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SELF ASSEMBLY OF BEADS ON SUBSTRATES

CROSS REFERENCE
[00601} This application claims the benelii of U.S. Provisional Patent Application No.
63/333,311, filed Aprii 21, 2022, which 1s entirely incorporated herein by reference in s
grtirety.
BACKGROUND
[6002] Biological samiple processing has various applications in the ficlds ol melecular biology
and medicine {e.g., diagnosis). For example, nucleic acid sequencing may provide information
that may be used to diagnesc a certain condition i a subject and in some cases laior a treatinent
plan. Sequencing s widely used for molecular biology applications, including vector designs,
gene therapy, vaccine design, industrial strain design and verification. Biological sample
processing may involve a fluidics sysiem and/or a deteciion systent.
[0003] Despite the advance of sequencing technology, analyzing samples with high throughput
and elficiency still requires labortous elforts. For example, spatial heterogeneity of samples
presented on a substrate for imaging may result in waste of reagents and unutilized substrate
space,
SUMMARY
0004} Reocognized herein is a need for (acile methods of loading samples coupled to particles

{e.g.. beads) on to substraies i a highly dense fashion for further characterization or analysis
(c.g., via nucleic acid sequencing).

[#005] In an aspect, disclosed herein is & method for self~assembly of a plurality of beads,
comprising: {a) providing a substrate and the plurality of beads, wherein the substrate is
unpatterned and substantially planar; (b} dispensing the plurality of beads adjacent to the
substrate; and (¢) subjecting the substrate or the plurality of beads to conditions suflicient for
self~assembly of the plurality ol beads adjacent to the substrate.

[0086] In some embodiments, the subsirate s a solid or semi-solid subsirate. In some
cmbodiments, the plurality of beads is a plurality of solid or semi-solid beads. In some
embodiments, the plurality of beads is lormed from a metal, a ceramic, a polymer, or glass, or a
combination thercof. In some embodiments, the polymer is a gel. In some embodiments, the gel
is a hvdrogel. In some embodiments, the plurality of beads is clectrostatically charged. In some
embodiments, the plurafity of beads is negatively charged, and wherein the substrate or portion
thereof is positively charged. In some embodiments, the portion thereof is a surface of the

substrate, In some embodiments, the plurality of beads comprises a plurality of nucleic acid
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molecules coupled thereto, In some embodiments, the plurality of nucleic acid molecules
comprises a deoxyribonucieic acid (DNA) molecute. In some emboduments, the DNA mwolecule
is double-stranded. In some embodiments, the DNA molecule is single-stranded. In some
embodiments, in {a), the plurality of beads is provided in a solution, wherein the solution
comprises single-stranded binding proteins. In some embodiments, the method further comprises
sequencing the plurality of nueleic acid molecules. In some embodiments, the sequencing
comprises {low sequencing, which flow sequencing comprises (1) providing a reagent comprising
a first plurality of nucleoiides to the plurality of beads or the substraie and (it} defecting a
nucleotide from the first plurality of nucleotides. 1n some entbodiments, the fow sequencing
further comprises (i1t} providing an additional reagent comprising a sccond plurality of
nucleotides to the plurality of beads or the substrate and (iv) detecting an additional nucleotide
from the sccond plurality of nucleotides. In some embodiments, the first plurality and the second
plurahity of nucleotides are of a same nucleotide base type. In some embodiments, the first
plurality and the second plurality of nucleotides are of different nucleotide base types. In some
cmbodimenis, beads of the plurality of beads are from about 0.1 microns to about 10 microns in
diameter. In some cmbodiments, the method further comprises, prior to (b}, wetting the
substrate, In some embodiments, the wetling comprises wetling the substrate with an ionic
bufter. In some embodiments, the ionic buffer comprises magnesium. In some embodiments, the
tonic buffer comprises magnesium chioride. In some embodiments, the magnesiun chloride is
provided at a molarity of from about 10 to about 30 millimolar {mM). In some embodiments, the
wetting renders the substrate hydrophilic, In some embodiments, the method further comprises
treating the substrate prior to (b). In some embodiments, the trealing comprises depositing a
silane adjacent to the substrate. In some embodiments, the silane 1s an amino silane, In some
cmbodiments, the amino stlane is 3-aminopropylirimethoxysitane (APTMRS). In some
cmbodiments, the silane i1s deposited on the substrate using vapor deposition. In some
embodiments, the subsirate comprises a silicon wafer, In some entbodiments, the substrate
compriscs a silicon oxide layer. In some embodiments, the substirate comprises a glass wafer. In
sonte enthbodinients, the glass wafer comprises a Hguid crystal display. In some embodiments, the
substrate does not comprise topographical features. In some embodiments, {(a) comprises
providing the plurality of beads in a solution, and wherein {b) comprises contacting the substrate
with the solution. In some embodiments, (b) comprises providing the solution in one or more
droplets to the subsirale and allowing the solution Lo spread adjacent 1o the sgbstrate. In some
cmbodiments, the allowing comprises incubating the solution on the subsirate. In some

cmbodiments, the incubating 1s performed (or about 20 to about 120 minutes. In some
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cmbodiments, the method furiher comprises, rolating the substrate to disperse the plurality of
beads across the substrate, In some embodinments, the rotating 1s pertformed from about 500
revolutions per mimute (rpm} to aboul 8000 revelutions per minute {rpm). I sonte embodiments,
the method further comprises drying the substrate subseguent to the rotating. In some
embodiments, the dryving is performed for about 20 miinutes. In sonie embodinients, the drving iy
performed at ambient temperature. In some embodiments, the drying is performed at a
temperature (rom about 25 degrees Celsius to aboutl 200 degrees Celsius. In some embodiments,
{b} comprises translating the subsirate relative {o the solution, thereby contacting the subsirate
with the plurality of beads. In some embodiments, the contacting is performed for frony about 1
minute to about 60 minuies. In some embodimenis, the contacting is performed for about 60
minutes. In some embodiments, the contacting is performed for about 120 minutes. In some
embodiments, the method [urther comprises, drying the substrate subsegquent o the contacting, In
some embodiments, the drying is performed for from about 1 minute to about 60 minutes. In
sonie entbodinients, the dryving is performed for {3 minutes. In some embodiments, the drving is
performed for 30 minutes. In some embodiments, subsequent to {c), the plurality of beads is
arranged in a self-assembled monolayer. In some enmyboediments, scif-assembled monolayer 1s
substantially untform. In sonie embodiments, the self-assembled monolayer has a bead-to-bead
tolerance of approximately twice the diameter of a bead of the plarality of beads. In some
embodiments, the self-assembled monolayer is arranged such that individual beads of the
plurality of beads are distinguishable by microscopy. In sonie embodiments, the method further
comprises subjecting the suybstrate to conditions sufficient to decrease the size of the plurality of
beads. In some embodiments, the conditions sufficient to decrease the size of the plurality of
beads comprises applying a shrinking buffer to the plurality of beads. In some embodiments, the
shrinking bufler comprises polvethylene glycol (PEG). Tn some emtbodiments, the PEG
comprises PEG 4000 or PEG 8000, In some embodiments, the PEG 1s provided at a 10% wiv
concentration. In some embodiments, the shrinking bulter comprises magnresium salis. In some
embodiments, the magnestum salts comprise magnesium chioride. In some embodiments, the
magnesium cliloride is provided at a 30 mM concentration. In sone enthodinzents, the shrinking
bufler comprises spermine, In some embodiments, the spermine is provided at a molarity from
about 5 mM {o about 30 mM,

[6007] In another aspect, disclosed herein is a kit, comprising: a substrate, wherein the substrate
is unpatterned and sebstantially planar; a plurality of beads; and instructions for forming a self-

assentbled monolayer of the plurality of beads adjacent 1o the substrate.
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[0088] In some embodiments, the subsirate s a solid or semi-solid subsirate. In some
cmbodiments, the plurality of beads is a plurality of solid or semi-solid beads. In some
embodiments, the plurality of beads comprises a plurality of nucleic acid moelecules coupled
thereto. In some embodiments, the plarality of nucleic acid molecules comyprises a
deoxyribormicieie acid (DNA) moelecule. 1n somie enthodinmients, the DNA molecule is double-
stranded. In some embodiments, the kit further comprises a pre-wetting buffer, In some
embodiments, the pre-wetting buffer comprises an tonic buffer. In some ecmbodiments, the lonic
butfer comprises magnesium. In some embodiments, the kil further comprises a shrinking butfer.
In some embodiments, the shrinking buffer comprises polyethylene glycol (PEG). In some
cmbodiments, the shrinking buffer comprises magnesium salts. In some embodimenis, the
magnesium salts comprise magnesium chioride.

[8009} in yet another aspect ol the present disclosure, provided herein is a system, comprising: a
substrate, wherein the substrate i3 unpatterned and substantially planar; and a plurafity of beads,
wherein: at least a st subset of the plurality of beads is in a substantially close-packed
configuration, and at least a second subsel of the plurality of beads is in a substantially
monolaver configuration.

[6010]} In some embodiments, ihe substraie is a solid or semi-solid substraie. In some
embodiments, the plarahity of beads 1s a plurality of solid or senui-sohid beads. In some
embodiments, the close-packed configuration comyprises a center-to-center distance between
neighboring beads of from T um to 1.8 pm. In some embodiments, the plurality of beads
comprises a plurality of nucleic acid molecules coupled thereto. In some embodiments, the
plurality of nucleic acid molecules comprises a deoxyribonucleic acid (ONA) molecule. In some
embodiments, the DNA molecule is double-stranded. In some embodiments, the first subset and
the second subset are the same or substantially the same.

0011} Another aspect of the present disclosure provides a sysiem comprising one or more
compuicr processors and computer memory coupled therelo. The computer memory comprises
machine executable code that, upon cxecution by the onc or more computer processors,
implements any of the methods above or elsewhere herein. Another aspect of the present
disclosure provides a non-transitory computer readable medium comprising machine executable
code that, upon execution by one or more compuier processors, implements anty of the methods
above or elsewhere herein.

[6012} Additional aspects and advantages of the present disclosure will become readily apparent
to those skilled 1n this art from the following detailed description, wherein only iustrative

instances of the present disclosure are shown and described. As will be realized, the present
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disclosure 1s capable of other and different instances, and iis several details are capable of
modifications in various obvious respects, all without departing from the disclosure.
Accordingly, the drawings and description are to be regarded as tHustrative in nature, and not as
restrictive,

INCORPORATION BY REFERENCE
0013} All publications, patents, and patent applications mentioned in this specification are
herein mcorpeorated by reference to the same extent as if cach dividual publication, patent, or
patent application was specifically and individually indicated to be mncorporated by reference. To
the exlent publications and patents or patent applications corporated by reference contradict the
disclosure contained in the specification, the specification is intended to supersede and/or take

precedence over any such contradictory material.

BRIEF DESCRIPTION OF THE DRAWINGS
[8014} The novel features of the invention are set forth with particularity in the appended claims.
A better understanding of the features and advantages of the present invention will be obtained
by reference to the following detailed description that sets forth illustrative embodiments,
which the principles of the mvention are utilized, and the accompanying drawings (also “Figure”
and “FIG.” herem) of which:
[6015] FIG. I illustraies an example workflow for processing a sample for sequencing.
[0016] FIG. 2 illustrates examples of individually addressable locations distributed on
substrates, ag described herein,
[0017] F1G. 3 shows an example coating of a substrate with a hexagonal lattice of beads, as
described herein.
[0018] FIG. 4 illustraies example systems and methods for loading a sample or a reagent onio a
substrate, as described herain,
[0019] FI1Gs. 5A-5B llustraie multiplesed stations in a sequencing system.
0020} F1G. 6 illusirates a computer system that 1s progranmmed or otherwise configurad o
implement methods provided herein,
[6021} FIG. 7 illustrates a process by which organosilane-functionalized surlaces may be
generated.
[0022} F1Gs. 8A-8C schematically show example workflows for self-assembly of beads on a
substrate, in accordance with some embodiments. F1G. 8A schematically shows drop-coating a
plurality of beads adjacent to a substrate. FIG. 8B schematically shows a dip-coaling approach
to providing a plurality of beads adjacent to a substrate, FIG. 8C schematically shows a spin-
coaling approach io providing a plurality of beads to a substrate.
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[0023} F1G. 9 schemaiically shows a work{low for decreasing the size of a plurality of beads
assembied adjzcent to a substrate,

0024 FIGs. 10A-10C show example data of a dip-coating method for providing a plurality of
beads adjacent to a substrate, in accordance with some embodiments.

[6025] FIGs. H1A-11D show example data of a drop-coating method for providing a plurality of
beads adjacent to a substrate, in accordance with some embodiments.

0026} FI1Gs. 12A and 12B show example data of a spin-coating method for providing a
plurality ol beads adjacent to a substrate, in accordance with some crabodiments.

[06027} FIGs. 13A-13E show representative images of bead aggregation on substrates (wafers)
with a pitch size of 1.8 pum. The walers were incubated in a buffer with diflerent levels of Mg™™
{prewet) and the beads were incubaled in a buffer with different fevels of Mg® (load) before the
beads were loaded onto the waters, Circles highlight selected bead aggregates that were detected.
[6028] FIGs. 14A and 14B show representative images ol bead aggregation on wafers with a
pitch size of 1.5 pm. The walers were incubated in a buffer with different levels of Mg™
(prewet) and the beads were incubaied in a buffer with different levels of Mg®™ (load) before the
beads were loaded onto the wafers. Circles highlight example bead aggregates.

[0029] FIGs. 15A-15C show cxemplary images of a substrate loaded with particles (e.g.. beads).
The images depicl beads in & control imaging buffer (FIG. 15A), beads in an imaging buffer that
includes 10% PEG-4000 (FIG. 15B), and beads in another imaging bufler that includes both
10% PEG-4000 and 50mM MgCl: (FIG. 15C).

|8030f FIGs. 16A-16C show exemplary images of a substrate loaded with particles (e.g., beads).
The images depict beads in the control imaging bufter (F1G. 16A), beads in an imaging buffer
that includes 10% PEG-8000 (FIG. 16B), and beads in another imaging buffer that includes 10%
PEG-8000 and 30 ;M MgCl: (FIG. 16C).

10031} FI1G. 17 shows the effect of PEG-4000 on bead size. The graph tllustrates exemplary
measurenents of bead diameter for beads loaded on a subsirate and imaged in the presence of
imaging bufters, where each buffer includes a titrated percentage of PEG-4000 (the x-axis). Each
butfer further includes 50mM of MaClz, The diameter of the beads was determined as relative
full width at half maximum (FWHM) of the beads (the y~axis), where bead diameters were
normalized o beads in an imaging bufler with no PEG-4000.

[0032} FIG. 18 shows the effect of MgClz on bead size. The graph illustrates exemplary
measurcments of bead diameter (represented as FWHM of the beads (y-axis)) for beads loaded
on a substrate and imaged in the presence of imaging butlers, where each buffer includes a

titrated amount of MgCl: {the x-axis). Each buffer further inchudes 5% PEG-4000,
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[0033] F1Gs. 19A-19D show exemplary images of a substrate loaded with particles (e.g., beads).
The images depict bead-loaded substrates that were prepared, prior to loading, wilh a prewelting
bufler that lacks magnesium chloride (F1Gs. 19A-19B) or conprises magresium chloride (FIGs.
19C-19D). The substrates were incubated at room temperature after loading either for 60
minutes (FEGs. 19A and 19C) or for 75 minutes (FIGs. 198 and 19D}

[0034] F1Gs. 20A-20D show exemplary images of substrate loaded with particles (e.g., beads),
where the sebstrates have been prepared prior to loading with prewetting buffers having different
concentrations of magnesiun chloride, e.g., S0mM MgCl, 100mM MgClz, 150mM MgCls, and
200mM MgCh, respectively.

[0035] FIG. 21 shows the effect of bead concentration in loading. The graph llustraies
exemplary percenlage occupancy (e.g., how many possibie locations on the substrate were
occupied after loading) and exemplary efficiency (e.2., how many of the starting beads were
successfully loaded onto the substrate). Both measurements were determined [or positive,
nueleie acid coupled beads.

[0036] F1Gs. 22A-22D show exemplary images of a substrate loaded with particles (e.g., beads)
at different overloading levels, as determined based on the number of available focations and the
number of beads added, e.g., 1x, 1.2x, 1.4x, and 1.7x overloaded, respectively.

[06037] FIGs. 23A and 23B show exemplary images of a substrate loaded with particies (e.g.,
beads). The images depict bead-loaded substrates, where the substrates had been prepared prior
to loading with prewelting buffer comprising S0M magnestum, The butfer used lo load the beads
comprised cither 50M magnesiwm chloride and 1% wiv PEG (FIG, 23B) or no magnesiunt
chioride and no PEG (FIG. 23A).

[06038] FIGs. 24A and 24B diustrate workflows utilizing click chemistry in bead-substrate
associations. In F1G. 24A bead-bound circularized templates are deposited on a substrate via
click chemistry, In FIG. 248 click chemistry bead-bound concatemers are deposited on a

subsirate.

DETAILED DESCRIPTION
0039} While various embodinments of the tnvention have been shown and deseribed herein, it
will be ebvious o those skilled in the art that such entbodiments are provided by way of example
only. Numerous variations, changes, and substitutions may occur to those skilled in the art
without departing from the invention. It should be understood that various alternatives o the

cmbodimenis of the mvention described herein may be craployed.
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EE IR

[0040} As used herein, the singudar forms “a,” “an,” and “the” include the plural reference unless
the context clearly dictates otherwise,

|[8041} When a range of values is provided, it 1s to be understood that cach intervening value
between the upper and lower limit of that range, and any other stated or intervening value in that
stated range is encompassed within the scope of the present disclosure, Where the stated range
includes upper or lower lintits, ranges excluding either of those included linuts are also mcluded
in the present disclosure,

[0042] The ferm “biclogical sample,” as used hereln, generally refers io any sample derived
from a subjeet or spectmen. The biological sample can be a fluid, tissue, collection of cells (e.g.,
cheek swab), hair sample, or feces sample. The [luid can be blood {¢.g.. whole blood), saliva,
urine, or sweat. The tissue can be from an organ {¢.g., iver, lung, or thyroid), or a mass of
celludar material, such as, for example, a tumor. The biological saniple can be a cellular sample
or cell-[ree sampie. Examples of biological samples include nucleie acid molecules, amino acids,
polypeptides, proteins, carbohydrates, fats, or viruses. In an example, a biological sample is a
nucleic acid sample including one or more nucleic acid molecules, such as deoxyribonucleic acid
{DNA) and/or ribonucieic acid (RNA)Y. The nucleic acid samiple may comprise cell-free nucleic
acld molecules, such as cell-free DNA or cell-free RNA. Further, samples may be exiracted from
variety of amimal {luids conlaining cell frec sequences, including but not lumited o blood, serum,
plasma, vitreous, sputum, urine, tears, perspiration, saliva, semen, mucosal exeretions, nuicys,
spinal fuid, amniotic fluid, fymph fluid and the like. Cell free polynucleotides may be fetal in
origin {via fluid taken from a pregnant subject) or may be derived from tissue of the subject
itself. A biological sample may also refer to a sample engineered to mimic one or more
propetties {e.g., nucleic acid sequence properties, ¢.g., sequence dentity, length, GC content,
cte.} ol a sample derived from a subject or specimen,

0043} The term “subject,” as used herein, gencrally refers to an individual from whom a
bioclogical sample is obtained. The subject may be a mammal or non-mamnial, The subject may
be human, non-human mammal, animal, ape, monkey, chimpanzee, reptilian, amphibian, avian,
or a plant. The subject may be a patient. The subject may be displaying a symptom ol a disease,
The subject may be asymptomatic, The subject may be undergoing treatment. The subject may
not be undergoing reatmient. The subject can have or be suspected of having a discase, such as
cancer {e.g., breast cancer, colorectal cancer, brain cancer, leukemia, lung cancer, skin cancer,
liver cancer, pancreatic cancer, lymphoma, esophageal cancer, cervical cancer, ete.) or an
infectious discase, The subject can have or be suspecied of having a genetic disorder such as

achondropiasia, alpha-1 antitrypsin deficiency, antiphospholipid syndrome, autism, autosomatl
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dominant polyeystic kidney disease, Charcot-Marie-tooth, crt du chat, Crohn's disease, cystic
fibrosis, Dercum disease, down syndrome, Duane syndrome, Duchenne muscular dystrophy,
factor V Leiden thronthophitia, familial hypercholesteroleniia, famitial Mediterrancan fever,
fragile x syndrome, Gaucher disease, hemochromatosis, hemophilia, holoprosencephaly,
Huntington's discase, Kimncfelter syndrome, Marfan syndrome, myotonic dystrophy,
neurofibromatosis, Noonan syndrome, osteogenesis imperfecta, Parkinson's disease,
phenylketonuria, Poland anomaly, porphyria, progeria, relinitis pigmentosa, severe combined
immunodeficiency, sickle cell disease, spinal muscular atrophy, Tay-Sachs, thalassemia,
trimethylaminuria, Turner syadrome, velocardiofacial syndrome, WAGR syndrome, or Wilson
disease.

|0044} The term “analyte,” as used herein, generally refers to an object that 18 the subject of
analysis, or an obyject that is directly or indirectly analyzed during a process. An analyte may be
synthetic. An analyte may be, originate from, and/or be derived from, a sample, such as a
biological sample. In some examples, an analyte 1% or includes a molecule, macromolecule {e.2.,
nucleic acid, carbohydrate, protein, lipid, etc.), nacleic acid, carbohydrate, hipid, antibody,
antibody fragment, antigen, peplide, polypeptide, protein, macromelecular group (e.g.,
glycoproteins, proteoglycans, ribozymes, liposonies, etc.), cell, tissue, biological particle, or an
organism, or any engingered copy or variant thereof, or any combination thereof. The torm
“processing an analyle,” as uysed herein, generally refers to one or more stages of interaction with
one more samples. Processing an analyte may comprise conducting a chemical reaction,
hiochemical reaction, enzymatic reaction, hybridization reaction, polymerization reaction,
physical reaction, any other reaction, or a combination thercof with, in the presence of, or on, the
analyte. Processing an analyte may comprise physical and/or chemical manipulation of the
analyie. For example, processing an analyvte may comprise detection of a chemuical change or
physical change, addition of or subiraction of material, atoms, or molecules, molecular
confirmation, detection of the presence of a fluorescent label, detection of a Forster resonance

energy transfer (FRET) inleraction, or inference of absence of fluorescence.

¥ K4 % e

[6045] The terms “nucleie acid,” “nucleic acid molecule,” “nucleic acid sequence,” “nucieic acid
fragment,” “ohigonucleotide” and “polynucleotide,” as used herein, generally refer o a
polynucieotide that may have various lengths of bases, comprising, for example,
deoxyribonuciecotide, deoxyribonucieic acid (DNA), ribonucieotide, or ribonucieic acid (RNA),
or analogs thereof. A mucleic acid may be single-stranded. A nucleic acid may be double-
stranded. A nocleic acid may be partially double-stranded, such as to have at least one double-

stranded region and al least one single-stranded region. A partially double-stranded nucleic acid
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may have one or more overhanging regions. An “overhang,” as used herein, generally refers to a
single-stranded portion of a nucleic acid that extends from or is contiguous with a double-
stranded portion of a same nucleie acid molecule and where the single~-stranded portion is at a 3
or 57 end of the same nucleic acid molecule, Non-limiting examples of nucieic acids include
DNA, RNA, genomic DNA or synthetic DNA/RNA or coding or non-coding regions of a gene
or gene fragment, loci (locus) defined from linkage analysis, exons, infrons, messenger RNA
{mRNA), transfer RNA, ribosomal RNA (rRNA), short interfering RNA (siRNA), short-hairpin
RNA (shRNA), nucro-RNA (miRNA), ribozymes, cDNA, recombinant nucleic acids, branched
nucleic acids, plasnuds, vectors, isolated DNA of any sequence, and 1solated RNA of any
sequence. A nucleic acid can have a length of at least about 16 nucleic acid bases (“bases™), 20
bases, 30 bases, 40 bases, 50 bases, 100 bases, 200 bases, 300 bases, 400 bases, 500 bases, |
kifobase (kb), 2 kb, 3, kb, 4 kb, 5 kb, 10 kb, 20 kb, 30 kb, 40 kb, 50 kb, 100 kb, 200 kb, 300 kb,
400 kb, 500 kb, I megabase (Mb), 10 Mb, 100 Mb, 1 gigabase or more. A nucleie acid can
comprise a sequence of four natural nucleotide bases: adenine (A); cytosine (C); guanine (G);
and thynine (T) {or uracil (U) instead ol thymine {T) when the nucleic acid is RNA). A nucleic
acid may include onc or more nonstandard nucleotide(s), nucleotide analog(s) and/or modificd
nucleotide(s).

