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(57) ABSTRACT

The present invention generally relates to systems and
methods for imaging or daermining nucleic acids, for
instance, within cells. ln some emrbodiments, the transcrip-
tome of a cell may be deermined. Certain embodiments are
dirccted to determining nucleic acids, zuch as mRNA, within
cells at relatively high resolutions. In some embodiments, a
plurality of nucleic acid probes may be applied to a sample,
and their binding within the sample dAermined e.g., using
fluorescence, to determine locations of the nucleic acid
probes within the sample. In some embodiments, codewords
may be based on the binding of the plurality of nucleic acid
probes, and in some cases, the codewords may define an
enor<orrecting code to reduce or prevent misidentification
of the nucleic rcids. In certain cases, a relatively large
number of differeot targets may be identified using a rcla-
rively small number of labels, e.9., by using various com-
binatorial approaches.
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MALATI OOOOO
TLNl

0011000010
1010001000

00001000001001
0101000000
0010000000

0 011000010000
0000011000
0101000000
001010000

1101000
0011000

000110010000000
0000101011

1011000
0010000
000'r 010
0010000
1100000

011001000000
100100000011
001001001010
110000000001
100000000001

1000
0010
0000

0
0
0

0
0
1

00
00
00
00
10

0
0

0

a

0

0

1

0

0

1

5LC38A1
SMARCA5

CKAP5

TEADl
IQGAPI
MYHlO
PAPPA

NR4A1

LRPl

PtEZOl

VCAN

PRRCzB

50N
SLC7A11

GPRl07
K|AA1462

FOSB

UBR5

SVEPl

CBXs

PDS5A

i0010
10010

0100001000010
0011100000001
0001000100010

00010
00000
00100

01010
00000
00100

000000
000000
001010
000010
000110
000010

010
100
100
010
010

notarget00l 0 0 0 0 1 0 0 0 1 0 0
blank001 01001100001
ROCK2 01001010000
SPTBN] 00011100000
FLNC 00010010000
PRPF8 000001000001001 1

IGF2B 00001 10001001000

00100
00110

1000
0000
0000
0010
1100

NUMA1 0000001 001'r 0000 1

PLXNA1 000 1 0000000i 1 01 0

Fig. 20A

IPR2024-00526 
EX 1073 
Page 47



U.S. Patent Jan.28,2025 Sheer 42 of 48 us 12,209,237 B2

for the 140-gene experiments
Codewords
01 0 0 0 1 0 0 0 1 0 1 0 0 0 0
0000001010110000
0011100000001000
0110000000001010
0000000010000111
1000100000010100
I010000000000110
0001100001000001
0010010000001100
0000010001000101
0100100101000000

LUZP1 0000100010
AMOTL.I 1

MAN1A2 1

notarget0o2 1

blank002 1

Codebook 1

Genes
ALPK2

AFAPl
SPTANl

DOCKT
NOTCH2

DYNC1Hl
ITGA2

PRKDC

6TF3C1
THSD4
PTPN14

U5P9X

CREBBP

KPNA4

EGFR

ZC3H13
TNRC6A
TPR

COL7Al
ASCC3

IJSP34

CENPF

KlDtNS220
5CUBE3

NRIPl
NUP98
ZFC3H1

FAM2OSB

RAB3B

AFF4

PRKCA

FLNB

CHDS
ANKRD52
MKI67

0

0

0

0

0

0

0
0

0
0
0
0

00001100
10100000

10000i
100000
100000

01100100000000
00000100000010
00100001110000
00001000001001
10001001000000
01001001010000
01001100001000
01010110000000
00010010010100
0101000000't 001
00001110000000
00000000i0'r 01i
10001010000100
00010000111000

0010100000100
00000010101
10000000000

0000000110i000
01000000010000
00010001010000
1000000000ii0010
0010001000101000

0001000000101
0010000100001
0100000011000

0000001000011100

0
0

0

1

0

1

1

0

0

0

a
0

1

0

0

0

100
000
100

0
1

0
1

0

100
I00
010

Fig. 208
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Codebook 1

knes
DIP2C

sSH1

notarget003
blank003
DNAJCl3
DSEL

PIK3CA

MEDl4
HERC2

H6PD

Cl4orf132
SIPAl L3

C17orf51
NF1

VPSi3A
ABCA2

PCNX

for the 14O-gene experiments
Codewords
0110100010000000
0000100000001101
0010010010100000
1110010000000000
0000'r 00110000100
0100000010010010
0000010101100000
10010100000r0000
0100010010000001
0011000010000010
0000000100001110
000000
001101
000100
110000
101100
010001

10
10
00
00
00
00

110
000
101
100
100
010

0
0
0
i
0
0

0

0

0

0
0
1

1

0
0

0
0
0

00
00
01
00
00
00

NKTR 0010100001000100
FYCO1 0001 1 0001 001 0000
ATP'!1A 00 1 000000 1 1 000 1 0
REV3L O O O
cA5C5 0 1 0
AKAPll O 1 O

AGPS

CBL

RNFI69
TMOD2
FASN O

notargeto04 1

blank004 0

UBR2 O

PHIP 1

GTT3C4 O

100101000
100110000
000100100

0000000011001
0000001010000
1000000110001
1000001001100
0000011010001
1000010000't 00
0000010011000
0000000100001
000010'r 000001
0000i010i1000

00000101000
00111000000
00011100000
00010001000

0100
0000
1000

cEP250 00 1 000000 1 00 1 00 1

usP24 000000001 01 01 1 00
100
101
000
000

0

0

0

1

0
0

0

0

1

1

0
0

QSERl
VPSl 3D
FRY

DIP2B
HIVEP2

010
110

F

i 00
001
000

00001000000
20c

10
00
10
10
10

ig.

IPR2024-00526 
EX 1073 
Page 49



fJ.S. Patent Jan.28,2025 Sheet 44 of 48 us 12,209,237 B2

Codebook 'l for the 140-gene experiments
Genes Codewords
DOPEY1 1 00000001 1 00 1 00 0

0
0
1

1

1

1

ALMSl
HEATR5B

HIVEPl

ARLIO
HELZ2
POLQ

CACNAlA
K|AA2018

0r10000
0011000
0010000
0r01000

1

1

1

1

1

0
0
0
i

0000010
0010000
0001000
0000000

000000
101000
110000
010000

0
0
0
0
0

1

1

0
0
1

00
00
00
00
00
00
00

0100
0000
01100
1010r

LYST 100000 10000
zKscAN2 001100000
DIEXF 000100010

00101
10100

FZD4
SLC5A3
KIAA1147
LMTK2

sTARD9

BRCA2

1010000100001000
01
11
01
00
00

11000000010000
00000010100000
00000001101000
1000000011
0000010010

0100
010'r
0100
0000

notarget005 1 0 0 0 0 0 0 0 0 i 1 0
blank005 110000001010

Fig. 20D
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Codebook 2
Genes
THBSl
FLNA

TNC

FBN2

K]AA1i99
c0L5A1
MALATl
TLNl
FBNl
SRRM2

TEAD.I

IQGAPl
MYH]O
PAPPA

NR4A1

LRPl

5LC38A1

(shuffled) for the 14O-gene experiments
Codewords
0000100000001101
0000110001001000
1000001000000101
0100000000010101
0000000000101011
0000000100001110
000000001000011r
0001000001001100
1000100000010100
0000100100000011
1100000000001100
0010110000000001
000110000r000001
0000100100101000
0000100010100001
0000000010i01100
0000010001000101

010000001001001SMARCAs O

CKAP5 O

PIEZO1 0
vcAN 0000001000011
PRRCzB 10000000000i1
50N 0010100001000

100
101
100
001
100
100
001
000
001
000

010010000001
000000100100

0010
0010
1110
0010
0010
0000
0010
0010

0100
0000
0001
1001
0100
0r01

sLc7A11 0 1

GPR107 0 0
K|AA1462 0 0
notargetool 1 1

blank0Ol I 0
HOCK2 O 1

SPTBN1 O O
FLNC O O

't 000000
10000i0
0000001
0000000
1000001
1000001001
000
001

01't 0
1010
1001

010
000
000

|GF2R 0001 1 10000000100
FOSB 00r1000000000101

PRPFs 000000011

UBR5

SVEPl

CBX5

PDS5A
NUMAl
PLXNAl

000011000
110000100
000001001
100000000
10000'r 000

000000100100

100
100
010
100
010

Fig. 20E
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Codebook 2 (shuffled) for the 140-gene experiments
Genes Codewgrd:
ALPK2 01 1 000000000i 010
AFAPl
SPTANl

DOCKT

NOTCH2

DYNC1Hl
ITGA2

PRKDC

GTF3C1

THSD4
PTPNl4
LUZP] 1

AMOTL] O

MANlA2 O

rrotarget002 1

blank002 1

u5P9X 0
CREBBP O

KPNA4 1

EGFR 1

ZC3H13 I
TNRC6A O

TPR

COL7A1

ASCC3

U5P34
CENPF

KIDINS22O

SCUBE3

NRIPl
NUP98
ZFC3H1

FAM2OSB

RA83B

AFF4
PRKCA

FLNB

0

0
0
0
1

0

0

0

0
0

0

0
1

0

0
0
1

0

0
0
0

0
0
0
0
0
1

0
0
0
0
0
0
1

0
1

0
0
1

0
0
0

0

0

0
1

0
0
0

0

0
1

0

1

0

0

0

0

0
0

0
0

0

0

0

0
1

0
0

1

0
1

0
0
0
1

0
0
0
0
1

0
0
1

0
0
0
1

1

0
0
0

0
0

0

0

1

0

0
0
I

0
1

0
0
1

0
0
1

0

0
0

0
0
0
0
0
0
0

00
00
00
01
10
10
00
10
00
00
00
10
00
01
00
00
01
00
01
11
10
00
00
10
00
00
00
00

00
00
00
01
01
01
01
00
10
10
00
OI
10
00
01
10
01
00
00
01
00
10
10
l0
00
01
00
00

11001
10101
0ii01
00010
00000
00100
10100
00100

00
10
00
00
00
00
01
10
01
00
10
00
01
10
00
00
01
11
01
00
00
00
01
00
00
00
01
01

10000
10001

1010
0010
0100
0010
0010
0001
0000

0
0

0
0

0
0
0
0

1

0
1

0
0
0
i
0
1

1

0
0
0

0
0

1

0
0
0
0
4
I

0
,l

0
0
1

,|

0

0

0

0
1

0

1

0

0

0
0

0
1

0

0

1

1

0
0

'l

0
0
0
1

0
0
0
0
0
0
0
0
0
0
0
0
0

0001101000100000
0000010000111000

00101000000i
100000000
000000011

0000001000
0010000000
0000011000

CHDS 0000010000010011
ANKRDs2 00 1 000 1 0000000 1 1

MKl67 01 001 100001 00000

00

0
0
0
1

1

000
010
000
010
010
010

0
0
1

0

Fig, 20F
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Codebook 2

Genes
DIP2C

SSH1

notarget003
blank003
DNAJCl3
DSEL

PIK3CA
MED14
HERC2

H6PD

C14orf132
SIPA] L3

C17orf51
NFI
VPsI34
ABCAz
PCNX

NKTB

FYCOl

ATP1'IA
REV3L

CASC5

AKAP1 1

CEP250
USP24

AGPS

CBL

RNF169

TMOD2
FASN

notarget004
blank004
UBR2

PHIP

GTF3C4

QSERl
VPs1 3D
FRY

DIP2B

HIVEP2

(shuffled) for the 140-gene
Codewords
1010100000100
0101000010001
0110000000100
0000111000000
0001001100001
0001000100010
0000011000100
0000011100000
1000100001000
0010001010000
0000010010010
1010000010000
010000000110'r
I000000011001
0010101100000
000000100i001
0001001000000
0110000100000
0000110100010
1001000000101
1000010100000
0000010101i00
0010010010100
1010000001010
1101000001000
1000000000110
0100001110000
00t1000100100
0010010100000
0000001100010
0110001001000
1100000100000
01000000100i0
00100110000't 0

0100001000100
1000001100100
1100001000010
1000001010000
01000100010i0
1011001000000

experiments

000
000
001
010
000
100
100
001
010
100
100
001
000
000
000
010
110
100
000
000
100
000
000
000
000
010
000
000
010
010
000
010
010
000
0r0
000
000
0't 0
000
000

Fig. 20G
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Codebook 2
Genes
DOPEYl
ALMs1
HEATRsB

HIVEPl

ARL1O

HELZz
POLQ

CACNAlA
K|AA2018
LYST

ZKSCAN2

DIEXF

FZD4
SLC5A3
K!AA1147
LMTK2

5TARD9

BRCAz

notarget005
blank005

(shuffled) for the 1 40-gene
Codewords
0011000010000
001101000r000
00r0000111000
0001010000100
0000010011000
0001000101000
0000001010110
1000011001000
0000000110100
0001010110000
0101011000000
0100000100110
0001001001010
1000000110010
0010000001100
0111000000010
0001000011i00
1001010000010
1110010000000
1r00000010100

experiments

010
000
000
010
010
010
000
000
010
000
000
000
000
000
010
000
000
000
000
000

Fig.20H
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SYSTEMS A:iD METEODS FOR
DETER}IINING NUCLEIC ACIDS

RF,I,ATED APPT,ICATIONS

This application is a divisional of U.S. application Ser.

No. l51329,683, filed Jan. 27 , 2017, entitled "Systems and
Methods for Determining Nucleic Acids," which is a

national stage filing of International Patent Application
Serial No. PCTruS2Ol5/042556, which claims the benefit of
U.S. [tovisional Patent Applicarion Ser. No. 62/031,062,
Iiled Jul. 30, 2014, entitled "Systems and Methods for
Determining Nucleic Acids," by ftuang, et a1.; U.S. Provi-
sional Patent Application Ser. No. 621142,653, filedApr. 3,
2015, entitled "Systems and Methods for Determining
Nucleic Acids," by Zhuang, et al.; and U.S. Provisional
Patent Application Ser. No. 621050,636, filed Sep. 15, 2014,
entitled "Probe Library Construction," by Zhuang, et al.
Each ofthe above is incorporated herein by reference.

GO!'ERNMENT FI.JNDING

This invention was made with govemment support under
Grant No. GM096450 awarded by National Institutes of
Health. The govemment has certain rights in the invention.

FIELD

The present invenlion generally relates to syslems and
methods lbr irnaging or daermining nucleic acids, for
ioslaoce, within cells. ln some embodiments, the transcrip-
tome ol'a cell may be delermined.

BACKGROUND

Singl+molecule ffuorescent in situ hybridiTation (sm-
FISH) is a powerful method for detecting individual mRNA
molecules in cells. The high detection efrcienry and large
dynamic range of this method provides exquisite detail into
the expression state, spatial distribution within cells and
intact tissues, and variation among cells of individual
mRNAs. Such approaches have been essential to many
recent insights into understanding gene regulation and
expression. A fundamental limitation of sml-ISH, however,
is its low throughput, typically only a few genes at a time.
This low throughput is due to a lack of distinguishable
probes with which to label cells and the cost ofproducing
large amounts of labeled probe required for high efrciency
stainitr8. Thus, improvements in daecting mRNA molecules
are needed.

SUMMARY

The presenl invention generally rclates to systems and
methods for imaging or determining nucleic acids, for
instance, within cells. ln some embodiments, the transcrip-
tome of a cell may be determined. The subject matter of the
present invenlion involves, in some cases, interrelated prod-
ucts, alternative solutions to a particular problem, and/or a

plurality of diflbrent uses of ore or more systems and/or
articles.

h one aspect. the present invention is generally directed
to a composition. According to one set of embodiments, the
composilion comprises a plurality of nucleic acid probes, at
least some of which comprise a first portion comprising a
target sequence and a plurality of read sequences. In some
cases, each comprises a first ponion comprising a target

2
sequence and a plurality of read sequences. In some embodi-
meots, the plurality ofread sequences are distributed on the
plurality of nucleic acid probes so as to define an error-
correcting code.

In another aspect, the present invention is generally
directed to a method. In one set ofembodiments, the method
inclu&s acts of exJxrsing a sample to a pluraliry of nucleic
acid probesl for each ofthe nucleic acid probes. determining
binding of the nucleic acid probes within the sample;

creating codewords based on the binding ofthe nucleic acid
probes; and for at least some ofthe codewords, matching the
codeword to a valid codeword wherein, if no match is found,
applying error correction to the codeword to form a valid
ctxleword.

The method, in another set of embodiments, includes acts
ofexposing a sample to a plurality ofnucleic acid probes,
wherein the nucleic acid probes comprise a first portion
comprising a larget sequence and a second podion compris-
ing one or more read sequences, and wherein at least some
ofthe plurality of nucleic acid probes comprises di$inguish-
able nucleic acid probes fonned from combinatorial com-
bination of one or more rcad sequences taken from a
plurality of read sequences; and for each ofthe nucleic acid
probes, daermining binding of the target sequences of the
nucleic acid prcbes within the sample.

In yet another set of embodiments, the method includes
acts of exposing a sample to a plurality of primary nucleic
acid probes (also called encoding probes); exposing the
plurzlity of primary nucleic acid pn:bes to a sequence of
secondary nucleic acid probes (also called readout prcbes)
and daermining fluorescence of each of the secondary
nucleic acid probes within the sample; creating codewords
based on fluorescence oI'the secon<lary nucleic acid probes;
and for at least some of thc codcwords, matching the
codeword to a valid codeword wherein, if no match is found,
applying error correction to the codeword to form a valid
codeword.

In one set of embodiments, the method includes acts of
exposing a plurality of primary nucleic acid probes to a

sample; and exposing the plurality ofnucleic acid probes to
a sequence of secondary nucleic acid probes and determin-
ing fluorescence oI'each ol'the secondary probes within the
sample. In some embodiments, at least some of the plurality
of secondary nucleic acid probes comprises distinguishable
secondary nucleic acid pmbes formed from combinatorial
combination of one or more read sequences (or readout
probe sequences) taken from a plurality of read sequences
(or readout probe sequences).

In anolher set of embodiments, the method comprises acts
of exposing a cell to a plurality of nucleic acid probes,
exposing the plurality of nucleic acid probes to a first
secondary probe comprising a fust signaling entity, deter-
mining the first signaling entity at a precision better than 500
nm. inactivating the first signaling entiry exposing the
plurality ofnucleic acid pnrbes lo a second secondary pn:be
comprising a second signaling entity, and determining the
second signaling entity at a precision belter than 500 nm.

In another set of embodiments, the mahod comprises acts
of exposing a cell lo a plurality of nucleic acid probes,
exposing the plurality of nucleic acid probes to a first
secondary prcbe comprising a Iirst siqnaling entity, deter-
mining the first signaling entity at a resolution lsttg1 rhan

100 nm, inactivating the Iirsl signaling entity, exposing the
plurality ofnucleic acid probes to a second secondary prcbe
comprising a second signaling entity, and determining the
second signaling etrtity at a resolution better than 100 nm.
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The method, in yet another set of embodiments, includes
acts ofexposing a cell to a plurality ofnucleic acid probes,
exposing the plurality of nucleic acid probes to a first
secondary probe comprising a fust signaliry entiry deter-
mining the fint signaling entity usitrg a super-resolution
imaging leghnique, inactivating the first signaling entiry
exposing the plurality of nucleic acid probes to a seoond
secondary probe comprising a second signaling entity, and
daermining the second sigoaling entiry using a super-
resolution imaging technique.

ln certain embodiments, the method comprises acts of
associating a plurality of targets with a plurality of target
sequences and a plurality ofcodewords, wherein the code-
words comprise a number of positions and values for each
position, and the codewords form an error-checking and/or
error-corectitrg code space; associating a plurality of dis-
tinguishable read sequences with the plurality of codewords
such that each distinguishable read sequence represeds a
value of a position within tfig codalords; and forming a
plurality of nucleic acid probes, each comprising a taryet
sequence and one or more read sequences.

In addition, in one set of embodiments, the method
includes acts of associating a plurality of targets with a

plurality oftarget sequences and a plurality of codewords,
wherein the codewords comprise a number of positions and
values for each position, and the codewords form an eror-
checking and/or error-correcting code space; forming a
plurality of nrrcleic acid probes each comprising a target
sequencel and fomring groups comprising the plurality of
nucleic acid probes such lhat each goup of uucleic acid
probes corresponds to aI least one corrlmon value of a

position within the codewords.
ln another sa of embodiments, the method includes acts

ofassociating a plurality oI targets with a plurality of target
scqueoces and a plurality ofcodewords, wherein the code-
words comprise a number of positions that is less than the
numbcr oflargets, and wherein each codeword is associated
with a single target, associating a plurality ofdistinguishable
read sequences with the plurality of codewords such that
each disinguishable read sequence rcprcsents a value of a

position within the codewords, and forming a plurality of
nucleic acid prcbes, each comprising a target sequence and
one or morc read sequences.

