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BACKGROUND

[0008] Next-generation sequencing (“NGS”) is a high-throughput sequencing technology
capable of sequencing entire genomes in a rapid and cost-effective manner. In at least one
implementation, NGS begins with the creation of a sequencing library that includes genomic
DNA that has been randomly fragmented, extracted, and purified. NGS processes such as
sequencing-by-synthesis can then be utilized for massively parallel sequencing of the entire
genomic library. Single-cell sequencing decodes variation in genomes and transcriptomes of
single cells, helping to unravel the mechanisms underlying both health and disease. Many
questions surrounding cell-to-cell variation require sequencing hundreds to thousands of cells.
However, high-throughput single-cell sequencing may be limited by difficulty in processing
hundreds to thousands of single cells while achieving (i) efficient library preparation, (ii)
indexing of library molecules, and (iii) minimal losses. Compartmentalization strategies may
overcome these challenges by partitioning single cells in separate compartments that both: (1)
isolate cells from one another, and (ii) allow for efficient reagent exchange, such that library
preparation may occur in parallel across hundreds to thousands of samples and free of cross-

contamination.

[0009] Some NGS platforms may rely on optical interrogation of surface-bound nucleic acid
clusters and produce data at a fairly static rate and at somewhat significant cost per genome.
Increasing the throughput of nucleic sequencing methods may be important for driving the cost
of sequencing down and improving overall sequencing accuracy. This desired outcome may
be achievable by sequencing a greater number of nucleic clusters. Thus, in some cases, either
a larger flow cell surface area or a higher cluster density may be implemented to increase the
number of clusters that can be sequenced. However, to the extent that sequencing flow cells
are approaching size and cluster density limits, making significant improvements to throughput
may be increasingly challenging using traditional surface-bound sequencing processes.

Accordingly, overcoming these limitations would be beneficial.
[00010] In some instances, the large amount of data generated by whole genome sequencing
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can complicate data processing and analysis. Therefore, as a workaround, portions of genomes
may be enriched using various techniques to focus on genes or other specific targets of interest.
However, some current methods for library preparation and library enrichment may require
multiple manual operation and reagents transfer that lead to losses of targeted library.
Accordingly, automatic systems and processes for mitigating losses associated with current
sequencing library preparation and enrichment methods may be beneficial; and are disclosed

herein.
SUMMARY

[00011] The following provides a summary of certain examples. This summary is not an
extensive overview and is not intended to identify key or critical aspects or elements of the
disclosed system, devices, and methods or to delineate their scope. It is to be understood that
any respective features/examples of each of the aspects of the disclosure as described herein
may be implemented together in any combination to achieve the results as described herein,
and that any features/examples from any one or more of these aspects may be implemented
together with any of the features of the other aspect(s) as described herein in any combination

to achieve the benefits as described here.

[00012] An implementation relates to a method for making on-flow cell three-dimensional
polymer structures, comprising: loading a polymer precursor solution onto a flow cell, wherein
the polymer precursor solution includes a monomer, a crosslinker, and a photoinitiator, and
wherein the flow cell includes at least one channel for receiving the polymer precursor solution,
and wherein the at least one channel has an upper interior surface and a lower interior surface;
and illuminating the polymer precursor solution through a patterned photomask using a light
at a wavelength sufficient to activate the photoinitiator, wherein activation of the photoinitiator
polymerizes at least some of the polymer precursor solution underneath apertures in the
patterned photomask and forms three-dimensional polymer structures that extend from the

upper interior surface to the lower interior surface of the at least one channel.

[00013] Variations on any one or more of the above implementations exist, wherein the method

further comprises washing unpolymerized polymer precursor solution out of the flow cell.
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[00014] Variations on any one or more of the above implementations exist, wherein the method
further comprises cleaving at least some of the three-dimensional polymer structures from the

flow cell using heat, cleaving chemicals, or a combination of heat and cleaving chemicals.

[00015] Variations on any one or more of the above implementations exist, wherein the flow
cell has oligonucleotides of predetermined lengths on both the upper and lower surfaces of the

at least one channel, and wherein the oligonucleotides include primers.

[00016] Variations on any one or more of the above implementations exist, wherein the polymer

is a hydrogel.

[00017] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:

AR
\/u\rg
R?
@
wherein each R? is independently hydrogen or (Ci-6) alkyl.

[00018] Variations on any one or more of the above implementations exist, wherein the

crosslinker is a compound of formula II:

R n §
A(NHIIS\SH'IQM
0 R!
ey
wherein:
each n is independently an integer from 1-6; and

each R! is independently hydrogen or (C1.6) alkyl.

[00019] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations thereof.
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[00020] Variations on any one or more of the above implementations exist, wherein the
monomer is acrylamide, the crosslinker is N,N'-Bis(acryloyl)cystamine (BACy), and the

photoinitiator is lithium phenyl-2.4,6-trimethylbenzoylphosphinate (LAP).

[00021] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol, PEG-acrylate, acrylamide, N,N'-
Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO), polyacrylic acid,
poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly(N-
isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-aspartic acid),
poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate sulfate, dextran
sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen, bisacrylamide,
diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl ether,
ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol diacrylate,
trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, ethoxylated

pentaerythritol tetracrylate, or combinations thereof.

[00022] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol/PEG-acrylate; acrylamide/N,N'-
bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO), or combinations thereof.

[00023] Variations on any one or more of the above implementations exist, wherein the
photomask comprises polyethylene terephthalate, carbon ink, a chemically etched metal film,

or combinations thereof.

[00024] Variations on any one or more of the above implementations exist, wherein the

photomask is laminated to the upper exterior surface of the flow cell.

[00025] Variations on any one or more of the above implementations exist, wherein

illuminating the polymer precursor comprises using an ultraviolet light source to emit the light.

[00026] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are cylindrical.
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[00027] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are reverse C-shaped.

[00028] Another implementation relates to a method for making on-flow cell three-dimensional
polymer structures, comprising: loading a polymer precursor solution onto a flow cell, wherein
the polymer precursor solution includes biological cells or colonies of biological cells
containing genetic material, a monomer, a crosslinker, and a photoinitiator, and wherein the
flow cell includes at least one channel for receiving the polymer precursor solution, wherein
the at least one channel has an upper interior surface and a lower interior surface, and wherein
primers are bound to both the upper and lower surfaces of the at least one channel; and
illuminating the polymer precursor solution through a patterned photomask using a light source
that emits light at a wavelength that activates the photoinitiator, and wherein activation of the
photoinitiator polymerizes at least some of the polymer precursor solution underneath
apertures in the photomask and forms three-dimensional polymer structures that extend from
the upper interior surface to the lower interior surface of the at least one channel, and wherein
the biological cells or colonies of biological cells are compartmentalized in the three-

dimensional polymer structures.

[00029] Variations on any one or more of the above implementations exist, wherein the method

further comprises washing unpolymerized polymer precursor solution out of the flow cell.

[00030] Variations on any one or more of the above implementations exist, wherein the method
further comprises diffusing reagents into the three-dimensional polymer structures, wherein
the reagents include lysis reagents that lyse the biological cells and release the genetic material

therefrom, and wherein the genetic material includes nucleic acid.

[00031] Variations on any one or more of the above implementations exist, wherein the method
further comprises fragmenting the released nucleic acid and ligating adapters to the ends of the

nucleic acid fragments.

[00032] Variations on any one or more of the above implementations exist, wherein the method
further comprises seeding the nucleic acid fragments on the upper and lower surfaces of the at

least one sequencing channel by: introducing a diffusion barrier into the at least one channel,
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heating the flow cell to a temperature that cleaves the polymer structures and releases the
nucleic acid fragments therefrom, hybridizing the nucleic acid fragments to the
oligonucleotides on the upper and lower surfaces of the at least one channel, and washing the

cleaved polymer structures out of the flow cell.

[00033] Variations on any one or more of the above implementations exist, wherein the method
further comprises clonally amplifying the hybridized nucleic acid using bridge amplification

to create clusters for nucleic acid.

[00034] Variations on any one or more of the above implementations exist, wherein the polymer
is a hydrogel and wherein the diffusion batrier includes a hydrophobic liquid or a viscous
aqueous solution, wherein the hydrophobic liquid includes mineral oil, silicone oil, or
perfluorinated oil, or combinations thereof, and wherein the viscous aqueous solution, includes
polyethylene glycol (PEG), polyvinyl-pyrrolidone, pluronic dextran, sucrose, poly (N -
isopropylacrylamide) or polyethylene oxide-polypropylene oxide-polyethylene oxide, PEO-

PPO-PEOyiaponite, or combinations thereof.

[00035] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:

\)l\t?r R2
R?
@
wherein each R? is independently hydrogen or (C1.6) alkyl.

[00036] Variations on any one or more of the above implementations exist, wherein the

crosslinker is a compound of formula II:

R 0
! n
0 R

an
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wherein:
each n is independently an integer from 1-6; and

each R is independently a hydrogen or (C1.6) alkyl.

[00037] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations thereof.

[00038] Variations on any one or more of the above implementations exist, wherein the
monomer is acrylamide, the crosslinker is N,N'-Bis(acryloyl)cystamine (BACy), and the
photoinitiator is lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).

[00039] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol, PEG-acrylate, acrylamide, N,N'-
Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO), polyacrylic acid,
poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly(N-
isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-aspartic acid),
poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate sulfate, dextran
sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen, bisacrylamide,
diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl ether,
ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol diacrylate,
trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or ethoxylated

pentaerythritol tetracrylate, or combinations thereof.

[00040] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol/PEG-acrylate; acrylamide/N,N'-
bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO); or combinations thereof.

[00041] Variations on any one or more of the above implementations exist, wherein the

photomask is polyethylene terephthalate, carbon ink, or a chemically etched metal film.

[00042] Variations on any one or more of the above implementations exist, wherein the

photomask is laminated to the upper exterior surface of the flow cell.
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[00043] Variations on any one or more of the above implementations exist, wherein the light

source is an ultraviolet light source.

[00044] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are cylindrical.

[00045] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are reverse C-shaped.

[00046] Variations on any one or more of the above implementations exist, wherein the

biological cells are mammalian.

[00047] Variations on any one or more of the above implementations exist, wherein the

biological cells are bacterial.

[00048] Variations on any one or more of the above implementations exist, wherein the nucleic

acid is deoxyribonucleic acid.

[00049] Variations on any one or more of the above implementations exist, wherein the nucleic

acid is ribonucleic acid.

[00050] Another implementation relates to a method for making on-flow cell three-dimensional
polymer structures, comprising: loading a hydrogel precursor solution onto a flow cell, wherein
the hydrogel precursor solution includes biological cells or colonies of biological cells
containing genetic material, a monomer, a crosslinker, and a photoinitiator, and wherein the
flow cell includes at least one channel for receiving the polymer precursor solution, wherein
the at least one channel has an upper interior surface and a lower interior surface, and wherein
primers are bound to both the upper interior surface and lower interior surface of the at least
one channel; illuminating the hydrogel precursor solution through a patterned photomask using
a light source that emits light at a wavelength that activates the photoinitiator, and wherein
activation of the photoinitiator polymerizes at least some of the hydrogel precursor solution
underneath apertures in the photomask and forms three-dimensional hydrogel structures that
extend from the upper interior surface to the lower interior surface of the at least one channel,

and wherein the biological cells or colonies of biological cells are compartmentalized in the

9-
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three-dimensional hydrogel structures; diffusing a lysis reagent into the three-dimensional
hydrogel structures, wherein the lysis reagent lyses the biological cells and releases the genetic
material therefrom, and wherein the genetic material includes nucleic acid; fragmenting the
released nucleic acid and ligating adapters to the ends of the fragments; and seeding the nucleic
acid fragments on the upper interior surface and lower interior surface of the at least one
channel by: introducing a diffusion barrier into the at least one channel, wherein the diffusion
barrier prevents cross-contamination between hydrogel structures, heating the flow cell to a
temperature that cleaves the hydrogel structures and releases the nucleic acid fragments,
hybridizing the nucleic acid fragments to the primers on the upper and lower interior surfaces
of the at least one channel, and washing the cleaved hydrogel structures out of the flow cell;

and clonally amplifying the hybridized nucleic acid fragments to create clusters for sequencing.

[00051] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:

wherein each R? is independently hydrogen or (Ci-6) alkyl.

[00052] Variations on any one or more of the above implementations exist, wherein the

crosslinker is a compound of formula II:

A
n I
0 R’
dn
wherein:
each n is independently an integer from 1-6; and

each R! is independently a hydrogen or (Ci.) alkyl.

[00053] Variations on any one or more of the above implementations exist, wherein the
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photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations thereof.

[00054] Variations on any one or more of the above implementations exist, wherein the
monomer is acrylamide, the crosslinker is N,N'-Bis(acryloyl)cystamine (BACy), and the

photoinitiator is lithium phenyl-2.4,6-trimethylbenzoylphosphinate (LAP).

[00055] Variations on any one or more of the above implementations exist, wherein the
hydrogel precursor solution includes polyethylene glycol (PEG)-thiol, PEG-acrylate,
acrylamide, N,N'-Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO),
polyacrylic acid, poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate)
(PMMA), poly(N-isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-
aspartic acid), poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate
sulfate, dextran sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen,
bisacrylamide, diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl
ether, ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol
diacrylate, trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or

ethoxylated pentaerythritol tetracrylate, or combinations thereof.

[00056] Variations on any one or more of the above implementations exist, wherein the
hydrogel  precursor  solution includes polyethylene glycol (PEG)-thiol/PEG-
acrylate;acrylamide/N,N'-bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO);

or combinations thereof.

[00057] Variations on any one or more of the above implementations exist, wherein the
diffusion barrier includes a hydrophobic liquid or a viscous aqueous solution, wherein the
hydrophobic liquid includes mineral oil, silicone oil, or perfluorinated oil, or combinations
thereof, and wherein the viscous aqueous solution, includes polyethylene glycol (PEG),
polyvinyl-pyrrolidone, pluronic dextran, sucrose, poly (N -isopropylacrylamide) or
polyethylene oxide-polypropylene oxide-polyethylene oxide, PEO-PPO-PEQOyiaponite, or

combinations thereof.
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[00058] Variations on any one or more of the above implementations exist, wherein the
photomask is polyethylene terephthalate, carbon ink, or a chemically etched metal film, and

wherein the photomask is laminated to the upper exterior surface of the flow cell.

[00059] Variations on any one or more of the above implementations exist, wherein the light

source is an ultraviolet light source.

[00060] Variations on any one or more of the above implementations exist, wherein the

hydrogel structures are cylindrical.

[00061] Variations on any one or more of the above implementations exist, wherein the

hydrogel structures are reverse C-shaped.

[00062] Variations on any one or more of the above implementations exist, wherein the

biological cells are mammalian.

[00063] Variations on any one or more of the above implementations exist, wherein the

biological cells are bacterial.

[00064] Variations on any one or more of the above implementations exist, wherein the nucleic

acid is deoxyribonucleic acid.

[00065] Variations on any one or more of the above implementations exist, wherein the nucleic

acid is ribonucleic acid.

[00066] Another implementation relates to a flow cell, comprising: a channel, wherein the
channel includes an upper interior surface having primers coated thereon and a lower interior
surface having primers coated thereon; and reversible, permeable, three-dimensional polymer
structures in the channel from a polymer precursor solution, wherein the three-dimensional
polymer structures extend from the upper interior surface of the channel to the lower interior

surface of the channel.

[00067] Variations on any one or more of the above implementations exist, wherein the flow

cell further comprises a photomask placed over an outer exterior surface of the channel.
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[00068]  Variations on any one or more of the above implementations exist, wherein the three-
dimensional polymer structures are cylindrical, reverse C-shaped, tubular, or combinations

thereof.

[00069] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures include hydrogels.

[00070] Variations on any one or more of the above implementations exist, wherein the flow

cell, polymer precursor solutions, and photomask are provided in a kit.

[00071] Another implementation relates to a method for making an on-flow cell three-
dimensional sequencing matrix, comprising: embedding oligonucleotides within a permeable
three-dimensional matrix, wherein the oligonucleotides facilitate nucleic acid fragment clonal
amplification within the matrix; introducing the oligonucleotide-containing permeable three-
dimensional matrix into a flow cell, wherein the flow cell includes at least one channel for
receiving the oligonucleotide-containing permeable three-dimensional matrix; and
immobilizing the oligonucleotide-containing permeable three-dimensional matrix in the at

least one channel.

[00072] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes a polymer.

[00073] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix is a hydrogel.

[00074] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes hydrogel networks of a predetermined size.

[00075] Variations on any one or more of the above implementations exist, wherein the
permeable three-dimensional matrix includes a matrix of particles of the same size or particles

of different sizes.

[00076] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes columnar posts.

13-
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[00077] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes mesoporous crystalline materials.

[00078] Variations on any one or more of the above implementations exist, wherein the method
further comprises patterning, by photolithography, the permeable three-dimensional matrix in

the flow cell.

[00079] Variations on any one or more of the above implementations exist, wherein the

oligonucleotides are adapted for sequencing-by-synthesis.

[00080] Variations on any one or more of the above implementations exist, wherein the flow
cell has an internal volume, and wherein the oligonucleotide-containing permeable three-

dimensional matrix occupies the entire internal volume of the flow cell.

[00081] Variations on any one or more of the above implementations exist, wherein the method
further comprises imaging the permeable three-dimensional matrix in discrete two-

dimensional layers.

[00082] Another implementation relates to a method for sequencing in three-dimensions using
an on flow-cell three-dimensional sequencing matrix, comprising: loading a polymer precursor
solution into a flow cell, wherein the polymer precursor solution includes monomers and
oligonucleotides; polymerizing the polymer precursor solution to create a permeable three-
dimensional matrix within the flow cell; diffusing a sequencing library into the permeable
three-dimensional polymer matrix, wherein the sequencing library includes nucleic acid
fragments; diffusing enzymes and reagents into the permeable three-dimensional polymer
matrix; hybridizing the nucleic acid fragments to the oligonucleotides in the permeable three-
dimensional polymer matrix; clonally amplifying the hybridized nucleic acid fragments to
create clusters for sequencing within the permeable three-dimensional polymer matrix;
sequencing the clusters within the permeable three-dimensional polymer matrix; and optically
imaging the sequenced clusters within three-dimensional matrix in multiple, discrete two-
dimensional slices to characterize the sequencing library, wherein the multiple, discrete two-

dimensional slices represent the entire three-dimensional internal volume of the flow cell.

