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SYSTEM AND METHOD FOR STORAGE

RELATED APPLICATIONS

[0601] This application claims priority to U8, Provisional Patent App. No.
62/835,610, entitled “Systern and Method for Non-Volatile Polvnucleotide Storage,”
filed on May 31, 2019, which is incorporated by reference herein in ifs entirety. This
application also claims priority to U.S. Provisional Patent App. No. 62/855,682,
entitled “"DNA Storage Device with In-Situ Quality Control,” filed on May 31, 2019,

which is incorporated by reference herein in its entirety.
BACKGROUND

[0802] Computer systems have used various different mechanisms to store data,
mcluding magnetic storage, optical storage, and solid-state storage.  Such forms of
data storage may present drawbacks in the form of read-write speed, duration of data

retention, power usage, or data density.

{0603] Just as natwrally occurring DNA may be read, machine-written DNA may
also be read. Pre-existing DNA reading techniques may include an array-based,
cyclic sequencing assay {e.g., sequencing-by-synthesis (SBS)), where a dense array of
DNA features (e.g., template nucleic acids) are sequenced through iterative cycles of
enzyvmatic manipulation.  After each cvcle, an image may be captured and
subsequently analyzed with other images to determine a sequence of the machine-
written DNA features. Tn another biochemical assay, an unknown analyte having an
identifiable label (e.g., fluorescent label} may be exposed to an array of known probes
that have predetermined addresses within the array. Observing chemical reactions
that occur between the probes and the unknown analyie may help identify or reveal

properties of the analyte.
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SUMMARY

j0B04]  Described herein are devices, systems, and methods for polvnucleotide
storage of data ncluding features for per-well activation, simultaneous read-write
caching, and multi-volume manageroent for sunultaneous read-write capabilities, as
well as for mitigating the risk of efrors in such storage, such as by including quality
control measures in the processes used for reading and writing data encoded in

polynucleotides.

[0605]  An implementation relates to a system for non-volatile storage comprising:
a storage controller comprising a processor and a memory, a storage device
comprising: a flow cell comprising a plurality of wells with open sides accessible
from a first surface of the flow cell, wherein the wells are adapted to contain
polynuclectides, a fluidics interface, and a sequencing inmterface; a fluidics device to
provide one or more fluids o the first surface of the flow cell, wherein the one or
more fluids comprise a nucleotide writing reagent and a nucleotide reading reagent; a
sequencing device to sequence polynucleotides within the plurality of wells via the
sequencing interface and determine nucleotides; and a well activation device to:
modify one or more wells from the plurality of wells to provide a set of readable
wells, wherein the set of readable wells allow exposure to the nucleotide reading
reagent and prevent exposure {o other reagents from the fluidics device, and modify
one or more wells from the plurality of wells to provide a set of writeable wells,
wherein the set of writeable wells allow exposure to the nucleotide writing reagent

and prevent exposure 1o other reagents from the flhudics device.

[0606] Vanations on any one or more of the above iroplementations exist, wherein
the well activation device comprises a plurality of electrodes, and wherein: at least
one electrode of the plurality of electrodes is positioned proximately to each well of
the plurality of wells, a control interface of the storage device is coupled with the
plurality of electrodes and provides a set of control signals from the storage controller
to the plurality of electrodes, each of the plurality of electrodes produce a voltage
based upon the set of control signals, the voltage comprising a first voltage or a
second voltage, and the first voltage produced by an elecirode of the plurality of
electrodes modifies a well of the plurality of wells proximate to the electrode

producing the first voltage as a readable well and the second voltage produced by an
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electrode of the plurality of electrodes modifies a well of the phuality of wells

proximate to the electrode producing the second voltage as a writeable well.

[8007] Varations on any one or more of the above implementations exist, wherein
the at least one electrode is positioned on a sidewall of each well of the plurality of

wells.

[8068] Variations on any one or more of the above implementations exist, wherein
the at least one electrode is positioned on the first surface at a perimeter of each well

of the plurality of wells.

18009]  Varnations on any one or more of the above implementations exist, wherein
the at least one electrode is positioned at the bottom of each well of the plurality of
wells, and wherein the at least one electrode comprises a ring shape that allows light
to pass from a second surface of the flow cell, opposite the first surface, through the
ring shape and into the well of the plurality of wells in which the at least one electrode
is positioned.

{0616] Vanations on any one or more of the above implementations exist, wherein
the second voltage causes hybridization of an inhibitor of an enzyme for the well of
the plurality of wells proximate to the electrode producing the second voltage and
binds a desired nucleotide to the well of the plurality of wells proximate to the

electrode producing the second voltage.

{8011} Varations on any one or more of the above implementations exist, wherein:
the well activation device comprises a plurality of pH control devices, each pH
control device corresponding to a well of the plurality of wells, and each of the pH
control devices produce a voltage that controls pH of a voltage sensitive
functionalized fluid provided by the fluidics device to modify the well of the plurality
of wells corresponding to the pH control device as etther a readable well or a
writeable well.

[B012] Varations on any one or more of the above implementations exist, wherein:
the well activations device comprises a spatial light modulator (SLM) to enut light
into one or more wells of the plurality of wells, and the emitted light modifies each of

the one or more wells as etther a readable well or a writeable well.
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[8013] Variations on any one or more of the above implementations exist, wherein
the storage controller, during a sequencing operation: receive a set of address data that
describes nucleotides of polynucleotides in an address well of the plurality of wells,
from the sequencing device, determine a set of target wells from the plurality of wells
based on the st of address data, and cause the fhudic device to provide the nucleotide

reading reagent only 1o the set of target wells.

18014] Vanations on any one or more of the above traplementations exist, wherein
the storage controller, during the sequencing operation, conirols localization of
enzvmes of the nucleotide reading reagent by causing the fluidic device to strip
enzymes from the plurality of wells, and causing the well activation device to provide

charged tags.

[8015] Variations on any one or more of the above implementations exist, wherein
the well activation device comprises: an electrical release mechanism to produce a
voltage to modify a well as a writeable well, and a photonic release mechanism to
produce photonic energy to modify a well as a writeable well, and wherein the set of
writeable wells comprises wells modified by the electrical release mechanism and

wells modified by the photonic release mechanism.

[B016] Variations on any one or more of the above implementations exist, wherein:
the well activation device comprises an electro-wetting device prosimate to the first
surface of the flow cell, the electro-wetting device to deliver fhuid from the fluidic
device to any well of the plurality of wells, and the storage coniroller, during a
simubtaneous sequencing and synthests operation: provides a droplet of the nucleotide
reading reagent to a first well of the plurality of wells, provides a droplet of the
nuclectide writing reagent to a second well of the plurality of wells, wherein the first

well and the second well are adjacent.

[8017] Variations on any one or more of the above implementations exisi, wherein
each of the plurality of wells comprises: a polarization feature to reduce cross-talk
between nearby wells, and an optical waveguide feature to reduce cross talk between
nearby wells.

[8018] Vanations on any one or more of the above implementations exist, wherein

the storage controller is to, during a synthesis operation: convert a set of data mto a
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set of nucleotides, synthesize a first polynucleotide strand in a first well of the set of
writeable wells based on the set of nucleotides, and synthesize a second
polynucleotide strand in a second well of the set of writeable wells based on the set of
nuclectides, wherein the first polynucleotide strand and the second polynucleotide

strand are identical when correctly synthesizved.

[8018] Vanations on any one or more of the above implementations exist, wherein
the storage controlier sequences the fust polynucleotide strand and the second
polynuclectide strand with the sequencing device and, where they are not identical,
provides an indication of a synthesis error.

[08206] Vartations on any one or more of the above implementations exist, further
conprising a spatial Hght modulator to project optical patterns onto the flow cell via
the sequencing interface, wherein the storage controller operates the spatial light
modulator to project an identical optical pattern into the first well and the second well

to synthesize the first polynucleotide strand and the second polyvaucleotide strand.

{0621] Vanations on any one or more of the above iroplementations exist, wherein
the storage controller 13 to, during a svnthesis operation: convert a set of data into a
set of nucleotides, synthesize a first polynucleotide strand in a first well of the set of
writeable wells based on a first portion of the set of nucleotides, and in parallel with
synthesis of the first polynucleotide strand, synthesize a second polynucleotide strand
in a second well of the set of writeable wells based on a second portion of the set of
nuclectides, wherein the first polynucleotide sirand and the second polynuclectide

strand collectively represent the entirety of the set of nucieotides.

{0622] Vanations on any one or more of the above iroplementations exist, wherein
the storage controller 15 to, during a svnthesis operation: convert a set of data into a
set of nucleotides, synthesize a first polynucleotide strand in a first well of the set of
writeable wells based on the set of nucleotides, synthesize a second polvnucleotide
strand 1n the first well based on the set of nucleotides, wherein the first polynucleotide
strand and the second polynucleotide strand are identical when correctly synthesized,
and produce a strand hash value based on the set of nucleotides, and synthesize the
first polynucleotide strand and the second polynucleotide strand {0 add the strand hash

value.
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[8023] Variations on any one or more of the above implementations exisi, wherein
the storage controller is to, during a sequencing operation: sequence the first
polynucleotide strand and the second polynucleotide strand in the first well with the
sequencing device to determine a sequenced set of nucleotides and a sequenced hash
value for each, where the sequenced set of nuclestides for the first polynucleotide
strand and the second polvnucleotide strand are not identical, provide an indication of
a synthesis error, and ,where the sequenced hash value for either the first
polynuclectide strand or the second polynucleotide strand does not match a
subsequent hash value of the sequenced set of nucleotides, provide an indication of a

hash value muismatch.

[0624] Another implementation relates to a method for non-volatile polvnucleotide
storage comprising: mounting a storage device, the storage device comprising: a flow
cell comprising a plurality of wells with open sides accessible from a first surface of
the flow cell, wherein the wells are adapted to contain polynucleotides, a fludics
mnterface, and a sequencing interface; performing a synthesis operation to produce
polynuclectides in the plurality of wells by operating a fluidics device to provide a
nucleotide writing reagent to the first surface; performing a sequencing operation with
a sequencing device and a nucleotide reading reagent from the fuidics device to
determine nucleotides of polynucleotides in the plurality of wells; and using a well
activation device prior to the synthesis operation and the sequencing operation {o:
modify one or more wells from the plurality of wells to provide a set of readable
wells, wherein the set of readable wells allow exposure to the nucleotide reading
reagent and prevent exposure to other reagent fhuids from the fluidics device, and
modify one or more wells from the phurality of wells to provide a set of writeable
wells, wherein the set of writeable wells allow exposure 1o the nocleotide writing

reagent and prevent exposure to other reagent fluids from the fluidics device.

[8025] Variations on any one or more of the above implementations exist, wherein
using the well activation device comprises operating a plurality of electrodes of the
well activation device, and wherein: at least one electrode of the plurality of
electrodes is positioned proximately to each well of the plurality of wells, a countrol
interface of the storage device is coupled with the plurality of electrodes and provides

a set of control signals to the plurality of electrodes, each of the plurality of electrodes
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produce a voltage based upon the set of control signals, the voltage comprising a first
voltage or a second voltage, and the first voltage modifies a well of the plurality of
wells proximate to the electrode producing the first voltage as a readable well and the
second voltage produced by an electrode of the plurality of electrodes modifies a well
of the plurality of wells proximate to the electrode producing the second voltage as a

writeable well.

18026] Vanations on any one or more of the above traplementations exist, wherein
operating the plurality of electrodes comprises operating at least one electrode

positioned on a sidewall of a well of the phurality of wells.

[0827] Vartations on any one or more of the above implementations exist, wherein
operating the plurality of clectrodes comprises operating at least one electrode

positioned on the first surface at a perimeter of a well of the plurality of wells.

[8028] Variations on any one or more of the above implementations exist, wherein
operating the plurality of electrodes comprises operating at least one electrode
positioned at the bottom of a well of the plurality of wells, and wheren the at least
one electrode coroprises a ring shape that allows light to pass from a second surface of
the flow cell, opposite the first surface, through the ring shape and into the well of the

plurality of wells in which the at least one electrode is positioned.

[B028] Varations on any one or more of the above implementations exist, further
comprising configuring the second voltage to cause hybridization of an inhubitor of an
enzyme for the well of the plurality of wells proximate to the electrode producing the
sacond voltage and bind a desired nucleotide to the well of the plurality of wells

proxiroate to the electrode producing the second voltage.

[063¢] Vanations on any one or more of the above iroplementations exist, wherein
using the well activation device comprises operating a plurality of pH control devices
of the well activation device, and wherein: each pH control device corresponds to a
well of the plurality of wells, and each of the pH conirol devices produce a voltage
that controls pH of a voltage sensitive functionalized fluid provided by the fluidics
device to modify the well of the phuality of wells corresponding to the pH control

device as either a readable well or a writeable well.

-7



WO 2020/243076 PCT/US2020/034517

[8031] The method of any one or more of claims 20 through 26, wherein operating
the well activation device comprises operating a spatial light modulator {SLM) to emit
light into one or more wells of the plurality of wells, and wherein the emitted light

modifies each of the one or more wells as erther a readable well or a writeable well.

[8032] Vanations on any one or more of the above implementations exist, further
comprising, during the sequencing operation: receiving a set of address data from the
sequencing device that describes nucleotides of sequenced polvnucleotides from an
address well of the plurality of wells, determining a set of target wells from the
plurality of wells based on the set of address data, and causing the fluidic device to

provide the nucleotide reading reagent only to the set of target wells.

[8033] Vanations on any one or more of the above implementations exist, further
comprising controlling localization of enzymes of the nucleotide reading reagent by
causing the fluidic device {o strip unneeded enzymes from the phurality of wells, and

causing the well activation device {o provide charged tags.

{0634] Vanations on any one or more of the above iroplementations exist, wherein
using the well activation device comprises: using an electrical release mechanism of
the well activation device to produce a voltage o modify a well as a writeable well,
and using a photonic release mechanism of the well activation device to produce
photonic energy to modify a well as a writeable well, and wherein the set of writeable
wells comprises wells modified by the electrical release mechanism and wells

modified by the photonic release mechanism.

[0635] Varations on any one or more of the above implementations exist, wherein
operating the well activation device comprises: operating an electro-wetting device of
the well activation device to deliver fluid from the fluidic device to the plurality of
wells, and during a simultaneous sequencing and synthesis operation: providing a
droplet of the nucleotide reading reagent to a first well of the plurality of wells, and
providing a droplet of the nucleotide writing reagent to a second well of the plurality

of wells, wherein the first well and the second well are adjacent.
[8036] Vanations on any one or more of the above implementations exist, further
comprising, during the synthesis operation: converting a set of data into a set of

nucleotides, synthesizing a first polynucieotide strand in a first well of the set of
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writeable wells based on the set of nucleotides, and synthesizing a second
polynucleotide strand in a second well of the set of writeable wells based on the set of
nucleotides, wherein the first polvnucleotide strand and the second polynucleotide

strand are identical when correctly synthesized.

[8037] Vanations on any one or more of the above implementations exist, further
comprising sequencing the first polynuclectide strand and the second polynucleotide
strand with the sequencing device and, where they are not identical, providing an

indication of a synthesis error.

[8038] Variations on any one of more of the above implementations exist, further
comprising operating a spatial light modulator to project an identical optical patterm
onto the first well and the second well via the sequencing interface, wherein the
identical optical pattern is to synthesize the first polynucleotide strand and the second

polynuclectide strand in parallel.

[063%] Varations on any one or more of the above implementations exist, further
coroprising, during the synthesis operation: converting a set of data imto a set of
nucteotides, synthesizing a {ust polynucleotide strand in a first well of the set of
writeable wells based on a first portion of the set of nucleotides, and in parallel with
synthesizing the first polynucleotide strand, synthesizing a second polvnucleotide
strand in a second well of the set of writeable wells based on a second portion of the
set of nucleotides, wherein the first polynucleotide strand and the second

polvnuclectide strand collectively represent the entirety of the set of nucleotides.

[0648] Varations on any one or more of the above implementations exist, further
coroprising, during the synthesis operation: converting a set of data imto a set of
nucteotides, synthesizing a fst polynucleotide strand in a first well of the set of
writeable wells based on the set of nucleotides, synthesizing a second polvnucleotide
strand 1n the first well based on the set of nucleotides, wherein the first polynucleotide
strand and the second polynucleotide strand are identical when correctly synthesized,
and producing a strand hash value based on the set of nucleotides and synthesizing the
first polynucieotide strand and the second polvnucleotide strand to add the sirand hash

value.
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[8041] Variations on any one of more of the above implementations exist, further
comprising, during the sequencing operation: sequencing the first polynucleotide
strand and the second polynuclectide strand in the first well with the sequencing
device to determine a sequenced set of nucleotides and a sequenced hash value for
each, where the sequenced set of nucleotides for the first polynucleotide strand and
the second polynucleotide strand are not identical, providing an indication of a
synthesis error, determine a subsequent hash value for each of the first polynucleotide
strand and the second polynucleotide strand based on the sequenced set of
nucieotides, and where the sequenced hash value for either the first polyunucleotide
strand or the second polynucleotide strand does not match the subsequent hash value

of the sequenced set of nucleotides, provide an indication of a hash value mismatch.

[8042] Yet another implementation relates to a system for non-volatile
polynuclectide storage comprising: a storage controller comprising a processor and a
memory; a storage device comprising: a flow cell comprising a plurality of wells with
open sides accessible from a first surface of the flow cell, wherein the wells are
adapted to contain polynucleotides, a fluidics interface, and a sequencing interface; a
fluidics device to provide one or more fluids to the first surface of the flow cell,
wherein the one or more fluids comprise a nucleotide writing reagent and a nucleotide
reading reagent; a sequencing device to sequence polvnucleotides within the plurality
of wells via the sequencing interface and determine nucleotides; and a cache memory
comprising an electronic memory to store data that is queuned 1o be encoded into a set

of nucleotides and synthesized into polynucleotides in the plurality of wells.

18043] Variations on any one or more of the above implementations exist, wherein
the cache memory is positioned in the storage device, and wherein the storage device
is arermovable storage device,

[0044]  Variations on any one or more of the above implementations exist, wherein
the cache memory stores one or more of: a set of file indexes describing the name and
focation of data stored as polynuclectides within the plurality of wells, and a set of
checksum values usable (o venfy the integrity of data stored as polynucleotides within

the plurality of wells.

[8045] Vanations on any one or more of the above implementations exist, wherein

the storage controller: receives a set of input data to be written to the storage device as
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polynucleotides in the plurality of wells, receives a request for output data to be read
from polynucleotides stored in the plurality of wells, determines whether the storage
device 15 in a write-mode or a read-mode based upon whether 1t has most recently
received the nucleotide writing reagent or the nucleotide reading reagent from the
flurdics device, where the storage device is in the write-mode, writes the set of input
data prior to reading the outpul data, and where the storage device is in the read-
mode, stores the set of input data on the cache memorv and read the output data prior

to writing the set of input data.

[8046]  Variations on any one of more of the above implementations exist, further
comprising an electro-wetting device posttioned proximately to the first surface and to
deliver fluid from the fluidics device to any well of the plurality of wells, wherein the
storage controller: operates the electro-wetting device to provide a droplet of the
nucleotide reading reagent o a first well of the plurality of wells to enable sequencing
the polynuclectides stored therein, while providing the droplet of the nucleotide
reading reagent to the first well, identifies a second well, based upon a plurality of
reguests for output data, that is most proximately located to the first well, and operates
the electro-wetting device to provide a portion of the droplet of the nucleotide reading
reagent 1o the second well of the plurality of wells to enable sequencing of the

polvnucleotides stored therein.

[8047] Variations on any one or more of the above implementations exist, wherein
the storage controlier: determines a subset of the plurality of wells that are most
frequently sequenced based upon past requests for output data, operate the sequencing
device to sequence the subset of the plurality of wells and produce a set of nucleotides
describing the polynucleotides stored in the subset of the plurality of wells, convert
the set of nucleotides into a set of digital data, store the set of digital data in the cache
mermory, and provide the set of digital data from the cache memorv 1o response to

subsequent requests.

[8048] Yet another implementation relates to a system for non-volatile
polynucleotide storage comprising: a storage controller comprising a processor and a
memory; a storage device comprising: a {irst flow cell comprising a first plurality of
wells, wherein the first plurality of wells are adapted to contain polynucleotides. a

second flow cell comprising a second plurality of wells, wherein the second plurality
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of wells are adapted to contain polynucleotides, a fhuidics interface, and a sequencing
interface; a fluidics device 1o provide one or more fhuds to the first plurality of wells
and the second plurality of wells, wheremn the one or more fluids comprise a
nuclectide writing reagent and a nucleotide reading reagent; and a sequencing device
to sequence polynucleotides within the first plurality of wells and the second plurality
of wells via the sequencing interface and determine nucleotides wherein the storage
controller, when 1n a mirroring mede: converts a set of data into a set of nucleofides,
and operates the fluidics device to create identical polynucleotides in the first plurality

of wells and the second plurality of wells based on the set of data.

[0649] Variations on any one or more of the above implementations exist, further
comprising a spatial hight modulator to project optical patterns onto the first flow cell
and the second flow cell via the sequencing interface, wherein the storage controller
operates the spatial light modulator to project an identical optical patiern into a first
well of the first plurality of wells and a second well of the second plurality of wells to

synthesize a first polvnucleotide strand and a second polynucleotide strand.

18056]  Variations on any one or more of the above implementations exist, wherein
the storage controller, when in a dedicated mode: converts the set of data into a set of
nucleotides, designates the first plurality of wells for writing of data and designates
the second plurality of wells for reading of data, operates the Huidics device to create
polynuclectides in the first plurality of wells based on the set of data, and operates the
fluidics device and the sequencing device o sequence polvnucleotides in the second

plurality of wells based upon an output request.

[0651] Vanations on any one or more of the above iroplementations exist, wherein
the storage controller: determines that there are no current output requests, and

switches from the dedicate mode to the mirroring mode.

{80521  Avother implementation relaies to a method for risk mitigation for errors in a
storage device. In such an implementation, the ruethod may comprise generating one
or more commands to write specified data to a polynuclectide associated with a
particular location in the storage device. The method may also comprise reading the
polvnucleotide and performing a comparison.  In such implementations, the
comparison mav compare the polvnucleotide stored in the storage device with a

particular quality control value stored in a non-nucleotide memory. In some such
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implementations, based on that comparison, the method may include determining if

the particular location in the storage device is 1o be treated as having corrupted data.

[8053] Varations on any one or more of the above implementations exist wherein
reading the polynucleotide, performing the corparison, and determining if the
particular focation in the storage device is to be treated as having corrupted daia are

performed automatically based on receiving a command fo write to the storage device.

[0654] Vanations on any oue of more of the above implementations exist wherein
the method may comprise determuning that the particular location in the storage
device is to be treated as having corrupted data. In some such implementation, the
method may comprise, based on datermining that the particular location in the storage
device 15 to be treated as having cormupted data, writing a new polyoucleotide

encoding uncorrupted data to the particular location in the storage device.

[8055] Variations on any one or more of the above implementations exist wherein
the method may comprise generating the uncorrupted data based on reading

information from one or more other locations in the storage device.

[0656] Vanations on any ove or more of the above tmplementations exist wherein
the method may comprise, based on determining that the particular location in the
storage device is to be treated as having corrupted data, and before writing the new
polynucleotide encoding uncorrupted data to the particudar location in the storage
device, updating an index for the storage device to indicate that the particular location
in the storage device has corrupted data. In some such implementations, the method
may comprise, afler writing the new polynucleotide encoding uncorrupted data to the
particular location in the storage device, updating the index for the storage device to

indicate that the particular location in the storage device does not have corrupted data.

18057]  Varnations on any one or more of the above implementations exist wherein
the method may comprise generating the particular quality control value based on the

specified data.

[80388] Varations on any one or more of the above implementations exist wherein
the storage device may comprise a plurality of addressable locations. In some such
implementations, the particular location may be comprised by the plurality of

addressable locations.  In some such implementations, the non-nucleotide memory
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may store a plurality of quality control values. In some such implementations, the
particular quality control value is comprised by the plurality of quality control values.
In some such implementations, each quality control value from the plurality of quality
control values is associated with a corresponding addressable location from the

plurality of addressable locations.

