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COMPOSITIONS AND METHODS FOR ANALYTE DETECTION

CROSS-REFERENCE

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/967,362, filed January 29, 2020, which application is herein incorporated by reference in

its entirety for all purposes.

BACKGROUND

[0002] Fluorescent in situ sequencing (FISSEQ) can be used to detect target molecules
within a sample (e.g., a biological sample) in situ. During FISSEQ), a three-dimensional (3D)
matrix can be generated within the sample to immobilize the target molecules or derivatives
thereof. Nucleic acid target molecules may be subsequently amplified and sequenced within
the 3D matrix. The 3D matrix with the attached nucleic acid molecules can provide an
information storage medium where the nucleic acid molecules represent stored information
which can be read within the 3D matrix.

[0003] FISSEQ may be used to detect one or more fluorescent signals emanating from
each sequencing template within a FISSEQ library over more than one cycle of fluorescence
detection, wherein the fluorescent signals over the totality of detection cycles may comprise
an information construct, which may be mapped to molecular identification or otherwise
provide information about the nature of the detected molecule. The 3D matrix can allow

reagent exchange and removal of background molecules without losing the target molecules.

SUMMARY

[0004] Recognized herein is a need for a robust protocol for processing a sample for
fluorescent in situ sequencing (FISSEQ). The methods and systems provided herein can be
used to immobilize target nucleic acid molecules on the three-dimensional (3D) matrix and
allow efficient buffer exchange and clearing of background molecules within the 3D matrix.
[0005] In an aspect, the present disclosure provides a method for processing a biological
sample, comprising: (a) providing a container comprising the biological sample comprising
an analyte within a synthetic three-dimensional (3D) matrix, which synthetic 3D matrix
comprises an attachment moiety; and (b) directing a tethering molecule into the biological

sample such that the tethering molecule (i) flows through the synthetic 3D matrix and comes
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in contact with the analyte, and (ii) attaches to the analyte and the attachment moiety, thereby
attaching the analyte to the synthetic 3D matrix.

[0006] In some embodiments, the tethering molecule comprises a tethering moiety that
has specificity for the attachment moiety. In some embodiments, the synthetic 3D matrix
encapsulates the biological sample. In some embodiments, the method further comprises,
prior to (a), providing a matrix-forming material in the container, and using the matrix-
forming material to generate the synthetic 3D matrix. In some embodiments, the synthetic 3D
matrix is generated by polymerization of the matrix-forming material. In some embodiments,
the synthetic 3D matrix is generated by cross-linking of the matrix-forming material. In some
embodiments, the method further comprises, subsequent to (b), identifying the analyte within
the synthetic 3D matrix. In some embodiments, the tethering molecule comprises a nucleic
acid sequence complementary to a sequence of the analyte. In some embodiments, the
tethering molecule comprises a poly-deoxythymidine (dT) sequence. In some embodiments,
the method further comprises, in (b), contacting the biological sample with a hybridization
reaction enhancing agent, wherein the hybridization reaction enhancing agent enhances a rate
of hybridization between the nucleic acid sequence and the sequence of the analyte. In some
embodiments, the hybridization reaction enhancing agent comprises a functional group that
facilitates inactivation of the hybridization reaction enhancing agent. In some embodiments,
the method further comprises subsequent to contacting the biological sample with the
hybridization reaction enhancing agent, subjecting the functional group to conditions
sufficient to inactivate the hybridization reaction enhancing agent. In some embodiments, the
method further comprises inactivating the hybridization reaction enhancing agent. In some
embodiments, the functional group is a hydrating group. In some embodiments, the hydrating
group is an ionic, electrolytic, or hydrophilic group. In some embodiments, the functional
group further comprises a cleavable linker, which cleavable linker links the functional group
to a polymer backbone of the hybridization reaction enhancing agent. In some embodiments,
the cleavable linker comprises an alpha-hydroxy acid, a beta-keto acid, or a disulfide linkage.
In some embodiments, the method further comprises cleaving the functional group from the
polymer backbone of the hybridization reaction enhancing agent. In some embodiments, the
method further comprises removing the functional group from the synthetic 3D matrix. In
some embodiments, the method further comprises removing the hybridization reaction
enhancing agent from the synthetic 3D matrix. In some embodiments, the removing
comprises washing away the hybridization reaction enhancing agent from the synthetic 3D

matrix. In some embodiments, the method further comprises, subsequent to (b), contacting
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the biological sample encapsulated within the synthetic 3D matrix with a protease. In some
embodiments, the analyte is (i) a nucleic acid molecule or (ii) a polypeptide molecule. In
some embodiments, the analyte is one or more polypeptide molecules, wherein the analyte is
bound by an antibody or fragment thereof. In some embodiments, the antibody or fragment
thereof is conjugated to a nucleic acid barcode, and wherein the tethering molecule comprises
a nucleic acid sequence complementary to the nucleic acid barcode. In some embodiments,
the analyte is one or more polypeptide molecules, and wherein the tethering molecule is an
antibody or fragment thereof conjugated to a nucleic acid barcode. In some embodiments, the
nucleic acid barcode comprises a tethering moiety, which tethering moiety attaches to the
attachment moiety of the synthetic 3D matrix.

[0007] In some embodiments, the analyte is the nucleic acid molecule, and wherein the
tethering molecule comprises a primer sequence complementary to a sequence of a nucleic
acid molecule of the one or more nucleic acid molecules. In some embodiments, the method
further comprises, in (b), hybridizing the primer sequence to the sequence of the nucleic acid
molecule. In some embodiments, the method further comprises, subsequent to (b), extending
the primer sequence hybridized to the sequence of the nucleic acid molecule to generate an
extension product attached to the synthetic 3D matrix. In some embodiments, the method
further comprises hybridizing a probe to the extension product in presence of an additional
hybridization reaction enhancing agent. In some embodiments, the probe is a padlock probe
or a molecular inversion probe. In some embodiments, the method further comprises
inactivating the additional hybridization reaction enhancing agent or removing the additional
hybridization reaction enhancing agent from the synthetic 3D matrix. In some embodiments,
the method further comprises circularizing the probe. In some embodiments, the circularizing
comprises ligating a 3’ end and a 5° end of the probe. In some embodiments, the method
further comprises subjecting the probe to an amplification reaction to generate an
amplification product. In some embodiments, the amplification reaction is rolling circle
amplification. In some embodiments, the amplification reaction incorporates a modified base
to the amplification product. In some embodiments, the modified base is 5-azidomethyl-
dUTP. In some embodiments, the amplification reaction is a non-enzymatic reaction. In some
embodiments, the non-enzymatic reaction is a hybridization chain reaction (HCR) or a
branched DNA reaction. In some embodiments, the biological sample is a cell or a tissue. In
some embodiments, the cell or the tissue is fixed. In some embodiments, the cell or the tissue

is permeabilized.
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[0008] In another aspect, the present disclosure provides a method for processing a
biological sample, comprising: (a) contacting the biological sample comprising an analyte
with a tethering molecule and a hybridization reaction enhancing agent, wherein the tethering
molecule comprises a tethering moiety and a nucleic acid sequence complementary to a
sequence of the analyte, and wherein the hybridization reaction enhancing agent enhances a
rate of hybridization between the nucleic acid sequence and the sequence of the analyte; (b)
hybridizing the nucleic acid sequence of the tethering molecule to the sequence of the
analyte; (c¢) contacting the biological sample having the tethering molecule hybridized to the
analyte with a matrix-forming material; and (d) using the matrix-forming material to form a
synthetic three-dimensional (3D) matrix with the tethering molecule attached thereto via the
tethering moiety.

[0009] In some embodiments, the synthetic 3D matrix preserves an absolute or relative
spatial position of the analyte within the biological sample. In some embodiments, the
synthetic 3D matrix preserves an absolute or relative spatial position of a molecule that can
be associated with the analyte within the biological sample (e.g., a preserve the location of a
derivative of the analyte or a nucleic acid molecule coupled to a binding agent that bound the
analyte). In some embodiments, the synthetic 3D matrix further comprises an attachment
moiety. In some embodiments, the tethering moiety of the tethering molecule has specificity
for the attachment moiety. In some embodiments, the method further comprises, in (d),
attaching the tethering moiety to the attachment moiety. In some embodiments, the
hybridization reaction enhancing agent comprises a functional group that facilitates
inactivation of the hybridization reaction enhancing agent. In some embodiments, the method
further comprises, subsequent to (d), subjecting the functional group to conditions sufficient
to inactivate the hybridization reaction enhancing agent. In some embodiments, the method
further comprises inactivating the hybridization reaction enhancing agent. In some
embodiments, the functional group is a hydrating group. In some embodiments, the hydrating
group is an ionic, electrolytic, or hydrophilic group. In some embodiments, the functional
group further comprises a cleavable linker, which cleavable linker links the functional group
to a polymer backbone of the hybridization reaction enhancing agent. In some embodiments,
the cleavable linker comprises an alpha-hydroxy acid, a beta-keto acid, or a disulfide linkage.
In some embodiments, the method further comprises cleaving the functional group from the
polymer backbone of the hybridization reaction enhancing agent. In some embodiments, the
method further comprises removing the functional group from the synthetic 3D matrix. In

some embodiments, the method further comprises removing the hybridization reaction
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enhancing agent from the synthetic 3D matrix. In some embodiments, the removing
comprises washing away the hybridization reaction enhancing agent from the synthetic 3D
matrix. In some embodiments, the method further comprises, subsequent to (d), contacting
the biological sample encapsulated within the synthetic 3D matrix with a protease. In some
embodiments, the analyte is (i) a nucleic acid molecule or (ii) a polypeptide molecule. In
some embodiments, the analyte is one or more polypeptide molecules, wherein the analyte is
bound by an antibody or fragment thereof. In some embodiments, the antibody or fragment
thereof is conjugated to a nucleic acid barcode, and wherein the tethering molecule comprises
a nucleic acid sequence complementary to the nucleic acid barcode. In some embodiments,
the analyte is one or more nucleic acid molecules, and wherein the tethering molecule
comprises a primer sequence complementary to a sequence of a nucleic acid molecule of the
one or more nucleic acid molecules. In some embodiments, the method further comprises,
subsequent to (d), extending the primer sequence hybridized to the sequence of the nucleic
acid molecule to generate an extension product attached to the synthetic 3D matrix. In some
embodiments, the method further comprises hybridizing a probe to the extension product in
presence of an additional hybridization reaction enhancing agent. In some embodiments, the
probe is a padlock probe or a molecular inversion probe. In some embodiments, the method
further comprises inactivating the additional hybridization reaction enhancing agent or
removing the additional hybridization reaction enhancing agent from the synthetic 3D matrix.
In some embodiments, the method further comprises circularizing the probe. In some
embodiments, the circularizing comprises ligating a 3’ end and a 5” end of the probe. In some
embodiments, the method further comprises subjecting the probe to an amplification reaction
to generate an amplification product. In some embodiments, the amplification reaction is
rolling circle amplification. In some embodiments, the amplification reaction incorporates a
modified base to the amplification product. In some embodiments, the modified base is 5-
azidomehtyl-dUTP. In some embodiments, the amplification reaction is a non-enzymatic
reaction. In some embodiments, the non-enzymatic reaction is a hybridization chain reaction
(HCR) or a branched DNA reaction. In some embodiments, the biological sample is a cell or
a tissue. In some embodiments, the cell or the tissue is fixed. In some embodiments, the cell
or the tissue is permeabilized.

[0010] In another aspect, the present disclosure provides a composition for processing a
biological sample comprising an analyte, comprising: the biological sample encapsulated
within a synthetic three-dimensional (3D) matrix; an attachment moiety coupled to the

synthetic 3D matrix; a tethering probe, wherein the tethering probe comprises a nucleic acid
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sequence complementary to a sequence of the analyte, and wherein the nucleic acid sequence
is configured to hybridize to the sequence of the analyte; and a hybridization reaction
enhancing agent, which hybridization reaction enhancing agent enhances a rate of
hybridization between the nucleic acid sequence and the sequence of the analyte. In some
embodiments, the attachment moiety is configured to preserve an absolute or relative spatial
position of the analyte within the synthetic 3D matrix.