[00083] Variations on any one or more of the above implementations exist, wherein the
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monomer is the compound of formula I:

2
\)L ” R
N
RZ
@
wherein each R? is independently hydrogen or (C1-6) alkyl.

[00084] Variations on any one or more of the above implementations exist, wherein the
monomers include polyethylene glycol (PEG)-thiol, PEG-acrylate, acrylamide, N,N'-
Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO), polyacrylic acid,
poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly(N-
isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA). polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-aspartic acid),
poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate sulfate, dextran
sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen, bisacrylamide,
diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl ether,
ethyleneglycol diacrylate, polymethylene glycol diacrylate, polyethyleneglycol diacrylate,
trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or ethoxylated

pentaerythritol tetracrylate, or combinations thereof.

[00085] Variations on any one or more of the above implementations exist, wherein the
monomers include polyethylene glycol (PEG)-thiol/PEG-acrylate; acrylamide/N,N'-
Bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO); or combinations thereof.

[00086] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution further includes poly(N-(5-azidoacetamidylpentyl) acrylamide-co-

acrylamide) (PAZAM) containing azide moieties.

[00087] Variations on any one or more of the above implementations exist, wherein the
oligonucleotides are alkyne-linked oligonucleotides adapted to bind to the azide moieties in

the PAZAM.
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[00088] Variations on any one or more of the above implementations exist, wherein the

oligonucleotides are adapted for sequencing-by-synthesis.

[00089] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes a hydrogel.

[00090] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes hydrogel networks of predetermined sizes

[00091] Variations on any one or more of the above implementations exist, wherein the
permeable three-dimensional matrix includes a matrix of particles of the same size or particles

of different sizes.

[00092] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes columnar posts.

[00093] Variations on any one or more of the above implementations exist, wherein the

columnar posts are fabricated to include alternating materials in a Z-direction.

[00094] Variations on any one or more of the above implementations exist, wherein the optical
imaging includes the use of a confocal microscope, multiphoton, or a light-sheet illumination

microscope.

[00095] Another implementation relates to a method for sequencing in three-dimensions using
an on flow-cell three-dimensional sequencing matrix, comprising: loading a polymer precursor
solution into a flow cell, wherein the polymer precursor solution includes monomer,
crosslinker, photoinitiator, and oligonucleotides; polymerizing the polymer precursor solution
using ultraviolet light to create a permeable three-dimensional matrix within the flow cell;
diffusing a sequencing library into the permeable three-dimensional polymer matrix, wherein
the sequencing library includes nucleic acid fragments to which adapters have been added;
diffusing enzymes and reagents into the permeable three-dimensional polymer matrix;
hybridizing the nucleic acid fragments to the oligonucleotides in the permeable three-
dimensional polymer matrix; clonally amplifying the hybridized nucleic acid fragments to

create clusters for sequencing within the permeable three-dimensional polymer matrix;
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sequencing the clusters within the permeable three-dimensional polymer matrix; and using a
confocal microscope, multiphoton, or a light-sheet illumination microscope to image the
sequenced clusters within three-dimensional matrix in multiple, discrete two-dimensional
slices to characterize the sequencing library, wherein the multiple, discrete two-dimensional

slices represent the entire three-dimensional internal volume of the flow cell.

[00096] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:

wherein each R? is independently hydrogen or (C1-6) alkyl.

[00097] Variations on any one or more of the above implementations exist, wherein the

crosslinker is a compound of formula II:

R’ 0
I n
ArNHnS\SHNJ\/
0 R’

)
wherein:
each n is independently an integer from 1-6; and

each R! is independently hydrogen or (C1.6) alkyl.

[00098] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations thereof.

[00099] Variations on any one or more of the above implementations exist, wherein the
monomer includes polyethylene glycol (PEG)-thiol, PEG-acrylate, acrylamide, N,N'-
Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO), polyacrylic acid,

17-

SUBSTITUTE SHEET (RULE 26)



WO 2021/108499 PCT/US2020/062163

poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly(N-
isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-aspartic acid),
poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate sulfate, dextran
sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen, bisacrylamide,
diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl ether,
ethylene glycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol diacrylate,
trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or ethoxylated

pentaerythritol tetracrylate, or combinations thereof.

[000100] Variations on any one or more of the above implementations exist, wherein the
monomer includes polyethylene glycol (PEG)- thiol/PEG-acrylate; acrylamide/N,N'-
Bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO); or combinations thereof.

[000101] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is lithium phenyl- 2,4,6-trimethylbenzoylphosphinate (LAP), a diazosulfonate
initiator; a monoacylphosphineoxide (MAPO) salt, or a bisacylphosphineoxide (BAPO) salt.

[000102] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution further includes poly(N-(5-azidoacetamidylpentyl) acrylamide-co-

acrylamide) (PAZAM) to which azide moieties have been bound.

[000103] Variations on any one or more of the above implementations exist, wherein the
oligonucleotides are alkyne-linked oligonucleotides adapted to bind to the azide moieties in

the PAZAM.

[000104] Variations on any one or more of the above implementations exist, wherein the

oligonucleotides are adapted for sequencing-by-synthesis.

[000105] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes a hydrogel.

[000106] Variations on any one or more of the above implementations exist, wherein the

permeable three-dimensional matrix includes hydrogel networks of a predetermined size.
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[000107] Variations on any one or more of the above implementations exist, wherein the
y p
permeable three-dimensional matrix includes a matrix of particles of the same size or particles

of different sizes.

[000108] Variations on any one or more of the above implementations exist, wherein the
y p
permeable three-dimensional matrix includes columnar posts, and wherein the columnar posts

are fabricated to include alternating materials in Z-direction.

[000109] Variations on any one or more of the above implementations exist, wherein the nucleic
acid fragments to which adapters have been added are circularized after the adapters are added

to create nanoballs.

[000110] Another implementation relates to a kit, comprising: a flow cell, wherein the flow cell
includes at least one channel; and an oligonucleotide-containing permeable three-dimensional
matrix, wherein the oligonucleotide-containing permeable three-dimensional matrix is adapted

to be introduced into the at least one channel and subsequently immobilized therein.

[000111] Another implementation relates to a method for making on-flow cell three-dimensional
polymer structures having functionalized surfaces, comprising: loading a polymer precursor
solution into a flow cell, wherein the polymer precursor solution includes a monomer, a
crosslinker, a photoinitiator, and a functionalized polymer, and wherein the flow cell includes
at least one channel for receiving the polymer precursor solution, and wherein the at least one
channel has an upper interior surface and a lower interior surface; and illuminating the polymer
precursor solution through a photomask with light at a wavelength that activates the
photoinitiator, wherein the photomask includes a series of apertures formed therein, wherein
the photomask has been placed over an exterior surface of the channel, and wherein activation
of the photoinitiator polymerizes at least some of the polymer precursor solution underneath
the apertures in the photomask and forms three-dimensional polymer structures extending from

the upper interior surface to the lower interior surface of the at least one channel.

[000112] Variations on any one or more of the above implementations exist, wherein the method
further comprises reacting a bi-functional linker, having a first end and a second end, with the

functionalized polymer, wherein the first end of the bi-functional linker is chemically or
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enzymatically attached to the functionalized polymer, and wherein the second end of the bi-

functional linker selectively binds predetermined types of molecules.

[000113] Variations on any one or more of the above implementations exist, wherein the
functionalized polymer is poly(N-(5-azidoacetamidylpentyl) acrylamide-co-acrylamide
(PAZAM) containing azide moieties and wherein the bi-functional linker is a biotin-PEG-
alkyne complex, and the method further comprising reacting the biotin-PEG-alkyne complex

with the azide moieties in the PAZAM using an azide-alkyne click reaction a click reaction.

[000114] Variations on any one or more of the above implementations exist, wherein the method

further comprises binding streptavidin to the biotin in the biotin-PEG-alkyne complex.

[000115] Variations on any one or more of the above implementations exist, wherein the method
further comprises binding biotinylated capture oligonucleotides to the streptavidin, wherein
the biotinylated capture oligonucleotides are specific for targets of interest in a sequencing

library.

[000116] Variations on any one or more of the above implementations exist, wherein the method

further comprises washing unpolymerized polymer precursor solution out of the flow cell.

[000117] Variations on any one or more of the above implementations exist, wherein the method
further comprises cleaving at least some the three-dimensional polymer structures from the

flow cell using heat, cleaving chemicals, or a combination of heat and cleaving chemicals.

[000118] Variations on any one or more of the above implementations exist, wherein the flow
cell has oligonucleotides of predetermined lengths and sequences bound to both the upper and
lower interior surfaces of the at least one channel, and wherein the oligonucleotides include

primers adapted for nucleic acid amplification.

[000119] Variations on any one or more of the above implementations exist, wherein polymer is

a hydrogel.

[000120] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:
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wherein each R? is independently hydrogen or (Ci.6) alkyl.

[000121] Variations on any one or more of the above implementations exist, wherein the

crosslinker is a compound of formula II:
R n 9
0 R’

an
wherein:
each n is independently an integer from 1-6; and

each R! is independently a hydrogen or (C1-6) alkyl.

[000122] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations thereof.

[000123] Variations on any one or more of the above implementations exist, wherein the
monomer i3 acrylamide, the crosslinker is N,N'-Bis(acryloyl)cystamine (BACy), and the
photoinitiator is lithium phenyl-2.4,6-trimethylbenzoylphosphinate (LAP).

[000124] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol, PEG-acrylate, acrylamide, N,N'-
Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO), polyacrylic acid,
poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly(N-
isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-aspartic acid),
poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate sulfate, dextran
sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen, bisacrylamide,

diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl ether,
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ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol diacrylate,
trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or ethoxylated

pentaerythritol tetracrylate, or combinations or mixtures thereof.

[000125] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol/PEG-acrylate; acrylamide/N,N'-
Bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO); or combinations thereof.

[000126] Variations on any one or more of the above implementations exist, wherein the

photomask is polyethylene terephthalate.

[000127] Variations on any one or more of the above implementations exist, wherein the

photomask is laminated to the upper surface of the flow cell.

[000128] Variations on any one or more of the above implementations exist, wherein

illuminating the polymer precursor solution comprises using an ultraviolet light source.

[000129] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are cylindrical.

[000130] Another implementation relates to a method for making on-flow cell three-dimensional
polymer structures having functionalized surfaces, comprising: loading a hydrogel precursor
solution into a flow cell, wherein the hydrogel precursor solution includes a monomer, a
crosslinker, a photoinitiator, and PAZAM containing azide moieties, and wherein  the
flow cell includes at least one channel for receiving the hydrogel precursor solution, and
wherein the at least one channel has an upper interior surface and a lower interior surface;
placing a photomask over the at least one channel, wherein the photomask includes a series of
apertures formed therein; and illuminating the hydrogel precursor solution through the
photomask with light at a wavelength that activates the photoinitiator, and wherein activation
of the photoinitiator polymerizes at least some of the hydrogel precursor solution underneath
the apertures in the photomask and forms three-dimensional hydrogel structures extending
from the upper interior surface to the lower interior surface of the at least one channel; reacting
a biotin-PEG-alkyne complex with the azide moieties in the PAZAM in the three-dimensional

polymer structures using an azide-alkyne click reaction; binding streptavidin to the biotin in
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the biotin-PEG-alkyne complex; and binding biotinylated capture oligonucleotides to the
streptavidin, wherein the biotinylated capture oligonucleotides are specific for target molecules

of interest in a sequencing library.

[000131] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:

wherein each R? is independently hydrogen or (C1-) alkyl.

[000132] Variations on any one or more of the above implementations exist, wherein the
crosslinker is a compound of formula II:
R n §
MNH?SHNJV
0 R
ey
wherein:
each n is independently an integer from 1-6; and

each R! is independently hydrogen or (C1.6) alkyl.

[000133] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations or mixtures thereof.

[000134] Variations on any one or more of the above implementations exist, wherein the
monomer is acrylamide, the crosslinker is N,N'-Bis(acryloyl)cystamine (BACy), and the

photoinitiator is lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).

[000135] Variations on any one or more of the above implementations exist, wherein the
polymer precursor solution includes polyethylene glycol (PEG)-thiol, PEG-acrylate,
acrylamide, N,N'-Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO),
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polyacrylic acid, poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate)
(PMMA), poly(N-isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-
co-glycolic acid) (PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-
aspartic acid), poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate
sulfate, dextran sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen,
bisacrylamide, diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl
ether, ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol
diacrylate, trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or

ethoxylated pentaerythritol tetracrylate, or combinations or mixtures thereof.

[000136] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol/PEG-acrylate; acrylamide / N,N'-
Bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO); or combinations thereof.

[000137] Variations on any one or more of the above implementations exist, wherein the

photomask comprises a polyester film.

[000138] Variations on any one or more of the above implementations exist, wherein the

photomask is laminated to the upper surface of the flow cell.

[000139] Variations on any one or more of the above implementations exist, wherein the light

source is an ultraviolet light source.

[000140] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are cylindrical.

[000141] Another implementation relates to a method for making on-flow cell three-dimensional
polymer structures having functionalized surfaces, comprising: loading a polymer precursor
solution into a flow cell, wherein the polymer precursor solution includes a monomer, a
crosslinker, a photoinitiator, and a streptavidin-labeled acrylamide monomer, and wherein the
flow cell includes at least one channel for receiving the polymer precursor solution, and
wherein the at least one channel has an upper interior surface and a lower interior surface, and
wherein oligonucleotides of predetermined lengths are bound to both the upper and lower

surfaces of the at least one channel; placing a photomask over the at least one channel, wherein
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the photomask includes a series of apertures formed therein; illuminating the polymer
precursor solution through the photomask with light at a wavelength that activates the
photoinitiator, and wherein activation of the photoinitiator polymerizes at least some of the
polymer precursor solution underneath the apertures in the photomask and forms three-
dimensional polymer structures extending from the upper interior surface to the lower interior
surface of the at least one channel; selectively binding biotinylated capture oligonucleotides to
the streptavidin in the three-dimensional polymer structures, wherein the biotinylated capture
oligonucleotides are specific for target molecules of interest in a library and bind thereto; and
eluting the bound target molecules and seeding the eluted target molecules on the surfaces of

the flow cell having oligonucleotides bound thereto.

[000142] Variations on any one or more of the above implementations exist, wherein the

monomer is the compound of formula I:

wherein each R? is independently hydrogen or (Ci.6) alkyl.

[000143] Variations on any one or more of the above implementations exist, wherein the

crosslinker is a compound of formula II:
¥ n 9
0 R

D
wherein:
each n is independently an integer from 1-6; and

each R! is independently hydrogen or (C1.6) alkyl.

[000144] Variations on any one or more of the above implementations exist, wherein the
photoinitiator is a diazosulfonate initiator; a monoacylphosphineoxide (MAPO) salt; a

bisacylphosphineoxide (BAPO) salt; or combinations or mixtures thereof.
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[000145] Variations on any one or more of the above implementations exist, wherein the
monomer is acrylamide, the crosslinker is N,N'-Bis(acryloyl)cystamine (BACy), and the

photoinitiator is lithium phenyl-2.4,6-trimethylbenzoylphosphinate (LAP).

[000146] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol, PEG-acrylate, acrylamide, N,N'-
Bis(acryloyl)cystamine (BACy), PEG, polypropylene oxide (PPO), polyacrylic acid,
poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly(N-
isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid)
(PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-aspartic acid),
poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate sulfate, dextran
sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen, bisacrylamide,
diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl ether,
ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol diacrylate,
trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or ethoxylated

pentaerythritol tetracrylate, or combinations or mixtures thereof.

[000147] Variations on any one or more of the above implementations exist, wherein the polymer
precursor solution includes polyethylene glycol (PEG)-thiol/PEG-acrylate; acrylamide / N,N'-
Bis(acryloyl)cystamine (BACy); PEG/polypropylene oxide (PPO); or combinations thereof.

[000148] Variations on any one or more of the above implementations exist, wherein the

photomask is polyethylene terephthalate.

[000149] Variations on any one or more of the above implementations exist, wherein the

photomask is laminated to the upper surface of the flow cell.

[000150] Variations on any one or more of the above implementations exist, wherein the light

source is an ultraviolet light source.

[000151] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures are cylindrical.

[000152] Another implementation relates to a flow cell, comprising: a channel, wherein the

26-



WO 2021/108499 PCT/US2020/062163

channel includes an upper interior surface having primers coated thereon and a lower interior
surface having primers coated thereon; and reversible, permeable, three-dimensional polymer
structures in the channel from a polymer precursor solution, wherein the three-dimensional
polymer structures extend from the upper interior surface of the channel to the lower interior

surface of the channel.

[000153] Variations on any one or more of the above implementations exist, wherein the flow

cell further comprises a photomask placed over an outer exterior surface of the channel.

[000154] Variations on any one or more of the above implementations exist, wherein the three-

dimensional polymer structures include hydrogels.

[000155] Variations on any one or more of the above implementations exist, wherein the flow

cell, polymer precursor solutions, and photomask are provided in a kit.

