCTCGGTACGTACC Seq ID No.
r O CCGCC 36
dros 37 4534 B 4 gtcatcacatcgcacaacagTATAATGACCTCCGTGCGAGG Seq ID No.
r4 ATTTACT 37
dros 38 4784 B 8 cgtattgggaatctcgatgcTATTTAAAACGGTTTGTCGGCA Seq ID No.
r8 GCCCAC 38
dros 39 5257 B 12 gagtatcccgatgaagatggTATAACCATTCATCGCTCCGTC Seq ID No.
rl2 GCCTTA 39
dros 40 5313 B 16 caaacgacggactcgactggTATGGAAAAGTCGTTGGCGGG Seq ID No.
rl6 GTTTACG 40
dros 4 1 5385 B 0 aattgggggagtagttggacTATAAATATTCTCGGTACGTAC Seq ID No.
r O CCCGCC 4 1
dros 42 5471 B 4 cgatgtgggcgaatagcaagTATAATGACCTCCGTGCGAGG Seq ID No.
r4 ATTTACT 42
dros 43 5548 B 8 gctgaatagttcggacttgtTATTTAAAACGGTTTGTCGGCA Seq ID No.
r8 GCCCAC 43
dros 44 5678 B 12 tggcgtatattgtggtgatcTATAACCATTCATCGCTCCGTCG Seq ID No.
rl2 CCTTA 44
dros 45 5841 B 16 gcgagtagatggacatgttcTATGGAAAAGTCGTTGGCGGG Seq ID No.
rl6 GTTTACG 45
dros 46 6084 B 0 gcgtagtcggtacttaactaTATAAATATTCTCGGTACGTAC Seq ID No.
r O CCCGCC 46
dros 47 6283 B 4 cttcgaattcgcttttctggTATAATGACCTCCGTGCGAGGAT Seq ID No.
r4 TTACT 47
dros 48 6595 B 8 acatttgtgtgcaggcgaaaTATTTAAAACGGTTTGTCGGCA Seq ID No.
r8 GCCCAC 48



Table 2 . Exemplary Linker Set
(Cleavable linker set between RNAPII probes and HCR initiators)

Table 2 contains t e Step B Probe sequences corresponding to a plurality of Primary Probes

including those listed in Table 1, which target RNAP II. The column "Label ID" refers to the

Step B Probe sequence motif complementary to the Primary Probe, and encodes information

about both the cycle of CHCR and the HCR signal. "HCR System" refers to which of the four

orthogonal HCR systems is associated with each Label ID. "Step B Probe Sequence" refers to

the sequence of the Step B Probe that binds the Primary Probe, which is the reverse

complement of the sequence contained in the Primary Probe for each Label. "Spacer" is a

short sequence designed to spatially isolate the region of the Probe B sequence responsible

for binding the Primary Probe with the region containing the HCR initiator. The HCR

initiator sequences are found in Table 3 . The column "Linker Oligo Sequence" contains the

HCR initiator sequence corresponding to the HCR System for that oligo, shown in lower

case, combined with the Spacer sequence, shown underlined, combined with the Step B

Probe Sequence, shown in upper case. X indicates a 5'Thiol-dI modified base containing a

bridging phosphorothioate linkage that can be cleaved using silver nitrate solution.

Label HCR Step B Spacer Linker Oligo Sequence Seq ID No.
ID (Step System Probe
B Probe Sequence
Motif)

0 0 GGCGGGG TTXTT gaggagggcagcaaacgggaagagtcttcctt Seq ID No. 4
TACGTAC tacsTTXTTGGCGGGGTACGTA
CGAGAAT CCGAGAATATTT
ATTT

1 1 TAACACG TTXTT cctcgtaaatcctcatcaatcatccagtaaaccg Seq ID No. 5(
GGAAACA ccTTXTTTAACACGGGAAACA
CTACGGA CTACGGACATT
CATT

2 2 ATGCTAA TTXTT gtccctgcctctatatctccactcaactttaaccc Seq ID No.



