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FIELD OF THE TECHNOLOGY HSCLOSED
[0013] Embodiments of the techoology disclosed relate generally to sequencing with CMOS-based detection

and more particularly to systems and methods for increasing throughput of sequencing with CMOS-based detection.
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BACKGROUND

{3314} Various protocols in biological or chenxical research involve performing a large mumber of controlled

reactions on local support surfaces or within predefined reaction chambers (or wells). The desired reactions may

then be observed or detected and subsequent analysis may help identify or reveal properties of chemicals involved in

the reaction. For example, in some multiplex assays, an unknown analyte (e.g., clusters of clonally amplified nucleic
acids) having an identifiable label {e.g., fluorescent label) may be exposed to thousands of known probes under
coutrolled conditions. Each kunown probe may be deposited into a corresponding well of a nucroplate or flow cell.
Observing any chermcal reactions that cccur between the known probes and the unkuown analyte within the wells
may help dentfy or reveal properties of the analyte. Other examples of such protocols include known BINA

sequenclog processes, such as sequenciog-by-synthesis (SBS) or cyclic-array sequencing.

[4015] In sorne conventional fluorescent-detection protocols, an optical systerm is used to direct an excitation
light onto fluorescently-labeled au: and to also detect the fluorescent signals that may et from the analytes.

However, such optical systems can be relatively expensive and require a larger benchtop footprint. For example, the
optical system may include an arrangement of lenses, filters, and light sources. In other proposed detection systems,
the controiled reactions occur immediately over a solid-state imager (e.g., charged-coupled device (CCDyor a
complementary metal-oxide-semiconductor {CMOS) sensor) that does not require a large optical assembly to detect
the fluorescent emissions.

(6016} However, the proposed sobid-state irnaging systems may have sore Himitations. For example, the

solid-state imagers are limited to oue cluster base call per sensor {or pixel) and their throughyput is dependent on the

pixel density of the sensors, which is a function of the pixel pitch. Since there are linmtations on signific
decreasing the pixel pitch, it becomes desirable to explore other solutions for increasing the throughput of solid-state
imagers.

[0617] An oppertunity arises to increase the throughput of solid-state imaging systems by base calling
multiple clusters per sensor {or pixel) and to provide systems and devices that facilitate the multiple cluster base cali
per sensor (or pixel).

{0018} Embodiments of the present disclosure relate generally to biological or chemical analysis and more
particularly to systems and methods using detection devieces for biclogical or chemical analysis.

{0819} Various protocols 1 biological or chernical research involve performing a large number of controlled

reactions on local sapport surfaces or within predefined reaction chambers. The desired reactions may then be

observed or detected and subsequent analysis may help identify or reveal properties of chemieals involved 1 the
reaction. For exaraple, o some multiplex assays, unknown analytes having idenufiable abels (e.g., fluorescent
labeis) may be exposed to thousands of known probes under controlied conditions. Each known probe may be
deposited into a corcesponding location on a surface. Observing any chemieal reacuons that occur between the
known probes and the unknown analyie on the surface may help identify or reveal properties of the analyte. Other
examples of such protocols include known DNA sequencing processes, such as sequencing-by-synthesis (SBS) or
cyclic-array sequencing.

{0020} In some conventional fluorescent-detection protocols, an optical system is used to direct an excitation
light onto fluorescently-labeled analytes and to also detect the fluorescent signals that may emit from the analytes.
The throughput of standard imaging techmques is constrained by the number of pixels available in the detection
device, among other things. As such, these optical systems can be relatively expensive and require a relagvely large

bench-top tootprint when detecting surfaces having large collections of avalytes. For example, nucleie acid arcays
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used in genotyping, expression, or sequencing analyses can require detection of millions of different sites on the
array per square centimeter. Limits in throughput increase cost and decrease accuracy of these analyses.
{0021} Thus, there exists a need for higher throughput apparatus and methods, for example, to detect nucleic

acid arrays. The present disclosure addresses this need and provides other advantages as well.

BRIEF DESCRIPTION OF THE THECHNOLOGY DISCLOSED

(80622} T accordance with one embodim

it, & device for base catbug is provided that comprises a receptacle
configured to bold a biosensor. The biosensor has (&) a sample surface that bolds a plurality of clusters during 2
sequence of sarapling events, (b} an array of sensors configured to generate a plurality of sequences of pixel signals,

and (¢} a comunication port which outputs the plurality of sequences of pixe als. The array has a nuraber N of

active sensors and the sensors in the array are disposed relative to the sample surface to generate respective pixel
signals during the sequence of sampling events from the number N of corresponding pixel areas of the sample
surface to produce the phurality of sequences of pixel signals. The device further comprises a signal processor
coupled to the receptacle. The signal processor is configured to receive and to process the plurality of sequences of
pixel signals to classify resuits of the sequence of sampling events on clusters in the plurality of clusters, including

using the plurality of sequences of pixel signals to classify results of the sequence of sarupling events on a number N

1e phurality of clusters from the mumber N of active sensors, where M is a positive iuteger.
{6823} The results of the sequence of sampling events can comrespond to nuclectide bases in the clusters.
[0024] The sampling events can comprise two ilumination stages in tisne sequence, and sequences of pixel
signals 1o the plurality of sequences of pixel signals can include a set of signal samiples for each sarapling event, the
set inchuding at Jeast

[0025] The signpal

one pixel sigual from each of the two illuroination st

ges.

sequences of pixel
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signals from a single sensor in the array of sensors. The logic to classify results for two clusters can include mapping
a first pixel signal of the set of signal samples for a sampling event from a particular sensor into at least four bins,

and mapping a second pixel signal of the set of signal samples for the sampling event into at least four bins, and

logically combining the mapping of the first and second pixel signals to classify the results for two clusters.

[8026] The sensors in the array of sensors can comprise light detectors.

(6627} The samphing events can comprise two illumination stages in tine sequence, and sequences of pixel
signals 1o the plurality of sequences of pixel signals can mclude a set of signal samiples for each sarupling event, the
set inchuding at least one pixel sigual from each of the two ilfuroination stages. The first ilumination stage can
induce ithamuation from a given cluster indicating vucleotide bases A and T and the second illumination stage c:
induce illumination from a given cluster indicating nucleotide bases C and T, and said classifying results can
comprise calling one of the nucleotide bases A, C, Tor G.

[0028] Clusters can be distributed unevenly over the pixel areas of the sample surface, and the signal
processor can execute time sequence and spatial analysis of the plurality of sequences of pixel signals to detect
patterns of illuniination corresponding to individual clusters on the sample surface, and to classify the results of the
sanpling events for the ndividual clusters. The phurality of sequences of pixel signals encodes differential crosstalic
between at least two clusters resulting from their uneven distribution over the pixel areas.

[4029] The sample surface can comprise an array of wells overlying the pixel areas, including two wells per
pixel area, the two wells per pizel area can include a dominant well and a subordinate well, the dominaat well can

have a larger cross section over the pixel area thau the subordinate well.
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[0636] The sample surface can comprise an array of wells overlying the pixel areas, and the sampling events

can include at least one chenrical stage with a number K of illumination stages where K is a positive integer. The
illumination stages of the K illumination stages can illuminate the pixel areas with different angles of illumination,
and the sequences of pixel signals can include a set of signal samples for each sampling event, the set including the
number ¥ of pixel signals for the at least one chemical stage of the sampling events.

{8031} The sample surface can comprise an array of wells overlymg the pixel arcas, and the sampling events
can melude a first chernical stage with a pumber K. of tlhumination stages where K is a positive integer. The
tiunination stages of the K illumination stages can tlluminate the pixel areas with different angles of ilhumination,

and a second chemiceal stage with a number J of illuroination stages where I s a posttive mteger. The illumination

L

stages of the K iliunmnation stages o the ficst chemical stage and of the J illumrnation stages 1o the second chervical
stage can illuminate the wells in the array of wells with different angles of illumination, and the sequences of pixel
signals can include a set of signal samples for each sampling event, the set including the number I of pixel signals
for the first chemical stage plus the mumber J of pixel signals for the second chemical stage of the sampling events.
[0032] In another embodiment, a biosensor for base cailing is provided. The biosensor comprises a sampling
device. The sampling device includes a sample surface that has an array of pixel areas and a solid-state imager that
has an array of sensors. Each sensor generates pixel signals in each base calling cycle. Each pixel signal represents
light gatherad from a corresponding pixel area of the sample surface, The biosensor further comprises a sigual
processor configured for conuection to the samplhing device. The signal processor receives and processes

signals frora the sensors for base calling in a base calling cycle, and uses the pixel signais from fewer s

number of clusters base called in the base calling cycle.

{6833} A pixel area can receive light from a well on the saraple sweface and the well can bold more than one
cluster during the base calling cycle.

[0634] A cluster can comprise a plurality of single-stranded deoxyribonucleic acid {(abbreviated DNA)

fragments that have an identical nucleic acid sequence.

{0035} In another embodiment, a method of base calling is provided. For a base calling cycle of a sequencing

by synthesis (abbreviated SBS) run, the method includes detecting: (1) a first pixel signal that represents light

gathered from a first pixel area during a first tilumination stage of the base calling cycle and (2} a second pixel

signal that represents lght gathered frorm the first pixel area during a second ilhumination stage of the base calbug

eyele. The first pixel area underlies a plurality of clusters that shares the fixst pixel area. The method includes using
a combinaton of the first and second pixel signals to identfy nuclectide bases wcorporated outo each cluster of the

plurality of clusters during the base calling cycle.

{6036} The method can also include mapping the first pixel signal into at least four bins and mapping the

second pixel signal into at least four bins, and combining the mapping of the first and second pixel signals to

identify the incorporated nucieotide bases.

{0037} The method can also include applying the method to identify the nucleotide bases incorporated onto

the plurality of clusters at a plurality of pixel arcas during the base calling cycle

[0038] The method can also include repeating the method over successive base calling cycles to identify the

nucleotide bases incorporated onto the plurality of clusters at the plurality of pixel areas duxring each of the base

calling cycles.

{8039} For each of the base calling cycles, the method can also inchude detecting and storing the first and

second pixel signals emtied by the plurality of clusters at the plurality of pixel areas, and after the base calling
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cycles, using the combination of the first and second pixel signals to identify the nuclectide bases incorporated onto
the piurality of clusters at the plurality of pixel areas during each of the previous base calling cycles

{0040} The first pixel area can receive light from an associated well on a sample surface. The first pixel area
can receive light from more than one associated weil on the sample surface. The first and second pixel signals can
be gathered by a first sensor from the first pixel area. The first and second pixel signals can be detected by a signal
processor configured for processing pixel signals gathered by the fixst sensor. The first illumination stage can induce

ithumination from the first and second clusters to produce emissions from labeled nuclectide bases A and T and the

second ihumination stage can induce thumination from the first aud second clusters to produce emissions from
labeled nucleotide bases C and T.

{0841} o another embodiment, a method of identifying pixel areas with more than one cluster on a sample
surface of a biosensor and base calling clusters at the identified pixel areas is provided. The method includes

performi'ng a plurality of base calling cycles, each base calling cycle having a first illimination stage and a second

iliu n stage. The method includes capturing at a sensor associated with a pixel area of the sample surface, (1)
a first set of intensity values gencrated during the first illumination stage of the base calling cycles, and {2) a second
set of intensity values generated during the second illumination stage of the base calling cycles. The method
includes fitting sixteen distributions to the first and second sets of intensity values using a signal processor and,
based on the fitting, classifying the pixel area as having more than one cluster. For a successive base calling cyele,
the method uetudes detecting the first and second sets of ntensity values for a cluster group at the pixel avea using
the signal processor, and selecting a distribution for the cluster group. The disivibution identifies a nucleotide base
present in each cluster of the cluster group.
[0042] The method can inchude fitting coraprises using one or yaore algorithms, including a k-raeans
clustering aigorithm, a k-means-like clustering algorithm, an expectation maximization algorithm, and a histogram

based algorithm.

{0043} The method can include normalizing the intensity values.

{0044} The pixel area can receive light from an associated well on the sample surface.

[0045] In another embodiment, a device for base calling is provided. The device comprises a receptacie
configured to hold a biosensor. The biosensor has a sanuple surface. The sample surface includes pixel areas that

underiay a plurality of clusters during a sequence of sampling events such that the clusters are distributed vuevenly
over the pixel areas. The biosensor also has an array of sensors configured to generate a plurality of sequences of

pixel signals. The array bas a number N of active sensors. The sensors in the areay are disposed relative to the

saraple surface to generate xespective pixel signals during the sequence of sampling events from the number N of
corresponding pixel areas of the sample surface to produce the plurality of sequences of pixel signals. The biosensor
also has a commmunication port which outputs the plurality of sequences of pixel signals. The device further
comprises a signal processor coupled to the receptacie. The signal processor is configured to execute time sequence
and spatial analysis of the plurality of sequences of pixel signals to detect patterns of illumination corresponding to a
number N + M of individual clusters on the sample surface from the number N of active sensors, where M isa
positive integer, and to classify the results of the sequence of sampling events for the number N + M of individual
clusters. The plurality of sequences of pixel siguals encodes differential crosstalk between at least two clusters
resulting from their uneven distribotion over the pixel areas.

{8046} The signal processor can use the detected patterns of illubioation to locate the nurober N+ M of

individual clusters on the sarople surface from the oumber N of active sensors.



WO 2019/136388 PCT/US2019/012559

{06471 In another embodiment, a device for base calling is provided. The device comprises a biosensor. The
biosensor has a sample surface. The sample surface includes pixel areas and an array of wells overlying the pixel
areas, including two wells per pixel area. The two wells per pixel area include a dominant well and a subordinate
well. The donyinant well has a larger cross section over the pixel area than the subordinate well.

[0048] The two wells can have different offsets relative to a center of the pixel area. During a sampling event,

the pixel arca can receive different amounts of iHumination from the two wells. ach of the two wells can hold at

least one cluster during the samupling event. During the sampling event, the pixel area can receive an amount of

tiunsination from a bright cluster iu the dominant well that is greater than an amount of tlumination received from a

dim cluster 1 the subordinate well.

{0849} The biosensor can be coupled to a signal processor. The signal processor can be configured to recetve

and to process the plarality of sequences of pixel signals o identify nucleotide bases present in a number N + M of
clusters from the number N of active sensors. For the bright and dim cluster, this can include mapping into at least
four bins a first pixel signal genecrated by a sensor corresponding to the pixel area during a first illumination stage of
the sampling event, mapping into at least four bins a second pixel signal generated by the sensor during a second
illumination stage of the sampling event, and logically combining the mapping of the first and second pixel signals
to identify the nucleotide bases present in the bright cluster and the dim cluster

{8850} The biosensor also has an array of sensors configured to generate 2 plurality of sequences of pixel

signals. The array has a nurber N of active sensors. The sensors in the array are disposed relative to the saxople

£=.

xei signals dunng the sequence of samphng events frora the murmber W of

surface {0 generate respective p
corresponding pixel aceas of the sarople surface to produce the plurality of sequences of pixel signals. The biosensor
also has a communication port which outputs the plurality of sequences of pixel signals.

[0051] In yet another embodiment, a device for base calling is provided. The device comprises a biosensor.
The biosensor has a sample surface. The sample surface includes pixel areas and an array of wells overlying the
pixel areas. The device further comprises an illumination system. The illumination system illuminates the pixel
areas with different angles of illumination during a sequence of sampling events, including for a sampling event in
the sequence of sampling events illuminating each of the wells with off-axis illumination to produce asymmetrically
ithiminated well regions in each of the wells.

[8852] The asymiuetrically lhuminated regions of @ well can include at least a dominant well region and a
subordinate well region, such that dutng the sampling event the dominant well region 1s iHurunated more thao the
subordinate well region. The well can bold more than one cluster during the sampling event, with the dominaat and
subordinate well regions each including a cluster. During the sampling event, a pixel area overlying the well can
receive an amount of illumination from a bright cluster in the dominant well region that is greater than an amount of
iliunrination received from a dim cluster in the subordinate well region.

[0053] The off-axis illumination can be at a forty-five degree angle. In some embodiments, one well overlies
per pixel area. In other embodiments, two wells overlie per pixel area.

[0054] The biosensor can be coupled to a signal processor. The signal processor can be configured to receive

and to process the plurality of sequences of pixel signals o identify nucleotide bases present in a number N + M of

clusters from the nuraber N of active sensors. For the bright and dium cluster, this can inclade mapping 1oto at least

four bins a first pixel sig generated by a sensor corresponding to the pixel area during 2 fiest illpmination stage of

the sampling event, mapping into at least four bins a second pixel sigual generated by the sensor du

Uluraination stage of the samphuag eveuat, and logically cornbining the mapping of the first and second pixel sig

to dentify the nucleotide bases present in the bright cluster and the dim cluster.
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[0655] The biosensor also has an array of sensors configured to generate a plurality of sequences of pixel
signals. The array has a number N of active sensors. The sensors in the array are disposed relative to the sample

surface fo generate respective pixel signals during the sequence of sampling events from the number N of
corresponding pixel arcas of the sample surface to produce the plurality of sequences of pixel signals. The biosensor
also has a communication port which outputs the plurality of sequences of pixel signals.