[000156] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually
inconsistent) are contemplated as being part of the inventive subject matter disclosed herein
and may be implemented to achieve the benefits as described herein. Additional features and
aspects of the disclosed system, devices, and methods will become apparent to those of
ordinary skill in the art upon reading and understanding the following detailed description of
the example embodiments. As will be appreciated by the skilled artisan, further
implementations are possible without departing from the scope and spirit of what is disclosed
herein. Accordingly, the drawings and associated descriptions are to be regarded as illustrative

and not restrictive in nature.
BRIEF DESCRIPTION OF THE DRAWINGS

[000157] The details of one or more implementations are set forth in the accompanying drawings
and the description below. Other features, aspects, and advantages will become apparent from

the description, the drawings, and the claims, in which:

[000158] FIG. 1A is a perspective view of a flow cell in accordance with one implementation of

the disclosed systems and methods;
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[000159] FIG. 1B is a top view and close-up top view of the flow cell of FIG. 1A wherein arrays

of hydrogel structures have been formed on the flow cell;

[000160] FIG. 1C depicts the flow cell of FIG. 1A properly inserted into a cartridge used in

sequencing-by-synthesis processes;

[000161] FIG. 2A depicts an example of the disclosed systems and methods for forming polymer
(e.g., hydrogel) structures on a flow cell such as the flow cell shown in FIG. 1A, wherein a
polymer precursor solution has been introduced into a fluidics channel of the flow cell and a

prepatterned photomask has been placed over the channel;

[000162] FIG. 2B depicts an example of the disclosed systems and methods for forming polymer
(e.g., hydrogel) structures on a flow cell wherein ultraviolet light is directed into the channel
of the flow cell though openings in the photomask for polymerizing the contents of the polymer

precursor solution;

[000163] FIG. 2C depicts an array of hydrogel structures formed inside the channel of a flow cell
wherein the hydrogel structures are cylindrical in shape and are attached to upper and lower

internal surface of the channel;

[000164] FIG. 2D depicts an example method for cleaving hydrogel structures formed in the
channel of a flow cell by introducing oil containing a cleaving agent into the channel of the

flow cell;

[000165] FIG. 2E depicts an example method for removing cleaved hydrogel structures from the

channel of a flow cell by washing the channel;

[000166] FIG. 3A depicts a first step in another example of the disclosed systems and methods
for forming polymer (e.g., hydrogel) structures on a sequencing flow cell wherein a
prepatterned photomask is placed on or attached to a flow cell that is then inserted into a

cartridge;

[000167] FIG. 3B depicts a second step in another example of the disclosed systems and methods
for forming polymer (e.g., hydrogel) structures on a sequencing flow cell wherein a polymer

precursor solution containing biological cells is loaded into the flow cell of FIG. 3A and the
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flow cell is then loaded into a device or instrument using an extendable tray;

[000168] FIG. 3C depicts a third step in another example of the disclosed systems and methods
for forming polymer (e.g., hydrogel) structures on a sequencing flow cell wherein the flow cell
is exposed to ultraviolet light to form an array of hydrogel structures on the flow cell (which
are shown in the bright field micrograph), and wherein the flow cell is then washed to remove

unpolymerized material and unloaded from the instrument;

[000169] FIG. 4A depicts an example of the disclosed systems and methods for cell
encapsulation and in situ preparation of sequencing libraries wherein single cells or colonies
or cells are mixed with a polymer precursor solution and loaded into a flow cell and illuminated
with ultraviolet light through a photomask to create an array of cell-embedded hydrogel

structures (e.g., pillars) on the flow cell, which is shown in the bright field micrograph;

[000170] FIG. 4B depicts an example of the disclosed systems and methods for cell
encapsulation and in situ preparation of sequencing libraries wherein lysis and tagmentation
reagents are diffused into the hydrogel structures of FIG. 4A, and wherein the cells are then

lysed and tagmented within the hydrogel structures;

[000171] FIG. 4C depicts an example of the disclosed systems and methods for cell
encapsulation and in situ preparation of sequencing libraries wherein the libraries of FIG. 4B
are seeded onto the top and bottom surfaces of the flow cell by introducing oil into the flow
cell and raising the temperature to release the library fragments contained in the hydrogel

structures, which then hybridize to surface primers attached to the surfaces of the flow cell;

[000172] FIG. 4D depicts an example of the disclosed systems and methods for cell
encapsulation and in situ preparation of sequencing libraries wherein the hybridized library
fragments of FIG. 4C are then clonally amplified using the bridge amplification process for

cluster generation;

[000173] FIG. 5A is a side view of a group of hydrogel structures formed on a flow cell using an
alternate version the disclosed systems and methods for on-flow cell capturing of cells for in

situ library preparation, wherein the hydrogel structures have a reverse C-shaped geometry;
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[000174] FIG. 5B are several top views of the cell-trapping hydrogel features of FIG. 5A,

showing the reverse C-shaped geometry thereof;

[000175] FIG. 5C is a side view of the hydrogel structures of FIG. SA showing an individual cell

captured in each hydrogel structure;

[000176] FIG. 5D is a side view of one of the hydrogel structures of FIG. 5C showing an
individual cell captured in the hydrogel structure and the direction of cell-containing fluid

directed into and through the flow cell;

[000177] FIG. 6 is a flow chart depicting an example implementation of a method for making

reversible, permeable three-dimensional polymer structures on a flow cell;

[000178] FIG. 7 is a flow chart depicting an example implementation of a method for sequencing
library preparation using reversible, permeable three-dimensional polymer structures formed

on a flow cell;

[000179] FIG. 8 is a flow chart depicting an example implementation of a method for sequencing
library preparation using reversible, permeable three-dimensional hydrogel structures formed

on a flow cell;

[000180] FIGS. 9A-9B depict a flow cell having an array of individual hydrogel pillars located
inside the flow cell that were created using a photolithographic method, wherein the pillars

contain P5/P7 primers and support the growth of clusters inside the hydrogel matrix;

[000181] FIG. 10A depicts hydrogel pillars fabricated inside a MiSeq™ flow cell and FIGS.
10B-10K depict time-series images showing the introduction of a fluorescent dye into the flow
cell, diffusion of the dye into hydrogel pillars, and the washing out of the dye from the hydrogel
pillars;

[000182] FIGS. 11A-11B depict hydrogel beads doped with poly(N-(5-azidoacetamidylpentyl)
acrylamide-co-acrylamide) (PAZAM) containing P5/P7 primers, wherein the beads are
initially soaked with a sequencing library and then soaked in ExAmp to generate clusters

throughout the three-dimensional volume of each bead;
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[000183] FIGS. 12A-12B depict index-free sequencing, wherein each hydrogel bead contains
clusters from a sample in which it was incubated, wherein hydrogel beads containing such
clusters are loaded on a flow cell and sequenced, and wherein the beads from each sample type
can be distinguished from one another other using a variety of means such as, for example,

fluorophores embedded in beads that are removed before sequencing;

[000184] FIG. 13A depicts a sequencing flow cell, wherein sequencing is occurring in a two-
dimensional network of clusters on a top surface and on a bottom surface, and wherein the top
surface and the bottom surface are separated by a known distance (e.g., 100 pm) along the Z-

axis;

[000185] FIG. 13B depicts a sequencing flow cell, wherein sequencing is occurring in a three-
dimensional network of clusters on a top surface and a bottom surface and in discrete regions
that are located between the top surface and the bottom surface, and wherein the top surface

and the bottom surface are separated by a distance of 100 um along the Z-axis;

[000186] FIG. 14 depicts an example SPIM setup, wherein excitation is delivered by way of a
low-NA objective into a sample, and wherein fluorescence emission is collected by a high-NA

emission objective;
[000187] FIG. 15 depicts a large hydrogel network within a sequencing flow cell;

[000188] FIG. 16 depicts a matrix of large particles, small particles, or a combination of large

and small particles within a sequencing flow cell;
[000189] FIG. 17 depicts periodic columnar posts within a sequencing flow cell;
[000190] FIG. 18 depicts mesoporous crystalline materials within a sequencing flow cell;

[000191] FIGS. 19A-19D depict an example implementation of a method for forming a hydrogel
within a flow cell by polymerization of PAZAM + di-DBCO-PEG;

[000192] FIG. 20 depicts the copolymerization of acrylamide and acrydite-modified oligos into

large polyacrylamide beads;
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[000193] FIG. 21A is a brightfield microscopic image depicting hydrogel beads on a glass slide;

[000194] FIG. 21B is a brightfield microscopic image depicting hydrogel beads packed inside a
HiSeq™ flow cell;

[000195] FIG. 22A is a fluorescence microscopic image of standard acrylamide beads after

incubation with a dye-labeled complementary strand;

[000196] FIG. 22B is a fluorescence microscopic image of oligo-modified acrylamide beads after

incubation with a dye-labeled complementary strand;

[000197] FIG. 23A depicts hydrogel beads in which long DNA fragments have been

encapsulated trapped within a flow cell;

[000198] FIG. 23B depicts enzymatic processes for library preparation occurring within the
trapped hydrogel beads of FIG. 23A;

[000199] FIG. 23C depicts an amplified library generating clusters of linked reads distributed in

three-dimensions within each hydrogel bead;

[000200] FIG. 24 A depicts template capture and extension occutring on hydrogel beads bearing

oligonucleotides;

[000201] FIG. 24B depicts clonal amplification of library inserts on the hydrogel beads for

creating clusters;

[000202] FIG. 25A depicts clustered beads delivered into a flow cell in a hydrogel precursor

solution;

[000203] FIG. 25B depicts immobilization of the clustered beads within a crosslinked hydrogel
matrix to preserve the spatial locations of the beads in three dimensions during sequencing and

subsequent imaging;
[000204] FIG. 26 depicts dimer particles having different orthogonal linearization chemistries;

[000205] FIG. 27 depicts an example system for synthesizing similar dimer particles;
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[000206] FIGS. 28A and 28B depict spatial control of clusters in three dimensions using a three-
dimensional matrix of columnar posts having alternating material composition in the Z-

direction;

[000207] FIGS. 29A-29D depict a simplified example method for creating a polymer scaffold,
wherein an unpolymerized monomer solution is embedded with salt particles having a
predetermined size distribution; wherein the salt particles displace the monomer, thereby
creating a three-dimensional network within the solution; wherein the monomer solution is
polymerized to form a three-dimensional polymer scaffold around the salt particles; and

wherein the salt particles are dissolved, resulting in a random, three-dimensional array of pores,

which define the scaffold.

[000208] FIG. 30 is a flow chart depicting an example method for making a permeable three-

dimensional matrix on a sequencing flow cell;

[000209] FIG. 31 is a flow chart depicting a first example method for nucleic acid library

sequencing in three-dimensions;

[000210] FIG. 32 is a flow chart depicting a second example method for nucleic acid library

sequencing in three-dimensions;

[000211] FIG. 33 depicts the formation of hydrogel micropillars on a channel within a flow cell,

wherein individual hydrogel micropillars are visible in the bright field micrograph;

[000212] FIG. 34A depicts an example method for on-flow cell fabrication of hydrogel
micropillars, wherein hydrogel precursor solution that includes monomers and photo-initiator

is introduced into a flow cell;

[000213] FIG. 34B depicts an example method for on-flow cell fabrication of hydrogel
micropillars, wherein a prepatterned photomask is placed on the flow cell of FIG. 34A and

illaminated with ultraviolet light;

[000214] FIG. 34C depicts an example method for on-flow cell fabrication of hydrogel
micropillars, wherein hydrogel micropillars are formed on the flow cell of FIG. 34A, and

wherein the hydrogel micropillars are attached to the upper and lower surfaces of one of the
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channels in the flow cell;

[000215] FIG. 35A depicts an example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein a hydrogel precursor solution containing 10% polyacrylamide
(PA), crosslinker, and 0.25% PAZAM into which azide moieties have been incorporated is

loaded onto a flow cell;

[000216] FIG. 35B depicts an example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein a photomask, which includes a plurality of apertures formed
therein, is placed on top of the flow cell of FIG. 35A and then exposed to UV light for 10
seconds to co-polymerize the acrylamide and PAZAM and form an array of azide-

functionalized hydrogel micropillars in the narrow channel of the flow cell;

[000217] FIG. 35C depicts an example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein a biotin-PEG-alkyne complex is clicked onto the azide moieties

of the hydrogel micropillars of FIG. 35B;

[000218] FIG. 35D depicts an example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein streptavidin labeled with Fluorescein binds the biotin in hydrogel

micropillars of FIG. 35C;

[000219] FIG. 35E depicts an example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein streptavidin binds biotinylated capture oligonucleotides to enable

immobilization of target sequencing library molecules;
[000220] FIG. 36A depicts a 4X bright field micrograph of PA/PAZAM control (no biotin);
[000221] FIG. 36B depicts a 4X bright field micrograph of PA/PAZAM plus Blackpool;

[000222] FIG. 36C depicts a 4X fluorescence micrograph of PA/PAZAM control (no biotin)

after a reaction time of five minutes;

[000223] FIG. 36D depicts a 4X fluorescence micrograph of PA/PAZAM plus Blackpool after a

reaction time of five minutes;
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[000224] FIG. 36E depicts a4X fluorescence micrograph of PA/PAZAM control (no biotin) after

a reaction time of ten minutes at 40°C;

[000225] FIG. 36F depicts a 4X fluorescence micrograph of PA/PAZAM plus Blackpool after a

reaction time of ten minutes at 40°C;

[000226] FIG. 37A depicts another example method for on-flow cell fabrication of
functionalized hydrogel structures, wherein a hydrogel precursor solution containing 10%
polyacrylamide (PA) and 0.25% streptavidin-labeled acrylamide monomer is loaded onto a

flow cell;

[000227] FIG. 37B depicts another example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein a photomask, which includes a plurality of apertures formed
therein, is placed on top of the flow cell of FIG. 37A and then exposed to UV light for 10
seconds to co-polymerize the acrylamide streptavidin-labeled acrylamide monomers and form
an array of streptavidin functionalized hydrogel micropillars in the narrow channel of the flow

cell;

[000228] FIG. 37C depicts another example method for on-flow cell fabrication of functionalized
hydrogel structures, wherein biotinylated capture oligonucleotides are bound to the
streptavidin moieties in the hydrogel micropillars of FIG. 37B, and wherein target library
molecules hybridize to the biotinylated capture oligonucleotides and become immobilized on

the hydrogel micropillars of FIG. 37B;

[000229] FIG. 37D depicts another example method for on-flow cell fabrication of
functionalized hydrogel structures, wherein immobilized target molecules are eluted from the

capture oligonucleotides of FIG. 37C and seeded on the wide channel of the flow cell;

[000230] FIG. 38A depicts biotinylated PS5 and P7 primers binding to a streptavidin

functionalized hydrogel micropillar;

[000231] FIG. 38B depicts the biotinylated P5 and P7 primers of FIG. 38A being incubated with
TET-labeled complementary P5° and P7° oligonucleotides;

[000232] FIG. 38C depicts the TET-labeled complementary PS5’ and P7’ oligonucleotides of FIG.
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38B hybridized to the biotinylated P5 and P7 primers;

[000233] FIG. 39A is a bright field micrograph showing hydrogel micropillars incubated with
TET-P5’ and TET-P7’ in the absence of biotin-P5 and biotin-P7 oligonucleotides;

[000234] FIG. 39B is a fluorescence micrograph (488 nm excitation) showing hydrogel
micropillars incubated with TET-P5’ and TET-P7’ in the absence of biotin-P5 and biotin-P7
oligonucleotides, wherein uniform staining of flow cell surface PS5 and P7 primers was

observed;

[000235] FIG. 39C is a bright field micrograph showing hydrogel micropillars incubated with
TET-P5’” and TET-P7’ after incubation with biotin-P5 and biotin-P7 oligonucleotides;

[000236] FIG. 39D is a fluorescence micrograph (488 nm excitation) showing of hydrogel
micropillars incubated with TET-P5* and TET-P7’ after incubation with biotin-P5 and biotin-
P7 oligonucleotides, wherein localization of TET staining to the edge of the hydrogel
micropillars was observed, indicating the TET-labeled oligonucleotides have hybridized to the

streptavidin-bound biotinylated P5 and P7 primers;

[000237] FIG. 40A is a fluorescence micrograph depicting the level of TET-P5’/TET-P7’
oligonucleotides in interstitial spaces between hydrogel micropillars at an incubation time of

one minute;

[000238] FIG. 40B is a graph depicting the level of TET-P5’/TET-P7° oligonucleotides in

interstitial spaces between hydrogel micropillars at an incubation time of one minute;

[000239] FIG. 40C is a fluorescence micrograph depicting the level of TET-P5’/TET-P7’
oligonucleotides in interstitial spaces between hydrogel micropillars at an incubation time of

five minutes;

[000240] FIG. 40D is a graph depicting the level of TET-P5’/TET-P7’ oligonucleotides in

interstitial spaces between hydrogel micropillars at an incubation time of five minutes;

[000241] FIG. 40E is a fluorescence micrograph depicting the level of TET-P5’/TET-P7’

oligonucleotides in interstitial spaces between hydrogel micropillars at an incubation time of
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ten minutes;

[000242] FIG. 40F is a graph depicting the level of TET-P5’/TET-P7’ oligonucleotides in

interstitial spaces between hydrogel micropillars at an incubation time of ten minutes;

[000243] FIG. 41A depicts hybridizing P7” and P5’ regions of sequencing library molecules to
biotinylated P5 and P7 oligonucleotides;

[000244] FIG. 41B depicts capturing sequencing library molecules with streptavidin-

functionalized hydrogel pillars, which are attached to the surface of a flow cell;

[000245] FIG. 41C depicts seeding bound sequencing library molecules by incubation at 85°C to
denature hybridized biotinylated primers and then ramping the temperature to 20°C to allow

hybridization of sequencing library molecules to surface primers;
[000246] FIG. 42A is a bright field micrograph of an untreated flow cell (control);

[000247] FIG. 42B is a fluorescence micrograph (488 nm) of a SYTOX-stained untreated flow

cell (control) showing no clusters;
[000248] FIG. 42C is a bright field micrograph of a flow cell having streptavidin micropillars;

[000249] FIG. 42D is a fluorescence micrograph (488 nm) of a SYTOX-stained flow cell having

streptavidin micropillars;
[000250] FIG. 42E is bright field micrograph of the hydrogel micropillar of FIG. 42C;

[000251] FIG. 42F is a fluorescence micrograph (488 nm) of the SYTOX-stained micropillar of
FIG. 42D;

[000252] FIG. 43A depicts a flow cell in a cartridge, wherein streptavidin micropillars have been

formed in the narrow channel, but not in wide channel of the flow cell;

[000253] FIG. 43B is a micrograph of the wide channel of the flow cell of FIG. 43A stained with
SYTOX dye after 24 cycles of bridge amplification;

[000254] FIG. 43C is a micrograph of the narrow channel of the flow cell of FIG. 43A stained
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with SYTOX dye after 24 cycles of bridge amplification.

[000255] FIG. 44 is a flowchart depicting a first method for making functionalized three-

dimensional polymer structures on a flow cell;

[000256] FIG. 45 is a flowchart depicting a second method for making functionalized three-

dimensional polymer structures on a flow cell; and

[000257] FIG. 46 is a flowchart depicting a third method for making functionalized three-

dimensional polymer structures on a flow cell.
DETAILED DESCRIPTION
[000258] I. Overview

[000259] Implementations of the disclosed systems and methods may be useful for creating
reversible hydrogel polymer structures on flow cells used, which may be used as part of the
workflow for sequencing-by-synthesis and other sequencing methodologies. The workflow
may include library preparation and sequencing. These hydrogel structures may be particularly
useful for addressing challenges associated with high throughput single-cell or single-colony
sequencing on flow cells due to low starting nucleic acid input from single cells and an inability
to compartmentalize sequencing libraries on flow cells. The disclosed systems and methods
enable high-throughput single-cell or single-colony sequencing by providing on-flow cell
entrapment or encapsulation of cells and genetic material in reversible hydrogel structures.
These hydrogel structures entrap or compartmentalize individual cells or individual colonies
while allowing efficient reagent exchange for cell lysis and ultimately in situ preparation of

sequencing libraries.