CATCCGG sTTXTTATGCTAACATCCGGG 5 1
GGTCACC GTCACCGTAC
GTAC

3 TAGGCGA TTXTT cctcaacctacctccaactctcaccatattcgctt Seq ID No.
TCCGTCG cTTXTTTAGGCGATCCGTCGT 52
TATACTG ATACTGTACC
TACC

0 AGTAAAT TTXTT gaggagggcagcaaacgggaagagtcttcctt Seq ID No.
CCTCGCA tacaTTXTTAGTAAATCCTCGC 53
CGGAGGT ACGGAGGTCATT
CATT

1 TGCGTTA TTXTT cctcgtaaatcctcatcaatcatccagtaaaccg Seq ID No.
CGAGATA ccTTXTTTGCGTTACGAGATA 54
GCTCGGA GCTCGGACCTT
CCTT

2 GATCTCT TTXTT gtccctgcctctatatctccactcaactttaaccc Seq ID No.
GTCCGAC sTTXTTGATCTCTGTCCGACG 55
GCACAAC CACAACCGTT
CGTT

3 GCGCGTT TTXTT cctcaacctacctccaactctcaccatattcgctt Seq ID No.
GGGTAAC cTTXTTGCGCGTTGGGTAACT 56
TTCGACG TCGACGTCAA
TCAA

0 GTGGGCT TTXTT gaggagggcagcaaacgggaagagtcttcctt Seq ID No.
GCCGACA tacaTTXTTGTGGGCTGCCGAC 57
AACCGTT AAACCGTTTTAA
TTAA

1 ATTGTCC TTXTT cctcgtaaatcctcatcaatcatccagtaaaccg Seq ID No.
GCCCGGT ccTTXTTATTGTCCGCCCGGT 58
AAATCAA AAATCAATGAA
TGAA

2 GGACTCC TTXTT gtccctgcctctatatctccactcaactttaaccc Seq ID No.
GCACGTT sTTXTTGGACTCCGCACGTTC 59
CGAGAAC GAGAACACTT
ACTT

3 TTAATTC TTXTT cctcaacctacctccaactctcaccatattcgctt Seq ID No.
ACTCCAC cTTXTTTTAATTCACTCCACG 60
GCGAACG CGAACGCGAA
CGAA

0 TAAGGCG TTXTT gaggagggcagcaaacgggaagagtcttcctt Seq ID No.
ACGGAGC tacsTTXTTTAAGGCGACGGAG 6 1
GATGAAT CGATGAATGGTT
GGTT

1 CCACAGG TTXTT cctcgtaaatcctcatcaatcatccagtaaaccg Seq ID No.
TCAAGTT ccTTXTTCCACAGGTCAAGTT 62
CGTTAGA CGTTAGAACCA
ACCA



14 2 GGACTAC TTXTT gtccctgcctctatatctccactcaactttaaccc Seq ID No.
GTCGTAA aTTXTTGGACTACGTCGTAAG 63
GTCTAAC TCTAACCCTT
CCTT

15 3 TTTCGTG TTXTT cctcaacctacctccaactctcaccatattcgctt Seq ID No.
CGCAATC 64
GACTGTG ACTGTGGGAA
GGAA

16 0 CGTAAAC TTXTT gaggagggcagcaaacgggaagagtcttcctt Seq ID No.
CCCGCCA tacsTTXTTCGTAAACCCCGCC 65
ACGACTT AACGACTTTTCC
TTCC

17 1 TTGGTGG TTXTT cctcgtaaatcctcatcaatcatccagtaaaccg Seq ID No.
GACTCCG ccTTXTTTTGGTGGGACTCCG 66
ACCTACA ACCTACAACAA
ACAA

18 2 CCGCTGT TTXTT gtccctgcctctatatctccactcaactttaaccc Seq ID No.
AGTCGTT aTTXTTCCGCTGTAGTCGTTA 67
AGTTGGC GTTGGCAGTT
AGTT

19 3 TACTAAG TTXTT cctcaacctacctccaactctcaccatattcgctt Seq ID No.
GTAGCCG cTTXTTTACTAAGGTAGCCGG 68
GACTAGG ACTAGGGTCC
GTCC

Table 3 . Exemplary HCR Initiator Sequences

Table 4 . Exemplary Modified HCR Hairpins
(Sequence for cleavable HCR hairpins using enzymatic and chemical cleavage)

A number of modified HCR hairpin sequences designed for enzymatic or chemical cleavage.