[8058] Vanations on anv one or more of the above mplementations exist wherein
the polynucleotide may coraprise a check portion. In some such iroplementations, the

method may comprise generating the check portion based on the specified data.

j0B60]  Variations on any one or more of the above implementations exist wherein

the check portion may be a parity bit.

[B061] Varations on any one or more of the above implementations exist wherein
the check portion may comprise a methylation or other information preserving

modification of a nucleobase in the polynucieotide.

[0862] Variations on any one or more of the above implementations exist wherein

the check portion may encode data matching the particular quality control value.

[8063] Vanations on any one or more of the above implementations exist wherein a
second polynucleotide may be stored in the storage device, and the second
polynuclectide may comprise a second check portion identical to the check portion
comprised by the polvnucleotide. In some such tmplementations, the method may
comprise, based on identifving a difference between the first polynucleotide and the
second polynucleotide, determining that the particular location in the storage device is

to be treated as having corrupted data.

[0664] Vanations on any oune of more of the above implementations exist wherein
the particular quality control value may be the specified data. In some such
implementations, the comparison may comprise checking if there are any differences
between data stored in the polynuclectide and the specified data.

[0865]  Variations on any one or more of the above implementations exist wherein
the method may comprise determining that the particular location in the storage
device should not be treated as having corrupted data. In some such implementations,

the method may comprise, based on determining that the particular location in the
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storage device should not be treated as having corrupted data, deleting the particular

guality control value stored in the non-nucleotide memory.

[8066] Auvother implementation relates to a system comprising a storage device with
one or more non-transitorv computer readable media storing instructions for the
storage device 1o perform a method. In some such implementations, the method may
comprise generating one or more commands to write specified data to a
polynucleotide associated with a particular location in a storage device. In some such
implementations, the method may comprise reading the polynucleotide and
performing a comparison. In some such implementations, the comparison may
compare the polynucleotide stored in the siorage device with a particular guality
control value stored in a non-nucleotide memory. In some such implementations, the
method may comprise, based on the comparison, determining if the particular location

in the storage device is to be treated as having corrupted data.

[0867] Vanations on any one or more of the above implementations exist wherein
the raethod may comprise reading the polynucleotide, performing the comparison, and
determining if the particular focation in the storage device is to be treated as having
corrupted data automatically based on receiving a command to write to the sforage

device.

[B068] Varations on any one or more of the above implementations exist wherein
the method may comprise determining that the particular location in the storage
device is to be treated as having corrupted data. In some such implementations, the
method may comprise, based on determining that the particular location i the storage
device is to be treated as having corrupted data, wnting a new polynucleotide

encoding uncorrupted data to the particular location in the storage device.

[8068] Variations on any one or more of the above implementations exist wherein
the method may comprise generating the uncorrupted data based on reading

information from one or more other locations in the storage device.

[0678] Variations on any one or more of the above implementations exist wherein
the method may comprise, based on determining that the particular location in the
storage device is to be treated as having corrupted data, and before writing the new

polynucleotide encoding uncorrupted data to the particular location in the storage
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device, updating an index for the storage device to indicate that the particular location
in the storage device has corrupted data. In some such implementations, the method
may comprise, after writing the new polynucleotide encoding uncorrupted data to the
particular focation in the storage device, updating the index for the storage device to
indicate that the particular location in the storage device does not have uncorrupted

data.

[8071] Vanations on anv one or more of the above implementations exist wherein
the method may comprise generating the particular quality control value based on the

specified data.

[0872] Vartations on any one or more of the above implementations exist wherein
the storage device may comprise a plurality of addressable locations. In some such
implementations, the particular location may be comprised by the plurality of
addressable locations. In some such implementations, the non-nuclestide memory
may store a plurality of quality control values. In some such implementations, the
particular quality control value 1s comprised by the plurality of quality control values.
in some such implementations, each quality control value from the plurality of quality
conirol values is associated with a cosresponding addressable location from the

plurality of addressable locations.

[8073] Vanations on any one or more of the above implementations exist wherein
the polynucleotide may comprise a check portion. In some such implementations, the

method may comprise generating the check portion based on the specified data.

[0674] Varations on any ong of more of the above implementations exist wherein
the check portion may be a panty bit.

[0675] Vanations on any ove or more of the above tmplementations exist wherein
the check portion may comprise a methvlation or other information preserving
modification of a nucleobase in the polynucleotide.

[0676] Variations on any one or more of the above implementations exist wherein
the check portion may encode data matching the particular quality control value.
[8077] Variations on any one or more of the above implementations exist wherein a

second polynucleotide may be stored in the storage device, and the second

polvnucleotide may comprise a second check portion identical to the check portion
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comprised by the polynuclectide. In some such implementations, the method may
comprise, based on identifying a difference between the first polynucleotide and the
second polynucleotide, deternuning that the particular location in the storage device is

to be treated as having corrupted data.

[8078] Vanations on anv ong of more of the above implementations exist wherein
the particular quality control value may be the specified data Tn some such
toplementations, the comparison may comprise checking if there are anv differences

between data stored in the polynucleotide and the specified data.

[0879] Variations on any one or more of the above implementations exist wherein
the method may comprise determining that the particular location in the storage
device should not be treated as having corrupted data. Tn some such implementations,
the method may comprise, based on determining that the particular location in the
storage device should not be treated as having corrupted data, deleting the particular

quality control value stored in the non-nucleotide memory.

180806] Yet another implementation relates {o one or more non-transitory computer
readable media storing instructions for a storage device {o perform a method. In some
such implementations, the method may comprise generating one or more commands
to write specified data to a polynucleotide associated with a particular location in a
storage device. In some such implementations, the method may comprise reading the
polynuclectide and performing a comparison. In some such implementations, the
comparison may compare the polynucleotide stored in the storage device with a
particular quality control value stored in a non-nucleotide memory. In some such
implementations, the method may comprise, based on the comparison, determining if

the particular location in the storage device is to be treated as having corrupted data.

[0881] Variations on any one or more of the above implementations exist wherein
the method may comprise reading the polynucleotide, performing the comparison, and
determining if the particular location in the storage device is to be treated as having
corrupted data automatically based on receiving a command to write to the storage

device.

[8082] Varations on anv one or more of the above implementations exist wherein

the method may comprise determuning that the particular location o the storage
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device is to be treated as having corrupted data. In some such implementations, the
method may comprise, based on determining that the particular focation in the storage
device 15 to be treated as having corrupted data, writing a new polvnucleotide

encoding uncorrupted data to the particular location in the storage device.

[0883] Variations on any one or more of the above implementations exist wherein
the method may comprise generaling the uncorrupted data based on reading

information from one or more other locations in the storage device.

[0684] Vanations on any ove or more of the above tmplementations exist wherein
the method may comprise, based on determining that the particular focation in the
storage device is to be ireaied as having corrupted data, and before writing the new
polynucteotide encoding uncorrupted data to the particular location 1o the storage
device, updating an index for the storage device to indicate that the particular location
in the storage device has corrupted data. In some such implementations, the method
may comprise, after writing the new polynucleotide encoding uncorrupted data to the
particular location in the storage device, updating the index for the storage device fo
indicate that the particular location in the storage device does not have uncorrupted

data.

[B088] Variations on any one or more of the above implementations exist wherein
the method may comprise generating the particular quality control value based on the

spectfied data.

{00686] Variations on any one or more of the above implementations exist wherein
the storage device may comprise a plurality of addressable locations. In some such
implementations, the particular location may be comprised by the plurality of
addressable locations. In some such umplersentations, the non-nucleotide memory
may store a plurality of quality control values. In some such implementations, the
particular quality control value is comprised by the plurality of quality control values.
In some such implementations, each quality control value from the plurality of quality
control values is associated with a corresponding addressable location from the

plurality of addressable locations.
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[0887] Variations on any one or more of the above implementations exist wherein
the polynucleotide may comprise a check portion. In some such implementations, the

method may comprise generating the check portion based on the specified data.

{0688] Variations on any one or more of the above implementations exist wherein

the check portion may be a parity bit.

[068%] Variations on any one or more of the above implementations exist wherein
the check portion may coroprise a methvlation or other or other information

preserving modification of a nuclecbase in the polynuclectide.

18090]  Vanations on any one or more of the above implementations exist wherein

the check portion may encode data matching the particular quality control value.

[B091] Variations on any one or more of the above implementations exist wherein a
second polynucleotide may be stored in the storage device, and the second
polvnucleotide may comprise a second check portion identical to the check portion
comprised by the polynucleotide. In some such implementations, the method may
comprise, based on identifving a difference between the firsi polvnucleotide and the
second polynucleotide, determining that the particular location in the storage device is

to be treated as having corrupted data.

j0892] Variations on any one or more of the above implementations exist wherein
the particular quality control value may be the specified data.  In some such
implementations, the coraparison may comprnise checking il there are any differences

between data stored in the polynucleotide and the specified data.

[8093] Variations on any one or more of the above implementations exist wherein
the method may comprise determining that the particular location in the storage
device should not be treaied as having corrupted data. In some such implementations,
the method may comprise, based on determining that the particular location in the
storage device should not be treated as having corrupted data, deleting the particular
quality control value stored in the non-nucleotide memory.

{80941 1t should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below {provided such concepts are not
mutually inconsistent) are contemplated as being part of the imventive subject matter

disclosed herein and to achieve the benefits/advantages as described herein. In
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particular, all combinations of claimed subject matier appearing at the end of this
disclosure are contemplated as being part of the nventive subject matter disclosed
herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[8095] The details of one or more implementations are set forth in the
accompanying drawings and the description below. Other features, aspects, and
advaniages will become apparent from the description, the drawings, and the claims,
in which:
18096] FIG. 1 depicts a block schematic view of an example of a system that may be
used to conduct biochemical processes;
[8097] FIG. 2 depicts a block schematic cross-sectional view of an example of a
consumable cartridge that may be utilized with the system of FIG. 1
[8098] FIG. 3 depicts a perspective view of an example of a flow cell that may be
utilized with the system of FIG. 1;
[089%] FIG. 4 depicts an enlarged perspective view of a channel of the flow cell of
FIG. 3;
180106] FIG 5 depicts a block schematic cross-sectional view of an example of
wells that may be incorporated into the channel of FIG. 4;
180101] FIG 6 depicts a flow chart of an example of a process for reading
polynucleotides;
[80182] FIG 7 depicts a block schematic cross-sectional view of another example
of wells that may be incorporated into the channel of FIG. 4;
[80183] FIG 8 depicts a flow chart of an example of a process for writing

polynuclectides;
[80104] FIG. 2 depicts a top plan view of an example of an electrode assembly;

[86165] FIG. 10 depicts a block schematic cross-sectional view of another example

of wells that roay be incorporated into the charnmel of FIG. 4;

[80166] FIG 11A depicts a top-down view of an example of a well that may be

incorporated into the channel of FIG. 4,
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[80187] FIG 11B depicts a top-down view of another example of a well that may
be incorporated into the channel of FIG. 4;

[80108] FIG 11C depicts a top-down view of yet another example of a well that
may be incorporated into the channel of FIG. 4;

[80109] FIG. 12A depicts a schematic diagram of an example of a portion of a DNA
storage system operable to, read, write, or read and write data to one or more wells;
[80118] FIG. 12B depicts a schematic diagram illosirating an example of a light
pattern projected by the DNA storage system of FI1G. 124 onto a plurality of wells;
{06111} FIG 13A depicts a schematic diagram of another example of a portion of a
DINA storage system operable to read, write, or read and write data to one or more
wells;

[80112] FIG 13B depicts a schematic diagram illustrating an example of electro-
wetting of a plurality of wells;

[80113] FIG. 14 depicts a flowchart of a process that may be performed to provide
controlled regions of reading and writing to a plurality of wells;

[80114] FIG. 15 depicts a schematic diagram illustrating an example of a storage
device usable with a DNA storage svstem;

[801158] FIG. 16 depicis a flowchart of a process that may be performed to provide

caching of read and write operations to the storage device of FIG. 135;

j80116] FIG 17A depicts a schematic diagram of another example of a storage

device usable with a DNA storage svstem;

[061177 FIG 17B depicts a schematic diagram of a configuration of a plurality of

storage devices usable with a DNA storage svstem;

[80118] FIG. 18 depicts a flowchart of a process that may be performed to provide

redundant data writing and reading with a storage device;

[8011%] FIG. 19 depicts a flowchart of a process that way be performed to provide

high speed data writing and reading with a storage device;

[80128] FIG. 20 depicts a flowchart of a process that may be performed to provide

simultaneous reading and writing with a plurality of storage devices: and
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[80121] FIG 21 depicts a schematic diagram of an example of a DNA storage

systent.

[80122] FIG 22 is a depiction of processes of reading and writing data that may be

performed n some implementations.

80123] It will be recognized that some or all of the figures are schematic
representations for purposes of ithustration. The figures are provided for the purpose
of illustrating one or more implementations with the explicit understanding that they

will not be used to limit the scope or the meaning of the claims.
DETAILED DESCRIPTION

180124] In some aspects, methods and systems are disclosed herein for providing
selective activation of storage wells, simultaneous well reading and writing, and
mitigation of data errors in a DNA storage device containing machine-written DNA,
as well as for svnthesizing DNA {or other biological material) to store data or other
information; and/or reading machine-written DNA (or other biological material) to
refrieve the machine-written data or other information. Machine-writien DNA may
provide an alternafive to traditional forms of data storage {(e.g., magnetic storage,
optical storage, and solid-state siorage). Machine-written DNA may provide faster
read-write speeds, longer data retention, reduced power usage, and higher data
density. While examples described herein refer to a “DNA storage system” or a

})

“DINA storage device,” 1t should be understood that this i3 only one example of
polvnucleotide storage. The teachings herein may be readily applied to storage
systems and devices that utilize polvnucleotides that are not necessarily in the form of
DNA.  The iovention 1 thus not limited to using DNA as the only kind of
polynucleotides for storage as described herein. Moreover, polvnucleotides are only

one example of biological material that may be used for storage as described herein.

{08251  Examples of how digital information may be stored in DNA are disclosed
in U.S. Pub. No. 2015/0261664, entitled “High-Capacity of Storage of Digiial
information in DNA,” published September 17, 2015, which 15 incorporated by
reference herein in its entirety. For example, methods from code theory to enhance
the recoverability of the encoded messages from the DNA segment, including

forbidding DNA homopolymers (1.e. runs of roore than one identical base) that are
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known 1o be associated with higher error rates in existing high throughput
technologies may be used. Further, an error-detecting component, analogous (o a
parity-check bit, may be integrated into the indexing information in the code. More
complex schemes, including but not limited to error-correcting codes and, indeed,
substantially anv form of digital data security (e.g., RAID-based schemes) currenily
employed in informatics, may be implemented in future developments of the DNA
storage scheme. The DNA encoding of information may be computed using software.
The bytes comprising each computer file may be represented by a DNA sequence
with no homopolymers by an encoding schere to produce an encoded file that

replaces each byte by five or six bases forming the DNA sequence.

[06126] The code used in the encoding scheme may be constructed to permit a
straightforward encoding that is close to the optimum information capacity for a nin
fength-limited channel {e.g., no repeated nucleotides), though other encoding schemes
may be used. The resulting in silico DNA sequences may be too long to be readily
produced by standard oligonucleotide synthesis and may be split into overlapping
segments of a length of 100 bases with an overlap of 75 bases. To reduce the risk of
systematic synthesis errors infroduced to any particular run of bases, alternate ones of
the segments may be converted to their reverse complement, meaning that each base
may be “written” four times, twice in each direction. Each segment may then be
augmented with an indexing information that permits determination of the computer
file from which the segment orniginated and its location within that computer file, plus
simple error-detection information. This indexing information may also be encoded in
as non-repeating DNA nucleotides and appended to the information storage bases of
the DNA segments. The division of the DNA segments into fengths of 100 bases with
an overlap of 75 bases 1s purely arbitrary and dlustrative, and it is understood that

other lengths and overlaps may be used and 1s not limiting.

80127] Other encoding schemes for the DNA segments may be used, for example
to provide enhanced error-correcting properties. The amount of indexing information
may be increased in order to allow more or larger files to be encoded. One extension
to the coding scheme in order to avoid systematic patierns i the DNA segroents may
be to add change the information. One way may use the “shuffling” of information in

the DNA segments, where the information may be retrieved if one knows the pattem
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of shuffling. Different patterns of shuffles may be used for different ones of the DNA
segments. A further way s to add a degree of randomness into the information in each
one of the DNA segmenis. A series of random digits may be used for this, using
modular addition of the series of random digits and the digits comprising the
information encoded in the DNA segments. The information may be retrieved by
modular subtraction during decoding if one knows the series of random digits used.
Different series of random digits may be used for different ones of the DNA segments
The data-encoding component of each string may contain Shannon information at
5.07 bits per DNA base, which is close to the theoretical optimum of 5.05 bits per
DNA base for base-4 channels with run length himited to one. The indexing
implementation may permit 314=4782969 unique data locations. Increasing the
number of indexing trits (and therefore bases) used to specify file and intra-file
focation by just two, to 16, gives 316=43046721 unique locations, in excess of the
16.8M that s the practical maximum for the Nested Pramer Molecular Memory

(NPMM} scheme.

{0801] The DNA segment designs may be synthesized in three distinct runs (with
the DNA segments randornly assigned to runs) to create approx. 1.2x107 copies of
each DNA segment design. Phosphoramidite chemmstry may be used. and mnkjet
printing and flow cell reactor technologies in an in-situ microarray synthesis platform
may be employed. The inkjet printing within an anhydrous chamber may allow the
delivery of very small volumes of phosphoramidites to a confined coupling area on a
2D planar surface, resulting in the addition of hundreds of thousands of bases in
parallel. Subsequent oxidation and detritylation may be carried out in a flow cell
reactor. Once DNA synthesis i1s completed, the oligonucleotides may then be cleaved

from the surface and deprotected.

{06128} Adapters may then be added to the DNA segments to enable a plurality of
copies of the DNA segments to be made. A DNA segment with no adapter may
require additional chemical processes to “kick start” the chemistry for the synthesis of
the multiple copies by adding additional groups onto the ends of the DNA segments.
Oligonucleotides may be arplified using polymerase chain reaction (FCR) methods
and paired-end PCR primers, followed by bead purification and quantification.

QOligonucleotides may then be sequenced to produce reads of 104 bases. The digital
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information decoding may then be carried out via sequencing of the central bases of
each oligo from both ends and rapid computation of full-length oligos and removal of
sequence reads inconsistent with the designs. Sequence reads may be decoded using
computer software that exactly reverses the encoding process. Sequence reads for
which the parity-check trit indicates an error or that mav be unambiguously decoded
or assigned to a reconstrucied computer file may be discarded. Locations within every
decoded file may be detected i multiple different sequenced DNA oligos, and simple
majority voting may be used to resolve any discrepancies caused by the DNA

synthesis or the sequencing errors.

[80129] While several examples herein are provided in the context of machine-
written DNA, it is contemplated that the principles described herein may be applied to

other kinds of machine-written bioclogical material.

[80138] As used herein, the term “machine-written DPNA”™ shall be read to include
one or more strands of polynucleotides that are generated by a machine, or otherwise
modified by a machine, to store data or other information. One example of the
polynuclectide herein is a DNA. It is noted that while the term “DNA” in the context
of DNA being read or written is used throughout this disclosure, the term is usad only
as a representative example of a polynucleotide and may encompass the concept of a
polynucleotide. “Machine,” as used herein n reference to “machine-wriiten,” may
include an instrument or system specially designed for writing DNA as described in
greater detal herein.  The system may be non-biological or biological. In one
example, the biological sysiem may comprise, or is, a polymerase. For example, the
polymerase may be terminal deoxynucleotidyl transferase (TdT). In a biological
system, the process may be additionally controlied by a machine hardware {e.g.,
processor) or an algorithm. “Machine-written DNA” may include any polvnucleotide
having one or more base sequences written by a machine. While machine-written
DNA is used herein as an example, other polvnucleotide strands may be substituted
for machine-written DNA described herein.  “Machine-written DNA” may include
natural bases and modifications of natural bases, including but not limited to bases
modified with methylation or other cherical tags; an artificially synthesized polvmer
that is similar to DNA, such as peptide nucleic acid {(PNA); or Morpholino DNA.

“Machine-writien DNA™ may also include DNA strands or other polvnucleotides that
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are formed by at least one strand of bases originating from nature {e.g., extracted from
a paturally occurring organism), with a machine-written strand of bases secured
thereto either in a parallel fashion or in an end-to-end fashion. In other
implementations, “machine-written DNA” may be written by a biological system
{e.g., enzyme) in lieu of, or in addition 1o, a non-biological system (e.g., the electrode
machine} writing of DNA described herein. In other words, “machine-written DNA”
may be written directly bv a machine; or by an enzvme {e.g., polvmerase) that is

controlied by an algorithm and/or machine.

[80131] “Machine-written DNA” may include data that have been converted from a
raw form {e.g., a photograph, a text document, etc.) into a binary code seguence using
known techmiques, with that binary code sequence then being converted to a DNA
base sequence using known techniques. and with that DNA base sequence then being
generated by a machine in the form of one or more DNA strands or other
polymucleotides. Alternatively, “machine-written DNA™ may be generated to index or
otherwise track pre-existing DNA, to store data or information from any other source
and for any suitable purpose, without necessarify requiring an intermediate step of

converting raw data to a binary code.

[80132]  As described in greater detail below, machine-written DNA may be written
to and/or read from a reachion site. As used herein, the term “reaction site” is a
focalized region where at least one designated reaction may occur. A reaction site
may inchude support surfaces of a reaction structure or substrate where a substance
may be immobilized thereon. For instance, the reaction site may be a discrete region
of space where a discrete group of DNA strands or other polynucleotides are written.
The reaction site may permit chemical reactions that are isolated from reactions that
are in adjacent reaction sites. Devices that provide machine-writing of DNA may
include flow cells with wells having writing features (e.g., electrodes) and/or reading
features. In some instances, the reaction site mayv include a surface of a reaction
structure {which may be positioned in a channel of a flow cell) that already has a
reaction component thereon, such as a colony of polvnucieotides thereon. In some
flow cells, the polvnucleotides in the colony have the same sequence, being for

example, clonal copies of a single stranded or double stranded template. However, in
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some flow cells a reaction site may contain only a single polvnucleotide molecule, for

example, in a single stranded or double stranded form.

[80133] A plurality of reaction sites may be randomly distributed along the reaction
structure of the flow cells or may be arranged in a predetermined manner {e.g., side-
by-side in a matrix, such as in microarrays). A reaction sile may also include a
reaction chamber, recess, or well that at least partially defines a spatial region or
volume configured to compartmentalize the designated reaction. As used herein, the
term “‘reaction chamber” or “reaction recess” includes a defined spatial region of the
support structure {which is often fluidically coupled with a flow channel). A reaction
recess may be at least partially separated from the surrounding environment or other
spatial regions. For example, a plurality of reaction recesses may be separated from
each other by shared walls. As a more specific example, the reaction recesses may be
nanowells comprising an indent, pit, well, groove, cavity or depression defined by
interior surfaces of a detection surface and have an opening or aperture (i.e., be open-~

sided) so that the nanowells may be fluidically coupled with a flow channel.

180134] A plurality of reaction sites may be randomly distributed along the reaction
structure of the flow cells or may be arranged in a predetermined manner {e.g., side-
byv-side in a matrix, such as in microasrays). A reaction site may also mnclude a
reaction chamber, recess, or well that at least partially defines a spatial region or
volume configured to compartmentalize the designated reaction. As used herein, the
term “reaction chamber” or “reaction recess” includes a defined spatial region of the
support structure (which is often fhudically coupled with a flow chamnel}. A reaction
recess may be at least partially separated from the surrounding environment or other
spatial regions. For example, a plurality of reaction recesses may be separated from
each other by shared walls. As a more specific example, the reaction recesses may be
nanowells comprising an indent, pit, well, groove, cavity or depression defined by
interior surfaces of a detection surface and have an opening or aperture {(i.e.. be open-

sided) so that the nanowells may be fluidically coupled with a flow channel.