[6046} The term: “nucleotide,” as used herein, generally refers to any nucleotide or nucleotide
analog. The mucleotide may be naturally occurring or non~-naturally ocewrring, The mucieotide
may be a modified, synthesized, or engineered nucleotide. The nucleotide may include a
canonical base or & non-canonical base, The nucleotide may comprise an altemative base. The
nueleotide may include a modified polyphosphate chain (e.g., triphosphate coupled to a
fluorophore). The nucleotide may comprise a label. The nucleotide may be terminated (e.g.,
reversibly terminated). Nonstandard nucleotides, nucleotide analogs, and/or modified analogs
may include, but are not imited to, dianunopurine, 3-fluorouracil, 3-bromouracii, S-chlorouracii,
S-iodouracil, hypoxanthine, Kanthine, 4- acetylcyiosine, 3-(carboxyhvdroxylmethyljuracil, 5-
carboxymethylaminomethyl-2-thiouriding, S-carboxymethytaminomethyiuracil, dihydrouracil,
beta-D-galactosylgueosine, inosine, No-isopentenyladenine, -methylguanine, 1-methyviinosine,
2, 2-dimethylguanine, 2-methyiadenine, 2-methylguanine, 3~-methyleytosine, S-methyleytosine,
No~-adenine, 7-methylguanine, S-methylaniinomethyluracil, S-methoxyaminomethyi-2-thiouracil,
beta~-D-mannosylqueosine, S-methoxyearboxymethyluracil, S-methoxyuracii, 2-methyithio-D46-
isopentenyladenine, uracil-5-oxvacetic acid (v), wybutoxosine, pseudouracil, gucosing, 2-
thiocylosine, S-methyl-2-thiouracil, 2-thiouracil, 4-thiouracil, S-methyluracil, uraci-3- oxyacetic

acid methylesier, uracil-5-oxyacetic acid(v), S-methyl-2-thiouracil, 3-(3-amine-3-N-2-
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carboxypropyl) uracil, {(acp3)w, 2,6- diaminopurine, cthynvi nucleotide bases, 1-propynyl
aucleotide bases, azido nucleotide bases, phosphoroselenoate nmucleic acids and the like. In some
cases, nucleotides may include modifications in their phosphate meicties, including
moadilications {o a triphosphatle moiety. Additional, non-limiting examples of modifications
include phosphate chains of greater fength {e.2., & phosphate chain having, 4, 5, 6,7, 8,9, 10 or
more phosphate nioieties), modifications with thiol moieties (e.g., alpha-thio triphosphate and
beta-thiotriphosphates) or modifications with sefenium motcties {¢.g., phosphoroselenoate
nuclele acids ). Nucleic acids may also be modified at the base motely (e.g., at oneg or more atoms
that typically are available to form a hydrogen bond with a complementary nucleotide and/or at
one or more aloms that ave not typically capable of forming a hvdrogen bond with a
compiementary nucleotide), sugar moiety or phosphate backbone. Nucleic acids may also
contain amine -modified groups, such as aminoallyl-dUTP (aa-dUTP) and
aminohexhylacrylamide-dCTP (aha~-dCTP) to allow covalent attachment of amine reactive
moieties, such as N-hydroxysuccinimide esters (NHS). Alternatives to standard DNA base pairs
or RNA base pairs in the oligonucleotides of the present disclosure can provide higher densily in
bits per cubic mns, higher safety (resistant lo accidental or purposeful synthesis of natural
ioxins), easier discrimination in photo- programmed polymerases, or lower secondary structure,
Nucieotides may be capabie of reacting or bonding with detectable moicties for nucleotide
detection,

[0047] The term “sequencing,” as used herein, generally refers to a process for generating or
identifying a sequence of a biological molecule, such as a nucleic acid. The sequence may be a
nueleic acid seguence which comprises a sequence ol nucleic acid bases. As used herein, the
term: “template nucleic acid™ generally refers to the nucleic acid 1o be sequenced. The template
nucleic acid may be an analyie or be associated with an analyle. For example, the analyie can be
a mRNA, and the template nucleic acid 1s the mRNA or a ¢DNA derived from the mRNA, or
oiher derivative thereof. In another example, the analvte can be a protein, and the teraplate
nucleic acid 1s an oligonucleotide that is conjugated 1o an antibody that binds to the protein, or
derivative thereof. Examples of sequencing include single molecule sequencing or sequencing by
synthesis, for example. Sequencing may comprise generating sequencing signals and/or
sequencing reads. Sequencing may be performed on template nucleic acids innmobilized on a
support, such as a flow cell, substrate, and/or one or more beads. In some cases, a teniplate
nucleic acid may be amplified to produce a colony of nucleic acid molecules attached to the
support to produce amplitied sequencing signals. In one example, (i} a lemplaie nucleic acid s

subjected to a nucleic acid reaction, o.g., amplification, io prodace a clonal population of the
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nucleic acid attached to a bead, the bead immobilized to a sabstrate, (1) amplified sequencing
signals from the immobilized bead are detected from the sobstrale surface during or tollowing
one or more nucleotide lows, and (i) the sequencing signals are processed to generate
sequencing reads. The substrate surface may immobilize nyitiple beads at distinet focations,

cach bead containing distinet colonies ol nucleic acids, and upon detecting the substrale surface,
multiple sequencing signals may be simultaneousty or substantially sinwitancously processed
from the different unmobilized beads at the distinet locations to generate multipie sequencing
reads. In some sequencing methods, the nucleotide flows comprise non-lerninated nucleotides.
In some sequencing methods, the nucleotide flows comprise terminated nucleotides.
[0048] The term “nucleotiide flow™ as used herein, generally refers to a temporally distinet
instance of providing & nucleotide-containing reagent to a sequencing reaction space. The {erm
“flow™ as used herein, when not qualilied by another reagent, generally refers to a nucleotide
flow. For example, providing two flows may refer o (i) providing a nucleotide~containing
reagent {¢.g., an A-base-containing solution) to a sequencing reaction space at a first tinwe point
and (i1) providing a nucleolide-contatning reagent (e.g., G-base-containing soluiion) to the
sequencing reaction space al a second time point different (rom the first time point, A
“sequencing reaction space” may be any reaction environment comprising a template nucleic
acid. For example, the sequencing reaction space may be or comprise a substrate surface
comprising a template mucleic acid immobilized thereto; & substrate surface comprising a bead
immobilized thereto, the bead comprising a template nucleic acid immobilized thereto; or any
reaction chamber or surface that comprises a template nueleie acid, which may or may not be
immobilized. A nucleotide flow can have any number of base types (e.g., A, T, G, C; or U), for
example 1, 2, 3, or 4 canonical base lypes. A “flow order,” as used herein, generally refers to the
order of nucleotide flows used (o sequence a temyplate nucleic acid, A flow order may be
expressed as a one-dimensional matrix or linear array of bases corresponding lo the identities of,
and arranged in chronelogical order of, the nucleotide tlows provided to the sequencing reaction
space:

eg , I ATGCATGCATGATGATGATGCATGC O
Such one~dimensional matrix or linear array of bases in the flow order may also be referred to
herein as & “flow space.” A flow order may have any number of nucleotide flows. A “flow
position,” as used herein, generally refers to the sequential position of a given nucleotide flow
entry in the flow space {e.g., an clement i the one-dimenstonal matrix or linear arvay}). A “flow
cycle,” as used herein, generally refers to the order of nucleotide {low(s) of a sub-group of

contiguous nucleotide flow(s) within the flow order. A flow cycle may be expressed as a one-
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dimensional mairix or linear array of an order of bases corresponding to the ideniities of, and
arranged in chronological order of, the nucleotide flows provided within the sub-group of
contiguous Bow(s) (e2, [A T G CLIAA T T G G C CL{A T, [AT AGL A AL AL
IA T Gl ete), A flow eyele may have any number of nucleotide flows. A given flow cycle niay
be repeated one or more times in the {low order, consecutively or non-consecutively.
Accordingly, the term “flow cyele order,” as used herein, generally refers to an ordering of flow
cycles within the flow order and can be expressed in units of flow cyeles. For example, where {A
T G C}is identitied as a §¥ [low cycle, and {A T G is identified as a 2™ flow cycle, the flow
orderoflf A TGCATUOCATOGATGATGOGATGOGCATG Clmaybe
described as having a flow-cycle order of {1% flow cycle; 13 flow cycle; 2 flow cyele; 2% flow
cyele; 22 flow eyele: 1% flow eyele; 1% flow cvele]. Alternatively or in addition, the flow cycle
order may be deseribed as [evele 1, evele, 2, eycle 3, eycle 4, eycle 3§, eycle 6], where cycle 1 is
the 1™ flow cycle, eyele 2 is the 1™ flow eyele, cycle 3 is the 2 flow cycle, ete.

bl

[6049] The terms “amplifying,” “amplification,” and “nucleic acid amplilication™ are used
interchangeably and generally refer to generating one or more copies of a nucleic acad ora
template, For example, “amplification™ of DNA generally refers to generating one or mors
copies of a DNA moelecale. Amplification of a nucleic acid may be hinear, exponential, ora
combination thercof. Amplification may be cmulsion based or non-emulsion based. Non-limiting
exaniples of nucleic acid amplilication methods include reverse transcription, primer extension,
polymerase chain reaction (PCR), hgase chain reaction (LCR), helicase-dependent amplification,
asymmetric amplification, rolling circle amplification (RCA), recombinase polymerase reaction
{RPA), loop mediated isothermal amplification (LAMP), nucleic acid seguence based
amplification (NASBA), self-sustained sequence replication (3SR}, and multiple displacement
amplification (MDA}, Where PCR is used, any lorm of PCR may be used, with non-limiting
examples that include real-ime PCR, allele-specific PCR, assemibly PCR, asynumnetric PCR,
digital PCR, emulsion PCR (ePCR or emPCR), dial-out PCR, helicase-dependeni PCR, nested
PCR, hot start PCR, inverse PCR, methylation-specific PCR, miniprinier PCR, multiplex PCR,
aested POR, overlap-extension PCR, thermal asymmetric interlaced PCR, and touchdown PCR.
Amplification can be conducted in a reaction mixture comprising various components {e.g., &
primer(s), template, nucleotides, a polynierase, bufler components, co-factors, etc.) that
participate or facilitate amplification. In some cases, the reaction mixture comprises a buller that
permits context independent incorporation of nucleotides. Non-limiting exampies inelude
magnesium-ion, mangancse-ion and isocitraie butters. Additional examples of such buffers are

described in Tabor, 8. et al. C.C. PNAS, 1989, 86, 4076-4080 and 1J.S. Palent Nos. 5,409,811
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and 3,674,716, cach of which is herein tncorporated by reference in its entirety, Useful methods
for clonal amplitication fronm single molecules include rofling circle amplification (RCAj}
{Lizardi et al., Nat. Genet, 19:225-232 (1998), which is incorporated herein by reference), bridge
PCR (Adans and Kron, Method for Performing Amplification of Nucleie Acid with Two
Primers Bound to a Single Solid Suppeort, Mosaie Technologies, Inc, (Winter Hill, Mass.);
Whitehead Institule for Biomedical Research, Cambridge, Mass,, (1997); Adessi et al., Nucl,
Acids Res. 28:E87 (2000); Pemov et al., Nucl. Acids Res. 33:e11(2005); or U.S. Pat. No.
5,641,658, each of which s incorporated herein by reference), polony generation (Mitra ot al.,
Proc. Natl. Acad. Sci. USA 100:5926-5931 (2003} Mitra ct al., Anal. Biochem. 320:55-
65(2003)}, cach of which is incorporated herein by reference), and clonal amplification on beads
using emulsions {Dressman et al., Proc. Natl. Acad. Sci, USA 100:8817-8822 (2003), which is
incorporated herein by reference) or ligation to bead-based adapter libraries (Bremer et al., Nat.
Biotechnol. 18:630-634 {2000); Brenner et al., Proc, Natl. Acad. Sci. USA 97:1665-1670
{2000)); Reinariz, et al., Brief Funct. Genomic Proteomic 1:95-104 {2002), cach of which i
incorporated herein by reference). Amplilication producis from a nucleic acid may be identical
or substantially identical. A nucleic acid colony resulting (rom amplification may have identical
or substantially identical sequences.

[6050} As used herein, the torms “identical” or “percent identily,” when used with respect to two
or more nucleic acid or polypeptide sequences, refer to two or more sequences that are the sane
or, alternatively, have a specified percentage of amino acid residues or nucleotides that are the
same, when conpared and aligned for maximuni correspondence, as measured using any one oy
more of the following sequence comparison algorithms: Needleman-Wunsch (see, ¢.g.,
Needleman, Saul B.; and Wunsch, Christian D, (1970}, A general method applicable to the
search for similariiies in the amino acid sequence of two proteins” Journal of Molecular Biology
48 (3):443-33); Smith-Waterman (see, e.g., Smith, Temple F.; and Waterman, Michael S,,
“Identification ol Comimon Molecular Subsequences™ (1981) Journal of Molecular Biology
147:195-197); or BLAST (Basic Local Alignment Scarch Tool: sce, e.g., Altschul S F, Gish W,
Mitler W, Myers E W, Lipman D J, “Basic local alignment search tool” (19907 ] Mol Biol 2135
(31:403-410). As used herein, the terms “substantiafly identical™ or “substantial identity” when
used with respect to two or ntore nucleie acid or polypeptide sequences, refer to two or more
sequences or subsequences (such as biologically active fragments) that have at least 60%, at least
7%, at least 73%%, at feast 80%4, at least 853%, at least 904, al {east 95%4, at least 96%, at least
7%, at least 98%, or at least 99% nucicotide or anine acid residue dentity, when compared and

aligned for maximum correspondence, as measured using a sequence comparison algorithm or
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by visual inspection. Substantially identical sequences are typically considered to be homologous
without reference to actual ancestry. In some embodiments, “substantial identity” exists over a
region of the sequences being compared, In some embodiments, substantial identity exists over a
region of at feast 25 residues in length, at least 50 residues in length, at least 100 residues in
length, at feast 150 residues in fength, at least 200 residues i length, or greater than 200 residucs
in length. In some embodiments, the sequences being compared are substantially identical over
the full length of the sequences being compared. Typically, substantially identical nucleic acid or
protein sequences include less than 100% mucleotide or amino acid residue dentity, and as such
sequences would generally be considered “identical.”

[0051} The term “detector,” as used herein, generally refers to a device ihat is capable of
detecting a signal, including a signal indicative of the presence or absence of one or more
incorporated nucleotides or fluorescent tabels. The detector may simultancously or substantially
simuliancously detect multiple signals. The detector may detect the signal in reai-time during,
substantially during a biological reaction, such as a sequencing reaction (e.g., sequencing during
a primer extension reaction}, or subsequent {o a biological reaction. In some cases, a detecior can
inclede optical and/or electronic components that can detect signals. Non-himiting examples of
detection methods, for which a detecior 1s used, include opiical detection, spectroscopic
detection, clectrostatic detection, electrochemical detection, acoustic detection, magnetic
detection, and the like. Optical detection methods include, but are not limited to, light absorption,
ultraviolet-visible (UV-vis) light absorption, infrared light absorption, light scattering, Rayleigh
scattering, Raman scattering, swrface~enhanced Raman scaltering, Mie scattering, fluorescence,
luniinescence, and phosphoreseence. Spectroscopie detection methods include, but are not
limiled to, mass spectromelry, nuclear magnetic resonance (NMR) spectroscopy, and infrared
spectroscopy. Electrostatic detection methods include, bul are not Hmited to, gel-based
technigues, such as, for example, gel electrophoresis. Electrochemical detection methods
inciude, but are not lunited io, elecirochemical detection of amplified product after hugh-
performance liquid chromatography separation of the amplified products. A delector may be a
continuous arca scanning detector, For example, the detector may comprise an inmaging array
sensor capable of continuous integration over a scanning area where the scanning is
clectronically synchronized to the image of an object in relative motion, A comtinuous arca
scanning detector may comprise a time delay and integration {TDH) charge coupled device
(CCD), Hybrid THI, complementary metal oxide semiconduclor {CMOS) pseudo TI device, or

TDI line-scan camera.
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[00S52] The termis “dispense” and “disperse™ may be used interchangeably herein. In some cases,
dispensing may comprise dispersing and/or dispersing may comprise dispensing. Dispensing
generally refers to distributing, depositing, providing, or supplying a reagent, solution, or other
object, ele. Dispensing may comprise dispersing, which may generally refer to spreading.

[0053} The term “self~assembly,” as used herein, niay generally refer (o an organization of
molecules or particles into ordered structures. The self-assembly may occur spontancously or
with the provision of a force or energy. The seif-assembly may be reversible. The ordered
structures may be joined via non-covalent inleractions, e.g., van der Waals forces, tonic
interactions, hydrophobic interactions, hydrogen bonding, ete. The seif-assembly of particles
{e.g., beads) may involve evaporation or capillary force, For example, a plurality of particles
(e.g., beads) may be provided in a suspension conprising a liquid on a substrate, and the figoid
nay evaporate. Alternatively or in addition, a capillary force may help drive self~assembly of
neighboring particles. Seif~assembly may occur between the same types of particles or different
types ol particles {e.g., particles of varyving size, compositions, charges, mechanical properties,
cte.). The self-assembly may, in some instances, resull in a substantially uniform layer {e.g.. a
monelaver) of the particles, The uniformity of the self-assembled particles may be measured, for
example, by measaring the particle-to-particie distance and optionally, comparing particle-lo-
particle distance to a diameter of the particles. In some instances, the self-assembled particles

may form a close-packed configuration {(e.g., hexagonal, close-packed configuration}),

Sample Processing Methods

[0054] Described herein are devices, systems, methods, compositions, and kits for processing
samples, such as 1o prepare a sample for sequencing, to sequence a sample, and/or lo analyze
sequencing data, FIG. I ilustraies an example sequencing worktiow 100, according io the
devices, systems, methods, compositions, and kits of the present disclosure.

[0055] Supports and/or templale nucleic acids may be provided and/or prepared (101) to be
compatible with downstream sequencing operations (e.g., 107). A support {2.g., bead) may help
immobilize a template nucleic acid to & substrate, such as when the template nucleic acid is
coupled to the support, and the support is in turn immobilized to the substrate. The support may
further function as a binding entity to retain derivatives molecules (e.2., amplification products}
from a same template nucleic acid together for downstream processing, such as for sequencing
operations, This may be useful in distinguishing a colony [rom other colonigs (e.g., on other
supports) and generating amplitied sequencing signals corresponding to a iemplaie nucleie acid,

A support may comprise an oligonucieotide comprising ong or more funclional nucleic acid
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sequences. The oligonucieotide may be single-siranded, double-stranded, or partially double-
stranded. For example, the oligonucleolide may comprise a capture sequence, a primer SCQUenRce,
a sequencing primer sequence, a barcode sequence, a sample index sequence, a unique molecular
identifier (UMI}, a flow cell adapter sequence, an adapier sequence, a target sequence, a rardom
sequence, a binding sequence (e.g., for a splint, primer, template nucleic acid, capture sequence,
ete.), or any other functional sequence useful for a downstream operation, a complement thereof,
or any combination thercof. The capture sequence may be configured to hybridize to a sequence
ol a templale nucleic acid or derivative thereof. The support may comprise a plurality of
oligonucleotides, for example on the order of 19, 107, 10°, 10%, 10°, 105, 107, or more molecules.
The support may comprise a single species of oligonucleotide which comprise identical
sequences. The support may comprise muftiple species of ofigonucleotides which have varying
sequences, It sonte cases, the support comprises a single species of & primer (e.2., forward
primer) for amplification. In some cases, the support comprises two species of primer (e.g.,
forward primer, reverse primer) for amplification. Devices, systems, niethods, compositions, and
kits for preparing and using support species are described 1 further detail in ULS, Patent Pub.
No. 20220042072A1 and International Patent Pub, No, WO2022040557A2, cach of which is
entirely incorporated herein by reference for all purposes.

[6056] A support may comprise one or more capture entilies, where a capture entity is
configured for capture by a capturing entity, A capture entity may be coupled to or be part of an
oligonucieotide coupled to the support. A capture entity may be coupled to or be part of the
support. Examples of capture entify-capturing entity pairs and capturing entity-capture entity
pairs inciude: streptavidin (SA)-bioting complementary sequences; magnetic particle-magnetic
field systeny; charged particie-electric ficld systemy; azide-cyclooctyne; thiol-maleimide; click
chenuisiry pairs; cross-Hnking pairs; etc. (see Example 5 for click chemistry capture}. The
caplure entity-capturing entity pair may comprise onc or iore chemically miodified bases, A
capture entity and capturing entity may bind, couple, hybridize, or otherwise associaie with each
other, The association may comprise formation of a covalent bond, non-covalent bond,
releasable bond (e.g., cleavable bond that is cleavable upon application of a stimuius), and/or no
bond, The capture entity may be capable of finking to a nucleotide. In some instances, the
capluring entily may comprise a sccondary capture entity, for example, for subsequent capture
by a secondary capturing entity. The secondary capture entity and secondary capturing entity
may comprise any ong or more of the capturing mechanisms described elsewhere herein.

[0057} A support may comprise one or more cleavable moieties, also reterred to herein as

excisable moteties. The cleavable moiety may be coupled to or be part of an oligonucleotide
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coupled to the support, The cleavable moiety may be coupled to the support. A cleavable moiety
may comprisc any useful moisety that can be used to cleave an oligonucieotide {or portion
thereof) [rom the support, or otherwise release a nucleic acid strand from the support and/or the
oligonucleotide. A cleavable molety may comprise a uracil, a ribonucleotide, methylated
aucleotide, or other modified nucleotide that is exeisable or cleavable using an enzyme (e.2.,
UDG, RNAse, APEL, Mspll, endonuclease, exonuciease, ete.). The cleavable moiely may
comprise an abasic site or an analog of an abasic sie {¢.g., dSpacer), a dideoxyribose, a spacer,
e.g., U3 spacer, hexanediol, tricthylene glyvcol spacer {e.g., Spacer 9}, hexa-cthylene glycol
spacer {e.g., Spacer 18), a photocleavable moietly, or combinations or analogs thereof,
Alternatively, or in addition, the cleavable moicty may be cleavable using one or more stimuldi,
&.2., photo-stimulus, chemical stimulus, thermal stimulus, ete.

|8058} The sequencing workflow 106 may not involve supports, for example when a template
nucleie acid andfor its dertvatives are directly attached to a substrate and amplified and/or
sequenced from the substrate,

[0059] A temiplate nucleic acid may include an nsert sequence sourced from a biclogical
sample, The template nucleic acid may be derived frony any nucleic acid of the biological sample
{e.g.. endogenous nucleic acid) and resuli from any number of processing operations, such as but
not limited to fragmentation, degradation or digestion, transposition, ligation, reverse
transcription, extension, replication, ete. The template nucleic acid may be single-stranded,
double-stranded, or partially double~stranded. A template nucleic acid may comprise one or
more functional nucleic acid sequences. For example, the template nucleic acid may conmprise a
capture sequence, a primer Sequence, a sequencing primer sequence, a barcode sequence, a
sample index sequence, a umque molecular identifier (UMI), a {flow cell adapter sequence, an
adapter sequence, a target sequence, a random sequence, a binding sequence {c.g., for a sphint,
primier, template nuecleic acid, capture sequence, gte. ), or any other tunctional sequence useful for
a downstream operation, a complement thercof, or any combination thereof, The {emplale
nucleic acid may comprise an adapter sequence configurad 1o be captured by a capture sequence
of an oligonucieotide coupled to & support. The one or more functional nucleic acid sequences
may be disposed at one end or both ends of the insert sequence. A nucleic acid molecule
comprising the insert sequence, or complement thereof, may be processed with (e.g., attached to,
extend from, ete.) one or more adapter molecules to generate the template nucleic acid
comprising the insert sequence and one or mere functional nucleie acid sequences. A template
nucleic acid may comprise one or more capture entiiics and/or one or more cleavable morcties

that are described elsewhere herein,
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[0060] Optionally, ihe supports and/or template nucleic acids may be pre-enriched (102). For
cxample, a supporl comprising a distinet oligonucicotide sequence is pre-enriched to isolate from
a mixture comprising support(s) that do not have the distinet oligonucleotide sequence, For
example, a template nueleic acid comprising a distinet configuration {e.g., comprising a
particular adapter sequence) is pre~enriched to isolate from a mixture comprising template
nucleic acids that do not have the distinet configuration. In some cases, the capture enlity on the
supports and/or temptate nucleic acids are used for pre-ensichment.

[6061] The supporis and template nucleic acids may be aitached (103} to generate suppori-
template complexes. A template nucleic acid may be coupled to a support via any method(s) that
results in a stable association between the template nucleic acid and the support. For example,
the template nucleie acid may hybridize to an oligonucleotide on the support; the template
nucleic acid may be ligated to a nucleic acid coupled to the support; the teniplate nucleic acid
may hybridize to one or more intermediary molecules, such as a splint, bridge, and/or primer
molecule, whicl hybridizes to an oligonucleotide on the support; andfor the template nucleic
acid may be hybridized to an oligonucicotide on a support, which oligonucleotide conmprises a
primier sequence which is extended. In some cases, the respective concentrations of the supports
and teraplate nucleic acids may be adjusted such that a majority ol support-teniplate complexes
are single template-attached supports (e.g., a support altached to a single template nucleie acid).
[0062} Optionally, support-template complexes may be pre-enriched (104}, wherein a support-
template complex is iselated from a mixture comprising support(s) and/or template nucleic
acid(s) that are not attached o cach other. In some cases, the capture entity on the supports
and/or template nucleie acids are used for pre-enrichment,

[6063} The temiplale nucleic acids may be subjected lo amplilication reactions (105) to generate
a plurality of amplification products invmobiiized to the support. Such amplification reactions
may comprisc performung polymerase chain reaction (PCR)Y or any other amplification methods
described herein, including but not finuited to enwalsion PCR (ePCR or emPCR), 1sothernal
amplification, recombinase polymerase amplification (RPA), rolling cirele amplification (RCA),
multipic displacement amplification (MDA), bridge amplification, template walking, cte.
Amplification reactions can occur while the support is immobilized to a substrate. Amplification
reactions can occur off the substrate, such as in solution, or on a different surlace or platlorm.
Amplification reactions can occur in isolated reaction volumes, such as within multiple droplets
in an ennusion during emulsion PCR (ePCR or emPCR), or 1o wells or tubes.

[0064] Optionally, subsequent to amplification, the supports, template nucleic acids, andior

support-tempiate complexes may be subjected to post-amptilication processing (106). Often,
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subsequent to anplification, a resuliing mixtore may comprise 8 mix of posiitve supporis (e.g.,
those comprising a template mucleic acid molecule) and negative supports {e.g., those not
attached to template nucieic acid molecules). Enrichment procedure(s) may isolate positive
supports from the mixtures. Example methods of enrichment of amplified supports are described
in LLS, Patent Nos. 10,900,078, U.S. Patent Pub. No. 20210079464A1, and International Patent
Pab, No, WO2022040557A2, cach of which is entirely incorporated by reference herein,

[0065] The template nucleic acids may be subject to sequencing (107). The template nucleic
acld(s) may be sequenced while aitached to the support. Alternatively, the teraplate nucleic acid
molecuies may be freg of the support when sequenced andfor analyzed. The template nucleic
acids may be sequenced while immobidized o a substrate, such as via a support or otherwise,
Examples of substrate-based sample processing systems are described elsewhere herein. Any
sequencing method may be used, for example pyrosequencing, single molecule sequencing,
sequencing by synthesis (SBS), sequencing by ligation, sequencing by binding, ete,

[6066] For exaniple, sequencing comprises extending a sequencing primer (or growing strand}
hybridized to a template nucleic acid by providing labeled nucleotide reagents, washing away
unincorporated nucleotides from the reaction space, amd detecting one or more signals from the
labeled nmucleotide reagents which are indicative of an incorporation event or lack thereol. After
detection, the labels may be cleaved and the whole process may be repeated any number of times
to determine sequence information of the template nucleic acid. One or more intermediary flows
may be provided intra- or inter- repeat, such as washing {lows, label cleaving flows, lernuinator
cleaving flows, reaction-conmpieting flows {e.g., double tap flow, triple tap flow, etc.), labeled
flows (or bright fows), unlabeled flows (or dark flows), phasing ows, chemical scar capping
flows, ete. A nucleotide mixture that is provided during any one flow may comprisc only labeled
nucleoiides, only unlabeled nucleotides, or a mixiure of labeled and unlabeled nucleotides. The
mixture of labeled and unlabeled nucicotides may be of any fraction of labeled nucleotides, such
as at least or at most 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%;, 35%,
40%, 45%, 50%, 55%%, 60%, 65%, 70%s, 75%, B0, 85%, 90%%, 93%, or 99%. A nucleotide
mixture that is provided during any one flow may comprise only non-terminated nucleotides,
only terminated nucleotides, or a mixture of terminatled and non~terminated nucleotides. When
using only non~ternmunated nucleotides, terminator ¢leaving flows may be onttted from the
sequencing process. When vsing terminated nucleotides, to proceed with the next step of
extension, prior to, during, or subsequent to detection, a terminator cleaving flow may be
provided to cleave blocking moicties. A nucleotide mixture that 1s provided during any one tlow

may comprise any number of canonical base types (e.g., A, T, G, C, U), such as a single
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canonical base type, two canonical base types, three canonical base types, four canonical base
types or five canonical base types (including T and U}, Different types of nucleotide bases may
be flowed in any order and/or in any mixture of base fypes that is useful for sequencing, Various
flow-based sequencing systems and methods are deseribed in ULS. Pat. Pub. No.
2022/01TO089A 1, which is entirely incorporated by reference herein for all purposes, Labeled
nucleotides may comprise a dye, Quorophore, or quantum dot, muitiples thereof, and/or
combination thereol, In some cases, nucleotides of different canonical base lypes may be labeled
and detectable at a single frequency {e.g., using the same or difterent dyes). In other cases,
nucleotides of different canonical base types may be labeled and detectable at different
frequencies (e.g., using the same or different dyes),

[0067} Subsequent to sequencing, the sequencing signais collecled and/or generated may be
subjected to data analysis (108). The sequencing signals niay be processed to generate base calls
andfor sequencing reads. In some cases, the sequencing reads may be processed lo generale
diagnostics data to the biological sample, or the subject from which the biological sanmple was
derived from. The data analysis may comprise image processing, alignment to a genome or
reference genome, training and/or trained algorithms, error correction, and the like.