[000260] Various implementations of the disclosed systems, devices, and methods may be useful
for creating reversible, permeable three-dimensional polymer (e.g., hydrogel) structures within
the fluidics channels on sequencing flow cells. These temporary polymer structures expand
available sequencing surfaces from two-dimensions to three-dimensions, thereby providing a

massive increase to the throughput of a sequencing flow cell.

[000261] Various implementations of the disclosed systems, devices, and methods may be useful
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for creating reversible three-dimensional polymer (e.g., hydrogel) structures within the fluidics
channels on flow cells. These structures may be used for introducing temporary functional
surfaces within the flow cell, in addition to pre-existing sequencing surfaces, for multiple
applications including, for example, (i) target DNA enrichment; (ii) clustered regularly
interspaced short palindromic repeats (CRISPR) screening; and (iii) highly multiplexed

screening applications using DNA conjugated antigens.

[000262] As used herein, the term "hydrogel” refers to a substance formed when an organic
polymer (natural or synthetic) is cross-linked by way of covalent, ionic, or hydrogen bonds to
create a three-dimensional open-lattice structure that entraps water molecules to form a gel. In
some versions, the hydrogel may be a biocompatible hydrogel, which refers to a polymer that
forms a gel that is not toxic to living cells and allows sufficient diffusion of oxygen and
nutrients to entrapped cells to maintain viability. In some versions, the hydrogel polymer
includes about 60-90% fluid, such as water, and about 10-30% polymer, wherein in other

versions, the water content of hydrogel is about 70-80%.

[000263] As used herein, the term “adapter’” refers to a linear oligonucleotide that can be fused
to a nucleic acid molecule, for example, by ligation or tagmentation. In some examples, the
adapter is substantially non-complementary to the 3' end or the 5' end of any target sequence
present in a sample. In some examples, suitable adapter lengths are in the range of about 10-
100 nucleotides, about 12-60 nucleotides, or about 15-50 nucleotides in length. Generally, an
adapter can include any combination of nucleotides and/or nucleic acids. An adapter can also
include one or more cleavable groups at one or more locations. An adapter can also include a
sequence that is complementary to at least a portion of a primer, for example a primer including
a universal nucleotide sequence. An adapter can also include a barcode (also referred to as a
tag or index) to assist with downstream error correction, identification, or sequencing. As used
herein, the term “index” refers to a sequence of nucleotides that can be used as a molecular
identifier or barcode to tag a nucleic acid, or to identify the source of a nucleic acid. An index

can be used to identify a single nucleic acid, or a subpopulation of nucleic acids.

[000264] A flow cell herein may refer to a flow cell to be used during a sequencing workflow.

For example, the flow cell may be used for library preparation, sequencing, or both. In one
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implementation, the same flow cell may be used for both the library preparation and
sequencing. An example flow cell includes channel comprising a surface across which one
or more fluid reagents can be flowed and to which adapted fragments of sequencing libraries
can transport and bind. A flow cell includes a solid support having a surface on which
sequencing libraries bind. In some examples, the solid surface is covered with a hydrogel layer.
In some examples, the surface contains a lawn of capture nucleotides that can bind to adapted
fragments of a sequencing library. In some examples, the surface is a patterned surface. The
term “patterned,” when referring to a surface, may refer to an arrangement (such as an array)
of different regions (such as amplification sites) in or on an exposed surface of a solid support.
For example, one or more of the regions can be features where one or more amplification
and/or capture primers are present. The features can be separated by interstitial regions where
primers are not present. In some examples, the flow cell device has a channel height of about
50 ym, about 60 um, about 70 um, about 80 um, about 90 pm, about 100 um, about 110 pm,
about 120 pm, about 130 pm, about 140 pm, or about 150 pm, or an amount within a range

defined by any two of the aforementioned values.

[000265] As shown in FIG. 1A, an example sequencing flow cell 100 includes top layer of glass
110 having fluidic holes 112 formed therein; channel defining spacer 120, which includes a
plurality of fluidic/sequencing channels 122 formed therein; and bottom layer of glass 130 on
which array 150 is formed. Array 150 includes a plurality of individual structures 152 formed
thereon by the disclosed methods. An individual structure 152 may be a three-dimensional
structure. The structure may comprise a polymer. In one implementation, the polymer is a
hydrogel. It is noted while hydrogel is used to reference structure 152 in some instances herein,
“hydrogel” is only used as a representative material in this implementation, and the structure
need not comprise hydrogel and instead can comprise any suitable polymer material. FIG. 1B
depicts assembled flow cell 100 upon which an array 150 of individual three-dimensional
hydrogel structures 152 has been fabricated in one of the sequencing channels 122 and FIG.
1C depicts flow cell 100 having multiple three-dimensional hydrogel structures 152 formed
thereon inserted into sequencing cartridge 160, which is used with a sequencing-by-synthesis
apparatus. Three-dimensional hydrogel structures having a specific, predetermined geometry
may be formed on the flow cell by: (i) introducing a hydrogel precursor solution into a

sequencing channel of the flow cell; (ii) placing a photomask having a specific pattern formed
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thereon over the sequencing channel on the flow cell, either before or after introducing the
hydrogel precursor solution into the flow cell; and (iii) exposing the hydrogel precursor
solution to light at a predetermined wavelength through the photomask, wherein the
illumination of the hydrogel precursor solution polymerizes the contents thereof and forms
three-dimensional structures on the flow cell that correspond to the pattern on the photomask.
Once the hydrogel structures have served their purpose, they may be cleaved from the flow

cell and washed away without affecting the overall functionality of the flow cell.

[000266] The hydrogel precursor solution may include monomer solutions that can be
photopolymerized by activation of a photoinitiator. An example of one such system includes
at least one type of monomer, a reversible or cleavable crosslinker, and a photoinitiator. In one
version, the monomer is acrylamide, the reversible crosslinker is N,N'-Bis(acryloyl)cystamine
(BAC), and the photoinitiator is lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),
which is activated by ultraviolet (UV) light at a predetermined wavelength.

[000267] In other versions, the precursor solution may include polyethylene glycol (PEG)-thiol,
PEG-acrylate, acrylamide, N,N'-bis(acryloyl)cystamine, PEG, polypropylene oxide (PPO),
polyacrylic acid, poly(hydroxyethyl methacrylate) (PHEMA), poly(methyl methacrylate)
(PMMA), poly(N-isopropylacrylamide) (PNIPAAm), poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA), polycaprolactone (PCL), poly(vinylsulfonic acid) (PVSA), poly(L-
aspartic acid), poly(L-glutamic acid), polylysine, agar, agarose, alginate, heparin, alginate
sulfate, dextran sulfate, hyaluronan, pectin, carrageenan, gelatin, chitosan, cellulose, collagen,
bisacrylamide, diacrylate, diallylamine, triallylamine, divinyl sulfone, diethyleneglycol diallyl
ether, ethyleneglycol diacrylate, polymethyleneglycol diacrylate, polyethyleneglycol
diacrylate, trimethylopropoane trimethacrylate, ethoxylated trimethylol triacrylate, or
cthoxylated pentaerythritol tetracrylate, or combinations thercof. In other versions, the
monomer may include PEG-thiol/PEG-acrylate, acrylamide/N,N'-bis(acryloyl)cystamine
(BACy), or PEG/PPO.

[000268] In some implementations of the disclosed methods, the monomer may be the compound

of formula I:
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wherein each R? is independently hydrogen or (C.6) alkyl.

[000269] In some implementations of the disclosed methods that include a crosslinker, the

crosslinker may be the compound of formula II:

R1

0
| n
0 R
(1)

wherein:
each n is independently an integer from 1-6; and

cach R!is independently a hydrogen or (C1.6) alkyl.

[000270] A crosslinker is capable of crosslinking the polymer chains within the polymer. In one
implementation, the polymer is a hydrogel. In some versions, a crosslinker can be cleaved,
thereby unlinking the polymer chains, by the presence of a reducing agent; by elevated
temperature; by an electric field; or by exposing the hydrogel structures to a wavelength of
light that cleaves a photo-cleavable crosslinker that crosslinks polymer of the hydrogel. In
some versions, the reducing agent may include phosphine compounds, water soluble
phosphines, nitrogen containing phosphines and salts and derivatives thereof, dithioerythritol
(DTE), dithiothreitol (DTT) (cis and trans isomers, respectively, of 2,3-dihydroxy-14-
dithiolbutane), 2-mercaptoethanol or B-mercaptoethanol (BME), 2-mercaptoethanol or
aminoethanethiol, glutathione, thioglycolate or thioglycolic acid, 2,3-dimercaptopropanol,
tris(2-carboxyethyl)phosphine  (TCEP), tristhydroxymethyl)phosphine (THP), or P-
[tris(hydroxymethyl)phosphine] propionic acid (THPP). In some versions, the crosslinker is
cleaved by increasing the temperature to greater than about 50°C, about 55°C, about 60°C,

about 65°C, about 70°C, about 75°C, about 80°C, about 85°C, about 90°C, about 95°C, or
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about 100°C. In some versions, the reducing agent is activated by ultraviolet light.

[000271] Other suitable photoinitiators include biocompatible photoinitiators for radical
polymerization that do not damage nucleic acids such as, for example, a diazosulfonate
initiator; monoacylphosphineoxide (MAPO) salts such as, for example, Na-TPO and Li-TPO;
and bisacylphosphineoxide (BAPO) salts such as, for example, BAPO-ONa and BAPO-OLi.

[000272] In some examples, crosslinking the polymer chains of the hydrogel structure forms a
hydrogel matrix having pores (i.e., a porous hydrogel matrix). In some versions, the size of the
pores in the hydrogel structures are regulatable or tunable and may be formulated to
encapsulate sufficiently large genetic material, such as cells or nucleic acids (e.g., of greater
than about 300 base pairs), but to allow smaller materials, such as reagents, or smaller sized
nucleic acids (e.g., of less than about 50 base pairs), such as primers, to pass through the pores,
thereby passing in and out of the hydrogel structures. The hydrogels can have any pore size
having a diameter sufficient to allow diffusion of reagents through the structure while retaining
the encapsulated nucleic acid molecules. The term "pore size" can also refer to an average
diameter or an average effective diameter of a cross-section of the pores, based on the
measurements of a plurality of pores. The effective diameter of a cross-section that is not
circular equals the diameter of a circular cross-section that has the same cross-sectional area
as that of the non-circular cross-section. In some examples, the hydrogel structure can be
swollen when the hydrogel is hydrated. The sizes of the pores can then change depending on
the water content in the hydrogel of the hydrogel structure. In some examples, the pores have

a diameter of from about 10 nm to about 100 nm.

[000273] In some examples, the pore size of the hydrogel structures is tuned by varying the ratio
of the concentration of polymer to the concentration of crosslinker. In some examples, the ratio
of polymer to crosslinker is about 30:1, about 25:1, about 20:1, about 19:1, about 18:1, about
17:1, about 16:1, about 15:1, about 14:1, about 13:1, about 12:1, about 11:1, about 10:1, about
9:1, about 8:1, about 7:1, about 6:1, about 5:1, about 4:1, about 3:1, about 2:1, about 1:1, about
1:2, about 1:3, about 1:4, about 1:5, about 1:6, about 1:7, about 1:8, about 1:9, about 1:10,
about 1:15, about 1:20, or about 1:30, or about any one of these ratios, or a ratio within a range

defined by any two of the aforementioned ratios.
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[000274] FIGS. 2A-2E depict example method 200 for fabrication and subsequent removal of
three-dimensional hydrogel structures on flow cell 210. Flow cell 210 includes upper internal
surface 212 and lower internal surface 214 which together define flow cell channel 216. Pre-
patterned photomask 218 has been laminated or otherwise attached to the upper surface of flow
cell 210. FIG. 2A depicts introducing hydrogel precursor solution 230 containing: (i) monomer
(e.g., acrylamide), (ii) crosslinker (e.g., BAC), and (iii) photo-initiator (e.g., LAP) into flow
cell 210. FIG. 2B depicts exposing hydrogel precursor solution 230 to UV light at a
predetermined wavelength through pre-patterned photomask 218, which has multiple apertures
200 formed therein. Exposing hydrogel precursor solution 230 to UV light activates the
photoinitiator (LAP), thereby generating radicals that lead to controlled polymerization of the
monomer (acrylamide) into hydrogel structures 232 containing disulfide bonds. FIG. 2C
depicts the formation of hydrogel features 232, which are anchored to top and bottom surfaces
212 and 214 of sequencing channel(s) 216 of flow cell 210, which is adapted to be inserted
into cartridge 260. FIG. 2C includes bright field micrograph 250 showing cylindrical hydrogel
structure 232 (100-150 um in diameter) having dense gel walls with a less dense core. FIG. 2D
depicts cleaving hydrogel features 232 from flow cell 210 using heat or a combination of heat
and chemical cleavage of the crosslinker. For example, incubating hydrogel structures 232 with
a reducing agent, such as an oil containing DTT, cleaves the structures by reducing the
disulfide bonds in the hydrogel crosslinker to thiols, thereby permitting the hydrogel to be
washed out of flow cell 210 as shown in FIG. 2E. The surfaces of flow cell 210 remain
functional after the cleaved hydrogel structures have been washed out of the flow cell, i.e.,
removing the hydrogel structures from flow cell 210 does not affect the functionality of
sequencing primers that have been bound to the flow cell prior to fabrication and subsequent

removal of the hydrogel gel features.

[000275] Fabrication of hydrogel structures such as those previously described can be
accomplished in both a factory environment and in a laboratory environment. However, known
hydrogel fabrication techniques typically involve the use of expensive and unwieldy equipment
such as, for example, a photomask aligner with a collimated UV light source and a chrome
mask. Accordingly, to facilitate the fabrication of hydrogel structures on flow cells directly by
consumers of sequencing products, a relatively small-scale, low-cost instrument for on-flow

cell hydrogel fabrication is provided. By way of example, a generic implementation of this
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instrument includes: (i) a collimated LED UV light source such as, for example, Thor Labs
model M385LP1-C1; (ii) a housing that is adapted to receive a flow cell (and flow cell
cartridge) therein and that supports and properly positions the light source relative to the flow
cell; (ii1) a prepatterned Mylar® photomask that is adapted to be laminate adhered on the upper
surface of a particular flow cell; and (iv) a shielding enclosure for containing the light source
and housing. An opening in the shielding enclosure allows the flow cell to be inserted into the
housing for UV illumination of the flow cell through the prepatterned photomask. The housing
may include a movable or adjustable stage apparatus for replicating patterns along the length
and width of a flow cell if the illumination zone of the housing is smaller than the area of on
the flow cell that is to be photopatterned. In addition to operating as a wide-field illuminator,
different versions of the disclosed instrument also perform various reagent exchanges and
provide thermal control for facilitating automated library preparation. As described in greater
detail below, certain implementations of the disclosed instrument operate as stand-alone library
preparation devices that output a ready to cluster or ready to sequence library. The photomask
may include (but need not necessarily be limited to) Mylar® (polyethylene terephthalate); a
screen-printed light absorbing material such as carbon ink; or a chemically etched metal film;

such aluminum, chrome, gold, or platinum, and other light absorbing materials.

[000276] FIGS. 3A-3C depict an example implementation of the disclosed system and method
for fabricating hydrogel structures on a flow cell, wherein the hydrogel structures contain a
sample to be sequenced or otherwise analyzed. In this implementation, the disclosed
instrument is automated, and the housing includes a processor that executes various programs
residing thereon for illuminating the flow cell and for performing reagent exchange and other
functions in an automated manner. As shown in FIG. 3A, a customer (or other user) orders
flow cell 310 on which photomask 318 (having a region that includes a customer-specified
pattern formed therein) has been laminated to form assembly 320. The patterned region of
photomask 318 is placed over and aligned with channel(s) 312 on flow cell 310. Flow cell 310
is then inserted into an appropriate flow cell cartridge 360. As shown in FIG. 3B, the customer
then mixes a sample of interest (e.g., biological cells or genomic DNA) with a hydrogel
precursor solution that includes, for example, a monomer, a cross linker, and a photoinitiator,
and loads the solution onto flow cell 310. As shown in FIG. 3C, assembly 320 and cartridge

360 are then loaded into housing 370 on which a UV light source has been mounted using
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moveable tray 372. Based on the layout or geometric pattern of photomask 318, the customer
chooses an appropriate illumination program and exposes flow cell 310 to UV light for
polymerizing the solution and patterning the desired hydrogel structures on flow cell 310. FIG.
3C includes a bright field micrograph of hydrogel pillars 332 fabricated on a flow cell using
the disclosed system and method. Flow cell 310 is then washed to remove unpolymerized
solution and excess sample and photomask 318 can be removed from flow cell 310. In one
implementation, more than half of each of the unpolymerized solution, the excess sample, and
the photomask is removed. In one implementation, all of each of the unpolymerized solution,
the excess sample, and the photomask is removed. Flow cell 310 can then be placed into a
sequencer or fluid handler for automated downstream processing such as lysis, tagmentation,

bridge amplification, clustering, etc.

[000277] Several other implementations are provided regarding the assembly of the photomask
and the flow cell. In one implementation, a user first inserts a flow cell into the housing and
then inserts the photomask, which is separate from the flow cell (e.g., the photomask is not
laminated to the flow cell). Because various photomask patterns and designs are possible, a
user may select different photomasks based on required pitch or on specific applications or
specific uses for the flow cell. In this and other implementations, the housing of the instrument
is adapted to receive a variety of different flow cells including HiSeq™, NextSeq™,
NovaSeq™, MiniSeq™, iSeq™, and MiSeq™ flow cells, or other suitable flow cells available
from Illumina, Inc. In another implementation, the flow cell is provided pre-assembled with
the photomask already applied to the exterior surface of the flow cell. Depending on the
resolution, the photomask can be either printed on the flow cell using screen printing or
laminated to the surface of the flow cell using an opaque adhesive film patterned to create
structures on the flow cell. The photomask may be peeled off of the flow cell after it has been
used, if desired. In another implementation, the photomask may be fabricated from aluminum,
or another metal deposited inside a fluidic channel, during a microfabrication process used to
create the flow cell. The photomask may then be etched away with a high pH buffer after

creation of hydrogel structures on the flow cell is complete.