[80135] To read the machine-written DNA, one or more discrete detectable regions
of reaction sites may be defined. Such detectable regions may be imageable regions,

electrical detection regions, or other types of regions that may have a measurable
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change in a properly (or absence of change in the property) based on the type of

nucieotide present during the reading process.

[80136] As used herein, the term “pixel” refers to a discrete imageable region. Each
imageable region may include a compartiment or discrete region of space where a
polynuclectide is present. In some instances, a pixel may include two or more
reaction sites (&.g., two or more reaction chambers, two or more reaction recesses, two
or more wells, etc.). In some other mstances, a pixel may include just one reaction
site. Each pixel is detected using a corresponding detection device, such as an image
sensor or other light detection device. The light detection device may be
manufactured using integrated circut manufacturing processes, such as processes
used to manufacture charged-coupled devices circwmts (CCD) or complementary-
metal-oxide semiconductor {(CMOS) devices or circuits. The light detection device
may thereby include, for example, one or more semiconductor materials, and mav
take the form of, for example, a CMOS light detection device {e.g., a CMOS image
sensor) or a CCD image sensor, another type of image sensor. A CMOS image sensor
may include an array of light sensors {e.g. photodiodes). In one implementation, a
single image sensor may be used with an objective lens to capture several “pixels,”
during an tmaging event. fn some other implementations, each discrete photodiode or
light sensor may capture a corresponding pixel. In some implementations, light
sensors {e.g., photodiodes) of one or more detection devices may be associated with
corrgsponding reaction sites. A light sensor that is associated with a reaction site may
detect light emussions from the associated reaction site. In some implementations, the
detection of light emissions may be done via ai least one light guide when a
designated reaction has occurred at the associated reaction site.  In some
implementations, a plurality of light sensors {e.g., several pixels of a light detection or
camera device) may be associated with a single reaction site.  In some
implementations, a single light sensor {e.g. a single pixel} may be associated with a
single reaction site or with a group of reaction sites.

[80137] As used herein, the term “synthesis” shall be read to mclude processes
where DNA s generated by a machine to store data or other information.  Thus,
machine-written DNA may constitute synthesized DNA.  As used herein, the terms

“consumable cartridge,” “reagent cartridge,” “removeable cartridge,” and/or
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“cartridge” refer to the same cariridge and/or a combination of components making an
assembly for a cartridge or cartridge system. The cartridges described herein may be
independent of the element with the reaction sites, such as a flow cell having a
plurality of wells. In some instances, a flow cell may be removably inserted into a
cartridge, which is then inserted into an instrument. In some other implementations,
the flow cell may be removably inserted into the instrument without a cartndge. As
used herein, the term “biochemical analysis” may include at least one of biological

analysis or chemical analysis.

[80138] The term “based on” should be understood to mean that something is
determined at least in part by the thing it is indicated as being “based on.” To indicate
that something raust necessarily be completely deternmuned by something else, it is

described as being based exclusively on whatever it is completely determined by.

[8013%] The term “non-nucleotide memory™ should be understood to refer to an
object, device or combination of devices capable of storing data or instructions in a
form other than nucleotides that may be retrieved and/or processed by a device.
Examples of “non-nucleotide memory” include solid state memory, magnetic
memory, hard drives, optical drives and combinations of the foregoing {(e.g., magneto-

optical storage elements).

[80140] The term “DNA storage device” should be understood to refer to an object,
device, or combination of devices configured to store data or instructions in the form
of sequences of polynucleotides such as machine-written DNA. Examples of “DNA
storage devices” include flow cells having addressable wells as described herein,
systems comprising multiple such flow cells, and tubes or other containers storing
nuclectide sequences that have been cleaved from the surface on which they were
synthesized. As used herein, the term “nucleotide sequence”™ or “polvnucleotide
sequence” should be read to include a polvoucieotide molecide, as well as the
underlying sequence of the molecule, depending on context. A sequence of a
polynuclectide may contain (or encode} information indicative of certain physical

charactenistics.

[80141] Tmplementations set forth herein may be used to perform designated
reactions for consumable cartridge preparation and/or biochenucal analvsis and/or

synthesis of machine-written DNA.
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j80142] 1 System Overview

[081431 FIG. 1 1s a schematic diagram of a system 100 that is configured to conduct
biochenucal analvsis and/or synthesis. The system 100 may include a base iostrument
102 that 1s configured fo receive and separably engage a removable carinidge 200
and/or a component with one or more reaction sites. The base instrument 102 and the
removable cartridge 200 may be configured to interact with each other to transport a
biological matental to different locations within the system 100 and/or to conduct
designated reactions that include the biological material in order to prepare the
biological material for subsequent analysis (e.g., by synthesizing the biological
material}, and, optionally, to detect one or more evenis with the biological material.
in some iraplementations, the base instrument 102 may be configured to detect one or
more events with the biological material directly on the removable cartridge 200. The
events may be indicative of a designated reaction with the biclogical material. The
removable cariridge 200 may be constructed according to any of the cartridges

described herein.

[08144]  Although the following is with reference to the base instrument 102 and the
removable cariridge 200 as shown in FIG. 1, it is undersiood that the base instrument
102 and the removable cartridge 200 iHlustrate only one implementation of the sysiem
100 and that other implementations exist. For example, the base instrument 102 and
the removable cartridge 200 include various components and features that,
collectively, execute several operations for preparing the biological material and/or
analyzing the biological material. Moreover, although the removable cartridge 200
described heremn includes an element with the reaction sites, such as a flow cell
having a plurality of wells, other cartridges may be independent of the element with
the reaction sites and the element with the reaction sites may be separately insertable
into the base mstrument 102, That is, in some instances a flow cell may be removably
inserted into the removable cartridge 200, which is then inserted into the base
instrument 102. In some other implementations, the flow cell may be removably
inserted directly into the base instrument 102 without the removable cartridge 200. Tn
still further implementations, the flow cell may be integrated into the removable

cartridge 200 that is inserted into the base mstrument 102,
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[80145]  In the illustrated implementation, each of the base instrument 102 and the
removable cartridge 200 are capable of performing certain functions. It i3 understood,
however, that the base instrument 102 and the removable cartridge 200 may perform
different functions and/or may share such functions. For example, the base
instrument 102 is shown to include a detection assembly 110 {e.g., an imaging device)
that is configured to detect the designated reactions at the removable cartridge 200, In
alternative implementations, the removable cartridge 200 may include the detection
assembly and may be communicatively coupled to one or more components of the
base insirument 102, Ags another example, the base mstrument 102 is a “dry”
instrument that does not provide, receive, or exchange hquids with the removable
cartridge 200. That is, as shown, the removable cariridge 200 includes a consumable
reagent portion 210 and a flow cell receiving portion 220. The consumable reagent
portion 210 may contain reagents used during biochemical analvsis and/or synthesis.
The flow cell receiving portion 220 may include an oplicallv {ransparent region or
other detectible region for the detection assembly 110 to perform detection of one or
more events occurring within the flow cell recetving portion 220. In altemative
implementations, the base instrament 102 may provide, for example, reagents or other
liquids to the removable cartridge 200 that are subsequently consumed {(e.g.. used in

designated reactions or synthesis procedures} by the removable cartridge 200.

[08146] As used herein, the biological material may include one or more biological
or chemical substances, such as nucleosides, nucleotides, nucleic  acids,
polyvnucleotides, oligonucleotides, proteins, enzymes, peptides. oligopeptides,
polypeptides, antibodies, antigens. ligands, receptors, polysaccharides, carbohydrates,
polyphosphates, nanopores, organelles, lipid layers, cells, tissues, organisms, and/or
biologically active chemucal compound{(s), such as analogs or mimetics of the
aforementioned species. In some instances, the biological material may include
whole blood, lymphatic fluid, serum, plasma. sweat, tear, saliva, sputum,
cerebrospinal fluid, amniotic fhud, seminal fluid, vaginal excretion, serous fhud,
synovial fluid, pericardial fluid, peritoneal flud, pleural fluid, transudates, exudates,
cystic fluid, bile, urine, gastric fluid, ntestinal fluid, fecal saroples, hiquids containing
single or multiple cells, hiquids containing organelles. fluidized tissues, fluidized

organisms, viruses including viral pathogens, liquids containing multi-celled
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organisms, biclogical swabs and biological washes. In some instances, the biological
material may include a set of synthetic sequences, including but not limuied to
machine-written DNA, which may be fixed (e.g. attached in specific wells in a

cartridge) or unfixed {e.g., stored in a tube).

[80147] In some implementations, the biological material may include an added
material, such as water, detonized water, saline solutions, acidic solutions, basic
solutions, detergent solutions and/or pH buffers. The added material may also include
reagents that will be used during the designated assay protocol to conduct the
biochemical reactions. For example, added hiquids may include material to conduct
multiple polymerase-chain-reaction (PCR) cycles with the biological material.  In
other aspects, the added material may be a carrier for the biological material such as
cell culture media or other buffered and/or pH adjusted and/or isotonic carrier that

may allow for or preserve the biological function of the biological material.

[80148] 1t should be undersiood, however, that the biological material that is
analyzed may be in a different form or state than the biological material loaded into or
created by the system: 100. For example, a biological material loaded into the system
100 mav include whole blood or saliva or cell population that is subsequently freated
{e.g., via separation or amplification procedures) to provide prepared nucleic acids.
The prepared nucleic acids may then be analvzed (e.g. quantified by PCR or
sequenced by SBS) by the system 100. Accordingly, when the term “biological

>

material” is used while describing a first operation, such as PCR, and used again
while describing a subsequent second operation, such as sequencing, it 1 understood
that the biological material in the second operation may be modified with respect to
the biological material prior to or during the first operation. For example, sequencing
{e.g. SBS) may be carried out on amplicon nucleic acids that are produced from
template nucleic acids that are amplified i a prior amplification {(e.g. PCR). In this
case the amplicons are copies of the templates and the amplicons are present in higher

quantity compared to the quantity of the templates.

[8014%] In some implemeniations, the system 100 may automatically prepare a
sample for biochemical analysis based on a substance provided by the user (eg.,
whole blood or saliva or a population of cells). However, in other implementations,

the system 100 may analvze biological materials that are partially or preliminarily
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prepared for analysis by the wuser. For example, the user may provide a solution
including nucleic acids that were already isolated and/or amplified from whole blood;
or may provide a virus sample in which the RNA or DNA sequence is partially or

wholly exposed for processing.

[80156] As used herein, a “designated reaction” includes a change in at least one of
a chemical, electrical, physical, or optical property (or quality) of an analyte-of-
interest.  In particular implersentations, the designated reaction 15 an associative
binding event (e.g., incorporation of a fluorescently labeled biomolecule with the
analyte-of-interest). The designaied reaction may be a dissociative binding event {e.g.,
release of a fluorescently labeled biomolecule from an analyte-of-interest). The
designated reaction mav be a chemical transformation, chemical change, or chemical
interaction. The designated reaction may also be a change in electrical properties.
For example, the designated reaction may be a change in ion concentration within a
solutton. Some reactions include, but are not limited 1o, chemical reactions such as
reduction, oxidation. addition, elimination, rearrangement, esterification, amidation,
etherification, cyclization, or substitution; binding interactions in which a first
chemical binds to a second chemical; dissociation reactions 1 which two or more
chemicals detach from each other; fluorescence; luminescence; bioluminescence;
chemiluminescence; and biological reactions, such as nucleic acid replication, nucleic
acid amplification, nucleic acid hybridization, nucleic acid ligation, phosphoryliation,
enzymatic catalysis, receptor binding, or ligand binding. The designated reaction may
also be addition or rernoval of a proton, for example, detectable as a change in pH of a
surrounding solution or environment. An additional designated reaction may be
detecting the flow of ions across a membrane (e.g.. natwral or synthetic bilaver
membrane). For example, as 1ons flow through a membrane, the current 13 disrupted,
and the disruption may be detected. Field sensing of charged fags may also be used;

as may thermal sensing and other switable analytical sensing techniques.

[80151] In particular implementations, the designated reaction includes the
incorporation of a fluorescently labeled molecule to an analvte. The analyte may be
an oligonucleotide and the fluorescently labeled molecule mav be a nucleotide. The
designated reaction may be detected when an excitation light is directed toward the

oligonucieotide having the labeled nucleotide, and the fluorophore emits a detectable
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fluorescent signal. In alternative implementations, the detected fluorescence is a
result of chemiluminescence and/or bioluminescence. A designated reaction may also
increase fluorescence (or Forster) resonance energy transfer (FRET), for example, by
bringing a donor flucrophore in proximity to an acceptor fluorophore, decrease FRET
by separating donor and acceptor fluorophores, increase fluorescence by separating a
guencher from a fluorophore or decrease fluorescence by co-locating a quencher and

fluorophore.

180152]  As used herein, a “reaction component” includes any substance that may be
used to obtain a designated reaction. For example, reaction components include
reagents, catalysis such as enzymes, reaciants for the reaction, samples, products of
the reaction, other biomolecules, salts, metal cofactors, chelating agents, and buffer
solutions {e.g., hydrogenation buffer). The reaction components may be deliverad,
individually in solutions or combined in one or more mixture, to various locations in a
flurdic network.  For instance, a reaction component may be delivered {o a reaction
chamber where the biological material is immobilized. The reaction components may
interact directly or indirectly with the biological material. In some implementations,
the removable cartridge 200 is preloaded with one or more of the reaction components
nvolved n carrving outl a designated assay protocol. Preloading may occur at one
location {e.g. a manufacturing facilityy prior to receipt of the cartridge 200 by a user
{e.g. at a customer’s facility}. For example, the one or more reaction components or
reagents may be preloaded into the consumable reagent portion 210, In some
inplementations, the removable cartridge 200 may also be preloaded with a flow cell

in the flow cell receiving portion 220,

180153] In some implementations, the base instrument 102 may be configured to
interact with one removable cartridge 200 per session.  After the session, the
removable cartridge 200 may be replaced with another rerosovable cartridge 200, In
other implementations, the base instrument 102 may be configured to interact with
more than one removable cartridge 200 per session.  As used herein, the term
“session” includes performing at least one of sample preparation and/or biochemical
analysis protocol. Sample preparation may wmclude synthesizing the biological
material; and/or separating, isolating, modifying, and/or amplifving one or more

components of the biological material so that the prepared biological material is
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suitable for analysis. In some implementations, a session may include continuous
activity in which a number of controlled reactions are conducted until (a) a designated
nurnber of reactions have been conducted, (b) a designated number of events have
been detected, (¢} a designated period of system time has elapsed, {d} signal-to-noise
has dropped to a designated threshold; (¢} a target component has been identified; ()
system fatlure or malfunction has been detecied; and/or (g} one or more of the
resources for conducting the reactions has depleted.  Alternatively, a session may
include pausing system activity for a period of time (e.g., minutes, howrs, days,

weeks) and later completing the session wuntil at least one of (a)-(g) occurs.

[B0184]  An assay protocol may include a sequence of operations for conducting the
designated reactions, detecting the designated reactions, and/or analyzing the
designated reactions. Collectively, the removable cartridge 200 and the base
instrument 102 may include the components for executing the different operations.
The operations of an assay protocol may include Huidic operations, thermal-control

operations, detection operations, and/or mechanical operations.

1801585] A fluidic operation includes controlling the flow of fluid (e.g., liqud or
gas) through the system 100, which may be actuated by the base instrument 102
and/or by the removable cartridge 200. In one example, the fluid s in liquad form.
For example, a fluidic operation may include controlling a pump to induce flow of the

biological material or a reaction component into a reaction chamber.

[80156] A thermal-control operation may include conirolling a temperature of a
designated portion of the system 100, such as one or more portions of the removable
cartridge 200. By way of example, a thermal-conirol operation may include raising or
fowering a temperature of a polymerase chain reaction (PCR) zone where a liquid that

includes the biological material is stored.

[B0187] A detection operation may include controlling activation of a detector or
monitoring activity of the detector to detect predetermined properties, qualities, or
characteristics of the biological material. As one example, the detection operation
may include capturing images of a designated area that includes the biclogical
material 1o detect fluorescent emissions {rom the designated area. The detection
operation may include controtling a light source to illuminate the hiological matenal

or controlling a detector to observe the biological material.
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[08158] A mechanical operation may include controlling a movement or position of
a designated component. For example, a mechanical operation may include
controlling a motor to move a valve-control component in the base instrument 102
that operably engages a movable valve in the removable cartridge 200. In some cases,
a combination of different operations may occur concurrently. For example, the
detector may capture images of the reaction chamber as the pump controls the flow of
flud through the reaction chamber. In some cases, different operations directed
toward different biological materials may occur concurrently. For instance, a first
biological material may be undergoing amplification (e.g.., PCR) while a second

biological material may be undergoing detection.

[80189] Sinular or identical fluidic elements {e.g., channels, ports, reservoirs, etc.)
may be labeled differently to more readily distingwish the fluidic elements. For
example, ports mav be referred to as reservoir ports, supply ports, network ports, feed
port, etc. Tt is undersicod that two or more fhudic elements that are labeled
differently {e.g.. reservoir channel, sample channel, flow channel, bridge channel) do
not require that the fluidic elements be structurally different. Moreover, the claims
may be amended to add such labels to more readily distinguish such fluidic elements

in the claims.

{06168} A “hiquid,” as used herein, is a substance that is relatively incompressible
and has a capacity to flow and to conform to a shape of a container or a channel that
holds the substance. A liquid may be aquecus-based and include polar molecules
exhibiting surface tension that holds the liquid together. A ligud may also include
non-polar molecules, such as in an otl-based or non-aqueous substance. It is
understood that references to a hiquid in the present application may include a liguid
comprising the combination of two or more liquids. For example, separaie reagent

solutions may be later combined to conduct designated reactions.

[80161] One or more implementations may include retairung the biological material
{e.g., template nucleic acid} at a designated location where the biological material is
analyzed. As used herein, the term “retained,” when used with respect to a biclogical
material, includes attaching the biological material to a surface or confining the
biological material within a designated space. As used herein, the term

“immobilized,” when used with respect to a biclogical material, includes attaching the
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biological material to a surface in or on a solid support. Immobilization may inchide
attaching the biological material at a molecular level 1o the surface. For example, a
biological material may be imumobilized to a swface of a substrate using adsorption
techniques including non-covalent interactions (e.g., electrostatic forces, van de
Waals, and dehydration of hydrophobic interfaces) and covalent binding techniques
where functional groups or linkers facilitate attaching the biological material to the
surface. Immobilizing a biological material to a surface of a substrate may be based
upon the properties of the surface of the substrate, the liquid medium carrying the
biological material, and the properties of the biological matenal itself. To some cases,
a substrate surface may be functionalized (e.g., chemically or physically modified} to
facilitate immobilizing the biological material to the substrate surface. The substrate
surface may be first modified to have functional groups bound to the surface. The
functional groups may then bind to the biological material to omobilize the
biological material thereon. In some cases, a biological material may be immobilized

to a surface via a gel.

180162] In some implementations, nucleic acids may be immobilized to a surface
and amplified using bridge amplification.  Another useful method for amplifving
nucleic acids on a surface 15 rolling circle amplification (RCA), for example, using
methods set forth i further detail below. In some implementations, the nucleic acids
may be atiached to a surface and amplified using one or more primer pairs. For
example, one of the primers may be in solution and the other primer may be
immobilized on the surface (e.g., S'-attached). By way of example, a nucleic acid
molecule may hybridize to one of the primers on the surface followed by extension of
the immobilized primer to produce a first copy of the nucleic acid. The primer in
solution then hvbridizes to the first copy of the nucleic acid which may be extended
using the first copy of the nucleic acid as a template. Optionally, after the first copy
of the nucleic acid is produced, the original nucleic acid molecule may hvbridize to a
second immobilized primer on the surface and may be extended at the same time or
after the primer in solution is extended. In any implementation, repeated rounds of
extension {e.g., amplification) using the immobilized primer and primer in solution
may be used to provide multiple copies of the nucleic acid In some

implementations, the biological material may be confined within a predetermined
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space with reaction components that are configured to be used during amplification of

the biological matenal {e.g., PCR).

[80163] One or more implementations set forth herein may be configured to execute
an assay protocol that is or includes an amplification (e.g., PCR) protocol. During the
amplification protocol, a temperature of the biological material within a reservoir or
channel may be changed in order to amplify a target sequence or the biological
material (e.g., DNA of the biological material). By way of example, the hiological
material may experience (1) a pre-heating stage of about 95°C for abowt 75 seconds;
(2} a denaturing stage of about 95°C for about 15 seconds; (3} an annealing-extension
stage of about of about 59°C for about 45 seconds; and (4) a temperature holding
stage of about 72°C for about 60 seconds. Iruplementations may execute multiple
amplification cycles. It is noted that the above cycle describes only one particular
implementation and that aliernative implementations may include modifications to the

amplification protocol.

180164] The methods and systems set forth herein may use arravs having features at
any of a variety of densities including, for example, at least about 10 features/cm?,
about 100 features/cmy’, about SO0 features/cm’, about 1,000 features/cmy’, about
5,000 features/cm®, about 10,000 features/cri®, about 50,000 features/cr®, about
100,000 features/cm’, about 1,000,000 features/crm?, about 3,000,000 features/cnt’, or
higher. The methods and apparatus set forth herein may include detection

components or devices having a resolution that is at least sufficient to resolve

mdividual features at one or more of these densities.

[06165]  The base instrument 102 may include a user interface 130 that is configured
o receive user inputs for conducting a designated assay protocol and/or configured to
commuinicate information to the user regarding the assay. The user interface 130 may
be incorporated with the base instrument 102, For example, the user interface 130
may include a touchscreen that is attached to a housing of the base instrument 102 and
configured to identify a touch from the user and a location of the touch relative to
information displayed on the touchscreen. Alternatively, the user interface 130 may

be located remotely with respect to the base instrament 102,

[06166] 11 Cartndge
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[80167] The removable cartridge 200 is configured to separably engage or
removably couple to the base instrument 102 at a cartridge chamber 140, As used
herein, when the terms “separably engaged™ or “removably coupled” {(or the like) are
used to describe a relationship between a removable cartridge 200 and a base
instrument 102.  The term is intended to mean that a connection between the
removable cartridge 200 and the base instrument 102 are separable without destroying
the base instrument 102, Accordingly, the removable cartridge 200 may be separably
engaged to the base instrument 102 i an electrical manner such that the electrical
contacts of the base mstrument 102 are not destroyed. The removable cartridge 200
may be separably engaged to the base instrument 102 in a mwechanical manner such
that features of the base instrument 102 that hold the removable cartridge 200, such as
the cartridge chamber 140, are not destroyed. The removable cartridge 200 may be
separably engaged to the base instrument 102 1n a fluidic roanner such that the ports
of the base instrument 102 are not destroved. The base instrument 102 is not
considered to be “destroyed,” for example, if only a simple adjustment to the
component (e.g., realigning) or a simple replacement (e.g., replacing a nozzle) is
requited.  Components {e.g., the removable cariridge 200 and the base instrument
102y may be readily separable when the coroponents may be separated from each
other without undue effort or a significant amount of time spent in separating the
components. In some implementations, the removable cartridge 200 and the base
instrument 102 way be readily separable without destroving either the removable

cartridge 200 or the base instrument 102.

180168] In some implementations, the removable cartridge 200 may be permanently
modified or partially damaged during a session with the base instrument 102, For
instance, containers holding hiquids may inclade foil covers that are pierced to permit
the hiquid to flow through the system 106. In such implementations, the foil covers
may be damaged such that the damaged container is to be replaced with another
container. In particular implementations, the removable cartridge 200 1s a disposable
cartridge such that the removable cartridge 200 may be replaced and optionally
disposed after a single use. Sunularly, a flow cell of the removable cartridge 200 may
be separately disposable such that the flow cell may be replaced and optionally

disposed afler a single use.
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[8016%9] In other implementations, the removable cartridge 200 may be used for
more than one session while engaged with the base instrument 102 and/or may be
removed from the base instrument 102, reloaded with reagents, and re-engaged to the
base instrument 102 to conduct additional designated reactions. Accordingly, the
removable cartridge 200 may be refurbished in some cases such that the same
removable cartridge 200 may be used with different consumables (e.g., reaction
components and biclogical materials). Refurbishing mav be camed out at a
manutacturing facility after the cartridge 200 has been removed from a base

instrument 102 located at a customer’s facility.