A Key contains references for modified sequences included within the oligo sequences.



Name Sequence Cycling Seq ID No.
Method

B1H1 Chemical cgtaaaggaagactcttcccgtttgctgccctcctcxcattcttt Silver nitrate at Seq ID No.
Cleaveable cttgaggagggcagcaaacgggaagag Step C 73

B1H2 Chemical gaggagggcagcaaacgggaagagtcttcctttacgxtcttc Silver nitrate at Seq ID No.
Cleavable ccgtttgctgccctcctcaagaaagaatgc Step C 74

B1H1 Chemical cgtaaaggaagactcttcccgtttgctgccctcctcxcattcttt Silver Nitrate Seq ID No.
Cleavable with cttgaggagggcagcaaacgggaagagy at Step C 75

Fluorophore
B1H2 Chemical zgaggagggcagcaaacgggaagagtcttcctttacgxtctt Silver Nitrate Seq ID No.
Cleavable with cccgtttgctgccctcctcaagaaagaatgc at Step C 76

Fluorophore
B1H1 USER cguaaaggaagacucttcccgttugctgccctccucgcattc USER at Step Seq ID No.

Cleavable with ttucttgaggagggcagcaaacgggaagagy C 77
Fluorophore
B1H2 USER zgaggagggcagcaaacgggaagagucttccttuacgctct USER at Step Seq ID No.

Cleavable with tcccgtutgctgccctccucaagaaagaaugc C 78
Fluorophore

B1H1 EndoV cgiaaaggaagacicttcccgttigctgccctccicgcattctti EndoV at Step Seq ID No.
Cleavable with cttgaggagggcagcaaacgggaagagy C 79

Fluorophore
B1H2 EndoV zgaggagggcagcaaacgggaagagicttccttiacgctctt EndoV at Step Seq ID No.
Cleavable with cccgtitgctgccctccicaagaaagaaigc C 80

Fluorophore
B3H1 with cagtaaaccgcccgggttaaagttgagtggagatatagaggc Toehold Strand Seq ID No.

Handle Sequence agggacaaagtctaatccgtccctgcctctatatctccactcy Displacement 8 1
for Toehold at Step C

Strand
Displacement

Key

Table 5. Exemplary Sequences for Programmable Fluorescent Labeling of HCR Polymer

Handle sequences for SBH of a fluorescent probe to the HCR polymer for

programmable association of fluorescence signal with the HCR polymer shown in upper case.

Sequences responsible for HCR polymerization shown in lower case. A cleavable Step D



probe is also shown, where the Step D probe can be hybridized to the HCR polymer to

associate fluorescence with the polymer, and subsequent to detection, silver nitrate can be

added to cleave the fluorescent dye from t e Step D probe, returning t e HCR polymer to a

non-fluorescent state.

The contents of all references, patents and published patent applications cited

throughout this application are hereby incorporated by reference in their entirety for all

purposes.

EQUIVALENTS

Other embodiments will be evident to those of skill in the art. It should be understood

that the foregoing description is provided for clarity only and is merely exemplary. The spirit

and scope of the present invention are not limited to the above example, but are encompassed

by the claims. All publications, patents and patent applications cited above are incorporated

by reference herein in their entirety for all purposes to the same extent as if each individual

publication or patent application were specifically indicated to be so incorporated by

reference.



What is claimed is:

1. A method for identifying a target analyte in a sample, comprising:

(a) contacting the sample with one or more probes, wherein a given probe of said

one or more probes is coupled to a linker, and wherein said given probe has a sequence that is

complementarity to a sequence of said target analyte, wherein upon contacting said sample

with said one or more probes, said given probe binds to said target analyte;

(b) contacting the sample with one or more hybridization chain reaction (HCR)

initiators under conditions sufficient to permit a given HCR initiator of said one or more

HCR initiators to bind to the linker, wherein said given HCR initiator is separate from said

given probe, and wherein upon contacting said sample with said one or more HCR initiators,

said linker couples said probe with said given HCR initiator;

(c) contacting the sample with one or more HCR amplifiers to trigger a

hybridization chain reaction, wherein a given HCR amplifier of said one or more HCR

amplifiers comprises at least one HCR monomer that comprises a detectable label, thereby

generating an amplification product comprising said HCR monomer, which amplification

product is coupled to said given probe; and

(d) detecting said amplification product, thereby identifying said target analyte.