[000278] II. Cell Compartmentalization and In Situ Sequencing Library Preparation
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[000279] The disclosed systems and methods may have a benefit of high-throughput single-cell
or single-colony sequencing by providing on-flow cell compartmentalization of biological
cells (and genetic material contained therein) that is achieved by encapsulating single cells or
single cell colonies in reversible hydrogel structures that allow for efficient reagent exchange
for cell lysis and sequencing library preparation. In situ library preparation and spatial indexing
of clusters is accomplished using the following example implementation, which includes on-
flow cell biological cell encapsulation, library preparation, library seeding, and bridge
amplification. The flow cell is provided with two types of oligonucleotides (e.g., PS and P7),
referred to as surface primers or sequencing primers, bound to the upper and lower surfaces of
the flow cell. The sequences of these surface primers are complimentary to library adapters,
and the fragments of a DNA library are captured by these oligonucleotides. As used herein, P5
and P7 refer to a universal PS5 or P7 sequence or P5 or P7 primer for capture and/or
amplification purposes. A P5 sequence comprises a sequence defined by SEQ ID NO: 1
(AATGATACGGCGACCACCGA) and a P7 sequence comprises a sequence defined by SEQ
ID NO: 2 (CAAGCAGAAGACGGCATACGA).

[000280] “Genetic material”, as used herein, refers to cells, microbiomes, or nucleic acids. In
some versions, the cell is a single cell, including a prokaryotic or a eukaryotic cell. In some
versions, the cell is a mammalian cell. In some versions, the cell is a human cell. In some
versions, the cell is a bacterial cell. In some versions, the genetic material is a viral particle. In
some versions, the nucleic acid is a long DNA molecule, genomic DNA, viral nucleic acid,
bacterial nucleic acid, or mammalian nucleic acid. Any genetic materials of interest may be

encapsulated within the disclosed hydrogel structures.

[000281] Genetic material encapsulated with the disclosed hydrogel structure is of sufficient size
that it is entrapped within the hydrogel structure such that it cannot pass through the pores of
the hydrogel structure. In some examples, the target nucleic acid molecule encapsulated within
the hydrogel structure is at least about 100 nucleotides in length, at least about 150 nucleotides
in length, at least about 200 nucleotides in length, at least about 300 nucleotides in length, at
least about 500 nucleotides in length, at least about 1,000 nucleotides in length, at least about
5,000 nucleotides in length, at least about 10,000 nucleotides in length, at least about 20,000
nucleotides in length, at least about 50,000 nucleotides in length, at least about 100,000
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nucleotides in length, or more nucleotides in length. In several examples, the nucleic acid
molecules encapsulated within the hydrogel structures are genomic DNA fragments of from
about 1,000 to about 10,000 nucleotides in length, from about 10,000 to about 20,000
nucleotides in length, from about 10,000 to about 50,000 nucleotides in length, from about
50,000 to about 100,000 nucleotides in length, or about 300, about 500, about 1000, about
10,000, about 20,000, about 50,000 or about 100,000 nucleotides in length, or a range between
any two of the foregoing sizes, or a length longer than the foregoing sizes. In some examples,

the encapsulated nucleic acid molecules are up to about 3 Mbases in length.

[000282] Some versions of the disclosed systems and methods relate to processing genetic
material within a hydrogel structure to create a sequencing library, which can be defined as a
collection of fragments of one or more target nucleic acid molecules, or amplicons of the
fragments. In some versions, genetic material encapsulated within a hydrogel structure is
contacted with one or more reagents for nucleic acid processing. In some versions, the genetic
material is retained within the hydrogel structures, and reagents pass through the pores of the
hydrogel structures. Reagents can include lysis reagents, nucleic acid purification reagents,
DNA amplification reagents, tagmentation reagents, PCR agents, or other reagents used in
processing of genetic materials (e.g., lysozyme, proteinase K, random hexamers, polymerase
(for example, ® 29 DNA polymerase, Taq polymerase, Bsu polymerase), transposase (e.g.,
TnS), primers (e.g., P5 and P7 adaptor sequences), ligase, catalyzing enzyme, deoxynucleotide
triphosphates, buffers, or divalent cations. Thus, the hydrogel structures provide a
microenvironment for controlled reactions of genetic materials within the hydrogel structures
by allowing a barrier for reagents to pass in and out of the hydrogel structures, while retaining
the genetic material itself within the structures. This has the benefit of enabling single cell
processing for rapid and efficient processing of a target nucleic acid. In some versions, the
encapsulated nucleic acids are sequenced in full or in part within the hydrogel structures. The
encapsulated nucleic acids can be sequenced according to any suitable sequencing
methodology, such as direct sequencing, including sequencing by synthesis, sequencing by

ligation, sequencing by hybridization, nanopore sequencing and the like.

[000283] For cell encapsulation, as shown in FIG. 4A, single cells or colonies are mixed with a

polymer precursor solution that includes a monomer, a cleavable crosslinker, and a
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photoinitiator. The cell-containing solution is then loaded into a flow cell and illuminated with
UV light through a photomask in the manner previously described to create an array of cell-
embedded hydrogel structures (e.g., pillars) on the flow cell. Excess precursor solution is
washed away to obtain a clear interstitial space between the hydrogel structures. A merged
bright field and fluorescence micrograph showing a hydrogel structure with E. coli cells
encapsulated therein and a bright field image of hydrogel pillars formed on a flow cell appear
at the bottom of FIG. 4A. Alternately, as shown in FIGS. 5A-5D, an array of hydrogel
structures 532 having cell-trapping features formed therein may be created on flow cell 510
first, and single cells or colonies may then be flowed through cell-trapping hydrogel features
532 such that the single cells or colonies become entrapped in the hydrogel features. FIG. SA
is a side-view depiction of example cell-trapping hydrogel features 532 that are attached to
upper surface 512 and lower surface 514 of channel 516. FIG. 5B is a top view of the cell-
trapping hydrogel feature of FIG. SA. FIG. 5C is a side-view depiction an example cell-
trapping hydrogel array in which cells 550 have become entrapped and FIG. 5D is a top view
of one of the cell-trapping hydrogel features of FIG. 5C showing cell 550 trapped therein. As
shown in FIG. 5D, hydrogel features 532 may include beveled edges and various channels and

passages formed therein to facilitate the flow of fluid through and around the features.

[000284] In one implementation, for library preparation, as shown in FIG. 4B, lysis and
tagmentation reagents are diffused into the hydrogel structures. Tuning or otherwise modifying
the pore size of the hydrogel may allow optimization of buffer exchanges and efficient
diffusion of reagents into and out of the hydrogel structures. Cells captured in the hydrogel
structures are lysed with an enzymatic or chemical lysis buffer. DNA released by lysing the
cells is then tagmented. Tagmentation involves modification of a nucleic acid molecule by a
transposome complex to fragment the nucleic acid molecule and ligate adapters to the 5' and
3' ends of the fragments in a single step. Tagmentation reactions may combine random DNA
fragmentation and adapter ligation into a single step to increase the efficiency of the sequencing
library preparation process. Once the adapters have been ligated to the fragments, additional
motifs such as indices, barcodes, and other kinds of molecular modifications that act as
reference points during amplification, sequencing, and analysis may be added. Indices and
barcodes are unique DNA sequences ligated to fragments within a sequencing library for

downstream in silico sorting and identification. A bright field micrograph showing an array of
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hydrogel structures appears at the bottom of FIG. 4B.

[000285] As previously indicated, adaptors can include sequencing primer sites, amplification
primer sites, and indexes. For example, an adaptor can include a PS5 sequence, a P7 sequence,
or a complement of either. As previously indicated, an "index" can include a sequence of
nucleotides that can be used as a molecular identifier and/or barcode to tag a nucleic acid,
and/or to identify the source of a nucleic acid. In some versions, an index can be used to identify

a single nucleic acid, or a subpopulation of nucleic acids.

[000286] For library seeding, as shown in FIG. 4C, to seed the libraries resulting from library
preparation onto the top and bottom surfaces of the flow cell while maintaining spatial
compartmentalization, a liquid diffusion barrier is introduced into the flow cell. The liquid
diffusion barrier may contain a cleaving agent such as DTT, which degrades the hydrogel
structures. The temperature of the flow cell is raised, and the hydrogel structures are cleaved
to release the library fragments contained therein, which then hybridize to the surface primers
attached to the surfaces of the flow cell at areas 250. In this implementation, a wash step with
an aqueous buffer is used to remove the cleaved hydrogels from the flow cell. A bright field
micrograph showing melted hydrogel structures in mineral oil appears at the bottom of FIG.

4C.

[000287] The hydrogel structures are degraded while surrounded by a liquid diffusion barrier to
release the sequencing libraries from the structures and seed the sequencing libraries on the
flow cell. The liquid diffusion barrier is loaded onto the flow cell to fill the void volume
between the hydrogel structures and to surround the hydrogel structures. Surrounding the
captured hydrogel structures with the liquid diffusion barrier inhibits diffusion of the
sequencing libraries outside of the structure volume when the structure is degraded, thereby
reducing, and in some instances even preventing, cross-contamination between hydrogel
structures. After structure degradation, the encapsulated sequencing libraries transport to the
surface of the flow cell, where they are captured. Thus, in the presence of the liquid diffusion
barrier, seeding on the flow cell occurs in close proximity to the footprint of each hydrogel
structure. It should be noted that a diffusion barrier is used in certain implementations wherein

discrete compartmentalization of library fragments generated within the hydrogel structures is
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desired. However, in implementations in which compartmentalization is not desired, a
diffusion barrier may not be used. Accordingly, the diffusional barrier may be referred to as

“optional”.

[000288] In some examples, the liquid diffusion barrier can be a hydrophobic liquid such as an
oil, examples of which include mineral oil, silicone oil, or perfluorinated oil, or a combination
of two or more thereof. In some examples, the liquid diffusion barrier is a viscous aqueous
solution, for example, containing polyethylene glycol (PEG), polyvinyl-pyrrolidone, pluronic
dextran, sucrose, poly(N -isopropylacrylamide) or polyethylene oxide-polypropylene oxide-
polyethylene oxide (PEO-PPO-PEOyiaponite, or a combination of two or more thereof. In
some examples, a temperature responsive material can be used as the liquid diffusion barrier.
The temperature responsive material is a non-viscous liquid at non-seeding temperature and
can be easily loaded onto the flow cell to occupy the interstitial space between hydrogel
structures. Upon heating to seeding temperature, the material solidifies to form a physical
barrier and prevent library diffusion. In some examples, the temperature responsive material
can be a poly(N-isopropylacrylamide) or polyethylene oxide-polypropylene oxide-
polyethylene oxide (PEO-PPO-PEO)/laponite nanoparticle composite material. In some
examples, the liquid diffusion barrier used in the disclosed implementations is composed of a

combination of any two or more of the liquid diffusion barriers discussed above.

[000289] The hydrogel structures can be degraded using any appropriate method that does not
substantially reduce the effectiveness of the liquid diffusion barrier for inhibiting diffusion of
the sequencing libraries beyond the diameter of the hydrogel structures. The hydrogel
structures do not need to be completely degraded to release the sequencing libraries from the
hydrogel structures and seed the sequencing libraries on the flow cell. Sufficient degradation
includes an increase in porosity of the hydrogel structures to allow for diffusion of the
encapsulated sequencing libraries and transport of the sequencing libraries to the surface of the

flow cell.

[000290] For bridge amplification, as shown in FIG. 4D, the hybridized library fragments are
then clonally amplified using the bridge amplification process for cluster generation. During

bridge amplification, polymerases move along a single stranded DNA fragment
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(polynucleotide) bound to the flow cell, creating its complementary polynucleotide. The
original polynucleotide is washed away, leaving only the reverse polynucleotide. At the top of
the reverse polynucleotide there is an adapter sequence (e.g., P5 or P7). The DNA fragment
bends and attaches to an oligonucleotide on the flow cell surface that is complementary to the
top adapter sequence. Polymerases attach to the reverse polynucleotide, and its complementary
polynucleotide (which is identical to the original) is made. The now double stranded DNA is
denatured so that each polynucleotide can separately attach to an oligonucleotide sequence
anchored to the flow cell. One will be the reverse strand; the other, the forward. The process
is then repeated over and over and may occur simultaneously for millions of clusters resulting
in clonal amplification of all the fragments in the DNA library. Following bridge amplification,
resulting clusters 260 are localized to the top and bottom surfaces of the flow cell where the
hydrogel structures had previously been anchored. A fluorescence micrograph at the bottom
of FIG. 4D shows the presence of sequencing clusters 260 after staining with SYTOX™

intercalator dye, commercially available from ThermoFisher Scientific.

[000291] FIG. 6 is a flowchart depicting an example implementation of a method for making
three-dimensional polymer structures on a flow cell. Method 600 includes loading a polymer
precursor solution into a flow cell at block 602, wherein the polymer precursor solution
includes a monomer, a crosslinker, and a photoinitiator, wherein the flow cell includes at least
one channel for receiving the polymer precursor solution, and wherein at least one channel has
an upper interior surface and a lower interior surface; placing a photomask over the at least
one channel at block 604, wherein the photomask includes a series of apertures formed therein;
and illuminating the polymer precursor solution through the photomask with light at a
wavelength sufficient to activate the photoinitiator at block 606. Activation of the
photoinitiator polymerizes at least some of the polymer precursor solution underneath the
apertures in the photomask and forms three-dimensional polymer structures that extend from
the upper interior surface to the lower interior surface of the at least one channel. In other
implementations, the photomask is integrated with the flow cell rather than being placed on or

attached thereto.

[000292] FIG. 7 is a flowchart depicting another example implementation of a method for

making three-dimensional polymer structures on a flow cell. Method 700 includes loading a
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polymer precursor solution into a flow cell at block 702, wherein the polymer precursor
solution includes biological cells or colonies of biological cells containing genetic material, a
monomer, a crosslinker, and a photoinitiator, wherein the flow cell includes at least one
channel for receiving the polymer precursor solution, wherein the at least one channel has an
upper interior surface and a lower interior surface, and wherein primers are bound to both the
upper and lower interior surfaces of the at least one channel; placing a photomask over the at
least one channel at block 704, wherein the photomask includes a series of apertures formed
therein; and illuminating the polymer precursor solution through the photomask with a light at
a wavelength that activates the photoinitiator at block 706, wherein activation of the
photoinitiator polymerizes at least some of the polymer precursor solution underneath the
apertures in the photomask and forms three-dimensional polymer structures that extend from
the upper interior surface to the lower interior surface of the at least one channel; and wherein
the biological cells or colonies of biological cells are compartmentalized in the three-
dimensional polymer structures. In other implementations, the photomask is integrated with

the flow cell rather than being placed on or attached thereto.

[000293] FIG. 8 is a flowchart depicting yet another example implementation of a method for
making three-dimensional hydrogel structures on a flow cell. Method 800 includes loading a
hydrogel precursor solution onto a flow cell at 802, wherein the hydrogel precursor solution
includes biological cells or colonies of biological cells containing genetic material, a monomer,
a crosslinker, and a photoinitiator, wherein the flow cell includes at least one channel for
receiving the polymer precursor solution, wherein the at least one channel has an upper interior
surface and a lower interior surface, and wherein primers are bound to both the upper and
lower interior surfaces of the at least one channel; placing a photomask over the at least one
channel at block 804, wherein the photomask includes a series of apertures formed therein;
illuminating the hydrogel precursor solution through the photomask with light at a wavelength
that activates the photoinitiator at block 806, wherein activation of the photoinitiator
polymerizes the hydrogel precursor solution underneath the apertures in the photomask and
forms three-dimensional hydrogel structures that extend from the upper interior surface to the
lower interior surface of the at least one channel, and wherein the biological cells or colonies
of biological cells are compartmentalized in the three-dimensional hydrogel structures;

diffusing a lysis reagent into the three-dimensional hydrogel structures at block 808, wherein
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the lysis reagent lyses the biological cells and releases the genetic material therefrom, and
wherein the genetic material includes nucleic acid; fragmenting the released nucleic acid and
ligating adapters to the end of the nucleic acid fragments at block 810; seeding the nucleic acid
fragments on the upper and lower surfaces of the channel at block 812 by introducing a
diffusion barrier into the at least one channel to prevent cross-contamination between hydrogel
structures at 814, heating the flow cell to a temperature that cleaves the hydrogel structures
and releases the nucleic acid fragments at 816, hybridizing the nucleic acid fragments to the
primers on the upper and lower interior surfaces of the at least one channel at 818, and washing
the cleaved hydrogel structures out of the flow cell at 820; and clonally amplify the hybridized
nucleic acid to create clusters for sequencing at block 822. In other implementations, the

photomask is integrated with the flow cell rather than being placed on or attached thereto.

[000294] The methods and systems described herein provide certain benefits. Versions of the
"spatial indexing" methods and techniques described herein shorten data analysis and simplify
the process of library preparation from single cells and long DNA molecules. Existing
protocols for single cell sequencing involve efficient physical separation of the cells and
uniquely barcoding each isolated cell and pooling cells back together for sequencing. Current
protocols for synthetic long reads also involve cumbersome barcoding, pooling barcoded
fragments together for sequencing, and performing data analysis to distinguish genetic
information derived from each barcoded cell. During these long processes, there is also loss of
genetic material which causes dropouts in the nucleotide sequences. Versions described herein

not only shorten the entire sequencing process but also increase data resolution for single cells.

[000295] The following non-limiting working examples are provided to illustrate particular
features of certain examples, but the scope of the claims should not be limited to those features

exemplified.
[000296] EXAMPLE 1: On-flow cell integration of library preparation from genomic DNA

[000297] This example illustrates sequencing of genomic DNA trapped in hydrogel structures,
wherein library preparation though sequencing is integrated and performed directly on a flow

cell.
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[000298] A hydrogel precursor solution of 10%T was prepared from a 40% (w/v) acrylamide/
N,N'bis(acryloyl)cystamine (BA Cy) (19:1) monomer stock solution (3.8 g of acrylamide, 0.2
g of BACy, and 6 mL of double distilled (dd) H20), with 1 mg/mL of LAP photoinitiator and
E. coli genomic DNA (0.008 ng/uL). Solution was introduced into a MiSeq™ flow cell and
the flow cell was exposed to collimated UV light (OAI mask aligner, power in the range of
~30-40 mW/cm?) through a chrome mask (HTA Photomasks) patterned with 200 pum circular

features to form the hydrogel structures.