[0068] While the sequencing workflow 100 with respect to FIG. 1 has been described with
respect to the use of supports to bind template molecules, it will be appreciated that the different
supports may be effectively replaced by using spatially distinet {ocations on one or niore
surfaces, which do not necessarily have to be the surfaces of individual supports {e.g., beads).
For example, a first spatially distinct location on a surface may be capable of directly
immobilizing a first colony of a [irst template nucleie acid and a second spatially distinet
location on the same surface (or a different surface) may be capable of directly inunobilizing a
second colony ol a second templaie nucleic acid to distinguish from the first colony. In some
cases, the surface comprising the spatially distinet locations may be a surface of the substrate on
which the sample is sequenced, thus streambining the amplification-seqoencing workllow.
[6069] 1t will be apprecialed that in some instances, the different operations deseribed in the
sequencing workflow 100 may be performed in a different order, 1t will be appreciated that in
some instances, one or more operations deseribed in the sequencing workflow 100 may be
ontitted or replaced with other comparable operation(s). It will be appreciated that in some
instances, one or more additional operations described in the sequencing workflow 100 may be
performed. The different operations described with respect to sequencing worklow 10 may be

performed with the help of open subsirate systers described herein.
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Open substrate systems

0070} Described herein are devices, systems, and methods that use open substrates or open flow
cell geometries to process a sampie, The term “open substrate,” as used herein, penerally refers
io a substrate in which any point on an active surface of the substrate is physically accessible
from a direction normal o the substrate, The devices, systems and methods may be used to
facilitate any application or process involving a reaction or interaction between two objects, such
as between an analyte and a reagent or between two reagents. For example, the reaction or
Interaction may be chemuical (e.g., polymerase reaction) or physical (e.g., displacement). The
devices, systems, and methods described herein may benefit from higher efficiency, sach as from
faster reagent delivery and lower volumes of reagents required per surface area. The devices,
systems, and methods deseribed herein may avoid contanmination problems common to
nticrofluidic channel flow cells that are fed from nwitiport valves which can be a source of
carryover from one reagent to the next. The devices, systems, and methods may benefit [rom
shorter completion time, use of fewer resources (e.g., various reagents), and/or reduced system
costs. The open substrates or [low cell geometries may be used to process any analyte from any
sample, such as but not limited to, nucleic acid molecules, protein molecules, antibodies,
antigens, cells, and/or organisms, as described herein. The open subsirates or [low cell
geometries may be used for any application or process, such as, but not limited to, sequencing by
synthesis, sequencing by ligation, aniplification, proteomics, single cell processing, barcoding,
and sample preparation, as described herein.

8071} A sample processing system may comprise a substrate, and devices and svstenss that
perform one or more operations with or on the substrate. The sample processing system may
permit highly efficient dispensing of reagents onto the substrate. The sample processing may
permil highly efficient imaging of one or more analytes, or signals corresponding thereto, on the
substrate. The sample processing systein may comprise an imaging system comprising a
deteclor. Substraies, detectors, and sample processing hardware that can be used in the sample
processing system are described in further detaid i U.S. Pat. Nos. 10,273,528, 10,267,790,
10,344,328, 10,512,911, 10,900,078, 11,268,143, 10,830,703, 10,852,518, and 11,155,868, U S,
Patent Pub. Nos. 20200326327A1, 20210079464A1, and 20210354126A1, and International
Patent Pub. No. WO2022072632A1, cach of which is entirely incorporated herein by reference
for alt purposes.

Substratex

[0072} The sabstrate may be a solid substrate, The subsiratc may entirely or partially comprise

one or more of rubber, glass, siticon, a metal such as aluminam, copper, litanium, chromiam, or
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steel, a ceramic such as tilamum oxide or silicon nitride, a plastic such as polyethylene (PE),
low-densily polyethylene (LDPE), high-density polyelthylene (HDPE), polypropyienc (PP),
polystyrene (S}, high impact polystyrene (HIPS), polyvinyi chloride (PVC), polyvinylidene
chloride (PVDC), acrylonitrile butadiene styrene {ABS), polyacetyiene, polyamides,
polycarbonates, polyesters, polyurethanes, polyepoxide, polymethyl methacrylate (PMMA),
polytetrafluoroethylene (PTFE), phenol formaldehyde (PF), melamine formaldehyde (MF), urea-
formaldehyde (UF), polyctheretherkelone (PEEK), polyetherinuide (PED, polyimides, polylactic
acid (PL.A), lurans, silicones, polysulfones, any mixture of any of the preceding materials, or any
other appropriate material. The substrale may be entircly or partially coated with one or more
layers ol a metal such as aluminum, copper, stlver, or gold, an oxide such as a silicon oxide
{S1:0y, where x, y may take on any possible values), a photoresist such as SUS, a surface coating
such as an aminosilane or hiydrogel, polyacrylic acid, polyacrylamide dextran, polyethylene
glyeol (PEG), or any combination of any of the preceding materials, or any other appropriate
coating. The substrate may comprise nuitiple lavers of the same or different type of material,
The subsirate may be fully or partially opague to visible lighi. The substrate may be fully or
partially transparent to visible light. A surface of the substrate may be modified to comprise
active chemical groups, such as amines, esters, hydroxyls, epoxides, and the like, ora
combination thercof. A surface of the substrate may be modified to comprise any of the binders
or linkers described herein. In some instances, such binders, linkers, active chemical groups, and
the like may be added as an additional layer or coating to the substrate.

0073} In somie examples, & substrate surface may conmprise silicon, In some instances, 8 resist
may be deposited on the substrate surface. The resist may be patterned by exposing the substrate
surface to a dose of organosilane vapor, In some cases, the resist can be removed from the
substrate surface belore any patterning is perfornzed. In sore cases, the resist can be removed
from the substrale surface after patierning. In some cases, no patterning is performed. In some
cases, one or more cleaning steps may be performed before exposing the substrate surface to a
dose of organositane vapor lo refine the resist defimitions. The resist can be any resist known in
the art. The resist may be a negative or positive resist. The resist nway be a photo-curable resist,
The resist may be a thermally curable resist. The resist may be applied to the substrate using
niethods known in the art. The applicd resist may be used to create a mask on the substrate using
various methods, such as photolithography methods, nanoimprint lithography (NIL), extended
ultraviolet lithography (EUV), electron beam lithography, or optical lithography methods such as
i-line stepper/scanner lithography, deep unitraviolet (DUV) lithography. extreme uliraviolei

{EUV) lithography, and X-ray lithography.
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[0074] In an example, as shown in FIG. 7. the substrate surface may be processed by deposiling
and growing a silicon oxide layer 704 on a bare silicon water 702, Oplionally, a
hexamethyldisilazane {HMDS) layer 706 may be deposited. Additionally, or alternatively, a
photoresist adhesion silane or bead passivation layer niay be deposited. Optionally, a resist
material 708 may be spin-coated onto the wafer. The resist may be a photoresist or a nanoimprint
lithography photoresist. In some cases, the resist may be used to pattern the surface {(e.g., via
stepper photolithography or by imprinting and curing the resist with a NIL stamp). A resist tayer
may not be required to produce unpaiterned subsirate surfaces, Oxygen plasma may be used to
descum any photoresist impurity (¢.g., atter any palterning), remove residual resist, andfor to
aciivate the surface. A molecular coating of an organosilane 710 can be applied through a
chemical vapor deposition (CVD) process. In some cases where patterning is performed, the
resist may subsequently be removed from the wafer though sonication in a stripper solution
known in the ari to generate a subsirate surface with a plurality of organosifane-functionalized
locations,

[0075] The sabstrate may have the general form of a cyhinder, a evhindrical shell or disk, a
reclangular prism, or any other geometric form. The scbstrale may have a thickness {c.g., a
mintmun dintension} of at least and/or at most about 100 micrometers {pm}, 200 um, 500 jpn, 1
mitiimeter (mny), 2 nyn, 5 mm, 10 mny, 15 mm, 20 mm, 235 mo, 30 mm, 35 mm, 40 oo, 45 mm,
50 or num. The substrate may have a first lateral dimension (such as a width for a substrate
having the general form ol a rectangular prism or a radius or diameter for a substrate having the
general form of a cylinder) and/or a second lateral dimension {such as a length for a substrate
having the general form of a rectangular prism) of at least and/or at most about 1 mm, 2 mm, 3
mny, 10 mny, 20 mm, 30 mm, 40 mm, 50 oun, 100 mum, 150 mm, 200 mn, 300 mm, 400 nun,
500 mm, 1,000 muo, 1,500 mum, 2,000 oum, 2,500 mm, 3,000 mum, 4,000 mmy, 3,000 mm or more.
0076} One or more surtaces of the sabstrate may be exposad lo and accessibie from a
surrounding open environment. In some cases, the surrounding open environment may be
controlled and/or confined in a larger contrelled environment,

[6677] The substrate may comprise a plurality of individually addressable locations. The
individually addressable locations may comprise locations that are physically accessibie for
manipulation. The manipulation may comprise, {or example, placement, extraction, reagent
dispensing, sceding, heating, cooling, or agitation, The manipulation may be accompliished
through, for example, localized microfluidic, pipet, optical, faser, acoustic, magnetic, and/or
clectromagnetic interactions with the analyle or its sarroundings. The individually addressable

locations nyay comprise locations that are digitally accessible. For example, cach individually
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addressable location may be located, identilied, and/or accessed elecironically or digitally for
indexing, mapping, sensing, associating with a device {e.g., detector, processor, dispenser, etc. ),
or otherwise processing, In some cases, the individually addressable locations may be defined by
physical features of the substrate (e.g., on a modified surface) to distingwish from each other and
from non-individually addressable locations. In some cases, the individually addressable
locations may not be delined by physical features of the substrate, and instead may be defined
digitally (c.g., by indexing) and/or via the analytes and/or reagents that are loaded on the
substrate (e.g., the locations in which analytes ave immobilized on the substrate). The plurality of
individually addressable locations may be arranged as an array, randomly, or according lo any
patiern, on the subsirate. FIG. 2 llusirates dilferent substrates (from a top view) comprising
different arrangements of individually addressable locations 201, with panel A showing a
substantially rectangular substrate with regular linear arrays, panel B showing a substantially
circular substrate with regular {inear arrays, and panel C showing an arbitrarily shaped substrate
with irregular arrays,

[0078] The sabstrate may have any number of individually addressable locations, for example,
on the order of 1, 104, 107, 10°, 107, 10°, 10°, 107, 105, 107, 10, 1081, 10, 10" or more
individually addressable locations. Each individoally addressable location may have any shape
or form, for example the general shape or form of a circle, oval, square, rectangle, polygonal, or
non-polygonal shape when viewed from the top. A plurality of individually addressable locations
can have uniform shape or form, or different shapes or forms. An individually addressable
location may have any size. In some cases, an individually addressable location may have an
arca of at least and/or al most about 0.1, 0.2, 0.25,0.3,0.4,0.5,0.6. 0.7, 08,09, 1, 1.1, 1.2,
1.25, 1.3, 1.4 1.5, 1.6, 1.7, 175, 1.8, 1.9, 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 375, 4, 4.25, 4.5, 475,
5,5.5,6,7.8,9, 10 square micron (un¥), or more. The individually addressable localions may be
distributed on a substrate with a pitch determyined by the distance between the center of a first
location and the cenler of ihe closest or neighboring individually addressable location. Locations
may be spaced with a pitch of at least and/or at most about 6.1, 0.2, 0.25, 6.3, 0.4, 0.5, 0.6, 0.7,
0.8,09, 1, 11,12, 1.25, 13, 1.4 1.5, 1.6, 1.7, 1.75, 1.8, 1.9,2,2.25,2.5,2.75, 3, 3.25, 3.5,
3.75,4,425,4.3,475,5,55,6,6.5,7,7.5,8, 85,9, 9.5, or 10 micron {um). In some cases, the
pitch between two individually addressable focations may be determined as a function of a size
of a loading object {¢.g., bead). For example, where the loading object is a bead having a
maximum diameter, the ptich may be at least about the maximum diameter of the loading object.
[0079} Each of the plurality ol individually addressable locations, or each of a subset of the

locations, may be capable of immobilizing thereto an analyte {e.g., a nucleic acid, a protein, a
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carbohvdrate, eic.} or a reagent {e.g., a nucleic acid, a probe molecule, a barcode molecule, an
antibody molecule, a primer molecule, a bead, etc.}. In some cases, an analyte or reagent may be
immobilized to an individually addressable location via a support, such as a bead. In an example,
a first bead comprising a first colony of nucieic acid molecufes each comprising a first template
sequence is immobilized to a first individually addressable location, and a sccond bead
comprising a second cofony of nucleie acid molecules cach comprising a second template
sequence is immobilized 10 a second individually addressable location. A substrale may
comprise more than one type of individually addressable location arranged as an array,
randomly, or according 1o any pattern, on the substrate, In some cases, different types of
individually addressable locations may have different chemical, physical, and/or biological
propertics (¢.g., hydrophobicity, charge, color, topography, size, dimensions, geomelry, eic.).
[B080} In sonie cases, an individually addressable location may comprise a distinct surface
chemistry. The distinet surface chemistry may distinguish between different addressable
locations and/or distinguish an individually addressable location front surrounding locations. For
cxanmple, a [lrst location type may comprise a first surtace chenustry, and a second location type
may lack the first surface chemistry. In another exampie, the first location type may comprise the
first surtace chemusiry and ihe second location type may comprise a second, different surface
chenuistry. A [irst location type miay have a first affinity towards an object (e.g., a bead
comprising nucleie acid molecules, ¢.g., anplicons, immaoebilized thereto) and a second location
type may have a second, different alfinity towards the same object. In other examples, a first
location type comprising a first surface chemistry may have an affinity towards a [irst sample
type (e.g., 8 bead comprising nueleic acid molecules, e.g., amplicons, immobilized thereto} and
exclude a second sample type (c.g., a bead lacking nucleic acid molecules, e.g., amplicons,
immaobilized thereio). The first location type and the second focation type may or may not be
disposed on the surface 1 alternating fashion. A first location type or region {ype may coniprise
a positively charged surface chemisiry and a second location type or region type may comprise a
negatively charged surface chomistry, A first location type or region type may comprise a
hydrophobic surlace chemistry and a second location type or region lype nay comprise a
hydrophilic surface chemistry, A first location type comprises a binder, as described elsewhere
herein, and a second location type does not contprise the binder or comprises a dillerent binder,
In some cases, a surface chemistry may comprise an amine. In some cases, a surface chemistry
may comprise a sifane (e.g., tetramethylsilane). In some cases, the surface chemistry may
comprise hesamethyldisilazane (HMDS). In some cases, the surface chemistry may comprise (3-

aminopropyl jtricthoxysifane {APTMRS). In some cases, the surface chemistry may comprise a
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surtace primer molecule or any oligonucieotide molecule that has any degree of affinily towards
another molecule. In one exampie, the substrate comprises a plurality of individually addressable
locations, each defined by APTMS, which are positively charged and has affinity towards an
amplified bead {(e.g., a bead comprising nucleic acid molecules, e.g., amplicons, immobilized
thereto) which exhibits a negative charge. The locations surrounding the plurality of individually
addressable locations may comprise HMDS which repels amplified beads.

0081} 1n somw cases, the individually addressable locations may be indexed, ¢.g., spatiatly. Data
corresponding to an indexed location, collected over multiple periods of time, may be linked to
the same indexed location. 1n some cases, sequencing signal dala collectied frony an indexed
location, during iterations of sequencing-by-synthesis Hows, are linked to the indexed location to
generale a sequencing read for an analyte immobilized at the indexed location. In some
embodiments, the individually addressable locations are indexed by demarcating part of the
surface, such as by etching or notching the surface, using a dye or ink, depositing a topographical
mark, depositing a sample {e.2., a control nucleic acid sample), depositing a reference object
(c.g., e.g., a reference bead thal always emits a detectable signal during detection), and the like,
and the individually addressable locations may be indexed with reference to such demarcations.
A combination of positive demarcations and negative demarcations (lack thereol) may be used to
index the individually addressable locations. In some embodiments, each of the individually
addressable {ocations i indexed. In some embodiments, a subset of the individually addressable
locations is indexed. In some embodiments, the individually addressable focations are not
indexed, and a different region of the substrate is indexed.

0082} The substrate may comprise a planar or substantially planar surface. Substantially planar
may refer to planarity at a micrometer level (e.2., a range of unevenness on the plavar surface
does not exceed the micrometer scale} or nanometer level (e.g., a range of uncvenness on ihe
planar surface does not exceed the nanometer scale). Alternatively, substantially planar may
reler to planarily at {ess than a nanometer level or greater than a micrometer level (c.g.,
mitiimeter fovel}, Alternatively or n addition, a surface of the substrate may be textured or
patterned. For example, the substrate may comprise grooves, troughs, hills, pitlary, wells, cavities
{e.g., micro~scale cavities or nano~scale cavities), and/or channels, The substrate may have
regular textures andfor patterns across the surface of the substrate. The substrate may have
regular geometric structures (e.g., wedges, cuboids, cylinders, spheroids, hemispheres, ete.)
above or below a reference level of the surface. Alternatively, the sabstrate may have irregular
texiures and/or paticrns across the surface of the substrate. The substrate may be textured or

patierned such that ali features are at or above a reference level of the surface (no features below
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a reference level of the surface, such as a well), The subsirate may be texiured or paiterned such
that all features are at or below a reference fevel of the surface (no features below a reference
level of the surface, such as a piffar). In some instances, & texture of the substrate may comprise
struclures having a maximum dimension of at most about 500%, 400%, 300%, 200%, 100%,
9005, 80%,, 70%, 60%, 50%, 40%, 30%, 209, 10%, 9%, 8%, 7%, 6%, 3%, 4%, 3%, 2%, 1%,
0.1%, 0.01%, 0.001%, (0.0001%, 0.00001% of the total thickness of the substrale or a layer of the
substrate. In some instances, the textures and/or patterns of the substrate may deline at least part
ol an individoally addressable location on the substrate. A textured and/or patierned substraie
may be substantially planar. Aliernatively, the subsirate may be untextured and unpatterned.
[0083] A binder may be configured to tmmobilize an analyte or reagent to an individually
addressable location. In some cases, a surface chemistry of an individually addressable location
may comprise one or more binders. In some cases, a plurality of individually addressable
locations may be coated with binders. The binders may be integral to the substrate. The binders
may be added to the substrate. For instanice, the binders may be added to the substrate as one or
more coating fayers. The substrate may cen’lprise an order of magnitude ol at least and/or at most
about 10, 107, 107, 10%, 107, 10%, 167, 10%, 107, 10°°, 10", 10'2, 10" or more binders. The binders
may tmimobihize analytes or reagents through nou-specilic interactions, such as one or more of
hydrophilic interactions, hydrophobic interactions, clectrostatic interactions, physical
interactions (for instance, adhesion to pitlars or settling within wells), and the like, Alteratively
or in addition, the binders may immobilize analytes or reagents through specific interactions, For
instance, where the analyte or reagent is a nucleic acid molecule, the binders may comprise
oligonucleotide adaptors configured to bind to the nucleie acid molecule. 1n other examples, the
binders may comprise one or more of antibodies, oligonucieotides, nucleic acid molecules,
aptamers, aflinity binding proteins, lipids, carbohydrates, and the like, The binders may
immobilize analyles or reagents through any possibie combination of interactions. For instance,
the binders may imnmobilize nucleic acid molecules through a combination of physical and
chenyical inferacltions, through a combination of protein and nucleic acid interactions, ete, A
single binder may bind a single analyte or single reagent, a single binder niay bind a plurality of
analyltes or a plurality of reagents, or a plurality of binders may bind a single analyle or a single
reagent, It some instances, the substrate may comprise a plurality of types of binders, for
example to bind different types of analyies or reagents. For example, a [irst type of binders {e.g
oligonucicotides) are configured to bind a first type of analyte {2.g., nucieic acid molecules) or
reageni, and a sccond type of binders {(e.g.. anlibodics) arc configured to bind a second type of

analyte {e.g., proteins) or reagent. In another example, a fisst type of binders (e.g., first type of
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oligonucieotide molecules) are configured to bind a first type of nuclelc acid molecules and a
second type of binders (e.g., second type of oligonucicotide molecules) are configured to bind a
second type of nucleic acid molecules. For example, the substrale may be configured to bind
dilferent types of analyles or reagents in certain fractions or specific locations on the substrate by
having the different types of binders in the certain fractions or specific locations on the substrate.
|0084] The substrate may be rotatable about an axis, referred to herein as a rotational axis. The
rotational axis may or may not be an axis through the cenler of the substrate. The systems,
devices, and apparatus described herein may further comprise an automaied or manual rotational
unit configurad to rotate the substrale. The rotational unit may comprise a motor and/or a rotor.
For siance, the sabstrate may be affixed to a chuck (such as a vacuum chuck}, The substrate
may be rotated at a rotational speed of at least about 1 revolution per nunute (rpm), at least 2
rpr, at least 3 ypm, at least 10 rpm, at {east 20 rpm, at least 36 rpm, af least 100 rpm, at least 200
rpm, at least 500 rpm, at feast 1,000 rpm, at least 2,000 rpm, at {east 5,000 rpm, at feast 10,000
rpm, or greater. Alternatively or in addition, the substrate may be rotated at a rotationatl speed of
at most about 10,000 rpm, 5,000 rpm, 2,000 rpm, 1,000 rpm, 300 rpm, 200 rpm, 100 rpm, 50
rpm, 20 rpm, 10 rpm, S rpny, 2 rpm, 1 rpm, or less. The substrate may be configured lo rotate
with different rotational velocities during different operations described herein, for examiple with
higher veloeities during reagent dispense and with {ower velocities during analyte loading and
imaging operations. The substrate may be configured to rotate with a rotational velocity that
varies according to a time-dependent function, such as a ramp, sinusoid, pulse, or other function
or combination of functions. The time-varying function may be periodic or aperiodic,

[0085} Analyies or reagents may be immobilized to the substrate during rotation. Analytes or
reagents may be dispensed onto the subsirate prior to or during rotation of the subsirate, When
the substrate 1s rotated at a relatively high rotational velocity, high speed coating across the
substrate may be achieved via langential incriia directing unconstrained spinning reagents in a
pariially radial direction {ihat is, away from the axis of rotation) during rotation, a phenomenon
commonly refesrred to as centrifugal torce. In some cases, the substrate may be rotated at
relatively low velocities such that reagents dispensed to a certain location do not move to another
location, or moves minimally, because of the rotation, to permit controfled dispensing of
reagents to desired locations. For example, bead loading may be performed with controlled
dispensing. For controlied dispensing, the substrate may be rotated with a rotational frequency of
no more than 66), 30, 440, 30, 25, 20, 15, 14, 13, 12, 11, 10,9, 8,7, 6,5, 4, 3, 2, | rpmor less. In
some cases the substraie may be rofating wiih a rolational frequency of about 3 rpm during

controlled dispensing. A speed of subsirate rotation may be adjusted according lo the appropriate
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operation (e.g., high speed for spin-coating, high speed for washing the substrate, low speed for
sample loading, low speed for detection, {ow speed for analyte or reagent incabation, eie.).
[B086} 1n sonie cases, the substrate may be movable in any vector or direction. For example,
such motion may be non-hinear (¢.g., in rotation about an axis), linear (e.g., on a rail track), or a
hybrid of linear and non-linear motion. In some instances, the systems, devices, and apparatus
described herein may further comprise a motion unit configured to move the substrate. The
motion tnit may comprise any mechanical component, such as a motor, rotor, actuator, linear
stage, drum, roller, pulleys, cic., 1o move the substraie, Analyvtes or reagents may be immobilized
to the substrate during any such motion. Analyles or reagents may be dispensed onto the
substrate prior io, during, or subsequent to motion of {he substrate,

Loading reagents onto an open substrate

0087} The surface of the substrate may be in flud communication with at least one fluid nozzle
{of a fluid channel). The surface may be in fluid communication with the fluid nozzle via a non-~
solid gap, ¢.g., an air gap. In some cases, the surface may additionally be in fluid communication
with at least one MNuid outlet, The surface may be in fluid comnmnication with the fluid outlet via
an air gap. The nozzle may be configured to direct a solution to the array. The outlet may be
configured to receive a solution from the substrate surface. The solution may be directed io the
surface using one or more dispensing nozzles. For example, the solution may be directed to the
array uysing at least 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, {5, 16, 17, 18, 19, 20 or more
dispensing nozzies. In some cases, different reagents {e.g., nucleotide solutions of different
tvpes, different probes, washing solutions, ctc.) may be dispensed via different nozzles, such as
to prevent contamination. Each nozzle may be conneeted to a dedicated fluidic fine or fluidic
valve, which may (orther provent contamination. Alternatively, some nozzies may share a fluidic
ling or {luidic valve, such as for pre-dispense mixing andfor to dispensing 1o multiple locations.
A type of reagent may be dispensed via one or more nozzies. The one or more nozzies may be
directed at or in proximity 10 a center of the substrate. Alternatively, the one or more nozzles
may be directed at or in proximity {0 a localion on the substrate other than the center of the
substrate. Alternatively or in combination, one or more nozzles may be directed closer to the
center of the substraie than one or more of the other nozzles, For instance, one or more nozzies
used for dispensing washing reagents may be directed closer to the center of the substrate than
one or more nozzles used for dispensing active reagents. The one or more nozzles may be
arranged al different radit from the center of the subsirate. The nozzles may be angled towards or
away {rom a cenier of the substrate, or not angled (e.g., normal to the substrate plane). Two or

more nozzies may be operated in combination to deliver fluids to the substrate more efficiently.
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One or more nozzles may be configured to deliver fluids to the substrate as a jet, spray (or other
dispersed {luid), and/or droplets. One or more nozzles may be operated to nebulize fluids prior to
delivery to the substrate. For example, the flulds may be delivered as aerosol particies.