[8056] In accordance with another embodiment, a device for base calling 1s provided that comprises a

receptacle configured to biold a biosensor. The biosensor has (a} a sample suxface that holds a plurality of closters

during a sequence of samphng events, (b) an amray of sensors configured to generate a plurality of sequences of pixel
signals, and (£} a comunication port which outputs the plucality of sequences of pixel signals. Each sensor in the
array senses i foraation from one or yoore clusters disposed 1o corresponding pixel areas of the sample surface to
gencrate a pixel signal in a sampling event. The array has a number N of active sensors and the sensors in the array
are disposed relative to the sample surface to generate respective pixel signals during the sequence of sampling
events from the number N of corresponding pixel areas of the sample surface to produce the plurality of sequences
of pixel signals. The device further comprises a signal processor coupled to the receptacle. The signal processor is
configured to receive and to process the plurality of sequences of pixel signals to classify results of the sequence of
sanmpling events on clusters in the plurality of clusters. The pixel signal for each sampling event in at least one
sequence of pixel signals in the plurality of sequences of pixel signals represents sensed information from at least

two clusters in the corresponding pixel area. The s

al processor uses the plurality of sequences of pixel signals to

classify results of the sequence of sampling events on a nuraber N + M of clusters 1n the plurality of chusters from

the nuraber N of active sensors, where M is a positive integer.

{6857} The results of the sequence of sampling events can comespond to nucleotide bases in the clusters.
[0058] The sampling events can comprise two illumination stages in time sequence, and said at least one

sequence of pixel signals in the plurality of sequences of pixel signals can include one pixel signal including
information from at least two clusters in the corresponding pixel area from each of the two illumination stages.
{0059} The signal processor can include logic to classify results for two clusters from the sequences of pixel
signals from said at least one sequence of pixel signals. The logic to classify results for two clusters can include

mapping a first pixel signal in said at least oue sequence of pixel signals from a particular sensor into at least four

bins, and mapping a second pixel signal in said at least one sequence of pixel signals into at least four bins, and

logically combimug the mapping of the first and second pixel signals to elassify the results for two clusters.

(0060} The sensors in the array of sensoxs can comprise light detectors.
{0061} The sampling events can comprise two ilhumination stages in time sequence, and sequences of pixel

signals in the plurality of sequences of pixel signals include at least one pixel signal from each of the two
iliunrination stages. The first illumination stage can induce illumination from one or more clusters in the pixel areas
of the sensors indicating nucleotide bases A and T and the second illumination stage induces illumination from one
or more clusters in the pixel areas of the sensors indicating nucleotide bases C and T, and said classifying results
comprises calling one of the nucleotide bases A, C, T or G for at least two clusters using said at least one sequence
[0062] Clusters can be distributed unevenly over the pixel areas of the sample surface, and the signal
processor can execute time sequence and spatial analysis of the plurality of sequences of pixel siguals to detect

patterns of tHmmination eorresponding to individual clusters on the sample surface, and to classify the results of the

sarapling events for the tadividual clusters. The plurality of sequences of pixel signals encodes differential crosstalk

between at least two clusters resulting from their uneven distabution over the pixel areas.
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[0663] The sample surface can comprise an array of wells overlying the pixel areas, including two welis per

S

1d a subordinate well, the dominant well can

pixel area, the two wells per pixel area can include a dominant well
have a larger cross section over the pixel avea than the subordinate well.
0064 The sample surface can comprise an array of wells overlying the pixel areas, and the sampling events
3 ying > 2

can include at least one chemical stage with a number K of illumination stages where K is a positive integer. The

tlumination stages of the K illumination stages can illoruinate the pixel areas with different angles of iilumination,
and the sequences of pixel signals can include the number K of pixel signals for the at least one cherniical stage of
the sampling events.

{8065} The sample surface can comprise an arcay of wells overlying the pixel areas, and the sampling events
can include a first chemeal stage with a nuxsber K of iHursination stages where X is a positive integer. The
illumination stages of the K illumination stages can illuminate the pixel areas with different angles of illumination,

T

and a second chemical stage with a number J of illumination stages where [ is a positive integer. The illumination

stages of the K illumination stages in the first chemical stage and of the J iilumination stages in the second chemical
stage can illuminate the wells in the array of wells with different angles of illumination, and the sequences of pizel
signals can include the number K of pixel signals for the first chemical stage plus the number J of pixel signals for
the second chemical stage of the sampling events.

[0066] In yet another embodiment, a brosensor for base calling 18 provided. The biosensor comprises a
sampling device. The sarpling device inclodes a sample surface that has an array of pixel areas and a solid-state
tmager that has an array of sensors. Hach sensor geverates pixel signals o each base calling cyele. Each pixel signal

represents light gathered in one base calling cyele from one or raore clhusters in a corresponding pixel area of the

sample surface. The bioseusor further corapuses a signal processor configured for cononection to the sampling

ot

device. The signal processor receives and processes the pixel signals from the sensors for base calling in a base
calling cycle, and uses the pixel signals from fewer sensors than a number of clusters base cailed in the base calling
cycle. The pixel signals from the fewer sensors include at least one pixel signal representing light gathered from at
least two clusters in the corresponding pixel area.

{0067} A pixel area can receive light from a well on the sample surface and the well can hold more than one

cluster during the base calling cycle.

8068 A cluster can comprise a plurality of single-stranded fragments that have an identical base sequence.
K g3
$969 In a further embodiment, a method of hase calling is provided. For a base calling cvele of a sequencing
g 18 5 LY i £
by synthesis (abbreviated SBS) run, the method 1octudes detecting: (1) a first pixel signal that represents light

gathered from at [east two clusters in a first pixel axea during a first illumination stage of the base caliing cycle and
{2) a second pixel signal that represents light gathered from said at least two clusters in the first pixel area during a
second iilumination stage of the base calling cycle. The first pixel arca underlies a plurality of clusters that shares
the first pixel area. The method includes using a combination of the first and second pixel signals to identify
nucleotide bases incorporated onto each cluster of the at least two clusters during the base calling cycle.

{0670} The method can also include mapping the first pixel signal into at least four bins and mapping the
second pixel signal into at least four bins, and combining the mapping of the first and second pixel signals to
identify the incorporated nucieotide bases.

[0071] The method can also include applying the method to identify the nucleotide bases incorporated onto

the plurality of clusters at a plurality of pixel areas during the base calling cycle.



WO 2019/136388 PCT/US2019/012559

[0672] The method can also include repeating the method over successive base calling cveles to identify the
wicleotide bases incorporated onto the plurality of clusters at the plurality of pixel areas during each of the base
calling cycles.

(0673} For each of the base calling cycles, the method can also include detecting and storing the first and
second pixel signals emitted by the plurality of clusters at the plurality of pixel areas, and after the base calling

cycles, using the combination of the first and second pixel s Is to identity the nucleotide bases incorporated onto

the phucality of clusters at the plurality of pixel areas during each of the previous base calling cycles.

[0874] The first pixel area can receive Light from an associated well on a sample surface. The first pixel area

can receive light from more thao one assoctated well on the saraple surface. The fiest and second pixel signals can
be gathered by a first sensor from the first pixel area. The first and second pixel signals can be detected by a signal
processor configured for processing pixel signals gathered by the first sensor. The first illumination stage can induce
illumination from the first and second clusters to produce emissions from labeled nucleotide bases A and T and the
second illumination stage can induce illumination from the first and second clusters to produce emissions from
labeied nucleotide bases C and T.
[0075] In another embodiment, a method of identifying pixel areas with more than one cluster on a sample
surface of a biosensor and base calling clusters at the identified pixel areas is provided. The method includes
performing a plurality of base calling cycles, each base calling cvele baving a first itlumination stage aud a second
ithumination stage. The method includes capiuring at a sensor associated with a pixel area of the sample surface, (1}

a first set of intensity vahues generated during the first iltwrainaiion stage of the base calling cycles, and (2) a second

set of inte

g

ity values generated during the second :llumination stage of the base calling cycles. The method
includes fitting the first and second sets of intensity values to a set of distributions using a sigoal processor and,
based on the fitting, classifying the pixel area as having more than one cluster. For a successive base calling cycle,
the method inchudes detecting the first and second sets of intensity values for a cluster group at the pixel area using
the signal processor, and selecting a distribution for the cluster group. The distribution identifies a nucleotide base
present in each cluster of the cluster group.

{0076} The method can include fitting comprises using one or more algorithms, including a k-means
clustering algorithm, a k-means-like clustering algorithim, an expectation maximization algonthm, and a histogram

based algorithm.

{8077} The method can wctude normalizing the mtensity values.
[0678] The pixel area can receive light from an associated well on the sample suxfac

[0079] In ancther embodiment, a device for base calling (s provided. The device compnses a receptacle
configured to hold a biosensor. The biosensor has a sample surface. The sample surface inchudes pixel areas that
underiay a plurality of clusters during a sequence of sampling events such that the clusters are distributed unevenly
over the pixel areas. The biosensor also has an array of sensors configured to generate a plurality of sequences of
pixel signals. Each sensor in the array senses information from one or more clusters disposed in corresponding pixel
areas of the sample surface to generate a pixel signal in a sampling event. The array has a number N of active
sensors. The sensors in the array are disposed relative to the sample surface to generate respective pixel signals
during the sequence of sampling events from the mumber N of corresponding pixel areas of the sanmple surface to
produce the plurabity of sequences of pixel signals. The biosensor also has a communication port which outputs the
plurality of sequences of pixel signals. The device fucther comprises a signal processor coupled to the receptacie.
The signal processor s coufigured to execute tirae sequence and spatial analysis of the plurality of sequences of

pixel signals to detect patterns of illumination corresponding to a2 pumber N + M of individual clusters oo the sample



WO 2019/136388 PCT/US2019/012559
10

surface from the number N of active sensors, where M is a positive integer, and to classify the results of the

=8

sequence of sampling events for the number N + M of individual ciusters. The pixel signal for each sampling event
in at least one sequence of pixel signals in the plurality of sequences of pixel signals represents sensed information
from at least two chusters in the corresponding pixel area and the plurality of sequences of pixel signals encodes
differential crosstallc between the at least two clusters resulting from their uneven distribution over the pixel arcas.
[B080] The signal processor can use the detected patterns of illumination to locate the pumber N+ M of
mdividual clusters on the sample surface from the number N of active sensors.

{0081} T auother emnbodiment, a device for base calling 1s provided. The device comprises a biosensor. The
biosensor has a sarople surface. The sdmple surface weludes pixel areas and ac aray of wells overdying the pixel
areas, the biosensor cloding two wells and two clusters per pixel area. The two wells per pixel area 1oclude a
dominant well and a subordinate well. The dominant well has a larger cross section over the pixel area than the
subordinate well.

[0082] The biosensor also has an array of sensors configured to generate a plurality of sequences of pixel
signals. Each sensor in the array senses information from the two clusters disposed in corresponding pixel arcas of
the sample surface to generate a pixel signal in a sampling event. The array has a number N of active sensors. The
sensors in the array are disposed relative to the samiple surface to generate respective pixel signals during the
sequence of samipling events from the number N of corresponding pixel areas of the sample surface to produoce the
plurality of sequences of pixel signals. The biosensor also has a comruunication port which outputs the plurality of
sequences of pixel signals.

[4083] The two wells can have different offsets relative to a center of the pixel area. During a sampling event,
the pixel arca caa recetve different amounts of illurnination from the two wells. The pixel signal for each sampling

event in at least one sequence of pixel signals in the plurality of sequences of pixel signals represents sensed

information from the two clusters in the corresponding pixel area. Each of the two wells can hold at least one cluster

during the sampling event. During the sampling event, the pixel area can receive an amount of illumination from a

bright cluster in the dominant well that is greater than an amount of illumination received from a dim cluster in the
bordinate well.

[0084] The biosensor can be coupled to a signal processor. The signal processor can he configared to receive

and to process the plarality of sequences of pixel signals to iden

nuclectide bases present in a number N + M of

clusters from the nuraber N of active sensors. For the bright and dum cluster, this can inclade mapping ioto at least

=

four bios 2 first pixe

generated by a sensor corresponding to the pixel area during 2 fiest illomreation stage of

the sampling event, mappiog into at least four bins a second pixel signal generated by the sensor during a second
illumination stage of the sampling event, and logically combining the mapping of the first and second pixel signals
to identify the nucleotide bases present in the bright cluster and the dim cluster.

[0085] In yet another embodiment, a device for base calling is provided. The device comprises a biosensor.

The biosensor has a sample surface. The sample surface includes pixel areas and an array of wells overlying the

pixel areas, with at icast two clusters per pixel area. The device further comprises an illumination system. The
illumination system illunyinates the pixel arcas with ditferent angles of illumination during a sequence of sampling

events, inchudi

for a sarapling event 1u the sequence of sampling events illununating each of the wells with o
axs ilumination to produce asymmetnically ihuminated well regions 1u each of the wells.

{8086} The asymunetrically illumicated regions of a well can include at least a doroinant well region and a
subordinate well region, such that during the sampling event the dounnant well region is dlluminated more than the

g

subordinate well region. The well can hold roore thaa one chuster duning the sampling event, with the doroinant and
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subordinate well regions each including a cluster. During the sampling event, a pixel area overlying the well can
receive an amount of llumination from a bright cluster in the dominant well region that is greater than an amount of
illumination received from a dim cluster in the subordinate well region.

[B6R7} The off-axis illumination can be at a forty-five degree angle. In some embodiments, one well overlies
per pixel area. In other embodiments, two wells overlie per pixel area.

[0088] The biosensor also has an array of sensors configured to generate a phurality of sequences of pixel
signals. Bach sensor in the array senses information from the at least two clusters disposed in corresponding pixel
areas of the sample surface to generate a pixel signal iu a sampling event. The array bas a number N of active
sensors. The sensors o the arcay are disposed relative to the sample surface to generate respective pixel signals
dudng the sequence of sarapling events from the number N of corresponding pixel areas of the sample surface to
produce the phurality of sequences of pixel signals. The biosensor also has a communication port which outputs the
plurality of sequences of pixel signals.

[0089] The biosensor can be coupled to a signal processor. The signal processor can be configured to receive
and to process the plurality of sequences of pixel signals to identify nucleotide bases present in a number N + M of
clusters from the number N of active sensors. For the bright and dim cluster, this can include mapping into at least
four bins a first pixel signal generated by a sensor corresponding to the pixel area during a first illumination stage of
the sampling event, mapping 1nto at least four bins a second pixel signal generated by the sensor during a second
ithumination stage of the sarupling event, and logically combining the mapping of the first and second pixel signals

to identify the nuclectide bases present 1o the bright cluster and the dim cluster.

[4090] Other features and aspects of the technology disclosed will becorne apparent from the following
detailed description, taken in conjunction with the accompanyiog drawings, which illustrate, by way of example, the
features in accordance with embodiments of the technology disclosed. This brief description is not intended to limit

the scope of any nventions described herein.

BRIEY DESCRIPTION OF THE DRAWINGS

[0021} The present disclosuire, in accordance with one or more embodiments, is described in detail with
reference to the following Bgures. The figures are provided for purposes of illustration only and merely depict
example embodiments. Furthermore, it should be noted that for clarity and ease of ilustration, the elements in the
figures have pot necessarily been drawao to scale.

[4092] Some of the figures wcluded herein illustrate various embodiments of the technology disclosed frora
different viewing angles. Although the accompanying descriptive text may refer to such views as “top,” “bottom” or

“side” views, such references are merely descriptive and do not imply or require that the technology disclosed be

implemented or used in a particular spatial orientation unless explicitly stated otherwise

[0093] Fig. 1 1s a block diagram of a base calling system in accordance with one erabodiment.
[0694] Fig. 2 is a block diagram of a system controller that can be used in the system of Fig. 1.
{6095} Fig. 3 illustrates a cross-section: of a biosensor that can be used in various embodiments. Fig. 37s

biosensor has pixel areas that can each bold more than one cluster during a base calling cyele (e.g., 2 chusters per
pixel area).
(6096} Fig. 4 shows a cross-section of 2 biosensor that can be nsed 1 various embodiments. Fig. 4°s biosensor

tas wells that can each hold more than one cluster during a base calling cycle {e.g., 2 clusters per well}).

097 Figs. SA and 58 are scatter plots that depict base calling of bright and dim chisters of a cluster paie
g P P g g f

using their respective pixel signals detected by a shared sensor (or pixel} in accordance with one embodirent.
g3 gy o AN
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[0698] Fig. 6 is a scatter plot that depicts sixteen distributions produced by intensity values from bright and
dim clusters of a cluster pair in accordance with one embodiment.

{0099} Fig. 7A is a detection table that illustrates a base calling scheme for one dye and two illuniination stage
sequencing protocol in accordance with one embodiment.

[00100] Fig. 7B is a base calling table that shows a classification scheme for classifying combined pixel signals
from bright and dirn clusters of a cluster pair into one of sixteen bins 1o accordance with one embodiment.

{40101} Fig. & shows a method of base calling by analyzing pixel signals emitted by a plurality of clusters that
stiare a pixel area in accordance with one embodinent.

(80182} Fig. 9 depicts a method of identifying pixel areas with more than one cluster on a sample sixface of a
bicsensor and base calling clusters at the identifled pixel areas in accordance with oue embodiment.