The method, in still another set of embodiments, includes
acts of exposing a plurality of nucleic acid probes to a cell,
exposing the plurality ofnucleic acid probes to a sequence
ofsecondary probes and determining fluorescence ofeach of
the secondary probes within the cell, and based on the
sequence of fluorescence ofeach ofthe secondary probes,
determining nucleic acids within the cell.

In another set of embodiments. the method includes acts
of associating a pltu"ality of targets with a plurality of target
sequences and a plurality ofcodewords. wherein tbe code-
words comprise a number of positions and values for each
position, and the codewords form an error-checking and/or
error-mrrecling code space; forming a plurality of nucleic
acid probes each comprising a target sequence: and forming
gruups comprising the plurality of nucleic acid probes such
that each group of nucleic acid probes correspond to at least
one common value of a position within the codewords.

In yet another set of embodiments. tbe method includes
acts ol'exposing a c€ll 10 a plurality of nucleic acid probes,
exposing the plurality of nucleic acid probes to a fint
secondary prcbe comprising a first signaling entity, deter-
mining &e finst signaling entity using a super-resolution
imaging lgchnique, inactivating the fint signaling entity,
exposing the plurality of nucleic acid probes to a second

4
secondary probe comprising a secnnd signaling entity, and
determ'ining the second signaling entity usiag a super-
resolution imaging technique.

In still another set of embodiments, the method inclu&s
acts ofexposing a cell to a plurzlity ofnucleic acid probes,
exposing the plurality of nucleic acid probes to a first
secondary prcbe comprisirg a first sigrrqliat eotity, deter-
mining the fust signaling entity at a precisiop lgttsl thnn J00
nm. inactivating the first signaling etrtity, exposing the
plurality ofnucleic acid probes to a second secondary pmbe
comprising a second signaling etrtity, aod determining the
second signaling entity aI a precision bener than 500 nm.

In still another set of embodiments, the method includes
acts of exposing a cell to a plurality of nucleic acid probes,
exposing the plurality of nucleic acid probes to a first
secondary prcbe comprising a first sig:naling entity, deter-
mining the first signaling entity at a rcsolution better than

100 om, inactivating the first signaling entity, exposing the
plurality ofnucleic acid probes to a second secondary probe
comprising a second signaling entity, and determining the
second sig.naling entity using a super-resolution imagrng
lechnique.

In still another set of embodiments, the metbod includes
acts of associating a plurality of nucleic acid taryets with a
plurzlity of target sequences and a plurality of codewords,
wherein the codewords comprise a numbr of positions and
values for each position. and the codewords form an error-
cbecking and/or emrr-correcting code; associating unique
read sequences with each possible value of each position in
lhe codewords, wherein the read sequences are taken from
a sel of orthogonal sequences, which h;rve limited homolory
with ooe another and with the nucleic acid species in a
sample; forming a plurality of primary nucleic acid probes
each comprising a targel sequeoce that uniquely binds to a

nucleic acid targct and one or more read sequences; forming
a plumlity of secondary oucleic acid probes comprising a
signaling entity and a scquence tbat is complementary to one
of the read sequences; exposing a sample to the primary
nrrcleic acid probes such that the nrcleic acid probes hybrid-
ize to the nucleic acid targets in ths 5rmple; exposing the
primary nucleic acid probes in the sample to a secondary
nucleic acid probe such that the secondary trucleic acid
prcbe hybridizes to the read sequence on at least some of the
primary nucleic acid probes; imaging the sample; and
repeating the exposing and imaging steps one or more times,
using a diferent secondary nucleic acid probe for at least
some of the repetitions.

The method, according to yet another set of embodiments,
inclu&s acts of associating a plurality of nucleic acid targets
with a plurality of taryet sequences and a plurality of
codewords wherein the codewords comprise a number of
positions and values for each position, and the codewords
form an error-checking and/or errorcorrecting code space;
lbrming a pluraliry of nucleic acid probes comprising a
sicnaling etrtity and a tarBet sequence that uniquely binds to
ore of the nucleic acid targets; grouping the nucleic acid
probes into a plurality ofprobe pools, wherein each ofthe
prcbe pmls corresponds to a specific value of a unique
position within the codewords; exposing a sample to one of
the probe po<rls; imaging the sample; zurd repeating the
exposing and imaging steps one or more ,1-s5. u5ing a

difl'erent prube pool for at least some of the repetitions.
In another aspect, the prcs€il irrvention etrcompasses

methods of making one or more of the embodiments
described herein. In still another aspect, the present inven-
lion encompasses methods of using one or more of the
embodimenls described herein.
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Other advantages and novel features ofthe present inven- FIGS. 7A-7F show expression noise of genes and co-
tion will become apparent from the followiag daailed varialionofexpressionbetweendifferentgenesdaermined
description of various nonJimiting embodiments of the in accordance with some embodiments of tbe inventionl
invention wben considered in conjunction with tbe accom- I'IGS. EA{E illustrate spatial distribution of RNAs in
panying figures. ln cases where the present specification and 5 cells determined in accordance with one embodiment of the
a document incorporated by reference include conflicting inventiont
and/or inconsistent disclosue, the present specification shall FIGS. 9A-9C illustrate simultaneous daermination of
control. lf two or more documents incorporated by reference multiple nucleic acid species in cells, in another embodi-
include conflicting and/or inconsistent disclosure with ment of the invention;
respect to each other, then the document having the later , ^ FIGS. l0A-l rc show expression between diferent genes
effective date shall control. '" determined in accordance with yet another embodiment of

the invention;
BRIEF DESCRIPTION OF THE DRAWINGS FIG. 11 is a schematic description of combinatorial label-

ing, in accordance with another embodiment of the inven-
NonJimiting embodiments of the present invention will . - tion;

be describod Iy *uy of example *ith reference to the 15 FIG. 12A-l2Cshowscher:raticdescriptionsof Hamming

accompanying hgures, which are schematic and are not disllqce,in_anotherembodimentoftheinvention;

intended to be drawn to scale. ln rhe figures, each idenrical FIG. 13 illustrates the production ofa library ofprobes, in

or nearly identical component illustrzti is typically repre- 
"i1l.T:9".t^"Pbodiment 

of the invention;

sented by a singre numetzl. For purposes of 
"lrrity, 

not eiery ^ ,_ llc:' 111-l4B 
illustrate fluorescent spot determinations'

"o*[o!oi i, f,b:f+,t" ;;t E;;, ;i; ;6;"^p;1 , t;i;t"ir1ffiTffi,*iffiff"1gion 
rac,itates RNAtrenl oI eacD emDoormeN oI ue rnveouon snown wnere

urusrrarion is nor necessary to auow rhose orordinary siiri t"rT33:'rfi-i:il:fJJ:-#,H;lt'r?-J:,H'o'0."-
in the art to understand the invention. In the figures: tion rates and calling rates, in one embodiment of the

FIGS. lA-lC illustrates an encoding scheme for nucleic ,, irr*t.q
acid probes, in certain embodiments of the invention; FIGS. 1ZA-I7D show characterization of misidentifica-

I"IGS. 2A-2G illustrates determimng of mRNAs in a cell, tion rates and calling rates, in another embodiment of the
in some embodiments of the invention; invenlion;

FIGS. 3A-38 illustrate the determination of nucleic acids, FIGS. l8A-lEC show a comparison of experiments, in
in acmrdance with various embodiments of the invention; -^ accordance with one embodiment of the invention; and

I.'IGS. 4A-4ts is a nonJimiting example of multiple read ru FIGS. 194-9D illustrate decoding and ermr assessment,
sequences distributed in a population of diferent nucleic in another embodiment of the invention.
acidprobes,inaccordancewithcertainembodimentsofthe FIGS.20A-20H show the Codebooks for 140-gene
invention; exPeriments.

FICS. 5.4,-58 illustrate the determination of nucleic acids,
in accordance with another embodiment of the invention; 15

FIGS. 6A-6H illustrate simultaneous determination of
multiple nucleic acid species in cells, in certain embodi-
ments of lhe invention; BRIF.F DESCRIPTION OF TI{E SEQIJF.NCF.S

sEQ ID NO: I is:
GTTGGCGACGAAAGCAC TCCGATTGGAACCGTCC CAAGCTTTGCGCTTAATGGA

T CAT CAAT TT TGTCTCACTACGACC'GT CAATCGCC'C TGCATAC TTGCGT CGGT C

GGACAAACGAGG;

SEQ ID NO: 2 1E CGCAACTCTTGGGACGGTTCCAATCGGATC;

SEQ ID NO: 3 i8 CCAATGCTCTGGCCTCC'AACC'AACGATAGC;

SEQ ID NO: 4 j.s ACAAATCCGACCAGATCGGACGATCATGGG;

sEQ ID NO: s i8 CAAGTATGCAGCGCGATTGACCGTCTCGTT;

SEQ ID NO: 5 is TGCGTCGTCTGGCTAGC.B,CGGCACGCA.TAT;

SEQ ]D NO: 7 19 AAGTCGTACGCCCTATGCGCAGCEATTCACT;

SEQ ID NO: S ls CGA.AACATCGCCCACGGTCCCGTTGAACTT;

sEQ ID NO: 9 Ia ACGAATCCACCGTCCAGCGCGTCAAACAGA;

SEQ ID NO: 10 is CGCGAAATCCCCGTAACGAGCGTCCCTTGC;

SEQ ID NO: 11 iE GCATGAGATGCCTGGCGTTGCC.ACGACTAA;

SEQ ID NO: 12 j.e CCGTCGTCTCCGGTCCACCGTTGCGCTTAC;

SEQ ID NO, 13 is GGCCAATGIGCCCAOGTCCSTCACGCAATTI;

SEQ ID NO: 1{ ig TTGATCGAATCGGAGCGTAGCGGAATCTGC;
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-conEinued

SEQ ID NO, 15 18 CGCGCGGATCCGCTTGTCGGGAACGGATAC;

SBQ ID NO: 15 18 GCCTCGATTACGACGGATGTAATTCGGCCG;

SEQ ID NO: 17 j.E GCCCGTATTCCCISCTTGCGAGTAGGGCAAT

SEQ ID NO: I8 i8 GTTGSICGGCACTTGC€TGC;

SEQ ID NO: 19 ig CGATGCGCCAATTCC@TTC;

SEQ ID NO: 20 ig CGCGGGCTATATGCGMCCG;

sEQ ID NO: 21 Is
TAATACGACT CACTATAGGC,AAAGC CGGTTCATCCGGTGG ;

sBQ rD NO: 22 i8
TAATACGACT CACTATAGGGTGATCAT CGCTCC,CGGGTTG ;

sEQ ID NO: 23 ie
TAATACC'ACT CACTATACGGCGTGGAGGGCATACAACEC ;

SEQ ID NO: 24 1s CGCAACGCTTGGGACGGTTCCAATCGGATC/3ey5SP/;

SEQ ID NO: 25 is CGAATGCTCTGGCCTCGAACSAACCTATAGC/3CySSP/;

SEQ ID NO: 25 iE ACAAATCCGACCAGATC@ACGATCATGGG/3Cy5SP/;

sEQ ID NO : 2 7 is CAAGTA?GCAC,C{ICGATTOACCGTCTCGTT/3Cy5SP/ ;

SEQ ID NO: 2s Is cccccAAceACGTGGATTAcccCATCGACC/3cyssp/;

sEQ ID NO: 29 18 AAGTCGTACGCCEATGCGCAGCAATTCACT/3Cy5Sp/;

sEQ ID NO: 30 iE CGAAACATCGGCCACGGTCCCGTTGAACTT/3CY5Sp/;

sEQ ID NO: 31 1s ACGAATCCACCGTCCAGCGCIGTCAAACAC,A/3CY5Sp/;

sEQ ID NO : 32 i8 CGCGAAATCCCCGTAACGAGCCTCCCTTGC/3Cy5SP/ ;

SEQ ID No: 33 18 ccATcAGTTGccTcGccTTGccAccAcTAA/3cyssp/;

sEQ ID No : 34 is cccTccTcTccccTccAcccTTccccTTAc/3cyssp/ ;

sEQ ID NO: 3s 18 @CCAATGGCCCAC6TCCGTCACGCAATTT/3Cy5SP/;

SEQ ID NO: 35 1e TTGATCGAATCGGAGCGTAGCGGAATCTCC/3Cy5SP/;

sEQ ID NO; 37 is CGCGCGGATCCGCTTGTCGGGAACCGATAC/3Cy5SP/;

sEQ ID NO: 3s i8 GCC?CGATTACGACGGATGTAATTCGGCCG/3Cy5SP/; and

sEQ ID NO: 39 is oCCCGTATTCCCI3CTTGCGACTAGGGCAAT/3Cy5Sp/

8

DETAILED DESCzuPTION

The present invention generally relates to systems and
methods for imaging or determining nucleic acids, for
instance, within cells. ln some embodiments, the tramcrip-
tome of a cell may be detennined. Certain embodiments are
directed to determining nucleic acids, such as mRNA, within
cells at rclatively high resolutions. In some embodiments, a
plurality of nucleic acid prcbes may be applied to a sample,
and their binding wirhin the sample determined, e.g., using
fluoresceuce, to determine locations of the nucleic acid
prcbes wirhin the sample. ln some embodiments, codewords
may be based on the binding of the plurality of nucleic acid
prcbes, and in some cases, the codewords may defi.oe aD
enor-corecting code to reduce or prcvent misidentilication
of the nucleic acids. In certain cases, a relatively large
number of different targets Day be identified using a rcla-
tively small number of labels. e.g., by using various com-
binatorial approaches.

Two example apprcaches :ue now discussed. It should be
undeIstood however, that these are presented by way of
explanation and not limitation; other aspects and embodi-

ments are discussed in further detail O"a"'o. 1o oo" sx"mple
method, primary probes (also called encoding probes) and
secondary probes (also called readout prcbes) are used,
where the primary prcbes encode "codewords" and bind to
target nucleic acids in the sample, and the secondary probes
are used to rcad out the coderrords from the primary probes.
In another example method, a plumlity of diflerent primary
prcbes containing code\ilords are divided into as many
separate pq)ls as there are positions in the codewords, such
that each primary probe pool coresponds to a cerrain value
in a certain position of the codewords (e.g., a "one" itr the
fint position as in "l0Ol").

The first example is now described with respecl to FIG.
3,4'. As will be discussed in more detail below, in other
embodiments, other configurztions may be used as well. In
this firsr example, a series of nucleic acid prcbes arc used to
daermine nucleic acids withiD a cell or other sample, e.g.,
qualitatively or quantitatively. For er(ample, nucleic acids
may be identified as being present or absent, and/or the
numbe$ or concentrations of certain nucleic acids may be
determined within the cell or other sample. In some cases,
the positions of the probes within the cell or other sample
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may be determined at relatively high resolutions, and in
some cases, at resolutions better than the wavelength of
visible light.

This example is generally directed to spatially detecting
nucleic acids within a cell or other sample, e.g., at relatively
high resolutions. For example, lhe nucleic acids may be
mRNAs. or other nucleic acids described herein. In one set
of embodiments, the nucleic acids within the ccll may be
daermined by delivering or applying nucleic acid probes lo
the cell. In some cases, by using combinatorial appmaches,
a relatively large number of nucleic acids may be determined
using a relatively small number of diflerent labels on the
nucleic acid probes. Thus. for example, a relatively small
number of experiments may be used to determine a rela-
tively large number of nucleic acids in a sample, e.g., due to
simultaneous binding of the nucleic acid probes to different
nucleic acids in the sample.

In one set of embodiments, a population of primary
nucleic acid probes are applied to the cell (or otber sample)
that is able to bind nucleic acids suspected ofbeing present
within the cell. Afterwards, sequentially, secondary nucleic
acid probes that can bind to or otherwise interact with some
of the primary nucleic rcids are added and &termined. e.g.,
using imaging lschniques such as ffuorescence microscopy
(e.g., conventional fluorescence microscopy), STORM (sto-
chastic optical reconstruction microscopy) or s1[s1 imagin!
lsf,hniques. -After imaging, the secondary nucleic acid probes
are inactivated or removed, and a dilferent secondary nucleic
acid probe is added 16 ftg semple. This may be rcpeated
multiple times with multiple differcnt secondary nucleic acid
probes. The pattern of binding of the various secondary
nucleic acid probes may be used to determine the primary
nucleic acid probes at locations within the cell or other
sample, which can be used to determine mRNA or other
nucleic acids that are present.

For instance, as is shown in I.IG. 3,A', a population of
nucleic acids 10 within a cell (rcpresented here by nucleic
acids 11. 12, and 13) may be exposed to a population of
primary nucleic acid probes 20. including probes 21 and 22.
The primary nucleic acid probes may contain" for instance,
a target sequence that can recoqdze a nucleic acid (e.9., a

sequence with;n nucleic acid 11). Probes 21 and 22 may
conlain the same or dillerent targeting sequences, which
may bind to or hybridize with the sarne or different nucleic
acids. As an example, as is shown io I.lG. 3A, probe 21
contains a first targeting sequence 25 which targets thc probe
to nucleic acid 11, while probe 22 contains a second target-
ing sequence 26, not identical to the first targeting sequence
25 and which targets the probe to nucleic acid 12. The target
sequence may be substantially complementary to at least a
portion of a target nucleic acid and enough of the target
sequence may be present such thal specilic binding oI the
nucleic acid probe to the target nucleic acid can occur.

Primary nucleic acid probes 20 may also contaitr otre or
more "read" sequences. Two such read sequences are used
in this example, althougb in other embodiments, there may
be one, three, four, or more read sequences present within a

primary nucleic acid pnrbe. The read sequences may all
independently be the same or different. In addition in one
set of embodimenls, dillerent nucleic acid probes may use
one or more cornmon read sequences. For example, more
than one read soquence may & combinatorially combined
on different nucleic acid prcbes, thereby producing a rela-
lively large number ofdiflbrent nucleic acid probes thal can
be separztely identified, even though only a relatively small
number ofread saluences are used. Thus. for example, in
FIG. 3A, probe 21 contains read sequences 27 and29,while

10
prrbe 22 contains re.rd sequences 27 and,2E, where the two
read sequences 27 are identical, and different from read
sequences 2t afr29.

After primary nucleic acid probes 20 have been intro-
duced to the sample and allowed to interact with nrrcleic
acids ll, 12. aad 13, one or mor€ secondary nucleic acid
probes 30 may be applied to the sample to determine the
primary nucleic acid probes. The sccondary nucleic acid
probes may contain a recogoition sequence able to recogdze
one of the read sequences present wilhin the Jxrpulation of
primary nucleic acid probes. For instance. the recognition
sequeDce may be substantially complementary to at least a
portion oftbe read sequence, such that the secondary nucleic
acid probe is able to bind to or hybridize with corresponditrg
primary nucleic acid probe. For instance, in this example,
recognition sequence 35 is able to recognize read sequence
27. In addition, the secondary nucleic acid probes may
contain one or more signaling entities 33. For example. a
signaling entity may be a fluorescent entity attached to the
prcbe, or a certain sequence of nucleic acids that can be
daermined in some fashion. More lhan one secondary
sequence may be used, e.9., sequentially. For example, as
shown in this figure, the initial secondary probe 30 may be
removed (e.g., as discussed below) and a new secondary
probe 3l may be added, containing recognition sequence 36
able to recognize read sequence 2t and one or more signal-
ing entities 33. This may also be repeated multiple times,
e.g., lo delermine read sequence 29 or other read sequences
that may be present.

The location ofthe secondary nucleic acid probes 30, 31,
etc. may be deterrnined by determining signaling entity 33.
For example. if the signaling entity is fluorescent, then
fluorescence microscopy can be used to determine the
signaling entity. In some embqliments, imaging of a sample
to determine the signaling entity may be used at relatively
high resolutions, and in some c-ases, super-resolution imag-
ing techniques (e.g., resolutions better thrn the wavelength
of visible light or the diffraction limit of light) may be used.
Examples of super-resolution imaging techniques include
STORM, or other techniques as discussed herein. ln some
cases, e.9., with certain super-resolution imaging techniques
such as STORM, morc than one image of the sample may be
acquired.