[0088] In some cases, the sofution may be dispensed onto or adjacent to the substrate while the
substrate is stationary; the substrate may then be subjected to rotation {or other motion)
following the dispensing of the solution. Alternatively, the substrate may be subjecied to rotation
{or other motion) prior to the dispensing of the solution; the solution may then be dispensed on
the substraie while the substrate is rotating (or otherwise moving). In some cases, rotation of the
substrate may yicld a centrifugal force {or inertial force directed away from the axis) on the
soluiion, causing the solotion to flow radially outward over ihe array. In ihis manner, rotation of
the substrate may direct the solfution across the array. Continued rotation of the substrate over a
peried of time may dispense a fluid film of a nearly constant thickness across the array.

[0089} One or more conditions such as the rotational velocity of the substrate, the acceleration of
the substrate {e.g., the rate of change of velocity), viscosity of the solution, angle of dispensing
(c.g., contact angle of a sircam of reagenis) of the solution, radial coordinaies of dispensing of
the solution {e.g., on center, off center, ete.), lemperature of the substrate, temperature of the
solution, and oiher factors may be adjusted and/or otherwise optimized {o aiiain a desired welting
on the substrate and/or a film thickness on the substrate, such as to facilitate uniform coating of
the substrate. For instance, one or more condilions may be applicd to attain & {ilm thickness of at
least andfor at most about 10 nanometers (nm), 20 nm, 50 wm, 100 nm, 200 nm, 500 nn, 1
micrometer (punt), 2 pm, 5 wm, 10 pn, 20 pm, 50 pny, 100 wm, 200 pm, S00 wm, | niillimeter
{mm), or more. One or more conditions may be applied to attain a {iim thickness that is within a
range defined by any two of the preceding values. In some cases, a surfactant may be added o
the solution, or a surfactani may be added to the surface to taciliiate uniform coaling or (o
factlitate sample loading efficiency. Alternatively or in conjunciion, the thickness of the solution
may be adjusied using mechanical, electric, physical, or other mechanisms, For example, ihe
solution may be dispensed onto a substrate and subsequenlly feveled using, ¢.g., & physical
scraper such as a squeegee, to obtain a desired thickness of uniformity across the substrate,
[0090} Reagenis may be dispensed to the substrate to multiple locations, and/or multiple
reagents may be dispensed to the substrate to a single location, via different mechanisms,
Reagent dispensing mechanisms disclosed herein may be applicable to sample dispensing. For
example, a reagent may comprise the sample. The term “loading onto a subsirate,” as used
herein, may refer to dispensing of the reagent or the sample to a surtace of the substrate in

accordance with any reagent dispensing mechanisny described herein,
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[0091] In some cases, dispensing may be achicved via relative motion of the subsirate and the
dispenser {e.g., nozzle). For example, a reagent may be dispensed to the substrate at & first
location, and thercafter travel to a second location different from the first location due to forces
{e.g., centrifugal lorces, centripetal forces, inertial forees, eic.) caused by motion of the substrate
{e.g., rotational motion of the substrate, Hincar motion of the substrale, conthination thereof, ete.).
In another example, a reagent may be dispensed o a reference location, and the subsirate may be
moved relative to the reference localion such that the reagent 1s dispensed to multipie locations
of the subsirate. In anoiher example, a dispenser may be moved relative to the substrate 1o
dispense lhe reagent at different locations, for example moved prior to, during, or subsequent to
dispensing. In an example, a reagent is ‘painted’ onto the subsirate by moving the dispenser
and/or the substrate relative to each other, along a desired path on the substrate. The open
substrate geometry may allow for flexible and controlied dispensing of a reagent to a desired
location on the substrate, In some cases, dispensing may be achieved without relative motion
between the substrate and the dispenser, For example, multiple dispensers may be used to
dispense reagents to different locations, and/or multiple rcagents to a single location, or a
combination thereol (2.g., multiple reagents to multiple locations).

[6092] In another example, an external force (e.g., involving a pressure dillerential, involving
physical force, involving a magnetic force, mvolving an electrical force, ete.), such as wind, a
ficld-generating device, or a physical device, may be applied to one or more surfaces ol the
substrate to direct reagents to different focations across the subsirate. In another example, the
nicthod for dispensing reagents may conprise vibration, In such an example, reagents may be
distributed or dispensed onto a single region or multiple regions of the substrate. The substrate
may then be subjected to vibration, which may spread the reagent to different locations across
the substrate. Alternatively or in conjunction, the method may comprise using mechanical,
clectric, physical, or other mechanisms to dispense reagents to the substrate. For example, the
solution nmray be dispensed onto a substrate and a physical scraper (¢.g., a squeegee) may be used
to spread the dispensed materizl or spread the reagents to different locations andfor to obtain a
desired thickness or uniformity across the substrate. Beneficially, such flexible dispensing may
be achieved withoul contamination of the reagents.

[8093} In sone instances, where a volume of reagent is dispensed to the substrate at a Lirst
location, and therealler travels to a second location different from the first location, the volume
of reagent may travel in a path or paths, such that the travel path or paths are coated wilh the
reageni. In some cases, such travel path or paths may encompass a desired surface area (c.g.,

entire surlace area, partial surface area(s), ete.) of the substrate. In some instances, lwo or more
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reagenis may be mixed on the surface of the substrate, such as by being dispensed at the same
location andfor by directing a {irst reagent to travel to meet additional reagent(s). In some
instances, the mixture of reagents formed on the substrate may be homogenous or substantially
homogenous. The mixture of reagents may be formed at a first location on the substrate prior Lo
dispersing the mixing of reagents to other locations on the substrate, such as at locations to meet
other reagents or analytes.

0094} 1n some ensbodiments, ene or more solutions may be delivered directly to the reaction
site without subsiantial displacement of the one or more solution {rom the point of delivery.
Methods of direct delivery of a solution o the reaction site may include acrosol delivery of the
solution, applying the solution using an applicator, curtain-coating the solution, sloi-die coating,
dispensing the solution from a translating dispense probe, dispensing the solution from an array
of dispense probes, dipping the substrate into the solution, or contacting the substrate to a sheet
comprising the solution.

[0095] Acrosol delivery may comprise delivering a solution to the substrate in acrosol forn by
direciing the solution to the subsirate using a pressure nozzle or an ultrasonic nozzle. Applying
the solution using an applicalor may comprise contacting the substrate with an applicator
comprising the solution and translating the applicator relative to the subsivate. For example,
applying the solution using an applicator may comprise painting the substrate. The selution may
be applied in a pattern by translating the applicator, rotating the substrate, franslating the
substrate, or a combination thereof. Curtain-coaling may comprise dispensing the sofution from a
dispense probe to the substrate in a contiruous strean: (¢.g., a curtain or a flat sheet) and
transtating the dispense probe relative to the substrate, A solution may be curtain~coated In a
pattern by transating the dispense probe, rotating the substrate, translating the subsirate, or a
combination thereol. Slot-dic coaling may comprise dispensing the solution from a dispense
probe positioned near the substrate such that the solution forms a nmeniscus between the subsirate
and the dispense probe and translating the dispense probe relative to the substrate, A solution
may be slol-die coated in a pattern by translaling the dispense probe, rotating the subsirate,
transfating the substrate, or a combination thereof. Dispensing the solution from a transfating
dispense probe may comprise translating the dispense probe relative to the substrate in a pattern
(e.g., & spiral pattern, a circular pattem, a linear pattern, a striped pattern, & cross-hatched pattern,
or a diagonal paitern). Dispensing the solution from an array ol dispense probes may comprise
dispensing the solution from an array of nozzles (e.g., a shower head) positioned above the
substrate such that the solution is dispensed across an area of the substrate substantially

simultancously. Dipping the substrate wto the solution may comprise dipping the substrale into a
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reservoir comprising the solution, i some embodiments, the reservolr may be a shallow
reservoir to reduce the volume of the solution required to coat the substrate. Contacting the
substrate to a sheet comprising the solution may comprise bringing the substrate in contact with a
sheet of material {e.g., a porous sheet or a fibrous sheet) permeated with the solution. The
solution may be transferred to the substrate, In some embodiments, the sheet of material may be
a single-use sheet. In some embodiments, the sheet of material may be a reusable sheet. In some
cmbodiments, a solution may be dispensed onto a sabstrate using the method itustrated in FIG.
5B, where a Jel of a solution may be dispensed {from a nozae 1o a rolating subsirate. The nozzle
may translate radially refative lo the rotating substrate, thereby dispensing the sotution 1 a spiral
patiern onto the substrate.

[0096] One or more solutions or reagents may be delivered to a substrate by any of the delivery
necthods disclosed herein, Two or more solutions or reagents may be delivered to the substrate
using the same or different delivery methods. Two or more solutions may be delivered to the
substrate such that the time between contacting a solution or reagent and a subsequent selution or
reageni is substaniially similar for each region of the substrate contacted to the one or more
solutions or reagents, A solution or reagent may be delivered as a single mixture. The solution or
reagent may be dispensed in two or more component solutions, For example, each componeni of
the two or more component selutions may be dispensed from a distinct nozzle. The distinet
nozzles nway dispense the two or more compontent solutions substantially simultancously to
substantialfy the same region of the subsirate such that a homogenous solution forms on the
substrate, Dispensing of each component of the two or more coniponents niay be temporally
separated. Dispensing of cach component may be performed using the same or different defivery
methods, Direct deftvery of a solulion or reagent may be combinad with spin-coating.

[0097} A solution may be incubated on the substrate for any desired duration {e.g.. minuies,
hours, etc.). In some ecmbodiments, the selution may be incubated on the substrate under
conditions that mainiain a layer of {luid on the surtace. One or more of the temperature of the
chaniber, the humidity of the chaniber, the rotation of the substrate, and the composition of the
fluid may be adjusted such that the laver of fluid 1s maintained during incubation. In some
instances, during incubation, the substrate may be rofated at a rotational frequency of no more
than 60 rpm, 50 rpm, 40 rpm, 30 rpm, 25 rpm, 20 rpm, {5 rpm, {4 rpm, {3 rpm, {2 rpm, {1 rpm,
10 rpm, 9 rpmy, & o, 7 rpo, 6 rpmy, S rpim, 4 rpm, 3 rpm, 2 rpm, 1 orpm or less. In some cases,
the substrate may be rotated with a rotational frequency of about 5 rpm during incubation.

[0098] The sabstrate or a surlace ihercof may comprise other features that aid in solution or

reagent retention on the substrate or thickness uniformity of the solution or reagent on the
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substrate. In some cases, the surface may comprise a raised edge (e.g., a rim) which may be used
to retain sofution on the surface. The surface may comprise a rim near the outer edge of the
surface, thereby reducing the amount of the solution that flows over the outer edge.

6099} The dispensed solution may comprise any sample or any analyte disclosed herein, The
dispensed solution may comprise any reagent disciosed herein, In some cases, the solution niay
be a reaction mixture comprising a variety of components. In some cases, the solution may be a
component of a (inal mixture (e.g., 1o be mixed afier dispensing). In non-{imiting examples, the
solution can comprise samples, analyies, supports, beads, probes, nucleotides, oligonucleotides,
labels (c.g., dyes), lernunators {e.g., blocking groups), olther components lo aid, accelerate, or
decelerate a reaction (e.g., enzymes, caialysis, buffers, saline solutions, chelating agents,
reducing agents, other agents, ete.), washing solution, cleavage agents, combinations thereof,
deionized water, and other reagents and buffers,

[0100] A sample may comprise beads, as described elsewhere herein, [or exampie beads
comprising nucleic acid colonies bound thereto. In some cases, an order of magnitude of at least
and/or at most about 10¢, 107, 107, 10%, 105, 10%, 107, 10%, 10%, 10°%, 10", 10%°, 10" or more
beads may be loaded on the subsirale, such as to immobilize 1o as many individually addressable
locations. In some cascs, the beads may be distinguishable from one another using a properly of
the beads, such as color, reflectance, anisotropy, brightness, fluorescence, ctc, fn sone cases, as
described elsewhere herein, different beads may comprise different tags {e.g., nucleic acid
sequences) coupled thereto. For example, a bead may comprise an oligonucleotide molecule
comprising a tag {¢.g., barcode) that identifics a bead amongst a plurality of beads. FIG. 3
illustrates images of & portion of a substrate surface alter foading a sample containing beads onto
a substrate patterned with a substantially hexagonal lattice of individually addressable locations,
where the right panel illustrates a zoomed-out image of a portion of a surface, and ihe left panel
illustrates a zoomad-in image of a section of the portion of the surface. After sample loading, a
“bead occupancy” may generally refer to the number of a type of individually addressable
locations comprising at least one bead oul of the total number of individually addressabie
locations of the same type. A bead “landing efliciency™ may generally refer to the number of
beads that bind to the surface out of the total number of beads dispensed on the swrface.

[0101} In somie cases, beads may be dispensed to the substrate according to one or more systems
and methods shown in FIG. 4. As shown in FIG. 4, a solution comprising beads may be
dispensed from a dispense probe 401 {(c.g., a nozzie) to a substrate 403 {c.g., a waler) to form a
layer 405, The dispense probe may be positioned at a height ("Z7) above the subsirate, In the

illustrated example, the beads are retained in the layer 405 by electroslatic retention and may
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immaobilize to the substraie at respeciive individually addressable locations. A set of beads in the
solution may cach comprise a population of amplificd products (c.g., nucleic acid molgcules)
immobilized thereto, which amplified products accumulate to a negative charge on the bead.
Otherwise, the beads may comprise reagents that have a negative charge. The substrate
comprises alternating surlace chemistry between distinguishable locations, in which a first
location type comprises APTMS carrving a positive charge with affinity towards the negative
charge of the amplified bead (2.g., a bead comprising amplified products immobilized thereto,
and as distinguished from a negative bead which does not the comprise the same) or oiher bead
comprising the negative charge, and a second location type comprises HMDS which has lower
atfinity and/or is repellant of the amplified bead or other bead comprising the negative charge.
Within the layer 405 a bead may successfully land on a first location of the first location type {as
in 407). In the illustrated example, the location size is 1 micron, the pitch between the different
locations of the same location type {e.g., {irst {ocation type) is 2 microns, and the layer has a
depth of 15 micron. The top right panel ilustrates that a reagent solution may be dispensed from
the dispense probe 401 as the layer 405 along a path on an open surtace of the substrate 403, The
reagent may be dispensed on the surface in any desived pattern or path. The substrate 403 and the
dispense probe 401 may move in any configuration wiih respect to each other to achieve any
pattern (c.g., lingar pattern, sebstantially spiral pattern, ete.).

6102} Dispense mechanisms described herein may be operated by a fluid flow unit which may
be controlled by one or more controflers, individually or collectively. The fluid fow unit may
comprise any of the hardware and software components described with respect to the dispense
mechanisms herein.

Detection

[0103] An optical system comprising a detector may be configured 1o detect one or more signals
from a detection area on the substrate prior to, during, or subseguent 1o, the dispensing of
reagents to generate an output. Signals from nwdtiple individoally addressable localions may be
detected during a single detection event. Signals from the same mdividually addressable location
may be detected in multiple instances,

(0104} A signal may be an optical signal {e.g., fluorescent signal), electronic signal, or any
detectable signal. The signal may be detected during rotation of the substrate or following
termination of the rotation. The signal may be detected while the analyte i3 in fluid contact with
a solution. The signal may be detected following washing of the solution, In some instances,
after the detection, the signal may be muted, such as by cleaving a {abel from a probe and/or the

analyte, and/or moditying the probe and/or the analyle. Such cleaving and/or modification may
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be performed by one or more stinvali, such as exposure to a choemical, an enzyme, light (e.g.,
ultraviolet light), or temperature change (e.g., heat). In some instances, the signal may otherwise
become undetectable by deactivating or changing the mode (e.g., detection wavelength) of the
One O MOre sensors, or lernuinating or reversing an excitation of the signal. In some instances,
detection of a signal may comprise capturing an image or generating a digital output (e.g.,
between different images).

0105} The operations of (i} directing a solution to the substrate and (11} detection of one or mose
signals indicative of a reaction between a probe In the scolution and an analyte immobilized to the
substrate, may be repeated any number of times. Such operations may be repeated in an iterative
manner, For example, the same analyie inumoebilized to a given location in the array may interact
with muliiple solutions in multiple cycles and for each iteration, the additional signals detected
may provide incremental, or final, data about the analyte during the processing, For example,
where the analyte is a nueleie acid molecule and the processing is sequencing, additional signals
detected for each iteration may be indicative of one or more bases in the nucleie acid sequence of
the nucleic acid molecule, In some cases, muitiple solutions can be provided to the subsirate
without intervening detection events. In some cases, multiple detection events can be performed
after a single lNow of solution. In some instances, a washing solution, cleaving solution (e.g.,
comprising cleavage agent), and/or other solutions may be directed to the substrate between cach
operation, between each cycle, or a certain number of times for cach cyele.

[8106} The optical system may be confligured for continuous arca scanning of a substrate during
rotational motion of the substrate. The term “continuous area scanning (CAS),” as used herein,
generally refers to a method in which an object In relative motion is imaged by repeatedly,
clectronically or computationatly, advancing (clocking or triggering) an array sensor at a velocity
thal compensates for object motion in the detection plane (focal plane). CAS can produce images
having a scan dimension larger than the field of the optical system. T scanning may be an
example ol CAS in which the clocking entails shifiing photoelectric charge on an arca sensor
during signal integration. For a TDI sensor, at cach clocking step, charge may be shifted by one
row, with the last row being read out and digitized, Other modalities may accomplish similar
function by high speed area imaging and co-addition of digital data {o synthesize a continuous or
stepwise continuous scan.

[0187} The optical system may conprise one or more sensors. The sensors may detect an image
optically projecied from the samplie. The optical systeny may comprise one or more optical
clements. An optical element may be, for example, a lens, tube lens, prisny, mircor, wave plate,

filler, sttcnuator, grating, diaphragm, beam splitter, diffuser, polarizer, depolarizer, retroreflector,
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spatial light modulator, or any other oplical clement. The system may comprise any number of
sensors, In some cases, a sensor is any detector as described herein. In some examples, the
sensor may comprise image sensors, CCD cameras, CMOS cameras, TDI canteras (e.g., TDI
line-scan cameras), pseudo-THDI rapid frame rate sensors, or CMOS TDH or hybrid cameras. The
optical system niay further comprise any one or more optical sources (e.z., lasers, LED fight
sources, ele. ). In some cases, where there are multiple sensors, the different sensors may image
the same or different regions of the rolating substrate, in some cases simudlancously. Each sensor
of the plurality of sensors may be clocked at a rate appropriate for the region of the rotating
substrate imaged by the senseor, which may be based on the distance of the region from the center
of the rotating substrate or (he tangential velocity of the region. In some cases, nioltiple scan
heads can be operated in parallel along different imaging paths (e.g.. interleaved spiral scans,
nested spiral scans, interleaved ring scans, nested ring scans). A scan head may comprise one or
more of a detector element such as a camera (e.g., a TDI line~scan camera), an illumination
source (¢.g., as described herein), and one or more optical elements (e.¢., as described herein).
[0108] The systen: may luriher comprise one or more controllers operatively coupled fo the one
or more sensors, individually or collectively programmed to process optical signals from the one
or more sensors, such as for cach region ol the rotating subsirate.

[6109] In some cases, the oplical system may comprise an munersion objective fens. The
immersion objective lens miay be in contact with an immersion {luid that 1s in contact with the
open substrate. The immersion fluid may comprise any suitable immersion medium for imaging
(e.g., water, aqueous, organic solution), In some cases, an enclosure may partially or completely
surround a sampie-facing end of the optical imaging objective, The enclosure may be configured
to contain the immerston (luid. The enclosure may not be in contact with the subsirate; for
cxample, a gap between the enclosure and the substrate may be {illed by the fluid contained by
the enclosure (e.g., the enclosure can retain the fluid via surface tension}. In some cases, an
electric field may be used to regulate a hydrophobicity of one or more surtaces of the container
to retain at feast a portion of the fluid contacting the tmmersion objective lens and the open
substrate. In some cases, the immersion fuid may be continuously replenished or recyeled via an
infet and outlet to the enclosure,

High Throughput

[0110} An open substrate may be processed within a modular local sample processing
environment. A barrier comprising a fluid barrier may be maintained between a sample
processing environnient and an exterior environment during certain processing operations, such

as reagent dispensing and detecting. Barvier systems are described in further detail in U.S, Pat.
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No. 10,512,911, which is entirely incorporated herein by reference. Systents and methods
comprising a fhuid barrier are described in further detail in U.S. Patent Pub. No.
20210354126A1, which is entirely incorporated herein by relerence. A modular focal sample
processing environment may be defined by a chamber and a hid plate, where the lid plate is not in
contact with the chamber, and the gap between the lid plate and the chanmtber may comprise the
fluid barrier. The [luid barrier may comprise fluid (e.g., air) from the sample processing
environment and/or the exterior envivonment and may have lower pressure than the sample
processing environmend, the exiernal environment, or both, The [Tuid in the uid barrier may be
in coherent motion or bulk motion,

[0111} The sample processing environmeni may comprise therein a substraie, such as any
substrate described elsewhere herein, Any operation performed on or with the substrate, as
described elsewhere herein, nway be perforned within the sample processing environment while
the fluid barrier is maintained. For example, the substrate may be rotated within the sample
processing environment during various operations. In another example, Huid may be directed to
the substrate while the substrate 1s 1 ihe sample processing environment, via a (loid handler
(2.2, nozzle) that penetrates the lid plate mto the sample processing environment. In another
example, a detector can image the substrate while the substrate is i the sample processing
environment, via a detector that penetrates the lid plate into the sample processing environment.
Benelicially, the fuid barrier may help maintain temperature(s) and/or relative humidit{ies), or
ranges thereof, within the sample processing environment during various processing operations.
0112} The systems described herein, or any element thereof, may be environmentally
controlled. For instance, the systems may be maintained at a specified temperature or humidity.
For an operation, the systems (or any clement thereot) may be maintained al a temperature of at
least andfor at most 20 degrees Celsius (°C), 25 °C, 30 °C, 35°C, 40 °C, 45 °C, 50 °C, 5353 °C, 60
*C, 65 °C, 70 °C, 75 °C, 80 °C, 85 °C, 90:7C, 95 °C, 100 °C, or more, Dufferent clements of the
sysiem may be maintained at dilferent temperatures or within differeni temperature ranges, such
as the temperalores or temperature ranges described herein, Elements of the system may be set at
temperatuees above the dew point to prevent condensation, Elements of the system may be set at
temperatures below the dew point to collect condensation.

0113} While examples described herein provide relative rotational motion of the substrates
and/or detector systems, the substrales and/or detector systems may aliernatively or additionally
undergo relative non-roiational motion, such as relative linear motion, relative non-linear motion

(c.g., curved, arcuate, angled, etc.), and any other types of relative motion.
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[0114] An open substrate may be retained in the same or approximately the same phvsical
location during processing of an analyle and subsequent detection of a signal associated with the
processed analbyte, Alternatively, dilferent operations on or with the open substrate may be
performed in dilferent stations disposed In different physical locations. For example, a first
station may be disposed above, below, adjacent to, or across from a second station. In some
cases, the dilferent stations can be housed within an integrated housing. Alternatively, the
different stations can be housed separately. In some cases, different slations may be separated by
a barrier, such as a relractable barrier (e.g., sliding door}. One or more dilferent staiions of a
syslem, or portions thercof, may be subjected to different physical conditions, such as different
temperatures, pressures, or atmospheric compositions. The open substrate may transition
between different stations by transporiing the sample processing environment comprising the
chamber containing the open substrate between the different stations. One or more mechanical
components or mechanisms, such as a robotic arm, elevator mechanism, actuators, raifs, and the
like, or other niechanisms may be used to transport the saniple processing environment.

[0115] An environmental unil (e.g., hunudifiers, heaters, heai exchangers, compressors, etc.)
may be configured to regulate one or more operating conditions i cach station. In some
Instances, each station may be regulated by independent environmental units, In sonme instances,
a single environmental unit may regulate a plurality of slations. In some instances, a pharality of
envirommental units may, individually or collectively, regulate the different stations. An
environmental unit may use active methods or passive methods to regulate the operating
conditions, For exaniple, the temperature may be controlied using heating or cooling elements,
The humidity may be controlled using humidifiers or dehumidifiers. In some instances, a part of
a particular station, such as within a samiple processing environment, may be further controlled
from other parts of the particular station, Different parls may have different local tenperatures,
pressures, and/or humidity. In one example, the delivery and/or dispersal of reagents may be
performed in a first station having a [irst operating condition, and the detection process may be
performed 10 a2 second station having a second operating condition different rom the first
operating condition, The first station may be at a first physical location in which the opent
substrate i3 accessible to a fluid handling unit during the delivery and/or dispersal processes, and
the second station may be at a second physical focation in which the open substrate is aceessible
to the detector systent.