2 . The method of claim 1, further comprising contacting t e sample with a

plurality of probe sets each specific to a target analyte, the plurality of probe sets configured

to allow for programmable and temporally ordered hybridization chain reactions.

3. The method of claim 2, wherein the detectable label is fluorescent label and

said detecting comprises detecting fluorescent signals, wherein a totality of the temporally

generated fluorescent signals provides a unique set of information comprising a molecular

identity, molecular quality, or molecular configuration for each target analyte.

4 . The method of claim 1, wherein the one or more HCR amplifiers comprise

two metastable D A hairpins.

5. The method of claim 1, wherein the detectable label of the one or more HCR

amplifiers comprise spectrally distinct fluorescence signals for multiplexed detection.

6 . The method of claim 1, wherein the detectable label of the HCR monomer

comprises a sequencing template for fluorescent sequencing by hybridization, fluorescent

sequencing by ligation, or fluorescent sequencing by synthesis.



7 . The method of claim 1, wherein the target analyte comprises nucleic acid

polymers including RNA, DNA, RNA analogs, DNA analogs, proteins, and chemical

modifications thereof.

8 . The method of claim 1, wherein the target analyte comprises lipids,

metabolites, biomolecules, and other small molecules.

9 . The method of claim 1, further comprising serially labeling target analytes.

10. The method of claim 9, wherein said serially labeling comprises associating

each analyte with a plurality of HCR initiators.

11. The method of claim 1, wherein the given HCR amplifier comprises two or

more metastable HCR monomers.

12. The method of claim 1, wherein said binding of said given probe to the target

analyte is repeated two or more times.

13. The method of claim 1, wherein the linker can be a bond or comprise a

sequence portion that is complementary to a sequence portion of an oligonucleotide

comprising an initiator sequence and hybridizes to the oligonucleotide comprising the

initiator sequence.

14. The method of claim 1, further comprising disrupting or reversing the

coupling between the given probe and the linker, the coupling between the linker and the

HCR initiator, or the coupling between said given probe and the HCR initiator.

15. The method of claim 1, wherein the linker comprises an initiator sequence

cognate to a protecting group, which prevents the HCR initiator from triggering the HCR.

16. The method of claim 15, wherein the protecting group is a protecting

oligonucleotide.

17. The method of claim 15, further comprising disrupting the protecting group

from the linker, thereby allowing the HCR initiator to trigger the HCR.

18. The method of claim 17, wherein said disrupting comprises introducing a de-

protecting oligonucleotide to the sample to remove the protecting group by a toehold strand

displacement.

19. The method of claim 1, further comprising degrading or disassembling the

amplification product after said detecting.

20. The method of claim 1, further comprising disrupting or reversing a coupling

between the amplification product and the detecting label after said detecting.



21. The method of claim 1, further comprising disrupting or reversing the binding

of said give probe to said target analyte.

22. The method of claim 1, further comprising conducting a plurality of rounds of

hybridization chain reactions comprising a plurality of detection cycles.

23. The method of claim 22, wherein the plurality of rounds of hybridization chain

reactions comprise reusing the one or more HCR initiators or t e one or more HCR

amplifiers.

24. The method of claim 1, further comprising programming a functional linkage

between the given HCR initiator to the given probe, wherein said programming comprises:

a) use of nucleic acid hybridization to add the HCR initiator to a linker probe bearing

a complementary nucleic acid molecule using sequencing by hybridization,

b) use of an enzyme to add the HCR initiator to a linker probe,

c) use of heat or denaturant to disrupt nucleic acid hybridization to remove the HCR

initiator hybridized to a linker probe,

d) use of toehold strand displacement to remove a protecting strand from the HCR

initiator that is localized to a target molecule via a linker probe, or

e) incorporation of chemical, enzymatic, or photo-labile group between the HCR

initiator and a linker probe, such that the HCR initiator can be removed by chemical,

enzymatic, or light treatments that disrupt the chemical linkage between the initiator and the

linker probe.

25 . The method of claim 24, wherein the enzyme that adds the HCR initiator to

the linker probe is a DNA ligase that catalyzes a splint ligation reaction.