[80178] The cartridge chamber 140 may include a slot, mount, connector interface,
and/or any other feature to receive the removable cartnidge 200 or a portion thereof to

interact with the base instrument 102,

[80171] The removable cartridge 200 may include a fluidic network that may hold
and direct fluids {e.g., biquids or gases) therethrough. The fluidic network may
include a plurality of interconnected fluidic elements that are capable of storing a
fluid and/or permitting a fluid to flow therethrough. Non-limiting examples of fluidic
elements include channels, ports of the channels, cavities, storage devices, reservoirs
of the storage devices, reaction chambers, waste reservoirs, detection chambers,
multipurpose chambers for reaction and detection, and the hke. For example, the
consumable reagent portion 210 may include one or more reagent wells or chambers
storing reagenis and may be part of or coupled to the fluidic network. The fluidic
elements may be fluidically coupled to one another in a designated manner so that the

system 100 is capable of performing sample preparation and/or analysis.

180172]  As used herein, the term “fluidically coupled” (or fike termy) refers to two
spatial regions being connecied together such that a liguid or gas may be directed
between the two spatial regions. In some cases, the fluidic coupling permits a fhad to
be directed back and forth between the two spatial regions. In other cases, the fluidic
coupling is uni-directional such that there 15 only one direction of tlow between the
two spatial regions. For example, an assay reservoir may be fluidically coupled with
a channel such that a hquid may be transported into the channel from the assay
reservoir. However, in some implementations, it may not be possible to direct the

fluid in the channel back to the assay reservoir. In particular implementations, the
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fluidic network may be configured to receive a biological material and direct the
biological material through sample preparation and/or sample analysis. The fluidic
network may direct the biological material and other reaction components fo a waste

FESErvoir.

[80173] FIG. 2 depicts an implemeniation of a consumable cartridge 300. The
consumable cartridge may be part of a combined removable cartridge, such as
conswable reagent portion 210 of removable cartridge 200 of FIG. 1; or may be a
separate reagent cartridge. The consumable cartridge 300 may include a housing 302
and a top 304. The housing 302 may comprise a non-conductive polymer or other
material and be formed to make one or more reagent chambers 310, 320, 330, The
reagent chambers 310, 320, 330 may be varying in size t0 accommodate varying
volumes of reagents to be stored therein. For instance, a first chamber 310 may be
larger than a second chamber 320, and the second chamber 320 may be farger than a
third chamber 330. The first chamber 310 is sized to accommodate a larger volume of
a particular reagent, such as a buffer reagent. The second chamber 320 may be sized
to accommodate a smaller volume of reagent than the first chamber 310, such as a
reagent chamber holding a cleaving reagent. The third chamber 330 may be sized to
accommodate an even smaller volume of reagent than the first chamber 310 and the
second chamber 320, such as a reagent chamber holding a fully functional nucleotide

containing reagant.

{80174] In the tlustrated implementation, the housing 302 has a plurality of housing
walls or sides 350 forming the chambers 310, 320, 330 therein. In the illustrated
implementation, the housing 302 forms a structure that is at least substantially unitary
or monolithic. In alternative implementations, the housing 302 may be constructed by
one or more sub-components that are combined to form the housing 302, such as

independently formed compartments for chambers 310, 320, and 330

[80178] The housing 302 may be sealed by the top 304 once reagents are provided
into the respective chambers 310, 320, 330. The top 304 may comprise a conductive
or non-conductive material. For mstance, the top 304 may be an aluminum foil seal
that is adhesively coupled to top surfaces of the housing 302 to seal the reagents

within their respective chambers 310, 320, 330. In other implementations, the top 304
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may be a plastic seal that is adhesively coupled to top surfaces of the housing 302 to

seal the reagents within their respective chambers 310, 320, 330.

{08176} In some implementations, the housing 302 may also include an identifier
390. The identifier 390 roay be a radio-frequency identification (RFID) transponder, a
barcode, an identification chip, and/or other identifier. In some implementations, the
identifier 390 may be embedded in the housing 302 or attached fo an exterior surface.
The identifier 390 may include data for a unique identifier for the consumable
cartridge 300 and/or data for a type of the consumable cartridge 300. The data of the
tdentifier 390 may be read by the base instrument 102 or a separate device configured

for warming the consumable cartridge 300, as described herein.

{06177} In some iroplementations, the consumable cartridge 300 may include other
components, such as valves, pumps. fluidic lines, ports, etc. In some
implementations, the consumable cartridge 300 may be contained within a further

exterior housing.
180178] 11 System Controller

{06179} The base instrurnent 102 may also mnclude a system controller 120 that is
configured to control operation of at least one of the removable cartridge 200 and/or
the detection assembly 110. The system controller 120 may be implemented utilizing
any combination of dedicated hardware circuitry, boards, DSPs, processors, eic.
Alternatively, the system controller 120 roay be implemented utilizing an off-the-shelf
PC with a single processor or muliiple processors, with the functional operations
distributed between the processors.  As a further option, the system controfler 120
may be implemmented utilizing a bybrd configuration in which certain modular
functions are performed utilizing dedicated hardware, while the remaining modular

functions are performed utilizing an off-the-shelf PC and the like.

[0B180] The system controlier 120 may include a plurality of circuitry modules that
are configured to control operation of certain components of the base instrument 102
and/or the removable cartridge 200, The term “module” herein mav refer to a
hardware device configured to perform specific task(s). For instance, the circuitry
modules may include a flow-control module that is configured to control flow of

fluds through the fluidic network of the removable cartridge 200. The flow-countrol
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module may be operably coupled to valve actuators and/or s system pump. The flow-
control module may selectively activate the valve actuators and/or the system pump to
induce flow of fluid through one or more paths and/or to block flow of fluid through

one or more paths.

{08181} The system controller 120 may also inclhude a thermal-conirol module. The
thermal-control module may control a thermocyeler or other thermal component to
provide and/or remove thermal energy from a sample-preparation region of the
removable cartridge 200 and/or any other region of the removeable cartridge 200. In
one particular example, a thermocvcler may increase and/or decrease a temperature

that 1s experienced by the biological material in accordance with a PCR protocol.

[06182] The system coutroller 120 may also include a detection module that is
configured to control the detection assembly 110 to obtain data regarding the
biclogical material. The detection module may control operation of the detection
assembly 110 either through a direct wired connection or through the contact array if
the detection assembly 110 is part of the removable cartridge 200, The detection
module may control the detection assembly 110 to obtain data at predetermined times
or for predetermined time periods. By way of example, the detection module may
control the detection assembly 110 to capture an image of a reaction chamber of the
flow cell receiving portion 220 of the removable cartrnidge when the biological
material has a fluorophore attached thereto. In some implementations, a plurality of

images may be obtained.

[80183] Optionally, the system controller 120 may include an analysis module that
is configured {0 analyze the data to provide at least partial results to a user of the
system 100. For example, the analysis module may analyze the imaging data
provided by the detection assembly 110, The analysis may include idendifving a

sequence of nucleic actds of the biological maiterial.

[80184] The system controller 120 and/or the circuitry modules described above
may include one or more logic-based devices, including one or more roicrocontrollers,
processors, reduced instruction set computers (RISC), application specific integrated
circuits (ASICs), field programmable gale array (FPGAs), logic circuits, and any
other circuitry capable of executing functions described herein. In an implementation,

the system controller 120 and/or the circuitry modules execute a set of instructions
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that are stored in a computer- or machine-readable medium therein in order to
perform one or more assay protocols and/or other operations. The set of instructions
may be stored in the form of information sources or physical memory elements within
the base instrument 102 and/or the removable cartridge 200. The protocols performed
by the svstem 100 may be used to carry out, for example, machine-writing DNA or
otherwise synthesizing DNA (e.g., converting binary data into a DNA sequence and
then synthesizing DNA strands or other polynucleotides representing the binary data),
quantitative analysis of DNA or RNA, protein analysis, DNA sequencing {e.g.,
sequencing-by-synthesis (SBS)), sample preparation, and/or preparation of fragment

tibraries for sequencing,

{06185} The set of nstructions may include various commands that instruct the
system 100 to perform specific operations such as the methods and processes of the
various implementations described herein. The set of instructions may be in the form
of a software program. As used herein, the terms “sofiware” and “furmware” are
interchangeable and include any computer program stored in memory for execution
by a computer, including RAM memory, ROM memoty, EPROM memory, EEPROM
memory, and non-volatile RAM (NVRAM) memory. The above memory types are
only examples and are thus not hinuting as to the types of memory usable for storage

of a computer program.

[80186] The software may be in various forms such as system software or
application software. Further, the software may be in the form of a collection of
separale programs, or a program module within a larger program or a portion of a
program module. The software also may include modular programmung in the form of
object-oriented programmung. After obtaining the detection data, the detection data
may be automatically processed by the sysiem 100, processed in response to user
inpuis, or processed in response to a request made by another processing machine
{e.g.. aremote request through a communication link).

[80187] The system controller 120 may be connected to the other components or
sub-systems of the svstem 100 via communication links, which may be hardwired or
wireless. The systern controller 120 may also be communicatively connected o off-

site systems or servers. The system controller 120 may receive user inputs or
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commands, from a user interface 130. The user interface 130 may include a keyboard,

mouse, a touch-screen panel, and/or a voice recognition system, and the like.

[B0188] The system controller 120 may serve to provide processing capabilities,
such as storing. interpreting, and/or executing software instructions, as well as
controlling the overall operation of the system 100. The svstem controller 120 may
be configured and programmed to control data and/or power aspects of the various
coroponents. Although the system controller 120 1s represented as a single structure
mn FIG. 1, it 15 understood that the system controller 120 may include multiple
separate components {e.g., processors) that are distributed throughout the system 100
al different locations. In some implementations, one or more components may be
integrated with the base instrument 102 and one or more components may be located

remotely with respect to the base mstrument 102.
[00189] 1V. Flow Cell

[06196] FIGS. 3-4 depict an example of a flow cell 400 that may be used with
systern 100, Flow cell of this example includes a body defining a plurality of elongate
flow channels 410, which are recessed below an upper surface 404 of the body 402.
The flow channels 410 are generally parallel with each other and extend along
substantially the entire length of body 402, While five flow channels 410 are shown,
a flow cell 400 may mclude any other suitable number of flow channels 410,
including more or fewer than five flow channels 410. The flow cell 400 of this
example also includes a set of inlet ports 420 and a set of outlet ports 422, with each
port 420, 422 being associaled with a corresponding flow channel 410. Thus, each
inlet port 420 may be utilized to communicate fhuds (e.g., reagents, etc.) to the
corresponding channel 410; while each outlet port 422 may be utilized to

communicate fhuds from the corresponding flow channel 410.

[801%1] In some versions, the flow cell 400 is directly integrated into the flow cell
recetving portion 220 of the removable cartnidge 200. In some other versions, the
flow cell 400 is removably coupled with the flow cell receiving portion 220 of the
removable cartridge 200. In versions where the flow cell 400 is either directly
integrated into the flow cell receiving portion 220 or removably coupled with the flow
cell recerving portion 220, the flow channels 410 of the flow cell 400 may receive

fluids from: the consumable reagent portion 210 via the mlet ports 420, which may be
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fluidly coupled with reagents stored in the consumable reagent portion 210. Of
course, the flow channels 410 may be coupled with vanous other fluid sources or
reservoirs, etc., via the ports 420, 422, As another illustrative vanation, some
versions of consumable cartridge 300 may be configured to removably receive or
otherwise integrate the flow cell 400. In such versions, the flow channels 410 of the
flow cell 400 may receive fhuids from the reagent chambers 310, 320, 330 via the inlet
ports 420. Other suitable ways in which the flow cell 400 may be incorporated into
the system 100 will be apparent to those skilled in the art in view of the teachings

herein.

[80192] FIG. 4 shows a flow channel 410 of the flow cell 400 in greater detail. As
shown, the flow channel 410 includes a plurality of wells 430 formed in a base
surface 412 of the flow channel 410. As will be described in greater detail below
each well 430 is configured to contain DNA strands or other polyvnucleotides, such as
machine-written polynucleotides.  Tn some versions, each well 430 has a
cylindraceous configuration, with a generally circular cross-sectional profile. In some
other versions, each well 430 has a polygonal {e.¢., hexagonal, octagonal, etc.) cross-
sectional profile. Altematively, wells 430 may have any other suitable configuration.
it should also be understood that wells 430 may be arranged in any suitable pattern,

including but not limited to a grid pattern.

[80193] FIG 5 shows a portion of a channel within a flow cell 300 that is an
example of a variation of the flow cell 400. In other words, the channel depicted in
FIG. § is a variation of the flow channel 410 of the flow cell 400. This flow cell 500
is operable to read polynucleotide strands 550 that are secured to the floor 534 of
wells 530 in the flow cell 500. By way of example only, the floor 534 where
polynucleotide strands 550 are secured may include a co-block polymer capped with
azido. By way of further example only, such a polymer may comprise a poly{N-(3-
azidoacetamidylpentyhacrylanude-co-acrylamide) (PAZAM) coating provided in
accordance with at least some of the teachings of U.8. Pat. No. 9,012,022, entitled
“Polvmer Coatings,” issued April 21, 2015, which is incorporated by reference herein
in its entirety. Such a polymer may be incorporated into any of the various tlow cells

described herein.
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[80194] In the present example, the wells 530 are separated by interstitial spaces
514 provided by the base surface 512 of the flow cell 500. Each well 530 has a
sidewall 532 and a floor 534, The flow cell 500 in this example is operable to provide
an image sensor 340 under each well 530. In some versions, each well 530 has at
least one corresponding image sensor 540, with the image sensors 540 being fixed in
position relative (o the wells 5330. Each image sensor 540 may comprise a CMOS
image sensor, a CCD 1mage sensor, or any other suitable kind of 1mage sensor. By
way of exarnple only, each well 530 may have one associated image sensor 540 or a
plurality of associated image sensors 540, Asg another variation, a single image sensor
340 may be associaled with two or more wells 530, In some versions, one or more
image sensors 540 move relative to the wells 530, such that a single image sensor 540
or single group of image sensors 540 may be moved relative to the wells 530. As vet
another variation, the flow cell 500 may be movable in relation to the single image
sensor 540 or single group of image sensors 540, which may be at least substantially

fixed in position.

[086195]  Each image sensor 540 may be directly incorporated into the flow cell 500.
Alternatively, each image sensor 540 may be directly incorporated into a cariridge
such as the removable cartridge 200, with the flow cell 500 being uitegrated into or
otherwise coupled with the cartridge. As vet another illustrative variation, each image
sensor 540 may be directly incorporated into the base instrument 102 (e.g., as part of
the detection assembly 110 noted above). Regardless of where the image sensor{(s)
540 is/are located, the image sensor(s) 540 may be mtegrated into a printed circuit
that includes other components (e.g.. conirol circuitry, etc.). In versions where the
one or more image sensors 5340 are not directly incorporated into the flow cell 300, the
flow cell 500 may include optically transmissive features (e.g., windows, etc.) that
allow the one or more image sensors 540 to capture fluorescence emitted by the one
or more fluorophores associated with the polyvnucleotide strands 550 that are secured
to the floors 534 of the wells 530 in the flow cell 500 as described in greater detail
below. It should also be understood that various kinds of optical elements {e.g.,
fenses, optical waveguides, etc.) may be nterposed between the floors 534 of the

wells 330 and the corresponding tmage sensor(s) 540.
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[08896]  As also shown in FIG. 5, a light source 560 is operable to project light 562
into the well 530. In some versions, each well 530 has at least one corresponding
light source 360, with the light sources 360 being fixed in position relative to the
wells 530. By way of example only, each well 530 may have one associated light
source 560 or a plurality of associated light sources 560. As another variation, a
single hight source 360 may be associated with two or more wells 530, In some other
versions, one or more light sources 360 move relative to the wells 330, such that a
single light source 560 or single group of light sources 560 may be moved relative to
the wells 530, As vet another variation, the flow cell 500 may be movable in relation
to the single light source 560 or single group of light sources 560, which may be
substantially fixed in position. By way of example only, each light sowrce 560 may
include one or more lasers. In another example, the light source 560 may include one

or more diodes.

{06197} Each light source 560 may be directly incorporated into the low cell 500
Alternatively, each light source 360 may be directly incorporated into a cartridge such
as the removable cartridge 200, with the flow cell 500 being integrated into or
otherwise coupled with the carindge. As vet another illustrative variation, each light
source 560 may be directly mcorporated into the base instrument 102 {e.g.. as part of
the detection assembly 110 noted above). In versions where the one or more light
sources 560 are not directly incorporated into the flow cell 500, the flow cell 500 may
include optically transmussive features {e.g., windows, etc.) that allow the wells 530 to
receive the light emitted by the one or more light source 560, to thereby enable the
light to reach the polynuclectide strands 550 that are secured to the floor 534 of the
wells 530. I should also be undersiood that various kinds of optical elements {e.g.,
tenses, optical waveguides, etc.) may be interposed between the wells 530 and the

corresponding light source(s) 560.

[80198] As described elsewhere herein and as is shown in block 590 of FIG. 6, a
DNA reading process may begin with performing a sequencing reaction in the
targeted well(s) 530 (e.g., in accordance with at least some of the teachings of U.S.
Pat. No. 94537258, entitled “Methods and Compositions for Nucleic Acid
Sequencing,” issued September 27, 2016, which is incorporated by reference herein in

s entirety). Next, as shown in block 592 of FIG. 6, the light source(s) 360 is/are
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activated over the targeted well(s) 530 to thereby illuminate the targeted well(s) 530.
The projected light 562 may cause a fluorophore associated with the polvnucleotide
strands 550 to fluoresce. Accordingly, as shown in block 594 of FIG 6, the
corresponding image sensor{s) 540 may detect the fluorescence emitted from the one
or more flucrophores associated with the polynucleotide strands 550. The system
controller 120 of the base instrument 102 may drive the light source(s) 560 to enmut the
light. The system coniroller 120 of the base instrument 102 may also process the
image data obtained from the image sensor(s) 540, representing the fluorescent
emission profiles from the polynucleotide strands 550 in the wells 530, Using this
image data from the image sensor(s) 540, and as shown in block 596 of FIG. 6, the
system controller 120 may determine the sequence of bases in each polynucleotide
strand 5330, By way of example only, this process and equipment may be wutilized to
map a genome or otherwise determine biological information associated with a
naturally occurring organisin, where DNA strands or other polynucleotides are
obtained from or otherwise based on a naturally cccurring organism.  Alternatively,
the above-described process and equipment may be utilized to obtain data stored in

machine-wnitten DNA as will be described in greater detail below.

[06199] By way of further example only, when canrving out the above-described
procedure shown in FIG. 6, time space sequencing reactions may utilize one or more
chemistries and imaging evenis or steps to differentiate between a plurality of analytes
{e.g., four nucleotides) that are incorporated into a growing nucleic acid strand during
a sequencing reaction; or alternatively, fewer than four different colors roay be
detected in a mixture having four different nucleotides while still resulting in the
determination of the four different nucleotides {e.g., in a sequencing reaction}. A pair
of nucleotide types may be detected at the same wavelength, but distinguished based
on g difference in intensity for one member of the pair compared to the other, or based
on a change to one member of the pair {(e.g., via chemical modification,
photochemical modification, or physical modification} that causes apparent signal to

appear or disappear compared to the signal detected for the other member of the pair.
{06206} V. Machine-Writing Biological Material
[06201] In some implementations, a system 100 such as the system 100 shown in

FIG. 1 mayv be configured to svnthesize biological materials (e.g. polynucleotide, such
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as DNAJ to encode data that may later be retrieved through the performance of assays
such as those described above. In some implementations, this type of encoding may
be performed bv assigning values to nucleotide bases {e.g., binary values, such as 0 or
1, ternary values such as 0, 1 or 2, eic.), converting the data to be encoded into a
string of the relevant values (e.g., converting a textual message into a binary string
using the ASCI encoding scheme), and then creating one or more polynucleotides
made up of nucleotides having bases in a sequence corresponding to the string

obtained by converting the data.

[80202] In some implementations, the creation of such polynuclestides may be
performed using a version of the flow cell 400 having an array of wells 630 that are
configured as shown in FIG. 7. FIG. 7 shows a portion of a channel within a flow cell
600 that is an example of a variation of the flow cell 400. In other words, the channel
depicted in FIG. 7 is a variation of the flow channel 410 of the flow cell 400. In this
example, each well 630 is recessed below a base surface 612 of the flow cell 600.
The wells 630 are thus spaced apart from each other by interstitial spaces 614. By
way of example only, the wells 630 may be arranged in a grid or any other suitable
pattern along the base surface 612 of the flow cell 600. Each well 630 of this example
includes a sidewall 632 and a floor 634, Each well 630 of this exaraple further
includes a respective electrode assembly 640 positioned on the floor 634 of the well
630. In some versions, each electrode assembly 640 includes just a single electrode
element. In soroe other versions, each electrode asserably 640 includes a plurality of
electrode elements or segments. The terms “electrode” and “electrode assembly”™

should be read herein as being interchangeable.

180203] Base instrument 102 is operable to independently activate electrode
assemblies 640, such that one or more electrode assemblies 640 may be in an
activated state while one or more other electrode assemblies 640 are not in an
activated state. In some versions, a CMOS device or other device is used to conirol
electrode assemblies 640. Such a CMOS device may be integrated directly into the
flow cell 600, may be integrated into a cartridge {e.g., cartridge 200) in which the
flow cell 600 15 incorporated, or may be integrated directly into the base instrument
102. As shown in FIG. 7, each electrode assembly 640 extends along the full width of

floor 634, terminating at the sidewall 632 of the corresponding well 630, In other
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versions, each elecirode assembly 640 may extend along only a portion of the floor
634, For instance, some versions of electrode assembly 640 may terminate interiorly
relative to the sidewall 632, While each electrode assembly 540 is schematically
depicted as a single element in FIG. 5, it should be understood that each electrode
assembly 540 may in fact be formed by a plurality of discrete electrodes rather than

just consisting of one single electrode.

{00204} As shown mm FIG. 7, specific polynucleotide strands 650 may be created in
individual wells 630 by activating the electrode assembly 640 of the relevant wells
630 to electrochemically generate acid that may deprotect the end group of the
polynuclectide strand 650 in the well 630. By way of example only, polvnucleotide
strands 630 may be chemically attached to the surface at the bottom of the well 630
using linkers having chemistries such as silane chemistrv on one end and DNA
synthesis compatible chemistry (e.g., a short oligo for enzyme to bind to} on the other

end.

[80208] To facilitate reagent exchange (e.g., transmussion of a deblocking agent),
each electrode assembly 640 and the floor 634 of each well 630 may include at least
one opening 660 in this example. The openings 660 may be fluidly coupled with a
flow channel 662 that extends underneath the wells 630, below the floors 634. To
provide such an opeming 660 through the electrode assembly 640, the electrode
assembly 640 may be annular in shape, may be placed in quadrants, may be placed on
the perimeter or sidewall 632 of the well 630, or may be placed or shaped in other
suitable manners to avoid interference with reagent exchange and/or passage of light
{e.g., as may be used in a sequencing process that involved detection of fluorescent
emissions}. In other implementations, reagents may be provided into the flow channel
of the flow cell 600 without the openings 660. It should be understood that the
openings 660 may be optional and may be omitted in some versions. Similarly, the

flow channel 662 may be optional and may be omitted in some versions.

[80286] FIG. 9 shows an example of a form that electrode assembly 640 may take
In this example, electrode assembly 640 includes four discrete electrode segments
642, 644, 646, 648 that together define an annular shape. The electrode segments
642, 644, 646, 648 are thus configured as discrete yet adjacent quadrants of a ring.