[6116} One or more modular samiple environment systemns {cach having its own barrier systam,
¢.g., flurd barriery can be used between the different stations. In some instances, the systems

described herein may be scaled up 1o include two or more of & same station type. For example, a
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sequencing system may include multipie processing and/or detection staiions. FYGs. SA-SB
illustrate a system 340 that multiplexes two modular sampie environment systems in a three-
station system. I F1G. SA, a first chemistry station (e.g., 320a) can operate {e.g., dispense
reagents, ¢.g., lo incorporate nucleotides to perform sequencing by synthesis) via at least a first
operating unit (e.g., fluid dispenser 309a) on a first substrate {¢.g., 311} in a first sample
environment system {e.g., 305a) while substantially sintultancously, a detection station {e.g.,
320b) can operale {e.g., scan) on a second substrate in a second sample environment system
{e.g.. 305b) via at least a second operating unit {e.g., detector 301}, while substantially
simulianzously, a second chemisiry station {e.g., 320¢) sits idie. An wdle station may not operate
on a substrate. An idle station (e.g., 320¢) may be recharged, reloaded, replaced, cleaned, washed
(e.g., to [lush reagents), calibrated, reset, kept active {e.g., power on), and/or otherwise
maintained during an idle tinte. Alter an operating cycle is complete, the sample environment
systems may be re-stationed, as in FIG. 5B, where the second substrate in the second sample
environment system (e.2., 308b) is re-stationed from the detection station {e.g., 320b) to the
second chemisiry siation {e.g., 320¢) for operation {(e.g., dispensing of reagents, e.g., to
incorporate nucleotides to perform scquencing by synthesis) by the second chenisivy station, and
the {irst subsivate i ihe first sample environment systent (c.g., 305a) 1s re-stationed from the first
chenuistry station {.g., 320a) to the detection station {e.g., 320b) for operation (c.g., scanning}
by the detection station. An operating cyvele nway be deemed complete wher operation at cach
active, parallel station i3 complete. Durning re-stationing, the different sample environment
systems may be physically moved (e.g., along the sanwe track or dedicated tracks, .., ratl(s)
307) to the different stations and/or the different stations may be physically moved to the
different sample enviromment systems. One or more components of a station, such as modular
plates 303a, 303b, 303¢ of plate 303 (c.g., lid plate) defining a particular station(s), niay be
physically moved to allow a sample envirenment system to exit the siation, enter the station, or
cross through the station. During processing of a substrate at station, the environment of' a
sample cnvironment region (¢.g., 315) of a sample environment systam (e.g., 305a) may be
controlled and/or regulated according to the station’s requirenents. Afier the next operating
cycle Is conplete, the sample environment systems can be re-stationed again, such as back to the
configuration of FIG, 8A, and this re-stationing can be repeated {e.2., between the
configurations of FIGs. 5A and 5B) with cach completion of an operating cycle unti the
required processing for a substrate is compieted. In this illustrative re-stationing scheme, the
detection station may be kept active (e.g., not have idie {ime not operating on a substrate) for all

operating cycles by providing allernating different sample environment systems to the detection
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station for each consecutive operating cycle. Beneficially, use of the detection staiion 1s
optimized. Based on different processing or equipment needs, an operalor miay opt to run the two
chemistry stations substantially simultaneously while the detection station s kept idle.

[0117} Beneficially, different operations within the system may be muldtiplexed with high
flexibility and control. For example, as described herein, one or ntore processing stations may be
operated in parallel with one or more detection stations on different substrates in different
modular sample environment systems to reduce or ehminate lag between different sequences of
operations {e.g., chemistry [irst, then detection). The modular sample environment systems may
be transialed between the different stations accordingly to optimize efficient equipment use (e.g.,
such that the detection staiion 1s in operation almost 100% of the time). In some examples, at
least 1,2, 3,4, 5,6,7, 8,9, or more modules or stations of the sequencing system may be
multiplexed. For example, 2 or more of the modules may cach perform their intended function
simulianeously or according to the methods described elsewhere herein, An example of this may
comprise two-station multiplexing ol an optics station and a chemistry station as described
herein. Another exampie may comprise multiplexing three or more stations and process phases.
For example, the method may comprisc using staggered chemustry phases sharing a scanning
station. The scanning station may be a high-speed scanning station. The niodules or slations may
be multiplexed using various sequences and configurations.

[6118]} The nucleic acid sequencing systems and optical systens deseribed herein (or any

clements thereol) may be combined in a varniety of architectures,

Self-assembly of beads on substrates

[6119] Provided herein are devices, systems, metheds, compositions, and kits that allow for self-
assentbly of supporis (e.g., beads) on substrates, Such devices, systems, methods, compositions,
and kiis can be applied alternatively or in addition to the operations described with respect 1o
sequencing workflow 1060 of FIG. 1. Such devices, systems, methods, compositions, and kits can
be used w1 conjunction with the sample processing systems and methods, or componeats thereol
{c.g., substrates, detectors, reagent dispensing, contiruous scanning, ete.) described herein. In
some nstances, the devices, systenis, methods, compositions, and kits described herein are
uselul in loading a plurality of beads adjacent to a substrate, such that the plurality of beads may
self~assemble into a monolayer adjacent to {e.g., on) the substrate. Each bead of the plurality of
beads or a subsct of the plurality of beads may be individually addressable.

[0120]} In an aspect, disclosed herein is a method for self-assembly of a plurality of beads

adjacent to {e.g., on or under) a substrate. Such a methed may comprise providing a sebstrale
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and a plurality of beads, dispensing the beads adjacent o the substrate, and subjecting the
substrate or the plurality of beads to conditions sufficient {or self-assembly of the plurality of
beads adjacent to the substrate. In some instances, the beads may self-assemble on a substrale
that is unpatterned or substantialty unpatterned, Such a method may obviate the need for one or
more substrale pre-processing operations {e.2., patterning, etching), thereby allowing for facile
generation of bead-laden substrates. The bead-laden substrates may comprise substantially
uniform monolayers of densely packed arrays of beads that allow for downstream processing
{e.g.. sequencing), as is described elsewhere herein.

[012F} Suehstrares: The substrate miay be a solid or semi-sohid substrate, As s deseribed
clsewhere herein, the substrate may comprisc or partially comprise any useful material, such as
silicon, glass, metal, polymer, ete. The substrate may be planar or substantially planar, e.g.,
having a planarity at a micrometer scale, at a nanometer scale, or at smaller scales, as described
herein. The substrate may be unpatterned or substantially unpatterned. For example, an
unpatterned substrate may lack regular or defined topographical features (e.g., wells, posts,
grooves, troughs, hills, pitlars, etc.). An unpatierned substraie may lack any deflined or
discernable patterns; for example, the unpatterned substrate may lack defined regions that are
spatially, chemically, or mechanically distinct. The unpatierned substrate may be substantially
uniform. Alternatively or in addition lo, the unpatlerned substrate may comprise one or mote
artefacts or defects (e.g., front the manulacturing process) that may oceur in conunercially
available unpatterned substrates. For examplie, the substrate may comprise a siticon wafer and
nay comprise crystalline defects or random frregularities, e.g., slight vacancies, {laking,
texturing that oceur as a product of the manufacturing. In some instances, the substrate is a
silicon wafer, Alternatively or in addition, the substrate may comprise a silicon oxide layer. In
some instances, the sabstrate is a glass water, optionally comprising a liquid crystal display.,
0122} Beads: The plurality of beads (e.g., supports as described elsewhere hercin) may be made
ol any useful composition. The beads may be solid or semii-solid. The beads may be formed {rom
a metal, a ceramic, a polymer, glass, rubber, or other material or a combination thereef. The
beads may be a semi-solid material, such as a gel, ¢.g., a hydrogel. The gel nway comprise one or
more polymeric materials, which may be natural or synthetic. The gel may comprise, in non-
limiting exanples, hyaluronic acid, chitosan, heparin, alginate, fibrin, polyvacrylamide, polyvinyl
alcohol, polyethyiene glycol, or combinations or derivatives thereof. The beads may be
electrostatically charged (e.g., posilively charged or negatively charged), which, in some
cxamples, may atlow for elecirostatic interactions between the bead and the substrate. In sonie

instances, the beads may be negatively charged and the substrate, or & portion thereof (e.g., a

=
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surtace or portions ol a surface of the substrate) may be positively charged. Alternatively, the
beads may be positively charged, and the substrate or a portion thereof may be negatively
charged. The beads may be magnetic or comprise magnetic components. The beads may
comprise one or more linkers or chemical moicties, which may allow for covalent aitachment of
the bead to the substrate. For example, the bead may comprise a {irst reactive moiety, such as an
azide moiety, an alkyne moiety, a phosphorothioate moiety, an iodide motety, an amine moiety,
or a phosphate moiety, a mitrone mwiely, an atkenc moiety, a thioate moigty, ¢lc., and the
substrate may comprise a second reactive moiety, such that reaciion of ihe first reactive moiety
and the second reaclive motety may result in formation of’ a bond. Such a reaction may comprise
subjecting the reactive moietics 1o suitable conditions such as a suitable teniperature, pH,
pressure, light, or providing a reagent or catalyst, e.g., copper, ruthenium, ete. The first reactive
nmoiety and the second reactive moiety may be linked via “click™ chemistry, which beneficially
may allow for a stronger interaction {(¢.g., formation of covalent bonds) between the beads and
the substrate in a controlled mammner (see Example 5).

[0123} As described herein, the plurality ol beads may be coupled to one or more nacleic acid
molecnies, The plurality of beads may be coupled 1o a deoxyribonucieic acid (DNA) molecule or
a ribonucleic acid (RNA)Y molecule, or a hybrid DNA-RNA molecule. The nucleic acid
molecules may be double-stranded, partially double-stranded, or single-siranded. The nucleic
acid molecules may be nucleic acid nanoballs (¢.g., resulting from rolling circle amplification).
A bead may comprise, coupled thereto, one type of nucleie acid molecule (e.g., a population of
identical nucleic acid molecule) or muitiple types of nucleic acid molecules {¢.g., comprising at
least two non-identical nucleic acid molecules). In some instances, the plurality of beads may
comprise template nucleic acid molecules coupled thereto. The lemiplale nucleic acid molecules
may be derived front a sample and may comprise, for example, an analyie (e.g.. mRNA, cDNA
or derivatives thereof). Such template mucleic acid molecules may be the same or different across
beads, For example, a first bead may comprise templaie nucleic acid molecoles derived romy a
first sample, and a second bead may comprise template nucleic acid molecules derived fronra
second sample different than the first sample. Alternatively or in addition to, beads of the
plurality of beads may comprise template nucleie acid molecules from the same sample, The
aucleic acid molecules coupled to the beads may comprise other usetul sequencees, ¢.2., primer
sequences, sequencing primers, barcode sequences, unigque molecular identifiers, restriction sites,
transposition stles, honcanonical nucleotides, etc., as 1s described elsewhere herein. In some
instances, the nucleic acid molecules coupled to the beads may comprise an optical tag or

moicty, ¢.g., a fluorescence label, a dye, ¢lc., as is deseribed clsewhereg herein.
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[0124] The plurality of beads may be any useful size or range of sizes, For example, beads of the
plurality of beads may be about 0.01 muicrometers, 0.05 micrometers, 0.1 micrometers, 0.5
micrometers, 1 micrometer, S micrometers, 10 micrometers, 30 micrometers, or greater in
diameter. The beads may be at most about 50 micrometers, at most about 10 micrometers, at
most about 5 micrometers, at nmiost abowt 1 micrometer, at most about .5 micrometers, at most
about 0.1 micrometers, at most about 0.035 micrometers, at most about 6.01 micrometers or
smaltier i diameter. The beads may comprise a range of sizes, for example from about (1]
micrometers to about 10 micrometers in diameter, or from about § micrometer to about S
micrometers in diameter, otc. In some cascs, the bead diamcter may comprise an average
diameter of beads in the plurality ol beads. In some cases, at least 30%%, 55%, 60%, 65%, 70%,
73%, 80%, 85%, 90%, 93%, 99% or more of beads in the plurality of beads comprise the
average diameter.

[0125] The plurality of beads may be provided in a solution or as part of a suspension. The
solution or suspension may comprise any useful components, including but not Himited to
buflering agenis, salts, enzymes, proteins, peplides, anmino acids, chelators, hipids, carbohydrates,
metals, nucleic acid molecules, nucleotides, 1ons, stabilizing agents, preservatives, cte. In some
instances, the solution or suspension may comprise one or more proteins that may inieract with
the nucleic acid melecules of the bead, ¢.g., single-stranded binding proteins. For example, a
bead may conprise a single-stranded template nucleic acid molecule (e.g,, DNA or RNA) and
may be provided in a solution comprising a single-stranded binding protein. Examples of’
nicthods, systems, and compositions for bead-solution mixtures, ¢.g., comprising single-stranded
binding proteins ¢an be found in International Pub. No. WO2022/051296, which i3 incorporated
by reference herain in iis entirety,

[0126] Self-assembly: The plurality of beads may be dispensed adjacent to a subsirate, and the
plurality of beads or the substrate may be subjected to conditions sufficient for self-assembly of
the beads adjacend to the substrate, Such dispensing and self-assemibly may comprise any
number of operations. In an example, the plurality of beads may be provided in a solution and
dispensed, in a drop~wise manner, (o the substrate, Subsequent to the dispensing, the plurality of
beads may be incubated or allowed (o spread adjacent to the substrale, e.g., across a surface of
the substrate, Self-assembly may occur during the dispersion or spreading process and nay be
facilitated by modulating one or more operating parameters, such as the dispensed volume of the
solution, the concentration of the beads in the solution, the incubation time, or additional
cheniisiry operations or addifives in the solution. In some nstances, the self-assembly may occur

witheut application of external force; for example, the beads may assemble naturally through
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cvaporative ot capillary forees, or other non-covalent inferactions. Self-assenibly of the beads
may result in & substantially uniform layer (e.g., 8 monolayer) of the beads adjacent Lo the
substrate. Such a substantially uniform monolayer may be characterized, for example, by a bead-
to-bead tolerance ol approximately twice the diameter of the plurality of beads. For example, the
bead-to-bead tolerance may fall in a range of a distance (e.g., I bead~diameter in any direction)
with respect to the average plane of beads. The beads may be distributed on a substrate with a
pitch determined by the distance belween the center of a {irst bead and the center of the closest
or neighboring bead. In sone instances, the self-assembied, sobstantially uniform monolayer
may be arranged such that individual beads of the plerality of beads arc individually addressabie,
.g., distinguishable by the naked eye, by microscopy, or by tmage recoguaition or image
processing methods.

0127} In sonme instances, the dispersion of the beads across the substrate may be assisted by
providing an applied force, ¢.g., a shear foree, a centrifugal force, or other applied force. In one
exanple, following dispensing of the plurality of beads adjacent o {e.g., on a surface of) the
substrate, the substrate may be rotated to disperse the plurality of beads across the surface of the
substrate. The substrate may be rotated at any useful rotational velocity, e.g., about | revolution
per minute (rpm), about 10 rpms, about 50 rpms, about 100 rpms, about 300 rpms, about 1000
rpims, about 5,000 rpms, about 10,000 rpms or greater. The substrate may be rotated 1 a range of
rotational velocities, e.g., [rom about 500 rpms to about 8,000 rpnis, The substrate may be
rotated for any useful or duration of ime, e.g., for about 1 s, about 3s, about 10 s, about 20 s,
about 30 s, about 40 , about 30 s, about 1 min, about § min, about 10 min, or longer, The
substrate may be rotated within a range of duration, e.g., from about 15 to about 30 seconds. In
some instances, the dispersion of the beads acress the sebstrate via rotation may facilitale even
distribution ol the beads across the subsirate, which may aid in generating substantially uniform,
sclf-assembled monolayers of the plarality o beads.

[0128] In some instances, the dispensing of the plurality of beads adjaceni to {(e.g., on or across)
the substrate may occur by translating the substrate refative 1o a solation or suspension
comprising the plurality of beads, or alternatively, by transiating the solution or suspension
comprising the plurality of beads relative to the substrate. For example, the plurality of beads
may be provided in a solution in a container, and the substrate may be contacted with the
solution, ¢.g., by transiating the substrale vertically into and out of the sofution (e.g., using a
dipping method). The transiation of the substrate may occur in any direction, €.g., subslantially
vertically, substaniially horizontally, or at an angle. The subsirate may be contacted with the

plurality of the beads (e.g.. in the solution in the container) for any useful duration of ime, e.g.,
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for about | s, about 18 s, aboui 20 s, about 30 s, about 40 s, about 50 s, about | minute, aboui 10
minutes, about 20 minutes, about 30 minutes, about 40 minuies, abowt 30 minutes, about 1 hour,
about 2 hours, about 3 hours, about 4 hours, about 3 hours, about 6 hours, about 7 hours, about 8
hours, about 9 hours, about 10 hours, or more. The contacting may occur [or a range of
durations, e.g2., between about 1 minute and 60 minutes, between about 60 minutes and 120
minules, ete. Subsequent to the contacling, the substrate may be translated relative to the solution
or suspension (e.2., removed from a container comprising the solution or suspension) and
optionally incubated, as described above. The incubation may occur at any useful temperature
and duration and may [(acilitate drying of the plurality of beads adjacent to the substrate.

[0129] At any useful or convenient tinie, the substrate and ihe plurality ol beads may be
incubaled, e.g., to allow for dispersion or self-assembly, For example, the substrate and the
pluratity of beads may be incubated subseqguent to the dispensing of the plurality of beads, or
following application of a force (e.g., centrifugal foree) to disperse or spread the beads across the
substrate. The incubation may occur at any useful temperature and for any useful period of time.
The incubation may occur at a temperature above or below ambient temperatare. For example,
incubation of the substrate and the plarality of beads may occur at ambient temperature or at an
elevated temperature in order to facilitate drying of the plurality of the beads on the substraie,
The incobation may occur at a temperature of about O degrees Celsius, at about 1€ degrees
Celsius, at about 20 degrees Celsius, at about 30 degrees Celsius, at about 40 degrees Celsius, at
about 50 degrees Celsius, at about 60 degrees Celsius, at about 70 degrees Celsius, at about 80
degrees Celsius, at about 90 degrees Celsius, at about 100 degrees Celsius, at about 150 degrees
Celstus, at about 200 degrees Celsius or higher. The incubation may oceur within a range of
temperatures, ¢.2., from about 25 degrees Celsius to about 100 degrees Celsius. The mcubation
may occur for about 1 second (s}, about 10 s, about 20 s, about 30 s, about 40 s, about 5§ s, about
I minute, about 10 minutes, about 20 minuties, about 30 munutes, about 40 nunutes, about 50
minutes, aboul 1 howr, about 2 hours, about 3 hours, about 4 hours, about 5 hours, about 6 hours,
aboutl 7 hours, about 8 hours, about 9 hours, about 10 hours, or more. The incubation time may
occur it a range of durations, ¢.g., from about 5 minutes to about 40 minutes,

0130} The beads may be provided at any uselul concentration and volume. For example, the
beads may be provided in a solution at & concertration of about 1 bead/microliter (uL), about 10
beads/ uL, about 100 beads/ pL, about 1000 beads! ul., about 10,000 beads/ uL, abowt 100,000
beads/ ni., about 1,000,000 beads/ pl., about 10,000,000 beads/ pl., about 100,000,000 beads’
uL or greater. A range of concentrations ol the beads may be provided, e.g., between about

14,000,000 beads/ pl. and 20,000,000 beads/ pl.. The beads may be provided at any useful
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volume, depending on the processing. For example, the beads may be provided in a solution of
about 1 pl., 10 L, 100 pl, 1 nulliliter {(m1.), 16 mL, 100 mL., 1000 myl., or greater. The volume
of solution provided may vary depending on the processing method. For example, in instances
where the substrate is translated in a container comprising the solution comprising the beads, a
greater volume {e.g., about 200 mL or greater) may be provided. In another example, in
instances where the beads are provided drop~wise to the substrate, volumes of about 20
microliters 1o 40 microliters may be provided.

[0131] The substrate may be subjected to one or more conditions suflicient to dry or desiceate
the substrate or the plarality of beads. For example, the plurality of beads may be provided ina
solution or suspension, and the solution or suspension may be dispensed adjacent to {e.g., on or
across a surface of) the substrate, Optionally, the substrate may be rotated to facilitate the
dispersion of the plurality of beads adjacent to the substrate. Prior to, during, or subsequent to the
dispensing of the plurality of beads adjacent to the substrate, the substrate, the plurality of beads,
or both the substrate and the plurality of beads may be subjected to conditions sufficient to
desiccate or dry the subsirate or the pluralify of beads. Such drving or desiccation may comprise
incubating the substrate or the plurality of beads at any suitable temperature. For example, the
substrate or the pluralily of beads may be heated to tacilifate evaporation of the solution.
Alternatively or n addition, drving or desiccation may be pertormed by other approaches, e.g.,
providing an air streant (¢.g., nitrogen or oxyaen gas) and directing the air stream toward or at an
angle to the substrate or plurality of beads, exposure to vacuaum, use of a desiccation chamber,
ete, The drying or desiceation may be performed lor any suitable duration of time, ¢.g., for about
1 5, about 10 s, about 20 s, aboul 30 s, about 40 s, about 30 s, about 1 minute, about 10 minutes,
aboul 20 minutes, about 30 minutes, about 40 mimutes, about 50 minutes, about 1 hour, about 2
hours, about 3 hours, about 4 hours, about 5 hours, aboaol 6 hours, about 7 hours, about 8 hours,
about 9 hours, about 10 hours, or more. The drying or desiccation may ocecur for a range of
durations, ¢.g., between aboul | nunuie and 60 minutes, between about 15 minuies and 30
minutes, ete.

[6132] Sequencing accuracy depends upon the ability of a deteetor or post-detection analysis to
differentiate between adjacent beads (e.g.. to be able to resolve individual beads and hance
distinet nucleic acid teniplate sequences). There is an inherent tradeoft between increasing
sequencing throughput (e.g., by increasing density) and retaining high detection accuracy. Bead
self-assembly can However, the presence of bead aggregations (and henee decreased detection
ability} can negale any benefits from increased density if there is nol a corresponding increase in

detection resofution capabilities. Therefore, in some cases, il may be beneficial to be able to
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increase the average pitch between beads in a sclf-assembled scheme. To this end, non-
sequencing beads (or other spacing particles) that will not inhibit self-assembly can be used in
combination with sequencing beads (e.g., beads comprising nucleic acid molecules).

[0133} By way of example, in some instances, the plurality of beads to be loaded onto a
substrate may comprise a first subset of beads coupled to nucleic acid molecules and a second
subset of beads not coupled to nucleic acid molecules. The subset of beads that lack nucleic acid
molecnies coupled thercto may help prevent overcrowding of beads that are coupled 1o nucleie
acld molecules after loading onto a substraie {e.g.. may increase the pitch between beads
comprising nucleic acid molecules afier seif-assembly). In some cases, the [irst subset ol beads
compriscs at least 50%, 60%, 70%, 75%, 8B0%, 8§5%, 90%%, 99%, 99.5%, or 99,9% of the plurality
of beads. That is, in such cases, the sccond subset of beads comprises at most 30%, 40%, 30%,
25%, 20%, 15%, 10%, 3%, 1.3%, or 0.1% of the plurality of beads. In some cases, as the
percentage of the second subset of beads increases, the pitch between beads in the first subset of
beads increases,

0134} Substrare pre- processing: In some instances, the substrate may be processed prior (o
dispensing of the plurality of beads adjacent o the substrate. For example, the substrate may be
wetied using a buffer. In such instances, the substrate may be contacied with a pre-wetting
bufter. The pre-wetting buffer may be useful, for example, in changing a surface property of the
substrate, e.g., the hydrophilicity or hydrophebicity, charge, ionic concentration, or other
property, or for priming the coupling of the plurality of beads to the substrate. The pre~wetling
bufler may comprise an ionic buffer, The lonic bulfer may comprise magnesium, ¢.g.,
magnesium chloride, at any useful molar concentration, e.g., about 1 micromolar, 100
micromolar, 1 millimolar (mM), 10 mM, 20 mM, 30 mM, 40 mM, 50 mM, 60 mM, 70 mM, 80
mM, 90 mM, 100 mM, 200 mM, 300 mM, 400 mM, 500 mM, 600 mM, 700 mM, KO0 mM, 900
mM, 1M, or greater. The magnesiuny salt molar concentration may fall in a range of
concentrations, ¢.g., between about 10 mM and aboul 50 mM. Additional examples of pre-
wetting buffers and methods and systems comprising pre-wetting butiers can be found in
International Pub. No. WO 2022/051296, which 1s incorporated by reference hereln in ity
ealirety.

[0135} In sonme instances, the substrate may be functionalized or adsorbed with one or more
surface moielies, ¢.g., lo promote binding or coupling of the plurality of beads lo the substrate.
For exampie, the one or more surface moteties may comprise a silane group, such as an
organosilane {see FIG. 7). The silane group may be an aminoe silane such as 3-

aminopropyltricthoyxsilane (APTES), 3-aminopropylirunethoyxsitane {APTMS)}, 3-
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(Ethoxydimethylsitylipropylaniine, Bis|3-(irimethoxvsitylypropyliamine, 3-
mercaptopropylirimethoxysilane (MPTS), octadecylirichlorosilane (OTS],
octadeeyitrimethoxysilane {OTMS), polytetralluoroethylene organosilanes (PFS) ete. The silane
group may be deposited or applied lo the subsirate using any useful approach, e.g., solution
deposition, chemical vapor deposition, gas plase evaporation, etc,

[0136] 1n some instances, the substrate may be cleaned, e.g,, prior to functionalization or
adsorption of a surface moiety {e.g., silane). Such cleaning may comprise, 1n non-tinuting
examples, washing with acelone, isopropanol, water, piranha, UV irradiation, UV {rcatment,
ozone freatment, oxygen plasma freatment, ofc,

[0137} Any nuniber of pre-processing operations may be performed on ihe substraie, ¢.g., prior
to dispensing of the plurality of beads adjacent to the substrate, and in any order. For example, in
some examples, 1t may be advantageous to clean the substrate, followed by vapor deposition of a
silane (e.g.. APTES or APTMS) adjacent to the substrate, followed by wetting using an ionic
buffer. In some instances, the substrate may be treated with a silane and then wetted.
Alternatively, the subsivate may be treated with silane, optionally rinsed, and then contacted with
the plurality of beads directly.