More than one type of secondary nucleic acid probe may
be applied to a cell or other 5a-ple. l'or example. a flrst
secondary nucleic acid probc may be applied that can
recognize a first read sequence, then it or its attached
signaling entity may be inactivated or removed, and a
second secondary nucleic acid probe may be applied that can
recognize a second read sequence. This process may be
repeated multiple times, each with a different secondary
nucleic acid probe, e.g., to determine the read sequences that
were present in the various primary nucleic acid probes.
Thus, primary nucleic acids within the sample can be
determined on the basis of the binding pattem of secondary
nucleic acid pnrbes.

For example, a fint location within the cell or other
sample may exhibit binding of a first secondary pnrbe and a
third secondary probe, but not the binding of a second or a
fourth secondary prcbe, while a second location may exhibit
a different pattem ofbinding ofvarious secondary probes.
The primary nucleic acid prcbe that the secondary probes
are able to bind to or hybridize with may be determined by
considering 0re pattern of binding of various secondary
probes. For instance, referring to FIG. 3A, if a first second-
ary probe is able to determine read serluence 2?, a second
secondary probe is able to determine read sequence 28, and

5

l0

l5

20

25

30

ls

40

45

50

55

60

65

IPR2024-00526 
EX 1073 
Page 59



us 12,209,237 82
11 t2

a third secondary probe is able to determine read sequence diflerent target sequence. A variety of different eror-cor-
29, then primary nucleic acid 25 may be determined thrcugh recling codes can be used, many of which have previously
the binding of the first and third secondary probes (but not been developed for use within the computer industry; how-
the second secondary probe), while primary nucleic acid 26 ever, such ermr-correcting systems have not typically been
may be determined through the binding of the first and s usedwithinbiologicalsystems.Additionalexamplesofsuch
second secondary probes (but not the third secondary error<orrecting codes are discussed in morc derail below.
probe). Similarly, ifit is knowo that first probe 2l contains lt should also be understood that all possible codewords
target sequence 25 while sccond probe 22 contains target in a code need not be used in some cases. For example, in
sequence 26, then nucleic acids 1l and 12 may also be some embodiments, codewords that are not used can serve
determined within the sample, e.9., spatially, based on the ro as negative controls. Similarly, in some embodiments, some
bindingpattemofthevarioussecondarynucleicacidprobes. codewords can be left out because they are more prone to
In addition, it should be noted that due to the presence of enors in measurement then other codewords. For example,
more tban one read sequence on the primary nucleic acid in some implementations, reading a codeword with more
probes, even though first prcbe 21 and second probe 22 values of 'l' might be more ermr-prcne that reading a
contains a common read sequence (read sequence 27), these ts codeword with fewer values of '1.'
prcbes may be distinguished in the sample due to the It should be undentood that the above description is an
different binding pattems of the various secondary nucleic example of one embodiment of the invention and that
acid probes. primary and secondary nucleic acid probes arc not Decessary

ln certain embodiments, this pattern of binding or hybrid- in all embodiments. For example, in some embodiments, a
ization of lhe secondary nucleic acid probes may be con- zo seriesofnucleicacidprobesgontainingsignalingentitiesare
verted into a 'todeword." ln this example, for instance, the used to de{ermine nucleic acids within a cell or other sample,
codewordsare"l0l"and"ll0"forfirstprobe2l andsecond without necessarily requiring secondary probes.
probe 22, respectively, where a value of I reprcsents binding po1 o(emple, tuming now to FIG. 38, nrcleic acids 11,
and a value of0 represents no binding. The codewords may 12, and 13 are exposed to different rounds ofprobes 21,22,
also have longer lengths in other embodiments; only three 2s 2!, U, etc. in this example. These probes may each contain
probes are shown here for clarity purposes only. A codeword a larget sequence that can recognize a nucleic acid (e.g.. a

can be directly rclated to a specific target nucleic acid sequence within nucleic acid 11 or l2). Tbese probes may
sqluence of the primary nucleic acid probe. Accordingly, each taryet the same nucleic acid, but different regioru of the
ditrerent primary nucleic acid probes may match certain nucleic acid. ln addition, some or all of the probes may
culewords, which can tben be used to identify the diflerent lo contain one or more sig:naling entities, e.g., signaling entiry
targets of the primary nucleic acid probes based on the 29 on probe 21. For example, the signaling enriry may be a
binding patteros of the secondary probes. wen if in some fluorercent entity attached to the probe, or a certain sequence
cases, there is overlap in the read sequences of different ofnucleic acids that can be determined in some fashion.
secondary probes, e.g., as was shown in FIG. 3A. However, The lirst rcund of probes (e.g. probe 2l and probe 22) may
if no binding is evident (e.g., for nucleic acid 13), then the rs bc applied to the ccll or olher sample. Probe 21 may be
codeword would be'000" in this example. allowed to bind to nucleic acid 11 via target sequence 25.

The values in each codeword can also be assigned in Such binding can be determined by determining signaling
different fashions in some embodiments. For example, a entity 29. For example, if the signaling entity is ffuorescent,
value of 0 could represenl binding while a value of I then fluorescence microscopy can be used to determine the
representsnobinding.Similarly,avalueof I couldrepresenl eo sisnaling entity, e.9., spatially within the cell or other
binding of a secondary nucleic acid probe with one type of sample. ln some but not all embodiments, imaging of a

signaling entity while a value of 0 could represent binding sample to determine rhe signaling entity may be used at
of a secondary nucleic acid probe with another type of relatively high resolutions, zrnd in some cases, super-reso-
distinguishable signaling entiry. These signaling entities lution imaging techniques may be used. Other, different
could be distinguished for example. via different colors of es probes may be present as welll for instance. probe 22
fluorescence. ln some cases, values in codewords need not containing target sequerce 26 may bind to nucleic acid 12,
be confined to 0 and 1. The values could also be drawn from and be daermined via signaling entity 29 within probe 22.
larger alphabets, such as tenrary (e.g., 0, l, and 2) or These may occut e.9., sequentially or simultaneously.
quaternary(e.g.,0, l,2,aud3)systems.Eachdiferenlvalue Optionally, probes 21 and 22 may also be removed or
could, for example, be represented by a different distinguish- 50 inactivated, e.g., between applicarion of different rounds of
able signaling entiry including (in some cases) one value probes.
that may be represented by the absence ol sigral. Next, a second round ol'probes (e.g., probe 23) is applial

The codewords for each target may be assigned soquen- to the sample. In this example, probe 23 is able to bind to
tially, or may be assiped at random. For instance, referring nucleic acid 11 via a taryeting region, although there is no
to FIG. 3A, a first nucleic acid target may be assiped to l0l, ss probe in the second round that is able to bind to nucleic acid
while a second nucleic acid larget may be assiped to 110. 12. Binding ol'the probes is allowed to occur as discussed
In addition, in some embodiments, the codewords may be above,anddeterrrinationofbindingmayoccurviasignaling
assigned using an error-detection system or an error-correcr entities. These signaling entities may be the same or difler-
ing system, such as a Hamming system, a Golay code, or an ent as from the first round of probes. This process may be
extended Hamming system (or a SECDED system, i.e., oo repeated zrny number ol' times with dillerent probes. For
s'ingls g66s correction, double error daection). Generally example, as is shown in FIG. 38, round 2 contains probes
speaking, such systems can be used to identily where errors able to bind to nucleic acid 11, while round 3 contaim probes
have occurred, and in some cases, such systems can also be able to bind to nucleic acid 12.
used to correct the errors and determine what the correct Incertainembodiments,eachrcundofbindingorhybrid-
codeword should have been. For example, a codeword such os ization of nucleic acid probes may be converted into a
as 001 may be detected as invzLlid and cornrcted using such "codewonl." In this example. using probes 21,22,23, ard
a systemto l0l,e.g., if 001 isnotpreviouslyassignedtoa 24, the codewords l0l or ll0 could be fomred" where I
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represents binding and 0 represents no binding and the first may be viral, or artificially created. In some cases, the
position corresponds to the binding ofprobes 2l or22while nucleic acid to be determined may be enpressed by the cell.
the second position corresponds to the binding of probes 22, The nucleic acid is RNA in some embodiments. The RNA
and the third position corresponds to the binding of probe may be coding and/or non-coding RNA. Non-limiting
24. A codeword of 0(X) would represent no binding, e.9., as s examples of RNA that may be studied within the cell include
sbown with nucleic acid 13 in this example. A codeword can mRNA, siRNA, rRNA, miRNA, IRNA, lncRNA, snoRNAs,
be directly related to a specific target nucleic acid sequence soRNAs, exRNAs, piRNAs, or the like.
oftbe nucleic acid probes, by desiqning appropriate nucleic In some cases, a significant portion of the nucleic acid
acid probes. Thus, for example, I l0 may correspond to a within the cell may be studied. For instance, in some cases,

first taryet nucleic acid 12 (e.g. the first and second round to enough of the RNA present within a cell may be determined
of nucleic acid probes containing probes able to target so as to produce a partial or complete transcriptome ofthe
nucleic acid 11, and these probes may target the seme or cell. ln some cases, at least 4 types of mRNAs are deter-
different regions of nucleic acid 11) while 101 may corre- mined within a cell, and in some cases, at least 3, at least 4,
spond to a second target nucleic acid (e.g., the fust and third at least 7, at least 8, at least 12, at least 14, at least 15, at least
roundofnucleicacidprobescoal6iningprotresabletotarget 15 l6,atleast22,alleast3O,atleast3l,atleast32,atleast50,
nucleic acid 12, and these probes may target the same or at least 63, at least 64, alleastT2, at least 75, at least 100,
different regions ofnucleic acid 12). In addition, it should be at lerst 127 , at least 128, at least 140, at least 255, at least
noted that each round of probes may contain the same, or 256, at least 500, at least 1,000, at least 1,500, at least 2,000,
different sign:rling entities as other probes in the same ncund, at least 2,50O, at least 3,000, at least 4,000, at least 5,000, at
and/orotherprobesindifferentrounds.Forinstancginone zo least7,500,atleast10,000,atleast12,0fi),atleast15,000,
setofembodiments,onlyonesignalingentityisusedinall at least 20,000, at least 25,000, at least 30,000, at least
ofthe rounds ofprobes. 40,000, at least 50,000, at least 75,000, or at least 100,000

Similar to the above, the codewords for each target may types of mRNAs may be determined within a cell.
be assigned sequentially, or may be assigned at random. The In some cases, the transcriptome of a cell may be deter-
codewords may be assigned within a code space in some 25 mined. It should be understood that the transriptome gen-
embodiments using an error-detection or an error-correcting erally encompasses all RNA molecules produced within a

systenr, such as a Hamming system, a Golay code, or an cell, not just mRNA. Thus, for instance, the transcriptome
extended flsmming system or a SECDED system (single may also include rRNA, IRNA siRNA, etc. In some
error correction, double error detection). Generally speak- embodiments,atleast5oZ,atleaslTB/o.atleastl5To,atleast
ing, such error-correction systems can be used to identify 30 2U/o, al least 25o/o, at least 30olo, at least 4U/o, at least 500/o,

where erors have occured, and in some cases, such systems at least 60%, al last lE/q at least 80/o, at least 90olo, or
can also be used to correct the errorc and delermine what the l00o/o of the transcriptome of a cell may be determined.
correct codeword should have been The determination of one or more nucleic acids within the

Similar to the above, tbe values at each position in the cell or other sample may be qualitative and/or quantitative.
codeword can be arbitrarily assiped in certain embodiments :s ln addition, the daermination may also be spatial, e.g., the
to biding or non-binding of probes that contain more than position of the nucleic acid within the cell or other sample
one distinguishable signaling enrity. may be determined in two or three dimensions. In some

ln some cases, the nucleic acidprobes may be formed into embodiments, the positions, number, and/or concentations
"pools" or grroups of nucleic acids that share a common of nucleic acids within the cell (or other sample) may be
feature. For example, probes to all targets with codewords 40 determined.
thatcontaina I inthefirstposition, e.g. 110and 101 butnot Insomecases,asignificantportionofthegenomeofacell
0l 1, may comprise one pool while probes to all targas that may be determined. The determined genomic seronents may
contain a 1 in the second position, e.g. ll0 and 011 but not be continuous or interspersed on lhe genome. For example,
101, may comprise another pool. See also FIG. lC. ln some in some cases, at least 4 genomic segments are determined
cases, a nucleic acid probe may be a member of more than +s within a cell, and in some cases, at least 3, at least 4, at least
one group or pool. Members ofa nucleic acid pool may also 7, at least 8, at least 12, at least 14, at least 15, at least 16,
contain features in addition to taryet sequences, read atleast22, at least 30, at least 31, at least 32, at least 50, at
soquences, and or siqnaling entities that allow them to be least 63, at least 64, alleast72, at least 75, at least 100, at
distinguished from other groups. These features may be least 127, at least 128, at least 140, at least 255, at least 256,
short nucleic acid sequences that are used for the amplifi- 50 at least 500, at least 1,000, at least 1,500, at least 2,000, at
cation, pn:duction, or separation of these sequences. The least 2,50O, at least 3,000, at least 4,000, at least 5,000, at
nucleic acid probes of each group may be applied to a least 7,5N, at least 10,000, at least 12,000, at least 15,000,
sample, e.g., sequentially, as discussed herein. at least 20,000, at least 25,000, at least 30,000, at least

Thus, in some aspects, the present invention is ge,nerally 40,000, at least 50,000, at least 75,000, or at least 100,000
directed to systems and methods for determining nucleic ss genomic segments may be determined within a cell.
acids within a cell or other sample. The sample may include In some cases, the entire genome of a cell may be
a cell culture, a suspension of cells, a biological tissue, a determined. It should be understood that the genome getr-
biopsy, an organism, or the like. The sample may also be erally encompasses all DNA molecules produced within a
cell-freebutneverthelesscontainnucleicacids. Ifthesample cell, not just chromosome DNA. Thus, for instance, the
contains a cell, the cell may be a human cell, or any other oo getrome may also include, in some cases, mitochondria
suitable cell, e.g., a memmalian cell, a fish cell, an insect DNA, chloroplast DNA, plasmid DNA, etc. In some
cell, a plant cell, or the like. More than one cell may be embodiments, at least about 57o, at least about 100/o, at least
present in some cases. about l5%, at least about 2U/o, at least about 25o/o, at least

The nucleic acids to be determined may be, for example, about 30%, at least about 4U/o, al least about 507o, at least
DNA, RNA, or other nucleic acids that are presert within a os about 6O%o, at least about lE/o, al least about 80olo, at least
cell(orothersample).Thenucleicacidsmaybeendogenous about 90olo, or 100% of the genome of a cell may be
to the cell, or added to the cell. For instance, the nucleic acid determined.
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As discussed hereirL a variety of nrcleic acid probes may
be used to determine ore or more nucleic acids within a cel!
or other sample. The probes may comprise nucleic acids (or
entities that can hybridize to a nucleic acid, e.g., specifically)
such as DNA, RNA, LNA (ocked nucleic acids), PNA
(peptide nucleic acids), or combinations thereof. In some
case,s, additional compotreots may also be present within the
nucleic acid probes, e.9., as discussed below. Any zuitable
method may be used to introduce nucleic acid probes into a

cell.
For examplq in some embodiments, the cell is fixed prior

to intr,oducing tbe nucleic acid probes, e.g., to preserve the
positions of the nucleic acids within the cell. Tecbniques for
fixing cells are known to those of ordinary skill in tbe art. As
non-limiting oramples, a cell may be fixed using chemicals
such as formaldehyde, paraformaldehyde, glutaraldehyde,
ethanol, metharol, rcetone, acetic acid, or the like. ln one
embodiment, a cell may be fixed using Hepes-glutamic acid
buffer-mediated organis sslvgal (HOPE).

The nucleic acid probes may be introduced into the cell
(or otber samnle) using any suitable method. In some cases,
the cell may be sufrciently permeabilized such that the
nucleic acid probes may be introduced into the cell by
flowing a fluid csal2ining the nucleic acid probes around the
cells. In some cases, the cells may be sufEciently pennea-
bilized as part of a fixation process; in other embodiments,
cells may be permeabilized by exposure to c€rtain chemicals
such as ethanol, methanol, Triton, or the like. In addition, in
some embodiments, techniques such as electroporation or
microinjection may be used to introduce uucleic acid probes
into a cell or other sample.

Certain aspects of the present invention are generally
directed to nucleic acid prcbes that are introduced into a cell
(or other sample). The probes may comprise any of a variety
ofentities that can hybridize to a nucleic aci( typically by
Watson-Crick base pairing, such as DNA, RNA, LNA, PNA,
etc., depending on the application. The nucleic acid probe
typically contains a target sequence that is able to bind to at
least a portion of a taryet nucleic acid, in some cases
specifically. When introduced into a cell orotber system, the
target system may be able to bind to a specific target nucleic
acid (e.g., an mRNA, or other nucleic acids as discussed
herein). In some cases, the nucleic acid probes may be
determined using signaling entities (e.g., as discussed
below), and/or by using secondary nucleic acid probes able
to bind to the nucleic acid probes (i.e., to primary nucleic
acid probes). The determinaton of sr.rch nucleic acid probes
is discussed in detail below

ln some cas€s, more thrn one type of (primary) nucleic
acid probe may be applied to a sample, e.g., simultaneously.
For example, there may be at least 2, at least 5, at least 10,
at least 25, at least 50, at least 75, at least 100, at least 300,
at least 1,000, at least 3,000, at least 10,000, or at least
30,000 distinguishable nucleic acid probes that are applied
to a sample, e.g., simultaneously or sequentially.

The target sequence may be positioned atrywhere within
the nucleic acid probe (or primary nucleic acid probe or
encoding nucleic acid probe). The target sequetrce may
contain a region that is substantially complementary to a
portion of a target nucleic acid. In some cases, the portions
may be at lea S SU/o, at lasl 6U/o, al lest 7 Oo/o, at least 7 5Vo,

at least 8ff/o, at least 857o, at least9Oo/o, at least 92olo, at least
94o/o, al least 95%, atlast 960/o, atlast 97Vo, at least 98%o,

at least 99%, or 100/o complementary. In some cases, the
target sequence may be at least 5, at least 10, at least 15, at
least 20, at least 25, at least 30, at least 35, at least 40, at least
50, at least 60, at least 65, at least 75, at least 100, at least

t6
125, at least 150, at least 175, at least 2fl), at least 250, at
least 300, at least 350, at least 400, or at least 450 nucleo-
tides in length. In some cases, the target sequence may be no
more than 500, no more than 450, no more than 400, no
more than 350, no more tlan 300, no more than 250, no
more than 200, no 61s19 fhan 175, no more than 150, no
more then 125, no more than 100, be no more than 75, no
more than 60, no more than 65, no more thafl 60, no more
than 55, no more than 50, no more than 45, no more than 40,
no more than 35, no mone than 30, no more than 20, or no
more than l0 nucleotides in length. Combinations of any of
these are also possible, e.g., the targer sequence may have a
length of betwen 10 and 30 nucleotides, berween 20 and 40
nrrcleotides, between 5 and 50 nucleotides, between 10 and
200 nucleotides, or between 25 and 35 nucleotides, between
l0 and 3fi) nucleotides, erc. Typically, complementarity is
dertermined on the basis of Watson-Crick nucleotide base
paidng.

The target sequence ofa (primary) nucleic acid probe may
be determined with reference to a target nucleic acid sus-
pected ofbeing present within a cell or other sample. For
example, a target nucleic acid to a protein may be deter-
minsd uging the protein's sequence, by determining the
nucleic acids that are expressed to form the protein. ln some
cases, only a portion of tbe nucleic acids encoding the
protein are used, e.g., having tbe lengths as discussed above.
ln addition, in some cases, mol€ than one target soquence
tbat can be used to identify a particular target may be used.
For instance, multiple probes can be used, sequentially
and/or simultaneously, that can bind to or hybridize to
ditrerent regions of the same target. Hybridization typically
refers to an annealing process by which complementary
single-stranded nucleic acids associate througb Watson-
Crick nucleotide base pairing (e.g., hydrogen bonding, gua-
nine-cytosine and adenine-thymine) to fomr double-
stranded nucleic acid.