{00103} Fig. 10 illustrates a top plan view of a sample surface having pixel areas on which a plurality of
clusters is unevenly distributed in accordance with one embodiment.

[00104] Fig. 11 A illustrates a side view of a sampic surface having two wells per pixel area including a
dominant well and a subordinate well in accordance with one embodiment.

[00105] Fig. 11B depicts a top plan view of the sample surface of Fig. 11A.

{00106} Figs. 12A and 12B show off-axis illumination of a well overlying a pixel area of a sample surface.
[B8107¢ Fig. 12C illustrates asyrumetrically ilhuminated well regions produced by the off-axis ilhumination of

12A and 12R 1 accordance with one embodiment.

DETAILED DESCRIPTION

{60108} Ewmbodiments described hereto mway be used 1o various biological or chemical processes and systems

for acadenc or commercial analysis. More specifically, embodime cribed herein may be used in various

processes and systerns where it is desired to detect an event, property, quality, or characteristic that is indicative of a

desired reaction. For example, embodiments deseribed herein include cartridges, bioseusors, and their components
well as bioassay systems that operate with cartridges and biosensors. In particular embodiments, the cartridges

and biosensors include a flow cell and one or more sensors, pixels, light detectors, or photodiodes that are couple

together in a substantially umtary structure.

(68109} The binassay systerns may be configured to perfor a plurality of desired reactious that may be

1y systems may be configured to perform vumerous

detected 1adividually or collectively. The biosensors and bica
cyeles in which the plurality of desired reactions cecurs o paraliel. For example, the bioassay systems may be used
to sequence a dense array of DNA features through iterative cycles of enzymatic manipulation and data acquisition.
As such, the cartridges and biosensors may include one or more microfluidic channels that deliver reagents or other
reaction comnponents to a reaction site. In some embodiments, the reaction sites are unevenly distributed across a
substantially planar surface. In other embodiments, the reaction sites are paticmed across a substantially planar
surface in a predetermined manner. Each of the reaction sites may be associated with one or more sensors, pixels,
light detectors, or photodiodes that detect light from the associated reaction site. Yet in other embodiments, the
reaction sites are located in reaction chambers (or wells) that compartmentalize the destred reactions therein.
{00118} The following detmled description of certain embodiments will be better understood when read in
coujunction with the appended drawings. To the extent that the figures tllustrate diagrarns of the fumctional blocks of
various embodiments, the finctional blocks are not necessarily mdicative of the division between bardware
crecuitry. Thus, for exaraple, one or more of the functional blocks (e.g., processors or roernoges) may be

tmple fed 10 2 single piece of b e {e.g., a general purpose sigoal proce s eeraory, b
implemented 1o a single piece of hardware (e.g., a general purpose sigonal processor or random access raeyaoyy, baed
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disk, or the like). Similarly, the programs may be standalone programs, may be incorporated as subroutines in an
operating system, may be functions in an instalied software package, and the like. It should be understood that the
various embodiments are not limited to the arrangements and instrumentality shown in the drawings.

{00131} As used herein, 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 embodiment” are not intended to be interpreted as excloding the existence of

additional embodiments that also jucorporate the recited features. Moreover, unless explicitly stated to the contrary,

embodimments “comprising” or “having” or “including” an element or a plurality of elements having a particular
property may include additional elements whether or not they have that property.

[08132] As used heretn, a “desired reaction” includes a chauge in at least one of a chemical, elecwrical,
physical, or optical property {or quality) of an analyte-of-interest. In particular embodiments, the desired reaction is
a positive binding cvent {(e.g., incorporation of a fluorescently labeled biomolecule with the analyte-of-interest).
More generally, the desired reaction may be a chemical transformation, chemical change, or chemical interaction.
The desired reaction may also be a change in electrical properties. For example, the desired reaction may be a
change in ion concentration within a solution. Exemplary reactions include, but are not limited to, chemical
reactions such as reduction, oxidation, addition, elimination, rearrangement, esterification, amidation, etherification,
cyelization, or substitution; binding interactons in which a first cherzical binds to a second cherical; dissociation

reactions in which two or more chemicals detach from each other; fluorescence; luminescence; hiolumunescence;

chemiliminescence; and biclogical reactions, such as aucleie acid replication, nucierc acid amplification, nucleic
acid hybridization, nucleic acid ligation, phosphorylation, enzymatic catalysis, receptor binding, or ligand binding.
The desired reaction can also be an addition or eliraination of a proton, for example, detectable as a change in pH of
a surrounding solution or environment. An additional desired reaction can be detecting the flow of ions across a
membrane {e.g., natural or synthetic bilayer membrane}, for example as ions flow through a membrane the current is
disrupted and the disruption can be detected.

[00113] In particular embodiments, the desired reaction includes the incorporation of a fluorescently-labeled
motlecule to an analyte. The analyte may be an oligonucleotide and the fluorescently-labeled molecule may be a
nucleotide. The desired reaction may be detected when an excitation light ts directed toward the oligonueleotide
having the labeled nucleotide, and the fluorophore emits a detectable fluorescent signal. In alternative exubodiments,
the detected fluorescence is a result of chemiluminescence or biolummescence. A desired reaction may also increase
fluorescence {or Forster) resonance energy transfer (FRET), for example, by bringing a donor fluoropbore in
proximity to an acceptor fluorophore, decrease FRET by separanag dounor and acceptor flucrophores, increase
fluorescence by separating a quencher from a fluorophore or decrease fluorescence by co-locating a quencher and
fluorophore

[00114] As used herein, a “reaction component” or “reactant” includes any substance that may be used to
obtain a desired reaction. For example, reaction compouents include reagents, enzymes, sanples, other
biomolecules, and buffer solutions. The reaction components are typically delivered to a reaction site in a solution
and/or immobilized at a reaction site. The reaction components may interact directly or indirectly with another
substance, such as the analyte-of-interest.

[08115] As used herein, the term “reaction site” 1§ & localized region where a desived reaction may occur, A

reaction site yeay inciude support surfaces of a substrate where a substance may be tnmobilized thereon. For

example, a reaction site reay inchide a substantially planar surface in a channel of a flow cell that has a colony of

nucleic acids thereon. Typically, but vot always, the nucleic acids i the colony bave the same sequence, being for



WO 2019/136388 PCT/US2019/012559
14

example, cional copies of a single stranded or double stranded template. However, in some embodiments a reaction

site may contain only a single nucleic acid molecule, for example, in a single stranded or double stranded form.
Furthermore, a plurality of reaction sites may be unevenly distributed along the support surface or arranged in a
predetermined manner {¢.g., side-by-side in a matrix, such as in microarrays). A reaction site can also include a
reaction chamber (or well) that at least partially defines a spatial region or volume configured to compartmentalize
the desired reaction.

(681 16} This application uses the terms “reaction chamber” and “well” wterchangeably. As used herew, the

e

term “reaction chamber” or “well

includes a spatial region that is 1o fhid commuuication with a flow channel. The
reaction chamber raay be at least partially separated from the surrounding environment or other spatial regious. For
example, a plurality of reaction chambers roay be separated frorn each other by shared walls. As a more specific
example, the reaction chamber may include a cavity defined by interior surfaces of a well and have an opening or
aperture so that the cavity may be in fluid communication with a flow channel. Biosensors including such reaction
chambers are described in greater detail in international application no. PCT/US2011/057111, filed on October 20,
2011, which is incorporated herein by reference in ifs entirety.

{00117} In some embodiments, the reaction chambers are sized and shaped relative to solids (including semi-
solids) so that the solids may be inserted, fully or partially, therein. For example, the reaction chamber may be sized

and shaped to accommodate ouly oue capture bead. The capture bead may have clonally amplified DNA or other

substances thereon. Alternatively, the reaction chamber may be sized and shaped to receive au approximate number

of beads or solid substrates. As another exampie, the reaction chambers may aiso be filled with a porous gel or
substance that is configured to control diffusion ox filter fhuids that may flow into the reaction chamber.

[00118] o some erabodiments, sensors (e.g., light detectors, photodicdes) are associated with corresponding
pixel areas of a sample surface of a biosensor. As such, a pixel area is a geometrical construct that represents an area
on the biosensor’s sampic surface for one sensor (or pixel). A sensor that is associated with a pixel area detects ligh
emissions gathered from the associated pixel area when a desired reaction has occurred at a reaction site or a
reaction chamber overlying the associated pixel area. In a flat surface embodiment, the pixel aveas can overlap. In
some cases, a plurality of sensors may be associated with a single reaction site or a single reaction chamber. In other

cases, & single sensor may be associated with a group of reaction sites or a group of reaction chambers.

{00119} As used herein, a “biosensor” includes a structure having a plurality of reaction sites and/or reaction

chambers {or wells). A biosensor maay include a solid-state imaging device {e.g., CCD or CMOS imager) and,

optionaily, a flow cell mouated thereto. The flow cell may chude at least one flow chianoel that s in fhud
connnunicaiion with the reaction sites and/or the reaction chambers. As one specific example, the biosensor is
configured to fluidically and electrically couple to a bioassay system. The bioassay system may deliver reactants to
the reaction sites and/or the reaction chambers according to a predetermined protocol (e.g., sequencing-by-synthesis)
and perform a plurality of imaging events. For example, the bioassay system may direct solutions o flow along the
reaction sites and/or the reaction chambers. At least one of the solutions may include four types of nucleotides
having the same or different fluorescent labels. The nucleotides may bind to corresponding oligonucleotides located
at the reaction sites and/or the reaction chambers. The bicassay system may then illuminate the reaction sites and/or
the reaction charnbers using an excitation light source {e.g., soltd-state light sources, such as light-emitting diodes or
LEDs). The excitation light may have a predetermined wavelength or wavelengths, including a range of

wavelengths. The excited fluorescent labels provide ernission signals that yeay be captured by the sensors.
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[06128] In alternative embodiments, the biosensor may include electrodes or other types of sensors configured
to detect other identifiable properties. For example, the sensors may be configured to detect a change in ion
concentration. In another exaniple, the sensors may be configured to detect the ion current flow across a membrane.
(80121} As used herein, a “cartridge” inclhudes a structure that is configured to hold a biosensor. In some
embodiments, the cartridge may include additional features, such as the light source (e.g., LEDs) that are configured
to provide excitation light to the reaction sites and/or the reaction chambers of the biosensor. The cartndge may also
ineclude a fluidic storage syster {e.g., storage for reagents, sample, and buffer) and a flmdic control system {e.g.,
pumps, valves, and the like) for Budically transporting reaction components, saraple, and the like to the reaction
sites and/or the reaction chambers. For example, after the biosensor is prepared or manufactured, the biosensor may
be coupled to a housing or contaieer of the cartridge. In sorae embodiments, the biosensors and the cartridges mway
be self-contained, disposable units. However, other embodiments may include an assembly with removable parts
that allow a user to access an interior of the biosensor or cartridge for maintenance or replacement of components or
samnples. The biosensor and the cartridge may be removably coupled or engaged to larger bioassay systerms, such as
a sequencing system, that conducts controlled reactions therein.
{00122} As used herein, when the terms “removably” and “coupled™ (or “engaged”™} are used together to
describe a relationship between the biosensor (or cartridge) and a system receptacle or interface of a bioassay
systern, the texm is intended to mean that a conuection between the biosensor (or cartridge} and the system
receptacle 1s readily separable without destroving or darnaging the syster receptacle and/or the bioseusor (or
cartridge). Compouents are readily separable when the components may be separated from each other without undue

effortor a

goificant amount of time spent (o separating the compouents. For example, the biosensor {or cartridge)

may be removably coupled or engaged to the system receptacie in an electrical manuer such that the manog contacts
of the bioassay system are not destroyed or damaged. The biosensor (or cartridge) may aiso be removably coupled
or engaged to the system receptacic in a mechanical manner such that the features that hold the biosensor (or
cartridge) are not destroyed or damaged. The biosensor (or cartridge) may also be removably coupled or engaged to
the system receptacle in a fluidic manner such that the ports of the system receptacie are not destroyed or damaged.
The system receptacle or a component is not considered to be destroyed or damaged if, for example, only a simple
adjustment to the component {¢.g., realignment} or a sirople replacement (e.g., replacing a nozzie) is required.
(98123 As used herein, a “cluster” is a colony of similar or identical molecules or nucleotide sequences or
DNA strands. For example, a cluster can be an amplified oligonucleotide or any other group of a polynueleotide or

tex caa be any eleraent or group of

polypeptide with a same or si

silar sequence. In other embodiments, a chu
elements that occupy a physical area on a sample surface. In embodiments, clusters are ramobilized to a reaction
site and/or a reaction chamber during a base calling cycle.

[(43124] As used herein, the term “hmmobilized,” when used with respect to a biomolecuie or biological or

chemical

substance, includes substantially attaching the biomolecule or biological or chemical substance ata

molecular level to a surface. For example, a biomolecule or biological or chemical substance may be immobilized to
a surface of the substrate material using adsorption techniques including non-covalent interactions (e.g., electrostatic
forces, van der Waals, and dehydration of hydrophobic interfaces) and covalent binding technigues where functional

groups or hukers facilitate attaching the biomolecules to the surface. Immobilizing biom:

iecules or biclogical or
chercal substances to a surface of a substrate material may be based upon the properties of the substrate surface
the Hquid medivre cagying the bloroolecule or biological or chemical substance, and the properties of the
biomolecules or biological or chernical substances themselves. ln some cases, a substrate surface may be

funcronalized (e.g., chernically or physically modified) to facilitate iramobilizing the biomolecules (or biclogical or

=31
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chemical substances) 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 biomolecuies or biological or chemzical substances to
immobilize them thereon. A substance can be imimobilized to & surface via a gel, for example, as described in US

Patent Publ. No. US 2011/0053865 A1, which is incorporated herein by reference.

[06125] In some embodiments, nucleic acids can be attached to a surface and amplified using bridge
amplification. Usefud bridge amplification methods are deseribed, for example, in U.S. Patent No. 5,641,658; WO

2007/010251, U.S. Pat. No. 6,090,592, 1.8, Patent Publ, No. 2002/0055100 AL U.S. Patent No., 7,115,400, U.S.
Patent Publ. No. 2004/0096853 A1; U.S. Patent Publ. No. 2004/6002090 A1; U.S. Patent Publ. No. 2007/0128624
Al; and U.S. Patenit Publ. No. 2008/0009420 A1, each of which is incorporated herein in its entirety. Avother useful
wethad for amphifving nucleic acids on a surface is rothing circle amplification (RCA), for example, using wethods
set forth in further detail below. In some embodiments, the nucleic acids can be attached to a surface and amplified
using one or more primer pairs. For example, one of the primers can be in solution and the other primer can be
immobilized on the surface (e.g., 5'-attached). By way of example, a nucleic acid molecule can 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 hybridizes to the first copy of the nucleic acid which can 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

: and can he extended at

original nucleic acid molecule can hybridize to a second imuobilized primer on the su
the same tire or after the primer o solution is extended. In auy embodiment, repeated rounds of extension {e.g.,
amplification)} using the immobilized primer and prumer o solution provide multiple copies of the nucleic acid.
{40124} In particular embodiments, the assay protocols executed by the systems and raethods described herein
include the use of natural mucleotides and also enzymes that are configured to interact with the natural nucleotides
Natural nucleotides include, for example, ribenuclectides (RNA) or deoxyribonucieotides (DNA). Natural
nucleotides can be in the mono-, di-, or tri-phosphate form and can have a base selected from adenine (A), thymine
(T}, uracil (U}, guanine (G} or cytosine {C). It will be understood however that non-natural nucleotides, modified
nucleotides or analogs of the aforementioned nucleotides can be used. Some examples of useful non-natural
nucleotides are set forth below in regard to reversible terminator-based sequencing by synthesis methods.

{00127} In emboduments that inchude reaction chambers, items or solid substances (including serm-solid
substances) may be disposed within the reaction chambers. When disposed, the itern or solid may be physically held
or immobilized within the reaction charber through an interference fit, adhesion, or entrapment. Exemplary items
or solids that raay be disposed within the reaction chambers include polymer beads, pellets, agarose gel, powders,
quantam dots, or other solids that may be compressed and/or held within the reaction chamber. In particular
embodiments, a nucleic acid superstructure, such as a DNA ball, can be disposed in or at a reaction chamber, for
example, by attachment o an interior surface of the reaction chamber or by residence in a liquid within the reaction
chamber. A DNA ball or other nucleic acid superstructure can be preformed and then disposed in or at the reaction
chamber. Alternatively, a DNA ball can be synthesized in situ at the reaction chamber. A DNA bail can be
synthesized by rolling circle amplification to produce a concatamer of a particular nucleic acid sequence and the
concatamer can be treated with conditions that form a relatively compact ball. DNA balls and methods for their
synthesis are described, for example in, U.S. Patent Pubbcation Nos, 2008/0242560 At or 2008/0234136 Al, each
of which 1s incorporated herein in its entivety. A substance that is held or disposed in a reaction chamber can be jna

solid, liquid, or gaseous state.