[0138] Shrinking: The plurality of beads may be subjected io conditions sufficient {o shrink or
decrease the size of the plurality of beads, ¢.g., subsequent to or concurrent with self-assembly of
the plurality of beads adjacent to (e.g., on or across) the substrate, Alternatively or in addition,
the surface area of the substrate that is not in contact with a bead of the plurality of beads may be
increased. In sonte examples, the uncontacted surface area of the substrate may be increased
without increasing the average center-to~cenier distance between beads of the plurality of beads.
A change or diffcrence in the ratio of the bead-contacting areas and the uncontacted surface arca
may be achieved vsing, for example, a shrinking buffer, which may decrease the size of the
plurality of beads. In some instances, the shrinking buffer may be provided in a solution
comprising the plurality of beads and co-dispensed with the plurality of beads adjacent to the
substrate. Alternatively or in addition, the shrinking buffer may be provided subscquent to the
dispensing or seif~assentbly of the plurality ol beads adjacent to the substrate. The shrinking
bufler may comprise reagents sufficient to decrease the size of beads of the plurality of beads. In
some examples, the shrinking buffer comprises a polymer, such as polyethylene glycol (PEG).
The PEG may be provided at any useful molar mass, e.g., PEG 100 (g/mol), PEG 200, PEG 300,
PEG 400, PEG 500, PEG 600, PEG 700, PEG 800, PEG 900, PEG 1000, PEG 2000, PEG 3000,
PEG 4000, PEG 5000, PEG 6000, PEG 7000, PEG 8000, PEG 9000, PEG 10000, or higher. The

PEG may be provided al a range of molar masses, ¢.g., from about 4000 g/mol to aboul 8000
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g/mol. The PEG may be provided al any uscful concentration. For example, the PEG may be
provided at a .1% wiv, 1% wiv, 2% w/v, 3% wiv, 4% wiv, 3% wiv, 6% wiv, 7% wiv, 8% wiv,
9% wiv, 10% wiv, 20% wiv, 309 wiv, 40% wiv, 50% wiv, 60% wiv, 70% wiv, 80% wiv, 90%
w/v, or greater. The PEG may be provided at a range ol concentrations, e.g., between about 9%
wiv and 12 % wiv, or about 1% w/v to about 1.5% wi'v,

0139} The shrinking bufler may comprise one or more sails, such as magnesium salts,
including, but not fimited to, miagnesium chloride, niagnesium suifate, magnesium glycinate,
magnesium citrate, magnesiun oxide, cte. For example, the shrinking bulter may comprise
magnesium salt at any useful molar concentration, e.g., about | mucromolar, 100 micromolar, 1
mithmolar (mM), 10 mM, 20 mM, 30 mM., 40 mM, 50 mM, 60 miM, 70 mM, 80 mM, 90 mM,
100 mM, 200 mM, 300 mM, 400 mM, 500 mM, 600 mM, 700 mM, 800 mM, 900 mM, 1M, or
areater, The magnesium salt molar concentration may fall within a range of concentrations, e.g.,
between about 5 mM and about 50 mM.

[6140} The shrinking bufler may comprise one or more organic cations, In some instances, the
shrinking bufler comprises a polvamine. Examples of polyanunes imclude, in non-limiting
examples, alkyl polyamines, dicthylenctrianune, triethylenctetramine, macrocyelic polyanuines,
1.4.7-triazacyclononane, cyclen, cyclam, Tns (2-aminoethyl)amine, spermidine, spenmine,
thermospermine. In some instances, the shrinking baffer comprises sperming. In some cases,
sperntine nay have nitrogen atoms replacing carbon atoms one or more of positions 1, 5, 10, and
14 of a polyazaalkane. In some cases, spermine may have a nitrogen atom replacing a carbon
atom at one or more of positions 1,2, 3,4, 5,6, 7, 8,9, 10, 11, 12, {3, or 14 ol & polyazaalkane.
In some cases, spermine may be charged or carry a charge. In some cases, a charged spermine or
spernnne carrving a charge may be sperniine ion. In some cases, spermine 1ons may comprise
spermine’ ", sperming™”, spermine’”, spermine®, or a combinaiion thereol. In some case, the
shrinking buffer solation comprising spermine may also comprise a sall derivatlive of spermine.
[0141} The organic cations {(e.g., spermine} may be provided at any useful molar concentration,
¢.g., about I micromotar, 100 mucromolar, 1 millimolar (mM), 10 mM, 20 mM, 30 mM, 40 mM,
50 mM, 68 mM, 70 mM, 80 mM, 90 meM, 1006 mM, 200 mM, 300 mM, 400 mM, 300 mM, 600
mM, 700 mM, 800 mM, 900 mM, IM, or greater. The organic cations may [all in a range of
concentrations, ¢.2., between about 5 mM and about 50 niM.

[0142} Alternatively or in addition, a change or difference in the ratio of the bead-contacting
arcas and the uncontacted surface arca may be achieved using other approaches, (or example, the
application of heat, which can, in some instances, decrease the size of the beads, increase the

non-contacted surface area of the subsirate, or both.
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0143} Sequencing: The methods, Kits, systems, and composttions provided heretn may be useful
in processing mucleic acid molecules, ¢.g., via sequencing. In some instances, as described
herein, one or niore nucleic acid nolecules (e.g,, template nucleic acid molecules) nay be
provided on a bead of the plurality ol beads, and the plurality of beads may be dispensed on a
substrate and allowed to seif-assentble. Subsequent to self-assembly of the plurality of beads, the
one or more nucleic acid molecuies may be sequenced. The sequencing may comprise the use of
one or more nucteotide (low sequences, as is deseribed clsewhere herein. Such flow sequencing
may comprise (i} providing a nucleotide-containing reageni to the plarality of beads or said
substrate and (i) detecting the mucleotide. Operations (1) and (11) may be repeated, optionally
with a different nucleotide and optionally with one or more infervening washing flows,

|0844} Workflows: FEGs. 8A-8C shows an example schematic of a variety of workflows for
obtalning scif~assembled beads adjacent to a substrate, and further processing of the plurality of
beads or substrate. FIG. 8A schematically shows a drop~coating method, in which a plurabity of
beads s provided in a solution 801, which may be dispensed drop-wise on a substrate 803. The
soluiion 801 may be provided  sufficieni quantity to cover the substraie 803 in the solution
801. The solution 801 may be provided in a quantity that is sufficient to cover an arca less than
the eniire substrate 803, F1G. 8B schematically shows a dip-coating method, in which a plurality
of beads 1s provided in a solution 801 in container 808, Substrate 803 may be transiated refative
to container 885 (shown in FIG, 8B as a vertical translation), That is, the substrate 803 may be
translated while the container 805 is stationary or aliernatively, the container 805 may be
transfated while the substrate 803 is stationary. Translation may be perfornied horizontally or
vertically. The entire surface arca of substrate 803 may be contacted with sofution 801 (e.g., the
substrate may be subimerged entirely in the solution i the container). Alternatively, a portion
less than whole of the substrate may be contacted with solution 801 {e.g.. only the portion of the
substratc may be submaerged in the solution w the contlainer). FIG. 8C schematically shows a
spin coating method, i which a plurality of beads is provided in a solution 801, which may be
dispensed drop-wise on a substrate 803. The sobstrate 843 may be rotated prior to, during, or
subsequent to the dispensing of the solution 801 adjacent to (e.g., on or across) the substrate 803.
Optionally, the substrate 803 may be rotated such that at least a portion of the substrate is
contacted with the solution {¢.g., a portion greater than an initial portion of the substrate
contacted with the solution via drop-wise addition). Optionally, at least 50%, at least 60%, at
least 7095, at least 80%4, al feast 9%, at least 95%, at least 99%%, or at {east 10(% of the surface

arca of substraie may be contacied with the sclution during or subsequent to the rotation of the
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substrate. FIG. 9 schematically illustraies the surface area of subsirate 803 subsequent io
dispersion of a plarality of beads adjacent to the substrate (i.¢., via solution 801),

[0145} An unpatterned substrate 803 may be provided. Alternatively, the substrate may be
partially patterned. In some cases, a partially pattermned substrate comprises a plurality of
features, where the features are smaller than the beads provided for self-assembly on or adjacent
to the substrate {e.g., & nanopatterned substrale). For example, the beads may have an average
diameter of ~1 pm and the features may have an average diameter of 10-50 am. In such cases, a
bead in the plurality of beads may contact two or more features after loading and/or self-
assembly. Optionally, the unpatterned or partially patterned substrate 803 may be contacted with
one of more reagents, €.g., an amino silane (¢.g.., APTES or APTMS), which may faciitate
adhesion of the plurality of beads to a surface of the substrate 803, In some instances, the
substrate may be subjected to wetting, ¢.g,, via contacting with a wetting buffer {e.g., comprising
magnesium chloride) prior to contacting the substrate with the plurality of beads. The plurality of
beads may comprise a plurakity of nucleic acid molecules coupled thereto and may be dispensed
on the substrate, e.g., using any of the methods provided in FI1Gs. 8A-8C, oplionally dried (e.g.,
via incubating the substrate at an clevated temperature), and contacted with a shrinking buffer,
The shrinking bufler may decrease the size of the plurality of the beads, which may aid in
improving access lo the individual beads or nucleie actd molecules coupled thereto.
Advantageously, such a decrease in the size of the plurality of beads may also improve imaging
(e.g., nicroscopy) of the substrate or the individual beads and thus improve downstream
sequencing analysis. See also, FI1Gs. 10-13, and Example 1.

[0146] Also provided herein, in some aspects, are kits for facilitating self-assembly of beads on a
substrate. Sach a kit may comprise & substrate, which may be unpatierned and substantially
planar, a plurality of beads, and instruciions for forming a seif-assembled monolayer of the
plurality of beads adjacent to the substrate. The substrate, as described herein, may be a solid or
semi-solid substrate. Similarly, the plurality of beads may be solid or semi-solid beads and may,
in some instances, comprise a plurality of nucleic acid molecules {c.g., DNA molecules} coupled
thereto. The DNA molecules may be single-stranded or double~-stranded. The kit may comprise
additional elements which may be useful in generating the selfassembied monolayer, e.g., a pre-
wetting buffer, such as those disclosed herein (e.g., an ionic buller, a buffer comprising
magnesium). In some instances, the kit may comprise a shrinking butfer, which may comprise
PEG, magnesium szalis {c.g., magnesium chloride), or other reagents, as is described elsewherg

herain.
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[0147} Also disclosed herein, in some aspects, are systems tor self-assembly of beads on a
substrate. Such a system may comprise a substrate, which may be unpatterned and substantially
planar, and a plurality of beads. The system may be configured such that at least a first subset of
the plurality of beads is in a substantially close~packed configuration and at {east a second subset
of the plurality of beads is in a substantially monclayer configuration, The first subset and the
secord subset may be different or may be the same or substantially the same. The close-packed
configuration may comprise, for cxample a center-to-center distance between neighboring beads
ol a defined distance, ¢.g.. about 106 nanometers {(nm), about 500 nm, about 1 nucrometer (pnyj,
aboul 2 um, about 3 pm or greater, In some insiances, the close-packed configuration comprises
a center-lo-center distance between neighboring distance ai a range of distances, ¢.g., from about
I pnt to about 1.8 pm. See, Example 1.

|0148] The substrate, as deseribed herein, may be a solid or semi-solid substrate. Similarly,
beads in the plurality of beads may be solid or semi-solid beads and may, in some instances,
comprise a plurality of nucleic acid molecuies {e.g., DNA molecules) coupled thereto, The DNA
molecules may be single-stranded or double-stranded. The kit may comprise addilional elemenis
which may be useful in generating the self-assembled monolayer, ¢.g., 8 pre-wetting buffer, such
as those disclosed heretn {e.g., an lonic bufter, a buffer comprising magnesiumy}, In sonie
instances, the kil may comprise a shrinking bufter, which may comprise PEG, magnesiuny salls
{c.g., magnesiwm chloride), or other reagents, as is described elsewhere herein,

|0149} Methods: Provided herein are different methods that comprise self-assembly of beads on
a substrate. The methods may comprise one or more of (i) loading beads onto the substrate for

self~assembly, (it} amplification of analytes (e.g., nueleie acid molecules) on beads while the

beads on or ofl the subsirate w1 which self-assembly of the beads occurs.

[0150] A method miay comprise loading a plurality of beads onto a scbstrale for self-assembly,
wherein the plurality of beads are posi-amplilication beads. The posi-ampliication beads may
comprisc a plurality of amplificd products immwobilized thereto. The method may comprise, prior
to loading, subjecting analyles to amplification to generate the post-amplification beads
comprising the plurality of amplified products immobilized thereto. Subsequent to self~assembly
of the beads on the substrate, the amplified products may be sequenced while immobilized to the
substrate, In some cases, the method may comprise, subsequent to self~assembly ol the beads on
the substrate, subjecting the amphified products to one or more additional amplification
procedures while the beads are innmobilized to the subsirate to perform on-surface amplification,

such as to generate a phurality of second stage amplified products (¢.g., second stage concatemers
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or second stage extension products). The second stage amplified products may be immobilized (o
the beads. The second stage amplified products may be immobilized off the beads such as
direetly to the substrate or to other objects (e.g., additional beads) coupled to the substrate. For
example, the substrate may comprise surface primers or other objects that comprise surface
primers which can be extended during the one or more additional amplification procedures. The
surface primers or other objects on the substrate may be arranged in a patterned or unpatterned
mannet, The second stage and/or additional stage amplificd products may be generated and/or
sequenced. In an examiple, the post-amplification beads comprise ePCR amplilication producis,
in which a bead comprises a colony of identical or substantially identical nucleic acid molecules.
{n an example, the post-amplilication beads comprise RCA anplification products, in which a
bead comprises a concatemer molecule comprising multiple copies of a template nucleie acid
sequence {or segments thereot).

[0151] A method may comprise loading a plurality of beads loaded onto a substrate for self-
assentbly, wherein the plurality of beads are pre-amplification beads, The pre-amplification
beads generally refer to beads that have not been subjected (o amplificaiion procedures. In some
cases, the pre-amplification beads that are loaded may comprise a plurality of surface primers. In
some cases, the pluarality of surface primers may comprise a single type ol primer (e.g.. forward
primers or reverse primers). In some cases, the plurality of surface primers may comprise two
types of primers {e.g., forward primers and reverse prinzers). In some cases, the plurality of
surface primers may comprise more than two types of primers (¢.g., comprising more than two
types of primer sequences). In some cases, the pre-amplification beads that are loaded may
comprise template nucleic acid molecules. In some cases, a pre-amplification bead comprises a
single template nucletc acid molecule. In some cases, a pre-amplification bead comprises at most
single template nucleic acid molecule. For example, bead-single teraplate nucleic acid molecule
complexes may be pre-enriched prior to loading, as describad elsewhere herein, ln some cases, a
pre-amplitication bead comprises muliple template nucleic acid molecules. A template nucleic
acid molecule may be attached to a pre-amplification bead covalently or non-covalently. For
example, a template nucleic acid molecule may be hybridized to a surface primer of a bead. In
another example, a complement of the tempiate nucleic acid molecule may be hybridized o a
surface primer of the bead and the surface primer extended to generate the template nucleic acid
molecule. Alternatively, the pre-amplification beads that are loaded may not comprise tempiate
nucleic acid molecules, and the tempiate nucleie acid molecules may be dispensed to the beads
on the substrate during or after scl-assembly to attach the itemplate nucleic acid melecales to the

beads. The pre-amplification beads may self-assembie on the substrate and subjected to one or
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more amplillcation procedures while the beads are immobilized to the substrate {o perform on-
surface amphification, to gencrate a plurality of amplified products (e.g., concatemers or
extension products). Any amplification method may be used, such as RCA, RPA, MDA, bridge
amplification, ete. The amplified products may be immobilized to the beads. The amplified
products may be immobilized off the beads such as directly to the substrate or to other ohjects
(e.g., additional beads) coupled to the substrate. For example, the substraie may comprise surface
primiers or other objects that comprise surface printers which can be extended during the one or
more amplification procedures. The surface primers or other objecis on the subsirate may be
arranged in a patterned or unpatterned manner. In some cases, sccond stage and/or additional
stage amplilied products may be generated by performing additional amplification procedures on
the substrate. Subsequent to amplification, the amplified products may be sequenced while
immobilized to the substrate. Alternatively, the amplified products may be removed from the

substrate, {oaded onto an additional substrate, and sequenced on the additional substrate.

Compnuter systems

0152} The present disclosure provides computer control systems that are progranmimed to
implement methods of the disclosure. FIG. 6 shows a compuier system 601 that is programunied
or otherwise configured to implement methods of the disclosure, such as to control the systems
described herein (e.g., reagent dispensing, detecting, ete.) and collect, receive, and/or analyze
sequencing and/or image information. The computer system 601 can be an electronic device ol a
user or a computer system that is remotely located with respect to the electronic device, The
electronie device can be a mobile elecironie device.

[0153] The computer system 601 includes a central processing unit {CPU, also “processor’™ and
“computer processor” herein} 605, which can be a single core or muliti core processor, or a
plurality of processors for paralie] processing. The computer system 601 also includes memory
or memory location 618 (e.g., random-access memory, read-only memory, flash miemory},
electronic storage unit 615 {(c.g., hard disk), communication interface 620 (e.g., network adapter)
for comnuunicating with one or niore other systems, and peripheral devices 625, such as cache,
other memory, data storage and/or electronic display adapters. The memory 610, storage unit
615, interface 620 and peripheral devices 625 are In communication with the CPU 605 through a
communication bus (sofid hines), such as a motherboard. The storage unit 613 can be a data
storage unit {or data reposilory) for storing data. The computer system 601 can be operatively
coupled to a computer network (“network™) 630 with the aid of the communication interface

620. The network 630 can be the Internet, an isolated or substantially isolated internet and/or

-56-



WO 2023/205353 PCT/US2023/019297

extranet, or an intranet andsor exiranet that s in communication with the Internet. The network
630 10 some cases s a telecommunication and/or data netweork. The network 630 can include one
or more computer servers, which can enable distributed computing, such as cloud compuling,
The network 630, in sonie cases with the aid of the computer system 601, can impiement a peer-
to~peer network, which may enable devices coupled to the computer system 601 to behave as a
client or a server, The CPU 608 can execule & sequence of machine-readable instructions, which
can be embodied 10 a program or software. The mnstructions may be stored in a memory location,
such as the memory 610, The instruciions can be divected to the CPU 605, which can
subsequenlly program or otherwise configure the CPU 605 1o implement methods of the present
disclosure. Examples of operations perfornied by the CPU 603 can include fetch, decode,
execuie, and writcback. The CPU 605 can be part of a circuit, such as an integrated circuit, One
or more other components of the systeny 601 can be included in the circuit. In some cases, the
circuit is an application specific integrated cirenit {ASIC).

[0154] The storage unit 615 can store [iles, such as drivers, libraries and saved programs. The
storage unil 615 can siore user dala, e.g., user preferences and user programs, The computer
system 601 in some cases can include one or more additional data storage units that arc external
io the computer system 6601, such as located on a remote server that s in communication with the
computer system 601 through an intranet or the Internet.

[6155} The computer system 601 can communicate with one or more remote computer systems
through the network 630. For instance, the computer system 601 can communicate with a remote
computer system of a user. Examples of remolte computer systems include personal computers
{e.g., portable PC), slate or tablet PC’s {e.g.. Apple® iPad, Samsung® Galaxy Tab), telephones,
Smart phones {(e.g., Apple® Phone, Android-enablad device, Blackberry®), or personat digital
assistanis, The user can access the computer system 601 via the network 630,

0156} Methods as described herein ean be tmplementad by way of machine (e.g., computer
processor) excoutable code stored on an electronic siorage location of the computer sysiem 601,
such as, for exampie, on the memory 610 or clectronic storage unit 615, The machine exccutable
or machine readable code can be provided in the form of software, During use, the code can be
execuied by the processor 605, In some cases, the code can be retrieved from the storage unit
615 and stored on the memory 610 for ready access by the processor 605, In some situations, the
electronic storage unit 615 can be precluded, and machine-exceutable instructions are stored on
memory 6. The code can be pre-compiled and configured for use with & maching having a

processor adapted to execuie the code or can be compiled during runiime, The code can be
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supplied in a programming language that can be selected io enable the code to execute in a pre-
compiled or as-compiled fashion.

0157} Aspects of the systems and niethods provided herein, sucl as the conmputer systen: 601,
can be embodied in programming. Various aspects of the technology may be thought of as
“products” or “articles of manufacture™ typicaily in the form of machine (or processor)
execuiable code and/or associated data that is carried on or embodied in a type of machine
readable mediom. Maching-exccutable code can be stored on an electronic storage unit, such as
memory (e.g., read-only memory, random-access memory, flash memory) or a hard disk.
“Storage™ type media can mclude any or all of the tangiblie memory of the computers, processors
or the like, or associated modules thercof, sach as various semiconductor memories, tape drives,
disk drives and the like, which may provide non-transitory storage at any time for the sofiware
programniing. All or portions of the software may at times be communicated through the Internet
or various other telecommunication networks. Such communications, for example, may cnable
loading of the software from one comiputer or processor into another, for example, froma
management server or host computer iato the computer platform of an application server, Thus,
another type of media that may bear the soflware elements includes oplical, clectrical, and
electromagnetic waves, such as used across physical mnterfaces between tocal devices, through
wired and optical landline networks and over various air-links, The physieal clements that carry
such waves, such as wired or wireless links, optical links or the like, also may be considered as
media bearing the software. As used herein, unless restricted to non-transitory, tangible “storage”
nedia, terms such as computer or machine “readable medium™ refer to any niedium that
participates in providing instructions to a processor for execution.

[06158] Hence, 3 machine readable mediun, such as computer-executable code, may take
many forms, including bul not limiled to, a tangible storage mediuwm, a carrier wave mediun: or
physical transmission mediuvm. Non-volatile storage media inciude, for example, optical or
magnetic disks, such as any of the storage devices w1 any computer(s) or the like, such as may be
used to implement the databases, etc. shown in the drawings. Volatile slorage media include
dynamic memory, such as main mentory of such a computer platform. Tangible transmission
media include coaxial cables; copper wire and fiber optics, including the wires that comprise a
bus within a computer systent. Carrier-wave transmission media may take the form of electric or
electromagnetic signals, or acoustic or light waves such as those generated dwring radio
frequency (RFY and infrared (IR) data communications. Conmmon forms of computer-readable
media thereflore include for example: a Doppy disk, a llexible disk, hard disk, magnetic tape, any

other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other optical mediuny, punch
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cards paper tape, any other physical siorage medium with paiterns of holes, a RAM, a ROM, a
PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave
transporting data or instructions, cables or links transporting such a carrier wave, or any other
medium from which a computer may read programming code and/or data. Many of these forms
of conzputer readable media may be fnvolved in carrying one or more sequences of one or miore
instructions to a processor for execution

[0159] Aspects of the systems and methods provided herein, such as the compuler system
601, can be embodied in programyming. Various aspects of the technology may be thought of as
“products” or “articles of manufacture™ lypically 1 the form of machine (or processor)
executable code and/or associated data that is carried on or entbodied in a type of machine
readable medium. Machine-executable code ¢an be stored on an electronic storage unil, such as
nemory (¢.g., read-only memory, random-access memory, flash memory) or a hard disk.
“Storage” lype media can include any or alf of the tangible memory of the computers, processors
or the like, or associated modules thereol, such as various semiconductor memorics, tape drives,
disk drives and the like, which may provide non-transitory storage at any time for the sofiware
programmung. All or portions of the sofiware may at times be communicated through the Internet
or various other telecommunication networks. Such communications, tor example, may enable
loading of the software from one computer or processor into another, for example, froma
management server or ost compuler into the contputer platform of an application server, Thus,
another type of media that may bear the sollware clements includes optical, electrical, and
clectromagnetic waves, such as used across physical interfaces between {ocal devices, through
wired and optical landline networks and over various air-links, The physical elements that carry
such waves, such as wired or wireless links, optical links or the like, also may be considered as
media bearing the software. As used herein, unless restricted to non-transitory, tangible “storage™
media, terms such as computer or machine “readable mediom™ refer to any medium that
pariicipates in providing insiructions to a processor for execuotion.

[6160] Hence, 3 machine readable mediun, such as computer-executable code, may take
many forms, mchuding but not limited to, a tangible storage miedium, a carrier wave mediuni or
physical transmission mediunt. Non-volatile storage media include, for example, optical or
nagnetic disks, such as any of the storage devices in any computer(s) or the like, such as may be
used o implement the databases, ete, shown in the drawings. Volatile storage media include
dynamic memery, such as main memory of such a computer platform. Tangible transmission
media include coaxial cables; copper wire and fiber aptics, including the wires that comprise a

bus wilhin a computer system. Carrier-wave transmuission media may take the form of electric or

-59.



WO 2023/205353 PCT/US2023/019297

clectromagnetic signals, or acoustic or light waves such as ihose generated during radio
frequency (RF) and infrared (1R) data communications. Common forms of computer-readable
nedia therefore include for example: a floppy disk, a [lexible disk, hard disk, magnretic tape, any
other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other optical medinm, punch
cards paper tape, any other physical storage medium with patterns of holes, a RAM, aROM, a
PROM and EPROM, a FLASH-EPROM, any other memory chip or cariridge, a carrier wave
transporting data or instruclions, cables or links transporting such a carricr wave, or any other
medium from which a compuier may read progranyming code and/or daia. Many of these forms
of computer readable media may be involved in carrying one or more sequences of one or more
instructions to a processor for execution.

0161} The computer system 601 can include or be in communication with an clectronic
display 835 that comprises a user interface (U1) 640 for providing, for example, images (e.g.,
micrographs) of the subsirates or the plurality of beads, along with the analysis of the images
{c.g., pilch, spacing, occupancy, intensity, nucleic acid sequence data, etc.). Examples of UI's
include, without limitation, a graphical user interface (GUI) and web-based user interface,
D162} Methods and systems of the present disclosure can be implemented by way of one or
more algorithnis. An algorithm can be implemenied by way of software upon execution by the
central processing unit 605, The algorithny can, for example, determine the occupancy, spacing,
or other parameters {e.g., full~width halfsmaximun:, mean fluorescence intensity) of an image

. .

{e.g., micrograph of a bead or plurality of beads on or adjacent 1o a substrate).

Examples

Example 1: Generating monolayers of beads on ap unpatterned substrate.

[0163] As described herein, a subsirate (e.g., an unpatierned substraie) may be contacted
with a plurality of beads to geverate a self-assembied monolayer of the beads adjacent to the
substrate. A substraie, such as a silicon wafer may be provided. The silicon waler may optionally
comprisc a silicon dioxide tayer. The silicon wafer may be treated with a siane, ¢.g., 3-
aminopropylirimethoxysilane (APTMS). Representative images of beads dispersed along the
substrate, for each condition described below, were obtained using a 10x microscope objective,
0164}  4) Dip-coating: A dip~coating process may be performed, in which the wafer is
contacted in a container with a solution comprising a plurality of beads (e.g., hydrogel beads)
comprising nocleic acid molecules coupled thereto (2.g., as llustrated in FIG. 8B). A substrate
may be deposited into the container {e.g., a test tube, a beaker, etc.}, thereby contacting the beads

with at least a portion of the substrate. Alternatively or additionally, the substrate can be
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transtaied with respect to the contalner. The substrate may be tncubated in the container for any
usclul duration of time, removed from the container, and then subjected to drving (e.g., by
placing in a temperature~-controlied chantber).