26. The method of claim 1, further comprising reversing or arresting the

hybridization chain reaction.

27. The method of claim 26, wherein reversing or arresting the hybridization chain

reaction comprises:

a) using modified HCR monomers comprising one or more additional sequences for

a toehold strand displacement, such that addition of one or more complementary DNA

strands will cause the amplification product to disassemble, or

b) using modified HCR monomers comprising one or more enzymatic or chemical

sensitive groups, or photo-labile groups in a DNA backbone of the HCR monomers, such that



the amplification product is fragmented or disrupted by chemical, enzymatic, or light

treatments.

28. The method of claim 1, further comprising programming generation of

fluorescent signals from the amplification product by:

a) using modified HCR monomers comprising additional sequences capable of

being probed using sequencing by synthesis (SBS), sequencing by ligation (SBL), or

sequencing by hybridization (SBH) to introduce fluorescent moieties to the amplification

product,

b) using modified HCR monomers comprising enzymatic, chemical, or photo-labile

groups between a DNA backbone of t e HCR monomer and the detectable label comprising

fluorescent moieties, such that the fluorescent moieties can be removed by chemical,

enzymatic, or light treatments,

c) using modified fluorescent probes capable of labeling the amplification product

by sequencing by synthesis (SBS), sequencing by ligation (SBL), or sequencing by

hybridization (SBH), wherein the fluorescent probes comprise additional sequences for

toehold strand displacement such that the fluorescent probes can be removed from the

amplification product by disrupting hybridization between the fluorescent probes and the

amplification product, or

d) using modified fluorescent probes capable of labeling the amplification product

such as by SBS, SBL, or SBH, wherein the fluorescent probes comprise enzymatic, chemical,

or photo-labile groups between a backbone of the amplification product and detectable label

comprising fluorescent moieties, such that the fluorescent moieties can be removed by

chemical, enzymatic, or light treatments

29. The method of claim 1, wherein the given probe is removable from the target

analyte, the HCR initiator is removable from the linker, the amplification product is

removable from the HCR initiator, or the detectable label is removable from the amplification

product.

30. A cyclic hybridization chain reaction (HCR) system comprising:

one or more probes, wherein a given probe of said one or more probes is coupled to a

linker, wherein said given probe has a sequence that is complementary to a sequence of a

target analyte,

one or more HCR initiators, wherein a given HCR initiator of said one or more HCR



initiators is separate from said given probe, and wherein said given HCR initiator is

configured to bind to the linker and couple said probe with said give HCR initiator, and

one or more HCR amplifiers, wherein a given HCR amplifier of said one or more

HCR amplifiers comprises at least one HCR monomer that comprises a detectable label,

wherein said given HCR initiator is configured to couple to t e HCR monomer and

trigger a hybridization chain reaction to generate an amplification product comprising said

HCR monomer, which amplification product is coupled to said given probe.

31. The HCR system of claim 30, further comprising a plurality of probe sets each

specific to a target analyte, wherein the plurality of probe sets are designed for programmable

and temporally ordered hybridization chain reactions.

32. The HCR system of claim 31, wherein the plurality of probe sets are

configured to provide temporally generated fluorescent signals, and wherein a totality of the

temporally generated fluorescent signals provide a unique set of information for each target

analyte including molecular identity, molecular quality, or molecular configuration.

33. The HCR system of claim 30, wherein each of the HCR amplifiers comprise

two or more metastable HCR monomers each of which are DNA hairpins.

34. The HCR system of claim 30, wherein the one or more HCR amplifiers

comprise two or more metastable HCR monomers comprising detectable labels, the

detectable labels comprising spectrally distinct fluorescent signals for multiplexed detection.

35. The HCR system of claim 30, wherein said HCR monomer is a non-

fluorescent HCR monomer.

36. The HCR system of claim 35, wherein the non-fluorescent HCR monomer is

configured to be fluorescently labeled during or after the generation of the amplification

product.

37. The HCR system of claim 36, wherein the amplification product formed from

the non-fluorescent monomers are fluorescently labeled after generation of the amplification

product by: fluorescent sequencing by hybridization, fluorescent sequencing by ligation, or

fluorescent sequencing by synthesis, by enzymatic reaction, or by chemical reaction.