Each electrode segment 642, 644, 646, 648 may be configured to provide a
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predetermined chasge that is uniquely associated with a particular nucleotide. For
instance, electrode segment 642 may be configured to provide a charge that is
uniquely associated with ademine; electrode segment 644 may be configured to
provide a charge that is uniquely associated with cytosine; electrode segment 646 may
be configured to provide a charge that is uniquelv associated with guanine, and
electrode segment 648 may be configured to provide a charge that is uniguely
associated with thymine. When a muxture of those four nucleotides are flowed
through the flow channel above the wells 630, activation of electrode segments 642,
644, 646, 648 may cause the corresponding nucleotides from that flow to adhere to
the strand 650. Thus, when electrode segment 642 is activated, it may effect writing
of adenine to the strand 650; when electrode segment 644 is activated, it may effect
writing of cytosine to the strand 650; when electrode segment 646 is activated, it may
effect writing of guanine to the strand 650; and when electrode segment 648 1s
activated, it may effect writing of thymine to the strand 650. This writing may be
provided by the activated electrode segment 642, 644, 646, 648 hybridizing the
inhibitor of the enzyme for the pixel associated with the activated electrode segment
642, 644, 646, 648. While electrode segments 642, 644, 646, 648 are shown as
forming an annular shape i FIG. 9, it should be understood that any other suitable
shape or shapes may be formed by electrode segments 642, 644, 646, 648, In still
other implementations, a single electrode may be wutilized for the electrode assembly
640 and the charge may be modulated o incorporate various nucleotides to be written

to the DNA strand or other polynucleotide.

180207]  As another example. the electrode assembly 640 may be activated to
provide a localized (e.g., localized within the well 630 in which the electrode
assembly 640 15 disposed), electrochemmcally generaied change 1o pH, and/or
electrochemically generate a moiety {e.g.. a reducing or oxidizing reagent) locally to
remove a tlock from a nucleotide. As vet another variation, different nucleotides may
have different blocks; and those blocks may be photocleaved based on a wavelength
of hight communicated to the well 630 {e.g., ight 562 projected from the light source
560). As still another variation, different nucleotides may have different blocks; and
those blocks may be cleaved based on certain other conditions. For instance, one of

the four blocks may be removed based on a combination of a reducing condition plus
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either high local pH or low local pH; anocther of the four blocks may be removed
based on a combination of an oxidative condition plus either high local pH or low
tocal pH; another of the four blocks may be removed based on a combination of light
and a high local pH: and ancther of the four blocks may be removed based on a
combination of light and a low local pH. Thus, four nucleotides may be incorporated
at the same time, but with selective unblocking occurring in response to four different

sets of conditions.

180208] The clectrode assembly 640 further defines the opening 660 at the center of
the arrangement of the electrode segments 642, 644, 646, 648. As noted above, this
opening 660 may provide a path for fluid communication between the flow channel
662 and the wells 630, thereby allowing reagents, etc. that are flowed through the
flow channel 662 to reach the wells 630. As also noted above, some variations may
omit the {flow channel 662 and provide communication of reagents, etc. to the wells
630 in some other fashion (e.g., through passive diffusion, efc.). Regardless of
whether fluid is communicated through the opening 660, the opening 660 may
provide a path for optical transmission through the bottom of the well 630 during a
read cycle, as described herein.  In some versions, the opening 660 may be optional
and may thus be omitted. In versions where the opening 660 ts omitted, uids may be
communicated to the wells 630 via one or more flow channels that are above the wells
630 or otherwise positioned in relation to the wells 630. Moreover, the opening 660
may not be nesded {or providing a path for optical transmuission through the bottom of
the well 630 during a read cvele. For instance, as described below in relation to the
flow cell 601, the electrode assembly 640 may comprise an optically transparent
material (e.g., optically transparent conducting film (TCF), etc.), and the flow cell 600
itself may comprise an optically transparent matenial (e.g., glass), such that the
electrode assembly 640 and the roaterial fornung the flow cell 600 ray allow the
fluorescence emitted from the one or more fluorophores associated with the machine-
written polynucleotide sirands 650 to reach an image sensor 540 that is under the well

630.

{06209} FIG. 8 shows an example of a process that may be utdized in the flow cell
600 to machine-write polynucleotides or other nucleotide sequences. At the

beginning of the process, as shown in the first block 690 of FIG. 8, nucleotides may
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be flowed into the flow cell 600, over the wells 630. As shown in the next block 692
in FIG. 8, the electrode assembly 640 may then be activated to write a first nucleotide
to a primer at the bottom of a targeted well 630, As shown in the next block 694 of
FIG. 8, a terminator may then be cleaved off the first nucleotide that was just written
in the targeted well 630. Various suitable ways in which a terminator may be cleaved
off the first nucleotide will be apparent to those skilled in the art in view of the
teachings herein. Once the ternunator is cleaved off the first nucleotide, as shown in
the next block 696 of FIG. &, the electrode assembly 640 may be activated to write a
second nucleotide to the first nucleotide. While not shown in FIG. 8, a terminator
may be cleaved off the second nucleotide, then a third nucleotide may be writlen to
the second nucleotide, and so on until the desired sequence of nucleotides has been

written.

[80218] In some implementations, encoding of data via synthesis of biological
matertals such as DNA may be performed in other manners. For example, in some
implementations, the flow cell 600 may lack the electrode assembly 640 altogether.
For instance, deblock reagenis may be selectively commurnicated from the flow
channel 662 o the wells 630 through the openings 660. This may eliminate the need
for electrode assemblies 640 1o selectively activate nucleotides. As another example,
an array of wells 630 may be exposed to a solution comtaining all nucleotide bases
that may be used in encoding the data, and then individual nucleotides may be
selectively activaled for individual wells 630 by using light from a spatial light
modulator (SLM). As another example, in some implementations idividual bases
may be assigned combined values {e.g., adenine may be used to encode the binary
couplet 00, guanine may be used to encode the binary couplet 01, cytosine may be
used to encode the binary couplet 10, and thymine may be used to encode the binary
couplet 11} to increase the storage density of the polvoucleotides being created. Gther
examples are also possible and will be immediately apparent to those skilled in the art
in light of this discloswre. Accordingly, the above description of synthesizing
biological materials such as DNA to encode data should be understood as being

tllustrative only: and should not be treated as hiniting.

80211] VI Reading Machine-Written Biological Material

34



WO 2020/243076 PCT/US2020/034517

j082121  After polvnucleotide strands 650 have been machine-written in one or more
wells 630 of a flow cell 600, the polvaucleotide strands 650 may be subsequently read
to extract whatever data or other nformation was stored in the machine-written
polynucleotide strands 650, Such a reading process may be carried out using an
arrangement such as that shown in FIG. 5 and described above. In other words, one
or more light sources 560 may be used to illuminate one or more fluorophores
associated with the machine~written polynucleotide strands 630; and one or more
image sensors 540 may be used to detect the fluorescent light emitted by the
tlluminated one or more fluorophores associated with the wachine-written
polynucleotide strands 650. The fluorescence profile of the light emitied by the
illuminated one or more fluorophores associated with the machine-written
polynucleotide strands 650 may be processed to determine the sequence of bases in
the machine-written polynucleotide strands 650. This determined sequence of bases
in the machine-written polynucleotide strands 650 may be processed to determine the
data or other information that was stored in the machine-written polynucleotide

strands 650.

[062131  In some versions, the machine-written polynucleotide strands 6530 remain in
the flow cell 600 containing wells 630 for a storage petiod. When it is desired to read
the machine-written polynucleotide strands 650, the flow cell 600 may permit the
maching-written polvnucleotide strands 650 to be read directly from the flow cell. By
way of example only, the flow cell 600 contaiming wells 630 may be received in a
cartridge (e.g., cartridge 200} or base instrument 102 containing light sources 560
and/or image sensors 540, such that the machine-writien polynucleotide strands 630

are read directly from the wells 630.

[B0214]  As another Hlustrative example, the flow cell containing wells 630 may
directly incorporate one or both of light source(s) 560 or image sensor(s) 540. FIG.
10 shows an example of a flow cell 601 that includes wells 630 with electrode
assemblies 640, one or more image sensors 540, and a control circwit 670. Like in the
fow cell 500 depicted in FIG. 5, the flow cell 601 of this example is operable to
receive light 562 projected from a light source 560. This projected light 562 may
cause one or more fluorophores associated with the machine-written polynucleotide

strands 650 to fluoresce; and the corresponding image sensor{s) 540 may capture the
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fluorescence emitted from the one or more fluorophores associated with the machine-

written polynucleotide strands 630,

[80218] As noted above in the confext of the flow cell 500, each well 650 of the
flow cell 601 may include its own image sensor 540 and/or its own light source 560;
or these components may be otherwise configured and arranged as described above.
In the present example, the fluorescence emitted from the one or more flucrophores
associated with the machine-written polvnucleotide strands 650 may reach the iroage
sensor 540 via the opening 660. In addition, or in the altemative, the electrode
assembly 640 may comprise an optically transparent material (e.g., opiically
transparent conducting film (TCF), etc.), and the flow cell 601 itself may comprise an
optically transparent material (e.g., glass), such that the electrode assembly 640 and
the material forming the flow cell 601 may allow the fluorescence emitted from the
one or more fluorophores associated with machine-written polynucieotide strands 650
to reach the image sensor 540. Moreover, various kinds of optical elements (eg.,
lenses, optical waveguides, etc.) may be imterposed between the wells 650 and the
corresponding image sensor(s) to ensure that the image sensor 540 is only receiving
fluorescence emitted from the one or more fluorophores associated with the machine-~

written polynucleotide strands 650 of the desired well{s) 630.

[80216] In the present example, the conirol circuit 670 is ntegrated directly into the
flow cell 601. By way of example only, the control circuit 670 may comprise a
CMOS chip and/or other printed circuit configurations/components. The conirol
circuit 670 may be in communication with the image sensor(s) 540, the electrode
assembly(ies) 640, and/or the light source 560. In this context, “in communication”
means that the control circuit 670 is in electrical communication with image sensor(s)
540, the electrode assembly(ies) 640, and/or the light source 560. For instance, the
control circuit 670 may be operable 1o receive and process signals from the image
sensor{s) 540, with the signals representing images that are picked up by the image
sensor{s) 540. “In communication” in this context may also include the control circuit
670 providing electrical power to the itnage sensor(s) 540, the electrode assembly{ies)

640, and/or the light source 360.

[80217] In some versions, each image sensor 540 has a corresponding control

circuwit 670. In some other versions, a control circuit 670 is coupled with several, if
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not all, of the image sensors in the flow cell 601. Vartous suitable components and
configurations that may be used to achieve this will be apparent to those skilled in the
art in view of the teachings herein. It should also be understood that the control
circuit 670 may be integrated, in whole or in part, in a cartridge {e.g.. removable
cartridge 200) and/or in the base instrument 102, in addition {o or in lieu of being

integrated into the flow cell 601

180218] As still another illustrative example, regardless of whether a write~-only
flow cell like the flow cell 600 of FIG. 7 or a read-write flow cell like the flow cell
601 of FIG. 10 is wvsed, the machine-writlen polynucleotide strands 650 may be
transferred from wells 630 after being synthesized. This may occur shortly after the
synthesis 1s complete, right before the raachine-written polynucleotide strands 650 are
to be read, or at any other suitable time. In such versions, the machine-written
polynuclectide strands 650 may be transferred to a read-only flow cell like the flow
cell 500 depicted in FIG. 5. and then be read in that read-only flow cell 500

Alternatively, any other suitable devices or processes may be used.

180219 In some implementations, reading data encoded through the synthesis of
biological materials may be achieved by determining the well{s) 630 storing the
synthesized strand(s) 650 of interest and then sequencing those strands 650 using
techniques such as those described previously (e.g, sequencing-by-synthesis). In
some implementations, to facilitate reading data stored in nuclectide sequences, when
data is stored, an index may be updated with information showing the well{s} 630
where the sirand(s) 650 encoding that data was/were synthesized. For example, when
an implementation of a system 100 configured to synthasize strands 650 capable of
storing up to 256 bits of data is used to store a one megabit {1,048 576 bit) file, the
system controller 120 may perform steps such as: 1) break the file info 4,096 256 bit
segments; 2} identify a sequence of 4,096 wells 630 in the flow cell 600, 601 that
were not currently being used to store data; 3) write the 4,096 segments to the 4,096
wells 430, 530; 4) update an index to indicate that the sequence starting with the first
identified well 630 and ending at the last identified well 630 was being used to store
the file. Subsequently. when a request to read the file was made, the index may be
used to identify the well{s} 630 containing the relevant strand(s) 650, the strand(s} 630

from those wells 630 may be sequenced, and the sequences may be combined and
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converted into the appropriate encoding format (e.g., binary), and that combined and

converted data may then be returned as a response {0 the read request.

[80220] In some implementations, reading of data previously encoded via synthesis
of biological materials may be performed in other manners. For example, in some
implementations, if a file corresponding to 4,096 wells 630 was 1o be writlen, rather
than 1dentifying 4,096 sequential wells 630 to write it to, a controller may identify
4,096 wells 630 and then update the index with multiple locations corresponding to
the file in the event that those wells 630 did not form a continuous sequence. As
another example, in some implementations, rather than identifving individual wells
630, a system controller 120 may group wells 630 together (e.g., into groups of 128
wells 630), thereby reducing the overhead associated with storing location data (i.e,,
by reducing the addressing requirements from one address per well 630 to one address
per group of wells 630} As another example, in implementations that store data
reflecting the location of wells 630 where DNA strands or other polynucleotides have
been svnthesized, that data may be stored in various ways, such as sequence
identifiers {e.g., well 1, well 2, well 3, etc.) or coordinates {e.g., X and Y coordinates

of a well’s location in an array}.

[B0221]  As another example, in some implementations, rather than reading strands
6530 from the wells 630 in which they were svnthesized, strands 650 may be read from
other locations. For instance, strands 630 may be synthesized to include addresses,
and then cleaved from the wells 630 and stored in a tube for later retrieval, during
which the included address mformation may be used to identify the strands 650
corresponding to particular files. As another illustrative example, the strands 650 may
be copied off the swface using polymerase and then eluted & stored in tube
Alternatively, the strands 650 may be copied on to a bead using biotinyiated oligos
hybridized to DNA strands or other polynucleotides and capturing extended producis
on streptavidin beads that are dispensed in the wells 630. Other examples are also
possible and will be immediately apparent to those of skill in the art in light of this
disclosure. Accordingly, the above description of retrieving data encoded through the
synthesis of biological roaterials should be understood as being illustrative only; and

should not be treated as limiting.
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[80222] Implementations described herein may utilize a polymer coating for a
surface of a flow cell, such as that described in US. Pat. No. 9,012,022, entitled
“Polymer Coatings,” issued April 21, 2015, which is incorporated by reference herein
in its entirety. Implementations described herein may wiilize one or more labelled
nucleotides having a detectable label and a cleavable linker, such as those described in
U8, Pat. No. 7,414,116, entitled “Labelled Nucleotide Strands,” issued August 19,
2008, which 1s incorporated by reference herein in its entirety. For instance,
implementations described herein may utilize a cleavable linker that is cleavable with
by contact with water-soluble phosphines or water-soluble transition metal-containing
catalysts having a fluorophore as a detectable label. Irmplementations described
herein may detect nuclectides of a polynucleotide using a two-channel detection
method, such as that described in U.8. Pat. No. 9.453,258, entitied “Methods and
Compositions for Nucleic Acid Sequencing,” issued September 27, 2016, which 1s
incorporated by reference herein in s entitety. For instance, implerentations
described herein may wiilize a fluorescent-based SBS method having a first nucleotide
type detected in a first channel {e.g., dATP having a label that is detected in the first
channel when excited by a first excitation wavelength), a second nucleotide tvpe
detected in a second channel (e.g., dCTP having a label that is detected in a second
channel when excited by a second excitation wavelength), a third nucleotide type
detected in both the first and second channel {e.g., dTTP having at least one label that
is detected in both channels when excited by the first and/or second escitation
wavelength), and a fourth nucleotide type that lacks a label that is not, or that is
minimally, detected in either channel {e.g., dGTP having no label). Implementations
of the cartridges and/or flow cells described herein may be constructed in accordance
with one or more teachings described 1n U.S. Pat. No. 8,906,320, entitled “Biosensors
for Biological or Chemical Analysis and Systems and Methods for Same,” issued
December 9, 2014, which is incorporated by reference herein in its entirety; U.S. Pat.
No. 9,512,422, entitled “Gel Patierned Surfaces,” issued December 6, 2016, which i
incorporated by reference herein in s entirety; U.S. Pat. No. 10,254,225, entitled
“Biosensors for Biological or Chenucal Analysis and Methods of Manufacturing the
Same,” issued April 9, 2019, which is incorporated by reference herein in its enfirety;
and/or U8, Pub. No. 2018/0117587, entitled “Cartridge Assembly,” published May 3,

2018, which is incorporated by reference herein n its entirety.
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[80223] VIL Systems and Methods for Controlled Regions of Reading and Writing

[082241  One challenge associated with storage devices is allowing for simulianeous
or near-simultaneous reading and writing of data, as some sequencing and synthesis
operations with flow cells may require that the flow cell be conditioned and prepared
{e.g., thermally conditioned to an appropriate temperature, chemically conditioned
with proper reagents, etc.) for either writing of data, or reading of data, at a given
time. For such conventional flow cells and systems, switching between a “write
mode” and a “read mode” may require all operations 1o cease for a period of time
while the wells are brought {0 a certain temperature, flushed of previously used
reagents, receive new reagents, or receive other inputs. With such systems, it may not
be possible to synthesize or write data to a first well of a flow cell, while also
sequencing or reading data from a second well of the flow cell, as it may create a

contlict of reagents or other conditioning inputs being provided to the flow cell.

[80225] Many modem dala storage systems are assumed to have some capability to
allow simultaneous reading and writing of data to a volume, both by users of such
systems, and by other systems and devices that may communicate with such systems.
Thus, an inability {o simultaneously read and write data o a volume may be an
inconvenience (o users, such as where a user may like exchange information between
volumes in a rack of storage devices 50 that one device may be removed and placed in
storage {e.g., copving a first file from volume A to volume B, while also copying a
second file from volume C o volume A}, as it may create a scenario where the user is
unable to remove the volume due to a number of queued actions that cannot be
simultaneously performed. It may also be a technological problem for systems and
devices in communication with the volume, as a software application may be
programuned to constantly write data to a database or file system stored on a volume,
while also regulardy reading data from the same database or file system. Where such
actions cannot be performed simultanecusly, such a software application may
encounter various unexpected behavior and errors, such as reduced hardware
performance as Jocal memories and caches are overwhelmed by queuned operations,
race conditions, or reduced software performance as needed inputs are not available at

the time of an operation.
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[80226] To address such issues, DNA storage devices and the associated systems
and devices operable 1o read data, write data, or read and write data may implement
one or more features such as selective activation of wells, simultaneous read-write
caching, and multi volume management for simultaneous read-write operations using
a DNA storage system. While examples described herein refer to a “DNA storage
system,” it should be understood that this is only one example of polynucleotide
storage. The teachings herein may be readily applied o storage syvstems that uiilize
polynuclectides that are not necessarily in the form of DNA. The invention is thus
not limited to using DNA as the only kind of polvnucleotides for storage as described
herein. Moreover, polynucleotides are onlv one example of biological material that

may be used for storage as described herain.
80227] A Example DNA Storage System

{80228] When described herein, a system operable to read digital data encoded as
DNA, or encode and write digital data to DNA, may be referred to as a system for
DNA storage, or a DNA storage system. It should be understood that such a system
may include various components and devices that may be assembled into a single
piece of equipment {e.g., may be assembled and communicatively coupled within a
case);, or may be separate pieces of equipment that may be connected, arranged, or

both in order to provide the described features.

[8022%9] FIG 21 shows a schematic diagram of an example of a DNA storage
system 1300, The DNA storage system 1300 includes a set of instrumentation 1301
and a storage device 1320, The set of instrumentation 1301 may correspond to the
base instrument 102 described above. The set of instrumentation 1301 may be
assembled within a single piece of equipment, or may be one or more separate pieces
of equipment arranged, connected, or both, in order to provide the described
fumctionality. The set of instrumentation 1301 includes a storage controller 1302 that
may be one or more processors and memories configured to store and execute
mstructions to operate the set of instrumentation 1301, The set of instrumentation
1301 also includes a sequencing device 1304, a synthesis device 1306, a fludics

device 1308, and an elecirical interface 1310,

[06236] In some implementations, the storage controller 1302, the sequencing

device 1304, the synthesis device 1306, the fluidics device 1308, and the electrical
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interface 1310 may be separate devices with one or more fluidic, eleciric, or
mechanical interfaces therebetween. In other implementations, the storage controller
1302, the sequencing device 1304, the synthesis device 1306, the fluidics device
1308, and the electrical interface 1310 may be integrated into a single device with
each of the sequencing device 1304, the svnthesis device 1306, the fluidics device

1308, and the electrical interface 1310 forming a sub-component thereof.

{06231} The storage device 1320 may be permanently or removably coupled with
the set of mstrumentation 1301; and includes a flow cell 1322 having a plurality of
wells. The storage device 1320 also includes a sequencing interface 1324, a synthesis
interface 1326, a fluidics interface 1328, and a set of module electromcs 1330, In
some implementations, the flow cell 1322, the sequencing interface 1324, the
synthesis interface 1326, the fluidics interface 1328, and the set of module electronics
1330 may be separate devices with one or more {luidic, electric, or mechanical
interfaces therebetween. In other implementations, the flow cell 1322, the sequencing
interface 1324, the synthesis interface 1326, the fluidics interface 1328, and the set of
module electronics 1330may be integrated into a single device with each of the flow
cell 1322, the sequencing interface 1324, the synthesis interface 1326, the fluidics
interface 1328, and the set of module electronics 1330 forming a sub-component

thereof.

[80232] The sequencing device 1304 is operable to read data encoded and stored as
DNA in one or more wells of the siorage device 1320, and may include features such
as imaging devices, optical sensors, lighting devices (e.g., LEDs, illuminators), and
other devices that are usable to detect characteristics of DNA stored within a well
{e.g., such as the process and devices described above in relation to SBS, where
fluorescent labels or tags associated with individual nuclectides are detectable by an
optical sensor). The sequencing device 1304 interacts with the flow cell 1322 via the
sequencing interface 1324, The sequencing interface 1324 may be a glass cover or
other interface surface configured to allow the sequencing device 1304 1o interact
with the flow chanuels 410. In an example where the sequencing device 1304
includes an optical sensor and light source usable to detect tagged nucleotides, the
sequencing interface 1324 may be an optically transparent glass cover that covers the

flow channels 410 and prevents leakage of fluds transported within while
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transmiiting light in each direction. In some implementations, the sequencing
interface 1324 may include one or more waveguides to selectively illuminate one or

more portions of the flow cell 1322,

{06233} The synthesis device 1306 is operable to syuothesize DNA having a
particular arrangement of nucleotides within one or more wells of the flow cell 1322
of the storage device 1320, In other implementations, the synthesis device 1306 may
synthesize DNA nucleotides on a particular surface of the flow cell 1322 without
wells. The synthesis device 1306 includes a store of individual nucleotides or other
biological material and an input delivery device operable to communicate input
biological material to one or more wells of the flow cell 1322 In some
implementations this may mclude a set of electrodes positioned proximately to the
wells and operable to attract a particular nucleotide to a particular well, while the
input delivery device provides a nucleotide carrier fluid, or a nucleotide writing
reagent, to the flow channel 410 via the inlet port 420. In some implementations, this
may include a nucleotide injection head that mav be positioned proximately to a
desired well and one or more nucleotides may be released in a desired order. The
synthesis interface 1326 is configured o allow the synthests device 1306 to interact
with one or more wells, and so will vary depending upon the particular synthesis
device 1306, In some implementations, the synthesis interface mav be a conductive
faver or coupling that receives electrical characteristics from an electrode and
conducts them to an area proximate to a well. In some implementations, the synthesis
interface 1326 may nclude soroe or all of the fluidics interface 1328, such as where
the synthesis device 1306 provides a nucleotide carrier fluid during synthesis. In
some implementations, the synthesis interface 1326 may be a porous membrane that
allows nucleotides to pass into the fow channel when injected by a nucleotide
injection head at a desired location. In some implementations, the synthesis interface
1326 may be formed from a flexible material, or may include a plurality of small
valves, or may include other features that are configured to self-seal after a nucleotide

imjection head provides nucleotides.