In some embodiments, a nucleic acid probe, such as a
primary nucleic acid probe, may also comprise one or more
"read" sequences. However, it should be understood that
rcad sequences are not necessary in all cases. In some
embodiments, the nucleic acid probe may comprise l, 2, 3,
4,5,6,7,8,9, 10, ll, 12, 13, 14,15,76 ormore,2Oormore,
32 or more, 40 or more, 50 or more, 64 or more, 75 or more,
100 or more, 128 or more read sequences. The read
sequences may be positioned anywhere within the nucleic
acid probe. Ifmore than one read sequence is present, the
read sequences may be positioned next to each other, and,/or
interspersed with other sequerrces.

The read sequences, ifpresent, may be ofany length. If
more than one read sequence is used" the read sequences
may independently have the sr-e or different lengths. For
instance, the read sequence may be at least 5, at least 10, at
least I 5, at least 20, at least 25, at least 30, at least 35, at least
40, at least 50, at least 60, at least 65, at least 75, at least 100,
at least 125, at least 150, at least 175, at least 200, at least
250, at least 300, at least 350, a1 least 400, or at least 450
nucleotides in length. ln some cases, the read sequexrce may
be no more then 500, no more than 450, no more then dQQ,

no more than lJQ, no more than 300, oo more than 250, no
morc than 200, no more than 175, no more than 150, no
more than 125, no more than 100, be no more than 75, no
more than 60, no more than 65, tro more than 60, no more
than 55, no more than 50, no more than 45, no more than 40,
no more than 35, no more than 30, no more than 20, or no
more than l0 nucleotides in length. Combinations of any of
these are also possible, e.9., the read sequence may have a
length ofbetween l0 and 30 nucleotides, between 20 and 40
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nucleotides, between 5 and 50 nucleotides, between 10 and
200 nucleotides, or between 25 and 35 nucleotides, bet"veen
l0 and 300 nucleotides, etc.

The read sequence may b arbitrary or random in some
embodiments. ln certain cases, tbe read sequences are cho-
sen so as to redrce or minimize homolory with other
components of the cell or other sample, e.g., such that the
read sequences do not themselves bind to or hybridize with
other nucleic acids suspected of being within the cell or
other sample. In some cases, the homolory may be less than
l0olo, less than 8Vo,lessthzn7Vo, less tban 6olo, less tban 5%,
less than 4%, less tban 3%o, less than 27o, or less tban 1%o.

In some cases, there may be a homolory of less than 20
basepairs, less than I 8 basepairs, less than I 5 basepairs, less
than 14 basepain, less than 13 basepairs, less than 12

basepairs, less than ll basepain, or less than 10 basepairs.
In some cases, the basepairs are sequential.

ln one set of embodiments, a population of nucleic acid
probes may contain a certain number of read sequences,
which may be less than the number of targets of the nucleic
acid probes in some cases. Those of ordinary skill in the an
will be aware that if there is one sipaling entity and n read
sequences, tbn in general 2"-l diferent nucleic acid targets
may be uniquely identified. However, not all possible com-
binations need be used. For instance, a population ofnucleic
acid probes may taryet 12 ditrerent nrrcleic acid sequerrces,
yet contain no more than 8 read sequences. As another
example, a population of nucleic acids may tarye{ 140
diferent nucleic acid species, yet contain no more than 16

read sequences. Diferent nucleic acid sequence targets may
be separately identified by using different combinations of
read sequences within each probe. For instance. each probe
ruy contair 1,2,3, 4,5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
etc. or more read sequences. In some cases, a population of
nucleic acid probes may each contain the same number of
read sequences, although in other cases, there may be
diffcrent numbers ofread sequences present on the various
prcbes.

As a non-limiting example, a first nucleic acid probe may
contain a first target sequence, a fint read sequence, and a

second read sequence, while a second, different nucleic acid
probe may contain a second targa sequetrce, the same first
read sequence, but a third read sequence instead of the
second read sequence. Such probes may thereby be distin-
guished by determining the various read sequences present
or associated with a given probe or location, as discussed
herein.

In addition, the nucleic acid probes (and their correspond-
ing, complimentary sites on the encoding probes), in certain
embodiments. may be made using only 2 or only 3 of tbe 4
bases. zuch as leaving out all the "G"s or leaving out all of
the "C"s within the prcbe. \uences lacking either "G"s or
"C"s may form very little secondary structure in certain
embuliments, and can contribule to more uniform, faster
hybridization.

In some embodiments, the nucleic acid probe may contain
a signaling entity. It should be understood that signaling
eilities are not recluired in all cases, however; for instance,
the nucleic acid probe may be determined using secondary
nucleic acid probes in some embodiments, as is discussed in
additional detail below. Examples of signaliag entities thal
can be used are also discussed in more daail below.

Other components may also be present within a nucleic
acid probe as well. For example, in one set of embodiments,
one or more primer sequences may be present, e.g., to allow
Ibr enzymatic amplilication of probes. Those of ordinary
skill in the art will be awarc of primer sequences suitable for

18
applications such as amplification (e.9., using PCR or other
suitable techniques). Many srch primer sequences are avail-
able commercially. Other examples of sequences rhat may
be present within a primary nucleic acid probe include. but
are not limited to promoter sequences. opercns, identifica-
tion sequences, norrense sequences, or the like.

Typically, a primer is a single-stranded or partially
double-stranded nucleic acid (e.g.. DNA) that serves as a
starting point for nucleic acid synthesis, allowing poly-
merase enTJmes such as nucleic acid polymerase to extend
the primer and replicate the complementary strand. Aprimer
is (e.g., is designed to be) complementary to and to hybridize
to a target nuclcic acid. ln some embodiments, a primer is a

synthelic primer. In some embodiments, a primer is a

non-naturally-occurring primer. A primer typically has a
length of l0 to 50 nucleotides. For example, a primer may
have a length of l0 to 40, 10 to 30, l0 to 20, 25 to 50, 15

to 40, 15 to 30, 20 to 50, 20 ro 40, or 20 to 30 nucleotides.
ln some embodiments, a primer has a length of l8 to 24
nucleotides.

In addition, the components of the nucleic acid probe may
be an"anged in any suitable order. For instance, in one
embodiment, the components may be arranged in a nucleic
acid pmbe as: primer-read sequences-targeting
sequence---+ead sequences--{everse primer. The "read
sequences" in this structure may each contain any number
(including 0) ofread sequences, so long as at least one read
sequenoe is prcs€nt in the probe. Non-limiting example
slruclurcs include primer-targeting sequence-read
sequences-reverse primer, primer----read sequences-tar-
geting sequence reverse primer, targeting sequence
primer---rargaing sequeDce--{ead sequences-reverse
primer, largeling sequeDce--?rimer-read sequences-tar-
geting scquence---{evcrsc primer, primer-target
sequence---+ead sequences-tarBeting sequence-rwerse
primer, targeting scquence-primer-read sequence-re-
verse primer, targeting sequence-read sequence-primer,
read sequence-targeting sequence-gimer, read
sequence-lrimer-taryeting sequence-rcverse primer,
etc. In addition, the reverse primer is optional in some
embodiments, including in all of the above-described
examples.

After introduction of the nucleic acid probes into a cell or
other sample, the nucleic acid probes may be directly
determined by dctcrmining si8naling entities (if presenl),
and./or the nucleic acid probes may be determined by using
one or more secondary nucleic acid probes, in accordance
with certain aspects of the invention. As mentioned, in some
cases, the determination may be spatial, e.g., in two or three
dimensions. In addition. in some cases, the determination
may be quantitative, e.g., the amount or conentration of a

primary nucleic acid probe (and ofa target nucleic acid) may
be daerminett. Additionally, the secondary probes may
comprise any of a variety of entities able to hybridize a

nwleic acid, e.g., DNA, RNA. LNA, and/or PNA, etc.,
depending on the application. Signaling entilies are dis-
cussed in more detail below.

A secondary nucleic acid probe may contain a recognition
sequence able to bind to or hybridize with a read sequence
of a primary nucleic acid probe. In some cases, the binding
is specilic, or the binding may be such that a recognition
sequence preferentially binds to or hybridizes with only one
ofthe read sequences that are present. The secondary nucleic
acid probe may also contain one or more signaling entities.
I1'more tban one secondary nucleic acid probe is used, the
sicoaling entities may be the same or diflerent.
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The recognition sequences may be of any length, and more than 4, no more than 3, or no more tban two read
multiple recognition sequerces may be of the same or sequenc€s present. Combinations of any of these are also
different lengths. If more lhan one recognition sequence is possible, e.g.. a population of nucleic acid probes may
used, the recognition sequences may independently have the comprise between l0 and l5 rcad sequences in roUl.
sarne or differenl lengths. For insr,noe, the recognition 5 A; a nonJimiting example of an approach to combina-
sequence may be at least 5, at least 10, at least 15, at least torially producing arelatively large number ofnucleic acid
20. at least 25. at least 30, at least 35, at least 40, or at least pmbes fmm a rel"atively rrnrit nu.b". ofread sequences, in
50 nuclc.otidcs in length. ln some cases, the recognition lpopulationofe alf"r"ottyp"sofnucleicacidprobes,each
sequence may be no more than 75, no more than 6O, no more 

"o.pririog 
oo" o, .o* r.rd r"qoo.es, tbe total number of

than 65, no more than 60, no more than 55, no more than 50, ro ,"ua ..qu"-n.", *ithio th" population may be no greater than
no morethan45, no morethan 40, no morethan 35, no more 4. If shouldbe un6erstoodihatalthoughiread sequences are
than 30, as 6s1g than f,O, or no more than l0 nucleotides in usea in tli, "*".pf" for ease ofLplanation" in other
length. Comtinations of any of these are also possible, e.g, embodiments, largei numbers of nucleic acid probes may be
the recognition sequence may have a length of between l0 ,."fir"a" f"i 

"*fipf., 
using 5, g, 10, 16, 32, etc. or more

and 30, between 20 and 40, or between 25 and 35 nucleo- 15 rea6 sequences, o, *y .r=th", suitable number of read
tides, etc. In one embodiment, the recognition sequence is of ,"q;.,"", G;;Uea Urei", depending on the application.
the same length as the read sequence. In additioq in some n#ning now to FIG. 4A, if iach ofthe primary nrrcleic
cases, tbe recognition sequence may be at least 5002, at leasl acid prof,es coilains nvo diferent read sequences, then by
6o0/o, atleast lff/o, atlast 75Vo, at least 80o/o, at least 857o. usingi4 such mad ruqr"o"o (A, B, C, and D), up to 6 probei
atleast90o/o,atleast92o/o.atleast94To,atleast95To,atleast uo -uy-b"r"prorelyidLnti6ed.Itshouldbenotedthatlnthis960/o, al least 97o/o, at least 98olo, al last 99Vo, or at least exarmple, fle orU"rl"g of read sequences on a nucleic acid
100/0 corlplementary to a read sequence of the primary probe'is not 

".r"otirt, 
i.e., ..AB" and..BA,, may be treated

nucleic acid probe' as being synonymous (although in other embodimeils, the
As mentioned, in some cases, the secondary nucleic acid orderin[ oi,"ra ,"qu"*es may be esseilial and ..AB- and

qrobe may comprise one or more sipaling entities- 25 .BA" fray not necessarily be iynonymous). Similarly, if 5
Examples of sipaling entities are discussed in more detail ,.ra ,.q;o.", ;used (A, B, C, D, ;d E) in the population
below.

As <liscusserl, in cerrain aspects of the invenrion, nucleic :l'ffi,.t::['ffi'j,J[n H$]i#A*flrf
acid probes are used that contain various 'tead sequences." one ofordinary skill in the art would undentand that, for kpo1 slample, a population of primary nucleic acid probes ro read sequences in a population with n read sequ€trces on
may contain certain "read sequences" which can bind certain each orobe. uo to
ofthe secondary nucleic acid probes, and the locations ofthe
primary nucleic acid probes are determitred within the
sample using secondary nucleic acid probes, e.g., which
comprise a signaling cntity. As mentioned, in some cases, a 35

population of read sequences may be combined in various
combinations to produce diferent nucleic acid probes, e.g.,
such that a relatively small number of read sequences may
be used to produce a relatively large number of diferent
nucleic acid probes.

Thus, in some cases, a population of primary nucleic acid
probes (or other nucleic acid probes) may each contain a

cerlail number ofread sequences, some ofwhich are shared
between different primary nucleic acid probes such that the
total population of primary nrrcleic acid probes may coilain
a certain number of read sequences. A population ofnucleic
acid probes may have any suitabie number of read
sequences. For example, a population of primary nucleic
acid probes may have 1,2,3,4,5. 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20 etc. read sequences. More than 20
are also possible in some embodiments. In additioq in some
cases, a population ofnucleic acid probes may, in total, have
I or more, 2 or more, 3 or more, 4 or more, 5 or more, 6 or
more,7 ormore,8 ormore,9 ormore, l0 or more, l1 or
more, 12 or morc, 13 or more, 14 or more. 15 or more, 16

or more, 20 or more, 24 or more, 32 or more, 40 or more,
50 or more, 60 or morc, 64 or more, 10O or more, 128 or
more, etc. ofpossible read sequenc€$ present, although some
or all of the probes may each conlain more tban one read
sqlueoce, as discussed herein. In addition, in some embodi-
ments, the population of nucleic acid probes may have no
more than 100, no more than 80, no more than 64, no more
than 60, no more than 50, no more than 40, no more than 32,
no more than 24, no more than 20, no more than 16, no more
than 15, no more than 14, no more than 13, no more than 12,
no more than I l, no more than 10, no more than 9, no more
than $, as more than 7, no more than 6, no more tban 5, no

different probes may be produced, aszuming that the order-
ing ofread sequences is not essential; because not all ofthe
probes need to have the same number ofread sequences and
not all combinations of read sequences need to be used in
every embodiment. either morc or less than this nunber of
dillerent prubes may also be used in certain embodiments. In
addition, it should also be understood that the number of
read sequences on each probe need not be identical in some
embodimenls. For instance cxample, some probes may
contain 2 read sequences while other probes may contain 3
read sequences.

In some aspecls, the read sequences and/or tbe pattern of
binding of nucleic acid probes within a sample may be used
lo define an error-detecting and/or an 

".n31-ssn€c1ing 
code,

for example, to reduce or prevetrl misidentification or erroni
of the nucleic acids, e.g., as was discussed with reference to
FIG. 3. Thus, for example, if binding is indicated (e.g., as
determined using a sipaling entity), then the location may
be identilied with a "1"; convercely, if no binding is indi-
cated, then the location may be identified with a "0" (or vice
versa, in xrme cases). Multiple rounds of binding determi-
nations, e.g., using diferent nucleic acid probes, can then be
used to create a "codewonl," e.g., for that spatial location. In
some embodiments. the codeword may be subjected to error
detection and./or correclion. For instance, the codewords
may be organized such that, if no match is found for a given
set of read sequences or binding pattem of nucleic acid
probes, then the match may be identified as atr errot and
optionally, error correction may be applied sequences to
determine the correct taryet for the nucleic acid pmbes. In
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some cases, the codewords may have fewer "letters" or
positions that the total number ofnucleic acids encoded by
the codewords, e.g. where each codeword encodes a ditrer-
ent nucleic acid.

Such errordetecting and/or the error-correction code may 5

take a variety of forms. A variety of such codes have
previously been &veloped in other contexts such as the
telecommunications industry, such as Golay codes or Ham-
ming codes. ln one set ofembodiments, the read sequences
or binding pafterns ofthe nucleic acid probes are airigned l0

such that not every possible combination is assigned.
For example, if 4 rad sequences are possible and a

primary nucleic acid probe contains 2 read sequences, then
up to 6 primary nucleic acid probes could be identifiet but ,,
the number of primary nucleic acid probes used may be less
than 6. Similarly, for k read sequences in a population with
n read sequences on each primary nucleic acid prcbe,

22
an extended binary Golay code, a perGct binary Golay code,
or a temary Golay code. In another set of embodimeots, the
assignments may represent a subsel of the possible values
taken fiom any of the codes described above.

For example, a code with the same error correcting
properties of the SECDED code may be formed by using
only binary words that contain a fixed number of'l'bits,
such as 4, to encodc lhe targets. In another set of embodi-
ments, the assi8oments may represent a subset of the pos-
sible values taken frnm codes described above for the
purpose of addressing asymmetric readout errors. For
example, in some cases, a code in which the number of 'l '
bits may be fixed for all used binary words may eliminate the
biased measurement of words with diferent numbers of '1's
when the rate at which '0' bits are measured as 'l 's or '1 ' bits
are measured as '0's are different.

Accordingly, in some embodiments, once the codeword is
determined (e.g., as discussed herein), the codeword may be
compared to the known nucleic acid codewords. If a match
is found, then the nucleic acid target can be identified or
determined. If no match is found, then an error in the reading
of the codeword may be identified. In some cases, eror
correction can also be applied lo deterrnine the correct
codewor( and thus resulting in the correct identity of the
nucleic acid target. ln some cases. the codewords may be
selected such that, assuming that there is only one error
present, only one possible correct codeword is available, and
thus, only one correct identity of tbe nucleic acid target is
possible. ln some cases, this may also be generalized to
larger codorord spacings o1 flamming distances; for
instance, the codewords may be selected such that if rwo,
tbree, or four errors are present (or more in some cases), only
one possible correcl codeword is available, and thus, only
otre correcl identity ol'the nucleic acid targets is possible.

The error-corrccting code may be a binary error-correct-
ing code, or it may be based on other numbering systems,
e.9., tenury or qustenDry error<orrecting codes. For
instance, in one set of embodiments, more than one type of
signaling entity may be used and assiped to diferent
numbers within the eror-correcting code. Thus, as a non-
Iimiting example, a first signaling entity (or more than one
signaling entity, in some cases) may be assigned as "1" and
a second sigraling entity (or more than one signaling entity,
in some cases) may be assigned as "2" (with "0" indicating
no signaling entity present), and the codewords distributed
to define a ternary crror-correcting code. Similarly, a third
sig:naling entity may additionally be assip.ed as "3" to make
a quaternary error-correcting code, etc.

As discussed above, in certain aspects, signaling entities
are determind e.g., to determine nucleic acid probes and/or
to create codewords. In some cases, signaling entities within
a sample may be determine4 e.g" spatially, using a variety
of techniques. In some embodiments. the sipaling entities
may be fluorescent, and tochniques for determining fluores-
cence within a sample. such as fluorescence microscopy or
confocal micruscopy, may be used to spatially identi! the
positions of signaling entities within a cell. ln some cases,

the positions of entities within the sample may be deter-
min6{ ia trrre or even three dimensions. In addition, in some
embodiments, more lhan one sig:naling entity may be deter-
mined at a time (e.9.. signaling enlilies with different colors
or emissions), and/or sequentially.

In addition, in some embodiments, a confidence level for
the identilied nucleic acid taryet may be detennined. For
example, the confidence level may be determined using a
ratio of fts lrrmfer oI' exact m2tches to the number of
matches having one or more one-bit errors. In some cases,

(;)

different probes may be produced but the number of pri-
mary nucleic acid probes that are used may be any number
more or less than

(;)

In addition, these may be randomly assigned, or assigned in
specilic ways to increase the ability to detect and/or correct
erTors.

As another example, if multiple rounds of nrrcleic acid
probes are uscd, the number of rounds may be arbitrarily
chosen. Ifin each round. each target can give two possible
outcomes, such as being detected or not bing detected up
to 2" different targets may be possible for n rounds ofprobes,
but the number of nucleic acid targas hat are actually used
may be any number less than 2". For example, if in each
roun{ each taryet can give more thrn two possible out-
comes, such as being detected in ditrerent color channels,
more than 2 (e.9.3", 4" . . . ) diflerent targets may be
possible for n rounds of probes. ln some cases, the number
of nucleic acid targets that are actually used may be any
number less than this number. In addition, the* may be
randomly assigned, or assigned in specific ways to increase
the ability to derect and/or correct erors.