[0011] In some embodiments, the analyte is a nucleic acid molecule or a polypeptide
molecule. In some embodiments, the biological sample is a cell or a tissue. In some
embodiments, the cell or the tissue is fixed. In some embodiments, the cell or the tissue is
permeabilized. In some embodiments, the hybridization reaction enhancing agent comprises a
functional group that facilitates inactivation of the hybridization reaction enhancing agent. In
some embodiments, the functional group is a hydrating group. In some embodiments, the
hydrating group is an ionic, electrolytic, or hydrophilic group. In some embodiments, the
functional group further comprises a cleavable linker, which cleavable linker links the
functional group to a polymer backbone of the hybridization reaction enhancing agent.

[0012] In another aspect, the present disclosure provides a method for processing a biological
sample, comprising: (a) contacting the biological sample comprising a polypeptide analyte
with a tethering molecule, wherein the tethering molecule comprises (i) an antibody or
fragment thereof conjugated to a nucleic acid barcode and (ii) a tethering moiety; (b) binding
the polypeptide analyte with the tethering molecule; (c) contacting the biological sample
having the tethering molecule bound to the polypeptide analyte with a matrix-forming
material; and (d) using the matrix-forming material to form a synthetic three-dimensional
(3D) matrix with the tethering molecule attached thereto via the tethering moiety.

[0013] In another aspect, the present disclosure provides a method for processing a biological
sample, comprising providing the biological sample comprising a polypeptide analyte within
a synthetic three-dimensional (3D) matrix, which synthetic 3D matrix comprises an
attachment moiety; contacting the biological sample with a tethering molecule, wherein the
tethering molecule comprises (i) an antibody or fragment thereof conjugated to a nucleic acid
barcode and (ii) a tethering moiety; and binding the polypeptide analyte with the tethering
molecule; thereby attaching the analyte to the synthetic 3D matrix via the attachment moiety.
[0014] In some of any such embodiments, the biological sample may comprise an additional
analyte within the synthetic 3D matrix. In some embodiments, the synthetic 3D matrix
comprises an additional attachment moiety. In some cases, one or more additional attachment

moieties are provided to the synthetic 3D matrix after it is formed. In some cases, one or
-6-



WO 2021/155063 PCT/US2021/015578

more additional attachment moieties are provided to the synthetic 3D matrix before or during
itis formed. In some cases, contacting said biological sample with a tethering molecule is
performed simultaneously or concurrently with forming of the synthetic 3D matrix. In some
cases, contacting said biological sample with a tethering molecule is performed after forming
of the synthetic 3D matrix. In some embodiments, the additional analyte is a nucleic acid
molecule.

[0015] In some of any such embodiments, the method includes providing an additional
tethering molecule, wherein the additional tethering molecule comprises a primer sequence
complementary to a sequence of the nucleic acid molecule. In some aspects, the method
includes hybridizing the primer sequence to the sequence of the nucleic acid molecule. In
some examples, the method includes extending the primer sequence hybridized to the
sequence of the nucleic acid molecule to generate an extension product. In some
embodiments, the extension product can be attached to the synthetic 3D matrix.

[0016] In some embodiments, the method includes hybridizing a probe to the extension
product. In some examples, the probe is a padlock probe or a molecular inversion probe. In
some cases, the method includes circularizing the probe. In some example, circularizing
comprises ligating a 3’ end and a 5° end of the probe. In some embodiments, the probe is
subjected to an amplification reaction to generate an amplification product. In some
examples, the amplification reaction is rolling circle amplification. In some embodiments, the
amplification reaction incorporates a modified base to the amplification product. In some
cases, the modified base is S5-azidomethyl-dUTP.

[0017] In some of any such embodiments, the attachment moiety and the additional
attachment moiety are different. For example, in some instances, the tethering moiety
comprises an acryloyl group and the additional tethering moiety is an azide. In some
embodiments the additional tethering molecule (i) flows through the synthetic 3D matrix and
comes in contact with the additional analyte, and (ii) attaches to the additional analyte and the
additional attachment moiety, thereby attaching the additional analyte to the synthetic 3D
matrix.

[0018] Another aspect of the present disclosure provides a non-transitory computer
readable medium comprising machine executable code that, upon execution by one or more
computer processors, implements any of the methods above or elsewhere herein.

[0019] Another aspect of the present disclosure provides a system comprising one or

more computer processors and computer memory coupled thereto. The computer memory
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comprises machine executable code that, upon execution by the one or more computer
processors, implements any of the methods above or elsewhere herein.

[0020] Additional aspects and advantages of the present disclosure will become readily
apparent to those skilled in this art from the following detailed description, wherein only
illustrative embodiments of the present disclosure are shown and described. As will be
realized, the present disclosure is capable of other and different embodiments, and its several
details are capable of modifications in various obvious respects, all without departing from
the disclosure. Accordingly, the drawings and description are to be regarded as illustrative in

nature, and not as restrictive.

INCORPORATION BY REFERENCE

[0021] All publications, patents, and patent applications mentioned in this specification
are herein incorporated by reference, to the same extent as if each individual publication,
patent, or patent application was specifically and individually indicated to be incorporated by
reference. To the extent publications and patents or patent applications incorporated by
reference contradict the disclosure contained in the specification, the specification is intended

to supersede and/or take precedence over any such contradictory material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings (also “Figure” and “FIG.” herein), of which:

[0023] FIG. 1 shows an example procedure for processing a sample using a method
described herein.

[0024] FIG. 2 shows an example procedure for processing a sample using a method
described herein.

[0025] FIG. 3 shows a computer system that is programmed or otherwise configured to
implement methods provided herein.

[0026] FIG. 4A shows an example of click chemistry described herein and FIG. 4B

shows an example reagent described herein.
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[0027] FIG. 5A shows an example of click monomer titration and FIG. 5B shows
graphed results described herein.

[0028] FIG. 6A and FIG. 6B show examples of azide functional group destruction by
radicals described herein.

[0029] FIG. 7A, FIG. 7B and FIG. 7C show examples of azide probe tethering using a
method described herein.

[0030] FIG. 8A and FIG. 8B show examples of azide probe labeling using a method

described herein.

DETAILED DESCRIPTION

[0031] While various embodiments of the invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by
way of example only. Numerous variations, changes, and substitutions may occur to those
skilled in the art without departing from the invention. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed.

[0032] Whenever the term “at least,” “greater than,” or “greater than or equal to”
precedes the first numerical value in a series of two or more numerical values, the term “at

2

least,” “greater than” or “greater than or equal to” applies to each of the numerical values in
that series of numerical values. For example, greater than or equal to 1, 2, or 3 is equivalent
to greater than or equal to 1, greater than or equal to 2, or greater than or equal to 3.

[0033] Whenever the term “no more than,” “less than,” or “less than or equal to”
precedes the first numerical value in a series of two or more numerical values, the term “no
more than,” “less than,” or “less than or equal to” applies to each of the numerical values in
that series of numerical values. For example, less than or equal to 3, 2, or 1 is equivalent to
less than or equal to 3, less than or equal to 2, or less than or equal to 1.

[0034] The term “nucleic acid,” as used herein, generally refers to a nucleic acid
molecule comprising a plurality of nucleotides or nucleotide analogs. A nucleic acid may be a
polymeric form of nucleotides. A nucleic acid may comprise deoxyribonucleotides,
ribonucleotides, analogs thereof, or a combination thereof. A nucleic acid may be an
oligonucleotide or a polynucleotide. Nucleic acids may have various three-dimensional
structures and may perform various functions. Non-limiting examples of nucleic acids
include DNA, RNA, coding or non-coding regions of a gene or gene fragment, loci (locus)

defined from linkage analysis, exons, introns, messenger RNA (mRNA), transfer RNA,
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ribosomal RNA, short interfering RNA (siRNA), short-hairpin RNA (shRNA), micro-RNA
(miRNA), ribozymes, cDNA, recombinant nucleic acids, branched nucleic acids, plasmids,
vectors, isolated DNA of any sequence, isolated RNA of any sequence, nucleic acid probes,
and primers. A nucleic acid may comprise one or more modified nucleotides, such as
methylated nucleotides and nucleotide analogs. If present, modifications to the nucleotide
structure may be made before or after assembly of the nucleic acid. The sequence of
nucleotides of a nucleic acid may be interrupted by non-nucleotide components. A nucleic
acid may be further modified after polymerization, such as by conjugation, with a functional
moiety for immobilization.

[0035] The terms “polypeptide” and “peptide” are used interchangeably herein, and they
refer to a polymeric form of amino acids. A polypeptide can comprise two or more amino
acids. A polypeptide can be unstructured or structured. A polypeptide can be a protein.
[0036] The term “rolony,” as used herein, generally refers to a rolling circle colony, such
as, for example, a colony of nucleic acid molecules generated by rolling circle amplification
(RCA).

[0037] The terms “amplifying” and “amplification” generally refer to generating one or
more copies (or “amplified product” or “amplification product”) of a nucleic acid. The one or
more copies may be generated by nucleic acid extension. Such extension may be a single
round of extension or multiple rounds of extension. The amplified product may be generated
by polymerase chain reaction (PCR).

Methods for sample processing

[0038] The present disclosure provides methods for processing a sample, e.g., a
biological sample. In some aspects, the method can comprise providing a container
comprising a biological sample comprising an analyte within a three-dimensional (3D)
matrix. The 3D matrix can be a synthetic 3D matrix. For example, the 3D matrix can be
generated by polymerizing or crosslinking a matrix-forming material comprising matrix-
forming monomers or polymers. The 3D matrix can encapsulate the sample. The 3D matrix
can comprise an attachment moiety for immobilizing analytes. The analyte can be a nucleic
acid molecule, a polypeptide molecule, a small molecule or a combination thereof. Next, a
tethering molecule may be directed into the sample through the 3D matrix and in contact with
the analyte. The tethering molecule may attach to the analyte and the attachment moiety,
thereby attaching the analyte to the 3D matrix. The tethering molecule can comprise a
tethering moiety that has specificity for the attachment moiety. The tethering moiety and the

attachment moiety can be a protein-protein binding pair or functional moieties that can react
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with each other. For example, the tethering moiety can be an amine, a thiol, an azide, an
alkyne, a nitrone, an alkene, a tetrazine, a tetrazole, an acrydite or other click reactive group.
The tethering molecule can comprise a nucleic acid sequence complementary to a sequence
of the analyte. For example, the tethering molecule can comprise a poly-deoxythymidine (dT)
sequence. Next, the analyte can be detected within the 3D matrix. Detection methods can be
various methods described herein, including but not limited to, hybridization with labeled
probes and sequencing.

[0039] The sample within the 3D matrix can be contacted with a hybridization reaction
enhancing agent. The hybridization reaction enhancing agent can enhance a rate of
hybridization between the nucleic acid sequence and the sequence of the analyte. The
hybridization reaction enhancing agent can comprise a functional group that facilitates
inactivation of the hybridization reaction enhancing agent. The functional group can be
subjected to conditions sufficient to inactivate the hybridization reaction enhancing agent.
The hybridization reaction enhancing agent can be inactivated. The functional group can be a
hydrating group. For example, the hydrating group can be an ionic, electrolytic, or
hydrophilic group. The functional group can further comprise a cleavable linker. The
cleavable linker can link the functional group to a polymer backbone of the hybridization
reaction enhancing agent. The cleavable linker can comprise an alpha-hydroxy acid, a beta-
keto acid, or a disulfide linkage. The functional group may be cleaved from the polymer
backbone of the hybridization reaction enhancing agent. The functional group may be
removed from the 3D matrix. In some cases, the functional group can be washed away from
the 3D matrix by a buffer. The hybridization reaction enhancing agent may also be removed
from the 3D matrix. For example, the hybridization reaction enhancing agent can be washed
away from the 3D matrix. In some embodiments, the hybridization reaction enhancing agent
is not dextran sulfate. Moreover, enhancing agents described herein, including, for example,
smaller enhancing reagents, may be inactivated by washing them away from the 3D matrix.
[0040] In some cases, the biological sample encapsulated within the 3D matrix can be
subjected to a clearing process. The biological sample encapsulated within the 3D matrix can
be contacted with an agent to clear the sample and fully permeabilize the sample. For
example, the biological sample can be contacted with a protease to break down proteins.
Other examples of agents used to break down non-target molecules includes, but are not
limited to, detergents, organic solvents and denaturants. In some embodiments, a clearing
agent is applied to the sample after the tethering molecule(s) directly or indirectly bound or

attached to an analyte (or a derivative thereof) is bound or linked to the 3D matrix. In some
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embodiments, a clearing agent is applied to the sample after the tethering moiety directly or
indirectly bound or attached to an analyte (or a derivative thereof) is bound or linked to the
attachment moiety of the 3D matrix.