180234] The fludics device 1308 may include any of the devices or features
described herein in relation to fluidics, and may include a fluidics network, pumps,

valves, and other components operable to provide a desired fluid type, at a desired
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volume and pressure, to one or more of the flow channels 410, or particular locations
on the one or more flow channels 410, In some implementations, the fluidics device
1308 may include electro-wetting features operable to precisely direct desired
volumes of fluid to desired locations, rather than flooding the flow channels 410 with
fluid. The fhuidics interface 1328 will vary based on a particular implementation of
the fhadics device 1308, but may include fhudics networks within the storage device

1320, the inlet ports 420, the outlet ports 422, and other components.

180235] Fluds provided with the fluidics device 1308 may include fluid reagents
that are created and used in various processes performed with the sequencing device
1304 and the synthesis device 1306, and may also include non-functional fluids such
as distilled water used to flush and clean one or more components of the DNA storage
system 1300. Reagents used by the sequencing device 1304 may vary from those
used by the synthesis device 1306, and each device may itself use one or more
different reagents during different parts of synthesis and sequencing. When used
herein, any of the varying reagents that may be supplied during sequencing operations
may be referred to collectively as nucleotide reading reagents, while any of the
varying reagents that may be supplied during synthesis operations may be referred to

collectively as nucleotide writing reagents.

[80236] The electrical interface 1310 may mclude wired, conductive connections, or
may include wireless transceiver devices (e.g., RFID, NFC, Bluetooth, optical
transmitters, inductive charging devices) that are capable of exchanging power, data,
or both with the module electronics 1330 of the storage device. This may include
providing power and exchanging data with an electronic memory of the storage
device 1320, providing power and exchanging data with one or more sensors of the
storage device 1320, and enabling other electronic or data dniven capabilities of the

module electronics 1330, where present.

[80237] The DNA storage system 1300 may also include a module receiver 1321
that includes one or more features to couple and statically position the storage device
1320 relative to the set of instrumentation 1301 during use, where the storage device
1320 is a removable, cartridge tvpe of storage device. In other implementations, the
storage device 1320 mav comprise a flow cell 1322 that interfaces with the

components of the set of instrumentation 1301, The module receiver 1321 may
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include a slot in which the storage device 1320 mav be seated, as well as guiding
features {(e.g., rails) and locking features to position the storage device 1320 with a
high degree of precision and immobilization, so that one or more of the set of
mstrumentation 1301 are repeatably and automatically positioned to interact with their

corresponding interfaces.

[80238] 1t should be understood that the DNA storage system 1300 is one example,
and that many vanations are possible and will be apparent to those skilled in the art in
light of this disclosure. As an example, the set of instrumentation 1301 and the
storage device 1320 may have fewer components, or more components, than shown.
As another example, some implementations of the storage device 1320 may include
components of the set of instrumentation 1301, such as where a plurality of electrodes
of the sequencing device 1304 are integrated on or within the flow cell 1322 itself. In
such cases, the portion of the sequencing device 1304 paired with the set of
instrumentation 1301 may include conductive switching networks that allow electrical
signals to be produced and transmitted to a desired elecirode within the flow cell

1322.
[80239] B. Storage device with Selective Activation of Wells

[B0248]  In some DNA sequencing systems, there is an “all or nothing™ approach to
sequencing DNA with a plurality of wells. As an example, a particular chanoel of a
flow cell (e.g., such as the flow channel 410} may have thousands of mdividual wells,
each containing at least one strand of DNA. In order to sequence and read encoded
data from a single strand of DNA in that channel using a process such as sequencing
by synthesis, the entire channel may be flooded with chemical reagents to prepare the
stored DNA for matching with optically tagged nucleotides, illuminated with a light
source io make optical tags visible, and imaged with an imaging device or optical
sensor to caplure the tags. As may be seen, even though encoded data may only be
desired from a single well, DNA stored in thousands of other wells may be impacted
by the process. which may contribute, over time, and over a number of read

operations, to degradation or damage to stored DNA.

[80241] FIG 11A-11C depict top-down views of wells that may be implemented
with a flow cell in order to address these aspects and others. FIG. 11A shows a single

well 700 that may be positioned with a plurality of other wells on a surface 702 of a
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flow channel or other flow cell structare having a plurality of wells. The well 700
includes a sidewall 704 that defines an opening in the surface 702, and that descends
into the structure of the flow cell. The well 700 also includes a ring electrode 706
positioned at the bottom of the well 700, having features similar to those described in
the context of the electrode assembly 640, shown in FIGS. 9 and 10 In particular, the
ring electrode 706 is operable in response to electrical signals to produce electrical
characteristics such as current and voltage at the well 700 and withan fluids proximate
to the well. Due to its shape, the ring electrode 706 also allows for a port space 708 at
the botiom of the well 700 that may be an optical port, a fluid port, or both. Where
the port space 708 includes an optical port, the bottom of the well 700 may be
constructed of glass or other optically transparent materials to allow for illumination,
imaging, or both from below the well {eg., through the closed side of the weil).
Where the port space 708 includes a fhud port, an opening may pass through the
bottom of the well to the closed side of the well (e.g., opposite the open side of the
well, and referred to as “closed” even when a fluid port is provided). While the ring
electrode 706 is shown as a single monolithic electrode in FIG. 11A, it should be
understood that the ring electrode 706 mway in fact be formed by a plurality of
individually addressable electrode segivents (e.g., like the segments 642, 644, 646,

648 of the electrode assembly 640},

[06242] A fluid port may be usefid to allow flushing and reagent exchange, as
shown and deseribed in FIG. 9, and may be provided as an aliemnative to, or in
addition to a fluid path that flows over the surface 702, A flwuid port may be
connecied to a fluidic network to allow fluid to be provided to flush used reagent from
the flow channel {e.g.. by expelling it through the open side of the well 700}, or to
provide suction to pull used reagent through the bottom of the well, either of which
may be performed in conjunction with similar operations along the swrface 702 {e.g.,
flushing fluid may be provided along the surface 700 while a fluid port is used to
suction the flushing flurd and any remaining reagent through the bottom of each well).
Implementations having both a fluid port and an optical port in the port space 708
may combine both functionalities by, for example, offsetting the fluid port fo an edge
of the port space 708 and using the remaining space of the port space 708 for

unobstructed imaging and illumination of the well.
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[80243] With a plurality of wells such as the well 700, each having the electrode
ring 706, individual wells may selectively be “activated” or “deactivated” during
sequencing or synthests operations that may otherwise affect every well on the surface
702, even where reagents and other fluids are provided to the entirety of the surface
702. As an example, the electrode ring 705 may be operated to produce a current or
voltage in one or more wells that is either altractive or repulsive to one or more
nucleofides, enzymes, sequencing primers, polvmerases, or other substances
suspended in fluid at the surface 702, to increase the chance {e.g.. as a result of an
altractive electrical characteristic) that a desired substance will be pulled from fhad at
the surface 702 to fhuid within the well 700 itself, or to decrease the chance (e.g, as a
result of a repulsive electrical characteristic) that undesired substances will flow from

the surface 702 to within the well 700.

[80244] As another example, individual electrodes such as the electrode ring 706
may be activated on a per-well basis, as has been described, in conjunction with
flooding the flow cell with a voltage sensitive functionalized fluid to locally influence
pH of the fluid at the surface 702 and within the well 700, to aid in attracting or
repulsing suspended nucleotides, or selectively activaie nucleotides for binding by
controlling the pH of the voltage sensitive functionalized fluid through five control of

voltages produced by the electrodes.

[80245] Used as described above, electrodes that are selectively controllable for
each individual well allow for DNA to be sequenced and data to be read from a
selected set of wells that are activated for sequencing, while preventing sequencing of
wells that are deactivated for sequencing. The described functionality may simiarly
be applied to synthesis of DNA within wells, as a fluid including nucleotides of all
types may be provided to the entire surface 702, and electrodes at mdividual wells
may be activated to draw the next nucleotide needed for synthesizing into the well
700. As an example, where digital data being stored in a particular well has been
encoded into a DNA format (e.g., a format that may be readily converted from and to
binary, as described above) that describes an ordered sequence of nucleotides such as
“AGCT", the electrode at that well may be operated by signals from the sequencing

device 1304, the storage controller 1302 or both to produce an ordered sequence of
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currents, voltages, or other elecirical characteristics to sequentially attract an A, G, C,

and then T nucleotide into the well 760

{06246} By being able to mmdividually sequence or syuthesize on a per well basis,
indexes or other addressing information providing spatial locations of wells impacted
by a particular read or write operaiion may be used to activate only those wells.
Indexes or other addressing information providing spatial locations of wells impacted
by a particular read or write operation may also be used to conserve reagents,
conserve hardware usage, and conserve processor time that may normally be wasted
during undesired sequencing or synthesis. Reagents containing suspended substances,
such as nucleotides and enzymes, may also be conserved by controlling localization
of substances by a combination of charged tags and stripping of enzymes from wells
when they are not needed. Passive optical features may also be included in wells,
including optical waveguides and polarization of materials to prevent or at least
reduce cross-talk between wells, and confine Humunation, whether for activation of
nucleotides and other substances or to create fluorescence, and optical imaging to a
desired well. By using electrodes on a per-well basis, as described above, it may be
seen that movement of nucleotides and other substances 1o and from the well may be
promoted or suppressed in order to cootrol and create particularized desirable

movemenis.

[80247] It should also be noted that the flexibility of the electrodes allows a single
electrode associated with a well to promote desirable synthesis and writing of encoded
data to a well while in a “write mode™; and to also promote desirable sequencing and
reading of encoded data from the same well while in a “read mode”. This flexibility
may in twrn allow for simultaneous reading and writing to different wells on the
surface 702, such as where a particular well may be activated for writing {0 draw
certain nucleotides and other substances from a multi-substance fluid for use in
synthesis; while a different well may be activated for reading to draw certain
nucleotides and other substances from the same multi-substance fluid for use n
sequencing, while cach suppressing the uptake of undesirable substances into their
respective wells. Such functionality mav be implemented as described above; and
may also be implemented with one or more other features disclosed herein to aid in

the simultaneous reading and writing of data to separate wells on the surface 702
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[80248] FIGS. 11B and 11C each show an alternate well implementation that
provides the features described above in relation to the well 700. In FIG. 11B, a well
701 on the surface 702 does not include the elecirode ring 706, and instead leaves
more room for the port space 708 at the bottom of the well 701. The port space 708
may be an optical port, as described above, that allows illumination and imaging from
the underside of the well 701, A fluid port 709 is also shown offset to the edge of the
port space 708 as described above, to allow a larger area for unobstructed imaging
through the optically transparent port space 708, An electrode 712 is mounted in the
interior of the well 701, on the sidewall 704, where it may be operaied to create
desirable electrical conditions on a per-well basis, while also maximizing the size of
the port space 708. While only one electrode 712 is shown in FIG. 11B, this well 701
may include more than one electrode 712. For instance, some variations of the well
701 may include four separate electrodes 712 at respective locations along the
sidewall 704, with each electrode 712 being associated with a corresponding

nucleotide base.

180249] In FIG 11C, a well 703 includes an electrode 714 mounted on a surface
702 at a perimeter of the well 703, just above the sidewall 704. The well 703 lacks
the fluid port 709, though it may be implemented with the well 703 if desirable. The
port space 708 of the well 703 is relatively large, and completely unobstructed, which
may atlow for the greatest level of optical exchange from beneath the well 703 (e.g.,
from the closed side of the well 703). As with prior examples, the electrode 714 may
be operated to create desirable electrical conditions proxiroate to the well 703 on a

per-well basis.

18025¢] Each of the above described electrodes of FIG. 11A-11C may be mounted
to the structure of the fow cell, with electrical conneclions embedded within the
structure itself and routed to an underside of the structure (e.g., on the closed side of
the wells, opposite the surface 702). These electrical connections may be coupled
with an integrated circuit (JC} or complementary metal oxide semiconductor ({CMOS)
that is configored to route and control provision of electrical signals to desired
electrodes, such as the control circuit 670 of FIG 10, When used with the storage
device 1320, such a conirol circuit may be integrated into the storage device 1320 and

coupled to the underside face of the flow cell 1322, or may be part of the set of
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instrumentation 1301 that is precisely positioned against the underside of the flow cell
1322 when the storage device 1320 is coupled with the set of mstrumentation 1301,
such that each surface electrical lead of the control circuit is paired with a
corresponding surface connection on the underside of the flow cell 1322, and each
surface connection on the underside of the flow cell 1322 leads to an electrode for an

individual well.

180251 FIGS. 12A and 12B illustrate aspects of an aliernative svstem for providing
selective, per-well promotion and suppression of substance uptake from surrounding
fluids. FIG. 12A shows a portion of a DNA storage system, such as the DNA storage
system 1300, that is operable fo read, write, or read and write data {0 one or more
wells of the flow cell 1322 selectively and on a per-well basis. In that figure, a spatial
light modulator (SLM) systerm 800 is shown that includes a spatial light projector
{SLP) 806 {e.g., a light source paired with a digital micromisror device, a set of LEDs
patred with an optically addressed set of liquid ciystals, or another spatial light
modulating device} and an SLM controller 808 The SLM system 800 is shown in
relation to a flow cell 802, which may be similar to the flow cell 1322 and other
examples of flow cells described herein. While the flow cell 802 is shown including a
set of wells 804 that contains nine wells in a three-by-thuee grid, it should be
understood that this is to aid in visualization of the system, and that the SLM system

800 may operate with flow cells having thousands of individual wells 804

{80252] The SLM system 800 may be operated by one or more devices of the set of
instrumentation 1301, such as the sequencing device 1304, the synthesis device 1306,
or the storage controller 1302, in order to produce patterns of light onto the flow cell
802. The projected patterns of light include spatially encoded control signals that may
be configured to interact with fhiids and substances carried within fluids that are near
or within wells 804 in order o promote or suppress movement of substances, as
described above in relation to the electrodes of FIG. 11A-11C, to and from the wells

804.

[80253] The SLM controller 808 is coupled with the SLP 806 and provides control
signals to the SLP 806 based upon instructions received from a device such as the
storage controller 1302, Such instructions may be generated in response o requests

for data to be read from the storage device 1320, for data to be wriiten to the storage
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device 1320, or both. To provide examples, insiructions provided to the SLM
coniroller 808 from a device such as the storage controller 1302 may include
identification of a first well 804 1o be activated for writing of data {e.g.. synthesis of
DINA within the first well 804), identification of a second well 804 for reading of data
{e.g., sequencing of DNA within the second well 804), or both, simultaneously. The
SLM controller 808 may convert those instructions into control signals configured to
cause the SLP 806 to project a spatial pattemn of light onto the flow cell 802,
corresponding to the identified wells 804 and the desired read or write operation for

cach well 804.

[06254] Spatially encoded light patterns provided by the SLP 806 may include, on a
per-pixel basis where a plurality of pisels mav correspond to each well 804 of the
flow cell 802, the presence of absence of illumination; as well as variations on
characteristics of illumination such as color, wavelength, frequency, magnitude or
brightness, and others. Light projected into an individual well 804 may cause
nucleotides, enzymes, or other substances within that well 804 to be moditfied in some
way {e.g., cleaved, degraded, destroyed, attracted towards a light, repulsed from a
light), or may cause localized changes in pH or other characteristics of the fluid to
promote or suppress transport of substances to that well 804, In this manner, the SLM
system 800 provides functionality similar to that described above in the context of the
electrodes of FIG. 11A-11C, per-well activation or deactivation for sequencing,

synthesis, or both simultaneously.

[802558] As a result, complex spatially encoded light patterns may be projected
across a plurality of wells 804 simultaneously, with each well receiving a portion of
the projection that is configured to cause desirable behavior of nearby fluids and
substances for that well 804, FIG. 12B ilustrates a siroplified exarmple of the above
in relation to the flow cell 802. A spatially encoded projection 810 is shown, with 9
regions that correspond to the wells 804 in FIG. 12A. Regions that are depicted with
a dotted pattern are receiving light that is configured to promote the transport of
substances needed to read data {rom a nearby fhud to a well 804, while regions that
are depicted as solid white are receiving no hight, or are receiving light that is

configured to suppress transport of substances in the nearby fluid to a well 804, A
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region &14 corresponds to a well 1-3 of the set of wells 804, while a region 812

corresponds to a well 1-1 of the set of wells 804.

[80256] As may be seen, the spatially encoded projection 810 provides hight to the
region 812 that is configured to promote a desired synthesis of DNA within well 1-1;
and may be varied over time to promote the uptake and binding of particular desired
nucleotides, in an ordered sequence, to build a desired polynucleotide. In parallel, the
region 814 projected onto the well 1-3 suppresses uptake of one or more substances
for the well 1-3, preventing reagents from being wasted on that well 1-3, or
preventing DNA already stored within that well 1-3 from being undesirably affected
by nearby fhud.  As an altemnative to the above example, where the sohid white
regions indicate light that is configured to promote reading of DNA from the
corresponding well 804, the region 814 projected onto the well 1-3 may suppress
uptake of substances from nearby fluid that relate to synthesis of DNA within well 1-
1, while promoting uptake of substances required for sequencing of DNA within well

1-3.

1802587] In a simplest form, the altemating regions of the spatially encoded
projections may be the presence of a light across the entire region, or the absence of
tight across the entire region. However, the SLM system 800 is also capable of
projecting more complex patterns of light, such that the region 812 may be projected
as hundreds or thousands of individually controllable pixels of light, each having their
own characteristics and being individually projectied onto the well 804, such that the
SEM system 800 may both promote uptake of a certain nucleotide by the well 804,
and may also direct the nucleotide to a desired location within the well 804 {e g,

centered within the well 804, offset to an edge of the well 804).

[006258] The SLP 806 may be positioned above the flow cell 1322 {e.g., on the open
side of the wells §04) in order to project inio the wells 804 from their open sides, via
an mnterface such as an optically transparent glass sequencing interface 1324 above the
wells 804, or may be positioned under the flow cell 1322 {e.g, on the closed side of
the wells 804) in order to project into the wells 804 from their closed sides, via an
optically transparent sequencing interface 1324 such as the port space 708 configured

for optical transnuission into the well 804.
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[8023%9] Some implemeniations of the DNA storage system 1300 may include
electrodes operable to provide per-well control and activation or deactivation of wells
for desired procedures as described in FIG. 11A-11C, in combination with the SLM
system 800. In this manner, a well may be activated for writing or reading of data by
a combination of both produced electrical characteristics and projected light
configured 1o provide a complementary or additive effect for promotion or
suppression of uptake. As another exarople, a first set of wells may be activated for
writing of data based upon produced electrical characteristics, while a second set of
wells may be activated for reading of data based upon projected hight.  As another
example, electrical characteristics and projected light may be used to perform write
operations on separate wells; or read operations on separate wells.  These
combinations may be paired with a configuration of substance carrying fluids that
allow for certain nucleotides or bases to be electrically released or transported (e.g.,
based upon interaction with current or voltage) while being unaffected by projected
light, while other nucleotides or based are only reactive to projected light, and are not

substantially affected by electrical characteristics.

[B0268] FIGS. 11A and 11B illustrate aspecis of another example of a systers that
may provide per-well activation and deactivation, as has been described. FIG. 13A
depicts a schematic diagram of a portion of a DNA storage system operable to read,
write, or read and write data to one or more wells 904 on a per well 904 basis. An
electro~wetting system 900 includes an electro-welting controller 912 that is coupled
with an electro-wetting surface 906, The electro~-wetting surface 906 is overlaid upon
a flow cell 902, with openings for a set of wells 904. The electro-weiting surface 906
may be coupled with the flow cell 902 on the top side (e.g., the open side of the
wells). Also shown are a fluidics controller 908 and a {luid supply port 910, which
may be compouents of the fluidics device 1308, and which are operable to control the

flow of thuds to and from the flow cell 902 via the fluidics interface 1328,

[80261] The electro-weiting controller 912 is configured to provide electrical
signals (e.g., current, voltage) to the electro-wething surface 906 1 order to produce
varving elecirical conditions at discrete locations across the eleciro-wetting surface
906. The electro-wetting controlier 912 may receive mstructions from a device such

as the storage controller 1302 identifying a path along the electro-wetting surface 906,
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such as a path leading from the fluid supply port 910 to one or more of the wells 904,
or a path between wells 904, The electro-wetting controller 912 may produce a
sequence of electrical conditions (e.g., voltage pattemns) on the electro~-wetting surface
906 with a high degree of precision, both spatially (e.g., at a particular location) and
electrically {e.g.. a particidar current, voltage, or frequencv), based on these
instructions.  The fluidics controlier 908 may receive corresponding instructions,
indicating fluid types, amounts, composttions, and delivery sequences for fluid to the
electro-wetting surface 906. Based on these instructions, the electro-wetting
controller 912 and the fluidics controller 908 operate n parallel, mwanaged by the
storage controller 1302, or in communication with each other, in order to provide a
precise amount and composition of fluid, such as a fluid droplet, to an input area of
the electro-wetting surface 906, followed by a precise sequence of electrical
characteristics along the electro~-wetting surface 906 that are configured to transport

the fluid droplet from the input area, to one or more of the wells 904,

180262] In this manner, rather than flooding or immersing the entire surface of the
flow cell 902 with fluid, individual droplets may be composed and delivered directly
to a corresponding well 904 o enable writing or reading of data. This allows for
selective reading and writing to individual wells 904 (e.g., described as “activating”
and “deactivating” wells above in relation to electrode based and SLM
implementations), as well as simultaneous read and write operations across the wells
904, without mterference. The electro-wetling systern 900 also conserves reagents, as
it does vot require flooding or iromersion of multi-substance reagents that may
mnclude a number of nucleotides, enzymes, or other substances that are necessary for
an operation in one well 904; but may be wasted or may imterfere with an operation in
another well 904, Instead, a fluid droplet that is substantially the same vohume as the
well 904, and that contains only the substances needed for an operation in that well

904, may be delivered directly to that well 904.

[80263] FIG. 13B ilustrates an example of an electro-wetting process. A surface
map 920 corresponds to the set of wells 904, As with prior examples, nine wells 904
are shown for simplicity, but 1t should be understood that the eleciro-wetting system
900 may support swrfaces having thousands of wells 904, such as by introducing

additional fluid supply poris 910 at discrete locations across the electro-wetting
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surface 906, in order to minimize travel distance for a particular droplet. A first path
922 1s lustrated on the surface map 920 as a dotted line, traveling along intersiitial
spaces between wells 1-2 and 1-3, before reaching an interstitial space proximate to
well 2-3, and being directed into that well 2-3. The first path 922 may be produced by
a sequential set of elecinical conditions (e.g., applied voltage changes) along the
electro-wetting surface 906, configured to attract the droplet to a subsequent location,
repulse the droplet from a current location, or both; and may also include pairs of
electrical conditions that surround the first path 922 and direct the dropiet back onto
the path, sornewhat similar to a set of “rails” which both guide the droplet and prevent

deviation from the first path 922

{06264} Sinularly, a second path 924 travels along interstitial spaces between wells
904 until reaching well 2-2, where a droplet may be split into two, with one portion
being directed into well 2-2, and a second portion continuing along to well 3-1. This
path may be produced similarly to the first path 922, with an additional process of
splitting the droplet when the path branches. This may be performed by, for example,
creating electrical conditions along a midline of the droplet to divide 1t in two, paired
with electrical “rails™ or other conditions to direct each sub-droplet from the location
of splitting to a subsequent location. The second path 924 roay be useful where, for
example, well 2-2 and well 3-1 are each being prepared to svnthesize DNA, and so
require the same or a very similar fluid composition.