{06128} As used hereln, “base calling” identifies a nucleotide base in a nucleic acid sequence. Base calling

refers to the process of determining a base call (A, C, G, 1) for every cluster at a specific cycle. As an example, base
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calling can be performed utiiizing four-channei, two-channel or one-channel methods and systems described in the
incorporated materials of U.S. Patent Application Publication No. 2013/0079232. In particular embodiments, a base

calling cycle is referred to as a “sampling event.” In one dye and two-channel sequencing protocol, a sampling event

comprises two illumination stages in time sequence, such that a pixel signal is generated at each stage. The first

illumination stage induces illumination from a given cluster indicating nucleotide bases A and T in a AT pixel

[N

signal, and the second ithumination stage indoces iHlonunation from a given cluster indicating nucleotide bases  and

T a CT pixel signal.

Basg Calling ¢

{40129} Fig. 1 1s a block diagram of a base calling system 100 in accordance with one embodiment. The base
calling system {60 may operate to obtain any information or data that relates to at least one of a biological or
chemical substance. In some embodiments, the base cailing system 100 is a workstation that may be similar to a
bench-top device or desktop computer. For example, a majority (or all} of the systems and components for
conducting the desired reactions can be within a common housing 116.

(00134} In particular embodiments, the base calling system 100 is a nucleic acid sequencing system {or
sequencer} configured for various applications, jucluding but not himited to de novo sequencing, resequencing of
whole genomes or target genoniic regions, and metagenomies. The sequencer muay also be used for DNA or RNA
analysis. In some embodiments, the base calling system 130 may also be configured to generate reaction sites in a
biosensor. For exaraple, the base calling system 100 wmay be configured to receive a sayuple and generate surface
attached clusters of clonally amplified oucleic acids derived from the sarople. Each chuster may constitute or be pact
of a reaction site in the biosensor.

[o0131] The exenplary base calling system 100 may include a system receptacle or interface 112 that is

onfigured to it

-act with a biosensor 102 to perform desired reactions within the biosensor 102. In the following
description with respect to Fig. 1, the biosensor 102 is loaded into the system receptacle 112. However, it is
understood that a cartridge that inciudes the biosensor 102 may be inserted into the system receptacle 112 and in
some states the cartridge can be removed temporarily or permanently. As described above, the cartridge may
include, among other things, fluidic control and flmidic storage components.

(68132} In particular embodiments, the base calling systera 100 is configured to perform a large number of
paraliel reactions withio the biosensor 102, The biosensor 102 includes one or more reaction sites where desired
reactions can oceur. The reaction sites raay be, for example, amobilized to a solid surface of the biosensor or
immobilized to beads (or other movable substrates) that are jocated within corresponding reaction chambers of the
biosensor. The reaction sites can include, for example, clusters of clonally amplified nucleic acids. The biosensor
102 may inciude a solid-state imaging device (e.g., CCD or CMOS imager) and a flow cell mounted thereto. The
flow cell may include one or more flow channels that receive a solution from the base calling system 100 and direct
the solution toward the reaction sites. Optionalily, the biosensor 102 can be configured to engage a thermal element
for transferring thermal energy into or out of the flow channel.

(68133} The base calling system 100 may include various compouents, assembhes, and systerns {or sub-
systems) that interact with each other to perform a predetermined method or assay protocol for hiological or
chemical analysis. For example, the base calling system 100 includes a syster controller 104 that may communicate
with the various compounents, assemblies, and sub-systems of the base caliing system 180 and also the biosensor

{02, For example, in addition to the systern receptacle 112, the base calling system 100 roay also 1uclude a fluidic

control system 106 to control the flow of fluid throughout a fluid network of the base calling systera 100 and the
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biosensor 102; a flind storage system 10§ that is configured to hold ail fluids {e.g., gas or liguids) that may be used
by the bioassay system; a temperature control system 110 that may regulate the temperature of the fluid in the fluid
network, the fluid storage system 108, and/or the biosensor 102; and an illumination system: 109 that is configured o
illuminate the biosensor 102. As described above, if a cartridge having the biosensor 102 is loaded into the system
receptacle 112, the cartridge may also include fluidic control and fluidic storage components.

REREY Also shown, the base calling systexn 100 may inclode a user interface 114 that interacts with the user.
For example, the user interface 114 may inclode a display 113 to display or reguest information from a vser and a
user input device 115 to receive user inputs. In some embodiments, the display 113 and the user input device 115 are
the same device. For example, the user interface 114 may include a touch-sensitive display configured to detect the
presence of an individual's touch and also identify a location of the touch on the display. However, other user imput

devices 115 may be used, such as a mouse, touchpad, kevboard, keypad, handheld scanner, voice-recogunition
system, motion-recognition system, and the like. As will be discussed in greater detail below, the base calling
system 100 may comnmnicate with various components, including the biosensor 102 (e.g., in the form of a
cartridge), to perform the desired reactions. The base calling system 100 may also be configured to analyze data
obtained from the biosensor to provide a user with desired information.

[00135] The system controller 104 may include any processor-based or microprocessor-based system,
including systerss using microcontroliers, reduced nstruction set computers (RISC), application specific integrated
errcuits (ASICs), field programmable gate arcay (FPGAs), logie circuits, and any other circuit or processor capable
of executing functons described terein. The above examples are exemplary only, and are thus not intended to bixmt

in any way the definition and/or meaning of the term system conwoller. In the exen

y embodiment, the system

controller 104 executes a set of instructions that are stored in oue or more storage elements, reernories, or raodules

in order to at least one of obtain and analyze detection data. Detection data can include a plurality of sequences of
pixel signals, such that a sequence of pixel signals from each of the millions of sensors {or pixels) can be detected
over many base calling cycles. Storage elements may be in the form of information sources or phiysical memory
elements within the base calling system 100.

{08136} The set of instructions may include various commands that instruct the base calling system 100 or
biosensor 102 to perform specific operations such as the methods and processes of the various embodiments
described herein. The set of instructions may be in the form of a software program, which may form part of' 2
tangible, non-transitory computer readable mediom or media. As used berein, the terms “software” and “fionware”
are interchaungeable, and inclade any computer program stored 1o yaernory for execution by a cornputer, including
RAM memory, ROM memory, EPROM memory, BEEPROM memory, and non-volatle RAM (NVRAM) memory.
The above memory types are exempliary only, and are thus not limiting as to the types of memory usabie for storage
of a computer program.

[00137] 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 separate programs, or a program module within a larger program or a
portion of a program module. The software also may include modular programming in the form of object-oriented
programmiing. After obtaining the detection data, the detection data may be automatically processed by the base
calling system 100, processed in response to user inputs, or processed in respouse to a request made by another
processing machine (e.g., 4 remote request through a commumcation huk). In the illustrated embodiment, the system
controtler 104 includes the signal processor 138. In other erabodiments, system controiler 104 does not 1oclude the
signal processor 138 and {nstead has access to the signal processor 138 (e.g., the signal processor {38 may be

separately hosted on cloud).
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[06138] The system controller 104 may be connected to the biosensor 102 and the other components of the
base calling system 100 via commmunication links. The system controller 104 may also be communicatively
connected to off-site systems or servers. The communication links may be hardwired, corded, or wireless. The
system controller 104 may receive user inputs or commands, from the user interface 114 and the user input device
115,

{08135} The flmdic control system 106 inclodes a fhuid network and is configured to direct and regulate the

flow of one or more fluids through the fluid network. The fluid network may be in fluid communication with the

biosensor 102 and the §

nd storage syster 108, For example, select fluids may be drawn from the fluid storage
system {08 and directed to the blosensor (02 in a controlled raanuer, or the flinds reay be drawn from the bioseasor

102 and directed toward, for exaraple, a waste reservoir in the fiuid storage system 108. Although not shown, the

fluidic control system 106 may include flow sensors that detect a flow rate or pressure of the fluids within the fluid
network. The sensors may comnunicate with the system controlier 104,

[00140] The temperature control system {10 is configured to regnlate the temperature of fluids at different
regions of the fluid network, the fluid storage system 108, and/or the biosensor 102. For example, the temperature
control system 110 may include a thermocycler that interfaces with the biosensor 102 and controls the temperature
of the fluid that flows along the reaction sites in the biosensor 102. The temperature control system 116 may also
regulate the teraperature of solid elerments or components of the base calling systern 100 or the biosensor 102.
Although not shown, the texoperature control systern 110 may include sensors to detect the temperature of the fluid
or other compotents. The sensors may compumnicate with the system controller 104,

{00141} The fluid storage system 108 is 1o fluid coromunication with the biosensor 102 and may store various
reacnon coraponents or reactaats that are used to conduct the desired reactions therein. The fluid storage systern 108
may also store fluids for washing or cleaning the fluid network and biosensor 102 and for diluting the reactants. For
example, the fluid storage system 108 may include various reservoirs to store samples, reagents, enzymes, other
biomolecules, buffer solutions, agueous, and non-polar solutions, and the like. Furthermore, the fluid storage system
108 may also include waste reservoirs for receiving waste products from the biosensor 102, In embodiments that
include a cartridge, the cartridge may include one or more of a fluid storage system, fluidic control system or
temperature control system. Accordingly, one or more of the compounents set forth herein as relating to those
systemns can be contained within a cartridge housing. For example, 2 cartridge can have various resexvoirs to store

samiples, reagents, enzyres, other bioruolecules, buffer solutions, agqueous, and nou-polar solutions, waste, and the

i C. AAE 8UCh, Of wore of xid stora, EYN A,".' CONWOL SYSIC or v yeis OYHYOL 8YS an. nNe
like. As such, one or more of a fluid storage system, fluidic control system or temperature control system can be

removably engaged with a bioassay system via 2 cartridge or other bilosensor.

&

[00142] The ilhmmination system 109 may include a light source {e.g., one or more LEDSs) and a plurality of

optical components to illuminate the biosensor. Examples of light sources may include lasers, arc lamps, LEDs, or

laser diodes. The optical components may be, for example, refl

ctors, dichroics, beam splitters, collirnators, lenses,
filters, wedges, prisms, nyirrors, detectors, and the like. In embodiments that use an illunyination system, the
illumination system 109 may be configured to direct an excitation light to reaction sites. As one example,

iorophore e excited by gre ravele s of light, as such the wavelength of the excitation light may be
fluorophores may be excited by green wavelengths of light, as such the wavelength of the excitation light may be
approximately $32 nm. In one embodiment, the tHumination system 109 1s configured to produce iHumination that is
paraliel to a surface normal of a surface of the biosensor 162, In another smbodument, the ilhumination system £09 is

con

red to produce Ulumination that 1s off-angle relative to the surface vormal of the surface of the biosensor

102. In yet another embodiment, the ithumnation system (69 is configured to produce idlumination that has plural

2

angles, mcluding sorae parailel :flumination and sorae off-angle dlumination.
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[06143] The system receptacle or interface 112 is configured to engage the biosensor 102 in at least one of a

mechanical, electrical, and fluidic manner. The system receptacle 112 may hold the biosensor 102 in a desired

orientation to facilitate the flow of fluid through the biosensor 102, The system receptacle 112 may also include
clectrical contacts that are contfigured to engage the biosensor 102 so that the base calling system 100 may
communicate with the biosensor 102 and/or provide power to the biosensor 102. Furthermore, the system receptacie
112 may include thudie ports {e.g., nozzles) that are configured to engage the biosensor 102, In some embodiments,
the biosensor 102 is removably coupled to the system receptacle 112 in a mechanical manuer, 1o an electrical
mauner, and also 1o a fluidic manner,

(80144} In addition, the base calling system 100 may comuounicate remotely with other systems or networks or
with other bioassay systems 100. Detecoon data obtained by the bicassay system(s) 100 roay be stored in a reraote
database.

[00145] Fig. 2 is a block diagram of a system controlier 104 that can be used in the system of Fig. 1. Inone
embodiment, the system controller 104 includes one or more processors or moduies that can conymunicate with one
another. Hach of the processors or modules may include an algorithin (e.g., instructions stored on a tangible and/or

non-transifory computer readable storage medium) or sub-algorithms to perform particular processes. The system

<+

C

-

controller 104 is illustrated conceptually as a collection of modules, but may be implemented uvtilizing any
combination of dedicated hardware boards, DSPs, processors, ete. Altermatively, the system controller 104 may be
implerented vtilizing an off-the-shelf PC with 2 single processor or multiple processors, with the functional
operations distributed between the processors. As a fucther option, the raodules descnibed below raay be
mplerented utilizing a hybrid configuration in which certain roodular functions ace performed utitizing dedicated
hardware, while the remaining modular functions are performed utilizing an off-the-shelf PC and the like. The
moeduies also may be implemented as software modules within a processing unit.

[06146] Dwuring operation, a communication port 120 may transmit information (e.g. commands) to or receive
information (e.g., data) from the biosensor 102 (Fig. 1) and/or the sub-systems 106, 108, 110 (Fig. 1}. In
embodiments, the communication port 120 may output a plurality of sequences of pixel signals. A commiunication
link 122 may receive user input from the user interface 114 (Fig. 1) and transmit data or information to the user
iterface 114. Data from the biosensor 102 or sub-systems 106, 108, 110 may be processed by the systern controller
104 1u real-time during a bioassay session. Additionally or altematvely, data may be stored teraporanily in a system
memory during a bicassay session and processed 1o slower than real-time or off-line operation.

{06147} As shown in Fig. 2, the system controller 104 may roclude a phurality of modules 131-139 that
comumunicate with a main control yaodule {30, The main control module 130 may commumnicate with the user
interface 114 {Fig. I). Although the modules 131-139 are shown as communicating directly with the main control
moduie 130, the modules 131-139 may also comnunicate directly with cach other, the user interface 114, and the
biosensor 102. Also, the modules 131-139 may communicate with the main control module 130 through the other
modules.

[00148] The plurality of modules 131-139 include system modules 131-133, 139 that communicate with the
sub-systems 106, 108, 110, and 111, respectively. The fluidic conirol module 131 may communicate with the fluidic
coutrol system 16 to control the valves and flow sensors of the fhuid network for controlhng the flow of one or
wore flods through the fluid network, The flmd storage module 132 may notify the user when fluids are low or
when the waste reservoir is at or near capactty. The fluid storage module 132 may also communicate with the
teraperature control roodule 133 so that the fluids may be stored at a desired temperature. The iluminaton module

{39 may comenunicate with the ilumination system 109 to illuroinate the reaction sites at designated times duning a
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protocol, such as after the desired reactions (e.g., binding events) have occurred. In some embodiments, the

n module 139 may communicate with the iHumination systern 109 to illuminate the reaction sites at

ilfunrinati
designated angles.
{80149} The plurality of modules 131-139 may also include a device module 134 that communicates with the
biosensor 102 and an identification module 135 that determines identification information relating to the biosensor
102, The device module 134 may, for exaruple, cormmunicate with the systern receptacle 112 to confirm that the
biosensor has established an electrical and fluidic connection with the base calling system 100, The identification
medule 135 may receive signals that ideatify the bioseusor 102, The identification yuodule 135 may use the identity
of the bicsensor 102 to provide other inforraation to the user. For example, the identification module 135 may
deterrmuee acd theo display a Jot number, a date of manufacture, or a protocol that is reconmunended to be run with
the biosensor 102.
[00150] The plurality of modules 131-139 may also include a signal processing module or signal processor 138
that receives and analyzes the signal data (e.g., image data} from the biosensor 102. Signal processor 138 includes
memory 140 {e.g., RAM or Flash) to store detection data. Detection data can include a plurality of sequences of
pixel signals, such that a sequence of pixel signals from each of the millions of sensors (or pixels) can be detected
over many base calling cyeles. The signal data may be stored for subsequent analysis or may be transmitted to the
sser interface 114 to display desired information to the user. In some embodiments, the signal data maay be
processed by the solid-state unager {e.g., CMOS image sensor) before the signal processor 138 receives the signal
fata.
{30151} Protocol modules 136 and {37 communicate with the main control module 130 to control the operation
of the sub-systerns 106, 108, and 110 when conducting predeternined assay protocols. The protocol modules 136
and 137 may include sets of wnsiructions for instructing the base calling system 100 to perform specific operations
pursuant to predetermined protocols. As shown, the protocel module may be a sequencing-by-synthesis (SBS)
module 136 that is configured to issue various commands for performing sequencing-by-synthesis processes. In
SBS, extension of a nucleic acid primer along a nucleic acid template is monitored to determine the sequence of
nucleotides in the template. The underlying chemical process can be polymerization {e.g. as catalyzed by a
polymerase enzyme) or ligation {e.g. catalyzed by a ligase euzyme). In a particudar polymerase-based SBS
embodirent, fluorescently labeled nucleotides are added to a primer (thereby extending the primer) 1o 2 teruplate
dependent fashion such that detection of the order and type of nucleotides added to the primer can be used to
determmue the sequence of the template. For example, to ininate a first SBS cycle, commands can be given to debver
oue or more labeled nucleotides, DNA polymerase, ete., wto/through a flow cell that houses an arcay of nucleic acid
teraplates. The nucleic acid templates may be located at corresponding reaction sites. Those reaction sites where
primer extension causes a labeled nucleotide to be incorporated can be detected through an imaging event. During
an imaging eveni, the illumination system 109 may provide an excitation light to the reaction sites. Optionally, the
nucleotides can further include a reversible termination property that terminates further primer extension once a
nucleotide has been added to a primer. For example, a nucleotide analog having a reversible terminator moiety can
be added to a primer such that subsequent extension cannot occur until a deblocking agent is delivered to remove the
moiety. Thus, for embodiments that use reversible termination a command can be given to deliver a deblocking

reagent to the flow cell (before or after detection occurs). Oue or more commands can be given to effect wash(es)

between the varicus delivery steps. The cycle can then be repeated v tirees to extend the privaer by n nucleotides,
thereby detecting a sequence of length n. Exempiary sequencing technigues are described, for exarople, in Bentley et

al., Nature 456:53-59 (2008), WO 2004/01 8497; US 7,057,026, WO S1/06678; WO 2007/123744; US 7,329,492;
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US7,211,414;: US 7,315,019; US 7,405,281, and US 2008/0108082, cach of which is incorporated herein by
reference.