For example, in one set of embodiments, the codewords
or nucleic acid probes may be assiped within a code space
swh that the assignments are separated by a Hamming
distance, which measures the number of incorrect "reads" in
a given pattem that cause the nucleic acid probe to be
misinterpreled as a different valid nucleic acid probe. In
certain cases. the Hamming distance mry be at least 2, aI
least 3, at least 4, at least 5, at least 6, or the like. In addition,
in one set of embodiments, the assiqnments may be formed
as a flemming code, for instance, a Harming(7, 4) code, a
Hamming(l5, 1l) code, a Hamming(31, 26) code, a Ham-
ming(63, 57) cule, a Hamming(I2l, 12O) code, etc. In
another set of embodiments, the assignments may form a

SECDED code, e.g., a SECDED(8,4) code, a SBCDBD(I6,
4) code, a SCEDED(I6, ll) code, a SCEDED(22, l6) code,
a SCEDED(39. 32) code, a SCEDED(72, 64) code, etc. In
yet another set of embodiments, the assignments may form
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only matches having a confidence ratio greater than a certain
value rnay be used. For instance, in certain embodiments,
matches may be accepted only ifthe confidence ratio for the
match is g;reater than about 0.01, greater than about 0.03,
greater than about 0.05, greater th:n about 0. l, greater than
about 0.3, greater than about 0.5, greater than about l,
greater than about 3. greater than about 5, greater than about
10, greatcrthanabout 30. greaterthanabout 50, grcater tan
about 100, greater thrtr aboul 300, greater than about 500,
greater than about 10O0, or any other suitable value. In
addition, in some embodiments, matches may be accepted
only if the confidence ratio for the identified nucleic acid
target is greater than an internal standard or false positive
contrcl by about 0.01, about 0.03, about 0.05, about 0.1,
about 0.3, about 0.5, about 1, about 3, about 5, about 10,
about 30, about 50, about 100, about 300, about 500, about
1000, or any other suitable value

ln some embodiments, the spatial positions of the entities
(and thus, nucleic acid probes that the entities may be
associaled with) may be deterrnined at rclatively high reso-
lutions. For instance, the positions may be determined at
spatial resolutions of btter than about 100 micrometen,
better than about 30 micrometen, !s6g1 than about l0
micrometers, better lhan about 3 micmmeters, better than
about I micrometer, better than about 80O nm, better \an
about 600 nm, better than abotrt 500 nm, better thsn about
400 .m, better than about 300 nm, better than about 2(X) nm,
better than about 100 nm, belter than aboul !Q nm, better
than about 80 nm. better than about 70 nm. befter than about
60 nm. better than about 50 nm, better than about 40 nm,
bener than about 30 nm, bener than about 20 nm, or better
than about l0 nm, etc.

There are a variety of techniques able to determine or
image the spatial positions of entities optically, e.g., using
fluorescence micmscopy. ln some cases, the spatial positions
may be detennined at super resolutions, or at resolutions
better than the wavelength of light or the diftaction limit.
NonJimiting enamples include STORM (stochastic optical
reconstruction microscopy), STED (stimulated emission
depletion microscopy), NSOM (Near-field Scanning Optical
Microscopy), 4Pi microscopy, SIM (Structured Illumination
Microscopy), SMI (Spatially Modulated lllumination)
micnrscopy, RESOLFT (Revenible Saturable Optically Lin-
ear Fluorescence Transition Micmscopy), GSD (Ground
State Depletion Microscopy), SSIM (Saturated Structured-
Illumination Microsmpy), SPDM (Spectral Precision Dis-
tance Microscopy). Photo-Activated Localization Micros-
copy (PALM), Pluorescence Photoactivation Localization
Microscopy (FPALM), LIMON (3D Light Microscopical
Nanosizing Microscopy), Super-resolution optical fluctua-
tion imaging (SOFI), or the like. See, e.g., U.S. Par. No.
7,838,302, issued Nov. 23, 2010, entitled'Sub-Di{Aacdon
Limit Image Resolution and gthgy [maging Techniques," by
ftuang, et nl.: U.S. Pat. No.8,564,792, issued Oct.22,2013,
entitled "Subdifraction Limit Imrge Resolution in Three
Dimensions," by Zhuang, el al.; or Int. Pat. Apl. Pub. No.
WO 2013/090360, published Jun. 20, 2013, entitled "High
Resolution DualObjective Microscopy," by Zhuang, et al.,
each incorporated herein by reference in their entireties.

As an illustrative non-limiting example, in one set of
embodiments. the sample may be imaged with a high
numerical aperture, oil immersion objective with l00x mag-
nification and light collected on an electron-multiplying
CCD camera. ln another example, 1hs s:mple could be
imaged with a high numerical aperture. oil immersion lens
with 40x maqnilication and light collected with a wide-Iield
scientific CMOS camera. With diferenr combinations of

24
objectives and cameras, a single field of via; may corre-
spond to no less than 40x40 microns, 80x80 microns,
l20xl20 microns, 24Ox24O microns, 340x340 micrcns, or
5fi)x500 microns, etc. in various nonl im itirg embodiments.
Similarly, a single camera pixel may c,orrespond, in some
embodiments, to regions of the sample of no less than 80x80
nm. 120x120 nm. 16Ox160 nm,24Ox24O nm, or 30Ox3(X)
nm, etc. Inanother example, the sample may be irnagedwith
a low numerical aperture, air lens with lOx magnification
and light collected with a sCMOS camera. In additional
embodiments, the sample may be optically sectioned by
illuminating it via a single or multiple scanned diffraction
limited foci generated either by scanning mirors or a

spinning disk and the collected passed tbrough s single or
multiple pinhslss. In another embodiment, the sample may
also be illuminated via thin sheet of light generated via any
one of multiple methods known to those versed in the art.

In one embodiment, the sample may 6s illtrminated b!
single Gaussian mode laser lines. ln some embodimetrts, the
illumination profiled may be flanened by passing these laser
lines through a multimode fiber that is vibrated via piezo-
electric or other mechanical means. In some embodiments,
the illumination profile may be flattened by passing single-
mode, Gaussian beams through a variety of refractive beam
sbapers, such as the piShaper or a series of stacked Powell
lenses. In yet another set of embodiments, the Gaussian
beams may be passed tbrough a variety of different diffirsing
elements, such as gruu.d glass or engineered diflusen,
which may be spun in some cases at higb speeds to remove
residul laser speckle. In yet another embodimeu! laser
illumination may be passed through a series of lenslet arrays
to produce overlapping images of the illumination that
approximate a flat illumination field.

In some embuliments, the centroids of the spatial posi-
tions of the entities may bc determined. For example, a
centroid of a signaling entity rnay be determined within an
image or serics of images using image analysis algorithms
known to those ofordinary skill in the art. In some cases, the
algorithms may be selected to determine non-overlapping
single emitters and/or partially overlapping single emitters
in a sample. Non-limiting exmples of suitable techniques
include a maximum likelihood algorithm, a least squares
algorithm, a Bayesian algorithm, a compressed sensing
algorithm, or the like. Combinations of these techniques
may also be used in some cases.

In additioq the signaling entity may be inactivated in
some cases. For example, in some embodiments, a first
secondary nucleic acid probe containing a signaling entity
may be applied to a sample that can recognize a first read
sequenoe, then the first secondary nucleic acid probe can be
inactivated before a second secondary nucleic acid probe is
applial to the sample. If multiple signaling entities are used,
the s:me or different techniques may be used to inactivate
the signaling entities, and some or all of the multiple
signaling entities may be inactivated. e.9., sequentially or
simultaneously.

Inactivation may be caused by removal of the signaling
entity (e.g.. from the sample, or from the nucleic acid probe,
etc.), and/or by chemically altering the sicnaling entity in
some fashioq e.9., by pholobleaching the signaling enlity,
bleaching or chemically altering the structure of the signal-
ing entity, e.g., by reduclioq etc.). For instance, in one set
of embodiments, a fluor€scent signaling entity may be
inactivatecl by chemical or oplical techniques such as oxi-
datioq photobleaching, chemically bleaching, strhgent
washing or enirymatic digestion or reaction by exposure to
an enryme, dissociating the sipaling entity fiom other
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comfnnents (e.g., a probe), chemical reaction of the signal-
ing entity (e.g., to a reactant able to alter tbe structure ofthe
siSrrelisg entity) or the like. For instance, bleaching may
occur by exposure to oxygen, reducing agents. or the sig-
naling entity could be chemically cleaved from the nucleic
acid probe and washed away via fluid flow.

In some embodiments, various nucleic acid probes (in-
cluding primary and/or secondary nucleic acid probes) rnay
include one or mone signaling entities. If more than one
nucleic acid probe is used, the signaling entities may each by
the same or diferent. In certain embodiments, a signaling
entity is any entity able to emit light. For instance, in one
embodiment, the signaling entity is fluorescent. In other
embodiments, the signaling entity may be phosphorescent,
radioactive, absorptive, etc. Ir some cases, the signaling
entity is aoy entity that can be determined within a sample
at relatively high resolutions, e.9., at resolutions better than
the wavelength of visible light or the diffraction limit. The
sicnaling entity may be, for ex"mple, a dye, a small mol-
ecule, a peptide or protein, or the like. The signaling entity
may be a single molecule in some cases. If multiple sec-

ondary nucleic acid probes are used, the nucleic acid probes
may comprise the same or diferent signaling entities.

Non-limiting examples of signaling entities include fluo-
rescent entities (fluoropbores) orphosphoresceot entities, for
example. cyanine dyes (e.g., Cy2, Cy3, Cy3B, Cy5, Cy5.5,
Cy7, etc.), Alexa Fluor dyes, Atto dyes, photoswtichable
dyes, photoactivatable dyes, fluorescent dyes, metal nan-
oparticles. semiconductor natroparticles or "quatrtum dots",
fluorescent proteins such as GFP (Green Flrrcrescent Pro-
tein), or pbotoactivabale fluorescent proteins, such as

PAGFP, PSCFR PSCFP2, Dendra, Dendra2, EosFB tdEos,
mFos2, mEos3, PAmCberry, PAtagRFR mMaple, mMaple2,
and mMaple3. Other suitable signaling entities are known to
those of ordinary skill in the art. See, e.g., U.S. Pat. No.
7,838,302 or U.S. Pat. Apl. Ser. No. 611979,436, e,ch
incorporatcd herein by reference in is entirety.

ln one set of embodiments, the sipaling entity may be
attached to an oligonucleolide sequence via a bond that can
be cleaved to release the signaling entity. ln one set of
embodiments, a fluorophore may be conjugated to an oli-
gonucleotide via a cleavable bond, such as a photocleavable
bond. Nonlimiling examples of photocleavable bonds
include, but arc not limited to, l-(2-nitrophenyl)ahyl, 2-ni-
trobenzyl, biotio phosphoramidite, acrylic phosphoramidite,
diethylaminocoumarin, l-(4,5-dimethoxy-2-nitrophenyl)
ethyl, cyclodo&cyl (dimethoxy-2-nitrophenyl)ethyl,
4-aminomethyl-3-nitrobenzyl, (4-nitro-3-( l -chlorocarbony-
loxyethyl)phenyl)methyl-S-acetylthioic acid ester, (4-nitro-
3 -( l -thlorocarbonyloxyethyl)phenyl)methyl-3 -(2-pyridyldi-
thiopropionic acid) ester, 3-(4,4'-dimethoxyri$l)-l-(2-
nitrcphenyl)-propane- 1,3-diol-[2 -cyanoethyl-(N,N-
diisopropyl)l-phsphoramidite, 1-[2-nitto-5-(6-
trifl uoroacety lcaproamidomethyl )pheny ll -ethyl -[ 2-cyan<r -
ethyl-(N.N-diisopropyl)l-phosphoramidite, I -[2-nitro-5-(6-
(4,4' -dimelhoxytri tyloxy)butyramidomethyl)phenyl l -ahyl-
[2-cyanoethyl-(N,N-diisopropyl)]-phosphoramidite, I -12-
nilru-5 -(6-(N-(a,4'dimethoxytrityl))-
biotinamidocaprca mids-6sthyl)phenyll -ethyl-[2-
cyanoethy!-(N,Ndiisopropyl)l-phosphoramidite, or similar
linkers. In another set of embodiments, the fluorophore may
be conjugated to an oligonucleotide via a disulfide bond. The
disulfide bond may be cleaved by a variety of reducing
agents such as, !u1 no1 limilsd 1o, dithiothreitol, dithioeryth-
ritol, beta-mercaptoethanol, sodium borohydride, thiore-
doxin, glutaraloxin, trypsinogen, hydrazine, diisobutylalu-
minum hydride, oxalic acid, formic acid, ascorbic acid,

26
phcrsphorous acid, tin chloride, glutathione, thioglycolate,
2,3dimercaptopropaool, 2 -mercaptoethylam ine, 2-a mi no-

ethanol, tris(2-carboryethyl)phosphine, bis(2-mercapto-
ethyl) sulfone, N,Ndimethyl-N,N-bis(mercaptoacetyl)hy-
drazine, 3-mercaptoproptionate, dimethylformamide,
thiopropyl-agarose, tri-n-butylphosphine, cysteine, iron sul-
fate, sorCium sulfi te, phosphite, hypophosphite, phosphoro-
thioale, or the like, and/or combinations of any of these. ln
another embodiment, the fluorophore may be conjugated to
an oligonucleotide via one or mone phosphorothioate modi-
fied nucleotides in which the sulfi:r modification replaces the
bridging and/or non-bridg,trg oxygen. The fluorophore may

be cleaved from the oligonucleotide, in certain embodi-
ments, via addition of compounds such as but trot limited to
iodoethanol, iodine mixed in ethanol, silver nitrate, or mer-
cury cNoride. In yet another set of embodiments, the sig-
naling entity may be chemically inactivated thrcugh reduc-
tion or oxidation. For example, in one embodiment, a

chromophore such as Cy5 or Cy7 may be reduced using
sodium borohydride to a stable, non-fluorercence state. ln
still another sa of embodiments, a fluorophore may be
conjugated to an oligonucleotide via an azo bond and the
azo bond may be cleaved with 2-[(2-N-arylamino)phe-
nylamlpyridine. In yel another set of embodiments, a fluo-
rophore may be conjugated to an oligonucleotide via a

suitable nucleic acid segm.ent that can be cleaved upon
suitable exposue to DNAse, e.9., atr exodeoxyribonuclease
or:m endodeoxyribonuclease. f,lamples include, but are not
limited to, deoxyribonuclease I or deoxyribonrrclease II. In
one set of embodiments, the cleavage may occur via a

restriction endonuclease. Non-limiting examples of poten-
tially suitable restriction endonucleases include BamHl,
Bsrl, Notl, Xmal, PspAI, DpnI, MboI, MnlI, Eco57I,
Ksp632I, DralII, AhaII, SmaI, MuI, HpaI, ApaI, BclI,
BstElI,'l-aql. EcoRI, SacI. HindII, HaeII, DraII, Tsp509I,
Sau3AI, PacI, etc. Over 3000 restriction enzymes have been
studied in detail, and more than 600 ofthese are available
commercially. In yet another set of embodiments, a fluoro-
pbore may be conjugated to biotin, and the oligonucleotide
conjugated to avidin or sueptavidin. An interaction between
biotin and avidin or streptavidin allows the fluorophore to be
conjugatal to the oligonucleotide, while sufficient exposure
to aD o(cess of addition, free biotin could 'butcompete" the
linkage and thereby cause cleavage to occur. ln addition. in
another set of embodiments, the probes may be removed
using correspooding "toe-hold-probes," which comprise the
same ggquence as the probe, as well as an extra number of
bases ofhomolory to the encoding probes (e.g., 1-20 extra
bases, for sxample, 5 extra bases). These probes may
r€move the labeled readout prcbe through a stranddisplace-
ment interaction.

As used herein, the term "light" generally refers to
electnrmagnetic radiatiog having any suitable wavelength
(or equivalently, frequency). For instance, in some embodi-
ments, the light may include wavelenglbs in the optical or
visual range (for er.ample, having a wavelength of between
about 400 nm and about 700 ,m, i.e., "visible light"),
infrared wavelengths (for example, having a wavelength of
between about 300 micn:meters and 700 nm), ultraviolet
wavelengths (for example, having a wavelength of between
about 400 nm ard about l0 nm), or the like. In certain cases,
as discussed in detail below, more than one entity may be
used, i.e., entities that are chemically different or distinct, for
example, structurally. llowever, in other cases, the entities
may be chemically identical or at least substantially chemi-
cally identical.
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In one s€t of embodiments, the signaling entity is "swit-
chable," i.e., the entity can be switched between tlvo or more
states, at least one of which emits light having a desired
wavelength. In the other state(s), the entity may emit no
light, or emit light at a dillerent wavelength. For instance, :rn
entity may be "activated" to a first state able to pmduce light
having a desired wavelength, and "deactivated" to a second
state not ablc to emit light of the same wavelength. An entity
is "photoactivatable" ifit can be activated by incident light
of a suitable wavelength. As a non-limiting example, Cy5,
can be switched between a ftuorescent and a dark state ir a

controlled and reversible mannsl fy light ofdiflerent wave-
lengths, i.e., 633 nm (or 642 nm, 647 nm,656 nm) red light
can switch or deactivate Cy5 to a stable dark state, while 405
nm green light can switch or activate the Cy5 back to the
fluorescenl state. In some cases, the entity can be reversibly
switched between the two or more states, e.g., upon expo-
sure to the proper stimuli. For example, a first stimuli (e.g.,
a first wavelength of light) may be used to activate the
switchable entity, while a second stimuli (e.g., a second
wavelength of light) may be used to deactivate the switch-
able enrity, for instance, to a non-emitting state. Any suitable
method may be used to activate the entity. For example, in
one embodiment. incident light of a suitable wavelength
may be used to activate the entity to emit light, i.e.. the entity
is "photoswitchable." Thus, the phoroswircbable entity can
be switched between different light-emitting or non-emitting
states by incidenl ligbt, e.g., of diflerent wavelengths. The
light may be monochromatic (e.g., prodrrced using a laser)
orpolychrumatic. In another embodiment, the entity may be
aclivated upon stimulation by electric field and/or magnetic
field. In other embodiments, the entity may be activated
upon exposure to a suitable chemical environment, e.9., by
adjusling the pH, or inducing a reversible chemical reaction
involving the cntity, erc. Similarly, any suitable method may
be used to deactivate the entity, and the methods of activat-
ing and deactivating thc entity need not be the same. For
instance, the entity may be deactivated upon exposure to
incident light of a suitable wavelength, or the entity may be
deactivated by waiting a suffcient time.

Typically, a "swilchable" entity can be identified by one
ofordinary skill in the art by delermining conditions under
which zrn entily in a lirst slate can emit light when exposed
to an excitation wavelength, switching the entity from the
first state to the second state. e.g., upon exposue to light of
a switching wavelength, fien shou'ing that the entiry, while
in the second state car no longer emit light (or emits light at
a much reduced intensity) when exposed to the er(citation
wavelength.

In one set of embodiments. as discussed. a switchable
entity may be switched upon exposurc to light. In some
cases, the ligbt used to activate the switchable en(ity may
come from an extemal source, e.g., a light source such as a
laser light source, another light-emitting entity proximate
the switchable entity, etc. The second light emitting entiry
in some cases, mry be a lluorescent entity, and in certain
embodiments, the second, light+mining entity may itself
also be a switchable entily.

In some embodiments, the switchable entity includes a
Iint, light-emitting po(ion (e.g., a fluorophore), and a sec-
ond portion that activates or "switches" the first portion. For
example, upon exposurc to light, the second porlion ofthe
switchable entity may activate the first portion, causing the
Iint portion to emit light. Examples of activator portions
include, but are not limited to, Alexa Fluor 405 (lnvitrogen),
Alexa Fluor 488 (Invitrogen), Cy2 (GE Healthcare), Cy3
(GE Healthcare), Cy3B (GE Healthcare), Cy3.5 (GE Health-
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care), or other suitable dyes. F,xamples of light-emining
portions inclu&, but are not limited to. Cy5, Cy5.5 (GE
Healthcare), Cy7 (GE Healthcare), Alexa Fluor 647 (Invit-
rogen), Alexa Fluor 680 (Invifogen), Alexa Fluor 700
(Invitrogen), Alexa Fluor 750 (Invitroged, Alexa Fluor 790
(lnvirogen), DiD, Di& YOYO-3 (Invitogen), YO-PRO-3
(Invitrogen), TO'l'-3 (lnvitrogen). TO-PRO-3 (Invitrogen) or
other suitable dyes. These may linked together, e.9., cova-
lently. for example, directly, or through a linker, e.g., form-
ing compounds such as, but not limited to, Cy5-Alexa Fluor
405, Cy5-Alexa Fluor 488, Cy54y2, Cy5-Cy3, Cy5-Cy3.5,
Cy5. 5-Alexa Fluor 405, Cy5. 5 -Alexa Fluor 488, Cy 5.5 -Cy 2,
Cy5.5-Cy3. Cy5.5-Cy3.5, Cy7-Alexa Fluor 405, Cy7-Alexa
Fluor 488, Cy7-Cy2, Cy7-Cy3, Cy7-Cy3.5, Alexa Fluor
647-Alexa Fluor 405, Ale:<a Fluor 647-Nexa Fluor 488,
Alexa Fluor 6474y2, Alexa Fluor 647-Cy3, Alexa Fluor
647-Cy3.5, Alexa Fluor 750-Alexa Fluor 405, Alexa Fluor
750-Alexa Fluor 488, Alexa Fluor 75GCy2, Alexa Fluor
750-Cy3, orAlexa Fluor 750-Cy3.5. Those ofordinary skill
in the art will be aware of the structues of these and other
compounds, many of which are available commercially. The
portions may be linked via a covalent bond. or by a linker,
such as those described in detail below Other light-emining
or aclivator portions may include portions having nvo quat-
emized nitrogen atoms joined by a polymethine chain,
where each nitrogen is independently part of a heleroaro-
matic moiety, such as pyrrole, imid676lg, thiazole, pyridine,
quinoine, indole, benzothiazole, etc., or part of a nonaro-
matic amine. ln some cases, there may be 5, 6, 7, 8, 9, or
more carton atoms between the two nitnrgen atoms.