38. The HCR system of claim 30, wherein the one or more probes, the linker, one

or more HCR initiators, or one or more HCR amplifiers are configured to be re-used.

39. The HCR system of claim 30, wherein the linker is a nucleic acid sequence

that is complementary to an oligonucleotide comprising the HCR initiator.



40. The HCR system of claim 30, wherein the linker comprises a functional group

for programmable disassociation from the initiator.

41. The HCR system of claim 30, wherein detection of t e detectable label can be

programmatically generated and reset.

42. The HCR system of claim 30, wherein t e HCR monomer contains functional

groups for programmable disassembly or degradation of the amplification product.

43 . The HCR system of claim 42, wherein the functional groups comprise toehold

strand displacement sequences.

44. The HCR system of claim 42, wherein the functional groups comprise

chemically labile, enzymatically labile, or photo-labile chemical groups.

45. The HCR system of claim 30, wherein the binding of the given probe to the

target analyte is configured to be disrupted or reversed during the hybridization chain

reaction.

46. The HCR system of claim 45, wherein the given probe binding to the target

analyte is disrupted or reversed by chemical treatment, enzymatic treatment, DNase treatment

of RNA in situa hybridization(ISH) probes, exonuclease treatment of 5' phos ISH probes,

nuclease treatment of nucleic acid probes, proteinase treatment of peptide probes, use of heat

or denaturant to disrupt nucleic acid hybridization, use of heat or denaturant to disrupt

aptamer binding, or use of heat or denaturant to disrupt bonding between antibody and

protein.

47. A method for identifying a target analyte in a sample, comprising:

(e) contacting said sample with a primary probe that comprises a sequence that is

complementary to a sequence of said target analyte;

(f) contacting said sample with a secondary probe configured to couple to said

primary probe, wherein coupling of said primary probe with said secondary probe facilitates a

hybridization chain reaction (HCR) in the presence of at least one HCR amplifier comprising

a detectable label, to generate an amplification product comprising said detectable label,

wherein said secondary probe is separate from the HCR amplifier and said primary probe;

and

(g) detecting said detectable label, thereby identifying said target analyte.

48. The method of claim 47, wherein said HCR is not polymerase chain reaction.



49. The method of claim 47, wherein said amplification product is coupled to said

primary probe.

50. The method of claim 47, wherein said HCR amplifier has a sequence that is

complementary to a sequence of said secondary probe.

51. The method of claim 47, wherein said primary probe is coupled to a linker that

permits said primary probe to couple to said secondary probe.

52. The method of claim 47, wherein the primary probe comprises an HCR

initiator that initiates said HCR.

53. The method of claim 52, wherein the primary probe comprises a protecting

group which prevents the HCR initiator from initiating said HCR prior to said contacting said

sample with the secondary probe.

54. The method of claim 53, wherein said protecting group comprises a protecting

oligonucleotide.

55. The method of claim 47, wherein the secondary probe comprises an HCR

initiator that initiates said HCR.

56. The method of claim 47, wherein said secondary probe does not include a

detectable label.

57. The method of claim 47, wherein said HCR amplifier comprises two or more

metastable HCR monomers.

58. The method of claim 57, wherein each of said two or more metastable HCR

monomers comprise a metastable DNA hairpin.

59. A system for identifying a target analyte in a sample, comprising:

a detector for detecting a detectable label; and

a controller operatively coupled to said detector, wherein said controller comprises

one or more computer processors that are individually or collectively programed to direct:

(i) contacting said sample with a primary probe that comprises a sequence that is

complementary to a sequence of said target analyte;

(ii) contacting said sample with a secondary probe configured to couple to said

primary probe, wherein coupling of said primary probe with said secondary probe facilitates a

hybridization chain reaction (HCR) in the presence of at least one HCR amplifier comprising

a detectable label, to generate an amplification product comprising said detectable label,



wherein said secondary probe is separate from the HCR amplifier and said primary probe;

and

(iii) using said detector to detect said detectable label, thereby identifying said

target analyte.

60. A kit for identifying a target analyte in a sample, comprising:

a hybridization chain reaction (HCR) amplifier comprising a detectable label,

which HCR amplifier is configured to facilitate HCR;

a primary probe that comprises a sequence that is complementary to a

sequence of said target analyte; and

a secondary probe configured to couple to said primary probe, wherein said

secondary probe does not include a detectable label,

wherein said secondary probe is separate from said HCR amplifier and said

primary probe.