{00265} The electro-weiting system 900 may be paired with other systems disclosed
herein, such as the per-well electrodes of FIG. 11A-11C, the SLM system 800, or
both. As an example, activation of electrodes mav be paired with delivery of a
droplet to filter out trace amounts of undesired substances that may be collected from
the electro-wetting surface 906 during transit of a droplet. Alternately, droplets may
travel across wells instead of or in addition to interstitial spaces, with electrodes of
traversed wells being activated to prevent uptake. As another example, a droplet may
contain a mix of substances, with separate subsets of the mix being intended for two
separate wells. The mixed droplet may be transported to a first well, which may
activate an electrode to exiract ifs desired subset from the droplet, so that the droplet

may be transported to the second well to deliver the remaining substances.
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[80266] The SLM system 800 may be paired with the electro-wetting system 900
and may project patterned light onto wells that a droplet is traveling past in order to
suppress accidental uptake of substances by those well as the droplet passes.
Alternately, the SLM system 800 may project pattemned light onto the interstitial
spaces or other paths of the electro-wetting surface 906 that droplets {ravel on, in
order to destroy or degrade remnant substances and prevent them from being absorbed

by a subsequent bead.

[08267] In some implementations, the electro-wetting surface 900 may be a
component of the storage device 1320; and may be integrated and coupled with the
flow cell surface as shown in FIG. 13A. In other implementations, the electro-wetting
surface 906 may be a component of the set of instrumentation 1301 {eg, the
sequencing device 1304 or the synthesis device 1306}, and may be coupled against the
surface of the flow cell 1322 as a result of the storage device 1320 being inserted or
otherwise coupled with the set of instrumentation. As an example, where the storage
device 1320 is inserted into the module receiver 1321, the electro-weiting surface 906
may slide into a slot or opening in the storage device 1320 and be automatically
aligned with the wells of the flow cell 1322 as the storage device 1320 1s locked into
place, as has been described, such that discrete portions of the electro-wetting surface

906 may still be accurately addressed to individual wells.

[80268] Several implementations for providing selective activation and deactivation
of wells, on a per-well basis, for reading and writing operations have been disclosed.
FIG. 14 depicts a flowchart of a process 1000 that may be performed to utilize such
systems and devices to provide controlied regions of reading and writing to a plurality
of wells. An index of wells may be maintained (block 1002} by a device such as the
storage controller 1302, and that may include details such as the status of each well of
the flow cell 1322, Well status information may uniquely identify each well (e.g., by
an ID number, a physical location on a surface of the flow cell 1322, or both), and
indicate whether each well contains a polynucleotide, or is empty. Well status
information may also include identifiers for information stored mn that well, such as a
fist of files, a descrption of data, a unique write operation identifier. a time and date
of write operation, or other similar information. Such information may also be stored

as a separate file index that indicates one or more wells that each file is stored in by
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fisting out the unique identifier for those wells, with the well index containing the
unique identifier and the physical location or address of the well. The well index, file
index, or both may be stored on a memory or drive accessible fo the storage controller
1302; or may be stored on an electronic memory that is a component of the storage

device 1320, as will be described 1n more detail below.

[8026%] The DNA storage system 1300 may receive (block 1004) requests from
users, or from other system and devices, for data to be written to or read from a
storage device; and may store data associated with those requests untif they may be
completed. As a request is received {(block 1004), the DNA storage system 1300 may
determine (block 1006} one or more wells affected by the request. For a request to
read data and provide output, this may include referencing the well index to deternmune
the identity of wells which may be read from in order to generate a description of the
machine-written polynucleotide contained therein; and convert the polynucleotide into
digital data. For a request to write input o a storage device, this may include
referencing the well index to identify one or more fully or partially empty wells that
provide the required amount of storage based upon the input size; and assigning

portions of the input to each well.

[062787 The DNA storage system 1300 may manage (block 1008) well activation
for the affected wells, which may include any or all of the following: (1) activating
the affected wells for reading of data or activating the affected wells for writing of
data; (2) deactivating or otherwise protecting wells that are nearby or adjacent to
affected wells {(e.g., such as where the electro-wetting system 900 may provide
droplets to a target well, and adjacent wells may be deactivated), and/or (3)
deactivating every well that is not an affected well (e.g.. such as where the entire
surface of the flow cell receives a multi~substance fluid, and every non-affected well
is deactivated fo prevent undesired synthesis or sequencing). As has been described,
well activation may include using svstems and devices such as those shown in FIGS.
11A-11B to promote desired transport and binding of substances in a target well, to
suppress undesired uptake of substances in untargeted wells, or both. While it may be
nore accurate, m soroe implementations, o say that a nucleotide or other substance is
activated while the well itself remains unchanged, it should be understood that

“activation” of a well is used herein to contemplate both changes to characteristics
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associated with the well (e.g., elecirical characteristics of the area near the well), as
well as changes {o substances near the well {e.g., activation of nucleotides in response

to voltage or photonic energy).

{80271] The DNA storage system may perform 1010 the input and output requesis
by sequencing or synthesizing DNA in the respectively activated wells, using methods
such as those described herein, which may include providing various reagent fluds to
some or all of the wells, providing ordered sequences of nucleotides to wells,
tluminating and imaging wells, and others. As has been described, data to be written
to a well may be encoded into a DNA format (e.g., where nucleotide bases correspond
to binarv data, such as where each individual nucleotide corresponds to a different
binary couplet), which is used to determine the sequence of nucleotides written to a
well. Data that is read from a well will be in the DNA format initially, and will
describe an ordered sequence of nucleotides, which may be converted back into

binary data using corresponding decoding rules.
180272] B. Caching Methods for Simultaneous Reading and Writing

180273] In addition to benefiting from features that allow for stmultaneous reading
and writing of data to a storage device, systems such as the DNA storage system 1300
may also benefit from DNA storage specific approaches to caching that may simulate
sitnultaneous reading and writing of data, such that users or other systems and devices
that depend upon the DNA storage system 1300 are not impacted by occasional
delays in the ability of the DNA storage system 1300 {o write data to the storage
device 1320, Some implementations of these caching strategies may also mimmize

the likelthood of future read-write conflicts.

[06274] While the set of instrumentation 1301 may include various system-level
caching features (e.g., such as a processor, memory, or motherboard cache built into
the storage controller 1302 and configured to automatically cache data relating to
basic operations of the processor), it may be advantageous to provide a cache
memory, such as an electronic memory, that is associated with the storage device
1320 rather than the set of instrumentation 1301, As an example, where data is being
written to the storage device 1320 and a user initiates dismounting of the volume {rom
the set of nstrumentation 1301 of the DNA storage system 1300 before writing to the

flow cell 1322 may be completed, unwritten data may be stored on the electronic
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memory, and will travel with the storage device 1320 until such a time that it may be
written to the flow cell 1322, As another example, where an index of wells is
maintained {(block 1002) such as described in FIG. 14, it may be useful fo maintam
that index on an electronic memory that travels with the storage device 1320, instead
of, or in addition to, storing the index in a cloud storage, or on a permanent storage
volume of the set of instrumentation 1301 of the DNA siorage system 1300, In this
manner, if the storage device 1320 is transported and mounted with a set of
mnstrumentation 1301 of a different DNA storage system 1300, the well index is
immediately available, rather than requiring information be obtained from the cloud
storage volume, or from a previously coupled set of instrumentation 1301 of the DNA

storage system 1300.

[80278] FIG. 15 depicts a schematic diagram illustrating an example of a storage
device 1100 usable with a DNA storage system such as the DNA storage system
1300. The storage device 1100 includes a cartridge interface 1104 (eg., the
sequencing interface 1324, the synthesis interface 1326, etc.) configured to couple the
storage device 1100 with a DNA storage system interface 1108 (e.g, the set of
nstrumentation 1301, the electrical interface 1310). The storage device 1100 aso
includes a flow cell 11066 on which data may be stored and written as polynucleotides.
A cache memory 1102 is included in the storage device 1100, and may be part of the
module electronics 1330, such that i is coupled with the electrical interface 1310
when the storage deviee 1320 is placed or mounted in the DNA storage svstem 1300.
The electrical interface 1310 both powers the cache memory 1102 and allows for
exchange of data between the cache memory 1102 and the storage controller 1302 or
other devices. In some implementations, the cache memory 1102 may be a non-
volatile, electronic solid-state memory configured to be physically connected for data
transfer. In some implementations, the cache memory 1102 may be configured for
wireless data transfer when coupled to the DNA storage system 1300. In some
implementations, the cache memory 1102 may include several memories, such as a
large solid-state memory intended for storage of data, and a smaller wireless memory
intended for storing small amournds of identifving information (e.g., such as an RFID

memory that contains a unigue identifier associated with the storage device 1320},
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[80276] In addition to advantages of the cache memory 1102 already described,
particular caching strategies may be implemented for the DNA siorage system 1300
where the cache memory 1102 1s avalable. As an example, FIG. 16 depicts a
flowchart of a process 1120 that may be performed to provide caching of read and
write operations to the storage device 1100. As data is written to the storage device
1100 with the DNA storage system 1300, additional data may be written to the cache
memory 1102, This may include wnting (block 1122} a file index to the cache
memory 1102, which may describe the contents of a plurality of wells, and locations
of particular files or data, whether stored in the plurality of wells, stored on the cache
memory 1102, or both. Such information may be used to enable later access to and
retrieval of requested data. Checksum data for individual files or bundles of data may
also be written (block 1124) to the cache memory 1102 and may be associated with

ihe file mdex.

[80277] Storing an index, a list of checksums, or both for files and data on the cache
memory 1102 may enable faster reading and writing of daia in the fulure, as
compared to storing such data on the flow cell 1106, and requiring it to be sequenced
before the drive contents are accessible, and frequently synthesized to reflect changes;
or storing such data on a cloud storage or server, which may require network
connectivity and permissions for accessing such data before the drive contents are
accessible. Storing such data on the cache memory 1102 in addition 1o storing i on
the flow cell 1106 itself, or on a network accessible volume, provides an additional
advantage of redundant storage of such data, as the loss of file tables and indexes may
result in either the complete loss of data stored on the flow cell 1106, or a greatly
mcreased cost in time and resources to rebuild the file indexes based upon well-by-

well exanynation.

[80278] Whle the storage device 1100 is coupled with the DNA storage svsiem
1300, the system may receive (block 1126} read operations, and may receive (block
1136) write operations, from users, or from systems and devices in communication
with the DNA storage system 1300. As has been discussed, in some cases it may not
be possible to allow for simwultaneous reading and writing of data to separate wells of
the flow cell 1106, This may be due to limitations of the DNA storage system 1300,

or limitations on the storage device 1100. As an example, some implementations of
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the DNA storage system 1300 may lack selective, or per-well activation for reading

. and instead

and writing of data, such as described in the context of FIGS. 9-12
sequence and synthesis data in bulk operations that may umpact every well of the flow
cell 1106, In such implementations, the storage device 1100 may be considered to

have two mutually exclusive modes—a read mode and a write mode.

[8027¢] While such implementations may particularly benefit from the disclosed
caching strategies, it should be understood that even implementations that support
simultaneous reading and writing may encounter various scenarios where they are
effectively in a read mode or write mode, such as where well activation features are
Himited to a certain number of simultaneous operations within a time period {e.g., the
electro-wetting system 900 may be limited to the nurober of wells it may activate
within a given time period, and a number of data read requesis may result in

subsequent data write requests being queued for a period of time}.

[80286] Where a read operation is received (block 1126), the DNA storage svstem
1300 mav examine the file index to both locate the requested data and determine
whether it is currently stored (block 1128} on the cache memory 1102, Requested
data may be available on the cache memory 1102 n different scenarios. As an
example, where data is written to the storage device 1100, and then requested shortly
after, it may still be stored in the cache memory 1102, As another example, where
data was recently read from the flow cell 1106 based upon a request, it may be stored
in the cache memory 1102 until overwritten. As another example, the DNA storage
system 1300 may be configured 1o flag certain data that is stored on the flow cell 1106
to be also maintained in the cache memory 1102 when possible, due to a manual
configuration by a user, or based upon an auwtomatic determunation by the DNA

storage system 1300 based upon the frequency of read requests for such data

[80281] Where the requested data is available from the cache memory 1102, the
DNA storage system 1300 will read (block 1130) the data from the cache memory
1102 to service the request, which may allow the storage device 1100 to be
maintained in a write mode, while simudianeously allowing data to be read (though
from the cache memory 1102 and not from the flow celi 1106}, Where the requested
data is not stored in the cache memory 1102, the DNA storage system may read

{block 1132} the data from the flow cell 1106 when such functionality is available
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(e.g., when the storage device 1100 is i read mode, or when a read operation Is
otherwise available). Where the storage device 1100 is in write mode and actively
writing data to the flow cell 1106, it may not be advantageous to prioritize switching
back to read mode, due to the time and reagent cost in switching between modes and
conditioning wells. However, where data that is queved to be written is of a size that
may be stored on the cache memory 1102, it may be advantageous o switch to read
mode and allow the requested data to be read (block 1132) from the well, while input
data is stored on the cache memory 1102, In such a case, a user or other system or
device that has requested data be writlen and read perceives that such actions are
being performed simulfanecusly, since ouiput daia is being read from the flow cell

1106 while input data 1s being written to the cache memory 1102

[80282] After each read operation, the file index on the cache memory 1102 or
another data set may be updaied (block 1134) to reflect the read frequency for
recently requested data, with such data sets being usefuld for fulure determinations for
data that should be cvcled into the cache memory 1102 due to frequency of use (e g.,
data that may be requested every single data} or patterns of use {e.g., data that is
requested every Friday may be cycled into the cache memory 1102 on Thursday at a
fow prionity such that 1t is completed during a period of tirne where there may be

reduced requests for reading and writing of data}.

[80283] With continued reference to FIG. 16, where a write operation is received
{block 1136}, the D'NA storage system 1300 may determine (block 1138) whether the
storage device 1100 is currently in read mode. Where the storage device 1100 is
currently in read mode, the input data associated with the write operation may be
written {block 1142) to the cache memory 1102 and flagged for writing to the flow
cell 1106 when available. Where the storage device is already in write mode, the

input data may be written (block 1140} o one or more wells of the flow cell 1106,

[80284] The disclosed caching methods may also be influenced bv a caching
strategy that gives preference to staying in a current mode {(e.g., read mode or write
mode) over other considerations, such that all queved read operations may be
performed before switching o a write mode, regardless of the order of arrival of the
requests; and may even maintain a read mode for a bref period of time past

completion of the last read request in order to allow for other read requests to arrive
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and be serviced before switching modes. In addition to reducing the overall number
of mode switches performed in a given period of time, such a strategy reduces the risk
of cross contamination of read-specific reagents with write-specific reagents, which

may otherwise occur more frequently as a result of more frequent switching of modes.

[80285] C. Multi-Volume Management Methods for Simultaneous

Reading and Writing

{06286} A system such as the DNA storage system 1300 may also benefit from
DNA storage specific approaches to moulti volume management that may allow for
simultaneous reading and writing of data, redundant storage of data, error checking of
data, and improved reading and writing speeds for data. For example, in some
implementations, when data is written to a location {e.g., a well in a flow cell), a
mirrored copy may also be automatically be written to a second location {e.g., a
second well in the same flow cell, or a well in a different flow cell}. In some such
implementations, the existence of one or more mirrored copies may be used to
improve system performance such as by supporting parallel operations. For example,
in some implementations, a DNA storage device may comprise two flow cells {e.g.,
two flow cells 601}, a first of which is used for read operations, and a second of which
ts used for write operations. In such a scenario, if two different users wanted to
concurrently read from, and write to, data stored in a particular location, the user
making the read request may be fulfilled by sequencing the copy of the data stored in
the first flow cell 601; while at the same time the write request was fulfilied by
writing a new polyvnucleotide into the appropriate location in the second flow cell 601.
Subsequently, when the requests had been processed (e.g.. during a low activity
period) the first flow cell 601 may be resynchronized with the second flow cell 601,
thereby ensuring that whatever data had been writien to the second flow cell 601 may

be read using the first flow cell 601 whenever the next read request was 1ssued.

[80287] As another example, in some implementations, when data is to be written,
in addition to writing that data, a system may be implemented to write both that data
as well as a redundancy value that may be used {o recreate a portion of the data in the
even it was lost. To illustrate, consider Table 1 below, which provides an example of
such a redundancy value as may be generated for data stored in the form of four

polynuciectides each of which stores four bits of data.
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Data Data Data Data Redundancy
Sequence I | Sequence 2 | Sequence 3 | Sequence 4 Sequence
1 1 i 1 XOR 0
i 1 i 0 XOR 1
1 i 0 0 XOR 0
1 0 0 0 XOR 1

Table 1: Example approach to storing data with a redundancy sequenee that allows a pertion of
the data to be recreated in the event it is lost.

[00288] In some implementations, 16 bits of data may be broken up inte four four-
bit sequences, and a {ifth four-bit sequence mav be created by applying the logical
XOR operator to the bits from the first four sequences. These five sequences may
then be stored in five polynucleotides in five different locations in a DNA storage
device. Then, in the event the data in one of the locations was found to be corrupted
and/or inadvertently misread during a sequencing operation, that data may be
recreated by applying the XOR operator to the remaining four sequences and storing
encoding the result as a new polynucleotide inn the location that previously held the

corrupted data.

[B0289] During a reading and/or writing process, “phasing” and/or “pre-phasing”
may occur and iniroduce an error into the resulting written or read sequence.
“Phasing” refers to an instance when a reversible terminator for a first incorporated
nuclectide is inadvertently removed, such as by an interaction with remnant reagents
that have not been flushed out of the flow cell, and a second nucleotide is
incorporated. During a writing process, this may result i two nucleotides being
written for a particular DNA sequence instead of a single nuclectide. During a
reading process, this may result in the {luorophore associated with the first nucleotide
not being detected, thereby offsetting the read-out sequence by skipping over one
nucleotide. “Pre-phasing” refers to an instance when a nucleotide 15 not incorporated.
During a writing process, this may result in no nucleotide being written to the
sequence. During a reading process, this may result in no flucrophore associated with
a nucleotide for the sequence being detected or the prior Hluorophore associated with

the prior nucleotide being detected again, thereby offsetting the read-out sequence by
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fagging behind or double reading one nucleotide. The use of a redundancy sequence

may detect errors in one or both of the writing and/or reading processes.

[80290] FIGS. 17A an 17B depict schematic diagrams of storage device
configurations fo allow for roulti-volume management for DNA storage. FIG. 17A
shows a storage device 1200, that may be coupled with the DNA storage system
interface 1108 {e.g., as described in the context of the storage device 1100). The
storage device 1200 includes a cartridge interface 1202, having simmlar features and
capabilities as described in relation to the cartridge interface 1104, and two distinct
flow cells 1204, 1206 having similar features and capabilities as other flow cells
described herein. While referred 1o as flow cells, it should also be understood that the
first flow cell 1204 and the second flow cell 1206 may instead be distinct channels,
such as two separate channels from the flow channels 410, which may be

independenily managed from a fluidics, sequencing, and synthesis perspective.

[80281] FIG. 17B shows a configuration for storage devices similar to that shown in
FIG. 17A but having two distinct storage devices 1210, Each storage device 1210 of
this example has a cartridge interface 1212 having sumilar features and capabilities as
described in relation to the cartridge interface 1104, Each storage device 1210 of this
example also has a flow cell 1214 having similar features and capabilities as other
flow cells described herein. Each of the two distinct storage devices 1210 is coupled
with the DNA storage system interface 1108, which itself may be modified slightly to
simultaneously couple with the two distinct storage devices 1210, For instance, the
DNA storage system interface 1108 may double or otherwise provide additional
capahilities for each of the set of instrumentation 1301; or position the two storage
devices 1210 proximately to each other, and configure the set of instrumentation 1301
such that they may float between modules, such as in the case of an ilumination and
optical sensing device that may be moved between modules. Alternatively, the DNA
storage system interface 1108 may provide a set of instrumentation 1301 that
simultaneously interacts with each module, such as in the case of a fluidics device that

may provide fluids to each module via the fluidics network.

[80292] FIG. 18 depicts a flowchart of a process 1220 that may be performed to
provide redundant data writing and reading operations with a storage device such as

the storage device 1200, or the storage devices 1210. When an input request is
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received (block 1222), providing input data that should be written 1o wells of a flow
cell, the DNA storage system 1300 may, in parallel or in close sequence depending
upon ifs capabilities, synthesize (block 1224) and store the input data in a first well;
and synthesize (block 1228} and store the input data in a second well. While FIG. 18
describes a first well and a second well, it should be understood that data mav
advantageously be performed across three or more wells. The redundancy of the first
well and second well may be used for error checking, such as by sequencing one or
both of the polynucleotides of the first well and/or second well to determine if phasing
or pre-phasing occurred during a read and/or write process. Assuming there were no
errors in synthesis, identical copies of polynucleotides corresponding to the nput data
in the first well and the second well. This provides various advantages, depending

upon the nature of the first well and the second well.

[80293] As an example, with reference to the storage device 1200, the first well
may be located in the first flow cell 1204, while the second well may be located in the
second flow cell 1206, In such a case. the written data is redundantly stored across
two separate volumes, which is desirable for data integrity and minimizing risk of
data oss. Additionally, since the data is cloned across two distinct fow cells, the
DINA storage system 1300 may also siroultaneously read and write data to the volume,
by, for example, maintaining the first flow cell 1204 in write mode at all times, while
switching the second flow cell 1206 into a read mode as requests for output data are
received. Both of these advantages also apply where the first well is in the flow cell
1214 of one of the storage devices 1210 and the second well 1s in the flow cell 1214

of the other storage device 1210,

180294] Even where ancther storage device {e.g., the storage device 1100} is used,
and the first well and second well are each located in the flow cell 1106, there are
some advantages to cloning data cross individual wells in the same flow cell. In
addition to providing data redundancy to reduce the risk of data loss to a well
malfunction, or unexpected degradation of DNA within one well, cloning the written
data may provide additional ervor checking capabilities, regardless of where the two
wells are located. As an example, where the input data is written to separate wells as
shown in FIG. 18, i may then be read back from the two separate wells by sequencing

{block 1226} and reading the data from the first well, and sequencing {block 1230)
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and reading the data from the second well. A comparison (block 1232) of the output
that is read from each well, either of the full file or data sets, or a checksum of the
output, will indicate whether the polynucleotide written to one cell was either
erronecusly synthesized, erronecusly read, or has subsequently degraded for some

reason.

[80285] Tn some implementations, the synthesizing of a polvanucleotide in the
second well may be done based on the synthesizing of the polynucleotide in the first
well. That is, clonal amplification of the polynucleotide written in the first well may
be performed and one or more cloned polynucleotides may be stored in second well
and/or in a fluidic storage chamber. Sequencing of the clonally amplified
polynucleotides within the first well may be performed to determiune the sequence of
nucleotides in the first well. The sequence of nucleotides in the first well mayv be
compared to the insiructed written polynucleotide {0 determine if anv phasing or pre-
phasing errors occurred during the write process. If an error occurred, the one or more
cloned polynucleotides stored in second well and/or in a fluidic storage chamber may
be discarded as corrupt and the write process may occur again. If no errors occurred,
then the one or more cloned polynucleotides stored in second well and/or in a fluidic
storage charober may be cloned and stored in the first well and/or one or more other

wells to provide two or more identical polynuciectides described herein.