[00152] For the nucleotide delivery step of an SBS cycle, either a single type of nucleotide can be delivered ata
time, or multiple different nucleotide types (e.g. A, C, T and G together) can be delivered. For a mucleotide delivery
configuration where only a single type of nucleotide is present at a time, the different nucieotides need not have
distinct labels since they can be distinguished based on teruporal separation inherent in the ndividualized delivery.
Accordingly, a sequencing method or apparatus can vse single color detection. For example, au excitation source
ueed ouly provide excitation at a single wavelength or in a single range of wavelengths. For a nucleotide delivery
configuration where delivery resuits 1o rouluple different nucleotides being present in the flow cell at one time, sites
that recorporate different nucleotide types can be distinguished based on different fluorescent labels that are attached
to respective nucleotide types in the mixture. For example, four different nucleotides can be used, each having one
of four different fluorophores. In one embodiment, the four different fluorophores can be distinguished using
excitation in four different regions of the spectrum. For example, four different excitation radiation sources can be
used. Alternatively, fewer than four different excitation sources can be used, but optical filtration of the excitation
radiation from a single source can be used to produce different ranges of excitation radiation at the flow cell.

[00153] In some embodiments, fewer than four different colors can be detected in a mixture having four
different nucleotides. For exarple, pairs of nucleotides can be detected at the same wavelength, but distinguished
based on a difference in intensity for oue memnber of the pair compared to the other, or based ou a change to one
member of the pair {e.2. via chervical roodification, photochemical modification or physical modification) that
causes apparent signal to appear or disappear cornpared to the signal detected for the other member of the pair.
Exeraplary appacatus and methods for distinguishing four different nucleotides using detection of fewer than four
colors are described for example in US Pat. App. Ser. Nos. 6§/538,294 and 61/619.878, which are incorporated
herein by reference in their entireties. U.5. Application No. 13/624,200, which was filed on September 21, 2012, is
relevant in this context and also incorporated by reference in its entirety.

[00154] The plurality of protocol modules may also include a sample-preparation (or generation) module 137
that is configured to issue commands to the fluidic control system 106 and the temperature control system 110 for
aruplifying a product within the biosensor 102. For example, the biosensor 102 may be engaged to the base calling
systern 100. The aruplification module 137 may issue instructions to the fluidic control system 106 to deliver
weeessary amplification components to reaction chambers within the biosensor 102, [n other ernbodunents, the

reacnon sites may already coutai

1 some components for amplification, such as the template DNA and/or prirers.
After delivenng the amplification compouents to the reaction chaxnbers, the amplification roodule 137 may twstruct
the temperature control system 110 to cycle through different temperature stages according to known amplification
protocols. In some embodiments, the amplification and/or nucleotide incorporation is performed isothermally.
[00155] The SBS module 136 may issue commands to perform bridge PCR where clusters of clonal amplicons
are formed on localized areas within a channel of a flow cell. After generating the amplicons through bridge PCR,
the amplicons may be “lincarized” to malke single stranded template DNA, or sstDNA, and a sequencing primer may
be hybridized to a universal sequence that tlanks a region of interest. For example, a reversible terminator-based
sequencing by synthesis method can be used as set forth above or as follows.

[88156] Hach base cailing or sequencing eycle can extend a sstNA by a single base which can be

accomplished for example by using a roodified DNA polymerase and 2 mixture of four types of nucleotides. The

different types of nucleotides can have unique flrorescent labels, and each nuclentide can further have a reversible

£l

terrinator that allows only a single-base incorporation to occur in each cycle. After a single base is added to the
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sstDINA, excitation light may be incident upon the reaction sites and fluorescent emissions may be detected. After
detection, the fluorescent label and the terminator may be chemically cleaved from the sstDNA. Another similar
base calling or sequencing cycle may follow. In such a sequencing protocol, the SBS module 136 may instruct the
fluidic control system 1006 to direct a flow of reagent and enzyme solutions through the biosensor 102. Exemplary
reversible terminator-based SBS methods which can be utilized with the apparatus and methods set forth herein are
described in US Patent Application Publication No. 2007/0166705 A1, US Patent Application Publicaton No.
2006/01 88901 AL, US Patent No. 7,057,026, US Patent Applcation Publication No. 2006/0240439 A1, US Patent
Application Publication No. 2000/0281 109 A1, PUT Publcation No. W 2005/065814, 1S Patent Application
Publication No. 2005/0100900 AT, PCT Publication No. WO 2006/064 199 and PCT Publication No. WO
2007/010251, each of which s jucorporated herein by reference 16 its entixety. Exemplary reagents for reversible
terminator-based SBS are described in US 7,541,444; US 7,057,026; US 7,414,116; US 7,427,673, US 7,566,337,
US 7,592,435 and WO 2007/135368, each of which is incorporated herein by reference i its entirety.

[08157] In some embodiments, the amplification and SBS modules may operate in a single assay protocol
where, for example, template nucleic acid is amplified and subsequently sequenced within the same cartridge.
[00158] The base calling systen 100 may also allow the user to reconfigure an assay protocol. For example, the
base calling system 100 may offer options to the user through the user interface 114 for modifying the determined
protocol. For exarple, if it is determined that the biosensor 102 is to be used for amplification, the base calling
system 100 may request a temperature for the annealing cycle. Furthenuore, the base calling systern 100 may issue
warnings to a user f a user has provided user xaputs that are generally not aceeptable for the selected assay protocol.
{40159} In embodimeuts, the blosensor 102 includes mitlions of sensors {or pixels), cach of which generates a
plurality of sequences of pixel signals over successive base calling cycles. Signal processor 130 detects the plucality
of sequences of pixel signals and attributes them to corresponding sensors (or pixels) in accordance to the row-wise

and/or column-wise location of the sensors on an array of sensors.

Biosensor

[06160] Fig. 3 illustrates a cross-section of a biosensor 300 that can be used in various embodiments. Biosensor

300 has pixel areas 306, 308, 31¢', 312, and 314’ that can each hold more than one cluster during a base calling

cycle (e.g., 2 clusters per pixel area). Biosensor 300 may have similar features as the biosensor 102 (Fig. 1)
described above and may be used i, for example, the cartridge. As shown, the biosensor 300 may wclude a flow
cell 302 that is mounted onto 2 sampling device 364, In the 1Hlustrated erabodiment, the flow cel} 302 1s affixed
directly to the sampling device 304, However, i alternative embodiments, the flow cell 302 may be removably
coupled to the sampling device 304. The sampling device 304 has a sample surface 334 that may be functionalized
{e.g., chemically or physically modified in a suitable manner for conducting the desired reactions). For example, the
sample surface 334 may be functionalized and may include a plurality of pixel areas 306", 368, 310', 312, and 314
that can each hold more than one cluster during a base calling cycle (e.g., each having a corresponding cluster pair

306AB, 308AB, 310AR, 312AB, and 314AB immobilized thereto). Fach pixel area is associated with a

corresponding sensor {or pixel or photodiode) 306, 308, 310, 312, and 314, such that light received by the pixel area
is captured by the corresponding sensor. A pixel area 306 can be also associated with a corvesponding reaction site
306" on the sample surface 334 that holds a cluster pair, such that light emitted from the reaction site 306" 1s
received by the pixel area 306" and captured by the corresponding sensor 306. As a result of this sensing structure, o
the case in which two or raore clusters are present in 2 pixel area of a particular sensor during a base calling cycle

{e.g., each baving a comesponding cluster pair), the pixel signal 10 that base calling cycle carries 1oformaton based
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on all of the two or more clusters. As a result, signal processing as described herein is used to distinguish each
cluster, where there are more clusters than pixel signals in a given sampling event of a particular base calling cycle.
{00161} In the illustrated embodiment, the flow cell 302 includes sidewalls 338, 340 and a flow cover 336 that
is supported by the sidewalls 338, 340. The sidewalls 338, 340 are coupled to the sampie surface 334 and extend
between the flow cover 336 and the sidewalls 338, 340. In some embodiments, the sidewalls 338, 340 are formed
from a curable adhesive layer that bonds the flow cover 336 to the samphng device 304,
(68162} The sidewalls 338, 340 are sized and shaped so that a flow channel 344 exasts between the flow cover
336 and the sampling device 304. As shown, the flow channe! 344 may include a height I that 1s determined by the
sidewalls 338, 340. The height H; may be between about 56-400 pwm (imcrometer) or, yoore particularly, about 80-
200 pm. fo the dlustrated embodiment, the beight H; 18 about 100 yre. The flow cover 336 reay inchude a matexial
that is transparent to excitation light 301 propagating from an exterior of the biosensor 300 into the flow channel
344. As shown in Fig. 3, the excitation light 301 approaches the flow cover 336 at a non-orthogonal angle. However,

EL

this is only for illustrative purposes as the excitation light 301 may approach the flow cover 336 from different

angles.
[08163] Also shown, the flow cover 336 may include inlet and outlet poris 342, 346 that are configured to
fluidically engage other ports (not shown). For example, the other ports may be from the cartridge or the

waorkstation. The flow chanuel 344 1s sized and shaped to direct a fluid aloug the sample sorface 334. The height H,
and other dimensions of the flow channe] 344 may be configured to maintain a substantially even flow of a fiuid
aloug the sample surface 334, The dimensions of the flow chanuel 344 roay also be coufigured to control bubble
formarion.

[08164] As shown in exemplary Fig. 3, the sidewalis 338, 340 and the flow cover 336 are separate components
that are coupled to each other. In alternative embodiments, the sidewalils 338, 340 and the flow cover 336 may be
integrally formed such that the sidewalls 338, 340 and the flow cover 336 are formed from a continuous picee of
material. By way of example, the flow cover 336 (or the flow cell 302) may comprise a transparent material, such as

glass or plastic. The flow cover 336 may constitute a substantially rectangular block having a planar exterior surface

and & planar inner surface that defines the flow channel 344. The block may be mounted onto the sidewalls 338,

340. For

340, Alternatively, the flow cell 302 may be etched to define the flow cover 336 and the sidewalls 338,

example, a recess may be etched into the transparent material. Wheun the etched material is mounted to the sampling
device 304, the recess may become the flow channel 344,
[08165] The sampling device 304 may be sianlar to, for example, an rutegrated cixeuit corpusing a phacality of

T

stacked substrate layers 320-326. The substrate fayers 320-326 ray include a base substrate 320, 2 solid-state
imager 322 {e.g., CMOS image sensor), a filter or light-management layer 324, and a passivation layer 326. It
should be noted that the above is only iilustrative and that other embodiments may include fewer or additional
layers. Moreover, cach of the substrate layers 320-326 may include a plurality of sub-layers. As will be described in
greater detail below, the sampling device 304 may be manufactured using processes that are similar to those used in
manufacturing integrated circuits, such as CMOS image sensors and CCDs. For example, the substrate layers 220~
326 or portions thereof may be grown, deposited, etched, and the like to form the sampling device 304.

{0166} The passivation layer 326 1s configured to shield the filter layer 324 from the fluidic environment of
the flow channel 344. In some cases, the passivation layer 326 is also configured to provide a solid surface (Le., the
saraple surface 334) that permits biomolecules or other analytes-of-interest to be 1mmobilized thereon. For exaruple,

cach of the reaction sites raay include a cluster of biomolecules that are tnmobibized to the sample surface 334,

Thus, the passivation layer 326 may be formed from a material that permits the reaction sites to be wnmobilized
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thereto. The passivation layer 326 may also coniprise a material that is at ieast fransparent to a desired fluorescent

light. By way of example, the passivation layer 326 may include silicon nitride (S13N4) and/or silica (S102).
However, other suitable material(s) may be used. In the illustrated embodiment, the passivation layer 326 may b
substantially planar. However, in alternative embodiments, the passivation layer 326 may include recesses, such as
pits, wells, grooves, and the like. In the illustrated embodiment, the passivation layer 326 has a thickness that is

about }50-200 nin and, more particularly, about 170 nm.

{40167} The filter layer 324 may nclude vanous features that affect the transmission of hght. In some

embodimments, the filter layer 324 can perform multiple functions. For mstance, the filter layer 324 may be
configured to {a) filter unwanted light signals, such as light signals from an excitation light source; (b) direct
emission signals from the reaction sites toward corresponding sensors 306, 3(‘.)8, 310, 312, and 314 that ace
configured to detect the emission signals from the reaction sites; or (¢} block or prevent detection of unwanted
eniission signals from adjacent reaction sites. As such, the filter layer 324 may also be referred to as a light-
management layer. In the iliustrated embodiment, the filter iayer 324 has a thickness that is about [-5 pm and, more
particularly, about 3-4 pm. In alternative embodiments, the filter layer 324 may include an array of niicrolenses or
other optical components. Each of the microlenses may be configured to divect emission signals from an associated
reaction site to a sensor.
[00168] In some embodiments, the solid-state tinager 322 and the base substrate 320 may be provided together
as a previously constructed solid-state imaging device (e.g., CMOS chip). For example, the base substrate 320 may
be a wafer of silicon and the solid-state imager 322 may be mounted thereon. The solid-state inager 322 includes a
layer of sericonductor material {e.g., silicon) and the sensors 306, 308, 310, 312, and 314. In the illustrated
embaodirnent, the sensors ate photodiodes configured to detect bight. In other embodiments, the sensors comprise
light detectors. The solid-state imager 322 may be manufactured as a single chip through a CMOS-based fabrication
Processes
[00169] The solid-state imager 322 may include a dense array of sensors 306, 308, 310, 312, and 314 that are
configured to detect activity indicative of a desired reaction from within or along the flow channel 344, In some
embodiments, each sensor has a pixel area (or detection area} that is about 1-3 square micrometer (pum?®). The array
can elude 500,000 sensors, 5 million sensors, 10 million sensors, or even 130 million sensors, The sensors 306,
308, 310, 312, and 314 can be configured to detect a predetermined wavelength of light that is indicative of the
desired reactions.
{08178} o some embodiments, the sampling device 304 inchudes 2 mxicrocireuit arrangement, such as the
microciremt arrangement descobed in ULS. Patent No. 7,598,883, which 1s incorporated berein by reference in the
entirety. More specifically, the sampling device 304 may cormprise an integrated circuit having a planar array of the

sensors 300, 308, 310, 312, and 314. The array of the sensors 306, 308, 310, 312, and 314 can be communicatively

coupled to a row decoder and a colunm amplifier or decoder. The colunm amplifier can also be communicatively
coupled to a column analog-to-digital converter (Column ADC/Mux). Other circuitry may be coupled to the above
components, including a digital signal processor and memory. Circuitry formed within the sampling device 304 may
be configured for at least one of signal amplification, digitization, storage, and processing. The circuitry may collect
and analyze the detected fluorescent light and generate pixel signals {or detection signals} for commumcating

detection data to the signal processor 138, The civeuitry may also perform additional analog and/or digital signal

proc g1 the sampiing device 304. Samwpling device 304 raay inchide conductive vias 330 that perforn signal
routing (e.g., transmit the pixel signals to the signal processor 138). The pixel signals may also be transmitted

through electrical contacts 332 of the sarapling device 304.
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[06171] However, the sampling device 304 is not limited to the above constructions or uses as described above.
In alternative embodiments, the sampling device 304 may take other forms. For example, the sampling device 304
may comprise a CCD device, such as a CCD camera, that is coupled to a flow cell or is moved to interface with a
flow cell having reaction sites therein. In other embodiments, the sampling device 304 may be a CMOS-fabricated
sensor, including chemically sensitive field effect transistors (chemFET), ion-sensitive field effect transistors

(ISFE

T}, and/or metal oxide sermconductor field effect transistors (IMOSFET). Such embodiments may include an

array of field effect transistors (FET's} that may be configured to detect a change in electrical properties within the

reaction chambers. For example, the FET's may detect at least one of a presence and concentration change of various
analytes. By way of example, the array of FET's may mouoitor changes 1w hydrogen ion concentration. Such
samphng devices are described in greater detail is 1.5, Patent Application Publication No. 2009/0127589, which 1s
incorporated by reference in the entirety for the use of understanding such FET arrays.

[00172] Fig. 4 shows a cross-section of a biosensor 400 that can be used in various embodiments. Biosensor
400 has wells 406, 408, 410, 412, and 414 that can each hold more than one cluster during a base calling cycle (e.g.,
2 clusters per well). The sample surface 334 may be substantially planar as shown in Fig. 3. However, in alternative
embodiments, the sample surface 334 may be shaped to define wells {or reaction chambers} in which each well has
one or more reaction sites. The wells may be defined by, for example, well walls that effectively separate the
reaction site(s) of one well from the reaction site(s) of an adjacent well.