[0041] The analyte can be various molecules. The analyte can be one or more nucleic
acid molecules or one or more polypeptide molecules. In some cases, the analyte is a
polypeptide molecule, and the analyte can be bound by a binding agent (e.g., an antibody or
antibody fragment) conjugated to a reporter sequence that identifies the binding agent (e.g., a
nucleic acid barcode). In some embodiments, the reporter sequence that identifies the binding
agent, can be targeted for analysis. In some embodiments, the term “antibody” includes
antibody-derived polypeptides, such as single chain variable fragments (scFv), diabodies or
other multimeric scFvs, heavy chain antibodies, single domain antibodies, or other
polypeptides comprising a sufficient portion of an antibody (e.g., one or more
complementarity determining regions (CDRs)) to confer specific antigen binding ability to
the polypeptide. In some cases, the analyte is a nucleic acid hybridized to a nucleic acid
barcode. In some embodiments, an antibody or antibody fragment conjugated to a nucleic
acid barcode, or the conjugated barcode itself, is the analyte and a nucleic acid hybridized to
the nucleic acid barcode, such as a nucleic acid probe or a derivative thereof (e.g., wherein
the nucleic acid probe can be circularized, ligated, and amplified to form a RCA such as a
rolony), is the tethering molecule. In some embodiments, an amplification product (e.g., a
RCA product such as a rolony) comprises functional moieties for immobilization and is the
tethering molecule. In some embodiments, the nucleic acid probe for hybridizing to the
nucleic acid barcode conjugated to an antibody or fragment thereof is a padlock probe. In
some embodiments, the nucleic acid probe comprises one or more nucleotide triphosphate
analogs comprising functional moieties for immobilization. In some embodiments, the
generated amplification product can be functionalized during the amplification, such as by
adding nucleotide triphosphate analogs comprising functional moieties for immobilization.
The tethering molecule can comprise a nucleic acid sequence complementary to the nucleic
acid barcode. In some cases, the analyte is a nucleic acid molecule, and the tethering
molecule can comprise a primer sequence complementary to a sequence of the nucleic acid
molecule. The primer sequence can be hybridized to the sequence of the nucleic acid
molecule. The primer sequence hybridized to the sequence of the nucleic acid molecule can
then be extended to generate an extension product attached to the 3D matrix. Primer

extension can comprise reverse transcription or second strand synthesis.
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[0042] In some cases, a probe can be hybridized to the extension product. The
hybridization can be performed in the presence of an additional hybridization reaction
enhancing agent. The probe provided herein can be a padlock probe or a molecular inversion
probe. The probe may be circularized. For example, the probe may be circularized by ligating
the 3’ end and the 5’ end of the probe. The probe may be amplified to generate an
amplification product. Various amplification methods can be used to amplify the probe, for
example polymerase chain reaction or isothermal amplification. The amplification reaction
can be rolling circle amplification. The amplification reaction can incorporate a modified
base to the amplification product. The modified base can attach the amplification product to
the 3D matrix. The modified base can be 5-azidomehtyl-dUTP. The amplification reaction
can be a non-enzymatic reaction. Examples of non-enzymatic reaction include, but are not
limited to, hybridization chain reaction (HCR) and branched DNA reaction. When
performing the HCR, the probe may further comprise an initiator sequence, which can trigger
a hybridization chain reaction of nucleic acid molecules from a pool of stable or metastable
monomers (e.g., HCR monomers). The HCR monomers can adopt a hairpin structure. The
HCR monomers can be directly or indirectly linked to detectable moieties. HCR can be used
to amplify signal by increasing the number of detectable moieties, such as fluorophores,
localized to the initiator sequence. When performing the branched DNA reaction, the probe
may further comprise a sequence that can hybridize with a sequence of a pre-amplifier
molecule. The pre-amplifier molecule can further comprise a sequence that is not
hybridizable with the probe and can bind a plurality of nucleic acid molecules (e.g., branched
DNA reaction monomers) to amplify a signal for detection.

[0043] In some cases, the analyte of the sample is a protein or a polypeptide. The protein
or polypeptide can be a soluble protein, insoluble protein, surface cell receptor,
ribonucleoprotein complex, or other peptide composition described herein. In some
embodiments, the tethering molecule is an antibody or fragment thereof conjugated to a
nucleic acid or nucleic acid barcode. In some embodiments, the tethering molecule is
configured to hybridize to a nucleic acid or nucleic acid barcode conjugated to an antibody or
fragment thereof for binding the analyte. The barcode may comprise one or more modified
nucleotides with tethering functional groups, such as an azide group or other tethering moiety
described herein. The sample may be embedded in a 3D matrix. The 3D matrix may be
comprised of attachment moieties. The attachment moieties may comprise alkyl groups or
other attachment moieties described herein. The attachment moieties may be covalently

bound to the tethering moieties by click chemistry, free-radicals, or other attachment
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chemistry described herein. In one embodiment, a nucleic acid conjugated antibody or
fragment thereof binds to a polypeptide analyte, the tethering moiety of the nucleic acid
conjugated to the antibody or fragment thereof is covalently bound or linked to an attachment
moiety of the 3D matrix, a protease or other protein clearing agent may be applied, and the
nucleic acid conjugated to the antibody is detected by any method described herein.

[0044] In some embodiments, a combination of the tethering molecules described herein
can be contacted or flowed through the matrix to detect multiple different analytes
simultaneously or sequentially in the same tissue section, cell, or other sample. Nucleic acid
probes, probed extension products, and nucleic acid barcoded antibodies may be used in
combination to detect multiple analytes including nucleic acids, proteins, small molecules, or
other analytes described herein, simultaneously or sequentially. In some cases, the
combinations of tethering molecules and analytes can provide multiomic information,
including various levels, expressions, or concentrations of multiple analytes, including those
across different analyte types described herein.

[0045] Multiomic information may be generated by the detection of any combination of
nucleic acids, including DNA and RNA, proteins or polypeptides, small molecules, lipids, or
sugar moieties. In some cases, the multiomic information is generated from detecting signals
associated with more than one nucleic acid, protein, polypeptide, small molecule, lipid, sugar
moiety, or a combination thereof. In an example, multiomic information may be generated by
detecting signals associated with a protein and an RNA. To generate protein and RNA
multiomic information, a sample as described herein may be embedded in a 3D matrix as
described herein comprising attachment moieties, an RNA-analyte binding probe comprising
a tethering moiety and a protein-analyte binding agent (e.g., antibody) comprising a tethering
moiety are flowed into the matrix, the RNA-analyte binding probe comprising a tethering
moiety binds to an RNA, the protein-analyte binding agent or antibody comprising a tethering
moiety binds to a protein, a click reaction mix is provided to the matrix and covalently bonds
all tethering moieties to the attachment moieties of the 3D matrix, and the probes or
antibodies are detected by any method described herein. In some other embodiments, the
protein-analyte binding agent or antibody comprises a tethering moiety that is different from
the tethering moiety of the RNA-analyte binding agent. In some embodiments, tethering of
the protein-analyte (e.g., via the binding agent or antibody comprises a tethering moiety,
using the nucleic acid barcode conjugated to the binding agent) to the attachment moieties of
the 3D matrix is performed separately from tethering of the RNA-analyte to the attachment

moieties of the 3D matrix. In some aspects, tethering molecules associated with a plurality of
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RNA analytes (or derivatives thereof) and tethering molecules associated with a plurality of
protein analytes (or derivatives thereof) can be tethered directly or indirectly to attachment
moieties of the 3D matrix. In some of any such embodiments, the tethering molecule can be
provided before, during, and/or after the formation of the 3D matrix. In some of any such
embodiments, the tethering molecule can attach to the attachment moieties during or after the
formation of the 3D matrix. Any combination of nucleic acid, protein, polypeptide, small
molecule, lipid, or sugar moiety binding agent or antibodies comprising of tethering moieties,
or other tethering moiety molecules, may be used to generate multiomic information.
Interrogation of multiple analytes can occur simultaneously or sequentially. Moreover,
detection strategies for different types of analytes, including those described herein for
nucleic acids and polypeptides and proteins, can be employed for multiomic analyses.
[0046] In some cases, the additional hybridization reaction enhancing agent can be
inactivated or removed from the 3D matrix. In some embodiments, the additional
hybridization reaction enhancing agent is removed, inactivated, or both, by washing.
Examples of hybridization reaction enhancing agents are described elsewhere herein, with
additional non-limiting examples described in PCT Publication No. W(2018/045181, U.S.
Patent Publication No. 2019/0177718, and U.S. Patent Publication No. 2019/0330617. Such
hybridization reaction enhancing agents can be removed from a 3D matrix, including via
washing.

[0047] The sample provided herein can be a biological sample. The biological sample can
be a cell or a tissue. The cell or tissue can be fixed. The cell or tissue can be permeabilized.
The cell or tissue can be fixed and then permeabilized.

[0048] FIG. 1 shows an example procedure of the methods provided herein. In a first
operation 101, a container comprising a biological sample comprising an analyte within a
synthetic three-dimensional (3D) matrix is provided. The synthetic 3D matrix can comprise
an attachment moiety. Next, in a second operation 102, a tethering molecule is directed into
the biological sample such that the tethering molecule can flow through the synthetic 3D
matrix and come in contact with the analyte and attach to the analyte and the attachment
moiety, thereby attaching the analyte to the synthetic 3D matrix.

[0049] In some aspects, the method for processing a biological sample can comprise
contacting the biological sample comprising an analyte with a tethering molecule and a
hybridization reaction enhancing agent. The tethering molecule can comprise a tethering
moiety and a nucleic acid sequence complementary to a sequence of the analyte. The

hybridization reaction enhancing agent can enhance a rate of hybridization between the
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nucleic acid sequence and the sequence of the analyte. Next, the nucleic acid sequence of the
tethering molecule can be hybridized to the sequence of the analyte. Next, the biological
sample having the tethering molecule hybridized to the analyte can be contacted with a
matrix-forming material. Next, the matrix-forming material can be used to form a synthetic
three-dimensional (3D) matrix with the tethering molecule attached thereto via the tethering
moiety. The synthetic 3D matrix can preserve an absolute or relative spatial position of the
analyte within the biological sample. The synthetic 3D matrix can further comprise an
attachment moiety. The tethering moiety of the tethering molecule can have specificity for
the attachment moiety. In some cases, the tethering moiety can be attached to the attachment
moiety.

[0050] FIG. 2 shows an example procedure of the methods provided herein. In a first
operation 201, a biological sample comprising an analyte is contacted with a tethering
molecule and a hybridization reaction enhancing agent. The tethering molecule can comprise
a tethering moiety and a nucleic acid sequence complementary to a sequence of the analyte.
In a second operation 202, the nucleic acid sequence of the tethering molecule can be
hybridized to the sequence of the analyte. In a third operation 203, the biological sample
having the tethering molecule hybridized to the analyte is contacted with a matrix-forming
material. In a fourth operation 204, the matrix-forming material is used to form a synthetic
three-dimension (3D) matrix with the tethering molecule attached thereto via the tethering
moiety.

Analytes

[0051] Provided herein are methods and systems for sample processing for use in analyte
analysis or detection. The analyte may be a target of interest in a biological sample. In some
cases, the analyte may be a nucleic acid molecule. In some cases, the analyte may be a
protein. In the cases where the analyte is a protein, a binding agent which binds to the protein
can be linked to a nucleic acid sequence which can then be detected by the methods and
systems provided herein. For example, the binding agent can be an antibody or antibody
fragment. The binding agent can be conjugated with a nucleic acid barcode. In some cases,
the nucleic acid barcode can comprise a tethering moiety, which can link the nucleic acid
barcode to the 3D matrix. In such cases, the binding agent may itself function as a tethering
molecule. In some cases, the nucleic acid barcode can be linked to the 3D matrix through a
tethering molecule comprising a nucleic acid sequence complementary to the nucleic acid
barcode and a tethering moiety for attaching to the 3D matrix. The nucleic acid analyte can

be a ribonucleic acid (RNA) or a deoxyribonucleic acid (DNA). The nucleic acid analyte may
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be naturally occurring nucleic acids or non-naturally occurring nucleic acids, such as nucleic
acids that have been made using synthetic methods.