0165} FIGs. 10A-10CB show example results of beads applied to a substrate via dip-
coating of the substrate. These experiments were performed under conditions in which a plurality
of beads (e.g.. hydrogel beads), with an average diameter of 0.5 micronieters and comprising
single stranded (e.g., unamplified) nucieic acid molecules coupled therclo, were provided to the
substrate 1n a solution al a concentration of 15 nullion beads per mucroliter. The bead solution
was provided in a container (e.g., tube) al a volume of 10 nulliliters. The sobstrale was placed
horizontally in the confainer, The substrate was then incubated i the contatner with the beads
for a first time: 75 mun, 120 min, or 180 min {¢.g., “dip” times as indicated, respectively, in FIGs.
H0A, 10B, and 10C). Subsequently, the substrate was removed front the container and subjected
to drying for a second time (e.g., 30 min, 30 nin, and 5 min, respectively for FI1Gs. 10A, 10B,
and 10C).

[0166] I the top panel of each of FIGs. 10A-10C the subsirates were not exposed to a
shrinking buffer (2.g., subsequently {0 beads being dispersed onto the substrates). In contrast, in
the lower panel of cach of FIGs. 10A-10C the substrates were exposed to a shrinking buffer
(c.g., subsequent to beads being dispensed onto the sobstrales). In cach panel, examples of bead
aggregation are indicated by circles and examples of unfocused regions are indicated by asterisks
(*). Regions that are not focused are indicative of beads that hie above or below the focal plane
(e.g., beads are not within a monolayer that is uniform or substantially uniform along the
substrate). Quahitative analysis of cach panel suggests that beads were successfully dispensed
and dispersed along the substrates. Indeed, FIG. 10A in particular exemplilies substrates with
fairly uniform distribution of beads; however, each tested condition also demonsirated
aggregation and/or non-nwonolayer behavior of the dispensed beads.

[6167] B) Drop-coating: FIGs. HHA-T1D show example results of beads applied to
substrates via drop-coating in which the wafer is contacted with an aliquot of a solution
comprising a plurality of beads (e.g.. as illustrated in FIG. 8A). These experintents were
performed under conditions in which a plurality of beads (e.g., ISP-SHG beads ~ ThermoFisher’s
lon sphere particles (ISPs)), comprising single-stranded nucieic acid molecules coupled thereto
{and labeled with FAM lo facilitate fluorescent imaging) were provided in solution at a
concentration of 20 million beads per microliter. Prior to beads being dispensed onto substrates

via drop-coating, cach substrate was exposed to a pre-welting buffer to tacilitate bead loading.
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See Example 2. The pre-wetting bufler comprised 10mM Tris pH7, 0.05% Tergiiol, and 50 mM
MeCl ("TTM30™).

|0168} The bead solution was then dispensed on the substrate in a drop~wise fashion in a
volume of 20 microliters and allowed to spread across the substrate, thus permitiing beads to
disperse along the substrate, The substrate was then incubated at room temperature for varying

-y
¢
!

durations of time {e.g., 43 min, 60 min, 75 min, or 90 min, respectively for F1Gs. TTA-11D),
thus providing time for beads to become associaled with the substrate and for the buffer of the
bead solution o evaporate.

[6169] In the lower panels of cach of F1Gs. 11A-HD, a shrinking bufter was then applied to
the substrate. The shrinking bulTer (“"WB247) comprised 10% w/'v PEGS000 and 530mM MgCl;
{e.g., in 20mM Tris pH 8.8, 0.08M NaCl, and 0.1% Tniton X~100). In each panel, examples of
bead aggregation are indicated by circles and examples of unfocused regions are indicated by
asterisks (*). Regions that are not focused are indicative of beads that lie above or below the
focal plane (e.g., beads are not within & monolayer that is uniform or substantially uniform along
the substrate). Qualitative analysis of each panel suggests that beads were successfully dispensed
and dispersed along the substrates. However, FIG. 11C in particelar lustrates regions that are
out of focus. In FIG. HLD the beads appear much smalier than in the other figures, indicaiing
that the beads themselves were dried (e.g., decreased substantially in diameter). Both F1G. 11A
and 11B demonstrate well-dispersed beads along the substrate (¢.g., individual beads are
distinguishable), with only minor aggregations.

|0176} The substrates in FIGs. 11A and 11B were further evaluated. The average occupancy
of the substrates was determined based on a 1.8 micron pitch, which was the average center-to-
center bead distance. The full-width half maxinwum (“FWHM™ tn microns) of the beads were
determined based on measured fluorescence (ntensity. The shrinking percentage was based upon
comparison belween the condition when no shrinking buffer was applied (upper panels) and the

condition where shrinking buffer was applied (fower pancls). The results are detailed in Table 1.
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Table |: Resulis of Drop-coating ISP beads, with pre-wetting using TTS0M

Drying time | +/-

Average %

Full-widih Half-maximoam

% bead shrinkage {e.g.,

+ shrinking buffer

shrinking buffer occupancy {(FWHM} (c.g., bead compared with no
diameter {um)) shrinking buffer condition)

45 minoies drying | 84% 1.1 -

- shrinking buffer

45 minutes drying | 84% .96 13%

+ shrinking bufler

60 nunutes drying | 91% 1.14 -

- shrinking baller

60 minoies drying | 91% .99 13%

[0171) As shown in Table 1, for the substrate with a 45-min drying time (e.g., F1G. T1A),

the average occupancy was about 84%, with a bead FWHM of 1.1 microns without shrinking

bufler and .96 microns with the shrinking buffer, For the subsirate with a 60-min dryving time

{e.g., FIG. 11B), the average occupaney was about 91%, with a bead FWHM of 1.14 microns

without shrinking butler and 0,99 niicrons with the shrinking bulTer. In cach case, there was

approximately a 13% decrease in the bead size due to the application of the shrinking buffer

{c.g., as shown in the lower panels of FIGs. HHA-11B). A [ull hour of drying resulted in a higher

average percent occupancy of the substrate space {(i.e., an improved utifization of substrate

surface arca), and in both cases addition of the shrinking bulfer afier drying resulted in a

substantial decrease in FWHM (i.¢., decreasing the difliculty in image analysis for poiential

subsequent sequencing reactions).

[0172} O} Spin-coating: FlGs. 12A and 12B show cxample resulis of applving beads via

spin-coating 1o sebstrates in which the wafer i3 contacted with an aliquot of a solution

comprising a plurality of beads during rotation of the substraie (¢.g., as illustrated i FIG. 8C).

These experiments were pertormed under conditions in which a plurality of beads (e.g., 18Ps),

comprising double-stranded nucleic acid molecules coupled thereto were provided in solution at

a concentration of 23 milfion beads per microliter. Prior to beads being dispensed onto

substrates, each substrate (e.2., an unpatterned silicon wafer) was exposed to a pre-wetting butfer

io facilitate bead loading. See Example 2. The pre-wetling bufter comprised 10mM Tris pH7,

0.05% Tergitol, and 50 mM MgCl (e.g., “TTMS0"). The beads were then dispensed in a volume

of 16ul.. The substrale was incubaied for 75 minutes. After mncubation, ihe substraie was then

rotated al 3000 rpm for a second time (e.g., 5 sec) while 20001 of buffer solution was dispensed.

The rotation and exposure to buffer solution was repeated three times. The substrate was then

cured with SYBR gold {e.g., to permii subsequent fluorescent analysis of the beads) and

incubated at room temperature for 10 minutes. For addition of shrinking butfer, the substrate was
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washed with 2000l of shrinking bulter and then incubated for 3 minutes. The shrinking butfer
comprised 10% PEGROOGO, S0 mM MgCh (e.g., in 20mM Tris pH 8.8, 0.08M Na(l, and 0.1%
Triton X-100),

[0173} In each [igure, percent occupancy was determined using a 1.4 pm pitch size (e.g., the
average center-to-center distance between beads), For FIG. 124, in which no shrinking bulfer
was applied, the average percent occupancy was 92%. For FIG. 128, in which shrinking bufter
was applied, the average percent occupancy was 93%. In cach case, the beads were observed in a
refatively uniform monolayer (with some minor bead aggregations), FI1G. 12B, in which the
shrinking buffer was applied, there was a qualitative decrease 1 bead size {i.e., increase in
vesolution of individual beads).

0174} Overall, these data indicale that the methods provided heremn (e.g., especially drop-~
coating and spin-coating) are useful for generating a substrate comprising, adjacent thereto, a
plurality of beads that are selfassembled in a relatively uniform monolayer. The application of a
shrinking buffer further serves to decrease the size of the beads. Such shrinking may beneficially
allow for improved downstream data processing by facilitating detection of individual beads
{e.g., analysis of images obtained during sequencing and subsequent sequence determination).
[0175] I will be appreciated that the listed volunies, concentrations, durations, number of
repetitions, buller components, rotational velocities, ele. are provided by way of example only
and that different quantitics or ranges of these values may be used. Morcover, the operations may
be performed in any useful or convenient order. For example, drying or incubation may be
performed following dispensing of the beads, following rotation cveles, following application of
the shrinking buffer, ete. Additional operations may also be performed, for example, staining
(c.g., using a nucleic acid stain such as SYBR gold or other fluorescent markers), imaging,
sequencing, ¢te.

Example 2: Incubating the substrate with Mg?* prior to bead loading prometes high
occupancy of beads without aggregation

[6176} Incubation of a substrate with cations, such as divalent cations including Mg®" or
Ca™, encourages high occupancy of beads on the substrate and minintizes bead aggregation,
Although cations promote bead aggregation when the beads themselves are exposed to the ions
for prolonged periods {¢.2., such as when beads are incubated in solution with a cation-
containing buffer prior to loading on substrates), the same cations also advantageously facilitate
dense packing and immobilization of the beads onto small features (1.e., micrometer fovel
{features) of the substrate. Aggregation and dense packing are inherently related cffects of

loading beads onto a substrate, One goal with bead {oading is to minimize aggregation, which
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degrades the sequencing information obtainable from: a {oaded substrate, while still pernuitting
dense packing, which increases sequencing efficiency. The cations themselves can screen the
high, nepative charges of the beads and reduce bead-bead repulsion that oceurs on substrates
with small feature sizes.

(0177 To investigate the elfectiveness of cations in promoting surlface occupancy while
still minimizing bead aggregation, walers with a pitch size of 1.8 um were incubated (prewet)
with a TT (10 mM of Truis, pH= 7.0; 0.055% Tergitol ) buffer containing various anwounts of
Mg™ (50mM, 100 mM, 200 miM, ard 300 miM) for 0.5-1 minute. The beads were incubated with
the TT buffer that lacked Mg for 60 minutes in a sample tube prior to being dispensed onto the
wafer. As a control, both the wafer and beads were incabated with a TTM butter (10 mM of Tris,
pH= 7.0; 0.055% Tergitol; 10 mM MgClz) for 0.5-1 minuies and 60 minutes, respectively, Table
2 summarizes the resulting average substrate occupancy percentage on the wafers with the beads
in different experiments,

Table 2. Coupon wafer occupancy with beads on a coupon wafer with a pitch size of 1.8 pm

Coupon wafer tncubation buffer Bead incubation buffer Average substrate
occupancy (%)

TTM builer TTM buffer 94

TT buffer + 50 mM Mg® (TT50M) TT butfer 91
TT buffer + 100 mM Mg* (TT100M) TT bulfer 92
TT buffer + 200 mM M (TT200M) TT buffer 92
TT buffer + 300 mM Me™ (TT300M) TT bulfer 94

0178} Substrate occupancy measures how much arca or how many locations (i.¢.,

micrometer level features) of the substrate are covered with beads. 1t does not inform on bead
aggaregation, but rather success of bead loading. As shown in FIGs. 13A-13E, high average
substrate occupancies were achieved in the waters incubated with various concentrations of
Mg®". FIGs. 13B-13F show the lcading of beads on walers incubated with 50 mM Mg?, 100
mM Mg?, 200 mM Mg?, and 300 mM Mg, respectively. The beads incubated in bufTer without
any Mg®" (i.e.. when the beads were incubated wiik the TT butler) showed siguificantly less
bead aggregation on wafer as compared to the control experiment {FEG. 13A) where the beads
and the wafers were both incubated in bulfer containing Mg™ (i.e., TTM buffer).

|0179] Even when the beads were exposed to the same total amount of Mg®™ (e.g., through
either incubation of the beads in buffer containing Mg or from prewetting a wafer in buffer
containing Mg>™), incubaiion in Mg® containing buffer resulted in aggregates while Mg”*
prewetting discouraged bead aggregation without alfecting the substrate occupancy. Thus, the
timing (i.e., on or off waler) of bead exposure to Mg™™ is surprisingly imporiant. Table 3

summarizes average substrate occupancy when beads were mcubated with or without buller
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containing Mg>" (e.g., the TT bufTer or the TTM buffer, respectively), while the wafer was
incubated with TT buffer containing Mg®™ (at either SOmM or 100mM) for 0 myin. The wafers in
this experiment had arr average pitch size of 1.5 um,

-

Table 3. Coupon wafer occupancy with beads on a coupon wafer with a pilch size of 1.5 pm

Coupon wafer incubation buffer Bead incubation bufter Average subslrate
accupancy (Yo}
TT bulfer + 50 mM Mg (TTSOM) TT buller + 50 mM Mg 88
(TT50M)
TT buffer + 100 mM Mg™ TT bulfer 88
(TT100M)
[G180] A high occupancy of beads on the substrates was achieved in either scenario. In

addition, as shown in FIGs. 14A and 148, the beads incubated without any Mg*" {i.c., when the
beads were incubated with the TT buffer) showed significantly less bead aggregation compared
to thal of the controf, even though the beads were exposed to the same amounts of Mg in total
in both experiments.

[0181] Therefore, 1t can be concluded that exposure ol beads themselves to cations
cheourages bead aggregation, but that incubation (prewetting) of the substrate with the same
cations promotes substrate occupancy without promoting the bead aggregation. Hence, one way
to reduce the bead aggregation effeet is to minimize the exposure of beads to cations before
dispensing onto a substrate. The benefits of dense loading of beads onto wafers can be achieved
by incubating the wafers (i.e., alone without the beads, prior to loading) with cations.

Example 3: Using a Shrinking Buffer After Bead Loading to Decrease Bead Size

[0182] Various polymers or cations were tested for providing better resolution of wndividual
particles during mmaging (e.g., detection of individual particies after particles were loaded onto
substrates), Particles such as ISP-SHG beads (ThermoFisher’s lon sphere particles (ESPs}) were
prepared (e.g., attached or annealed 1o} DNA molecules amplified by enmulsion PCR (emPCR).
The beads were dispensed onto substrates (e.g., silicon wafers) for imaging, where the
dispensing was perfornied using typical loading buffers (e.g., 20mM Tris pH &.8, 0.08M NaCl
and 0.1% Triton X~100). Prior to imaging, wafers were exposed to buffers comprising one or
more of the various polymers or cations to be tested, The size of beads (e.g., measured as full-
width, half-max (FWHM})) was determined by using a detector during or subsequent to imaging.
Specifically, the bead sizes were determined based on images obtained from fluorescent
imaging.

[0183} The sizes of the beads in the presence of a shrinking butfer (l.e., 20 mM Tris, 80 mM
NaCl, 0.05% wiv Triton X-100, 10% wiv PEG-4000, and 50mM Mg*" - FIG. 15C) were smaller
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than those in the presence of a control tmtaging buffer (i.e., 20 mM Tris, 80 mM NaCl, and
0.05% wiv Triton X-100 - F1G. 15A) or than those it the presence of a shrinking buffer without
PEG (i.¢e., 20 mM Tris, 80 mM NaCl, and TritonX0.05% wiv Triton X-100 and S0mM Mg** -
F1G. 15B). Similar shrinkage of the beads was also observed in the presence of PEG-8000 (e.g.,
in a shrinking buffer comprising 20 mM Tris, 8¢ mM NaCl, 0,05% w/v Triton X-100, 10% wiy
PEG-8000, and 50mM Mg™"). The sizes of the beads in the image taken in the presence of a
shrinking buffer comprising PEG-8000 {see FIG. 16C) were smaller than those laken in the
presence of the control imaging bufler (20 mM Tris, 80 mM NaCl, TritonX) (see FIf. 16A} or
the shrinking buffer without PEG (see FIG. 16B). The Mg present in the different shrinking
buflers was derived from MgCla.

[0184] The average FWHM of beads in the first test imaging bufler (20 mM Tris, 80 mM NaCl,
TritonX) was nmeasured at 1.11 um. In contrast, the average FWHM ol beads in the presence of
the fifth imaging buffer (20 mM Tris, 80 mM NaCl, TritonX, 10% w/v PEG-8000, 30mM Mg*")
was measured at 0,82 pm, about 30% (1.11 gm) smalier than that imaged under the control
imaging bulTer. The accumulation of this data suggests that both polymers (e.g., PEG) and
cations (e.g., Mg>") can decrease the size of the bead when added in the imaging buffer. For
example, as shown in FIG. 17, increasing the anmount of PEG in the shrinkage imaging buffer
(20 mM Tris, 80 mM NaCi, TritonX, 50 mM Mg=") decreased the average size of the beads. 10%
PEG could decrease the average bead size by greater than 25%. Furthermore, as shown in FIG.
18, concentrations as low as 10 mM Mg** added to the shrinkage imaging bulfer (20 mM Tris,
80 mM NaCl, TritonX, 10% w/v PEG). Thus, the addition of a combination of PEG and Mg™
has been demonstrated to decrease average bead size after beads are loaded onto substrates,
[0185] Example 4: Loading beads with double-stranded DNA to generate monolayers of
heads on unpatterned substrates.

0186} Sequencing beads may be loaded onto a substrate already coupled to nucleic acid
molecules (e.g., lemplaies to be sequenced or primier sequences {o capiure tomplates), Single
stranded DNA has the capacily and tendency 1o anngal to other strands of single stranded DNA
{c.g., through both canonical and non-canonical base~pairing). Beads for sequencing typically
comprise {e.g., cach bead 1s coupled to) hundreds or thousands or tens of thousands of sirands of
DNA, Where these DNA molecules are single-stranded, they can anneal to themselves and to
other single stranded template molecnles (e.g., on the same bead or on adjacent beads) and cause
beads to associate closely with each other both in solution and on the substrate, Clumps {(e.g.,
aggregations ol beads) make 1t difficult to identity the sequences of wndividual template

molecnles or colonies of identical template molecules (¢.g., from fluorescent-based nucleotide
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base incorporations). As seen in Exampie §, beads coupled to single-stranded aucleic acid
molecules are capable of forming menolayers (e.g., self-assembling) but do show some
propensity for aggregation, The effect of loading beads coupled to double-stranded nucleic acid
molecuies on bead seif~assembly i3 interrogated.

[0187) Experimental Conditions: To interrogate the impact of inter-bead nucleie acid
interactions on loading and bead self~assembly, the following experiments were performed with
sequencing beads coupled to double-stranded nucleic acid molecules {c.g., dsDNA beads). In
each experiment, the dsDNA beads were prepared in “TT” loading bufler (¢.g., 10mM Tris pH7
and .05% Tergitol), unless noled otherwise. As deseribed in Exampie 2, an unpatterned
substrate (2em X 2em coupons of subsirate) was prepared, prior to loading in prewetiing
“TTS0M™ bufter (10mM Tris pH7, 0.05% Tergitol, and 30mM MgCls), unfess noted otherwise,
15ul. of beads {or 16,7 uL for FIGs. 19A-19D) were dispensed onto the substrate via drop
loading, as deseribed in Example 1. The bead-loaded substrate was then incubated at room
temperature with rotation at about 2 rpm, for about 60 minutes, uniess noted otherwise. Afler
incubaiion (during which the loaded beads formed a seif-assembled nwonolayer adjacent to the
substrate}, the bead-loaded substrate was washed with wash baffer ("WB247) comprising 20mM
Tris pH 8.8, 0.08M Na(’l, and 0.1% Triton X-180. Occupancy calculations were performed
based on a predetermined pitch (e.g., center-to-center average bead distance). Representative
images of beads (c.g., fluorescence [rom labeled bead or template primers) dispersed along the
substrate, for each condition described below, were obtained using a 20x microscope objective.
|OU88} Effect of drving time and substrate prewetting buffer: F1Gs. 19A-19D iilustrate beads
loaded onto subsirates for self-assembly when the incubation time and the prewetting bulter are
modilied. The beads were amplificd with 300bp template molecules. ln F1Gs. 19A-19B the
prewetting buffer was “TT”, and in FIGs. 19C-19D the prewetting buffer was “TTS0M™. In
FIGs, 19A and 19C the incubation time was 60 minutes, and in FIGs. 198 and 19D the
incubation time was 75 minutes. In cach case, 16.7 ul of beads were dispensed onte the
substrates, ard the concentration of beads was 30 million/ful. The predetermined pitch used for
bead oceupancy calculations was 1.2 pn. For all conditions, 68.6% of the loaded beads were
template-positive (¢.g., beads thal were coupled to nucleic acid template molecules). Substrate

occupancy was deternnined based on the total number of beads loaded.
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Table 4. Substrate bead occupancy resulting from altering incubation time and prewetiing buffer,

with a pitch of 1.2 pm,

Figure Prewetting | Incubation | Average | Occupancy | Derived | FWHM
bufler time occupancy | STD pitch {average)
{average)
FIG. 19A 1T 60 minules 77% 9% P16 pum | 0.888 um
FIG. 19B 1T 75 minutes 79% 8% 113 um | 0932 pm
FIG, 19C TTSOM 60 minules 82% 2% Li8um ¢ 0.945 pm
FIG. 19D TT30M 75 muinutes 81% 3% Ei8um § 6.921 pm

0189} 1n cach experiment, the derived pitch (e.g., the average center-to-center distance between

adjaceni beads) was simiar. As seen in Table 4, the average occupancy was higher when the

prewetting buffer was TT50M (10mM Tris pH7, 0.05% Tergitol, and 50mM MgCla). There did

not appear to be nuich difference when the incubation time was increased from 60 to 75 minutes,

Average FWHM (full-width half-maxinrum) was determined from grey-level fluorescence
intensities of beads in the images, and this can be interpreted as the average dianweter of the
loaded beads.

(0190} Effect of substrate prewetting buffer: FlGs. 20A-20D tllustrate bead loading and self-
assentbly on substrates that were prepared with different prewetiing buffers. Beads were
amplified with 500bp temptlate molecules. For FIGs. 20A-20D, the prewetting TT buaffers had
S0mM MgCl, 100mM MaCl, 150mM MgCls, or 200mM MaCls, respectively, I cach case, the
incubation time was 60 minutes. In cach case, the average occupancy was determined based on a
1.4 wm pitch, 76% of the loaded beads were template-positive, and substrate occupancy was

determined based on tempiate-positive beads,

Table 5: Substrate bead occupancy from altering prewetiing buffer, with a pitch of 1.4 pm,

Figure Prewetting | Average Occupancy | Dertved FWHM
buffer occupaney | STD pitch {average)
{Average)
FIG. 20A | TT50M 76% 2% 1.46 unt 1.24 um
FIG. 20B | TTI00M 77% 1% 1.45 unz 108
FIG. 20C | TTI50M 78% (% 1.42 une 116 wm
FIG. 20D | TT200M 77% (%% 144 pm £.12 um

[0191] In agreement with the resulis in Example 2, the exact amount of magnesium chioride

(i.c., magnesium lons) had little impact on average oceupancy here (see Table 5).
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10192} fmpact of bead overloading on occupancy: FIGs. 21-22D iHlustrate the impact of the total
number of beads in the plurality of beads on loading efficacy in sell~assembly. Beads were
amplified with 300bp template molecules. With a patterned substrate, there are a known number
of available locations for beads/particles to adhere to. However, in an unpatterned or at least
partially unpatterned substrate (.., suitable for self-assembly) the number of available
individually addressable locations depends on bead/particle size and packing efficiency and the
number of loaded beads/particles. Overloading 1s closely related to pilch {e.g., derived or
possibie pifch), which n furn depends on the overall size of the beads/particles being loaded
(c.g., the unamplified size of beads and the length of template molecules aniplified on the beads).
[0193] FI1G. 21 tracks both the average occupancy (e.g., the percentage ol projected /possible
individually addressable locations that are occupied) of template~-positive beads and the loading
efficiency {¢.g., the percentage of loaded beads that ultimately renuain on the substrate) with
respect o the total number of beads loaded, as Hustrated in F1Gs. 22A-22D. The substrate in
cach case was prewet with a TT buffer comprising 100mM MgCla. I cach case, of the beads
thal were dispensed onto the substrate, 76% were template-positive. The amount of overloading
was determined from the assumed pitch of 1.4 pmy. That 1s, a total bead overloading factor was
determined by estimating a total number of individually addressable locations using the pitch 1.4
.

[0194] FIG. 21 shows a clear decrease in loading elficiency as the overloading factor increased
(detailed also in Table 6). However, the average occupaney plateaued at about 75%, despite the
increase in overloading factor, I this case, average occupancy was deternvined for template-
positive beads. There is a tradeotf in loading beads onlo a substrate for selt-assembly in that as
more beads are dispensed, the possibie density of beads on the substrate increases (thos
increasing overall sequencing elliciency), however, as more beads are dispensed, (here is also an
increased likelihood of bead clumping/aggregation (which decreases sequencing efficacy). There
1s thus a strong interest in determining an opltimum number of beads to load, As seen in FIGs.
22A-22D, there was some increase in aggregation corresponding to the degrees of overloading
tested, Given the tension between aggregation and efficient use of substrate space, 1n some cases

it may be preferrable to ‘overload’ a substrate.
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Table 6: Subsirate bead occupancy resulting from bead overloading, with a pitch of 1.4 pm,

Figure | Total # | Total Posttive | Average | Occu- | Derived | Loading FWHM
dispens- | Bead bead oceu~ pancy | piich efficiency | (average)
ed over- over~ pancy STD | {average)
beads loading | loading

factor | faclor

FIG. | 236 . : A

N ,,; mi;iion l {1.76 67% 2% | 1.56 um 88% 119 um

FIG. | 282 , . e

:m]a Coe | L2091 T% L 2% | LdSpm o R0% 122 um

FIG. | 330 _ . .

22 r)niiiion 4 1.06 76% 1% | 132 pm T2% 1.14 am

FIG. | 405

N zr; ORI R & 1.3 76% 1% | 149um © 59% | LI5um

[0Y95 fmpact of a shrinking agent: F1Gs. 23A and 23B show examples of bead sciftassembly
with modifications to the foading buffer. The beads were amplified with 300bp template
molecules. In FIG. 234, the loading bufter lacked magnesium chioride and PEG. In F1G. 238,
the loading buffer contained S0mM MgCh and 1% wiv of PEG-4000, The addition of PEG and
magnesium chloride, as described elsewhere horein, As can be seen in the figures and frony Table
7. there was no substaniial difference i average occupancy or other bead lactors based on these
loading buffer modifications. In some cascs, PEG can act as a shrinking agent (see ¢.g., Example
3) and serve to decrease the size of beads (e.g.. by removing waler [rom hydrogel beads). In
some cases, this can {ead to improvements In loading occupancy. This was not observed here:
however, in some cases, higher amounts of PEG may increase bead occupancy (not shown).