In certain cases, the light-emitting portion and the acti-
vator portions, when isolated from each otber, may each be
fluorophores, i.e., entities that can emit light of a certain,
emission wavelength when exposal to a stimulus, for
example, an excitation wavelength. However, when a swit-
chable entity is fomred that comprises the first ffuorophore
and the sccond ffuorophore, the first fluorophore fonns a

first. light-emitting portion and the second ffuorophore
forms an activator portion that switches that activates or
"switches" the fust portion in response to a stimulus. For
example, the switchable entity may comprise a fir$ fluom-
phore directly bonded to the second fluorophorg or the first
and second entity may be connected via a linker or a
common entity. Whether a pair of light-emining portion and
activator portion produces a suitable switchable entity car
be tested by methods known to those of ordinary skills in the
art. For example, light of various wavelength can be used to
stimulate the pair and emission light from the lighremitting
portion can be measured to determined wither the pair
makes a suitable switch.

As a nonJimiting example, Cy3 and Cy5 may be linked
logether to lbrm such an enlity. In this example, Cy3 is an
activator portion that is able to aclivate Cy5, the light-
emission portion. Thus, lighl at or near the absorption
maximum (e.g., near 532 nm light for Cy3) of the activation
or second portion oI'the entity may cause that portion to
activate the fint, light+mitting portion, thereby causing the
first portion to emit light (e.g., near 647 nm for Cy5). See,
e.g., U.S. Pat. No. 7,838.302, incorporated herein by refer-
ence in its entirety. In some cases, the lint, light-emining
portion catr subsequently be deactivated by any suitable
lschnique (e.g., by directing 647 nrt red light to the Cy5
portion of the molecule).

Other nonJimiting examples of potentially suitable acti-
vator portions include 1,5 IAEDANS, 1,8-ANS, 4-Methyl-
umbellilbrcne, 5-carboxy-2,7-dichlorofluorescein, 5-Car-
boxyfluorescein (5-fAm, 5-Carboxynapthoftuorescein,
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5{arboxytetramethylrhodamine (5-TAMRA), 5-FAM
(5-Carboxyfluorescein), 5-HAI (Hydroxy Tryptamine),
5-Hydroxy Tryptamine (HAT), 5-ROX (carboxy-X-rhod-
amine), 5-TAMRA (5{arboxytetramethylrhodamine),
6{:u6oxyrhodamine 6G, 6-CR 6G, 6-JOE, 7-Amino-4-
methylcoumarin, 7-Aminoactinomycin D (7-AAD), 7-Hy-
droxy-4-methylcoumarin, 9-Amino-6-chloro-2-methoxy-
acridine, AB Q, Acid Fuchsin, ACMA (9-Amino-6-chloro-
2-methoxyacridine), Acridine Orange, Acridine Red,
Acridine Yellow, Acriflavin, Acriflavin Feulgen SITSA,
Alo<a Fluor 350, Alexa Fluor 405, Alexa Fluor 430, A.lexa
Fluor 488, Alexa Fluor 500, Alexa Fluor 514, Alexa Fluor
532, Alexa Fluor 546, Alexa Fluor 555. Alexa Fluor 568,
Alexa Fluor 594, Alexa Fluor 610, Alexa Fluor 633, Alexa
Fluor 635. Atizarin Complexon" Alizarin Rd, AMC,
AMCA-S, AMCA (Aminomethylcoumarin), AMCA-X,
Aminoactinomycin D, Aminocoumarin, Aminomethylcou-
marin (AMCA), Anilin Blue, Anthrocyl stearate. APTRA-
BTC, APTS, Astrazon Brilliant Red 4G, Astrazon Orange R,
Astrazon Red 68, Astrazon Yellow 7 GLL, Atabrine, AITO
390, AmO 425, AITO 465, ArTO 488. AITO 495, ArTO
520, Afro s32, Arro 550, Amo 565, Arro 590, ArTO
594, AITO 610, AITO 6r lX. ArTO 620, ArTO 633, ArTO
635, AITO 647, AmO 647N, ArtO 655, AmO 680, AITO
700, ArTo 725, ArtO 740, ArIO-TAG CBQCA, ArTO-
TAG FQ, Auamine, Aurophosphine G, Aurophosphine,
BAO 9 (Bisaminophenyloxadiazole), BCECF (hrgh pII),
BCECF (low pH), Berberine Sulphate, Bimane, Bisbenz-
amide, Bisbenzimide (tloechst), bis-BTC, Blancophor FFG,
Blancophor SY BOBO-1, BOBO-3, Bodipy 492J515,
Bodipy 493/503, Bodipy 50Cy510, Bodipy 505/5l5,Bodipy
530/550, Bodipy 542563, Bodipy 558/568. Bodipy 564/
570, Bodipy 5761589, Bodipy 581/591, Bodipy 630i65GX,
Bodipy 650/665-X, Bodipy 6651676, Bodipy Fl, Bodipy FL
ATP, Bodipy Fl{eramide, Bodipy R6G, Bodipy TMR,
Bodipy TMR-X conjugate, Bodipy TMR-X, Sti, Bodipy'l'R,
Bodipy TR ATP, Bodipy TR-X SE, BO-PRO-I, BO-PRO-3,
Brilliant Sulphoflavin FR BTC, BTC-SN, Calcein, Calcein
Blue, Calcium Crimson, Calcium Green, Calcium Green-l
Ca2* Dye, Calcium Grcen-2 Ca2*, Calcium Green-SN Ca2*,
Calcium Green-Cl8 Ca2*, Calcium Orange, Calcofluor
White, Carboxy-X-rhodamine (5-ROX), Cascade Blue, Cas-
cade Yellow, Catecholamine, CCF2 (GeneBlazer), CFDA,
Chromomycin A, Chromomycin A, CL-NERF, CMFDA,
Coumarin Phalloidin, CPM Methylmumarin. Cl'C. C'l'C
Formazan, Cy2, Cy3.l 8, Cy3.5, Cy3, Cy5.1 8, cyclic AMP
Fluorosensor (FiCRhR), Dabcyl, Dansyl, Dansyl Amine,
Dansyl Cadaverine, Dansyl Chloride, Dansyl DHPE, Dansyl
fluoride, DAPI, Dapoxyl, Dapoxyl 2, Dapoxyl 3'DCFDA,
DCFH @ichlorodihydrofluorescein Diacetate), DDAO,
DIIR (Dihydorhodamine 123), Di-4-ANEPPS, Di-8-
ANEPPS (non-ratio), DiA (4-Di-16-ASP), Dichlonxlihy-
dmfluorescein Diacetate (DCFH), DiD-Lipophilic Tmcer,
DiD (DiIClS(5), DIDS, Dihydorhodamine 123 @HR), DiI
(Dilcl8(3)), Dinitrophenol, Dio (DiOCl8(3), Di& DiR
(DlCl8(7)), DM-NERF (hishpH), DNP, Dopamine, DTAF,
DY-630-NHS, DY-635-NHS, Dylight 405, Dylighr 488,
DyLishl 549, Dylight 633, Dylighr 649. Dylighl 680,
DyLiSht 800, ELF 97, Eosin, Erythrosin, Erythrosin ITC,
Ethidiun Bromide, Ethidium homodimer-l (ElhD-l),
Euchrysin, Eukolight, Europium (III) chloride Fast Blue,
FDA, Feulgen (Pararosaniline), FIF (Formaldehyd Induced
Fluorescence), FITC, Flazo Orange, Fluo-3, Fluo-4, Fluo-
rescein (FITC), Fluorescein Diacetate, Fluonr-Emerald,
Fluoro-Gold (IJydroxystilbamidine), Fluor-Ruby, FluorX,
FM l-43, FM 4-46, Fua Red (hrgh pH), Fura Red/Fluo-3,
Fura-2, Fura-2/BCECF, Genacryl Brilliant Red B, Genacryl
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Brilliant Yellow IOGR Genacryl Pink 3G, Genacryl Yellow
SGF, GeneBlarer (CCF2), Gloxalic Aci4 Cranular blue,
Haematoporphyrin, Hoechst 33258, Hoechst 33342,
Hoechs 34580, HFrfS, Hydrorycoumarin" Hy&orystilb-
amidine (FluoroGold), Hydroxytryptamine, Indo-l, high
calciurn, Indo-l, Iow calcium, lndodicarboryanine (DiD),
lndotricartocyanine (DiR), Intrawhite Cf, JC- I, JO-JO-l,
JO-PRO-I, LaserPro, [aurodan, LDS 751 (DNA), LDS 751
(RNA), Leucophor PAF, Lancophor SF, Leucophor WS,
Lissamine Rhodamine, Lissamine Rhodamine B, Calcein/
Ethidium homodimer, LOLO- I . LO-PRO- 1, Lucifer Yellow,
Lyso Tracker Blue, Lyso Tracker Blue-White, Lyso Tracker
Greeq Lyso Tracker Red, Lyso Tracker Yellow, LysoSensor
Blue, LysoSensor Green, LysoSensor Yellow/Blug lvlag
Green, Magdala Red @hloxin B), Mag-Fura Re4 Mag-
Fura-2, Mag-Fura-S, MagJndo-I, Magnesium Green, Mag-
nesium Orange, Malachite Green, Marina Blue, Maxilon
Brilliant Flavin 10 GFF, Maxilon Brilliant Flavin 8 GFfl
Memcyanin, Methoxycoumarin, Mitotracker Green FM,
Mitotracker Orange, Mitotracker Red" Mitraoycin, Mono-
bromobimane, Monobromobimane (mBBTCSH), Mono-
chlorobimane, MPS (Methyl Green Pyronine Stilbene),
NBD, NBD Amine, Nile Re4 Nitrobenzoxadidole, Nora-
drenaline, Nuclear Fast Red, Nuclear Yellow, Nylosan Bril-
liant lavin E8G, Oregon Green, Oregon Green 488-X,
Oregon Green, Oregon Green 488, Onegon Green 500,
Oregon Green 514, Pacific Blue, Pararosaniline (Feulgen),
PBFI, Phloxin B (Magdala Red), Phorwite A& Phorwite
BKL, Phorwite Rev. Phorwite RPA, Phosphine 3R, PKH26
(Sirroa), PKH67, PMIA, Pontochrome Blue Blach POPO-
I, POPO-3, PO-PRO-I, PO-PRO-3, Primuline, ProcionYel-
low, Propidium lodid (PD, PyMPO, Srene, $ronine, Pyro-
nine B, Pyrozal Brilliant Flavin 7GF, QSY 7, Quinacrine
Mustard, Resorufin, RH 414, Rhod-2, Rhodamine, Rhod-
amine I10, Rhodamine 123, Rhort"mine 5 GLD, Rhodamine
6G, Rhodamire B, Rhodamine B 2ffi, Rhodamine El extra,
Rhodamine BB, Rhodamine BG, Rhodamine Green, Rhod-
aming Phallicidine, Rhodamine Phalloidine, Rhodamine
Re4 Rhod"mine W'T, Rose Bengal, 365A, S65C, S65L,
565T, SBFI, Serotonin. Sevron Brilliant Red 28, Sevron
Brilliant Red 4G, Sewon Brilliant Red B, Sevron Orange,
Sevron Yellow L, SITS, SITS (Primuline), SITS (Stilbene
Isothiosulphonic Acid), SNAFL calcein, SNAFL-1,
SNAFL-2, SNARF calcein, SNARFI, Sodium Green, Spec-
trumAqua, SpectrumGreen, SpectrumOrange, Spectrum
Red, SPQ (6-methoxy-N-(3-sulfopropyl)quinolinium), Stil-
bene, Sulphorhodamine B can C, Sulphorhodamine Extra,
SYTO II, SYTO I2, SYTO I3, SYTO 14, SYTO I5, SYTO
16, SYTO 17, SYTO 18, SYTO 20, SYTO 2I, SYTO 22,
SYTO 23, SYTO 24, SYTO 25, SYTO 40, SYTO 41, SYTO
42, SYTO 43, SYTO 44, SYTO 45, SYTO 59, SYTO 60,
SYTO 6I, SYTO 62, SYTO 63, SYTO 64, SYTO 80, SYTO
81, SYTO 82, SYTO 83, SYTO 84, SYTO 85, SYTOX
Blue, SYTOX Green, SYTOX Orange, Teracycline,
Tetramethylrhodamine (TAMRA), Texas Red, Texas Red-X
conjugate, Thiadicarhrcyanine (DiSC3), Thiazine Red R,
Thtaznle Orange, Thioflavin 5. Thioflavin S, Thioflavin
TCN, Thiolyte, Thiozole Orange, Tinopol CBS (Calcofluor
white). TMR. TO-PRO-I, TO-PRO-3. TO-PRO-s, TOTO-
l, TOTO-3, TzuTC (tekamethylrodamine isothiocyanate),
True Blue, TruRd Ultralite. Uranine B. Uvitex SFC, WW
781, X-Rhodamine, XzuTC, Xylene Orange, Y66F, Y66H,
Y66W, YO-PRO-1, YO-PRO-3, YOYO-I, YOYO-3, SYBR
Green, Thiazole orange (interchelating dyes), or combina-
tions thereof.

Another aspect of the invention is directerJ to a computer-
implemented method. For instance, a computer and/or an
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automated system may be provided that is able to automati-
cally and/or repetitively perform any of the methods
described herein. As used herein, "automated" devices refer
to devices that are able to operate without humrn direction,
i.e., an automated device can perform a function during a
period of time after any human has finished taking any
action to promote the function, e.g. by entering instn:ctions
into a computer to start the prccess. Typically, automated
equipment can perform repetitive functions after this point
in time. The processing steps may also be recorded onto a
machine-readable medium iu some cases.

pss sxample, in some cases, a computer may be used to
control imaging of the sample, e.g., using fluorescence
microscopy, STORM or other super-resolulion techniques
such as those described herein. ln some cases, the computer
may also control operations such as drift conection, physical
registration, hybridization and cluster aligoment in image
rnaly5is, cluster decoding (e.9., ffuoresceut cluster decod-
ing), error daection or correction (e.g., as discussed herein),
noise reduction, idenrification of foreground features from
background features (such as noise or debris in images), or
the like. As an example, the computer may be used to control
activation and/or excitation of signaling entities within the
sample, and/or the acquisition of images of the signaling
entities. In one set of embodiments, a sample may be excited
using light baving various wavelengths and/or intensities,
and the sequence ofthe wavelengths of light used 1o excite
the sample may be correlated, using a computer, to thc
images acquired of the samfle containing the signaling
entities. For instance, the computer may apply light havhg
various wavelengths and/or intensities to a sample to yield
different average numbers of sicpaling entities in each
region ofinterest (e.g., one activated entity per location, two
aclivatexl entities per location, etc.). In some cases, lhis
inforrration may be used to construct 2s image and/or
daermine the locations of the signaling entities, in some
cases al high resolutions, as noted above.

ln some aspects, dhs semple is positioned on a micro-
scope. In some cases, the microscope may contain one or
more chrnnels, such as microfluidic ghannels, to dircct or
control fluid to or from the sample. For instance, in one
embodiment, nucleic acid probes such as those discussed
herein may be introduced and/or removed I'rom the sample
by flowing fluid through one or more channels to or from the
sample. In some cases, there may also be one or more
chambers or resenroirs for holding fluid, e.g., in fluidic
communication with the channel, and/or with the sample.
Those of ordinary skill in the art will be familiar with
cbannels, including microfluidic shannels, for moving fluid
to or from a sample.

As used herein, "microfluidic," "microscopic,"
"micruscale," the "micro-" prefix (for example, as in
"6isroshannel"), and the like generally refers to elements or
zrticles having widbs or diameters of Iess th:rn about 1 mm,
and less than about 100 microns (micrometers) in some
cases. In some emb<xliments, larger chamnels may be used
instead of. or in conjunction with, micmfluidic channels for
any of the embodiments discussed herein. For examples,
channels having *'idths or diameters of less than about l0
nrm, less than about ! mm, less than about 8 mm, less than
about 7 mm, less than about 6 mm, less than about 5 mm,
less than about 4 mm, less th:n about 3 mm, or less than
about 2 mm may be used in cenain instances. In some cases,
the element or article includes a channel through which a

fluid can flow. In all embodiments, specified widths can be
a smallest widlh (i.e. a width as specilied where, at that
localion, the article can have a larger width in a different
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dimension), or a largest width (i.e. where, at that location,
the article has a width that is no wider than as specified, but
can have a length that is greater). Thus, for instance, the
microfluidic channel may have aD average cross-sectional
dimemion (e.g., perpendicular to the direction of llow of
fluid in the microfluidic channel) of less than about I mm,
Iess than about 500 microns, less than aboul 3(X) microns. or
less than about l0O microns. In some cases, the microfluidic
cbannel may have an average diameter ofless than about 60
microns, less than about 50 microns, less than about 40
microns, less than about 30 microns, less than about 25
microns, less than about l0 microns, less than about 5

microm, less than about 3 microns, or less than about I
micron.

[ "g[annsl," as used herein, means a feature on or in an
article (e.g., a substrate) that at least partially directs tbe flow
of a fluid. In some cases. the chennel may be formed, at least
in parg by s singlg component, e.g. an etched substrate or
molded unit. The channel can bave any cross-sectional
shape, for example, circular, oval, triangular. irregular,
squarc or rectangular (having any aspect ratio), or the like,
and can be covered or uncoverd (i.e., open lo the extemal
environment surounding the channel). ln embodiments
where the channel is completely covered, at least one portion
of the channel cao have a cross-section that is completely
enclosed, and/or the entirc channel may be completely
enclosed along its entire length with the exception ofits inlet
and ou1le1.

A channel may bave any aspect ratio, e.g., an aspect ratio
(length to average cross-sectional dimension) of at least
about 2:1, more typically at least about 3:1, at least about
5:1. at least about 10:1, etc. As used herein, a "cross-
sectional dimension," in reference to a fluidic or microflu-
idic channel, is measured in a din:,ction generally perpen-
dicular to fluid flow within the channel. A cbannel generally
will include characteristics that facilitate control over fluid
tra$port, e.9., structural characteristics and/or physical or
chemical characteri stics (hydrophobicity vs. hydrophilicity)
and/or other characteristics that can exert a force (e.g., a
containing force) on a fluid. The fluid within the channel
may partially or completely fill the channel. ln some cases
the fluid may be held or confined within the channel or a

portion of the channel in some fashion, Ibr example, using
surface tension (e.g., such that the fluid is held wirhin the
channel within a meoiscus, such as a concave or convex
meniscus). In an article or substrate, some (or all) of the
channels may be of a particular size or less. for example,
having a largest dimension perpendicular to fluid flow of less
than about 5 mm, less thrn about 2 mm, less than about I
mm, less than about 500 microns, less than about 200
microns, less than about 100 microns. less than about 60
microns, less than about 50 micruns, less than about 40
microns, less than about 30 micrrons, less than about 25
microns, less than about l0 microns, less than about 3

microns, less than about I micron, less than about 30O nm,
less than aboul 100 nm, less than about 30 nm, or lg55 than
about l0 nm or less in some cases. In one embodiment, the
channel is a capillary.