[0052] The nucleic acid targets, whether naturally occurring or synthetic, can be present
within a three-dimensional (3D) matrix and covalently attached to the 3D matrix such that the
relative position of each nucleic acid is fixed (e.g., immobilized) within the 3D matrix. In this
manner, a 3D matrix of covalently bound nucleic acids of any sequence can be provided.
Each nucleic acid may have its own three-dimensional coordinates within the matrix material
and each nucleic acid may represent information. In this manner, a large amount of
information can be stored in a 3D matrix. Individual information-encoding nucleic acid
target, such as DNA or RNA can be amplified and sequenced in situ (i.e., within the matrix),
thereby enabling a large amount of information to be stored and read in a suitable 3D matrix.
Naturally occurring nucleic acid targets can include endogenous DNAs and RNAs. Synthetic
nucleic acid targets can include primers, barcodes, amplification products and probes. The
synthetic nucleic acid targets may be derived from the endogenous nucleic acid molecules or
include sequence information of the endogenous nucleic acid molecules. The synthetic
nucleic acid targets can be used to capture endogenous nucleic acid targets to the 3D matrix
and can be subsequently sequenced or detected to identity the sequence information,
positional (or spatial) information, or both, of the endogenous nucleic acid molecules. For
example, a synthetic nucleic acid target can be a primer having a poly-deoxythymine (dT)
sequence, which can hybridize to an endogenous mRNA molecule. The primer may be
immobilized to the 3D matrix and may be extended to include sequence information (e.g., a
sequence) of the mRNA molecule. The extended primer can then be captured by padlock
probes and amplified in situ for detection. In another example, a synthetic nucleic acid target
can be a barcode conjugated on an antibody. The barcode may be captured by padlock probes
and amplified in situ for detection.

[0053] The nucleic acid target can be an endogenous nucleic acid in a biological sample,
for example, genomic DNA, messenger RNA (mRNA), ribosomal RNA (rRNA), transfer
RNA (tRNA), microRNA (miRNA), small cytoplasmic RNA (scRNA), and small nuclear
RNA (snRNA). The nucleic acid target may be a synthetic nucleic acid linked to a binding
agent. The binding agent may bind to any biological molecules to be detected in a biological
sample. For example, to detect a protein, the binding agent may be an antibody or a portion
thereof having a nucleic acid sequence linked thereto. For another example, to detect a

protein, the binding agent may be an aptamer.
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[0054] The nucleic acid target may be amplified to produce amplification products or
amplicons within the 3D matrix. The nucleic acid target may be amplified using nucleic acid
amplification, such as, for example, polymerase chain reaction (PCR). The nucleic acid target
may be bound to a probe and the probe may be subsequently amplified to produce
amplification products or amplicons. In some cases, the nucleic acid target is an RNA target,
and the RNA target may be reverse transcribed to generate a cDNA. The cDNA may then be
subjected to amplification or may be contacted with a probe (e.g., a padlock probe). The
probe can hybridize with the cDNA. In some cases, the nucleic acid target is a DNA target,
and the DNA target can be subjected to amplification or can be contacted with a probe (e.g., a
padlock probe). For example, the DNA target can be amplified directly by an amplification
primer. For another example, a padlock probe may be contacted with the DNA target and
hybridize to the DNA target. The padlock probe can then be circularized and amplified. The
amplification products or amplicons can be attached to the matrix, for example, by
copolymerization or cross-linking. This can result in a structurally stable and chemically
stable 3D matrix of nucleic acids. The 3D matrix of nucleic acids may allow for prolonged
information storage and read-out cycles. The nucleic acid/amplicon matrix may allow for
high throughput sequencing of a wide-ranging array of samples in three dimensions.

Three-dimensional matrix

[0055] The present disclosure provides a three-dimensional (3D) matrix. The 3D matrix
may comprise a plurality of nucleic acids. The 3D matrix may comprise a plurality of nucleic
acids covalently or non-covalently attached thereto. The 3D matrix can be a gel matrix. The
3D matrix can be a hydrogel matrix. The 3D matrix can preserve an absolute or relative 3D
position of the plurality of nucleic acid molecules.

[0056] In some cases, a matrix-forming material may be used to form the 3D matrix. The
matrix-forming material may be polymerizable monomers or polymers, or cross-linkable
polymers. The matrix-forming material may be polyacrylamide, acrylamide monomers,
cellulose, alginate, polyamide, agarose, dextran, or polyethylene glycol. The matrix-forming
materials can form a matrix by polymerization, crosslinking of the matrix-forming materials,
or both, using methods specific for the matrix-forming materials and methods, reagents and
conditions. The matrix-forming material may form a polymeric matrix. The matrix-forming
material may form a polyelectrolyte gel. The matrix-forming material may form a hydrogel
gel matrix.

[0057] The matrix-forming material may form a 3D matrix including the plurality of

nucleic acids while maintaining the spatial relationship of the nucleic acids. In this aspect, the
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plurality of nucleic acids can be immobilized within the matrix material. The plurality of
nucleic acids may be immobilized within the matrix material by co-polymerization of the
nucleic acids with the matrix-forming material. The plurality of nucleic acids may also be
immobilized within the matrix material by crosslinking of the nucleic acids to the matrix
material or otherwise cross-linking with the matrix-forming material. The plurality of nucleic
acids may also be immobilized within the matrix by covalent attachment or through ligand-
protein interaction to the matrix.

[0058] The matrix can be porous thereby allowing the introduction of reagents into the
matrix at the site of a nucleic acid for amplification of the nucleic acid. A porous matrix may
be made according to various methods. For example, a polyacrylamide gel matrix can be co-
polymerized with acrydite-modified streptavidin monomers and biotinylated DNA molecules,
using a suitable acrylamide:bis-acrylamide ratio to control the cross-linking density.
Additional control over the molecular sieve size and density can be achieved by adding
additional cross-linkers such as functionalized polyethylene glycols.

[0059] The 3D matrix may be sufficiently optically transparent or may have optical
properties suitable for standard sequencing chemistries and deep three-dimensional imaging
for high throughput information readout. Examples of the sequencing chemistries that utilize
fluorescence imaging include ABI SoLiD (Life Technologies), in which a sequencing primer
on a template is ligated to a library of fluorescently labeled octamers with a cleavable
terminator. After ligation, the template can then be imaged using four color channels (FITC,
Cy3, Texas Red and Cy5). The terminator can then be cleaved off leaving a free-end to
engage in the next ligation-extension cycle. After all dinucleotide combinations have been
determined, the images can be mapped to the color code space to determine the specific base
calls per template. The workflow can be achieved using an automated fluidics and imaging
device (i.e., SoLiD 5500 W Genome Analyzer, ABI Life Technologies). Another example of
sequencing platform uses sequencing by synthesis, in which a pool of single nucleotide with
a cleavable terminator can be incorporated using DNA polymerase. After imaging, the
terminator can be cleaved and the cycle can be repeated. The fluorescence images can then be
analyzed to call bases for each DNA amplicons within the flow cell (HiSeq, lllumina).
Biological samples

[0060] A biological sample may be provided in the methods, systems and compositions
described herein. The biological sample can comprise the analyte to be processed, detected,

or both, using the methods described herein.
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[0061] In some aspects, a biological sample may be fixed in the presence of the matrix-
forming materials, for example, hydrogel subunits. By “fixing” the biological sample, it is
meant exposing the biological sample, e.g., cells or tissues, to a fixation agent such that the
cellular components become crosslinked to one another. By “hydrogel” or “hydrogel
network” is meant a network of polymer chains that are water-insoluble, sometimes found as
a colloidal gel in which water is the dispersion medium. In other words, hydrogels are a class
of polymeric materials that can absorb large amounts of water without dissolving. Hydrogels
can contain over 99% water and may comprise natural or synthetic polymers, or a
combination thereof. Hydrogels may also possess a degree of flexibility very similar to
natural tissue, due to their significant water content. By “hydrogel subunits” or “hydrogel
precursors” refers to hydrophilic monomers, prepolymers, or polymers that can be
crosslinked, or “polymerized”, to form a 3D hydrogel network. Without being bound by any
scientific theory, fixation of the biological sample in the presence of hydrogel subunits may
crosslink the components of the biological sample to the hydrogel subunits, thereby securing
molecular components in place, preserving the tissue architecture and cell morphology.
[0062] In some cases, the biological sample (e.g., cell or tissue) may be permeabilized or
otherwise made accessible to an environment external to the biological sample. In some
cases, the biological sample may be fixed and permeabilized first, and then a matrix-forming
material can then be added into the biological sample.

[0063] Any suitable biological sample that comprises nucleic acid may be obtained from
a subject. Any suitable biological sample that comprises nucleic acid may be used in the
methods and systems described herein. A biological sample may be solid matter (e.g.,
biological tissue) or may be a fluid (e.g., a biological fluid). In general, a biological fluid can
include any fluid associated with living organisms. Non-limiting examples of a biological
sample include blood (or components of blood—e.g., white blood cells, red blood cells,
platelets) obtained from any anatomical location (e.g., tissue, circulatory system, bone
marrow) of a subject, cells obtained from any anatomical location of a subject, skin, heart,
lung, kidney, breath, bone marrow, stool, semen, vaginal fluid, interstitial fluids derived from
tumorous tissue, breast, pancreas, cerebral spinal fluid, tissue, throat swab, biopsy, placental
fluid, amniotic fluid, liver, muscle, smooth muscle, bladder, gall bladder, colon, intestine,
brain, cavity fluids, sputum, pus, micropiota, meconium, breast milk, prostate, esophagus,
thyroid, serum, saliva, urine, gastric and digestive fluid, tears, ocular fluids, sweat, mucus,
earwax, oil, glandular secretions, spinal fluid, hair, fingernails, skin cells, plasma, nasal swab

or nasopharyngeal wash, spinal fluid, cord blood, emphatic fluids, other excretions or body
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tissues, or a combination thereof. A biological sample may be a cell-free sample. Such cell-
free sample may include DNA and/or RNA.

[0064] Any convenient fixation agent, or “fixative,” may be used to fix the biological
sample in the absence or in the presence of hydrogel subunits, for example, formaldehyde,
paraformaldehyde, glutaraldehyde, acetone, ethanol, methanol, etc. In some cases, the
fixative may be diluted in a buffer, e.g., saline, phosphate buffer (PB), phosphate buffered
saline (PBS), citric acid buffer, potassium phosphate buffer, etc., usually at a concentration of
about 1-10%, e.g. 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, or 10%, for example, 4%
paraformaldehyde/0.1M phosphate buffer; 2% paraformaldehyde/0.2% picric acid/0.1M
phosphate buffer; 4% paraformaldehyde/0.2% periodate/1.2% lysine in 0.1 M phosphate
buffer; 4% paraformaldehyde/0.05% glutaraldehyde in phosphate buffer; etc. The type of
fixative used and the duration of exposure to the fixative will depend on the sensitivity of the
molecules of interest in the specimen to denaturation by the fixative and may be readily
determined using histochemical or immunohistochemical techniques.

[0065] The fixative/hydrogel composition may comprise any hydrogel subunits, such as,
but not limited to, poly(ethylene glycol) and derivatives thereof (e.g. PEG-diacrylate (PEG-
DA), PEG-RGD), polyaliphatic polyurethanes, polyether polyurethanes, polyester
polyurethanes, polyethylene copolymers, polyamides, polyvinyl alcohols, polypropylene
glycol, polytetramethylene oxide, polyvinyl pyrrolidone, polyacrylamide, poly(hydroxyethyl
acrylate), and poly(hydroxyethyl methacrylate), collagen, hyaluronic acid, chitosan, dextran,
agarose, gelatin, alginate, protein polymers, methylcellulose and the like. Agents such as
hydrophilic nanoparticles, e.g., poly-lactic acid (PLA), poly-glycolic acid (PLG), poly(lactic-
co-glycolic acid) (PLGA), polystyrene, poly(dimethylsiloxane) (PDMS), etc. may be used to
improve the permeability of the hydrogel while maintaining patternability. Materials such as
block copolymers of PEG, degradable PEO, poly(lactic acid) (PLA), and other similar
materials can be used to add specific properties to the hydrogel. Crosslinkers (e.g. bis-
acrylamide, diazirine, etc.) and initiators (e.g. azobisisobutyronitrile (AIBN), riboflavin, L-
arginine, etc.) may be included to promote covalent bonding between interacting
macromolecules in later polymerization events.