[000299] Precursor solution containing excess genomic DNA was washed out with PR-2. The
flow cell was incubated with tagmentation enzyme solution for 15 minutes at 55°C, followed
by a PR-2 wash and an incubation with Tagmentation Stop buffer (10 minutes at 37°C). The
flow cell was then washed with PR-2 and AMS-1 enzyme was incubated at 50°C for 5 minutes.
The library was denatured with an NaOH 0.1 M wash, followed by an HT-2 wash. The flow
cell was incubated with HT-1 for 5 minutes and then loaded with mineral oil with surfactants
and DTT (312.5 pL of mineral oil + 4.5% Span 80, 0.4% Tween 20, and 0.05% Triton X-100
and 0.5 pL of 12 mg DTT/400 uL EtOH). Seeding was achieved by incubating flow cell at a
temperature ramp of 60°C, 40°C and 20°C.

[000300] The flow cell was then washed with HT-1 and the seeded library was extended with
AMS-1 (50°C for 5 minutes). Remaining hydrogel was then melted with CLM (40°C for 5
minutes) and the flow cell was washed with PR-2. The flow cell was then inserted into a
sequencer for bridge amplification (24 cycles) and sequencing. This method demonstrates that
genomic DNA may be trapped within on-flow cell hydrogel structures and that library

preparation and sequencing of the library may be performed directly on the flow cell.

[000301] EXAMPLE 2: On-flow cell integration of library preparation for mini metagenomic

sequencing

[000302] The following example illustrates direct integration of microbial cell sequencing, from
lysis and library preparation of microbes encapsulated in on-flow cell hydrogel structures, to

seeding, clustering and sequencing of library molecules.

[000303] A hydrogel solution of 10%T was prepared from a 40% (w/v) acrylamide/
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N,N'bis(acryloyl)cystamine (BA Cy) (19: 1) monomer stock solution (3.8 g of acrylamide, 0.2
g of BACy, and 6 mL of double distilled (dd) H20), with 1 mg/mL of LAP photoinitiator and
0.01 M Tris/HCI and a mix of 10 microbes (ZYMOMICS Microbial Community Standard
D6300) and the solution was introduced into a MiSeq™ flow cell. The flow cell was exposed
to collimated UV light (OAI mask aligner, power in the range of ~30-40 mW/cm?) through a
chrome mask (HT A Photomasks) patterned with 200 um circular features to form the hydrogel

structures.

[000304] Excess precursor solution was washed out with PR-2 and microbes are lysed using a
ChargeSwitch gDNA mini bacteria kit (Thermo Fisher CS11301); a first incubation with
lysozyme and lysostaphin, followed by a second incubation with proteinase K. The flow cell
was washed with PR-2 and tagmentation enzyme solution was introduced and incubated at
55°C for 15 minutes, followed by a PR-2 wash and an incubation with Tagmentation Stop
buffer (10 minutes at 37°C). The flow cell was then washed with PR-2 and AMS-1 enzyme
was incubated at 50°C for 5 minutes. Library was then denatured with an NaOH 0.1 M wash,
followed by an HT-2 wash. The flow cell was incubated with HT-1 for 5 minutes, and then
loaded with mineral oil with surfactants and DTT (312.5 pL of mineral oil + 4.5% Span 80,
0.4% Tween 20, and 0.05% Triton X-100 and 0.5 pL of 12 mg DTT/400 uL EtOH). Seeding

was achieved by incubating flow cell at a temperature ramp of 60°C, 40°C and 20°C.

[000305] The flow cell was then washed with HT-1 and seeded library was extended with AMS-
1 (50°C for 5 minutes). Remaining hydrogel was then melted with CLM (40°C for 5 minutes)
and flow cell was washed with PR-2. The flow cell was then inserted into a sequencer for
bridge amplification (24 cycles) and sequencing. This method demonstrates that microbes may
be trapped within on-flow cell hydrogel structures and that genomic library preparation and

sequencing of the library may be performed directly on the flow cell.
[000306] EXAMPLE 3: On-flow cell integration of library preparation from mammalian cells

[000307] The following example demonstrates on-flow cell encapsulation, lysis, library

preparation and sequencing of genomic material from mammalian cells.

[000308] A hydrogel solution of 10%T was prepared from a 40% (w/v) acrylamide/
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N,N'bis(acryloyl)cystamine (BA Cy) (19: 1) monomer stock solution (3.8 g of acrylamide, 0.2
g of BACy, and 6 mL of PBS), with 1 mg/mL of LAP photoinitiator and mammalian cells
(GM12878 cells). The solution was introduced into a MiSeq™ flow cell and the flow cell was
exposed to collimated UV light (OAI mask aligner, power in the range of ~30-40 mW/cm?)
through a chrome mask (HTA Photomasks) patterned with 200-500 pm circular features to

form the hydrogel structures encapsulating the cells. The flow cell was then washed with PBS.

[000309] Cells are lysed with ChargeSwitch Lysis Buffer and proteinase K (10 minutes, 50°C).
The flow cell was washed with PR-2 and tagmentation enzyme solution was added to the flow
cell (55°C for 15 minutes) followed by a PR-2 wash and an incubation with Tagmentation Stop
buffer (10 minutes at 37°C). The flow cell was washed with PR-2 and AMS-1 enzyme was
incubated at 50°C for 5 minutes. The library was then denatured with an NaOH 0.1 M wash,
followed by an HT-2 wash and an incubation with HT-1 for 5 minutes. The flow cell was
loaded with mineral oil with surfactants and DTT (312.5 pL of mineral oil + 4.5% Span 80,
0.4% Tween 20, and 0.05% Triton X-100 and 0.5 pL of 12 mg DTT/400 pL EtOH) and
incubated at a temperature ramp of 60°C, 40°C and 20°C.

[000310] The flow cell was washed with HT-1, followed by an incubation with AMS-1 (50°C
for 5 minutes). Any remaining hydrogel was cleaved with CLM (40°C for 5 minutes) and the
flow cell was washed with PR-2. The flow cell was inserted into a MiSeq™ sequencer for
bridge amplification (24 cycles) and subsequent sequencing. This method demonstrates that
mammalian cells may be trapped within on-flow cell hydrogel structures and that genomic

library preparation and sequencing of the library may be performed directly on the flow cell.
[000311] EXAMPLE 4: On-flow cell integration of amplicon sequencing from genomic DNA

[000312] This example illustrates on-flow cell integration of amplicon sequencing, wherein
genomic DNA was encapsulated in hydrogel structures for subsequent amplification of target

regions, addition of sequencing primers, seeding and sequencing.

[000313] Genomic DNA was encapsulated in hydrogel structures by first mixing genomic DNA
with a hydrogel solution of 10%T was prepared from a 40% (w/v) acrylamide/
N,N'bis(acryloyl)cystamine (BA Cy) (19: 1) monomer stock solution (3.8 g of acrylamide, 0.2
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g of BACy, and 6 mL of PBS), with 1 mg/mL of LAP photoinitiator. This hydrogel precursor
solution was introduced into a MiSeq™ flow cell. The flow cell was exposed to collimated
UV light (OAI mask aligner, power in the range of ~30-40 mW/cm?) through a chrome mask
(HTA Photomasks) patterned with 200 um circular features, resulting in the formation of
hydrogel pillars containing genomic DNA. Excess solution and DNA was washed out with

PR-2.

[000314] 10 pL of 1 uM oligo pair (forward and reverse primer pairs containing target sequence
and Illumina adapter sequence overhang) was mixed with 25 puL of KAPA HiFi 2X mix
(Roche) and 5 pL Resuspension Buffer and introduced into the flow cell. PCR was performed
on a thermal cycler using the following program: 92°C for 5 minutes, 25 cycles of: (i) 92°C 30
seconds, (i1) 55°C 30 seconds and (iii) 72°C for 2 minutes, 72°C for 5 minutes. The flow cell

was then washed with PR-2.

[000315] Next, 8 cycles of PCR are run using the thermal cycler program described in the
previous paragraph, this time with 5 uLL of Nextera XT Primer 1, 5 uL of Nextera XT Primer
2, 25 uL KAPA HiFi 2X mix, 15 pL PCR grade water. The flow cell was then washed with
PR-2.

[000316] Library molecules are denatured with an NaOH 0.1 M wash, followed by an HT-2 wash
and an incubation with HT-1 for 5 minutes. The flow cell was loaded with mineral oil with
surfactants and DTT (312.5 pL of mineral oil + 4.5% Span 80, 0.4% Tween 20, and 0.05%
Triton X-100 and 0.5 pL of 12 mg DTT/400 pL EtOH) and incubated at a temperature ramp
of 60°C, 40°C and 20°C. The flow cell was washed with HT-1, followed by an incubation with
AMS-1 (50°C for 5 minutes). Any remaining hydrogel was cleaved with CLM (40°C for 5
minutes) and the flow cell was washed with PR-2. The flow cell was then inserted into a
MiSeq™ sequencer for bridge amplification (24 cycles) and subsequent sequencing. This
method demonstrates that genomic DNA may be encapsulated within on-flow cell hydrogel
structures and that subsequent amplification of target regions, addition of sequencing primers,

seeding and sequencing may be performed on the flow cell.

[000317] In the examples disclosed herein, each individual hydrogel structure contains a

sequencing library produced from the genetic material or nucleic acid contained within the
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hydrogel structure. Accordingly, a sequencing library seeded from a single hydrogel structure
corresponds to the nucleic acid that was encapsulated within that hydrogel structure. Because
seeding occurs in close proximity to the footprint on the flow cell of each hydrogel structure,
the seeded sequencing library from each structure is spatially segregated (or "indexed") on the

flow cell based on the location of the structure.
[000318] III. Nucleic Acid Sequencing in Three Dimensions

[000319] As previously discussed, the operational throughput of current top-performing next-
generation sequencing (NGS) platforms is determined by: (i) two-dimensional nucleic cluster
density; and (ii) the overall size of the active surface area of the flow cell, both of which have
already reached practical limits of manufacturing. Example implementations provide systems
and methods for overcoming these limitations by expanding the surface upon which
sequencing may occur from two dimensions to three dimensions, thereby providing a massive

increase to sequencing flow cell throughput and data generation.

[000320] The increase to sequencing flow cell throughput and data generation is facilitated by
filling a flow cell (or other item such as, for example, a capillary tube or a miniaturized cuvette)
with materials or three-dimensional structures that occupy the entire volume of the flow cell
and which support cluster formation at a desired density throughout the entire flow cell volume.
Sequencing-by-synthesis or sequencing by another suitable method is then completed, with
cluster identification and base calling occurring by optically interrogating a series of stacked
two-dimensional slices throughout the flow cell. Example methods for sequentially imaging
individual two dimensional slices throughout the flow cell include: (i) using a confocal
microscope capable of focusing on discrete two-dimensional slices of the flow cell and
repeatedly measuring the same two-dimensional planes; and (ii) using a light-sheet
illomination microscope that can rapidly image three-dimensional volumes. In other
implementations, multiphoton fluorescence (such as two-photon excited fluorescence (2PEF))
or another multiphoton imaging technique such as three-photon excitation fluorescence (3PEF)
or multi-harmonic generation (MHG) is used for imaging the three-dimensional matrix.
Multiphoton imaging is a confocal-like excitation modality with similar sectioning capabilities

that involves the use of pulsed lasers, but typically at Near-Infrared (NIR) wavelengths, thereby
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greatly reducing potential photodamage to the matrix and its contents.

[000321] In example implementations, three-dimensional clusters are created throughout
permeable hydrogel matrices, such as those described above, by using click chemistry to attach
alkyne-linked capture primers (e.g., PS5 and P7) to an acrylamide hydrogel matrix that includes
poly(N-(5-azidoacetamidylpentyl) acrylamide-co-acrylamide) (PAZAM) containing azide
moieties. The azide-alkyne click reaction involves the copper-catalyzed reaction of an azide
with and alkyne to form a 5-membered heteroatom ring: a Cu(l)-catalyzed azide-alkyne
cycloaddition (CuAAC). The azide-alkyne click reaction may be photoinitiated using Cu (II)
and a photoinitiator system such as a Type II photoinitiator system, e.g., camphorquinone.,
which can use blue light at 470 nm as an excitation source. A sequencing library containing
nucleic acid fragments with adapters ligated to the fragment is then diffused into the hydrogel
matrix and is clustered by using cluster amplification, bridge amplification, or another suitable
method. In some implementations, the nucleic acid fragments are circularized after the adapters
are added to create nucleic acid “nanoballs”. The permeability of the hydrogel allows for
enzymes and other reagents to diffuse into the hydrogel and perform nucleic acid amplification.
As discussed in greater detail below, the hydrogel matrix can be polymerized in various shapes
and geometries, such as an array of pillars, posts, or linear trenches, for facilitating reagent

exchange around the hydrogel matrix and rapid diffusion into and out of the hydrogel matrix.

[000322] Sequencing flow cells are provided with two types of oligonucleotides (e.g., PS5 and
P7), referred to in the alternative as grafting primers, capture primers, surface primers, or
sequencing primers, bound to the upper and lower surfaces of the flow cell using hydrogel
layers or other attachment methods. The sequences of these primers are complimentary to
library adapters, and the fragments of a DNA library are captured by these oligonucleotides.
As used herein, P5 and P7 refer to a universal P5 or P7 sequence or P5 or P7 primer for capture
and/or amplification purposes. A P5 sequence comprises a sequence defined by SEQ ID NO:
1 (AATGATACGGCGACCACCGA) and a P7 sequence comprises a sequence defined by
SEQ ID NO: 2 (CAAGCAGAAGACGGCATACGA).

[000323] FIGS. 9A and 9B depict flow cell 1400, which includes an array 1402 of individual

hydrogel pillars 1404 that are formed inside the flow cell using a photolithographic method
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such as that described above. The pillars contain P5/P7 primers and support the growth of
clusters 1406 inside the hydrogel matrix. FIG. 10A depicts hydrogel pillars 1410 fabricated
inside a MiSeq™ flow cell and FIGS. 10B-10F depict time-series images showing the
introduction of a fluorescent dye into the flow cell, diffusion of the dye into hydrogel pillars,
and the washing out of the dye from the hydrogel pillars. FIGS. 11-11B depict hydrogel beads
1412 doped with PAZAM containing P5/P7 primers. The beads are initially soaked with a
sequencing library and then soaked in ExAmp to generate clusters throughout the three-
dimensional volume of each bead. FIGS. 12A-12B depict index-free sequencing, wherein each
hydrogel bead contains clusters (1420, 1422, 1424, 1426) from a sample in which it was
incubated. Hydrogel beads containing such clusters are loaded on a flow cell and sequenced.
The beads from each sample type can be distinguished from one another other using a variety
of means such as, for example, fluorophores embedded in beads that are removed before

sequencing.

[000324] FIG. 13A depicts sequencing flow cell 1430, wherein sequencing is occurring in a two-
dimensional network of clusters on top interior surface 1440 and bottom interior surface 1450,
and wherein top interior surface 1440 and bottom interior surface 1450 are separated by a
known distance along the Z-axis (e.g., 100 um). FIG. 13B depicts sequencing flow cell 1430,
wherein sequencing is occurring in a three-dimensional network of clusters on top interior
surface 1440 and bottom interior surface 1450 and in regions 1442, 1444, and 1446, which are
located between top interior surface 1440 and bottom interior surface 1450, and wherein top
interior surface 1440 and bottom interior surface 1450 are separated by a known distance along
the Z-axis (e.g., 100 pm). Advantages and benefits of this example implementation over
existing NGS systems and methods include: (i) enhancing the throughput of an individual flow
cell by > 50 fold; (ii) fabrication of high-throughput flow cells that do not involve X, Y
translation of the optical system; (iii) more efficient consumption of sequencing reagents based
on utilization of the entire flow cell volume, thereby reducing waste and improving the
economic aspects of the sequencing process; and (iv) compatibility with most or all existing
sequencing platforms. In some implementations, cluster locations are identified during first
scans and assigned X,Y,Z coordinates for subsequent scans. Drift in the X and Y dimensions
can be accounted for by using a ‘reference cluster map’ that is generated during the first scan.

Herein, the terms X, Y, and Z, or X-axis, Y-axis, and Z-axis refer to the three-dimensional

61-



WO 2021/108499 PCT/US2020/062163

Cartesian coordinate system.

[000325] Throughput can be calculated for a given platform and flow cell size using the number

of clusters per two-dimensional plane and the number of two-dimensional slices that can be
imaged within the flow cell. The latter is specific to the optical detection system of a specific
platform and depends on the optical section thickness (dz) along the Z dimension, which can

be calculated using the following formula:

0.64 X Ay, (1)
n —vn? — NA?

dz =

wherein Aem is the wavelength of excitation, n is the refractive index of the sample, and NA is
the numerical aperture. Calculated dz values obtained for a high and low numerical aperture
(NA) platform are compiled in TABLE 1, below. Higher magnification objectives may have
higher NA (i.e., wider angle for collection of information), which also means better resolution
inZ (i.e., smaller dz values). In practice, the maximum resolution in Z is about 2X to 3X poorer

than in the xy-dimension. Moreover, shorter wavelengths yield higher resolution.

TABLE 1. Calculated optical thickness (dz) values for a low and high NA platform.

Platform NA n A (nm) dz(pm)

550 7.7

NextSeq 0.35 1.36 600 8.4

675 9.4

740 10.3

550 1.6

. 600 1.7
HiSeq 0.75 1.36

675 1.9

740 2.1

[000326] Using the dz values and the flow cell thickness, the number of optical sections (or

individual two-dimensional slices) that are accessible for each flow cell and potential data
output can be extrapolated (see TABLE 2, below). For example, the HiSeq™ system with an
optical section thickness of about 2 pm may allow 50 individual 2D slices to be imaged,

whereas the NextSeq™ system, having a larger dz of around 10 ym, may allow 10 optical
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sections. Using this three-dimensional sequencing strategy and assuming a constant cluster
density in three-dimensions, the yield can be increased from 120 to 600 Gb for a NextSeq™
flow cell and from 1460 to 22500 Gb for a HiSeq™ flow cell. Even greater increases in data
density are possible by using thicker flow-cells in order to maximize the space for cluster

growth in three dimensions.
TABLE 2. Calculated data output for a low and high NA platform.