A variety of materials and methods, according to certair
aspects of the invention, can be used to form devices or
components soataining microfluidic channels, chamben,
etc. For example, various devices or components can be
formed from solid materials, in which the chennels 6atr 6s
Ibrmed via micromachining, IiLn deposition processes such
as spin coating and chemical vapor deposition, physical
vapor deposition, laser fabrication, photolithographic tech-
niques, etching methods including wet chemical or plasma
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processes, electrodeposition, and the like. See, for example,
Scient ifc American, 248:44-55, 1 983 (Angell, el al).

In one set of embodiments, various structures or compo-
nents can be formed of a polymer, for example, an elasto-
meric polymer such as polydimethylsiloxane ("PDMS"), s

polyetrafluoroahylene ('PTFE' or Teflon{D), or the like.
For instance, according to one embodiment, a charurel such
as a microfluidic chennel may be implemenled by fabricat-
ing the fluidic system separately using PDMS or other soft
lithography techniques (details of soft lithography tech- to
niques suitable for this embodiment are discussed in the
references enlitled "Soft Lithography," by Younan Xia and
George M. Whitesides, published it the Annual Review of
Material kience,1998, Vol. 28, pages 153-184, and "Soft
Lithography in Biology and Biochemistry," by George M. ts
Whitesides, Emanuele Ostuni, Shuichi Takayama, Xingyu
Jiang ad Donald E. Ingber, published'nlbeAnnual Review
of Biomedical Engineering, 2001, Vol. 3, pages 335-373;
each ofthese references is incorporated herein by reference).

Other examples of potentially suitable polymen include, zo

but are not limited to, polyethylene terephthalate (PET),
polyacrylate, polymethacrylate, polycarbonate, polystyrene,
polyethylene, polypropylene, polyvinylchloride, cyclic
olefin copolymer (COC), polytetrafluoroethylene, a fluori-
nated polymer, a silicone such as polydimethylsiloxane, 2s

polyvinylidene chloride, bis-benzocyclobutene ("BCB"), a

polyimide, a fluorinated derivative of a polyimide, or the
like. Combinations, copolymers, or blends involving poly-
mers includiag those described above are also envisioned.
The device may also be formed from composite materials, ro
for example, a composite of a polymer and a seoriconductor
material.

In some embodiments, various microfluidic strucrures or
comg)nents of the &vice are fabricated frcm polymeric
and/or flexible and/or elastomeric materials. and can be ls
conveniently formed of a harclenable fluid, facilitating fab-
rication via molding (e.g. replica molding, injection mold-
ing, cast molding, etc.). The bardenable fluid can be essen-
tially any fluid that can be induced to solidifo, or that
spontaneously solidifies, into a solid capable of containing eo

and/or transporting fluids contemplated for use in and with
the fluidic network. ln one embodiment, the hardenable fluid
comprises a polymeric liquid or a liquid polymeric prucursor
(i.e. a "prepolymer"). Suitable polymeric liquids can
include, for example, thermoplastic polymers. thermoset 45

polymers, waxes, metals, or mixtures or composites thereof
heated above their melting point. As another example, a
suitable polymeric liquid may include a solution of one or
more polymen in a suitable solvent, which solution fomrs a

solid polymeric material upon removal of the solvent, for so

example, by evaporation. Such polymeric materials, which
can be solidified from, for example. a mell stale or by
solvenl evaporation, are well known to those of ordinary
skill in the art. A variety of polymeric materials, many of
which are elastomeric, are suitable, and are also suitable for ss

forming molds or mold masters, for embodiments where one
or both of the mold masters is composed of an elastomeric
material. A nonJimiting lisl of examples of such polymers
includes polymers of the general ctasses of silicone poly-
mers, epoxy polymers, and acrylale polymers. Epoxy poly- oo

merc are charaaerized by the presence of a three-membered
cyclic ether group commonly referred to as an epoxy group,
I,2-epoxide, or oxirane. For example, diglycidyl ethers of
bisphenol A can be used, in addilion to compounds baserJ on
aromatic amine, triazine, and cycloalipbatic backbones. os

Another example includes the well-known Novolac poly-
mers. NonJimiling examples of silicone elastomers suitable
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for use according to the invention include those formed from
prccursors including the chlorosilanes such as methylchlo-
rosilanes, ethytchlorosilanes, phenylchlorosilanes, etc.

Silicone polymers are used in certain embodiments, for
example, the silicone elastomer polydimethylsiloxane. Non-
Iimiting sxamples of PDMS polymers include those sold
under the trademark Sylgard by Dow Chemical Co., Mid-
land MI, and particularly Sylgrd 182, Sylgard 184, and
Sylgard 186. Silicone polymers including PDMS have sev-
eral beneficial properties simpliffing fabrication of various
strxctues of the invention. For instance, such materials are
inexpensive, readily available. and can be solidified from a
prepolymeric liquid via curing with heat. For example,
PDMSs are typically curable by exposure of the prepoly-
meric liquid to temperatures of about, for example, about
65o C. to about 75' C. for exposure times of, for example,
at least about an bour. Also. silicone polymers, such as

PDMS, can be elastomeric and thus may be useful for
forming very small features with relatively high aspect
ralios, necessary in certain embodiments of the invention.
Flexible (e.g., elastomeric) molds or masters can be advan-
tageous in this regard.

One advantage of forming structures such as microfluidic
structurcs or channels from silicone polymers, zuch as

PDMS, is the ability of such polymers to be oxidized, for
example by exposure to an oxygen-c611gining plasma such
as an air plasm4 so that the oxidized structurcs contain, at
their surfirce, chemical groups capable of crossJinking to
other oxidized silicone polymer surfaces or to the oxidized
surfaces of a variety of ottrcr polymeric and non-polymeric
materials. Thus. structures can be fabricated and then oxi-
dized and essentially irreversibly sealed to olher silicone
polymer surfaces, or to the surfaces of other substrates
reactive with the oxidized silicone polymer surlbces, with-
out the need for separate adhcsives or olher 5ssling means.
In mosl cases. sealing can be completed simply by contact-
ing an oxidized silicone surface to another surface without
the need to apply auxiliary pressure to form the seal. Tbat is,
the pre-oxidized silicone surface acts as a contact adhesive
against suitable mating surfaces. Specifically, in addition to
being irreversibly sealable to itself, oxidized silicone such as
oxidized PDMS can also be sealed irreversibly to a range of
oxidized materials other than itself including, for example,
glass, silicon, silicon oxide, quartz. silicon nitride, polyeth-
ylene, polystyrene, glassy carbon. and epoxy polymers,
which have been oxidized in a similar fashion to the PDMS
surface (for example. via expozure to an oxygen{ontaining
plasma). Oxidation and sealing methods useful in the con-
text of the present inventior\ as well as overall molding
techniques. are &scribed in the art, for example, in an article
entitled "Rapid h,ototyping of Microfluidic Systems and
Polydimethylsiloxane." Anal. Chem., 7O:474480, 1998
(Dury et al.), incorporatod herein by reference.

The following d<rcuments are each incorporated herein by
reference in their entireties: U.S. Pat. No. 7,838,302, issued
Nov. 23, 2010, entitled "Sub-Dillraction Limit Image Reso-
lution and Other Imaging Techniques." by Zhuang, et al.;
U.S. Pat. No. 8,564,792, issued Oct. 22, 2013, entitlecl
"Subdifiraction Limit Image Resolution in Three Dimen-
sions," by Zruang, et al.; and Int. Pat. Apl. Pub. No. WO
2O1 3 I 0903 60, published Jun. 20, 2O1 7, entitled "High Reso-
lution Dual-Objective Microsqrpy," by Zhuang, et al.

In addition, incorporated herein by reference in their
entireties are U.S. Provisional Patent Application Ser. No.
62JO31.062. filed Jul. 30,2014, entitled "Systems and Meth-
ods for Determining Nucleic Acids," by Zfunng, et al.; U.S.
Provisional Patent Application Ser. No. 621050,636, filed
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Sep. 15, 2014, entitled "*3* ,.,r*o construcrion," by
1fin'ng. et al.; U.S. Provisional Patent Application Ser. No.
621142,653, filed Apr. 3, 2015, entilled 'Systems and Meth-
ods for Determining Nucleic Acids," by Zhuang, et al.; and
a PCT application filed on even date herarith, entitled
"Probe Library Construction," by Zhuang, et al.

The following examples are intended to illusfate ccrtain
embodiments of the present invention, but do not exemplify
the full scope of the invention.

Example I

The example presents a platform to enable the simulta-
neous detection of the number and spatial organizalion of
thousaods of distinct mRNAs within single cells with high
efrcienry and low error-rate using a novel form ofhighly
multiplexed fluorescence in situ hybridization (FISH). This
example accomplishes these measurements by integrating
and innovating methods for massively parallel probe syn-
thesis, super-resolution imaging, and self-correcting eror-
checking codes.

Here, these examples present methods for the simultane-
ous detection of some or all of the thousands of unique
RNAs expressed in a cell. This approach not only promises
to revolutionize the throushput of the already effective
single-molecule FISH (smFISH) approach, but also allows
researchers to benefit from the hypothesis free discovery
approach which has made other whole-genome systems
approaches to biology so effective. For example. this whole
genome approach may allow researchers to discover RNAs
whose expression levels and/or subcellular localization pat-
lsrns 6henge under certain conditions of interest, such as
disease states, without knowing, a priori, which mRNA will
ghenge ilr abundance or localization. Simuhanqrus measure-
mcnts of hundreds of genes within a single ccll also allow
for the identification of correlations between genes in
expression and localization pattems in some cases.

This can be achieved using methods for highly multi-
plexed smFISH via the sequential hybridization oforthogo-
nal detection probes and super-resolution imaging, reducing
the cost ofprobe synthesis, and the development ofa highly
automated system to minimize demands on lhe user, as
discussed herein. This pn:vides an integrated platfonn to
handle the bioinformatics of probe design, the mathematics
of enor<orrecting codes, the complexity of image registra-
tion and analysis, and the cumbersome fluid handling
through a simple suite of user friendly interfaces. This
integration allows easy operation with limited u5s1 uaining
and facilitates the rapid collection of data.

This example illustrates: (l) computational design of
"codewords" to attach to all RNA targets in the cell that will
allow rrnique identification of each RNA with rcme degree
of experimental error tolerance, (2) translation of these
codewords into nucleotide selluetrces and synthesis of the
required single-stranded (ss) oligonucleotide (e.g. ssDNA)
prcbes, (3) sample fixation and hybridization of these probes
to the RNA targets in situ, (4) read-out of these codewords
via successive rounds ofhybridization of distinct fluorescent
probes imaged with conventional fluorescence microsmpy
or super-resolution fluorescence micrcscopy, and (5) auto-
mated decoding of meazured codewords combined with
computational error correction to uniquely and rcbustly
identif individual mRNAs.

In the first step. a "codeword" is assignul to every RNA
that is to be labeled. ln a typical design these may be strings
ofN binary letters or posilions. Codewonls may be chosen
from the same wide rznge of existing error tolerant or
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enor-correcting encoding schemes developed for digital
storage and communication, e.g., using Hamming mdes or
the like. For example, actin-RNA may be assigned the
binary codeword ll00l0l0. Each codeword may be unique
and separated from the other codewor<ls by a Hamming
distance, h, which measunes the number of letters or posi-
tions that must be incorrectly read for one codeword to be
misinterpreted as a different one. A Hamming distance
greater than I between all codewords allows for some
measurement ermrs to be detected-since simple errors
would produce codewords that are not used to encode
RNAs. For s flamming distance larger than 2, it is also
possible to correct some errors, as codewords with one error
will be closest in Hamming distance to a singls, uniqr.
codeword. The total number of different RNAs to be
detected from the transcriptome and tbe amount of error
correction desired determines the leogth of the codewords.
lnformation theory provides several effcient algorithms for
assembling error-conecting binary codebooks.

In the second step, this encoding scheme is translated into
a set of oligonucleotide (e.g. DNA) probe sequences, which
can be called primary prcbes or encoding probes, each of
which not on-ly targets a probe to the RNAof interest but also
encodes the unique binary codeword within a set of second-
ary binding sites (FIG. 1). For example, first designed may
be primary binding sequences for each targeted mRNA.
These sequences are 'larget sequences" that are comprised
of complementary nucleotide sequences to their target
RNAs computationally selected to satisff a stringent set of
hybridization conditions, including .niqueuess in the target
genome. To improve tbe efrciency of hybridization to indi-
vidual mRNAs, multiple primary target sequ€nces are
designed for each individual RNA. Tben each position
within the set ofcodewords is assigned a unique oligonucle-
otide (e.9. DNA) sequence, which is called a read sequence.
These tags are designed as to have no interaction with
endogenous mRNA scquences or cach other. For instance,
for all the value "l"s in a codeword of an individral mRNA,
the corresponding read sequence is attached to the primary
targeting sequences against that mRNA. In general, each
probe will contain a target sequence and one or more read
sequences. Ifthe total length ofthe necessary read sequences
and the primary target sequenoe exceeds synthesis capabili-
ties, then subsets ofthe read sequences can be appended to
distinct target sequences. !'or example, consider the potetr-
tial codeword ll00l0l0 for actin. Probe sequences for this
RNA could contain the read sequences corresponding to
positions I, 2, 5, and 7 in the codeword attached to a variety
oftarget seguences specific to actin. After all the sequences
have been designed, the resulting complex set of unique
custom oligonucleotide (e.g. DNA) sequences is manufac-
tured and amplified using methods as described below.

In the third step, the resulting pool of DNA is hybridized,
e.g., to lixed, permeabilized cells. In this proess, individual
probes may be attacbed to every RNA in the cell by
hybridization of their corresprnding target salueaces with
the RNA while the read sequences remain free to bind the
appropriate secondary pnrbes as discussed below.

In the fourth step-the read-out step-fluorescently
labeled secondary nucleic acid prcbes (also called readout
probes) are successively hybridized to the read sequences
atlached to the target s€quences that binds to the mRNA
targets in the above step. When simultaneously imaging a
large number of diflerent RNA species in cells, the density
of labeled RNAs may exceed that at which each RNAcan be
resolved via conventional imaging methods. Thus, this may
be performed using a super-rcsolution imaging mahod, for
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example STORM (stochastic optical reconstruction micros-
copy), to resolve the labeled molecules. After each round of
hybridization 61d lmaging with the secondary probes, the
fluorophores are quenched or otherwise inactivated eitber
via chemical or optical techniques such as oxidation, chemi-
cally bleaching, photobleaching, stringent washing or enzry-
matic digestion, 

"1s. 
Thg srmple is then stained with the next

secondary probe, and the cycle continues until dl positions
of the codewords have been read out. In the simplesr
incamation, there will be one hybridization step for each
position within the codeword, e.g. 8 hybridization steps for
an SJetter codeword (FIG. 1).

FIG. 1 shows schematic diagrams of this example. FIG.
1A shows that orery position of the codewords is assiped
a unique oligonucleotide sequence when this position has a
value "1." All mRNA codewords are then traoslated into
combinations of read sequences, which are attached to the
targeting sequence. FIG. lB shows various steps of the
labeling scheme of this example. In the first step, all mRNAs
(I-llI) are tagged with multiple oligonucleotide (e.g. ssDNA)
pmbes comprising a primary targeting sequence, which
hybridizes to the RNA of interest, and a "tail" (i.e. contain-
ing read sequences) carrying the translated codeword, which
does not interact with endogenous nucleotide sequences. In
the next step, the first secondary probe is added, which can
bind all probes whose tails have a read sequence correspond-
ing to the value of"1" in the first position. The dyes on these
strondary probes are imaged and bleache4 then the next
secondary probe is added to bind probes attached to mRNA
which have a value of "l" in the second position of their
assigned codeword, and so on.

In the linal step, lhe microscopy images I'rom each stain-
ing aad imaging round are aligne( for example, computa-
tiorully (e.g. using fiducial beads or other markers tracked
during image acquisition), and thc clusten of localizations
resolved by conventional fluorescence microscopy or super-
resolution imaging (e.g. STORM) from the different rounds
are identified. These clusters of localizations arise from
individual target mRNA molecules, and the hybridization
rounds in which a spot was detected in a given cluster
correspond to the "1" in the codeword for that mRNA. If
there are no missed-detection events or false positive signal
in the images, this codeword will perfectly match ore of the
expected codewords. FIG. 1 describes an example in which
the codeword has three letters, i.e. tbree positions. and the
three target mRNAs have codewords ll0, l0l, and 0ll
assigned to them. In real experimental examples, the code-
word could contain more digits. For example. the mRNA for
actin can be assigned the codeword, I l00l0l0. ln that case,

detecled clusters soataining overlapping localization signals
in the lst, 2n4 5th and 7th hybridization steps (meaning the
I st, 2nd, 5th and 7th secondary probes bound to this site) can
be identified as individual actin mRNA molecules, since the
pattem of positivg findings matches the odewode of actin
(11m1010). In addition, if there are missed-detection events
or false positive signals in the image data, these aberralions
can be corrected by the implemented error-corection
scheme. For example, clusters of localizations with a

detected codeword that has only one digit discrepancy frcm
ll00l0l0 (such as llm00l0 or lll0l0l0) can also be
identified as actin mRNA since all other valid codeword in
161r gx"mple difer fmm the detected pattem in two more
positions.

Example 2

This example describes another altemalive approach that
differs in several ofthe steps described above. This approach
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begins with the first step, construction of the codewords to
the desired mRNA largets, as described above.

In the second step of this approach, nucleic acid probes

are designed that bind uniquely to the mRNA targets of
interest, as described above. However. instead ofappending
unique read sequences to these targeting sequences, unique
pools or groups ofprobes arc constructd from these target
sequences. Each pool comprises all or a subset of the
sequences that target all mRNAs which contain the s,me
value at a given position in their codeword. For example, the
first pool would have of all or a subset of the target
sequences designed for all mRNAs that contain a I in the
first position oftheir codewords, e.g. 110 and l0l but not
011; the second pool would have ofall or a subset ofthe
target sequences designed for all mRNAs that contain a I in
the second position of their codewords, e.g. I l0 and 011 but
not l0l; tbe third pool would have ofall or a subset ofthe
larget sequences designerJ for all mRNAs that contain a I in
the third position of their codewords, e.g. 0ll and l0l but
not I l0 (FIG. f q. As another example, consider the poten-
tial codeword ll00l0l0 for actin. Prob€s that target this
mRNA would be included in pools l, 2, 5, and 7 but not in
pools 3, 4, 6, and 8. The same taryet to a given mRNAmay
or may not be included in pools. For example, a probe that
targets the same region of actin may be included in pools l,
2,5, and 7 orany subset ofthese pools.Afterall ofthepools
have been designed, each complex set of unique. custom
oligonucleotide sequences is manufachrred and amplifial
using methods as described below.

In the thir<l step ol this appruach. the first pool of probes
is hybridized, e.g., to fixed, permeabilized cells. ln this
pnocess, the fluorophores attached to each of the probes in
this pool are bound to each ofthe largets ofthat pool. The
binding ofthese probes is then determined by fluorescence
microscopy. As described above, these images can be col-
lected either via a range ofmelhods including both conven-
tional fluorescence imaging or super-resolution imaging
methods such as STORM. After a rcund of imaging, the
probes from the fint grol are inactivated or removed fnrm
the sample via the methods described above. This process is
then repeated for each successive pool ofprobes until some
or all of the pools have been applied to the sample and
imeged such that all positions in the codevrords have been
read out. ln the simplest incamation, there will be one
hybridization and imaging step for each position in the
codewor4 e.g. 3 rounds of hybridization and imaging for a
codeword with 3 positions (FIG. lC) or 8 rounds of hybrid-
ization and imaging for a codeword with 8 positions.

The final slep of this approach is identical to that
described above.