61. The kit of claim 60, further comprising instructions for using said HCR

amplifier, primary probe and said secondary probe to conduct said HCR.

62. The kit of claim 60, further comprising a cleaving agent, said cleaving agent

configured to cleave the linker between the primary probe and the secondary probe, thereby

disrupting the one or more HCR initiators from triggering the chain reaction with the one or

more HCR amplifiers.

63 . The kit of claim 60, wherein said HCR amplifier has a sequence that is

complementary to a sequence of said secondary probe.

64. The kit of claim 60, wherein said primary probe is coupled to a linker that

permits said primary probe to couple to said secondary probe.

65 . The kit of claim 60, wherein the primary probe comprises an HCR initiator

that initiates said HCR.

66. The kit of claim 65, wherein the primary probe comprises a protecting group

which prevents the HCR initiator from initiating said HCR prior to coupling of said primary

probe with the secondary probe.

67. The kit of claim 66, wherein said protecting group comprises a protecting

oligonucleotide.

68. The method of claim 60, wherein the secondary probe comprises an HCR

initiator that initiates said HCR .



69. The kit of claim 60, wherein said HCR amplifier comprises two or more

metastable HCR monomers.

70. A method for disrupting production of a hybridization chain reaction (HCR)

amplification product, comprising:

(a) providing a sample comprising a primary probe coupled to a secondary probe,

wherein the primary probe comprises a sequence that is complementary to a sequence of a

target analyte, and wherein said primary probe is hybridized to said target analyte under

conditions sufficient to facilitate hybridization chain reaction (HCR) to generate an

amplification product; and

(b) contacting said sample with a cleaving agent to decouple said primary probe

from said secondary without decoupling said primary probe from said target analyte, thereby

preventing said HCR and disrupting generation of said amplification product.
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because they relate to subject matter not required to be searched by this Authority, namely:

□ Claims Nos.:
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extent that no meaningful international search can be carried out, specifically:

□ Claims Nos.:
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This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I, Claims 1-69 are directed toward a method and system for identifying a target analyte in a sample.

Group II, Claim 70 is directed toward a method for disrupting production of a hybridization chain reaction (HCR) amplification product.
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Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical features of
Group I include detection of an amplification product, not present in Group II; the special technical features of Group I I include a cleaving
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Groups I and II share the technical features including: a hybridization chain reaction (HCR) amplification product; providing a sample
comprising a primary probe coupled to a secondary probe, wherein the primary probe comprises a sequence that is complementary to a
sequence of a target analyte, and wherein said primary probe is hybridized to said target analyte under conditions sufficient to facilitate
hybridization chain reaction (HCR) to generate an amplification product.

However, these shared technical features are previously disclosed by the article 'Triggered amplification by hybridization chain reaction;
by Dirks et al. (hereinafter 'Dirks').

Dirks discloses a hybridization chain reaction (HCR) amplification product (a hybridization chain reaction (HCR) amplification product;
abstract); providing a sample comprising a primary probe (providing a reaction (sample) comprising a first (primary) probe H1; Figure 1a;
page 15,276, first column; Table 1) coupled to a secondary probe (annealed (coupled) to a secondary probe, H2; Figure 1c, Table 1),
wherein the primary probe comprises a sequence that is complementary to a sequence of a target analyte (wherein the primary probe
(H1) comprises a sequence that is complementary to a sequence of a target analyte (I); Figure 1b, Table 1), and wherein said primary
probe is hybridized to said target analyte (wherein said primary probe (H1 ) is hybridized to said target analyte (i); Figure 1b, Table 1)
under conditions sufficient to facilitate hybridization chain reaction (HCR) to generate an amplification product (and the second probe, in
order to enable the generation of HCR amplification products (under conditions sufficient to facilitate hybridization chain reaction (HCR)
to generate an amplification product); abstract, Figure 1c).

Since none of the special technical features of the Groups I and I I inventions is found in more than one of the inventions, and since all of
the shared technical features are previously disclosed by the Dirks reference, unity of invention is lacking.
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