{00173} As shown 1 Fig. 4, the wells 406, 408, 410, 412, and 414 may be distubuted in a pattern along the
sample surface 334, For example, the wells 406, 408, 410, 412, and 414 may be located in rows and colurans aloug
the sample surface 334 10 a maoner that 1s similar to a microarray. However, it s understood that various patterns of
wells 406, 408, 410, 412, and 414 may be used. In parucular embediraents, each of the wells 406, 408, 410, 412,
and 414 includes more than one cluster of biomolecules {e.g., oligonucleotides) that are immeobilized on the sample
surface 334. For exampie, well 406 holds cluster pair 366AB, well 408 hoids cluster pair 308AB, well 410 holds
cluster pair 310AB, well 412 holds cluster pair 312AB, and well 414 holds cluster pair 314AB.

[00174] The sensors are configured to detect light signals that are emitted from within the wells. In particular
embodiments, pixel areas 306/, 308", 310", 312, and 314’ can be aiso associated with corresponding wells 406, 408,
4190, 412, and 414 on the sample surface 334, such that hght eruitted from the wells 406, 408, 410, 412, and 414 is
received by the associated pixel areas 306/, 308, 310, 312, and 314' and captured by the corresponding sensors 306,
308, 310, 312, and 314.

[08175] {o embodiments, the sample surface 334 has a fixed position relative to the saropling device 304 so
that the wells 406, 408, 410, 412, and 414 have known spatial locations relative to at least one predetermined sensor
{or pixel}. The at least one predetermined sensor detects activity of the desired reactions from the overlying well. As
such, the wells 406, 408, 410, 412, and 414 may be assigned to at icast one of the sensors 306, 308, 316, 312, and
314. To this end, the circuitry of the sampiing device 304 may include kernels that automatically associate pixel
signals {or detection signals) provided by predetermined sensors 306, 308, 310, 312, and 314 with the assigned wells
406, 408, 410, 412, and 414. By way of example, when pixel signals are generated by sensor 306 shown in FIG. 4,
the pixel signals will automatically be associated with the well 406 shown in FIG. 4. Such a configuration may
facilitate processing and analyzing the detection data. For 1ustance, the pixel signals from one well may
automatically be located at a certain position on the artay based on row-wise and/or column-wise decoding.

{80176} In soree embodiraents, the seusors {or pixels) are undexlying or below the clusters. [n other
embodirnents, the seasors (or pixels) are overlying or on top of the clusters. In yet other embodiments, the sensors

{or pixels) are to the side of the clusters (e.g., to the right and/or left).
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Multiple Cluster Base Call Per 3
{46177} In embodiments, the technology disclosed increases throughput of the biosensor 300 by using pixel

signals from fewer sensors (or pixels) than a number of clusters base called in a base calling cyele. In particular
embodiments, if the biosensor 300 has N active sensors, then the technology disclosed uses pixel signals from the N
active sensors to base call N -+ M clusters, where M is a positive integer. In embodiments, this is achieved by base
calling muitiple clusters per sensor (or pixel}, as described below.

{10178} In embodiments, a sensor (or pixel) on the sample surface 334 is configured to receive light emissions
from at least two clusters. In some erubodiments, the sensor simultanecusly receives the light emissions from the at
least two chusters.

[06179] o particular embodiments, the intensity of respective hight ermissions of the two clusters is
significantly different such that one of the two clusters 1s a “bright” cluster and the other (s a “dim” cluster. In
embodirnents, the intensity values vary between base calling cycles and thus the classification of baght and dira can
also change between cycles. In other embodiments, a bright cluster is referred to as a “major” or “dominant” cluster
and a dim cluster is referred to as a “minot” or “subordinate” cluster. Some examples of intensity value ratios of
emissions between bright and dim clusters include 0.55:0.45, 0.60:0.40, 0.65:0.35, 0.70:0.30, 0.75:6.25, ¢.80:0.20,
0.85:0.15, 0.90:0.10, and 0.95:0.05.

[00180] In yet other embodiments, the at [east two clusters are not bright and dim clusters, but instead clusters
with different iteusities or clusters generating different types of signals.

06181 During each sampling event (e.g., each illumination stage or each image acquisition stage), signal
> (=3 AN bl = &5 =) 2 &

processor 138 receives a common, single pixel signal for at least two clusters {e.g., both the bright and dim clusters).
The common, single pixel generated at each saxapling event jucludes/represents/reflects/carries light

ernissions/intensity sigoals/light captured/sensed inforraation for or from the at least two clusters (e.g., both the

bright and dim clusters). In other words, the at least two clusters (e.g., both the bright and dim clusters) coniribute to
the common, single pixel generated at each sampling event. Accordingly, light emissions from the at least two
clusters {e.g., both the bright and dim clusters) are detected sirnultanecusly at each sampling event and the common,
single pixel reflects light emissions from the at least two clusters {e.g., both the bright and dim clusters).

(60182} For example, in Figs. 3 and 4, cluster pair 306AB includes two clusters 306A and 306B which share a
sensor 300. As such, cluster 306A. can be the dim cluster and cluster 3061 can be the bright cluster, depending on

their respective ntensity values. Signal processor 138 then uses a base calling algorithm to classify pixel signals

fror the bright and dun clusters into one of sixteen distribut d below. In particular embodiments, the
bught and dira cluster co-occupy a well, such as well 406. Thus, cluster pairing can be defined based on a shared
pixel area or 2 shared well, or both.

{40183} Figs. SA and 58 are scatter plots 500A and 500B that depict base calling of the bright and dim clusters
using their respective pixel signals detected by the shared sensor in accordance with one embodiment. X-axis of the
scatter plots S500A and 500B represents the AT pixel signals detected during a second illumination stage of the
sampling event which induces illumination from a given cluster indicating nucleotide bases A and T. Y-axis of the
scatter plots 500A and 500B represents the CT pixel signals detected during a first illumination stage of a sampling
event which induces illumination from a given cluster indicating nucleotide bases C and T.

[00184] Scatter plot S00A shows four distributions 502, 504, 506, and 508 to which signal processor 138

classifies pixel signals from the bught cluster. In the itlustrated embodiment, distribution 302 represents nucleotide

base C in the bught cluster, distribution 504 represents nucieotide base T in the baght cluster, distribution 506
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represents nucicotide base G in the bright cluster, and distribution 508 represents nucleotide base A in the bright
cluster.
[00185] Scatter plot 500B shows sixteen sub-distributions (or distributions} 502A-D, 504A-D, 506A-D, and

S308A-D, with four sub-distributions for each of the four distributions 502, 504, 506, and 508 of the scatter plot

500A}, to which signal processor 138 classifics pixel signals from the dim cluster. In the illustrated embodiment,
sub-distributions annotated with letter “A” represent uucleotide base C in the dun cluster, sub-distnbutions
annotated with letter “B” represent nucleotide base T 1o the dim cluster, sub-distributions annotated with letter “C”
represent nucieotide base G in the dim cluster, and sub-distributions annotated with letter “IY” represent nuecleotide
base A in the dim cluster. [n other ersbodiments, different encodings of the bases ay be used. Wheu the signal
processor classifies pixel signals from a dim chuster inone of the sixteen sub-distributions, the classification of the
cotresponding bright cluster is determined by the distribution which includes the dim cluster’s sub-distribution. For
example, if a dim cluster is classified to sub-distribution 5088 (nucleotide base T), then the distribution for the
corresponding bright cluster is 308 (nucleotide base A}, As a result, the signal processor 138 basce calls the bright
cluster as A and the dim cluster as T.
[00186] Fig. 6 is a scatter plo-t 600 that depicts sixteen distributions {or bins) produced by intensity values from
bright and dim clusters of a cluster pair in accordance with one embodiment. In embodiments, the sixteen bins are
produced over a phurality of base calling cycles. Signal processor 138 combines pixel signals from the bright and
dim clusters and maps them into one of the sixteen bins. When the combined pixel signals are rapped to bin 612 for
a base calling cycle, the signal processor 138 base calls the bright cluster as C and the dioy cluster as C. When the
combined pixel signals are mxapped to bin 614 for the base calling cycle, the signal processor 138 base calls the
bright cluster as C and the dim cluster as T. When the combined pixel signals are mapped to bin 616 for the base

caliing cycle, the signal processor 138 base calis the bright cluster as C and the dim cluster as G. When the

combined pixel signals are mapped to bin 618 for the base caliing cycle, the signal processor 138 base calls the
bright cluster as C and the dim cluster as A.

{00187} When the combined pixel signals are mapped to bin 622 for the base calling cycle, the signal processor
138 base calls the bright cluster as T and the dim cluster as C. When the combined pixel signals are mapped to bin
624 for the base calling cycle, the signal processor 138 base calls the bught cluster as T and the dim cluster as T,
When the combined pixel signals are mapped to bin 626 for the base calling cycle, the signal processor 138 base

calls the bright cluster as T and the dim cluster as G. When the combined pixel signals are mapped to bin 628 for the

base calling cycle, the signal processor 138 base calls the bright cluster as T and the dim cluster as A.

{00188} When the corobined pixel signals are roapped to bin 632 for the base calling cycle, the sigual processor
138 base calis the bright cluster as G and the dim cluster as C. When the combined pixel signals are mapped to bin
634 for the base calling cycle, the signal processor 138 base calls the bright cluster as G and the dim cluster as T.
When the combined pixel signals are mapped to bin 636 for the base calling cycle, the signal processor 138 base
calis the bright cluster as G and the dim cluster as G. When the combined pixel signals are mapped to bin 638 for the
base calling cycle, the signal processor 13% base calls the bright cluster as G and the dim cluster as A.

[00185] When the combined pixel signals are mapped to bin 642 for the base calling cycle, the signal processor
138 base calis the bught cluster as A and the dum cluster as C. When the combined pixel signals are mapped to bin
Fcluster as A and the din cluster as T,

544 for the base calling cycle, the signal processor 138 base calls the br

When the combined pixel signals are mapped to bin 646 for the base calling cycle, the signal processor 138 base
calls the bright cluster as A and the dim cluster as G. Wheu the combined pixel signals are mapped to bra 648 for the

base calling cycle, the signal processor 138 base calls the bright cluster as A and the dim cluster as A.
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[06194] Fig. 7A is a detection table 700A that illustrates a base calling scheme for one dye and two

iliunrination stage sequencing protocol in accordance with one embodiment. One avenue of differentiating between

the different strategies for detecting nucleotide incorporation in a sequencing reaction using one fluorescent dye {or
two or more dyes of same or sintlar excitation/emission spectra) is by characterizing the incorporations in terms of

the presence or relative absence, or levels in between, of tluorescence transition that occurs during a sequencing

cycle. As such, sequencing strategies can be exeruplified by their fluorescent profile for a sequencing cycle. For
strategies disclosed herein, “1” and “(”denotes 2 fluorescent state in which a nucleotide 18 in a signal state {(e.g.,
detectable by fluorescence) or whether a nucleotide 15 10 a dark state (e.g., not detected or ruuiraily detected at an

al. Mimmal or dirminished

imaging step). A “07 state does vot necessartly refer to a total lack, or absence of sig

fluorescence signal (e.g., background signal) is also contemplated to be inchided in the scope of a “0” state as loug

as a change in fluorescence from the first to the second illumination event {or vice versa) can be reliably

distinguished. In one embodiment, an exemplary strategy for detecting and determining nucleotide incorporation i

a sequencing reaction using onc fluorescent dye (or two dyes of same or similar excitation/cmission spectra) and

two illumination events is exemplified by the detection table 700A.

{00191} In the illustrated embodiment, during the first illumination stage (AT signal}, nucleotide base A is

labeled or on (depicted by bit 1}, nucleotide base C is unlabeled or off {depicted by bit 0}, nucleotide base G is
miabeled or off (depicted by bit 0), and nucleotide base T s labeled or on (depicted by bit 1), During the second

ithumination stage {CT signal}, nucleotide base A is unlabeled or off (depicted by bit 0}, nueleotide base C s labeled

or on {depicted by bit {), sucleotide base G is unlabeled or off (depicted by bit §), and oucleotide base T is labeled

ot on {depicted by bit

{08192} Fig. 7B 1s a base calling table 7008 that shows a classificason scheme for classifying combined pixel
signals, cach pixel signal including information from the bright and dim clusters of a cluster pair, into one of sixteen
bins in accordance with one embodiment.

{00193} The technology disclosed generates a pixel signal that represents information sensed from all of the
multiple clusters in a pixel area of a shared sensor. A sequence of such pan-cluster pixel signals is then mapped to
bins to base cail all the clusters. Thus, a separate, discrete pixel signal for each cluster is not generated. This has the
advantage of multifold reduction in image acqusiton and thereby reducing sequencing tirue and acceleratug
sequence processing.

(60194} Consider FIG. 78 in which a bright closter and a dim cluster in 2 pixel area are base called. At each
cycle, two pixels signals are sampled: an AT signal and a CT signal. During the first sayopling event, light emissions
from both the bright and dim clusters for fluorescently labeled adenines (A) and thyroines (T) are recorded 1o the AT
signal, as opposed to two separate AT signals, i.c., one for the bright ciluster and another for the diny cluster.
Simiiarly, during the second sampling event, light emissions from both the bright and dim clusters for fluorescently
labeled cytosines (C) and thymines (T} are recorded in the CT signal, as opposed to two separate CT signals, i.e.,
one for the bright cluster and another for the dim cluster.

[06195] This way, light emissions from both clusters are received during a single sampling event and yield a
conmmon, single pixel signal. Therefore, for each sampling event, emissions from both the bright and dim clusters
are jointly represented 1n a common, single pixel signal.

{00196} Furthermore, a common, single sequence of pixel signals 1s used to jointly base eall both the bright and
dim clusters at each cycle. In FIG. 7B, the AT and C¥ signals together form the coramon, single sequence of pixel
signals. Thus, the technology disclosed does not use two separate sequences of pixel signals, 1.e., one for the bright

cluster aad another for the dim cluster, to separately base call the bright and dim clusters. This has the advantage of
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mutltifold reduction in signal processing and thereby reducing sequencing time and accelerating sequence
Processing.
{00197} The disciosed base calling involves mapping the commnion, single sequence of pixel signals to bins. For

instance, in F1G. 7B, with values 1 and 0, the sequence of AT and CT signals is mapped to bin 1 and the bright and
dim clusters are assigned base calls A and A, respectively.

REDELY In the example shown in FIG. 7B, a determi

ter 1tensity ratic of 8.7:0.3 is used.

stic bright to dim cht
In embodiments, the ntensity ratio is undetermined, as sucly, it produces detectable bright and dim clusters that
share a pixel area or share a well, or both.

{00199} As a result of the roteonsity ratio beiag 0.7:0.3 {1.e., intensity values of light emissions froya the bright
and dim clusters being sigmficantly different), the pixel signals readout from the shared sensor duing the two
illumination stages over a plurality of base calling cycles produces sixteen bins 701 (bins 1-16). Each bin has a
unique pair of pixel signal values (e.g., unique pair 710 for bin 1), the pair comprises a first pixel signal value 706
for the two clusters in the first illumination stage (AT signal) and a sccond pixel signal value 708 for the two
clusters in the second illumination stage (CT signal).

[00204] Each pixel signal value 706 or 708 is in turn composed of two signal portions 706A and 7068 or 708A
and 708B, which are additively combined to produce the corresponding pixel signal values 706 or 708. Thus, a

comumion, single pixel signal is generated both the bright and dim clusters.

{00201} For each pixel signal value 706 or 708, a Arst signal portion 706A or 708A is determined from the
intensity value of bght eraissions by the first cluster and a second sigual portion 7068 or 7088 1s determned from
the 1otensity value of light emissions by the second chuster. To the exarople shown 1o base calling table 7008, the
first cluster s the bright cluster 702 and the second cluster is the dim cluster 704,

[00202] Since the intensity ratio is 0.7:0.3, the first and second pixel signals can take one of the four possible
values — 1, G, 0.7, or §.3. Additionally, when the bright cluster produces an “on” bit, its contribution or signal
portion (706A, 708A}) is 0.7. In contrast, when the dim cluster produces an “on” bit, its contribution or signal portion
{7068, 708B) is 0.3. A contribution or signal portion representing an “off” bit is identified by 0 for both the clusters.

Sixteen unique combinations of the four possible values 1, G, ¢.7, and 0.3 produce the sixteen bins 701.