[0066] The biological sample (e.g., a cell or tissue) may be permeabilized after being
fixed. Permeabilization may be performed to facilitate access to cellular cytoplasm or
intracellular molecules, components or structures of a cell. Permeabilization may allow an
agent (such as a phospho-selective antibody, a nucleic acid conjugated antibody, a nucleic

acid probe, a primer, etc.) to enter into a cell and reach a concentration within the cell that is
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greater than that which can normally penetrate into the cell in the absence of such
permeabilizing treatment. In some embodiments, cells may be stored following
permeabilization. In some cases, the cells may be contacted with one or more agents to allow
penetration of the one or more agent after permeabilization without any storage step and then
analyzed. In some embodiments, cells may be permeabilized in the presence of at least about
60%, 70%, 80%, 90% or more methanol (or ethanol) and incubated on ice for a period of
time. The period of time for incubation can be at least about 10, 15, 20, 25, 30, 35, 40, 50, 60
or more minutes.

[0067] In some embodiments, permeabilization of the cells may be performed by any
suitable method. Selection of an appropriate permeabilizing agent and optimization of the
incubation conditions and time may be performed. Suitable methods include, but are not
limited to, exposure to a detergent (such as CHAPS, cholic acid, deoxycholic acid, digitonin,
n-dodecyl-beta-D-maltoside, lauryl sulfate, glycodeoxycholic acid, n-lauroylsarcosine,
saponin, and triton X-100) or to an organic alcohol (such as methanol and ethanol). Other
permeabilizing methods can comprise the use of certain peptides or toxins that render
membranes permeable. Permeabilization may also be performed by addition of an organic
alcohol to the cells.

[0068] Permeabilization can also be achieved, for example, by way of illustration and not
limitation, through the use of surfactants, detergents, phospholipids, phospholipid binding
proteins, enzymes, viral membrane fusion proteins and the like; through the use of
osmotically active agents; by using chemical crosslinking agents; by physicochemical
methods including electroporation and the like, or by other permeabilizing methodologies.
[0069] Thus, for instance, cells may be permeabilized using any of a variety of known
techniques, such as exposure to one or more detergents (e.g., digitonin, Triton X-100™ NP-
40™ octyl glucoside and the like) at concentrations below those used to lyse cells and
solubilize membranes (i.e., below the critical micelle concentration). Certain transfection
reagents, such as dioleoyl-3-trimethylammonium propane (DOTAP), may also be used. ATP
can also be used to permeabilize intact cells. Low concentrations of chemicals used as
fixatives (e.g., formaldehyde) may also be used to permeabilize intact cells.

[0070] The biological sample within the 3D matrix may be cleared of proteins, lipids, or
both, that are not targets of interest. The biological sample within the 3D matrix may be
treated with a clearing agent after a nucleic acid that can be associated with an analyte (e.g.,
protein) is bound via a tethering moiety to the 3D matrix. For example, the biological sample

can be cleared of proteins (also called “deproteination”) by enzymatic proteolysis. The
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clearing process may be performed before or after covalent immobilization of any target
molecules or derivatives thereof.

[0071] In some cases, the clearing process is performed after covalent immobilization of
target nucleic acid molecules (e.g., RNA or DNA), primers (e.g., RT primers), derivatives of
target molecules (e.g., cDNA or amplicons), probes (e.g., padlock probes) to a synthetic 3D
matrix. Performing the clearing process after immobilization can enable any subsequent
nucleic acid hybridization reactions to be performed under conditions where the sample has
been substantially deproteinated, as by enzymatic proteolysis (“protein clearing”). This
method can have the benefit of removing ribosomes and other RNA- or nucleic-acid-target-
binding proteins from the target molecule (while maintaining spatial location), where the
protein component may impede or inhibit primer binding, reverse transcription, or padlock
ligation and amplification, thereby improving the sensitivity and quantitativity of the assay by
reducing bias in probe capture events due to protein occupation of or protein
crowding/proximity to the target nucleic acid.

[0072] The clearing process can comprise removing non-targets from the 3D matrix. The
clearing process can comprise degrading the non-targets. The clearing process can comprise
exposing the sample to an enzyme (e.g., a protease) able to degrade a protein. The clearing
process can comprise exposing the sample to a detergent.

[0073] Proteins may be cleared from the sample using enzymes, denaturants, chelating
agents, chemical agents, and the like, which may break down the proteins into smaller
components and/or amino acids. These smaller components may be easier to remove
physically, may be sufficiently small or inert such that they do not significantly affect the
background, or both. Similarly, lipids may be cleared from the sample using surfactants or
the like. In some cases, one or more of these agents are used, e.g., simultaneously or
sequentially. Non-limiting examples of suitable enzymes include proteinases such as
proteinase K, proteases or peptidases, or digestive enzymes such as trypsin, pepsin, or
chymotrypsin. Non-limiting examples of suitable denaturants include guanidine HCI,
acetone, acetic acid, urea, or lithium perchlorate. Non-limiting examples of chemical agents
able to denature proteins include solvents such as phenol, chloroform, guanidinium
isocyananate, urea, formamide, etc. Non- limiting examples of surfactants include Triton X-
100 (polyethylene glycol p-(1, 1,3,3- tetramethylbutyl) -phenyl ether), SDS (sodium dodecyl
sulfate), Igepal CA-630, or poloxamers. Non-limiting examples of chelating agents include
ethylenediaminetetraacetic acid (EDTA), citrate, or polyaspartic acid. In some embodiments,

compounds such as these may be applied to the sample to clear proteins, lipids, other
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components, or both. For instance, a buffer solution (e.g., containing Tris or
tris(hydroxymethyl)aminomethane) may be applied to the sample, then removed.

[0074] In some cases, nucleic acids that are not target of interest may also be cleared.
These non-target nucleic acids may not be captured, immobilized to the 3D matrix, or both,
and therefore can be removed with an enzyme to degrade nucleic acid molecules. Non-
limiting examples of DNA enzymes that may be used to remove DNA include DNase 1,
dsDNase, a variety of restriction enzymes, etc. Non-limiting examples of techniques to clear
RNA include RNA enzymes such as RNase A, RNase T, or RNase H, or chemical agents,
e.g., via alkaline hydrolysis (for example, by increasing the pH to greater than 10). Non-
limiting examples of systems to remove sugars or extracellular matrix include enzymes such
as chitinase, heparinases, or other glycosylases. Non-limiting examples of systems to remove
lipids include enzymes such as lipidases, chemical agents such as alcohols (e.g., methanol or
ethanol), or detergents such as Triton X-100 or sodium dodecyl sulfate. In this way, the
background of the sample may be removed, which may facilitate analysis of the nucleic acid
probes or other targets, e.g., using fluorescence microscopy, or other techniques as described
herein.

Immobilization to the three-dimensional matrix

[0075] Provided herein are compositions and methods by which target analytes or derivatives
can be tethered into a pre-existing matrix, including without initiating a free-radical hydrogel
polymerization reaction. A 3D matrix, such as a 3D hydrogel matrix, can comprise functional
tethering moieties, which are reactive to compatible tethering moieties present on target
analytes or derivatives or probes.

[0076] In various aspects of the present disclosure, a tethering molecule can be used to
attach an analyte to the three-dimensional (3D) matrix. The tethering molecule can be a
nucleic acid molecule having a sequence complementary to a sequence of the target nucleic
acid molecule. In some cases, the tethering molecule can have a free 3’ end that can be
extended in a polymerization reaction. For example, the tethering molecule can be a primer or
a nucleic acid probe. In some cases, the analyte is an RNA molecule and the tethering
molecule is a padlock probe. The primer can be a reverse transcription (RT) primer targeting
ribonucleic acid molecules. The primer can be a poly-dT primer. In some cases, the primer
can be a padlock RT primer. In some cases where the analyte is a polypeptide molecule (e.g.,
a protein), the polypeptide molecule may be bound by a binding agent linked to a nucleic acid
sequence, which can then be detected by the methods and systems provided herein. For

example, the binding agent can be a nucleic acid barcode conjugated antibody or antibody
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fragment. The tethering molecule can have a sequence complementary to the nucleic acid
barcode of the antibody or fragment thereof. In some cases, the binding agent comprising a
nucleic acid barcode can itself function as a tethering molecule, which can be used to attach
the binding agent to the 3D matrix directly. In such cases, the nucleic acid barcode may
comprise a tethering moiety for attaching to the 3D matrix.

[0077] The tethering molecule can comprise a tethering moiety for attaching the tethering
molecule to the 3D matrix. The 3D matrix can comprise an attachment moiety. The tethering
moiety can bind to the attachment moiety such that the tethering molecule can be attached to
the 3D matrix. The tethering moiety and the attachment moiety can be functional moieties
that can react with each other. The tethering moiety and the attachment moiety can comprise
click functional moieties that react with each other via click chemistry, such as Copper(I)-
catalyzed Azide-Alkyne Cycloaddition (CuAAC) click chemistry. For example, the tethering
moiety can comprise an alkyne, and the attachment moiety can be an azide, or vice versa.
Attachment moieties may be in the form of monomers, polymers, or crosslinkers incorporated
into a 3D matrix during 3D matrix formation (such as, for example, during free-radical
polymerization), including acrylamide-co-alkyne (propargyl acrylamide), compounds with
acryloyl groups or other moieties which participate in 3D matrix formation and are thereby
incorporated into the 3D matrix. Attachment moieties can also be incorporated into a 3D
matrix after 3D matrix formation. A monomer group may be polyethylene glycol (PEG) or
another hydrogel or matrix component. The tethering moiety may comprise an azide, thiol,
amine, alkyne, or other groups which can be used for the purpose of conjugation or
bioconjugation. Some embodiments include tethering moieties or attachment moieties which
are reactive under certain conditions and not under other conditions, such as those for which
the conjugation reaction is catalyzed, such as the Copper(I)-catalyzed Azide-Alkyne
Cycloaddition (CuAAC) copper-catalyzed click reaction. Other methods of catalyzing or
gating the conjugation reaction include by temperature, pH, photo-reactive groups (including
photo-catalyzed click reactions), or redox state, including reduction and oxidation of thiol
groups and disulfide linkages. Such functionality enables a reagent, such as a probe, to be
introduced into the 3D matrix or other matrix, to perfuse through and bind to a target analyte,
such as by nucleic acid hybridization or antibody binding to proteins, or to participate in a
reaction such as synthesis of a derivative molecule (¢cDNA, polony, rolony, etc.), and
subsequently be linked to the 3D matrix via a tethering moiety. This can result in non-
uniform spatial localization of the conjugated product, e.g. as localized to a target analyte.

Examples of click functional moieties include, but are not limited to, an amine, a thiol, an
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azide, an alkyne, a nitrone, an alkene, a tetrazine, a tetrazole and an acrydite. As used herein,
the term “reactive group” or “functional moiety” means any moiety on a first reactant that is
capable of reacting chemically with another functional moiety or reactive group on a second
reactant to form a covalent or ionic linkage. For example, a reactive group of the monomer or
polymer of the matrix-forming material can react chemically with a functional moiety (or
another reactive group) on the substrate of interest or the target to form a covalent or ionic
linkage. The substrate of interest or the target may then be immobilized to the matrix via the
linkage formed by the reactive group and the functional moiety. Examples of suitable reactive
groups or functional moieties include electrophiles or nucleophiles that can form a covalent
linkage by reaction with a corresponding nucleophile or electrophile, respectively, on the
substrate of interest. Non-limiting examples of suitable electrophilic reactive groups may
include, for example, esters including activated esters (such as, for example, succinimidyl
esters), amides, acrylamides, acyl azides, acyl halides, acyl nitriles, aldehydes, ketones, alkyl
halides, alkyl sulfonates, anhydrides, aryl halides, aziridines, boronates, carbodiimides,
diazoalkanes, epoxides, haloacetamides, haloplatinates, halotriazines, imido esters,
isocyanates, isothiocyanates, maleimides, phosphoramidites, silyl halides, sulfonate esters,
sulfonyl halides, and the like. Non-limiting examples of suitable nucleophilic reactive groups
may include, for example, amines, anilines, thiols, alcohols, phenols, hyrazines,
hydroxylamines, carboxylic acids, glycols, heterocycles, and the like. The tethering moiety
and the attachment moiety can be a binding pair, for example, protein-protein binding pair.
The tethering moiety and the attachment moiety can form a non-covalent interaction, for
example, an ionic interaction, a Van der Waals force, a hydrophobic interaction and a
hydrogen bonding. The tethering moiety can be a biotin (or derivatives thereof), and the
attachment moiety can be an avidin (e.g., a streptavidin), and vice versa.