Bead occupancy was determined based on total beads loaded.

Table 7: Subsirate bead occupancy resulting fron altering loading bufter, with a pitch of 1.2 pm,

Figure Loading Loading Average Occupancy | Dertved FWHM
buller buller occupancy | STD piich {average)
MgClz PEG-4000 (Average)

FIG. 23A 0 mM 0% wiv 84% 1% 117 pm 0922 ym

FIG. 23B 50 mM 1% wiv 82% 1% 116 p £.00 um

[0196] Example 5: Bead self-assembly for amplification

[6197] In some cases, it may be advantageous to perform amplification of template nueleic acid

molecules on a substrate (e.g., not in solution prior {o loading onto the substrate, as in Exaniple

4). Such amplification methods may generate concalemers. In some cases, anplification may be
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performed in a single stage. In some cases, amplification may be performed in multipies stages,
such as two stages or more. Amplilication may comprise rolling circle amplification (RCA}
andror multiple displacement amplification (MDA). Such devices, systems, niethods,
compositions, and kits can be applied alternatively or in addition to the various operations
described with respect to sequencing workflow 100 of FIG. 1. Such devices, systems, methods,
compositions, and kits can be used in conjunction with the sample processing systems and
methods, or components thercof {e.g., substrates, detectors, reagent dispensing, continuous
scanning, cic.) described herein.

[0198] A template nucleic acid wolecule may be circularized prior to aniplification. A circular
template {e.g., 2401 in FIGS. 24 A and 24B) may comprise a [irst adapter, a teraplate nucleic
acid molecule, and a second adapter. A concatemer may comprise at least two repeating
oligonucicotide units. In an example, an oligonucicotide unit comprises a first adapter, a
template nucleic acid molecule, and a second adapter, in the histed order or other orders,

[6199] In FIG, 244, circular templates (e.g., 2401) may be bourdd to beads 2411 to lorm a bead
assentbly 2418 (bead-bound circular template). A bead may comprise a plurality of surface
primiers 2405 and click chemistry couplers 2412, One of the surface primers of the bead may
bind to the circular iemplate 2401 at the first adapter and/or second adapter to form: the bead
assembly. The bead assemblics may be deposited (c.g., loaded for self-asscmbiy} onto a substrale
2404 coated with complementary click cheniistry couplers 2413. The click chemistry couplers
2412 of the beads 2411 may be configured to couple with the complementary click chemistry
couplers 2413 via click chemistry painings. After deposition, in some cases, the bead assemblies
may be spaced apart from cach other via the beads (e.g., 2411) acting as spacers. In some cases,
the beads may self-assembie themselves as a tayer on the sobstrate 2404, Effectively, each
location of a bead assembly may become an individually addressable location. The bead
assembhics {(e.g., 2415) may be unmobilized to the substrate 2404 by couphing the couplers 2412
and 2413, The circular templaies may be amplificd on the subsirate using the surface primers
2405 on the bead (e.g., 2411) such as via RCA andfor MDA {o generate concatemers in the
forward (e.g., 2403) and reverse (c.g., 2406) directions, It will be appreciated that surface
primers 2405 include both forward and reverse primers. After amplification, a plurality ol
concateniers ny be immobilized to the substrate via the beads. One type of concatenier
{forward or reverse, separately ) may then be sequenced on the substrate according lo systems
and methods described herein, such as by providing a plurality of sequencing primers 2407, The

sequencing signals collecied from each individually addressable location producing a signal may
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be attributed to a single distinct template inseri. In some cases, the other type of concatemer may
additionally be sequenced.

8200 A click cheniistry coupler and complementary click chemisiry coupler pair may comprise
functional groups configured to form covalent bonds upon reaction by chick chemustry (e.g.,
Staudinger ligation or Diels-Alder chemistry) or by a click reaction. Coupling pairs are well
known in the art, Examples of coupling pairs include, but are not fintited to, biotin-avidin,
carboxylic acid-anmno group, NHS esler-annno group, maleimide-thiol, and Azide-DBCO.
[0201] In F1G. 248, in a {irst slage amplification, a circular template 2401 may be amplified in
solution using a solution primer 2402 coupled to a click chenmstry coupler 2412, such as via
RCA io generaie a first stage concatemer 2403 coupled to the click chenusiry coupler 2412, The
solution primer 2402 may bind to the circular template 2401 at the [rst adapter and/or second
adapter, The first stage concatermer 2403 and other {irst stage concatemers generated {from the
template library may be coupled to coupling beads 2421 to generate bead assemblies 2422 (bead-
bound first stage concatemers). Each coupling bead may be coated with complementary click
chenuistry couplers 2413 which can react with the click chemistry couplers 2412 on the [irst
stage concatemers 2403, A plurality of primers 2418 cach coupled o a click chemistry coupler
2412 may be provided to the bead assemblies 2422, A single {irst stage concalemer miay be
bound to nudtiple primers of the pharality of primers 2418 at the bead. In & seccond stage
amplification, the first stage concatemers (e.g., 2403) bound to the beads (e.g., 2421) may be
amplified on the beads using the primers 2418, such as via MDA to generate second stage
concateners 2406, 1t will be appreciated that the primers 2418 can include forward and reverse
primers, and during second stage amplification, concalemers in the forward and reverse
directions can be generated, such as via RCA and/or MDA, The primers 2418 may be coupled to
the beads (e.g., 2421} via the couplers 2412, 2413 prior to, during, or subsequent 1o the second
stage amplification. A plurality of concatemers may be immobilized to the beads. The bead-
bound second stage concalemers may be deposited onto a substrate 2404, The substraie may or
may not be patierned with individually addressable locations, the individually addressable
locations discretely spaced apart from cach other. In some cases, where the substrate 1s not
patlerned, the bead-bound second stage concatemers may be spaced apart from each other via the
beads (e.g., 2421) acting as spacers. In some cases, the beads may self~assemble themselves as a
layer on the substrate 2404, Effectively, each {ocation of a bead-bound second stage concalemer
may become an individuzally addressable location on the substrate, Aflier deposition, al most ong
bead-bound second stage concatemer can be immobilized (o each individually addressable

location. The second stage concatemers 2406 may then be sequenced on the substrate according
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to systems and methods described herein, such as by providing a plurality of sequencing primers
2407, The sequencing primers may be hybridized to second stage concaleners 2406 on or off the
substrate 2404, The sequencing signals collected from cach individually addressable location

producing a signal may be attributed to a single distinet teniplate insert.

Numbered Embodiments
(6202} The following entbodinients recite non~liniiting pernutations of combinations of features
disclosed herein. Other permtutations of combinations of features are also conlemplaied. In
particuiar, cach of these numbered embodiments 1s contempiated as depending from or relating
io every previous or subsequent numbered embodiment, independent of their order as listed.
[0203] 1. A methed for self-assembly of a plurality of beads, comprising: {a) providing a
substrate and said plurality of beads, wherein said substrate is unpatterned and substantially
planar: (b) dispensing said plurality of beads adjacent to said substrate; and (¢) subjecting said
substrate or sald plurality of beads to conditions sufficient for self-assentbly of said plurality of
beads adjacent to said substrate.
[0204] 2. A methed for self-assembly of a plurality of beads, comprising: {a) providing a
substrate and said plurality of beads. wherein said substrate is af least partially uapatterned and
substantially planar: (b) dispensing said plurality of beads adjacent o said substrate; and (¢)
subjeciing said subsirate or said plurality of beads to conditions suilicient for self-assembly of
sald plurality of beads adjacent to said substrale.
[6205] 3. A method for selfrassembly of a plurality of beads, comprising: (&) providing a
substrate and said plurality of beads, wherein said substrate is nanopatierned and substantially
planar; (b) dispensing said plurality of beads adjacent to said substrate; and (¢) subjecting said
substrate or said plurality ol beads to conditions sulticient for self-assembly of said plurality of
beads adjacent to said substrate.
[0206] 4. A method lor self-assembly of & pluralily of beads, comprising: {a) dispensing the
plurality of beads onlo a substrate for self-assembly, wherein the substrate 1s unpatterned and
substantially planar; and (b) sequencing a plurality of amplified producis ummobilized io the
plurahity of beads. 5, The method ol embodiment 4, further comprising: prior to the dispensing
{a}, amplifving a plurality of analytes coupled to the plurality ol beads to produce the plurality of
amplified products immobilized to the plurality of beads. 6. The method of embodiment 4,
further comprising: after to the dispensing (a) and prior to the sequencing (b}, amplifving a
plurality ol analyies coupled io the plurality of beads to produce the plurality of amplified

products immebilized to the plarality of beads.
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[0207} 7. The method of embodiment 2, wherein a first portion of (he substraie is unpaiterned
and a second portion of the substrate is patierned. 8, The method of embodiment 3, wherein the
nanopatterned substrate comprises two or more topological features with a diameter less than
50nm. 9. The method of embodiment 8, wherein cach bead in said plurality of beads contacts at
least two features,

[0208] 10. The method of any one of embodiments 1-4, wherein said substlrate is a solid or semi-~
solid substrate. 11, The method of any one of embodiments 1-4, wherein said plurality of beads
1s a plarality of solid or semi-solid beads. 12. The method of any one of embodiments 1-4,
wherein said plurality of beads 1s formed from a metal, a ceramuic, a polymaer, or glass, or a
combination thereol. 13. The method of embodiment 12, wherein said polymer is a gel. 4. The
method of embodiment 13, wherein said gel is a hydrogel.

[8209} 15, The method of any one of embodiments 1-4, wherein said plurality ol beads 1s
electrostatically charged. 16, The method of embodiment 15, wherein said plurality of beads is
negatively charged, and wherein said substrate or portion thereof is positively charged. 17, The
meihod of embodiment 16, wherein said portion thereof is a surface of said substrate.

0210} 18, The method of any ene of embodiments 1-4, wherein said plurality of beads
conprises a plurality ol nucieic acid molecules coupled thereto. 19. The method of any one of
embodiments 1-4, wherein said plarality of beads comprises a first subsel of beads comprising 2
plurality of nucleic acid molecules coupled thereto, and a second subset of beads that do not
comprise a plurality of nucleic acid molecules coupled thereto. 20. The method of embodiment
18 or 19, wherein said plurality of mucieic acid molecules conprises a deoxyribonucieic acid
{DNA) molecule, 21. The method of embodiment 20, wherein said DNA molecule is double-
stranded, 22. The method of embodiment 20, wheren said DNA mwolecule is single-stranded. 23.
The method of any one of embodiments 18-22, wherein the pluralily of nucleic acid molecules
comprises a plurality of nucleic acid nanoballs, 24, The method of embodiment 22, wherein, in
{a), said pluralily of beads is provided in a solution, wherein sald solution comprises single-
stranded binding proteins.

[6211] 25, The method of embodinient 20, further comprising, sequencing said plurality of
nucleic acid molecules. 26. The method of embodiment 25, wherein said sequencing comprises
flow sequencing, which flow sequencing comprises (i) providing & reagernt comprising a [irst
plurahity of nucleotides to said plurality of beads or said substrate and (i1} detecling a nucleotide
from said first plorality of nucleotides, 27, The method of ensbediment 26, wherein said flow
sequencing turther comprises (1) providing an additional reagent comprising a second plurality

of nucleotides to said plurality of beads or said substrate and (1v) detecling an additional
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nucleoiide from said second plurality of nucleotides. 28, The method of embodiment 27, wherein
said first ploralily and said second plurality of nucleotides are of a same nucleotide base type. 29,
The method of enthodinzent 27, wherein said first plurality and said second plugality of
nucleotides are of different nucleotide base types.

[6212} 30, The method of any one ol embodiments 1-4, wherein beads of said plurality of beads
are from about 0.1 microns to about 10 microns in diameter. 31, The method of embodiment 30,
wherein at least a first bead 1o said plurality of beads has a first diameter and a second bead in
said plurality of beads has a second diameter.

[0213] 32. The method ol any one ol embodiments 1-3, further comprising, prior to (b), wetting
said substrate. 33, The method of embodiment 32, wherain said weiting comprises wetiing said
substrate with an 1oni¢ buller. 34, The method of embodiment 33, wherein said 1onic buffer
comprises magnesium. 35, The method of embodiment 34, wherein said ionie buffer comprises
magnesium chloride. 36, The method of embodiment 35, wherein said magnesium chloride is
provided at a molarity of from about 10 to about 50 millimolar (mM), 37. The method of
embodiment 32, wherein said wetling renders said subsirate hydrophilie, 38. The method of any
one of emsbodiments 1-3, further comprising, treating said substrate prior to (b), 39, The method
ol embodiment 38, wherein said treating comprises depositing a silane adjaceni to said substrate.
4¢. The method of embodiment 39, wherein said silane 1s an amino silane. 41, The method of
embodiment 40, wherein said aniine silane is 3-anmiinopropyitrimethoxysilane (APTMS). 42, The
method of embodiment 39, wherein said silane is deposited on said substrate using vapor
deposition,

[0214] 43, The method of embodiment 42, wherein said substrate comprises a silicon wafer. 44.
The method of embodiment 42, wherein said substrate comprises a stlicon oxide fayer. 45, The
meihod of embodiment 42, wherein said substirate comprises a glass wafer, 46. The method of
cmbodiment 45, wherein said glass water comprises a liquid crystal display. 47, The method of
embodiment 1 or 4, wherein saild substrate does not comprise topographical features,

[6215] 48, The method of any one of embeodunents 1-3, wherain (a} comprises providing sad
plurality of beads in a solution, and wherein (b} comprises contacting said substrate with said
solution. 49. The method of embodiment 48, wherein (b) comprises providing said solution in
one or more droplets to said substrate and allowing said solution to spread adjacent to said
substrate, 50. The method of embodiment 49, wherein said allowing conprises incubating said
solution on said substrate. S1. The method of embodiment 50, wherein said incubating is

performed for about 20 to about 120 nunuies.

~76-



WO 2023/205353 PCT/US2023/019297

[0216] 52. The method of embodiment 48, further comprising, rotating said substrate to disperse
said plurality of beads across said substrate. 53, The method of embodiment 52, wherein said
rotating is performed [rom about 1 revolution per minute (rpm) to about 8000 revelutions per
minute {rpm). 34. The method of enmibodiment 32, further comprising drying said substrate
subsequent to said rotating, 35. The miethod of embodiment 534, wherein said drying is performed
for about 20 minutes. 56. The method of embodiment 54, wherein said drying is performed at
ambient temperature, 57, The method of ensbodinient 54, wherein said drying is performed at a
temperature from about 20 degrees Celsius {o about 200 degrees Celsius.

[6217} 58, The method of embodiment 48, wherein (b) comprises transiating said substrate
relative to sald solution, thereby contacting said substrate with said pluralily of beads, 59. The
method of embodiment 58, wherein said contlacting is performed for from about t minute to
about 60 minutes, 60, The method of embeodiment 39, wherein said contacting is perfornied for
about 60 minutes. 61. The method of embodiment 39, wherein said contacting s performed for
about 120 minutes. 62, The method of embodiment 48, further comprising, drying said substrate
subsequent to said contacting. 63. The method of embodiment 62, wherein said deying is
performed for (rom about 1 minute to about 60 minutes. 64, The method of embodiment 63,
wherein said drying is performed for 15 minuies. 63, The method of embodiment 63, wherein
sald drying 1s performed for 30 minutes,

[0218] 66, The method of any one ol embodiments 1-3, wherein, subsequent to {(¢), said plurality
of beads is arranged in a self~assembled monolaver. 67. The method of embodiment 66, wherein
said self-assenibied monolayer is substantially uniform. 68, The method of embodiment 67,
wherein said self-assembled monolayer has a bead-to-bead tolerance of approximately twice the
diameter of a bead of said plurality of beads, 69. The method of embodiment 66, wherain said
self-assembled monolayer 1s arranged such that individual beads of said pluralily of beads are
distinguishable by microscopy.

[0219] 70. The method of any one of embodimenis 1-4, [urther comprising, subjeciing said
substrate to conditions sufficient to decrease the size of said plurality of beads, 71. The method
of embodinient 70, wherein said conditions sufficient to decrease the size of said plurality of
beads comprises applying a shrinking buffer to said plurality of beads. 72, The method off
embodiment 71, wherein said shrinking bufler comprises polyethylene glycol (PEG), 73. The
method of embodiment 72, wherein said PEG comprises PEG 4000 or PEG 8000, 74, The
method of embodiment 72, wherein said PEG is provided at a 10% w/v concentration,

[0220} 75, The method of embodintent 71, wherein said shrinking bufler comprises magnesium

salts. 76. The method of emybodiment 73, wherein said magnestam salts comprise magnesiung
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chioride. 77. The method of embodiment 76, wherein said magnesium chionide is provided at a
50 mM concentration. 78. The method of embodiment 71, wherein said shrinking buffer
comprises spermine. 79, The method of embodiment 78, wherein said spermine Is provided at a
molarity from about 3 mM to about 50 mM.

[6221] 80. A kil, comprising: a substrate, wherein said substrale is unpatterned and substantially
planar: a plurality of beads; and instructions for forming a self~assembled monolayer of said
plurality of beads adjacent to said substrate. 81, The kil of embodument 80, wherein said
substrate 1s a solid or semi-sohid substrate. 82, The kif of embodiment 8(), wherein said plurality
of beads 1s a plurality of solid or semi-solid beads. 83, The kil of embodiment 80, wherein said
plurality of beads comprises a plarality of nucleic acid molecules coupled thereto. 84, The kit of
embodiment 83, wherein said plurabity of nucleic acid molecules conprises a deoxyribonucleic
acid (DNA)Y molecule, 85. The kit of embodiment 84, wherein said DNA molecule is double-
stranded, 86. The kit of embodiment RO, further comprising, a pre-wetting buflfer. 87, The kit of
embodiment 86, wherein said pre-wetting buffer comprises an tonic buffer. 88, The kit of
cmbodiment 87, wherein said ionic buffer comprises magnesiun. 89. The kit of emibodiment 80,
further comprising, a shrinking buffer. 90. The kit of emybedinient 89, wherein said shrinking
butter comprises polvethylene glveol (PEG). 91. The kit of embodiment 89, wherein said
shrinking buffer comprises magnesium salts. 92, The kit of cmbodiment 91, wherein said
magnesium salts comprise magnesium chloride.

[0222] 93. A system, comprising: a substrate, wherein said substrate is unpatterned and
substantially planar; and a plurality of beads, wherein: at least a first subset of said plurality of
beads is in a substantially close-packed configuration, and at least a second subset of said
plorality of beads 1s in a substantially monelayer configuration, 94, The systam of embodiment
93, wherein said subsiraie 1s a solid or semu-solid substrate, 95, The sysiem of embodiment 93,
wherein said plurality of beads is a plurality of solid or semii-solid beads. 96. The systemy of
embodiment 95, wherein said close-packed configuration conprises a center-to-cenier distance
between neighboring beads of from [ ym to 1.8 pm. 97, The system of emibodiment 93, wherain
sald plurality of beads comprises a plurality of nucleie acid molecules coupled thereto, 98, The
system of embodiment 97, wherein said plurality of nucleic acid molecules comprises a
deoxyribonucieic acid (DNA) molecule. 99, The system of embodiment 98, wherein said DNA
molecuie is double-stranded. 100, The system of embodiment 93, wherein said first subset and
sald sccond subset are the same or substantially the same.

[0223] While preferred embodimenis of the present invention have been shown and described

herein, it will be obvious to those skilled in the art that such embodiments are provided by way
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of examiple only. It 1s not intended that the invention be limited by the specific examples
provided within the specification. While the invention has been described with reference to the
aforementioned specification, the descriptions and illustrations of the embodiments herein are
not meant (o be construed in a limiting sense. Numerous variations, changes, and substitutions
will now oceur to those skilled in the art without departing from the invention. Furthermore, it
shall be understood that all aspects of the invention are not limited to the speceific depictions,
configurations or relative proportions set forth herein which depend upon a varigty of conditions
and variables. It should be undersiood that various aliernatives to the embodimenis of the
invention described herein may be emploved in practicing the invention. It is therefore
contemplated that the invention shall also cover any such alternatives, modifications, variations
or equivalents. 1i is intended that the following claims define the scope of the invention and that

methods and structures within the scope of these claims and their equivalents be covered thereby.
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CLAIMS
WHAT IS CLAIMED IS:
1. A nethod for self-assembly of a plurality of beads, comprising:
{a) providing a substrate and said plurality of beads, wherein said substrate is

unpatterned and substantially planar;
{by  dispensing said plurality of beads adjacent to said substrate; and
{c) subjecting said substrate or said plurality of beads to conditions sufficient for self-

assenibly of said plurality of beads adjacent to said subsirate.

2. The method of claim 1, wherein said substrate is a solid or semi-solid substrate.

3. The meihod of claim 1, wherein said pluralify of beads is a plurality of solid or semi-solid
beads.

4, The method of claint 1, wherein said plurality of beads 1s electrostatically charged.

5. The method of claim 4, wherein said plurality of beads is negatively charged, and

wherein said substrate or portion thereof is positively charged.

6. The meihod of claim 1, wherein said plurality of beads comprises a plurality of nucleic
acid molecules coupled thereto.

7. The method of clainy 6, whercin said plurality of nucleic acid molecules comprises a

deoxyribonucieic acid (DNA) molecule.

8. The method of claim 7, wherein said DNA molecule is double-stranded.
9. The method of claim 7, wherein said DNA molecule is single~stranded.
10, The method of any one of clainis 6-9, wherein the plurality of nucieic acid molecules

comprises a plurality of nucleic acid nanoballs.

11, The method of clmm 7, further comprising, scquencing said plarality of nucleic acid
molecules.
2. The method of claima 11, wherein said sequencing comprises flow sequencing, which

flow sequencing comprises (1) providing a reagent comiprising a first plurality ol nucleotides to
sald plurality of beads or said substrate and (i1} detecting a nucleotide fromy said first plurality of
nucleotides.

13, The method of claim 12, wherein said flow sequencing further comprises (iil) providing
an additional reagent comprising a sccond plurality of nucleotides to said plurality of beads or
said substrate and {iv) detecting an additional nucleotide from said second plurahity of
nucleotides.

14, The method of claim 13, wherewmn said first plurality and said second plurality of

aucleotides are of a same mucieotide base type.
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15, The method of claim 13, wherewmn said first plurality and said second plurality of
aucleotides are of different nucleotide base types.
16,  The method of claim 1, wherein beads of said plurality of beads are from about 0.1

micromns to ahout 10 microns in diameter.

17. The method of claim 1, further comprising, prior to (b), wetting said substrate.
18.  The method of claim 17, wherein said welting comprises wetting said substrate with an

ouic buller.

19, The method of claim 18, wherein said lonic buffer comprises magnesium.

20, The method of claim 17, wherein said wetting renders said substrate hydrophilic,

21, The meihod of claim 1, wherein said substrate comprises a sticon wafer.

22, The method of claim 1, wherein said substrate comprises a silicon oxide fayer,

23, The method of claint i, wherein sald substrate comprises a glass wafer,

24, The method of claim 1, wherein said substrate does not comprise lopographical features.
25, The method of claim 1, wherein (a) comprises providing said plurality of beads in a

solution, and wherein (b} comprises contacling said substrate with said solution.

26.  The method of clains 25, wherein (b) comprises providing said soletion in one or more
droplets to said subsirate and allowing said solution to spread adjacent to said substrate.

27.  The method of claim 26, wherein said allowing comprises incubating said solution on

sald substrate,

28, The method of claim 27, wherein said incubating is performed for about 20 to about 120
minutes.
29, The method of claim 25, further comprising, rotating said substrate to disperse said

plarality of beads across said substrate.

30,  The meihod of claim 29, wherein said rotating 1s performed from about 1 revolution per
minute (rpm) to about 8000 revolulions per minute {rpne).

31, The method of claim i, wherein, subsequeni to (¢}, said plurality of beads is arvanged in a

self~assembled menolayer.

32, The method of claim 31, wherein said self-assembled monolayer is substantially uniform.
33. The method of claim 32, wherein said selftassembied monolayer has a bead-to-bead

tolerance of approximately twice the diameter of a bead of said plurality of beads,

34, The method of claim 31, wherein said self-assenmbled monolayer is arranged such that
individual beads of said plurality of beads are distinguishable by microscopy.

3s. A kit, comprising:

a substrate, whercin said subsirate is anpatterned and substantially planar;
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a plurality of beads; and
mstructions for forming a sell-assembied monolayer of said plurality of beads adjacent to

said subsirate.

36, The kit of ¢laim 1, wherein said substrate 18 a solid or semi~solid substrate,

37.  The kit of ¢laim 1, wherein said plurality of beads is a plurality of solid or senii-solid
beads.

38.  Thekit of claim 1, wherain said plurality of beads comprises a plurality of nucletc acid

molecules coupled thereto.
39, The kit of claim 38, wherein said plurality of nucleic acid molecules comprises a

deoxyribonucieic acid (DNA) molecule.

44, The kit of ¢claim 39, wherein said DNA molecule is double-stranded.

41, The kit of claim {, further conprising, a pre-wetting buffer,

42, The kit of claim 41, wherein said pre~wetting buffer comprises an ionic buffer,
43, The kit of claim 42, wherein said tonic buffer comprises magnesium,

44, A system, comprising:

a substrate, whercin said subsirate is anpatterned and substantially planar; and

a plorality of beads, wherein:
at least a first subset of said plurality of beads 1s in a substantially close-packed
configuration, and at least a second subset of said plurality ol beads i1s in a

substantially monolayer configuration.

45, The system of ¢laim 44, wherein said substrate is a solid or semi-solid substrate.

46, The system of claim 44, wherein said plurality of beads is a plurality of sofid or semi~
sohid beads,

47.  The system of claim 46, wherein said close-packed configuration comprises a center-to-

center distance between neighboring beads of from 1 pumn to 1.8 pm,

48, The system of claim 44, wheren said plurality of beads comprises a plurality of nuclelc
acid molecules coupled thereto.

49, The system of claim 48, wherein said plurality of nucleic acid molecules comprises a
deoxyribonucleie acid (DNA) molecule.

50, The system of ¢laim 49, wherein said DNA molecule 1s double-stranded.

51, The system of claim 44, wherein said [irst subset and said second subset are the same or

substantially the same,
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