Platform dz (um) Interposer (um) 2D slices Yield/2D slice (Gb) Total yield (Gb)

NextSeq 10 100 10 60 600

HiSeq 2 100 50 450 22500

[000327] Similar to confocal microscopy, selective-plane illumination microscopy (SPIM), also
referred to as light-sheet microscopy, is an example optical microscopy method for imaging
three-dimensional structures. There are multiple implementations for light-sheet microscopy,
all of which employ a dual-objective configuration. The first objective, typically low-cost and
low-NA, is used for excitation; and the second higher-NA objective is used for collection of
fluorescence emission from the sample of interest (see FIG. 14). In this geometry, the lateral
(XY) resolution of the system is determined by the collection optics, while the axial (Z)
resolution is determined by the excitation objective and wavelength of excitation. This
modality is routinely used to image live biological samples from cells to whole organisms up
to several millimeters in size with micron-scale resolution at hundreds of images per second.
FIG. 14 depicts an example SPIM setup 1460, wherein excitation is delivered using low-NA
objective 1462 into sample 1464, and wherein the fluorescence emission is collected by high-
NA emission objective 1466. The beam can be shaped with a cylindrical lens to simultaneously
excite a full sheet of fluorophores or a single-line beam can be raster-scanned across the focal
plane of the emission objective to create a full image. Subsequent translation of the sample by

way of mechanical stage permits rapid volumetric imaging at high-resolution.

[000328] As previously stated, the disclosed systems and methods provide materials and
structures that occupy the entire volume of the flow cell and which support cluster formation

and enable three-dimensional sequencing. Suitable materials: (i) occupy the entire height of
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the flow cell channel; (ii) permit the incorporation of oligonucleotides through various
polymerization strategies or through the presence of useful functional groups (e.g., azides);
(iii) have a controllable density of functional groups for controlling cluster density; (iv) support
the flow of reagents with minimal diffusion gradients; and (v) support confocal microscopy
throughout the depth of the flow cell with minimal scattering. Examples of suitable materials
include hydrogel networks of a predetermined size; a matrix of large particles, small particles,
or a combination of large and small particles (e.g., particles of the same size or particles of
different sizes); periodic columnar posts; and mesoporous crystalline materials. FIG. 15 depicts
a large hydrogel network 1000 within a sequencing flow cell; FIG. 16 depicts a matrix of large
particles 1100, small particles 1102, or a combination of large particles 1100 and small
particles 1102 within a sequencing flow cell; FIG. 17 depicts periodic columnar posts 1200
within a sequencing flow cell; and FIG. 18 depicts mesoporous or microporous crystalline
materials 1300 within a sequencing flow cell. In some implementations, a three-dimensional
matrix may be created from silk fibroin or polymer fibers such as, for example,
cellulose/cellulosics and constructions thereof (e.g., as paper) upon which clusters may be

formed.

[000329] A large hydrogel network such as that shown in FIG. 15 may be constructed by
polymerizing a functional hydrogel within a flow cell, thereby creating a continuous polymer
network with evenly distributed functional groups that support cluster formation. In one
implementation, PAZAM is reacted with DBCO-functionalized PEG. The density of the
network may be controlled by adjusting the concentration of PAZAM and the relative
concentrations of PAZAM:DBCO-PEG to optimize the density of functional groups and the
diffusion characteristics of the hydrogel. This method uses the soft polymeric network as a
three-dimensional scaffold with nucleic acid anchor points that define where clusters are
located within the hydrogel matrix. FIGS. 19A-14D depict an example implementation of a
method for forming a hydrogel within a flow cell by polymerization of PAZAM + di-DBCO-
PEG.

[000330] A three-dimensional matrix of solid or porous particles such as that shown in FIG. 16
provides a robust network where sequencing reactions occur on the surface of the particles or

inside the particles and diffusion of reagents occurs in the interstitial areas between particles.
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Clusters are located on the surface of the particles or throughout the particles. In this
implementation, the particles are designed to provide optimal surface area, modulus, and
optical transparency. Examples include porous hydrogel beads (e.g., acrylamide gels), solid
polymer particles (e.g., polystyrene), polymer core-shells, and inorganic materials (e.g., silica
particles); all bearing grafting primers on their surfaces and/or throughout their three-

dimensional structures.

[000331] With reference to FIG. 20, in an example implementation, oligo-bearing hydrogel
beads were fabricated using simple droplet generation combined with copolymerization of
acrylamide and acrydite-modified oligos (commercially available from Integrated DNA
Technologies, Inc.). FIG. 20 depicts the copolymerization of acrylamide and acrydite-modified
oligos into large polyacrylamide beads. Because the hydrogel beads are slightly larger in size
(~120 pum) than the height between the top surface and bottom surface of a typical flow cell
(e.g., 100 pm), hydrogel beads can be tightly packed and trapped inside flow cell lanes without
any form of chemical attachment thereto. FIG. 21A is a brightfield microscopic image
depicting hydrogel beads on a glass slide; and FIG. 21B is a brightfield microscopic image
depicting hydrogel beads packed inside a HiSeq™ flow cell. To demonstrate that reagents can
readily diffuse into and out of porous hydrogel beads fabricated by the disclosed methods, a
dye-labeled complementary strand was hybridized to the oligo-labeled acrylamide beads for
detecting fluorescence throughout the entire hydrogel matrix. The control standard acrylamide
beads, which were not grafted with oligos, did not show a fluorescence signal upon incubation
with the complementary dye-labeled strand, thereby confirming that the signal detected for the
oligo-modified acrylamide beads was driven by hybridization and that oligos could be retained
within the beads without the presence of hydrogel-bounded complementary strands. FIG. 22A
is a fluorescence microscopic image of standard acrylamide beads after incubation with a dye-
labeled complementary strand; and FIG 17B is fluorescence microscopic image of oligo-

modified acrylamide beads after incubation with a dye-labeled complementary strand.

[000332] This implementation is easily transformable into a simple method for executing long
reads, wherein the hydrogel beads bearing grafting primers encapsulate long DNA library
fragments (~100 kb) and act as a reaction vessel for enzymatic processes such as, for example,

tagmentation, ligation, and clustering to create unique spatially-isolated clusters of linked
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reads. Internally tagmented and ligated DNA fragments bind to P5 and P7 primers distributed
within the hydrogel beads to allow bridge amplification-assisted cluster formation throughout
the entire three-dimensional hydrogel structure, and formation of a unique spatial barcode.
FIG. 23A depicts hydrogel beads in which long DNA fragments have been encapsulated
trapped within a flow cell; FIG. 23B depicts enzymatic processes for library preparation
occurring within the trapped hydrogel beads of FIG. 23A; and FIG. 23C depicts an amplified
library generating clusters of linked reads distributed in three-dimensions within each hydrogel

bead.

[000333] Certain implementations utilizing three-dimensional matrices of solid or porous
particles include particles having complex physical and chemical structures outside of a flow
cell that are directed into the flow cell and immobilized therein by crosslinking. Clonal
amplification of nucleic acid libraries may occur initially on the beads outside of the flow cell,
and the beads are then directed into the flow cell in an aqueous solution containing hydrogel
precursors such as those previously described. The hydrogel precursors are then crosslinked
using previously described methods to create a scaffold within the flow cell. FIG. 24A depicts
template capture and extension occurring on hydrogel beads bearing oligonucleotides; and
FIG. 24B depicts clonal amplification of library inserts on the hydrogel beads for creating
clusters. FIG. 25A depicts clustered beads delivered into a flow cell in a hydrogel precursor
solution; and FIG. 25B depicts immobilization of the clustered beads within a crosslinked
hydrogel matrix to preserve the spatial locations of the beads in three dimensions during

sequencing and subsequent imaging.

[000334] By using external hydrogel bead preparation, spatially co-localized regions of
orthogonal linearization chemistries can be prepared in solution by utilizing specific bead
design. Such beads may then be delivered into the flow cell and used for simultaneous
forward/reverse strand sequencing in three dimensions. This is achieved using hydrogel
particles possessing spatially segregated oligo primers having unique linearization chemistries.
Particle dimers having different surface chemistries have been demonstrated using continuous
flow reactions, where pre-particles are synthesized and functionalized before dimerization.
Dimer particles may be used for spatially linked forward and reverse reads in three dimensions.

FIG. 26 depicts dimer particles having different orthogonal linearization chemistries; and FIG.

-66-



WO 2021/108499 PCT/US2020/062163

27 depicts a prior art system for synthesizing similar dimer particles.

[000335] Some implementations of the disclosed systems and methods provide functional three-
dimensional scaffolds by utilizing columnar posts that extend vertically from bottom of a flow
cell to the top of the flow cell, such as those depicted in FIG. 17. These columnar posts may
be fabricated using top-down microfabrication techniques such as, for example,
photolithography; thin film deposition; and selective etching. The surfaces of the posts can be
functionalized using previously described methods that include PAZAM, for providing a rigid
network of chemically active columns while permitting liquid flow and chemical diffusion to
occur throughout interstitial arcas between the posts. Certain implementations utilize columns
that are fabricated to have alternating material composition in the Z-direction. Such posts may
be selectively functionalized on the surface of one of the two materials, thereby permitting
control of cluster spatial distribution in the Z-direction for limiting multi-clonality and aiding
optical imaging. The manifold of Z-slices for optical interrogation is spatially organized in a
systematic fashion in this implementation. FIG. 28 A and 28B depict spatial control of clusters
in three dimensions using a three-dimensional matrix of columnar posts having alternating

material composition in the Z-direction.

[000336] Some implementations utilize microporous crystalline materials for creating on- flow
cell scaffolds such as that depicted in FIG. 18. Microporous crystalline materials possess well-
defined structures that include pores that are ordered and aligned in one direction. Thus, these
materials essentially provide multiplexed fluidic channels, with each pore representing a single
fluidic channel. The surfaces of many porous materials can be functionalized; therefore, a
microporous material with aligned pores can function as a matrix for three-dimensional
sequencing with chemical reactions occurring on the walls of the pores. With reference to FIG.
18, both the direction of fluidic flow and optical imaging occurs in the Z-direction, as viewed
down the long axis of the pore. Microporous silicon is one example of a material that can be
fabricated to have pre-oriented pores of controlled size. Lateral dimensions and thickness of
microporous silicon films are easily controlled by selecting a precursor wafer, and flow cells

may be prepared by mounting microporous silicon films onto a separate fluidic cell.

[000337] Some implementations utilize polymer scaffolds for on-flow cell sequencing in three-
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dimensions. FIGS. 29A-29D depict a simplified example method for creating a polymer
scaffold, wherein an unpolymerized monomer solution is embedded with salt particles having
a predetermined size distribution. The salt particles displace the monomer, thereby creating a
three-dimensional network within the solution. The monomer solution is polymerized to form
a three-dimensional polymer scaffold around the salt particles and the salt particles are
dissolved, resulting in a random, three-dimensional array of pores, which define the scaffold.
Such scaffolds may be activated and coated with a hydrogel such as PAZAM. Although such
scaffolds are not necessarily equally spaced, multilayer structures such as those previously
described, a suitable imaging strategy would image the entire scaffold, and image processing
would then be used to identify different clusters. The salt particles used in this example
implementation may be spiked with passivated metal particles. After dissolving the salt
particles, these particles would remain in the scaffold in fixed locations. During imaging, these
particles can be used to provide points to which clusters may be aligned, thereby essentially

acting as fiducials.

[000338] FIG. 30 is a flow chart depicting an example method for making a permeable three-
dimensional matrix on a flow cell. Method 2500 comprises embedding oligonucleotides within
the permeable three-dimensional matrix at block 2502; and introducing the oligonucleotide-
containing permeable three-dimensional matrix into a flow cell at block 2504, wherein the flow
cell includes at least one channel for receiving the oligonucleotide-containing permeable three-

dimensional matrix.

[000339] FIG. 31 is a flow chart depicting a first example method for nucleic acid library
sequencing in three-dimensions. Method 2600 comprises loading a polymer precursor solution
into a flow cell at block 2602, wherein the polymer precursor solution includes monomers and
oligonucleotides; polymerizing the polymer precursor solution to create a permeable three-
dimensional matrix within the flow cell at block 2604; diffusing a sequencing library into the
permeable three-dimensional polymer matrix at block 2606, wherein the sequencing library
includes nucleic acid fragments; diffusing enzymes and reagents into the permeable three-
dimensional polymer matrix at block 2608; hybridizing the nucleic acid fragments to the
oligonucleotides in the permeable three-dimensional polymer matrix at block 2610; clonally

amplifying the hybridized nucleic acid fragments to create clusters for sequencing within the
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permeable three-dimensional polymer matrix at block 2612; sequencing the clusters within the
permeable three-dimensional polymer matrix at block 2614; and optically imaging the
sequenced clusters within three-dimensional matrix in multiple, discrete two-dimensional
slices to characterize the sequencing library at block 2614, wherein the multiple, discrete two-

dimensional slices represent the entire three-dimensional internal volume of the flow cell.

[000340] FIG. 32 is a flow chart depicting a second example method for nucleic acid library
sequencing in three-dimensions. Method 2700 comprises loading a polymer precursor solution
into a flow cell at block 2702, wherein the polymer precursor solution includes monomer,
crosslinker, photoinitiator, and oligonucleotides; polymerizing the polymer precursor solution
using ultraviolet light to create a permeable three-dimensional matrix within the flow cell at
block 2604; diffusing a sequencing library into the permeable three-dimensional polymer
matrix at block 2606, wherein the sequencing library includes nucleic acid fragments; diffusing
enzymes and reagents into the permeable three-dimensional polymer matrix at block 2608;
hybridizing the nucleic acid fragments to the oligonucleotides in the permeable three-
dimensional polymer matrix at block 2610; clonally amplifying the hybridized nucleic acid
fragments to create clusters for sequencing within the permeable three-dimensional polymer
matrix at block 2612; sequencing the clusters within the permeable three-dimensional polymer
matrix at block 2614; and using a confocal microscope or a light-sheet illumination microscope
to image the sequenced clusters within three-dimensional matrix in multiple, discrete two-
dimensional slices to characterize the sequencing library at block 2616, wherein the multiple,
discrete two-dimensional slices represent the entire three-dimensional internal volume of the

flow cell.
[000341] IV.Functionalization of Hydrogel Structures on Flow Cell

[000342] Various implementations of the disclosed systems, devices, and methods may be used
to create reversible hydrogel structures within the fluidics channels on flow cells that may be
used for introducing temporary functional surfaces within the flow cell, in addition to pre-
existing sequencing surfaces. These temporary functional surfaces may be used for multiple
applications including, for example, (i) target DNA enrichment; (ii) clustered regularly

interspaced short palindromic repeats (CRISPR) screening; and (iii) highly multiplexed
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screening applications using DNA conjugated antigens. Using methods disclosed herein
(including those discussed above) on-flow cell hydrogel micro-pillars decorated with
streptavidin moieties are fabricated. As discussed in greater detail below, biotinylated capture
oligonucleotides bind to streptavidin and immobilize target library molecules to the hydrogel
structures for on-flow cell library enrichment. Similarly, proteins and oligonucleotides can be
attached to the hydrogel pillars using biotin-streptavidin linkage for enabling of variety of other
screening processes such as CRISPR screening. Disclosed implementations provide a much
greater surface area for binding reactions due to the porous nature of hydrogels and permit
screening of the entire volume of a flow cell for binding events, rather than just the surface,

thereby resulting in higher binding capacity and reaction rates.

[000343] An example implementation is shown in FIG. 33, which depicts the formation of
hydrogel micropillars on a channel within a flow cell using the previously described method
for on-flow fabrication of hydrogel microstructures. In FIG. 33, flow cell 400 is shown inserted
into cartridge 460. An array 450 of individual hydrogel micropillars 452 have been formed
within channel 422 and are visible in the bright field micrograph at the bottom of FIG. 33. In
an example implementation, hydrogel micropillars 452 are created by co-polymerization of
acrylamide monomer and N,N'-bis(acryloyl)cystamine crosslinker. Control of spatial
patterning is accomplished using photo-initiator lithium phenyl-2.4,6-
trimethylbenzoylphosphinate (LAP) to initiate the polymerization reaction by directing
ultraviolet light through a photomask that has been positioned on flow cell 400 above channel
422. FIGS. 34A-34C depict on-flow cell fabrication of hydrogel micropillars 452, wherein
hydrogel precursor solution that includes acrylamide and crosslinker monomers and photo-
initiator is introduced into flow cell 400 (FIG. 34A) and then exposed to UV light through
photomask 418 (FIG. 34B) which has been pre-patterned with desired features (e.g., apertures
having a particular geometry) to form hydrogel pillars (FIG. 34C). In FIGS. 34A-34C flow cell
400 includes narrow channel 422 in which hydrogel micropillars 452 are formed and wide
channel 424. Hydrogel micropillars 452 are attached to both upper surface 412 and lower

surface 414 of narrow channel 422.

[000344] Flow cell 400 is provided with two types of oligonucleotides (e.g., P5 and P7), referred

to as surface primers or sequencing primers, bound to the upper and lower surfaces of the flow
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cell. The sequences of these surface primers are complimentary to library adapters, and the
fragments of a DNA library are captured by these oligonucleotides. As used herein, P5 and P7
refer to a universal P5 or P7 sequence or PS5 or P7 primer for capture and/or amplification
purposes. A PS5 sequence comprises a sequence defined by SEQ ID NO: 1
(AATGATACGGCGACCACCGA) and a P7 sequence comprises a sequence defined by SEQ
ID NO: 2 (CAAGCAGAAGACGGCATACGA).

[000345] EXAMPLE 5: PAZAM-Conjugated Biotin

[000346] In the example implementation shown in FIGS. 35A-6E, functionalized reversible
hydrogel structures were formed within a channel on a flow cell by utilizing poly(N-(5-
azidoacetamidylpentyl) acrylamide-co-acrylamide) (PAZAM) into which azide moieties have
been incorporated; and the azide-alkyne click reaction. The azide-alkyne click reaction
involves the copper-catalyzed reaction of an azide with and alkyne to form a 5-membered
heteroatom ring: a Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). The azide-alkyne
click reaction may be photoinitiated using Cu (II) and a photoinitiator system such as a Type
IT photoinitiator system, e.g., camphorquinone., which can use blue light at 470 nm as an

excitation source.