[0078] In some cases, other nucleic acids (e.g., RNA molecule, cDNA molecule, primer,
or probe) described herein may comprise a functional moiety. The nucleic acids can be linked
to the 3D matrix by the functional moiety. The functional moiety can be reacted with a
reactive group on the 3D matrix through conjugation chemistry. In some cases, the functional
moiety can be attached to target of interest through conjugation chemistry. In some cases, the
functional moiety can be directly attached to a reactive group on the native nucleic acid
molecule. In some cases, the functional moiety can be indirectly linked to a target through an
intermediate chemical or group. The conjugation strategies described herein are not limited to
nucleic acid targets and can be used for protein or small molecule targets as well. A

nucleotide analog comprising a functional moiety may be incorporated into a growing chain
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of the nucleic acid (e.g., cDNA molecule, probe, or primer) during nucleic acid synthesis or
an extension reaction.

[0079] The cDNA molecule may be functionalized during the reverse transcription
reaction, such as by adding nucleotide triphosphate analogs comprising functional moieties
for immobilization. Such nucleotide triphosphate analogs include, but are not limited to,
amino-allyl dUTP, 5-TCO-PEG4-dUTP, C8-Alkyne-dUTP, 5-Azidomethyl-dUTP, 5-Vinyl-
dUTP, 5-Ethynyl dUTP, and other nucleotide triphosphate analogs comprising a functional
moiety for cDNA immobilization by cross-linking, or forming a chemical bond between the
c¢DNA and in situ matrix, cellular or synthetic. Furthermore, the in-situ matrix, cellular or
synthetic, may contain or be made to contain chemical moieties (e.g., reactive groups) that
can react with the functional moieties in the cDNA through functionalization reactions. For
example, amino-allyl dUTP may be cross-linked to endogenous free amine groups present in
proteins and other biomolecules present within the endogenous or exogenous cellular matrix,
or present in a modified synthetic hydrogel matrix, such as an amine-functionalized
polyacrylamide hydrogel formed by copolymerization of polyacrylamide and N-(3-
aminopropyl)-methacrylamide ; likewise nucleoside analogs containing azide functional
moieties may be cross-linked to a synthetic hydrogel matrix comprising alkyne functional
moieties, such as that formed by copolymerization of acrylamide and propargyl acrylamide.
[0080] The cDNA molecule may be functionalized with moieties for immobilization
subsequent to reverse transcription. Mechanisms for post-synthesis cDNA functionalization
may include a variety of biochemical and chemical methods. These include, but are not
limited to, use of a ligation reaction to conjugate an oligonucleotide bearing a functional
moiety for immobilization to the cDNA molecule, use of a DNA polymerization reaction to
add templated or un-templated bases to the cDNA, as in the process of A-tailing by Taq
polymerize, or by using the reactions mediated by DNA end-repair mechanisms.
Alternatively, a chemical method of DNA chemical functionalization may be used to
conjugate functional moieties for immobilization. For example, Label-IT Amine and Label-X
are bifunctional reagents that can react with nucleic acids via a nitrogen mustard alkylation
mechanism for the purpose of conjugating free amine or acryloyl groups to the nucleic acid,
which can be used for the purpose of immobilization to the matrix. Other chemistries,
including but not limited to, DNA alkylation and oxymercuration, can provide mechanisms
for functionalizing DNA.

[0081] The present disclosure provides a method of modifying one or more analytes (e.g.,

a nucleic acid and/or other macromolecules) in situ to comprise a functional moiety. In some
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cases, the functional moiety may comprise a polymerizable group. In some cases, the
functional moiety may comprise a free radical polymerizable group. In some cases, the
functional moiety may comprise an amine, a thiol, an azide, an alkyne, a nitrone, an alkene, a
tetrazine, a tetrazole, an acrydite or other click reactive group. In some cases, the functional
moiety can be subsequently linked to a 3D matrix in situ. The functional moiety may further
be used to preserve the absolute or relative spatial relationships among two or more
molecules within a sample.

[0082] In some embodiments, two or more conjugation reactions (e.g., copper-catalyzed
click reactions) are performed during processing of a sample to attach two or more types of
analytes (directly or indirectly) to the 3D matrix. In an exemplary workflow, the method
comprises: contacting a biological sample comprising multiple types of analytes (e.g., nucleic
acid analytes and polypeptide analytes) with a binding agent (e.g., an antibody or fragment
thereof) conjugated to a nucleic acid barcode associated with a tethering moiety (e.g.,
acryloyl group); binding said polypeptide analyte with said binding agent; performing reverse
transcription to generate cDNA from the nucleic acid analytes; forming a synthetic three-
dimensional (3D) matrix and tethering the binding agent and/or associated nucleic acid
barcode; treating the sample with a clearing agent; optionally releasing the generated cDNA,;
contacting the sample with a probe (or a probe set comprising other nucleic acid molecules
such as a splint for hybridization and/or ligation), wherein the probe hybridizes to the one or
more analytes; ligating the probe(s); performing an amplification reaction (e.g., RCA using
the hybridized and ligated probe as template); tethering the amplification product to the 3D
matrix (e.g., using functionalized moieties incorporated into the product during amplification,
such as azide-dUTP); and analyzing the one or more analytes. In some cases, one or more of
the aspects of the exemplary workflow can be performed in various orders and one or more
additional aspects can be performed to process the sample and/or the analytes throughout the
workflow.

Supports

[0083] A matrix may be used in conjunction with a support (e.g., a solid or semi-solid
support). For example, the matrix can be polymerized in such a way that one surface of the
matrix is attached to a support (e.g., a glass surface, a flow cell, a glass slide, a well), while
the other surface of the matrix is exposed or sandwiched between two solid supports.
According to one aspect, the matrix can be contained within a container. In some cases, the

biological sample may be fixed or immobilized on a support.
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[0084] The support of the present disclosure may be fashioned into a variety of shapes. In
certain embodiments, the support is substantially planar. Examples of support include plates
such as slides, multiwell plates, flow cells, coverslips, microchips, and the like, containers
such as microfuge tubes, test tubes and the like, tubing, sheets, pads, films and the like.
Additionally, the support may be, for example, biological, non-biological, organic, inorganic,
or a combination thereof.

[0085] As used herein, the term “solid surface” is intended to mean the surface of a solid
or semi-solid support and includes any material that can serve as a solid or semi-solid
foundation for attachment of a biological sample or other molecules such as polynucleotides,
amplicons, DNA balls, other nucleic acids, other polymers, including biopolymers, or a
combination thereof. Example types of materials comprising solid surfaces include glass,
modified glass, functionalized glass, inorganic glasses, microspheres, including inert
particles, magnetic particles, both inert and magnetic particles, plastics, polysaccharides,
nylon, nitrocellulose, ceramics, resins, silica, silica-based materials, carbon, metals, an optical
fiber or optical fiber bundles, a variety of polymers other than those described above and
multiwell plates. Example types of plastics include, but are not limited to, acrylics,
polystyrene, copolymers of styrene and other materials, polypropylene, polyethylene,
polybutylene, polyurethanes and Teflon™. Example types of silica-based materials include,
but are not limited to, silicon and various forms of modified silicon.

[0086] Solid surfaces can also be varied in their shape depending on the application in a
method described herein. For example, a solid surface useful in the present disclosure can be
planar or contain regions which are concave or convex.

Amplifications

[0087] Any type of nucleic acid amplification reaction may be used to perform an
amplification reaction in the methods or systems described herein and generate an
amplification product. Moreover, amplification of a nucleic acid may be linear, exponential,
or a combination thereof. Non-limiting examples of nucleic acid amplification methods
include transcription (e.g., in vitro transcription), reverse transcription, primer extension,
polymerase chain reaction, ligase chain reaction, helicase-dependent amplification,
asymmetric amplification, rolling circle amplification, and multiple displacement
amplification (MDA). In some cases, the amplified product may be DNA. In cases where a
target RNA is amplified, DNA can be obtained by reverse transcription of the RNA and
subsequent amplification of the DNA can be used to generate an amplified DNA product. In

some cases, a target RNA is reverse transcribed by a reverse transcriptase to generate a
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cDNA. In some cases, a target DNA is transcribed by an RNA polymerase to generate an
RNA. The amplified DNA product may be indicative of the presence of the target RNA in the
biological sample. In cases where DNA is amplified, any DNA amplification method may be
employed. Non-limiting examples of DNA amplification methods include polymerase chain
reaction (PCR), variants of PCR (e.g., real-time PCR, allele-specific PCR, assembly PCR,
asymmetric PCR, digital PCR, emulsion PCR, dial-out PCR, helicase-dependent PCR, nested
PCR, hot start PCR, inverse PCR, methylation-specific PCR, miniprimer PCR, multiplex
PCR, nested PCR, overlap-extension PCR, thermal asymmetric interlaced PCR, touchdown
PCR), and ligase chain reaction (LCR). In some cases, DNA amplification is linear. In some
cases, DNA amplification is exponential. In some cases, DNA amplification is achieved with
nested PCR, which can improve sensitivity of detecting amplified DNA products.

[0088] The amplification of nucleic acid sequences may be performed within the matrix.
Methods of amplifying nucleic acids may include rolling circle amplification in situ. In
certain aspects, methods of amplifying nucleic acids may include the use of PCR, such as
anchor PCR, RACE PCR, or a ligation chain reaction (LCR). Alternative amplification
methods include but are not limited to self-sustained sequence replication, transcriptional
amplification system, Q-Beta Replicase, recursive PCR or any other nucleic acid
amplification method.

[0089] The nucleic acids within the 3D matrix may be contacted with reagents under
suitable reaction conditions sufficient to amplify the nucleic acids. The matrix may be porous
to allow migration of reagents into the matrix to contact the nucleic acids. In certain aspects,
nucleic acids may be amplified by selectively hybridizing an amplification primer to an
amplification site at the 3’ end of a nucleic acid sequence. Amplification primers are 6 to 100,
and even up to 1,000, nucleotides in length, but sometimes from 10 to 40 nucleotides,
although oligonucleotides of different length are of use. In some cases, the amplification
primer can be at least about 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, or more nucleotides in length. In some cases, the amplification primer can be at least
about 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, or more nucleotides in length.
Amplification primers may hybridize to a nucleic acid probe that hybridizes to a DNA
molecule such that the amplification primers can be used to amplify a sequence of the nucleic
acid probe. Amplification primers may be present in solution to be added to the matrix or
they may be added during formation of the matrix to be present therein sufficiently adjacent

to nucleic acids to allow for hybridization and amplification.
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[0090] A DNA polymerase can be used in an amplification reaction. Any suitable DNA
polymerase may be used, including commercially available DNA polymerases. A DNA
polymerase generally refers to an enzyme that is capable of incorporating nucleotides to a
strand of DNA in a template bound fashion. Non-limiting examples of DNA polymerases
include Taq polymerase, Tth polymerase, Tli polymerase, Pfu polymerase, VENT
polymerase, DEEPVENT polymerase, EX-Taq polymerase, LA-Taq polymerase, Expand
polymerases, Sso polymerase, Poc polymerase, Pab polymerase, Mth polymerase, Pho
polymerase, ES4 polymerase, Tru polymerase, Tac polymerase, Tne polymerase, Tma
polymerase, Tih polymerase, Tfi polymerase, Platinum Taq polymerases, Hi-Fi polymerase,
Tbr polymerase, Tfl polymerase, Pfutubo polymerase, Pyrobest polymerase, Pwo
polymerase, KOD polymerase, Bst polymerase, Sac polymerase, Klenow fragment, and
variants, modified products and derivatives thereof. Other enzymes can also be used for an
amplification reaction, including but not limited to, an RNA polymerase (e.g., T7 RNA
polymerase, SP6 RNA polymerase, T3 RNA polymerase, etc.) and a reverse transcriptase
(e.g., Avian myeloblastosis virus (AMV) reverse transcriptase, a wild type human
immunodeficiency virus-1 (HIV-1) reverse transcriptase, or a Moloney Murine Leukemia
Virus (M-MLV) reverse transcriptase).

Detections

[0091] The present disclosure provides methods and systems for sample processing for
use in nucleic acid detection. A sequence of the nucleic acid target may be identified. Various
methods can be used for nucleic acid detection, including hybridization and sequencing.
Nucleic acid detection can comprise imaging the biological sample or the 3D matrix
described herein.