[06296] Some implementations that perform cloned writing of data as shown in
FIG. 18, and that also include the SEM system 800, with the first well and the second
well contained within the same flow cell, may benefit from the SLM system’s 800
capahilities to project encoded spatial light across the flow cell surface. In such a
scenario, the flow cell may already be receiving the required reagents o synthesize
and write data to the first well, meaning that the second well may also typically be
receiving the same reagents. In that scenario, the SLM system 800 roay also be
projecting paiterned light onto the first well to complete synthesis, and since the
second well is on the same flow cell, and within the potential projection footprint of
the SLM system 800, it may require litile additional resources in terms of reagent or
processor ime to duplicate the patiern projected onto the first well, such that the same

pattern is also projected onto the second well.
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[80287] In vet another implementation of the process of FIG. 18, a single well may
be used as both the firsi well and the second well, such that iwo identical
polvnucleotides may be created in a single well. In addition to providing redundancy
against degradation of a single strand. the two separate strands may be built from
optically tagged or marked nucleotides and immediately illuminated and imaged upon
completion, within the same well, in order o determine if one of the strands was
corrupted during writing. One or more of the disclosed implementations may also
include attaching additional nucleotides onto a machine written polynucleotide
representing information sach as hash values or checksums of nucleotide sequences
within the strand, spacer values indicating the end of a particular sequence of data
and/or separating a hash value from a subsequent nucleotide sequence. As has been
described, such information may be written o the polynucleotide, stored as an index
in a separate storage medium {e.g., the cache memory 1102), or both, and may be

used to aid in ventfving the data integrity of the stored data.

180298]  As an example of the above, where a set of input data is encoded into a
sequence AATTCCGG, an example of creating a corresponding hash value may
include assigning arbitrary values to each distinet nucleotide {e.g., A= 1, T=2, =
3, G = 4) and then mathematically combining the sequence of values into a single
value (e.g.. through one or more of addition, multiplication, or other mathematical
operations). Additional values may also be combined into the hash, such as a value
indicating the length of the sequence {e.g., in the above example, 8). Continuing the
above example, a resultant hash value will depend upon the mathematical operations

applied to produce the hash value.

180299]  As an example, a resultant hash value may be 2¥ (e g, a result of addition
of the sequence values and the sequence length), 4608 (e.g., a result of multiplication
of the sequence values and the sequence length), or 132 (e.g., as a result of altermating
addition and multiplication of the sequence values, followed by addition of the
sequence length). Differing approaches will provide hash values having variable
numbers of possible inputs, which may be used to venfy the sequence of input
nucteotides with varving levels of confidence. As an example, using a quaternary

mapping of A= 0, T =1, C =2, and G = 3, sequences corresponding to the above
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examples of hash values may be TGO for 28, TACAAAA for 4608, and CATA for
132,

[80300] In mmplementations where a spacer value 1s included in a sequence, the
spacer value may be paired with a hash value or other post-sequence or pre-sequence
information, and may include an arbitrary sequence of nuclestides such as TTTTTTT,
which may be unlikely to occur in normal encoding of input data, and which may be

processed as a spacer value rather than encoded data when decoding sequenced data.

180361] FIG. 19 depicts a flowchart of a process 1240 that may be performed to
provide high speed data writing and reading with a storage device. The process of
FIG. 19 may be performed using the storage device 1200, the siorage devices 1210, or
another storage device that supports per-well activation for synthesis and sequencing.
When an input request is received (block 1242), the DNA storage system 1300 may
fragment (block 1244) the data associated with the input request into multiple portions
{e.g., two or more}. Rather than wriling the entire input into a single well, the system
may svnthesize and write the first portion into a first well (block 1246} and, m
parallel, synthesize and write the second portion into a second well (block 1248}
Where the first well and the second well may be separately synthesized in this manner
without impacting the write speed of the other, the result is that the input data may be
completely written to DNA storage about twice as fast, relative to writing the entire
input to a single well. Similarly, when an output request is received (block 1250}, the
DNA storage system 1300 may sequence (block 1252) and read the second portion
from the second well and, in parallel, sequence {(block 1254) and read the first portion
from the first well. The two portions may then be reassembled, and the complete
output may be provided (block 1256). In this case also, the output data may be read
from DNA storage at about twice the speed, relative to reading the data from a single

well.

[80362] The oulti-volume configurations disclosed herein  may also be
implemented to provide simultaneous reading and writing functionality, even in the
absence of per-well activation featores. As an example, FIG. 20 depicts a flowchart
of a process 1260 that may be performed to provide simultaneous reading and writing
where a plurality of separate volumes (e.g., flow cells) are available, such as the

storage device 1200, and the storage devices 1210. When an input request is received
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{block 1262} by the D'NA storage system 1300, the svstem will default to synthesizing
{block 1264) and writing data to each volume in a cloned mode, such that separate
wells on each separate volume (e.g., the first flow cell 1204 and the second flow cell
1206} contain identical polynucleotides after synthesis, absent any unexpected

synthesis errors.

[80363] If a request for output to be read from the storage device 1200 is received
{block 1266}, the DN A storage systern 1300 will switch (block 1268} to managing the
plurality of volumes in a mixed mode, where synthesis (block 1270} continues
uninterrupted on a first volume (e.g., the first flow cell 1204), but sequencing {block
1272} begins to read the requesied output from the second volume (e.g., the second
flow cell 1206). The DNA storage system 1300 may continue in mixed mode for a
period of time, during which input may be continuously written to the first volume,
while outpit may be continuously read from the second volume, so long as the
requested data was present on the second volume prior to swiiching 1o mixed mode.
Over time, the states of the first volume and the second volume will gradually
diverge, as the first volume will increasingly contain data that is not cloned to the

second volume.

[80384] To address this divergence, the DNA storage systern 1300 may evaluate
several factors to deternmine when to return to cloned mode. As an example, where all
queued nput requests are completed, and there are no pending operations for data to
be synthesized and written (block 1274) to the first volume, the system may begin to
sequence (block 1276) and read data from the plurality of volumes in cloned mode.
in this manner, if an output request is recetved for data that is present within the
divergent portion of data stored by the first volume, and that is not vet stored by the
second volume, it may be read from the first volume withowt mterruption. |t should
be noted that, with respective to the divergent data, a common file index or well index
may be shared by the plurality of volumes and maintained to indicate availability of
wells across the plurality of volumes. In other words, while it is not necessary that
data writien to a well that is positioned at coordinate X-Y on the {irst volume also be
written to a well that 1s positioned at coordinate X-Y on the second volume, the

aggregate data stored by each volume when they are full should be identical. In cases
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where it is desirable to enforce volume-to-volume correspondence of well positions,

the shared filed and well indexes may be used to enforce such behavior.

[B0308] As another example, where all queued output requests are completed, and
there are no pending operations for data to be sequenced and read (block 1278) from
the second volume, the system may return to synthesizing {block 1280} and writing
data to the plurality of volumes in cloned mode, disregarding the divergent portion of
data for the time being. At a later time, when there are minimal demands on the
plurality of volumes, the DNA storage system 1300 may synthesize (block 1282} and
write the divergent data onto the second volume, in order to returmn it to a true cloned
stated of the first volume. In some tmplementations, synthesis (block 1282) of the
divergent data may be performed based upon a read of the divergent data from the

first volume, followed by a write to the second volume,

[80366] In some implementations, synthesis {block 1282} may be performed by
performing in-situ cloning (e.g., clonal amplification) of the polynucleotides of the
divergent data within the wells of the first volume that they are stored within,
followed by transporting the cloned strands directly into corresponding wells of the
second volume and binding them there, as has been described. In such an
implementation, transport of the cloned strands between volurmes may be enabled by a
fluidics connection between each well in the first volume, and each corresponding
well in the second volume, such that a flow of fluid may be used to transport the
cloned strand directly from a well of the first volume, via the fluidic connection, to a

corresponding well of the second volame.

106367}  As another example, the DNA storage system 1300 may be configured with
a time threshold indicating an allowable period of time, or an allowable divergence of
data. When the time or other threshold is exceeded (block 1284}, as a result of
extended periods of time in mixed mode or large volume of writing while in mixed
mode, the DNA storage system 1300 may disable reading of data from the plurality of
volumes for a period of time, and begin to synthesize (block 1282) and write the

divergent data onto the second volume until canght ap.

[80368] While the process of FIG. 20 has been described in the context of two
volumes, it should be understood that three or more volumes may provide sigmficant

advantages in terms of maintaining redundancy of data, while also reducing the
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likelihood of excessive divergence of data for a particular volume. As an example,
with three or more volumes being managed according to FIG. 20, a second and third
volume may aliemate between read and write modes in order to both reduce the
amount of divergent data for any single drive, and to make more recently written data
available to be read. As an example, if a third volume switches to read mode three
hours after a second volume swiiched (o read mode, in order to allow the second
volume to switch back to write mode with the first volume, the immediate result mav
be that the second volumes divergent data may be capped at three hours” worth of
writien wnput, and thai the third volume may have three additional hours of written
input avatlable (o be read from the third volume, as compared to the available data on

the second volume.
{6636%] VIIL Data Error Risk Mitigation

{08316} In some implementations, a system configured fo encode data in the form
of, and read data from, nucleotide sequences such as machine-written DNA may
include features to mitigate the risk of errors in the data that may result from phasing
and/or pre-phasing during the writing and/or reading process. For example, in some
implementations, when reading data previously written as a sequence of nucleotides, a
sysiem may compare the data read from the nucleotide sequence with a quality
control value stored i non-nucleotide memory, and then use that comparison as a
basis for determining if the nucleotide sequence {or the well storing the nucleotide
sequence, in an implementation in which sequences are stored in a well as addressable
elements) should be treated as having corrupled data. In implementations where this
type of comparison takes place, it may be performed in a variety of manners. For
example, in some implementations, comparison of a nucleotide sequence may be
performed by calculating a value based on the nucleotide sequence as read (e.g, a
checksum, a hash value, or some other type of error detection value) and then
comparing that value with a value that had previously been calculated and stored in
the non-nucleotide memory at the time the data that should have been encoded in the
nucleotide sequence was written.  Simularly, in some implementations, when a
nucleotide sequence is written fo a DNA storage device, the data that should be
encoded in that sequence mav be stored in non-nuclectide memory, and the

comparison mav be a direct comparison of data read from the nucleotide sequence
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with the data stored in the non-nucleotide memory. Combined approaches may also

be used in some implementations.

[80311] In some implementations, combinations of risk nutigation approaches such
as described in the preceding paragraph may also be used. To illustrate, consider FIG.
22, which depicts processes of reading and writing data that may be performed in
some implementations. Initially, a method such as shown wn FIG. 22 may include
receiving a data write request, as shown in block 1701 of FIG. 22, This may be, for
example, a request submitted by a user via a user interface 130 to store a file in a
DNA storage device, or an automatically generated request to store data generated as
the output of a process, as an infernal backup, or for other purposes. Afier receiving a
data write request {(block 1701), the method may include generating one or more
commands to write the data, as shown in block 1702 of FIG. 22, This may include,
for example, determining how the data to be written should be represented given the
nature of the DNA storage device (e.g., the length of nucleotide sequences that may
feasibly be written, the encoding scheme used for the data, etc.), deternuning the
specific location{s) in the DNA storage device where the nucleotide sequences
encoding the data should be svothesized, and generating the commands for
synthesizing those sequences {e.g.. conunands for activating electrodes corresponding
to specific wells 630 in a flow cell 600, 601 causing bases to be added to the strands
in those wells 630 as appropriate). These commands may then be executed to wrile

the data to the DNA storage device, as shown in block 1703 of FIG. 22,

[80312] TIn some implementations, after data is written (block 1703) 1o a DNA
storage device, it may be automatically read (i.e., the polynucleotide(s) in which the
data is writien may be sequenced, either directly or by copying the polynucleotide(s}
and sequencing the copy/copies), as shown in block 1704 of FIG. 22. The read data
may then be compared with the data that was the subject of the original write request,
as shown in block 1705 of FI(G. 22. For example, in some implementations, when a
write request is received (block 1701), the data to be written will automatically be
maintained in the systemy’s non-nuclectide memory {(e.g., n RAM of the system
controller 120) until a confirmation of successful write is received. In these types of
implementations, the comparison (block 1705} of the data read from the DNA storage

device with the data that was the subject of the original request may be performed by

~03.



WO 2020/243076 PCT/US2020/034517

doing a bit level comparison of the data from the write request that was stored in the
systemt’s non-nuclectide memory with the data read by sequencing the information

written to the DNA storage device.

{06313} In an implementation performing a process such as shown o FIG. 22, if
data read (block 1704} from the DNA storage device maiches the data in the system’s
non~-nuclectide memory, then a fingerprint of the data mayv be stored and the write
operation may be concluded, as shown in block 1706 of FIG 22, In some
implementations, storing a fingerprint of the data may include calculating a
checksum, a cyclic redundancy check value, a hash value, or other similar types of
values that may be used to detect changes in encoded data, then storing that value in
non-volatile memory such as a magnetic disk drive, solid state memory, optical disc,
or other type of memory element. In some implementations, a fingerprint may also
information about how data was encoded rather than the data itself. For example, if a
nucleotide sequence was made of the bases A, C, T and G, then a fingerprint may be
made up of the number of instances of A, the number of instances of C, the number of
instances of T and the number of instances of G in the sequence, rather than reflecting
the data encoded using those bases. Other variations {(e.g., a fingerprint showing
parity of the number of each tvpe of base included in the sequence, a fingerprint based
on both data and how the data is encoded) are also possible; and may be used in
various implementations. In some implementations, the fingerprint may be appended
to the end of the DNA sequence. Concluding the write operation may include sending
a message to the souwrce of the write request indicating that the data had been
successfully written. Additionally. in some implementations, concluding the write
operation may involve purging the data that was included in the write request from
one or more locations i memory 50 that those locations may be used for storing other

information (e.g.. new data that may be included in future write requests).

[80314] In some implementations, if data read (block 1704} from the DNA storage
device does not match the data in the systeny’s non-nuclectide memory, the data may
be treated as having been corrupted {e.g., not properly written}, as shown m block
1707 of FIG. 22, 1o some inmplementations this treatment of the data as corrupted
may trigger various error handling processes. For example, in some implementations

if data read (block 1704) from the DNA storage device does not match the data in the
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system’s non-nucleotide memory, then a process such as shown in FIG. 22 may retuin
to writing {block 1703} the data to the DNA storage device, so that the data may be
recorded desptte whatever issues had caused the earlier error. As another approach, in
some implementations, it data read (block 1704) from the DNA storage device does
not match data in the sysiem’s non-nucleotide memory, then the location with the
non-maiching data may be identified as “bad” {(e.g., a corrupted data flag in an index
may be flipped for that location) and the correct data may subsequently {e.g., duning a
future low-utilization period) be written to the corrupted data’s iocation. As another
approach, n some iplementations, if data read (block 1704) from the DNA storage
device does not match data in the system’s non-nucleotide memory, an error message
{e.g. a function retirn code) mav be generated indicating that the write had
encouniered a problem that may require remediation by some other aspect of the
system or the user {e.g., an error code may be generated dentifying the location of the
“corrupted” data as a location where hardware troubleshooting, such as replacement
of electrodes 640, may be appropriate). Combined approaches may also be used in
some implementations. For example, in some implementations if data read {(block
1704} from the DNA storage device does not match data tn the system’s non-
nucleotide memory, the writing {(block 1703) of daia to the DNA storage device may
be retried and an error message may be generated so that the user may be made aware
of an incipient problem that he or she may want to address before it develops into an
unrecoverable failure. Other approaches will be imimediately apparent to, and may be
ioplemented without undue experimentation by, those of ordinary skill in the art as
well, and may be utilized in other implementations. Accordingly, the description of
how an implementation performing a method such as shown in FIG. 22 may ireat data
as corrupted (block 1707), and how such an implementation mav potentially respond
to such corruption, should be understood as being illustrative only, and should not be
treated as limiting,

[80315] In some implementations, a system 100 may read a nucleotide sequence,
such as by sequencing it as described previously, as shown in block 1708 of FIG. 22.
This may be done, for example, in response to a read request {e.g., a request to
retrieve a previously stored file), as part of a data quality check {eg., in some

implementations, daia stored in a2 DNA storage device may be periodically read to
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tdentify if it had degraded while in storage), or for other suitable reasons. In some
implementations, after a nucleotide sequence is read (block 1708), it may be subjected
to additional risk mutigation steps, such as calculating a fingerprint based on the data
that was read, as shown in block 1709 of FIG. 22 This fingerprint may then be
compared 1o another fingerprint it may be expected io correspond io (e.g., a
fingerprint created and stored (block 1706) automatically as part of the write process)
to determine if the retrieved data should be treated as corrupted and/or if an error in
the reading process occwrred, as shown in block 1710 of FIG 22 In some
implementations, if there was a maich, then the reirieved data may be retumed {e.g.,
sent as a return value to a process that had issued a read request), as shown in block
1711 of FIG. 22, Altematively, in some implementations, the read data mav not be
returned, and instead some kind of code may be providad (e.g., a code indicating that
no error had been found, if the data was read (block 1708} as part of a data quality
check). Similarly, if the comparison (block 1710) found that the fingerprinis did not
match, then the data may be treated as corrupted (block 1707) and, in some
implementations, various error handling processes such as described previously may

be initiated.

[80316] In some implementations, other tvpes of risk nutigation measures may be
taken, and/or there may be variations on how risk mitigation measures such as those
described above may be put into practice. For example, in some implementations,
when data is written to a location {e.g., a well i a flow cell), a mirrored copy may
also be automatically be written to a second location {e.g.. a second well in the same
flow cell, or a well in a different flow cell). In some such implementations, the
existence of one or more mirrored copies may be used to improve system
performance such as by supporting parallel operations. For example, in some
implementations, a DNA storage device may comprise two flow cells {e.g.. two flow
cells 601}, a first of which 1s used for read operations, and a second of which is used
for write operations. In such a scenario, if two different users wanted to concurrently
read from, and write to, data stored m a particular location, the user making the read
request may be fulfilled by sequencing the copy of the data stored in the first flow cell
601; while at the same time the wrile request was fulfilled by writing a new

polynucleotide into  the appropriate location in the second flow cell 601
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Subsequently, when the requests had been processed {(e.g., during a low activity
period) the first flow cell 601 may be resynchronized with the second flow cell 601,
thereby ensuring that whatever data had been writien to the second flow cell 601 may

be read using the first flow cell 601 whenever the next read request was issued.

[80317] As another example, in some implementations, when data is to be wrilten,
in addition to writing that data, a systermn may be implemented to write both that data
as well as a redundancy value that juay be used to recreate a portion of the data i the
event it was lost. To illustrate, consider Table 2 below, which provides an example of
such a redundancy value as may be generated for data stored in the form of four

polynucleotide, each of which stores {our bits of data.

Data Data Data Data Redundancy
Sequence ¥ | Sequence 2 | Sequence 3 | Sequence 4 Sequence
1 I i 1 XOR 0
1 1 1 0 XOR 1
1 i 0 0 XOR 0
1 0 0 0 XOR !

Table 2: Example of approach to storing data with a redundancy sequence that allows a portion
of the data to be recreated in the event it is lost.

[80318] In some implementations, 16 bits of data may be broken up into four four-
bit sequences, and a fifih four-bit sequence may be created by appiving the logical
XOR operator to the bits from the first four sequences. These five sequences may
then be stored in five polynucleotides in five different locations in a DNA sforage
device. Then, in the event the data in one of the locations was found to be corrupted,
that data may be recreated by applving the XOR operator to the remaining four
sequences and encoding/storing the result as a new polynucleotide in the location that

previously held the corrupted data.

[8031%] Additionally, in some implementations, when a polvnucleotide is encoded
to store data in a DNA storage device, in addition to storing the data, the
polynuclectide may be synthesized to include error detection data such as fingerprints
of the type described previously. For example, in some implementations, when a

polynucleotide is synthesized, a parity bit may be calculated based on the data the
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polynucleotide is synthesized to encode, and a methylated (or non-methylated) base
may be added to the polvnucleotide o represent that parity bit. Simifarly, in some
implementations, other types of information preserving modifications (e,
modifications that do not interfere with a base being read, but which also aliow a
modified base to be distinguished from a non-modified base), such as additions of
synthetic bases or of sequences encoding parily or other error checking information,
may also or alternativelv be used. In some implementations in which thus type of error
correcting data is included in polynuclectides, this type of data may potentially be
used to identify and remediate errors. For example, in some implementations, when
each polvnucleotide is stored a mirrored copy may be stored in another location.
Then, when a polynucleotide is read, both the polyvnucleotide and its mirrored copy
may be read and compared with each other. If this comparison indicates that the
polvnucleotide and its murrored copy were not identical, then the checksums may be
recalculated and whichever strand had a recalculated checksum that maiched ifts
methylation may be treated as correct and the other sirand may be treated as corrupted
and replaced {e.g.. as part of an error handling routine such as those described

previously).

[803208] As another example, in some implementations, to wdentify if data should be
treated as corrupted, the sequence fo be tested may be examined to determine if it may
bind o one of a plurality of error checking polynucleotides. For example, in an
example where a nucleotide sequence concludes with a fingerprint portion, when the
sequence is read a new fingerprint may be calculated based on the data read from the
sequence.  An error checking strand may then be synthesized that encoded the
fingerprint in reverse order and, if the fingerprint on the end of the original nucleotide
sequence did not bind to the newly synthesized fingerprint strand, this may be treated

as indicating that the data had been corrupted and should be replaced.

[80321] When sequencing on a CMOS sequencing chip, it may be useful to employ
various image correction techniques such as image optical or spectral cross talk
between different pixels and the correction process may vary from one chip to
another. Correction methods roay employ spatially controlled on-flow cell training
data with diversity for base calling fraining of data, particularly for optical systems,

where optical cross talk introduces error that requires internal calibration. For
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example, smaller pitch flow cells may have distortion near each well, which may be
masked using known sequence. The correction methods may include an on-board QC
system based on writing a predetermoined sequence for different DNA reading
systems. The predetermined sequence may be contained or adjacent to a well and may
provide correction factors for base calling. The methods provide individual well cross
talk correction (creating known~truth or a truth fable). Known sequences may be
placed at predetermined spaces on a flow cell for svnchronizing the sequencer and/or

for possible random access. The methods may allow for in-field calibration.
j80322] IX. Miscellaneous

083231 All of the references, including patents, patent applications, and articles, are

explicitly incorporated by reterence herein in their entirety.

[06324] The foregoing description is provided to enable a person skilled in the art to
practice the various configurations described herein. While the subject technology has
been particularly described with reference to the various figures and configurations, it
should be understood that these are for iHlusiration purposes only and should not be

taken as limuting the scope of the subject technology.

180325]  As used heremn, an element or step recited in the singular and proceeded
with the word “a” or “an” should be understood as not excluding plural of said
clements or steps, unless such exclusion is explicitly stated. Furthermore, references
to “one implementation” are not intended to be interpreted as excluding the existence
of additional implementations that also incorporate the recited features. Moreover,
unless explicitly stated to the contrary, implementations “comprising” or “having” an
element or a plurality of elements having a particular property may include additional

elements whether or not they have that property.

180326] The terms “substantially”™ and “about™ used throughout this Specification
are used to describe and account for small fluctuations, such as due to varnations in
processing. For example, they mayv refer to less than or equal to 5%, such as less
than or equal to #2%, such as less than or equal to +1%, such as less than or equal to
+(1.5%, such as less than or equal to £0.2%, such as less than or equal to +0.1%, such

as less than or equal to £0.05%.
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[80327] There may be many other ways to implement the subject technology.
Various functions and elements described heretn may be partitioned differently from
those shown without departing from the scope of the subject technology. Various
modifications to these implementations may be readily apparent to those skilled in the
art, and generic principles defined herein may be applied to other implementations.
Thus, many changes and modifications may be made to the subject technology, by
one having ordimary skill in the art, without departing from the scope of the subject
technology. For instance, different numbers of a given module or unit may be
emploved, a different type or types of a given module or unit mav be employed, a

given module or unit may be added, or a given module or unit may be omitted.

{06328} Underlined and/or italicized headings and subheadings are used for
convenience only, do not limit the subject technology, and are not referred to in
connection with the interpretation of the description of the subject technology. All
structural and functional equivalents to the elements of the various implementations
described throughout this disclosure that are known or later come to be known to
those of ordinary skill in the art are expressly incorporated herein by reference and
intended to be encompassed by the subject technology. Moreover, nothing disclosed
herein is intended to be dedicated fo the public regardless of whether such disclosure

is explicitly recited in the above description.

[8032%] It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not
mutually inconsisient) are contemnplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed subject matter appearing
at the end of this disclosure are contemplated as being part of the inventive subject

matter disclosed herein.
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