[000347] In this example implementation, hydrogel micropillars are first fabricated within a
MiSeq™ flow cell (or any other suitable flow cell) using UV-mediated co-polymerization of
acrylamide, crosslinker, and PAZAM into which azide moieties have been incorporated. A
biotin-polyethylene glycol (PEG)-alkyne complex is then clicked onto the azide moieties of
the PAZAM and used to bind streptavidin. The multiple binding sites of streptavidin then allow
the immobilized streptavidin to immobilize oligo capture probes, which in turn hybridize to
sequencing library molecules of interest that are introduced into the flow cell. Any non-
hybridized library fragments are washed out of the flow cell. Bound sequencing library
fragments are then eluted from hydrogel micropillars located in the narrow channel (non-
sequencing area) of the flow cell and seeded in the wide channel (sequencing area) of the flow
cell in preparation for amplification, clustering, and sequencing-by-synthesis or sequencing by

another method.

[000348] FIGS. 35A-35E depict an example implementation of a method for fabricating
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functionalized hydrogel structures on a flow cell. In FIG. 35A, a hydrogel precursor solution
containing 10% polyacrylamide (PA), crosslinker, and 0.25% PAZAM into which azide
moieties have been incorporated is loaded onto flow cell 400. In FIG. 35A, flow cell 400 is a
MiSeq™ flow cell having both a narrow channel 422 and a wide channel 424. In FIG. 35B,
photomask 418, which includes a plurality of 200 um apertures formed therein, is placed on
top of flow cell 400, which is then exposed to UV light for 10 seconds to co-polymerize the
acrylamide and PAZAM and form an array 450 of azide-functionalized hydrogel micropillars
452 in narrow channel 422. In FIG. 35C, 5 uM biotin-PEG-alkyne is clicked onto the azide
moieties during Blackpool incubation. In FIG. 35D, streptavidin labeled with Fluorescein
(1:500) binds the biotin in hydrogel micropillars 452. In FIG. 35E, the streptavidin binds
biotinylated capture oligonucleotides to enable immobilization of target sequencing library
molecules that have been tagged during library preparation with sequences complementary to

the sequences of the capture oligonucleotides.

[000349] FIGS. 36A-36F are a series of bright field and fluorescence micrographs (488 nm
excitation) depicting fluorescein-streptavidin staining of biotinylated hydrogel micropillars.
FIG. 36A is 4X bright field micrograph of PA/PAZAM control (no biotin). FIG. 36B is a 4X
bright field micrograph of PA/PAZAM plus Blackpool. FIG. 36C is a 4X fluorescence
micrograph of PA/PAZAM control (no biotin) after a reaction time of five minutes. FIG. 36D
is a 4X fluorescence micrograph of PA/PAZAM plus Blackpool after a reaction time of five
minutes. FIG. 36E is a 4X fluorescence micrograph of PA/PAZAM control (no biotin) after a
reaction time of ten minutes at 40°C. FIG. 36F is a 4X fluorescence micrograph of PA/PAZAM
plus Blackpool after a reaction time of ten minutes at 40°C. FIGS. 36D and 7F demonstrate
that fluorescein-labeled streptavidin binds biotin-conjugated hydrogel micropillars. In the
control experiment (FIGS. 36C and 36E), polyacrylamide/PAZAM micropillars without biotin
did not bind fluorescein-labeled streptavidin. These Figures clearly demonstrate that the biotin-
conjugated (functionalized) hydrogel micropillars effectively bind targets of interest, i.e.,

fluorescein-labeled streptavidin, in this particular example.
[000350] EXAMPLE 6: Streptavidin-Acrylamide Co-polymer

[000351] In the example implementation shown in FIGS. 37A-37D, functionalized reversible
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hydrogel structures are formed within a channel on a flow cell by photopolymerization of
acrylamide monomer, crosslinker, and streptavidin-labeled acrylamide monomer. Streptavidin
functionalities of the hydrogel bind biotinylated capture oligonucleotides, which in turn
hybridize to sequence library molecules of interest that are introduced into the flow cell. non-
hybridized library fragments are washed out of the flow cell. Bound sequencing library
fragments are then eluted from hydrogel micropillars located in the narrow channel (non-
sequencing area) of the flow cell and seeded in the wide channel (sequencing area) of the flow
cell in preparation for amplification, clustering, and sequencing-by-synthesis or sequencing by

another method.

[000352] In FIG. 37A, a hydrogel precursor solution containing 10% polyacrylamide (PA) and
0.25% streptavidin-labeled acrylamide monomer is loaded onto flow cell 400. In FIG. 37A,
flow cell 400 is a MiSeq™ flow cell having both a narrow channel 422 and a wide channel
424. In FIG. 37B, photomask 418, which includes a plurality of 200 um apertures formed
therein, is placed on top of flow cell 400, which is then exposed to UV light for 10 seconds to
co-polymerize the acrylamide streptavidin-labeled acrylamide monomers and form an array
450 of streptavidin functionalized hydrogel micropillars 452 in narrow channel 422. In FIG.
37C, biotinylated capture oligonucleotides are bound to the streptavidin moieties in the
hydrogel structures, and target library molecules hybridize to the biotinylated capture
oligonucleotide and become immobilized on the hydrogel micropillars. In FIG. 37D, the
immobilized target molecules are eluted from the capture oligonucleotides and seeded on wide
channel 424 of flow cell 400 for amplification, clustering, and sequencing-by-synthesis or

sequencing by another method.

[000353] With reference to FIGS. 38A-38C, streptavidin on the surface of hydrogel pillars 452
can be detected by incubation with biotinylated primers P5 and P7. FIG. 38A depicts
biotinylated P5 and P7 primers (908 and 906 respectively) binding to streptavidin
functionalized hydrogel micropillar 452. FIG. 38B depicts the biotinylated P5 and P7 primers
(908 and 906 respectively) being incubated with TET-labeled complementary P5’ and P7’
oligonucleotides (909 and 907 respectively). FIG. 38C depicts the TET-labeled
complementary P5’ and P7’ oligonucleotides (909 and 907 respectively) hybridized to the
biotinylated P5 and P7 primers (908 and 906 respectively). Control hydrogel micropillars
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fabricated without streptavidin do not show staining with TET-labeled primers while

streptavidin-containing pillars demonstrate staining with TET-labeled primers.

[000354] FIG. 39A is a bright field micrograph showing hydrogel micropillars 452 incubated
with TET-P5” and TET-P7’ in the absence of biotin-P5 and biotin-P7 oligonucleotides. FIG.
39B is a fluorescence micrograph (488 nm excitation) showing hydrogel micropillars 452
incubated with TET-P5’ and TET-P7° in the absence of biotin-P5 and biotin-P7
oligonucleotides, wherein uniform staining of flow cell surface P5 and P7 primers was
observed. FIG. 39C is a bright field micrograph showing hydrogel micropillars 452 incubated
with TET-P5” and TET-P7’ after incubation with biotin-P5 and biotin-P7 oligonucleotides.
FIG. 39D is a fluorescence micrograph (488 nm excitation) showing of hydrogel micropillars
452 incubated with TET-P5’ and TET-P7’ after incubation with biotin-P5 and biotin-P7
oligonucleotides, wherein localization of TET staining to the edge of the hydrogel micropillars
was observed, indicating the TET-labeled oligonucleotides have hybridized to the streptavidin-

bound biotinylated P5 and P7 primers.

[000355] When incubating TET-P5’/TET-P7’ oligonucleotides with streptavidin containing
micropillars that were previously incubated with biotin-P5 and biotin-P7 oligonucleotides, a
depletion of TET-labeled primers was observed in the interstitial space between the
micropillars on the flow cell as fluorescence increased at the surface of the micropillars and
penetrated the hydrogel. FIG. 40A is a fluorescence micrograph depicting the level of TET-
P5’/TET-P7’ oligonucleotides in interstitial spaces between hydrogel micropillars at an
incubation time of one minute and FIG. 40B is a graph depicting the level of TET-P5’/TET-
P7’ oligonucleotides in interstitial spaces between hydrogel micropillars at an incubation time
of one minute, with distance shown on the X-axis and level shown on the Y-axis. FIG. 40C is
a fluorescence micrograph depicting the level of TET-P5’/TET-P7’ oligonucleotides in
interstitial spaces between hydrogel micropillars at an incubation time of five minutes and FIG.
40D is a graph depicting the level of TET-P5’/TET-P7’ oligonucleotides in interstitial spaces
between hydrogel micropillars at an incubation time of five minutes, with distance shown on
the X-axis and level shown on the Y-axis.. FIG. 40E is a fluorescence micrograph depicting
the level of TET-P5’/TET-P7’ oligonucleotides in interstitial spaces between hydrogel

micropillars at an incubation time of ten minutes and FIG. 40F is a graph depicting the level
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of TET-P5’/TET-P7’ oligonucleotides in interstitial spaces between hydrogel micropillars at
an incubation time of ten minutes, with distance shown on the X-axis and level shown on the
Y-axis.. The fluorescence intensity profiles represented by these micrographs demonstrate that
binding of TET-labeled oligonucleotides to a hydrogel surface depletes the oligonucleotides in

the interstitial areas between the micropillars.

[000356] With reference to FIGS. 41A-41C, to demonstrate the ability to capture and release
target library molecules using the above-described example implementation, a PhiX library
was incubated with biotinylated P5 and P7 primers (1:10). FIG. 41A depicts hybridizing P7’
and P5’ regions of sequencing library molecules (902 and 904 respectively) to biotinylated P5
and P7 oligonucleotides (906 and 908 respectively). FIG. 41B depicts capturing sequencing
library molecules 902 and 904 with streptavidin-functionalized hydrogel pillars 452, which are
attached to the surface of flow cell 400. FIG. 41C depicts seeding bound sequencing library
molecules 902 and 904 by incubation at 85°C to denature hybridized biotinylated primers 906
and 908 and then ramping the temperature to 20°C to allow hybridization of library molecules
902 and 904 to surface primers 510 and 912 respectively. The hybridized PhiX library (1pM)
was then incubated in either an untreated flow cell (control) or streptavidin-pillar patterned
flow cell. After incubation with library molecules hybridized to biotin-primers, flow cells were
washed with HT-1, followed by seeding (80°C Smin, 60°C 5Smin, 40°C 2min and 20°C 2min),
first extension (AMS-1, 50°C 5Smin) and 24 cycles of bridge amplification. While the control
flow cell showed no clusters (see FIGS. 42A-42B), the streptavidin-pillar flow cells showed
high cluster density (see FIGS. 42C-42F), demonstrating successful capture of a library
hybridized to biotin-P5/biotin-P7.

[000357] FIG. 42A is a bright field micrograph of an untreated flow cell (control) and FIG. 42B
is a fluorescence micrograph (488 nm) of a SYTOX (ThermoFisher Scientific) stained
untreated flow cell (control) showing no clusters. FIG. 42C is a bright field micrograph of a
flow cell having streptavidin micropillars and FIG. 42D is a fluorescence micrograph (488 nm)
of a SYTOX-stained flow cell having streptavidin micropillars. FIG. 42E is a bright field
micrograph of the hydrogel micropillar of FIG. 42C. FIG. 42F is a fluorescence micrograph
(488 nm) of the SYTOX-stained micropillar of FIG. 42D. The fluorescence micrographs of

SYTOX-stained flow cells demonstrate that while untreated flow cells show no clusters, the
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flow cell having streptavidin-hydrogel pillars demonstrates high cluster density and pillar
“footprints” where hydrogel micropillars had been patterned. Furthermore, when patterning
only one channel (narrow channel) of a flow cell with streptavidin pillars, clusters show a
gradient in density within the same flow cell, where cluster density close to pillars is higher.
FIG. 43 A depicts flow cell 400 in cartridge 460, wherein streptavidin micropillars have been
formed in narrow channel 422, but not in wide channel 422. When streptavidin pillars are
patterned only in the narrow channel of a MiSeq™ flow cell, cluster density forms a gradient
from high close to the micropillars (narrow channel) to low far away from the micropillars
(wide channel). FIG. 43B is a micrograph of wide channel 424 stained with SYTOX dye after
24 cycles of bridge amplification and FIG. 43C is a micrograph of narrow channel 422 stained
with SYTOX dye after 24 cycles of bridge amplification. The descriptions below provide some
additional examples related to the methods provided herein. They are not necessarily part of

the non-limiting working examples provided above.

[000358] FIG. 44 is a flowchart depicting a first method for making functionalized three-
dimensional polymer structures on a flow cell. Method 1500 comprises loading a polymer
precursor solution into a flow cell at block 1902, wherein the polymer precursor solution
includes a monomer, a crosslinker, a photoinitiator, and a functionalized polymer such as, for
example, PAZAM containing azide moieties, and wherein the flow cell includes at least one
channel for receiving the polymer precursor solution, and wherein the at least one channel has
an upper interior surface and a lower interior surface; placing a photomask over the at least
one channel at block 1904, wherein the photomask includes a series of apertures formed
therein; and illuminating the polymer precursor solution through the photomask with a light
source at block 1906, wherein the light source emits light at a wavelength that activates the
photoinitiator, and wherein activation of the photoinitiator polymerizes the polymer precursor
solution underneath the apertures in the photomask and forms three-dimensional polymer
structures extending from the upper interior surface to the lower interior surface of the at least

one channel.

[000359] FIG. 45 is a flowchart depicting a second method for making functionalized three-
dimensional polymer structures on a flow cell. Method 1600 comprises loading a polymer

precursor solution into a flow cell at block 1602, wherein the polymer precursor solution
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includes a monomer, a crosslinker, a photoinitiator, and PAZAM containing azide moieties,
and wherein the flow cell includes at least one channel for receiving the polymer precursor
solution, and wherein the at least one channel has an upper interior surface and a lower interior
surface; placing a photomask over the at least one channel at block 1604, wherein the
photomask includes a series of apertures formed therein; illuminating the polymer precursor
solution through the photomask with a light source at block 1606, wherein the light source
emits light at a wavelength that activates the photoinitiator, and wherein activation of the
photoinitiator polymerizes the polymer precursor solution underneath the apertures in the
photomask and forms three-dimensional polymer structures extending from the upper interior
surface to the lower interior surface of the at least one channel; reacting a biotin-PEG-alkyne
complex with the azide moieties in the PAZAM in the three-dimensional polymer structures
using an azide-alkyne click reaction at block 1608; binding streptavidin to the biotin in the
biotin-PEG-alkyne complex at block 1610; and binding biotinylated capture oligonucleotides
to the streptavidin at block 1612, wherein the biotinylated capture oligonucleotides are specific

for target molecules of interest in a sequencing library.

[000360] FIG. 46 is a flowchart depicting a third method for making functionalized three-
dimensional polymer structures on a flow cell. Method 1700 comprises loading a polymer
precursor solution into a flow cell at block 1702, wherein the polymer precursor solution
includes a monomer, a crosslinker, a photoinitiator, and a streptavidin-labeled acrylamide
monomer, and wherein the flow cell includes at least one channel for receiving the polymer
precursor solution, and wherein the at least one channel has an upper interior surface and a
lower interior surface; placing a photomask over the at least one channel at block 1704,
wherein the photomask includes a series of apertures formed therein; illuminating the polymer
precursor solution through the photomask with a light source at block 1706, wherein the light
source emits light at a wavelength that activates the photoinitiator, and wherein activation of
the photoinitiator polymerizes the polymer precursor solution underneath the apertures in the
photomask and forms three-dimensional polymer structures extending from the upper interior
surface to the lower interior surface of the at least one channel; binding biotinylated capture
oligonucleotides to the streptavidin in the three-dimensional polymer structures at block 1708,
wherein the biotinylated capture oligonucleotides are specific for target molecules of interest

in a sequencing library and bind thereto; and eluting the bound target molecules and seeding
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the eluted target molecules on the surfaces of the flow cell having oligonucleotides bound

thereto at block 1710.

[000361] The foregoing description is provided to enable a person skilled in the art to practice
the various configurations described herein. While the subject technology has been particularly
described with reference to the various figures and configurations, it should be understood that
these are for illustration purposes only and should not be taken as limiting the scope of the

subject technology.

[000362] All literature and similar material cited in this application, including, but not limited to,
patents, patent applications, articles, books, treatises, and web pages, regardless of the format
of such literature and similar materials, are expressly incorporated by reference in their
entirety. In the event that one or more of the incorporated references and similar materials
differs from or contradicts this application, including but not limited to defined terms, term

usage, described techniques, or the like, this application controls.

nn

[000363] As used herein, the singular forms "a," "an," and "the," refer to both the singular as well

as plural, unless the context clearly indicates otherwise. The term "comprising” as used herein

nn

is synonymous with "including,” "containing," or "characterized by," and is inclusive or open-
ended and does not exclude additional, unrecited elements or method steps. Although many
methods and materials similar or equivalent to those described herein can be used, particular
suitable methods and materials are described herein. Unless context indicates otherwise, the
recitations of numerical ranges by endpoints include all numbers subsumed within that range.
Furthermore, references to “one implementation” are not intended to be interpreted as
excluding the existence of additional implementations that also incorporate the recited features.
Moreover, unless explicitly stated to the contrary, implementations “comprising” or “having”

an clement or a plurality of elements having a particular property may include additional

elements whether or not they have that property.

[000364] The terms “substantially” and “about” used throughout this specification are used to
describe and account for small fluctuations, such as due to variations in processing. For
example, they can refer to less than or equal to +5%, such as less than or equal to +2%, such

as less than or equal to +1%, such as less than or equal to +0.5%, such as less than or equal to
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+0.2%, such as less than or equal to +0.1%, such as less than or equal to +0.05%, and/or 0%.

[000365] There may be many other ways to implement the subject technology. Various functions
and eclements described herein may be partitioned differently from those shown without
departing from the scope of the subject technology. Various modifications to these
implementations may be readily apparent to those skilled in the art, and generic principles
defined herein may be applied to other implementations. Thus, many changes and
modifications may be made to the subject technology, by one having ordinary skill in the art,
without departing from the scope of the subject technology. For instance, different numbers of
a given module or unit may be employed, a different type or types of a given module or unit
may be employed, a given module or unit may be added, or a given module or unit may be

omitted.

[000366] Underlined and/or italicized headings and subheadings are used for convenience only,
do not limit the subject technology, and are not referred to in connection with the interpretation
of the description of the subject technology. All structural and functional equivalents to the
elements of the various implementations described throughout this disclosure that are known
or later come to be known to those of ordinary skill in the art are expressly incorporated herein
by reference and intended to be encompassed by the subject technology. Moreover, nothing
disclosed herein is intended to be dedicated to the public regardless of whether such disclosure

is explicitly recited in the above description.

[000367] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually
inconsistent) are contemplated as being part of the inventive subject matter disclosed herein.
In particular, all combinations of claimed subject matter appearing at the end of this disclosure

are contemplated as being part of the inventive subject matter disclosed herein.
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