{00203} Once the sixteen bins 701 are identified by the signal processor 138 for a bright-dim cluster pair
overlying a shared sensor or well over a plorality of base caling cycles, the signal processor 138 uses the base
calling table 7008 to base call the bright and dim chuster 1u successive base calling cycles. In one embodiment, the
identification results in classification of the well as bolding more than one cluster (i.e., the bright cluster and the dira
cluster). Thus, (8 a successive base calling cycle, the signal processor perforas a fiest pixel readout of the shared
sensor for the first illumination stage (AT signal). This first pixei readout produces a first pixel signal. Similarly, a
second pixei readout for the second illumination stage (CT signal) produces a second pixel signal. The first and
second pixel signals produce intensity values that are combined to form a vaiue pair. This value pair can be
compared against one of the sixteen unique value pairs in the base calling table 700B. Based on the comparison, one
of the sixteen bins is selected. Base call for the bright and dim clusters is made in accordance with the nucleotide
bases assigned to the selected bin. This process is repeated for subsequent base calling cycles to identify nucleotide
bases present 1 the respective nucleotide sequences of the bright and dim cluster.
{86204 Therefore, the technology disclosed treats emmssions from all the clusters as useful for base calling,
nrespective of their relative strength. This is because the clusters that have weaker emissions {e.g., dim cluster) are
ot separately base called; nstead they are jorntly base called with clusters that bave stronger emissions (e.g., bright

cluster) using a common, single sequence of pixel signals carrying both the stronger and weaker emissions.
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[06205] As discussed above, the shared sensor captures photons fron two different clusters (e.g., a bright
cluster and a dim cluster). In some embodiments, the signal portions are detected by deconvoluting the signal
readings from the shared sensor to distinguish the individual signal portions generated by each of the clusters.
{00206} Fig. 8 shows a methed 800 of base calling by analyzing pixel signals emitted by a plurality of clusters
that share a pixel area in accordance with one embodiment. At action 802, a first pixel signal that represents light
gathered from multiple clusters 1o a first pixel area during a first illomination stage of the base calling cycle is
detected. In some embodiments, the first pixel area receives light from an associated well on the sample surface 334.
In other ernbodiments, the first pixel area receives light from more than one associated well on the sample surface
334.

[O8207] At action 804, a second pixel signal that represents light gathered from multiple clusters in the first
pixel arca during a second illumination stage of the base calling cycle is detected.

[00208] In embodiments, the first pixel area underlies a plurality of clusters that shares the first pixel arca. The
first and second pixel signals can be gathered by a first sensor from the first pixel arca. The first and second pixel
signals can be detected by the signal processor 138, which is configured for processing pixel signals gathered by the
first sensor.

[00209] In some embodiments, the first illumination stage can induce illumination from the first and second

clusters to produce emissions from labeled nocleotide bases A and T, and the second illumination stage can wduce

ithumination from the first and second clusters to produce emissions from labeled nucleotide bases C and 1.
[06218] At action 806, a corabination of the first and second pixel signals is used to identify nucleotide bases
meorporated onto each cluster of the plurality of clusters during the base calling cycle. In ernbodiments, this

includes raapping the first pixel signal into ar least four bins and mapping the second pixel signal mto at least four

bins, and combining the mapping of the first and second pixel signals for the base calling.

[0f211] In embodiments, method 860 is applied to identify the nucleotide bases incorporated onto the plurality
of clusters at a plurality of pixel areas during the base calling cycle. In embodiments, method 800 is repeated ove
successive base calling cycles to identify the nucleotide bases incorporated onto the plurality of clusters at the
plurality of pixel areas during each of the base calling cycles.

(00212} In sorae embodiments, for each of the base calling cycles, the first and second pixel signals emitted by
the plurality of clusters at the plurality of pixel areas are detected and stored. After the base calling cyeles, the
combination of the first and second pixel signals is used to 1dentify the nucleotide bases wcorporated onto the
plurality of clusters at the plurality of pixel areas during each of the previous base calling cycles.

{00213} Fig. 9 depicts 2 method 900 of ident

ng pixel areas with more than one cluster on the sample surface

334 of the biosensor 300 and base calling clusters at the identified pixel areas in accordance with one ermnbodiment.
Ataction 902, a plurality of base calling cycles is performed. Each base cailing cycle has a first illumination stage
and a second illumination stage.

{00214} At action 904, a sensor associated with a pixel area of the sampile surface 334 captures — (a) a first set
of intensity valies generated during the first illumination stage of the base calling cycles and (b} a second set of
intensity values gencrated during the second illumination stage of the base calling cycles. In embodiments, the
intensity values are normalized. Also, in some embodiments, the pixel area receives hght from an associated well on
the sample surface 334.

[80215) At action 906, the sigoal processor 138 fits (shown 1 Fig. 6) 1o the first and second sets of wtensity
vajues to 2 one of a set of distributions {where a distribution is a area in the two dimensiounal plot of Figure 6),

mcluding sixteen distributions in this example. and, based on the fitting, classifies the pixel area as baving more than
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one cluster. In embodiments, the signal processor 138 uses one or more algorithms for fitting the sixteen

ibutions. Examples of algorithms include k-means clustering algorithm, k-means-iike clustering algorithm,

expectation maximization algorithm, and histogram based algorithm.

{00216} At action 908, for a successive base calling cycle, the signal processor 138 detects the first and second
sets of intensity values for a cluster group at the pixel area. At action 910, the signal processor 138 selects a
distribution for the cluster group from among the sixteen distributions. The distribution identifies a nucleotide base
present in each cluster of the cluster group.

{08217} T some embodiments, the mtensity ratios ave an juherent property of the bright and dim clusters that
produce sigmfcantly different hight ernissions. Jo other embodirnents, the intensity catios and the significantly
different light emissions between clusters axe actuated by the following embodirnents, such as uneven distibution of

clusters on a flat surface, dual wells per sensor {or pixel), and off-axis illumination.

Flat Surtace-Based Spatial Analysis of Unevenly Distributed Clusters

[00218] Fig. 10 illustrates a top plan view 1000 of the sample surface 334 having pixel areas (depicted as
rectangles) on which a plurality of clusters (depicted as circles) are unevenly distributed in accordance with one

embodiment. Positions of the clusters on the surface well 334 may not be confined by wells relative to the locations

of the sensors (or pixels). Such arrangement of clusters on the sample surface 334 is referred to as uneven

distuibution. In particular emboediments, the clusters are unevenly distributed on a “flat” configuration of the sample

sirface 334 that does not roclude wells. Insuch a

[06219] Jo the dlustrated embod:

t surface embodiment, the pixel areas can overlap.

ent, consider two example clusters 1002 and (004 that share four pixel] areas

A, B, C, and I3, Depending on the cluster’s relative posinon with respect to centers of the pixel areas A, B, €, and D,
the corresponding sensors {or pixels) receive different amount of light emissions. This produces illumination
patterns that create differential crosstalk between the clusters 1002 and 1004 over a plurality of base calling cycles
of a sequencing run, which can be used to construct a map of cluster locations on the sample surface 334, as
described below. The differential crosstalk is embodied in the pixel signals as information from two or more clusters

in one pixel signal.

{08224} Sigual processor 138 executes sequence and spatial analysis of a plurality of sequences of pixel
signals for the clusters to detect patterns of ilumination corresponding to individual clusters vuevenly distributed on
the sample surface 334, The plurality of sequences of pixel signals encodes differential crosstalk between at least
two clusters resulting from their uneven disteibution over the pixel aceas.

{06221} Spatial analysis includes using the sequences of pixel signals gathered from a group of pixel areas to

=

determine spatial characteristics of a given cluster, including location of the given cluster on the sample surface 334.
After the cluster locations and their illumination patterns are identified over the plurality of base cailing cycies, the
clusters can be base calied by the signal processor 138 using one of the sequencing protocols discussed above.
[06222] In the spatial analysis embodiment, the technology disclosed increases throughput of the biosensor 300
by using N sensors (or pixels) to locate and base call N + M unevenly distributed clusters on the sample surface 334,
where M is a positive integer. In some embodiments, M is equal to N or almost equal to N. [n other erabodiments,
I‘;?'e"‘

when two clusters, which share {or co-occupy) a pixel area and/or well, are not separately detectable due to

1an N.

inadequate difference in intensity values, M might not be equal to N or even be less t
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Dual Wells Per Sensor (or Pixel}
[00223] Fig. 11 A illustrates a side view 1 100A of a sample surface having two wells per pixel area including a

dominant (or major} well and a subordinate {or minor) well in accordance with one embodiment. Fig. 1B depicts a
top plan view 1100B of the sample surface of Fig. 11A.

[80224] In the illustrated embodiment, shared sensor 1106 (or pixel) corresponds to two wells 1102 and 1104
on the sample surface 334. The dominant well has a larger cross section over the pixel area than the subordinate
well. Well 1104 15 the domnant well and well 1102 is the subordinate well because well 1104 has a larger cross
section over the sensor 1106,

(30225} In embodine

uts, the two wells have different offsets relative to a ceuter of the pixel area 1106'. In the

dlustrated embodiment, doroinant well 1104 is ruore proximate to the pixel area center 1 106A than the subordinate
rell 1102 (e, dominant well 1104 has a synaller offset relative to the pixel area center 13106A than the subordinate
well 1102).
[30226] Due to the differential cross section coverage and relative offsets result, the sensor 1106 receives
different amounts of illumination from the two wells during iliumination stages of the base calling cycle (or
sampling event). Since cach of the wells 1102 and 1104 holds a corresponding cluster 1102A and 1104A, the
different amounts of illumination allow for identification of one of the clusters as bright {or major} and the other as
dim {or minor). In the illustrated embeodiment, cluster 1102A within the dominant well 1102 is identified as the
bright cluster and chuster 1104A within the subordinate well 1104 is identified as the dim cluster. In embodiments,
sensor 1106 receives an amount of iHloruination from the bright chuster 11802A that 1s greater than an amount of
ithimination received from the dim chuster F104A in the subordinate well 1104,
{08227} After the bright and dim clusters are idenufied, they can be base called by the signal processor 138
using one of the sequencing protocols discussed above. In soroe dual well per sensor (or pixel} embodiments, the
technology disclosed increases throughput of the biosensor 300 by base calling two clusters 1102A and 1102B held
by two corresponding wells 1102 and 1104 using one shared sensor 1106. In other duai well per sensor (or pixel)
embodiments, the technology disclosed increases throughput of the biosensor 306 by using N sensors to base call N
+ M clusters on corresponding N + M wells of the sample surface 334, where M is a positive integer. In some
embodiments, M is equal to N or almost equal to N. In other embodiments, M might not be equal to N or even be

less than N,

Off-Axis HHhumination

[o6228] Figs. 12A and 128 show off-axis illumination 1200A and 12008 of a well overlying a pixel area of a
saraple surface. Jlumination system {69 is configured to illurainate the pixel areas 1204' and 1214' (associated with
sensors 1204 and 1214) with different angles of tllumination signals 1201 and 121 { dugag illurination stages of a
base calling cycle. As a result, welis 1202 and 1212 are illuminated with off-axis or non-orthogonal illumination
signals. This produces asymmetrically iiluminated well regions in each of the wells 1202 and 1212, depicted in Figs.
12A and 12B with light and dark shaded areas in each well. The asymmetrically illuminated well regions of a well
include at least a dominant well region 12028’ or 1212A" (depicted in lighter shade) and a subordinate well region
1202A" or 1212 B' (depicted in darker shade), such that during the base calling cycle the dominant well region is
ithuminated more than the subordinate well region.

{96229} Hach wel

and subordinate well regions each includrag a cluster. In the illustrated erabodiment, well 1202 holds two clusters

is configured to bold more than one cluster during the base calling eycle, with the dominant
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1202A and 12028, with cluster 1202 A within the subordinate well region 1202A" and cluster 1202B within the
dominant well region 1202B". Well 1212 holds two clusters 1212A and 1212B, with cluster 1212A within the
dominant well region 1212A" and cluster 1212B within the subordinate well region 12028
[86238] Due to the off-axis illumination, pixel areas 1204 and 1214' of the wells 1202 and 1212 receive
different amounts of illumination from donyinant and subordinate regions of a well. As a resuit, during the base
calling cycle, clusters 1n the dominant well regions produce greater amounts of illumination than clusters in the
subordinate well regions. For each well, this allows for identification of one of the clusters as bught (or major) and
the other as dir {or ruinor). 1o the llustrated embodiment, for well 1202, cluster 12028 withio the domnant well
region 12028 is idectified as the bught cluster and chuster 12024 withio the subordinate well region 1202A" 18
identified as the dim cluster. For well 1212, cluster 1212A within the dorsinant well region 12124 s identified as
the bright cluster and cluster 1212B within the subordinate well region 1212B' is identified as the dim cluster
[00231] After the bright and dim clusters are identified for each well, they can be base called by the signal
processor 138 using one of the sequencing protocols discussed above. In the off-axis illumination embodiment, the
technology disclosed increases throughput of the biosensor 300 by using N sensors (or pixels) to base call N+ M
clusters within N non-orthogonally illuminated wells on the sample surface 334, where M is a positive integer. In
some embodiments, M is equal to N or almost equal to N. In other embodiments, when two clusters, which share {or
co-occupy} a pixel area and/or well, are ot separately detectable due to inadequate difference in mtensity vahies, M
might not be equal to N or even be less than N.
[06232] I one embodirent, the off-axis dllumination is at a forty-five degree aungle. In soree embodiments, one
vell overlies per pixel area. In other embodiments, two wells overlie per pixel area.
[08233] Fig. 12C iilustrates asyrometrically itlhuminated well regions 1200C produced by the off-axis
illumination of Figs. 12A and 12B in accordance with one embodiment. As shown in Fig. 12C, well region 1220 1s

more iiluminated than well region 1230.

Clauses
(80234} The disclosure also includes the following clauses:
1. A device for base calling, conyprising:

areceptacie and a biosensor, the receptacie bolding the biosensor, the biosensor having

a sample surface that holds a plurality of clusters during a sequence of sampling events,

an array of sensors configured to generate a plurality of sequences of pixel signals, the array having a
number N of active sensors, the sensors in the array disposed relative to the sample surface to generate
respective pixel signals during the segquence of sampling events from the number N of corresponding pixel
areas of the sample surface to produce the plurality of sequences of pixel signals, and

a communication port which outputs the plurality of sequences of pixel signals; and

rocessor coupled to the receptacle, and configured to receive and to process

sequences of pixel signals to classify resolts of the sequence of sampling events on clusters in the p]uraiity of

s, including using the phrality of sequences nals to classify results of the sequence of sampling
events on a2 pumber N + M of clusters in the pluraliiy of clusters frora the nurober N of active seasors, where Mis a

positive integer.

2. The device of clause 1, wherein the results of the sequence of sampling events correspond to nucleotide bases

in the clusters.
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3. The device of clause 1 or clause 2, wherein the sampling events comprise two iliumination stages in time

sequence, and sequences of pixel signals in the plurality of sequences of pixel signals include a set of signal samples

for each sampling event, the set including at least one pixel signal from each of the two illumination stages.

4. The device of clause 3, wherein the signal processor inchudes logic to classity results for two clusters from the

sequences of pixel signals from a single sensor in the array of sensors.

5. The deviee of clause 4, wherein the logie to classify results for two clusters ncludes mapping a fiest pixel

signal of the set of signal samples for a sampling event from a particular sensor into at {east four bins, and mapping

a second pixel sigual of the set of 51 gflal saruples for the sampling event into at least four bins, and logically

combining the mappiog of the first and second pixel signals to classify the results for two chusters
6. The device of any oue of clauses { to 5, wherein the sensors i the array of sensors comprise light detectors.
7

7. The device of any one of clauses 1 to 6, wherein the sampling events comprise two illumination stages in time

sequence, and sequences of pixel signals in the plurality of sequences of pixel signals inciude a set of signal samples

for each sampling cvent, the set including at least one pixel signal from each of the two illumination stages, and

wherein the first illumination stage induces illumination from a given cluster indicating nucleotide bases A and T
and the second illumination stage induces illumination from a given cluster indicating nucleotide bases C and T, and
said classifying results comprises calling one of the nucleotide bases A, C, T or G.

8. The device of any oue of clauses Lto 7 erein the sample surface holds clusters that are distributed unevenly
over the pixel areas, and the signal processor executes time sequence and spatial analysis of the plurality of

sequences of pixel siguals to detect patterns of iHlurmuation corresponding to 1ndividual clusters on the sample

surface, and to classify the results of the sampling events for the individual clusters, wherein the plurabty of

sequences of pixel signals encodes differential crosstalk between at least two chusters resulting from their uneven

£

ibution over the pixel arcas.

9. The device of any one of clauses | to 8, wherein the sample surface comprises an array of wells overlying the

pixel areas, including two wells per pixel area, the two wells per pixel area including a dominant well and a

subordinate well, the doninant well having a larger cross section over the pixel area than the subordinate well.

10.  The device of any one of clauses 1 to 9, wherein the sample surface comprises an array of wells overlying the

pixel areas, and the sarmpling events include at least one chemical stage with a nwmber K of iHlumiuation stages

where K is a positive 1nteger, where the illomination stages of the K illumination stages illurumate the pixel areas

with different angles of illumination, and the sequences of pixel signals include a set of signal samples for each

sampling event, the set inchading the oumber K of pixel als for the at least one chemical stage of the sampling

11, The device of any one of clauses | to 10, wherein the sample surface comprises an array of wells overlying the

pixel areas, and the sampling events include a first chemical stage with a number K of illumination stages where K
is a positive integer, where the illumination stages of the K illumination stages illuminate the pixel areas with

different angles of illumination, and a sccond chemical stage with & number J of illumination stages where J is a

ey

positive integer, where the illumination stages of the K illumination stages in the first chemical stage and of the

illumination stages in the second chemical stage illuminate the wells in the array of wells with different angles of

humination, and the sequences of pixel signals mclhude a set of signal saraples for each sampling event, the set
incloding the number K of pixel siguals for the first chemical stage plos the number I of pixel signals for the second
chemical stage of the sampling events.