[0092] Reporter agents may be linked with nucleic acids, including amplified products,
by covalent or non-covalent interactions. Non-limiting examples of non-covalent interactions
include ionic interactions, Van der Waals forces, hydrophobic interactions, hydrogen
bonding, and combinations thereof. Reporter agents may bind to initial reactants and changes
in reporter agent levels may be used to detect amplified product. Reporter agents may be
detectable (or non-detectable) as nucleic acid amplification progresses. Reporter agents may
be optically detectable. An optically-active dye (e.g., a fluorescent dye) may be used as a
reporter agent. Non-limiting examples of dyes include SYBR green, SYBR blue, DAPI,
propidium iodine, Hoeste, SYBR gold, ethidium bromide, acridines, proflavine, acridine
orange, acriflavine, fluorcoumanin, ellipticine, daunomycin, chloroquine, distamycin D,

chromomycin, homidium, mithramycin, ruthenium polypyridyls, anthramycin,
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phenanthridines and acridines, ethidium bromide, propidium iodide, hexidium iodide,
dihydroethidium, ethidium homodimer-1 and -2, ethidium monoazide, and ACMA, Hoechst
33258, Hoechst 33342, Hoechst 34580, DAPI, acridine orange, 7-AAD, actinomycin D,
LDS751, hydroxystilbamidine, SYTOX Blue, SYTOX Green, SYTOX Orange, POPO-1,
POPO-3, YOYO-1, YOYO-3, TOTO-1, TOTO-3, JOJO-1, LOLO-1, BOBO-1, BOBO-3,
PO-PRO-1, PO-PRO-3, BO-PRO-1, BO-PRO-3, TO-PRO-1, TO-PRO-3, TO-PRO-5, JO-
PRO-1, LO-PRO-1, YO-PRO-1, YO-PRO-3, PicoGreen, OliGreen, RiboGreen, SYBR Gold,
SYBR Green I, SYBR Green II, SYBR DX, SYTO-40, -41, -42, -43, -44, -45 (blue), SYTO-
13, -16, -24, 21, -23, -12, -11, -20, -22, -15, -14, -25 (green), SYTO-81, -80, -82, -83, -84, -
85 (orange), SYTO-64, -17, -59, -61, -62, -60, -63 (red), fluorescein, fluorescein
isothiocyanate (FITC), tetramethyl rhodamine isothiocyanate (TRITC), rhodamine,
tetramethyl rthodamine, R-phycoerythrin, Cy-2, Cy-3, Cy-3.5, Cy-5, Cy5.5, Cy-7, Texas Red,
Phar-Red, allophycocyanin (APC), Sybr Green I, Sybr Green II, Sybr Gold, CellTracker
Green, 7-AAD, ethidium homodimer I, ethidium homodimer II, ethidium homodimer III,
ethidium bromide, umbelliferone, eosin, green fluorescent protein, erythrosin, coumarin,
methyl coumarin, pyrene, malachite green, stilbene, lucifer yellow, cascade blue,
dichlorotriazinylamine fluorescein, dansyl chloride, fluorescent lanthanide complexes such as
those including europium and terbium, carboxy tetrachloro fluorescein, 5 or 6-carboxy
fluorescein (FAM), 5, 6-carboxy fluorescein (FAM), 5- (or 6-) iodoacetamidofluorescein, 5-
{[2 (and 3)-5-(Acetylmercapto)-succinyl Jamino }fluorescein (SAMSA-fluorescein), lissamine
rhodamine B sulfonyl chloride, 5 or 6 carboxy rhodamine (ROX), 5, 6 carboxy rhodamine
(ROX), 7-amino-methyl-coumarin, 7-Amino-4-methylcoumarin-3-acetic acid (AMCA),
BODIPY fluorophores, 8-methoxypyrene-1,3,6-trisulfonic acid trisodium salt, 3,6-
Disulfonate-4-amino-naphthalimide, phycobiliproteins, AlexaFluor 350, 405, 430, 488, 532,
546, 555, 568, 594, 610, 633, 635, 647, 660, 680, 700, 750, and 790 dyes, DyLight 350, 405,
488, 550, 594, 633, 650, 680, 755, and 800 dyes, or other fluorophores.

[0093] In some embodiments, a reporter agent may be a sequence-specific
oligonucleotide probe that is optically active when hybridized with a nucleic acid target or
derivative thereof (e.g., an amplified product). A probe may be linked to any of the optically-
active reporter agents (e.g., dyes) described herein and may also include a quencher capable
of blocking the optical activity of an associated dye. Non-limiting examples of probes that
may be useful used as reporter agents include TagMan probes, TagMan Tamara probes,

TagMan MGB probes, or Lion probes.
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[0094] In some aspects, the method for determining the nucleic acid sequence of a target
nucleic acid molecule includes sequencing or sequence analysis. In some aspects, sequencing
by synthesis, sequencing by ligation or sequencing by hybridization is used for determining
the nucleic acid sequence of a target nucleic acid molecule. As disclosed herein, various
amplification methods can be employed to generate larger quantities, particularly of limited
nucleic acid samples, prior to sequencing. For example, the amplification methods can
produce a targeted library of amplicons.

[0095] For sequencing by ligation, labeled nucleic acid fragments may be hybridized and
identified to determine the sequence of a target nucleic acid molecule. For sequencing by
synthesis (SBS), labeled nucleotides can be used to determine the sequence of a target nucleic
acid molecule. A target nucleic acid molecule can be hybridized with a primer and incubated
in the presence of a polymerase and a labeled nucleotide containing a blocking group. The
primer can be extended such that the labeled nucleotide is incorporated. The presence of the
blocking group may permit the incorporation of a single nucleotide. The presence of the label
can permit identification of the incorporated nucleotide. As used herein, a label can be any
optically active dye described herein. Either single bases can be added or, alternatively, all
four bases can be added simultaneously, particularly when each base is associated with a
distinguishable label. After identifying the incorporated nucleotide by its corresponding label,
both the label and the blocking group can be removed, thereby allowing a subsequent round
of incorporation and identification. Thus, cleavable linkers can link the label to the base.
Examples of cleavable linker include, but are not limited to, peptide linkers. Additionally, a
removable blocking group may be used so that multiple rounds of identification can be
performed, thereby permitting identification of at least a portion of the target nucleic acid
sequence. The compositions and methods disclosed herein are useful for such an SBS
approach. In addition, the compositions and methods can be useful for sequencing from a
solid support (e.g., an array or a sample within a 3D matrix as described herein), where
multiple sequences can be “read” simultaneously from multiple positions on the solid support
since each nucleotide at each position can be identified based on its identifiable label.
Example methods are described in US 2009/0088327; US 2010/0028885; and US
2009/0325172, each of which is incorporated herein by reference.

Computer systems

[0096] The present disclosure provides computer systems that are programmed to
implement methods of the disclosure. FIG. 3 shows a computer system 301 that is

programmed or otherwise configured to process a sample using the methods of the present
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disclosure. The computer system 301 can regulate various aspects of sample processing of the
present disclosure, such as, for example, providing a sample in a sample holder, contacting a
reagent or buffer to the sample, performing a reaction within the sample and sequencing. The
computer system 301 can be an electronic device of a user or a computer system that is
remotely located with respect to the electronic device. The electronic device can be a mobile
electronic device.

[0097] The computer system 301 includes a central processing unit (CPU, also
“processor” and “computer processor” herein) 305, which can be a single core or multi core
processor, or a plurality of processors for parallel processing. The computer system 301 also
includes memory or memory location 310 (e.g., random-access memory, read-only memory,
flash memory), electronic storage unit 315 (e.g., hard disk), communication interface 320
(e.g., network adapter) for communicating with one or more other systems, and peripheral
devices 325, such as cache, other memory, data storage and/or electronic display adapters.
The memory 310, storage unit 315, interface 320 and peripheral devices 325 are in
communication with the CPU 305 through a communication bus (solid lines), such as a
motherboard. The storage unit 315 can be a data storage unit (or data repository) for storing
data. The computer system 301 can be operatively coupled to a computer network
(“network’™) 330 with the aid of the communication interface 320. The network 330 can be
the Internet, an internet and/or extranet, or an intranet and/or extranet that is in
communication with the Internet. The network 330 in some cases is a telecommunication
and/or data network. The network 330 can include one or more computer servers, which can
enable distributed computing, such as cloud computing. The network 330, in some cases with
the aid of the computer system 301, can implement a peer-to-peer network, which may enable
devices coupled to the computer system 301 to behave as a client or a server.

[0098] The CPU 305 can execute a sequence of machine-readable instructions, which can
be embodied in a program or software. The instructions may be stored in a memory location,
such as the memory 310. The instructions can be directed to the CPU 305, which can
subsequently program or otherwise configure the CPU 305 to implement methods of the
present disclosure. Examples of operations performed by the CPU 305 can include fetch,
decode, execute, and writeback.

[0099] The CPU 305 can be part of a circuit, such as an integrated circuit. One or more
other components of the system 301 can be included in the circuit. In some cases, the circuit

is an application specific integrated circuit (ASIC).
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[00100] The storage unit 315 can store files, such as drivers, libraries and saved programs.
The storage unit 315 can store user data, e.g., user preferences and user programs. The
computer system 301 in some cases can include one or more additional data storage units that
are external to the computer system 301, such as located on a remote server that is in
communication with the computer system 301 through an intranet or the Internet.

[00101] The computer system 301 can communicate with one or more remote computer
systems through the network 330. For instance, the computer system 301 can communicate
with a remote computer system of a user (e.g., a user performing sample processing or
nucleic acid sequence detection of the present disclosure). Examples of remote computer
systems include personal computers (e.g., portable PC), slate or tablet PC’s (e.g., Apple®
iPad, Samsung® Galaxy Tab), telephones, Smart phones (e.g., Apple® iPhone, Android-
enabled device, Blackberry®), or personal digital assistants. The user can access the
computer system 301 via the network 330.

[00102] Methods as described herein can be implemented by way of machine (e.g.,
computer processor) executable code stored on an electronic storage location of the computer
system 301, such as, for example, on the memory 310 or electronic storage unit 315. The
machine executable or machine readable code can be provided in the form of software.
During use, the code can be executed by the processor 305. In some cases, the code can be
retrieved from the storage unit 315 and stored on the memory 310 for ready access by the
processor 305. In some situations, the electronic storage unit 315 can be precluded, and
machine-executable instructions are stored on memory 310.

[00103] The code can be pre-compiled and configured for use with a machine having a
processer adapted to execute the code, or can be compiled during runtime. The code can be
supplied in a programming language that can be selected to enable the code to execute in a
pre-compiled or as-compiled fashion.

[00104]  Aspects of the systems and methods provided herein, such as the computer system
301, can be embodied in programming. Various aspects of the technology may be thought of
as “products” or “articles of manufacture” typically in the form of machine (or processor)
executable code and/or associated data that is carried on or embodied in a type of machine
readable medium. Machine-executable code can be stored on an electronic storage unit, such
as memory (e.g., read-only memory, random-access memory, flash memory) or a hard disk.
“Storage” type media can include any or all of the tangible memory of the computers,
processors or the like, or associated modules thereof, such as various semiconductor

memories, tape drives, disk drives and the like, which may provide non-transitory storage at
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any time for the software programming. All or portions of the software may at times be
communicated through the Internet or various other telecommunication networks. Such
communications, for example, may enable loading of the software from one computer or
processor into another, for example, from a management server or host computer into the
computer platform of an application server. Thus, another type of media that may bear the
software elements includes optical, electrical and electromagnetic waves, such as used across
physical interfaces between local devices, through wired and optical landline networks and
over various air-links. The physical elements that carry such waves, such as wired or wireless
links, optical links or the like, also may be considered as media bearing the software. As used
herein, unless restricted to non-transitory, tangible “storage” media, terms such as computer
or machine “readable medium” refer to any medium that participates in providing instructions
to a processor for execution.

[00105] Hence, a machine readable medium, such as computer-executable code, may take
many forms, including but not limited to, a tangible storage medium, a carrier wave medium
or physical transmission medium. Non-volatile storage media include, for example, optical or
magnetic disks, such as any of the storage devices in any computer(s) or the like, such as may
be used to implement the databases, etc. shown in the drawings. Volatile storage media
include dynamic memory, such as main memory of such a computer platform. Tangible
transmission media include coaxial cables; copper wire and fiber optics, including the wires
that comprise a bus within a computer system. Carrier-wave transmission media may take the
form of electric or electromagnetic signals, or acoustic or light waves such as those generated
during radio frequency (RF) and infrared (IR) data communications. Common forms of
computer-readable media therefore include for example: a floppy disk, a flexible disk, hard
disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD or DVD-ROM, any
other optical medium, punch cards paper tape, any other physical storage medium with
patterns of holes, a RAM, a ROM, a PROM and EPROM, a FLASH-EPROM, any other
memory chip or cartridge, a carrier wave transporting data or instructions, cables or links
transporting such a carrier wave, or any other medium from which a computer may read
programming code and/or data. Many of these forms of computer readable media may be
involved in carrying one or more sequences of one or more instructions to a processor for
execution.