12, A bioseosor for base calling, comprising:

a samphug device, the sayapling device tncluding a sample surface baving an agay of pixel areas and a solid-
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state imager having an array of sensors, cach sensor generating pixel signals in each base calling cycle, each pixel
signal representing light gathered from a corresponding pixel area of the sample surface; and

a signal processor configured for connection to the sampling device that receives and processes the pixel
signals from the sensors for base calling in a base calling cycle, and uses the pixel signals from fewer sensors than a
number of clusters base called in the base calling cycle
13, 'The hiosensor of clause 12, wherein a pixel area receives light from a well on the sample surface and the well

is configured to hold more than one cluster duxing the base calling cycle.

14, The biosensor of clause 13, wherein a cluster comprises a plurabity of single-stranded deoxyribonucleie acid
{abbreviated DNA) fragroents having an identical ouclere acid sequence.
15, A computer-implemented roethod of base calling, recluding:

for a base calling cycie of a sequencing by synthesis {abbreviated SBS) run, receiving from a communication
port

a plurality of sequences of pixel signals, the plurality of sequences of pixel signals being generated by an
array of sensors, the array having a number N of active sensors, the sensors in the array disposed relative to the
sample surface to generate respective pixel signals during the sequence of sampling events from the number N

of corresponding pixel areas of the sample surface to produce the plurality of sequences of pixel signals; and
processing the plucality of sequences of pixel siguals to classify results of the sequence of sampling events on
clusters 1o the plurality of clusters, including usiag the plurality of sequences of pixel signals to classify results

the sequence of sarpling events on clusters in the plurabity of clusters, mcluding using the ploality of sequences of

pixel signals to classify results of the sequence of sampling events on a number N + M of clusters in the plurality of
clusters from the number N of active sensors, where M is a positive integer.
16, The method of clause 15, further including:

niapping a first pixel signal, which represents light gathered from a first pixel area during a first illumination
stage of the base calling cycle, into at least four bins and mapping a second pixel signal, which represents light

gathered from the first pixel area during a second illumination stage of the base calling cycle, into at least four bins,

and

combining the mapping of the first and second pixel signals to identify the mcorporated nucleotide bases.
17, The method of clause 15 or clause {6, further including applying the method to dentify the nucleotide bases
meorporated onto the phieality of clusters at 2 plurality of pixel areas during the base calling cycle.
18, The method of clause 17, further including repeating the method over successive base calling cycles to :dentify

the mucleotide bases incorporated onto the plurality of clusters at the phurality of pi

arcas during each of the base
calling cycles
19, The method of clause 18, further including:

for each of the base calling cycles, detecting and storing the first and second pixel signals emitted by the
plurality of clusters at the plurality of pixel areas, and

after the base calling cycles, using the combination of the first and second pixel signals to dentify the
nucleotide bases incorporated ounto the plurality of clusters at the phurality of pixel areas during each of the previous
base cailing cycles.
20, The method of any one of clauses 16 to 19, wherein the ficst pixel area receives light from an associated well

ou a sample surface.
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21, The method of clause 20, wherein the first pixel area receives light from more than one associated well on the
sarnple surface

22. The method of any one of clauses 16 to 21, wherein the first and second pixel signals are gathered by a first
sensor from the first pixel area.

23. The method of clause 22, wherein the first and second pixel signals are detected by a signal processor
configured for processing pixel signals gathered by the first seusor.

24. The method of any one of clauses 15 to 23, wherein the first illumination stage induces illumination from the

1

first and second clusters to produce eruissions from labeled nucleotide bases A and T and the second iHumuation
stage induces dlurcination fromw the fArst and second clusters to produce exmssions from labeled nucleotide bases €
and T.
25, The method of any one of clauses 15 to 24, in which said base calling includes using a device as defined in any
one of clauses 1 to 11,
26, A method of identifying pixel areas with more than one cluster on a sample surface of a biosensor and base
calling clusters at the identified pixel arcas, including:

performing a plurality of base calling cycles, cach base calling cycle having a first illumination stage and a
second illumination stage;

apturing at a sensor associated with a pixel area of the sample surface,

a first set of intensity values generated duriug the first iliumination stage of the base calling cycles, and

a second set of intensity values generated during the second ilhumuation stage of the base calling cycles;

[t

itting sixteen distributions to the first and second sets of intensity valucs using a signal processor and, based
on the fitting, classifying the pixel area as having more than one cluster; and
for a successive base calling cycle,
detecting the first and second sets of intensity values for a cluster group at the pixel arca using the signal
processor, and
selecting a distribution for the cluster group, wherein the distribution identifies a nucleotide base present

in each chuster of the cluster group.

27.  The method of clause 26, wherein the fitting comprises using one or more algorithws, including a k-means
chustering algovithm, a k-reeans-like clustering algorithm, an expectation maxirmzation algorithm, and a bistogram
based algorithm.
28. The method of clause 26 or clause 27, further including normalizing the intensity values.
25, The method of any one of clauses 26 to 28, wherein the pixel arca receives light from an associated weil on the
sample surface.
30. The method of any one of clauses 26 to 29, in which said identifying and base calling includes using a device
as defined in any one of clauses 1 to 11 or a biosensor as defined in any one of clauses 12 to 14.
3t A computer-implemented rethod of base calling, comprising:
providing a first pixel signal that represents light gathered from a first pixel area during a first sthumination
stage of a base calling cycle of a sequencing by synthesis (abbreviated SBS) run and 2 second pixel signal that
represents light gathered frora saxd first pixel area during a second ithumination stage of said base calling cycie of
said SBS run, wherein the first pixel area underlies first and second clusters that share the first pixel area;
providing a signal processor configured for processing at least said first and second pixel signals;

rapping the first pixel signal into at least four bins and mapping the second pixel signal into at least four bins
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using said signal processor; and
logically combining the mapping of the first and second pixel signals to identify the nucleotide base

incorporated onto each of said first and second clusters during said base calling cycle.

32, A computer-implemented method of identifying pixel areas with more than one cluster on a sample surface of

a biosensor and base calling clusters at the identified pixel aveas, comprising:
providing a first set of intensity values generated during a first ithumination stage of a base calling cycle and a
second set of intensity values generated during a second illumination stage of the base calling cycle, wherein the

first and second sets of intensity values represent the intensity of li

it gathered at a sensor associated with a pixel
area of the sample suface;
fiting sixteen distributions to the first and second sets of intensity values usieg a signal processor and, based
on the fitting, classifying the pixel area as having more than one cluster; and
for a successive base calling cycle
providing first and second sets of intensity values for a cluster group at the pixel area using the signal
processor, and
selecting a distribution for the cluster group, wherein the distribution identifies a nucleotide base present

in each cluster of the cluster group.

33, The computer-implemented method of clause 32, wherein the fitting comprises using one or more algorithms,
including a k-roeans clustenng algorithin, a k-means-like clustering algorithra, ac expectation maximization
algorithun, and a histogram based algorithro.
34, A device for base calling, comprising
a receptacie and a biosensor, the receptacle hoiding the biosensor, the biosensor having
a sample surface configured to hold a plurality of clusters during a sequence of sampling events, the
sample surface comprising a number N of pixel areas, and the sampling events comprising two illumination
stages in time seguence,
an array of sensors comprising light detectors configured to generate a plurality of sequences of pixel
signals incloding at least oue pixel signal for each pixel area and 1llumination stage, the array having a nuruber
N of active sensors each associated with a corresponding pixel area of the N pixel areas and configured to
detect light emissions gathered frora the associated pixel area, , to generate respective pixel signals dunog the
sequence of sampling events representing the light emissions gathered from the corresponding pixel area to
produce the plurality of sequences of pixel signals, wherein the sample surface 1s configured such that at least
one active sensor detects light emissions from at least two clusters forming a cluster pair of the plurality of
ciusters, wherein the intensity of respective light emissions of the two clusters is significantly different, and
a cornmunication port which outputs the plurality of sequences of pixel signals; and
a signal processor coupled to the receptacle, and configured to receive and to process the plurality of

sequences of pixel signals to classify results of the sequence of sarupling events ou clusters 1o the plurality of

¥

vs, ncluding using the plurality of sequences of pixel signals to classify results of the sequence of sampling

events on a number N + M of clusters in the plurality of clusters from the number N of active sensors, where Misa
positive integer, by classifying results for the two clusters forraing a cluster pair from the sequences of pixel signals
froro the at least one active sensor i the array of sensors.

35. 1e device of clause 34, wherein the results of the sequence of sampling events correspond to nucleotide bases

in the clusters, preferably wherein the first illumination stage induces illurnination from a given cluster indicatin,
.)/ o
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nucleotide bases A and T and the second illumination stage induces illumination from a given cluster indicating

nucleotide bases C and T, and said classifyi

!

ing results comprises calling one of the nucleotide bases A, C, T or G.
36. The device of any of clauses 34 to 35, wherein the logic to classify results for two clusters includes mapping a
first pixel signal of the set of signal samples for a sampling cvent from: a particular sensor into at least four bins, and
mapping a sccond pixel signal of the set of signal samples for the sampling event into at least four bins, and
logically combining the mapping of the first and second pixel signals to classify the results for two clusters.

37. The device of any of clauses 34 to 36, wherein the sample surface holds clusters that are distributed unevenly
over the pixel areas, and the signal processor executes tme sequence and spatial analysis of the plurality of
sequences of pixel signals to detect patterns of ilumination corcesponding to individual clusters on the sample
surface, and to classify the results of the samphog events for the individual clusters, wherein the plueality of
sequences of pixel signals encodes differential crosstalk between at least two clusters resulting from their uneven
distribution over the pixel areas.

38, The device of any of clauses 34 to 37, wherein the sample surface comprises an array of wells overlying the
pixel areas, including two wells per pixel area, the two wells per pixel area inclnding a dominant well and a
subordinate well, the dominant well having a larger cross section over the pixel area than the subordinate well.

39, The device of any of clauses 34 to 38, wherein the sample surface comprises an array of wells overlying the
pixel areas, and the sampling events inclode at least a first chemical stage with a nuber K of thumination stages
where K is a positive integer, where the ilhumination stages of the K. illumuation stages 1lluminate the pixel areas

with differeat angles of illuraination, and the sequences of pixel signals inciude a set of signal samples for each

sarapling event, the set jncluding the number K of pixel signals for the at least one chemical stage of the sampling
events; wherein preferably the sarapling events further inchude a second chemical stage with a number J of
illumination stages where J is a positive integer, where the illumination stages of the K illumination stages in the
first chemical stage and of the J illumination stages in the second chemical stage illuminate the wells in the array of
wells with different angles of illumination, and the set of signal samples further includes the number J of pixel
signals for the second chemical stage of the sampling events.

40. The device of any of clauses 34 to 39, wherein the array of sensors i3 included in a solid state imager.

41. The device of any of clauses 34 to 40, wherein a pixel area receives hght from a well on the sarople surface
and the well is configored to hold more than one cluster during the base cailing cycle, wherein a closter preferably
comprises a phurality of single-stranded deoxyribonucleic acid (abbreviated DNA} fragments having an identical
nuclelc acid sequence

42, A computer-ioplernented method of base calling, inchuding:

for a base calling cyele of a sequencing by synthesis

(SBS) run, receiving from a conymnunication port

a plurality of sequences of pixel signals, the plurality of sequences of pixel signals being generated, for a
sequence of sampling events comprising two illumination stages in time sequence, based on light emitted by a
plurality of clusters held by a number N of pixel areas of a sample surface by an array of sensors comprising
light detectors, the array having a number N of active sensors each associated with a corresponding pixel arca
of the N pixel areas and configured to detect light emissions gathered from the associated pixel area, the
sensors being eonfigured to generate respective pixel signals during the sequence of sampling events from the

number N of corresponding pixel areas of the sample surface to produce the plurality of sequences of pixel

signals, the sequences of pixel

ials inchading at least one pixel signal for each pixel area and duminaton
stage, wherein at least oue active sensor detects ght eraissions from at least two clusters forming a chuster patr

of the plurality of clusters, wherein the intensity of respective hight emissions of the two clusters is
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significantly different; and
processing the plurality of sequences of pixel signals to classify resuits of the sequence of sampling
events on clusters in the plurality of clusters, including using the plurality of sequences of pixel signals to
classify results of the sequence of sampling events on clusters in the plurality of clusters, inclnding using the
plurality of sequences of pixel signals to classify results of the sequence of sampling events on a number N +
M of clusters in the plurality of clusters from the number N of active seusors, where M is a positive integer, by
classifying results for the two clusters forming a cluster pair from the sequences of pixel signals from the at
least one active sensor in the array of sensors.
43. The computer-implernented method of clause 42, further including:
mapping a first pixel signal, which represents light gathered from a first pixel area during a first iilumination
stage of the base calling cycle, into at least four bins and mapping a second pixel signal, which represents light

-~

gathered from the first pixel area during a second iilumination stage of the base calling cycle, into at least four bins,
and

combining the mapping of the first and second pixel signals to identify the incorporated nucicotide bases.
44. The computer-implemented method of any of clauses 42 to 43, further including applying the method to
identify the nucleotide bases wucorporated outo the phurality of clusters at a plurality of pizel areas during the base

o1

calling cycle, preferably further including repeating the method over successive base calling cyeles to identify the
nucleotide bases incorporated onto the plurality of clusters at the plurality of pixel areas duxing each of the base
calling cycles, more preferably fucther includiog:

for each of the base calling cycles, detecting and storing the first and second pixel signals emitted by the
plurality of clusters at the plurality of pixel areas, and

afier the base calling cyeles, using the combination of the first and second pixel signals to identify the
nucleotide bases incorporated onto the plurality of clusters at the plurality of pixel areas during each of the previous
base calling cycles.
45. The computer-implemented method of any of clauses 42 to 44, wherein at least one of the following applies:

the first pixel area receives light from an associated well on a sample surface; preferably light from morve than
oue associated well on the sample surface;

the first and second pixel signals are gathered by a first sensor from the first pixel area, wherein the first and
second pixel signals are preferably detected by a signal processor configured for processing pixel sigonais gathered

by the first sensor, and

the first iilumination stage induces illumination from the first and se s to produce emissions from
labeied nucleotide bases A and T and the second illumination stage induces illumination from the first and second
clusters to produce emissions from labeled nucleotide bases C and T.

46. The computer-implemented method of any of clauses 42 to 45, in which said base calling includes using a
device as defined in any one of clauses 34 to 41.

47, A method of identifying pixel areas with more than ove cluster on a sa

ple surface of @ hiosensor and base
calling clusters at the 1dentified pixel areas, preferably the method of any of clavses 34-46, including:

performing a plurality of base calling cyeles, each base calling cycle having a first tllumination stage and

£

second Ulumination stage;
capturing at a sensor assoclated with a pixel area of the sample surface,

a first set of intensity values generated during the first illumination stage of the base calling cycles, and
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a second set of intensity values generated during the second illumination stage of the base calling cycles;

fitting sixteen distributions to the first and second sets of intensity values using a signal processor and, based
on the fitting, classifying the pixel area as having more than one cluster; and
for a successive base calling cycle,
detecting the first and second sets of intensity valoes for a cluster group at the pixel area using the signal
processor, and
selecting a distribution for the cluster group, wherein the disteibution identifies a rucieotide base present

i each cluster of the cluster group

wherein preferably at least onc of the following applies:

the fitting comprises using one or more algorithims, including a k-means clustering algorithm, a k-means-
like clustering algorithm, an expectation maximization algorithm, and a histogram based algorithm;

the method further comprises nonmalizing the intensity values;

the pixel area receives light from an associated weil on the sample surface; and

ry one of clauses 34 to 41.

chudes using a device as defined 1

said 1dentifying and base calling 1
48, A computer-implemented rethod of base calling, preferably the method according to any of clauses 42-46, the
method comprising:
providing a first pixel signal that represents light gathered from a first pixel area during a fiest ilfuraination
stage of a base calling cycle of a sequencing by synthesis {(abbreviated SBS) run and a second pixel signal that
represents light gathered from said first pixel area during a second illumination stage of said base cailing cycie of
said SBS run, wherein the first pixel area underlies first and second clusters that share the first pixel area;
providing a signal processor configured for processing at least said first and second pixel signals;
mapping the first pixel signal into at least four bins and mapping the second pixel signal into at least four biuns
using said signal processor; and
logically combining the mappiog of the first and second pixel signals to identfy the nucleotide base
ineorporated onto each of said first and second clusters during said base calling cycle, or being a method of
identifying pixel areas with wore than one cluster ou a sample surface of a blosensor and base calling clusters at the
identified pixel areas, corapusing:
providing a first set of intensity values generated during a first ililumination stage of a base calling cycle
and a second set of intensity values generated during a second illumination stage of the base calling cycle,
wherein the first and second sets of intensity values represent the intensity of hight gathered at a sensor

associated with a pixel area of the sample surface

g

fitting sixteen distributions to the first and second sets of intensity values using a signal processor and,
based on the fitting, classifying the pixel area as having more than one cluster; and
for a successive hase calling cycle,
providing first aud second sets of 1ntensity values for a cluster group at the pixel area using the
signal processor, and
selecting a distribution for the cluster group, wherein the distribution identifies a nucleotide base
present in each cluster of the cluster group, wherein the fittug preferably comprises using one or wore
algorithms, including a k-means clustering algorithim, a k-means-like clustering algorithm, an expectation

maximization algorithm, and a histogram based algorithm.