[00106] The computer system 301 can include or be in communication with an electronic
display 335 that comprises a user interface (UI) 340 for providing, for example, protocols to

perform the sample processing methods and/or nucleic acid sequence detection methods
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described in the present disclosure. Examples of UI’s include, without limitation, a graphical
user interface (GUI) and web-based user interface.
[00107] Methods and systems of the present disclosure can be implemented by way of one
or more algorithms. An algorithm can be implemented by way of software upon execution by
the central processing unit 305. The algorithm can, for example, be executed so as to process
a sample and/or detect a nucleic acid sequence utilizing methods and systems disclosed in the
present disclosure.

EXAMPLE
Example 1 — Analyte immobilization in a three-dimensional matrix protocol 1
[00108] The example provides a protocol for processing a sample for detection within a
three-dimensional (3D) matrix. The protocol can comprise (1) permeabilizing a sample and
embedding the sample with a click-gel (e.g., gel matrix having attachment moieties to attach
targets of interest); (2) hybridizing tethering oligos (e.g., plurality of padlock RT primers with
5’ tethering moiety or poly(dT) primer with tethering moiety) with a crowding agent (e.g., a
hybridization reaction enhancing agent); (3) linking the tethering oligos to the gel via
CuAAC click chemistry; (4) inactivating or washing out the crowding agent and treating the
sample with protease to clear the sample and fully permeabilize the sample; (5) performing
reverse transcription of the hybridized RT primers; (6) hybridizing padlock probes in the
presence of a crowding agent; (7) inactivating or washing out the crowding agent; (8)
circularizing the padlock probes by ligation and performing rolling circle amplification
(RCA) to incorporate 5-azidomethyl-dUTP; and (9) attaching rolonies to gel matrix by click
chemistry.
Example 2 — Analyte immobilization in a three-dimensional matrix protocol 2
[00109] The example provides a protocol for processing a sample for detection within
a three-dimensional (3D) matrix. The protocol can comprise (1) permeabilizing a sample and
hybridizing tethering oligos (e.g., plurality of padlock RT primers with 5’ tethering moiety or
poly(dT) probe with tethering moiety) in the presence of a crowding agent; (2) embedding the
tethering oligos and the sample in a gel matrix to tether 5° acrydite group of the tethering
oligos to the gel matrix; (3) inactivating or washing out the crowding agent and treating the
sample with a protease to clear the sample and fully permeabilize the sample; (4) subjecting
the sample to reverse transcription to extend the hybridized RT primers; (5) hybridizing the
padlock probes in the presence of a crowding agent; (6) inactivating or washing out the

crowding agent; (7) circularizing the padlock probes by ligation and performing rolling circle
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amplification (RCA) to incorporate 5-azidomethyl-dUTP; and (8) attaching rolonies to the
gel matrix.

Example 3 — Analyte tethering using reverse transcriptase

[00110] The example provides a protocol for tethering analytes of a sample to a three-
dimensional matrix via reverse transcriptase polymerization of modified nucleotides
comprising functional tethering moieties. The protocol can comprise (1) permeabilizing a
tissue section sample; (2) embedding the tissue section sample in a 3D matrix with 4% w/v
19:1 acrylamide: bisacrylamide with additional 0.1% propargyl acrylamide using
APS/TEMED,; (3) introducing a reverse transcription reaction mix including reverse
transcriptase and RT primer, such as random (N)x6, (N)x8, etc., or Poly(dT), bearing a 5’
azide modification tethering moiety; (4) washing the sample (5) adding a click reaction mix
comprising copper salt and sodium ascorbate, which catalyzes linkage between the generated
cDNA and matrix; (6) hybridizing padlock probes and ligating the probes to form circular
templates; (7) adding a RCA reaction mix to form DNA amplification products (e.g.
nanoballs); and (8) sequencing the DNA nanoballs using FISSEQ.

Example 4 — Probe tethering

[00111] The example provides a protocol for tethering probes to a three-dimensional
matrix. The protocol can comprise (1) permeabilizing a tissue section sample; (2) embedding
the tissue section sample in a 3D matrix with 4% w/v 19:1 acrylamide: bisacrylamide with
additional 0.1% propargyl acrylamide using APS/TEMED; (3) introducing a plurality of in
situ hybridization (ISH) probes, such as those targeting RNA or a genomic loci, and the
probes also bearing an azide modification tethering moiety and a detectable label, such as an
barcode sequence domain; (4) washing the sample; (5) adding a click reaction mix
comprising copper salt and sodium ascorbate, which catalyzes linkage between ISH probes
and the matrix; and (6) and detecting the probes, such as by cyclic HCR as described in U.S.
Patent Publication Nos. 20190218608 and 20190218608.

Example 5 — Antibody barcode tethering

[00112] The example provides a protocol for tethering antibodies comprising barcodes
to a three-dimensional matrix. The protocol can comprise (1) permeabilizing a tissue section;
(2) embedding the tissue section in a 3D matrix with 4% w/v 19:1 acrylamide: bisacrylamide
with additional 0.1% propargyl acrylamide using APS/TEMED; (3) delipidating the tissue
section sample using a detergent solution, e.g., 4% w/v SDS in 1X borate buffer, pH 8.0; (4)
introducing a plurality of DNA-barcoded primary antibodies (comprising a tethering moiety),

which bind target protein analytes; (5) washing the tissue section sample; (6) adding a click
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reaction mix comprising copper salt and sodium ascorbate, which catalyzes linkage between
antibody DNA barcode tags and matrix; (7) optionally clearing proteins using a protease
reaction mix comprising 1:100 dilution of proteinase K in appropriate buffer; (8) washing the
sample; and (9) detecting the DNA barcodes, such as by FISSEQ or cyclic HCR. Some
protocols for tethering antibodies comprising barcodes to a three-dimensional matrix may be
combined with other protocols tethering nucleic acid probes in order to accomplish a
multiomic approach whereby a combination of DNA, RNA, lipid, and protein localization
data may be encoded and detected by the tethering of various combinations of probes and
antibodies to a three-dimensional matrix in the same tissue section sample.

Example 6 — Probe tethering chemistries

[00113] The example provides compositions for the use in protocols for tethering
analytes, probes, and antibodies to three-dimensional matrices as described herein. In some
embodiments, the method for tethering analytes, probes, and antibodies to a three-
dimensional matrix utilizes click chemistry between alkyne and azide functional groups
catalyzed with a copper salt and sodium ascorbate in buffer, as shown in FIG. 4A. For
example, a three-dimensional matrix may be formed by crosslinking various click-reactive
compounds, or click monomers, to embed click chemistry functional groups into the structure
of the matrix. A click-chemistry matrix can be formed by spiking propargyl acrylamide into a
gel reaction mix (FIG. 4B). To determine the optimal amount of propargyl acrylamide to
spike into the gel reaction mix, various amounts of propargyl acrylamide click monomer were
spiked into gel reaction mixes as shown in FIG. SA. FIG. 5B is a graph depicting percent of
click monomer (propargyl acrylamide) in the gel matrix and a response curve on tethering
yield dependency on tethering node density, or concentration of tethering group in the gel
composition. Azide functional tethering pairs may be added to the three-dimensional matrix,
here a hydrogel, after matrix polymerization (FIG. 6A-B), as azide is consumed in free
radical polymerization (in the presence of APS/TEMED).

[00114] Click chemistry moieties (e.g., azide) can be utilized in various probes, nucleic
acids, or antibodies for tethering to a three-dimensional matrix comprising alkyne functional
groups via propargyl acrylamide polymerization. As shown in FIG. 7A, azide containing
probes (e.g., azide oligo) may be hybridized to DNA nanoballs within a matrix. The
nanoballs were formed in situ by phi29 rolling circle amplification (RCA) on circular
templates cast into the matrix by adding RCA reagent mixes onto the gel and incubating for
the amplification to occur. In some embodiments, the nanoballs contain a DNA sequence

domain for binding a hybridization probe or the azide containing probe (e.g., azide oligo).
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Each azide containing probe (e.g., azide oligo) comprises a sequence complementary to a
region on the nanoballs and other domains (e.g., an overhang region, such as for binding a
detection oligo). Unbound probes were washed from the sample and a click reaction mix
containing copper salt and sodium ascorbate was added to the sample catalyzing a click
reaction between the azide on the probe and the alkyne in the hydrogel matrix. The sample
was exposed to denaturing conditions, such as incubation and washing with 80% formamide
in water, which disrupts the hybridization between the DNA nanoball and probe. Probes that
are not tethered to the matrix were thereby washed from the sample. The performance of the
click tethering was evaluated by comparing signals of a red fluorescent hybridization probe
against the DNA sequence domain in the nanoball or a green signal from a detection oligo
that binds to the overhang of the azide containing probe (FIG. 7B). For example, a
hybridization mix containing a green fluorescent probe complementary to the detection
domain can be hybridized to the sample. A hybridization mix containing a red fluorescent
hybridization probe complementary to the same region can be hybridized to the sample,
binding to the DNA nanoballs that are not already occupied by the azide containing probe
(e.g., azide oligo). Unbound fluorescent probes were washed. Imaging was performed to
detect fluorescence signals from the green and red channels, thereby detecting the relative
abundance of azide containing probe (e.g., azide oligo) tethered into the hydrogel matrix by
the click reaction and unoccupied sequences available for binding the hybridization probe on
the DNA nanoballs (e.g., predominantly by un-tethered click probes which were washed
away in denaturing conditions; some minor background may be generated due to incomplete
yield of hybridization reaction by click probes). FIG. 7B shows +/- copper conditions for red
and green fluorescence signals by microscopic imaging. In copper (+) conditions, green
punctate signals generated by green fluorescent detection oligos binding to covalently matrix-
tethered azide containing probes (e.g., azide oligos) was detected, with minimal signal from
competing red fluorescence hybridization probes (e.g., “chase probes”). In copper (-)
conditions, total lack of green fluorescence signal detected shows that in absence of click
reaction, no azide containing probes (e.g., azide oligos) were spatially retained by the matrix
after denaturing conditions.

[00115] The methods described herein may also be applied to a derivative molecule
formed in situ after hydrogel formation. As shown in FIG. 8A, a derivative nanoball formed
by RCA, as described herein, within a hydrogel matrix lacking propargyl acrylamide (no
click reactive monomers), except with the addition of azide-dUTP during RCA reaction,

which is incorporated by Phi29 during RCA. A green fluorescent alkyne fluorophore was
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added to the sample in the presence of copper salt and sodium ascorbate, triggering a
conjugation reaction of the dye to the DNA nanoball. A red fluorescent probe for hybridizing
to the sequence domain on the DNA nanoball was provided, and unbound probes and dyes
were washed from the sample. As shown in FIG. 8B, imaging of green and red fluorescence
channels in Cu +/- conditions show that DNA nanoballs, e.g., derivative of target analyte
(e.g., padlock probe to RNA or CDNA molecule) can be formed by incorporating azide
functional groups reactive to click reaction conditions. It follows that azide-containing DNA-
nanoballs formed within an alkyne-reactive hydrogel matrix can undergo covalent tethering
to the hydrogel matrix when exposed to click reaction conditions.

[00116] While preferred embodiments of the present invention have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are
provided by way of example only. It is not intended that the invention be limited by the
specific examples provided within the specification. While the invention has been described
with reference to the aforementioned specification, the descriptions and illustrations of the
embodiments herein are not meant to be construed in a limiting sense. Numerous variations,
changes, and substitutions will now occur to those skilled in the art without departing from
the invention. Furthermore, it shall be understood that all aspects of the invention are not
limited to the specific depictions, configurations or relative proportions set forth herein which
depend upon a variety of conditions and variables. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed in
practicing the invention. It is therefore contemplated that the invention shall also cover any
such alternatives, modifications, variations or equivalents. It is intended that the following
claims define the scope of the invention and that methods and structures within the scope of

these claims and their equivalents be covered thereby.
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