Example 3

In this example, 14 genes (PGKI, II3F3B, PKM, ENOI,
GPI, EEF2, GNAS, HSPA8, GAPDH, CALMI, RHOA,
PPIA, UBA52, and VCP) were encoded using a subset of the
(8.4) SECDED code (FIGS. 2A-28). To detemrine the
accuracy oflhese measurements, the measured abundances
of these 14 mRNAs were compared to the abundances
measured from bulk RNA-seq of ,4'549 cells (published
ENCODE data). Remarkably, it was found that there was
excellent agreement between these two measurements, as

the transcripls count measured using the sequential hybrid-
ization approach correlated with gene expression measured
using RNA-seq with a Pearson correlation coefrcient r of
0.75 (FIG. 2F). Gene expression from 3 other cells were also
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measure4anditwasfoundrhatthegeneexpressionofthese The componenls arc arranged in the following order:
14 genes was highly correlated among the cells with a r of forward primer (not underlined), seondary read sequence I
0.96 (FIG. 2G). (underlined), mRNA targeting sequence (not un&rlined),

Codebook Design. Each mRNA in the target set was secondary read soquence 2 (underlined), andreverseprimer
assignedabinarycodewordusingaSingleEm:rCorrection s (not underlined).;Ite secondary r""6.r"qu"o"o are the
Double Error Detection (SECDED) code. SECDED is.an reversecomplemenroftheconespondingsecondaryprobes.
extedod Hamming codebook with an additional parity bit. Since only codewords that contained four .l ,s were used the
Briefly, Matlab's communications system toolbox was used pri.rw p"r"u* foi each mRNA neded to contain 4 ditrerent

;""rffiffT,*:i:3*:*'rT.ithl"JJ".:ffi;,1 ,. i*::*y-a*:.'uqoo'o in rhis exampre However, in

rour rs were used. Ihese words were assiped ur oooo-'i3 
'" 

:1jt^t:.:1Telh-e^overall 
length of the primary probes' the

mRNAs in rhe rarger set. [0 I 0 I I I 0 0] is an 
"*.-pl" 

o"r ry] 1tT:j]-:t.t-Tu"o"o 
for each mRNAtarget was split

the SJetter codeurords used (i.e., thess codeurords- eal "l-tTdt- 
iilo two pools' Two secondary read sequences are

containedfourlsandfouros.)[0 lol l100000000 attachedeachprobcinoneofthetwopoolsandtheothertwo

00]isanexampleofthel6leneicodewordsused(i.e.,each rs secondary.read sequenoes are anached the probes in fie
codeword conLined four ls and twelve 0s). I.iot every other pool. The desip crileria for each component are

codeword was necessarily assiped to an 6RNA. ' described below'

Computational Assembly of ssDNA himary Probe Primer Design. Specific index primers were generated by
Sequence' The number of primary nucleic acid probes used 

^ ^ a collection ol 240.fi[ published sequences of orthogonal
for hybridization with mRNA targets ranged from 200 to zo ^_-.--.-
2000 unique oligonucelotides, a"pJ"aing oi the er<periment. 25-bp long sequences. 'lhese sequences were trimmed to 20

For example, to label 14 mRNAs with 28 oligos targeting bp, selected for a narrow 70 to 80o C. melting temperatue,
elch gene, 392 unique sequences were used. Large number the absence ofconsecutive repeats of3 or more base, and the
of oligos with unique soquences were purchased in a pool 

-_ presenceofaGCclamp,i.e.oneofthetwo3,terminalbases
fiom l,C Sciences or CustomArray. However, array syntbe- 25 ' - -- - - -'
sized oligos were in minute quantity th.t *.r insufrcient ior must be G or C To further improve specificity, these

in situ hybridization. The protocol for their amplification are sequences were then screened against the human genome
described below. using BLAST+(Camacho et al 2009), and primers with 14 or

Each primary probe contained three componenls: flanrinq 
- ^ more contiguous bases of homolory were eliminated. In aprimer sequences to atlow enzymatic amplification of :o -.-- ------- 

.-
proues. targeting sequence for L situ hybridization to subsequent 5c1€Eningvia BLAST+. primers that shared ll
mRNAs, and secondary tag sequeDce containing one or or mone contiSnous bases or more thnn 5 bases at the 3' end
more read sequences for sequential readout of codewords. of any other primer or the T? promoter were also removed.

The following is an example ofa primary probe: 
35 Secondary probes Design. 30-bp long secondary probe

sequences were created by concatenating fragments ofthe
(sne rD No: 1) orthogonal primer set described above. These secondaries

GTTGGCGACGAAAGCACTGCGATTGGAAC CGTCCCAAGCCTTGCG

CTTAATGGATCATCAATTTTGTCTCACTACGACGGTCAATCGCGC

TGCATACTTG CGTCGGTCC,GACAAACGAGG

were then screened for orthogonality with other secondaries
(no morc than ll basepairs of homolory) and for potential
of-target binding sites in the human genome (no more thao
14 basepairs of homology). Secondary sequences used in
this example are prcvided in Table l.

TABLE 1

40

B1 Sccondary acqucncco scqucncc numbcr

B1

B2

B3

B4

BS

B5

B7

BS

B9

B10

811

812

B13

CGCAACGCT TGGGACGG TTCCAAT CGGATC

CGAATGC TC TGGCCT CGAACGAACGATAGC

ACAAATC CGAC CAGATCGGACGAT CATGCG

CAAGTATGCAGCSCGAT TGACCGTCTCGTT

TGCGTCGTC TGGCTAGCACGGCACGCAAAT

AAGTCGTACGCCGATGCGCAGCAATTCACT

CGAAACATCGGCCAC@ T CCC1STTGAACTT

ACGAATCCACCGTCCAGCGCGTCAAACAGA

CGCGAAATCCCCGTAACGAGCGTCCCTTGC

GCATGAGTTGC CTOGCGTTGC.'SACGACTAA

CCGTCGTCTCCGGTCCACCGTTGCGCTTAC

@CCAATGGCCCAGGTCCGTCACGCAATTT

TTGATCGAATCGCAGCGTAGC'GCIAAT CTGC

SEQ

sEo

SEQ

SEQ

sEo

SEQ

SEQ

SEQ

SEQ

sEo

SEQ

SEQ

SEQ

ID

ID

ID

ID

ID

ID

]D

ID

]D

ID

ID

ID

ID

NO: 2

NO: 3

NO: {

NO: 5

NO: 6

NO: 7

NO: I

NO: 9

NO:10

NO:11

IIO : 12

NO:13

NO:14
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mRNA Thrgeting Sequence Design. To detsmine the
relative abundance ofall the isoforms ofall genes expressed
in these cell lines, tanscriptome profiling data tom the
ENCODE project for total RNA from .4,549 and IMR90 cells
was processed using the publicly available software cuf-
flinks, along with hrmatr genome antrotatiotrs from gencode
vl8. Gene models correspondiry to the most highly
expressed isoform were used to build a sequence library in
FASTA format recording the dominant isoform of every
gene. Genes of interest were selected from this library. These
genes were partitioned into 1 kb segments, then the soffware
OligoAnzy2.l was used to generate primary probe
sequences for the human transcriptome wift the following
constraints: 30-bp or 40-bp length, depending on the experi-
ment; probe-arget melting temperatures greater than 70o C.
(variable parameter); no cross hybridization targets with
melting tempeBtures greater than 72" C. (variable paEun-
eter); no prediaed intemal secondary structues with melt-
ing temperatures greater than 76' C. (variable parameter);
and no single-nucleotide contiguous repeats of 6 or more
bases. After OligoArray probe selection, all potential probes
that mapped to a different gene were rejected while all
potential probes with multiple alignments to the same gene
were retaioed. A BLAST database was assembled from the
FASTA library of all expressed genes to screen for probes'
uniqueness. For each gene, 14 to 28 targeting sequences
prcduced during the OligoArray processing were selected.

Probe Synthesis-index PCR. The template for specific
prcbe sets were selected from the complex oligopool via
limited-rycle PCR. Briefly, 0.5 to 1 ng of the complex
oligopool was combined with 0.5 micromolar of each
primer. The forward primer matched the priming sequence
for the desired subset while the reverse primer was a 5'
concatenation of this sequence with a T7 promoter. To avoid
the generation of G-quadmplets, which can be difrcult to
synthesize, the terminal Gs required in the T7 promoter were
generated from Gs located at the 5' of the priming region
where appropriate. AII primers were synthesized by IDT. A
50 microliter reaction volume was "mJrlified either using the
KAPA real-time library amplification kit (KAPA Biosys-
tems; KK270l) or via a homemade qPCR mix which
included 0.8x EvaGreen @iotum; 31000-T) and the hot-
start Phusion polymerase (New England Biolabs; M0535S).
Amplification was followed in real time using Agilent's
lvD300P or Biorad's CFX Connect. Individual samples
were removed immediately before the plateau in amplifica-
lisa 1s minimize distortion of template abundance due to
over-amplification. Individual templates were purified with
columns according to the manufacturer's instructions (Zymo
DNA Clean and Concentrator; D4003) and eluted in RNase-
free deionized water.

Amplification via in-vitm transcription. The template was
then amplified via in vitro transcription. Briefly, 0.5 to I
microgram of template DNA was amplified into 100-200
microgram of RNAin a single 20-30 microliter reaction with
a high yield RNA polymerase (New Englaad Biolabs;

42

E2040S). Reactions were zupplemented with lx RNase
inhibitor @romega RNasin; N26ll). Amplification was
typically run for 4 to 16 hours at 37" C. to maximize the
yield. The RNA was not purified after the reaction and was

either storcd at -8Oo C. or immediately converted into DNA
as described below.

Reverse Transcription. 1 to 2 nmol of fluorescently-
labeled ssDNA probe was created from the above in vitro
tanscription reactions using the reverse transcriptase
ivlaxima H-(Thermo Scientific; ER075l). This enzymewas
used because of its higher processivity and temperature
resistance, which allowed the conversion oflarge quantities
of RNAinto DNAwithin small volumes at temperatures that
disfavor secondary structure formation. The unpurified RNA
created above was supplemented with 1.6 mM of each
dNTB 1-2 nmol of fluorescently labeledforwardprimer,300
units of Maxima H-, 60 unit6 of RNasin, and a final lx
concentration of the Maxima RT buffer. The final 75 micro-
Iiter volume was incubated at 50o C. for 60 minutes.

Stntrd Selection and Purification. The template RNA in
the reaction above was then removed from the DNA via
alkaline hydrolysis. 75 microliters of 0.25 M EDTA and 0.5
N NaOH were added to each reverse transcription reaction,
and the sample was incubated at 95o C. for l0 minutes. The
rcaction was immediately neutralized by puriffing the
ssDNA probe with a modified version of the Zymo Oligo
Clean and Concentrator protocol. Specifically, ttre S-micro-
gram capacity column was replaced with a 25-microgram or
IO0-microgmm capacity DNA column as appropriate. The
remainder of the prctocol was run according to the manu-
facturer's instructions. Probe was eluted in 100 microliter
RNase-free deionized water and evaporated in a vacuum
concentrator. The final pellet was resuspended in l0 micro-
liters of RNase-free water and stored at -20" C. Deoaturing
poly-acrylimide gel electrophoresis and absorption spectros-
copy revealed that this protocol typically produced 9G100p/o
incorporation of the fluorescent primer into full length probe
and75-9U/o recovery ofthe total ffuorescent probe. Thus,
without exceeding a l5Gmicroliter rerction volume, this
protocol can be used to crate -2.-ol of fluorescent probe.

Cell culture and fixarion. A549 and IMR90 cells (Ameri-
can Typ€ Culture Collection) were cultured with Dulbecco's
Modified Eagle Medium and Eagle's Minimum Essential
Medium respectively. Cells were incubated at 37o C. with
5o/o CO2 for 36-48 hours. Cells were fixed in 3% pamform-
aldehyde @lectron Mcroscopy Sciences) in PBS for 15

minutes, washed with PBS, and permeabilizd in 7oo/o

ethrngf qysmight al 4o C.
Fluorescence In Situ Hybridization (FlSH)-primary (en-

coding) probes. Cells were hydrated in wash buffers
(2xSSC, 500/o formamide) for 10 minutes, labelled with
primary oligos (0.5 nM per sequence) in hybridization
butrers (2xSSC, 50/o formamide, I mg/ml yeast IRNA, ad
lOplo dextran sulfate) ovemight at37" C., washed with wash
bufers at 47" C. for l0 minutes twice, and washed with

4t
TABIJE 1-conEinued

B1 sacondary acqucnccs scqucncc numbcr

B14

B15

815

CGCGCGGATCCGC TTGTCGCIGAACGGTTAC

GCCTCGATTACGACGGATGTAATTCGGCCG

GCCCGTATTCCCCCTTGCGAGTAGGGCAAT

sEQ ID NO: 1s
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SEQ ID NO: 17
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2xSSC twice. ploor"."unt fid1rlial beads (Molecular Probes,
F-8809) were added at a l:10,000 dilution in 2xSSC before
imaging.

Secondary probes. Secondary (readout) probes (10 nM)
were hybridized in secondary hybridization bufen (2xSSC,
20lo formamidg and l0o/o dextran sulfate) to their primary
tarBets for 30 minutes at 37" C. Cells remained on the
microscope stage during the hybridization. An objective
healer was used to maintain the temperature at 37o C. Cells
were washed with secondary wash buffers (2xSSC, 20lo
formamide).

Fluidics and STORM Imagrng. Multiple rounds of
sequential labeling, washing, im"giog, and bleaching were
performed on an automated platform consisted of a fluidics
sehrp and a STORM (stochastic optical reconstruction
microscopy) microscope. The fluidics setup included a flow
chamber (Bioptech FCS2), a peristaltic pumf (Rainin
Dynamax RP-l), and three computer-contolled 8-way
valves (Hamilton MVP and Hamilton FIVXM 8-5). This
system allowed the automated integration of STORM movie
collection and secondary hybridization.

The imaging buffer included, 50 mM Tris (pH 8) l0lo
(w/v) glucose, 1% pI\lE (2-mercaptoethanol) or 25 mM
MEA, with or without 2 mM 1,5-cyclooctadiene, and an
oxygen scavenging system (O.5 mg/ml glucose oxidase
(Sigma-Aldrich) and 40 microgram/ml catalase (Sigma-
Aldrich)). A layer of mineral oil was used to seal the imaging
buffer, preventing its acidification over the course of mul-
tiple hybridizations.

The STORM setup included an Olympus X-71 inverted
microscope configured for oblique incidence excitation. The
samples were coutinuously illuminated with a 642-nm
diode-pumped solid-state laser (VFL-P50G642; MPB com-
munications). A 405-nm solid-state laser (Cube 405-100C;
Coherenl) was used for activation ofdyes. Fluorescence was
collected using an Olympus (JPIanSApo lOx, 1.4 NA)
objective lens and passed through a custom dichroic, as well
as a quad-vieur beam splitter. AII movies were recorded
using an EMCCD camera (Andor iAxon 897), imaging at 60
Hz. The 512x256 field of view of the camera was split into
separate 256x256 pixel movies prior to saving. The left half
of this field of view contained the STORM data and the right
half contained i-ages of the fluorescent feducial beads.
These latter movies were downsampled to 1 Hz prior to
saving. During data acquisition, a home-built focus lock was
used to maintain a constant focal plane. STORM movies
included 2Q000 to 30,000 frames in STORM bufer while
the bleach movies included 10,000 frames in wash buffer.

Tmage Analysis---analysis 6f single-molecule localiza-
tions. Movies of single molecule localizations and fluores-
cent fe&rcial beads were processed separately using a pre-
viously published si4gle-emitter localization software.

Image Registration. The starting position of the beads
from each round of hybridization were used to align movies
from each round. The 2D autoconelation between bead
images of consecutive hybridizations followed by nearest-
neighbor matching was used to match beads between
images. The pair of beads with the most similar displace-
ment vector were used to compute a rigid translation-
rotation warp to align the beads. This alig:nment method is
robust to samples in which multiple feducials are displaced
or come detached and reattach during imaging.

Drift Correction. Drift during imags acquisition was
corrected using tbe hajectory ofthe lbducial beads (recorded
at I Hz). Bead positions were linked in each frame. The
trajectory of the two beads that moved in the most c-orrelated
fashion was taken as the drift trajectory.

44
mRNA Cluster Calling. Localizations were first screened

to be above a threshold number ofphotons fuenerally 2000)
and requircd to be within 32 nm of 5 other localizations
(parameters may be tuned). The ssmaining molocule local-
izations were binned in a 2D histogram of 10x10 nm bins
(bin size is a variable parameter). AII connected bios were
taken to be part of a cluster (diagonal contacts are classified
as connected). Clusters were required to have more than 80
total localizations across all hybridizations (variable param-
eter) to be called an mRNA cluster. The weighted centnoids
ofthese clusters from the 2D histogram werc recorded as the
mRNA positions.

A given cluster is recordod to be represented in an
individual hybridization round if more than 9 localizations
(variable parameter) are found within a 48 nm radius (vari-
able paramaer) of the centoid for that mRNA in each
hybridization round.

Cluster Decoding. For each mRNA cluster, a co&word is
readout, including "0"s for all the hybridization rounds in
which less thrn the tbreshold number of localizations are
found near tbe centroid and " 1" s for the rounds where above
tbreshold number of localizations are counted. The
SECDED codebook decoded these as either perfect matches
to target mRNA codewords, correctable errors which can be

'tnambiguously mapped back to target mRNA, or uncorrect-
able errors, which differed by two or more letters from the
words in the codebook.

FIG. 2A shows a STORM image of a cell. FIG. 28 shows
a zoom in of the boxed region in FIG. 2.4,. Each dot indicates
a localization. Localizations from different rounds of imag-
ing are shown diflerently. FIG. 2C shows a representative
cluster of localizations from the boxed region in FIG. 28.
The cluster shows localization signals from 4 diferent
hybridizations. This cluster is a putative mRNA encoded
with codeword [0 I 0 I I I 0 0]. FIG. 2D shows a

reconstructed cell image of 14 genes after decoding and
error correction. Each gene is shown ditrerently. FIG. 2E
shows measured gene expression for the 14 geDes fiom the
cell. FIG. 2F shows a comparison of tanscript count with
ensemble RNA-sequencing data. FIG. 2G shows correlation
of transcript expression level between two cells detected
using the described approach.

Example 4

The following examples are generally directed to multi-
plexed single-molecule imaging with error-robust encoding
allowing for simultaneous measunements of thousands of
RNA species in single cells. ln general, knowlodge of the
expression profile and spatial landscape of RNAs in indi-
vidual cells is essential for understanding the rich repertoire
of cellular behaviors. The following examples reports vari-
our lsghniques directed to single-moleule imagrng
approaches that allow the copy numbers and spatial local-
izations of thousands of RNA species to be determined in
single cells. Some of these tecbniques are called Multi-
plexed Error-Robust Fluorescence in Situ Hybridization or
.MERFISH."

{Jsing error-robust encoding schemes to 
"o-6x1 

single-
molecule labeling and detection errors, these examples dem-
onstrated the imaging of hundreds to thousands of unique
RNA species in hundreds of individual cells. Correlation
analysls of the -l0a to -106 pairs of geres allowed con-
straints on gene regulatory networks, prediction of novel
firnclions for mauy trnrnnotated genes, and identification of
distinct spatial distribution pattenm of RNAs that correlate
with properties of the encoded proteins.
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p""i". ir4!n"oa.a with a N-bit binary
nization of RNAs in sinqle cells promise lo transform word and the semple is probed with N corresponding rounds
uoderstanding in many arcas of cell and developmental of hybridization, each round targaing only the subset of
biologr, such as the mechanisms of gene regulation, the RNAsthatshouldread'l'inthecorrespondingbit(Flc. 11).
heterogeneous behavior of cells, and the development and s N rounds ofhybridization would allow 2'-l RNA species to
maintenance of cell fate. Single-molecule fluorescence in be probed. With just 16 hybridizations, over 64,000 RNA
situ hybridization (smFISH) has emerged as a powerful tool species, which should cover the entire human transcriptome
for studying the copy number and spatial organization of including both messenger RNAs (mRNAs) and non-coding
RNAs in single cells either in isolation or in their native RNAs, could be identified (FIG. 58; upper symbols). How-
tissue context. Taking advantage of its ability to map the lo ever,asNincreases,thefractionofRNAsproperlydetected
spatial distributions of specific RNAs with high resolution, (the calling rate) would rapidly decrease and, more trou-
smFISH has revealed the importance of subcellular RNA blingly, the fraction of RNAs that are identified as incorrect
localization in diverse processes such as cell migration, species (the misi&ntification rate) would rapidly increase
development, and polarization. In parallel, the ability of (FIG. 5C, lower symbols; FIG. 5D, upper symbols). With
smFISH to precisely measrue the copy nrrmben of specific ts realistic error rates per hybridization (measured below), the
RNAs without amplification bias has allowed quaotitative majority of RNAmolecules would be misidentified affer 16

measruement of the natural fluctuations in gene expression, rounds of hybridizations!
which has in turn elucidated the regulatory mechanisms that To address this challengg error-robusl encoding schemes
sbape such fluctuations and their role in a variety of bio- were desipd in which only a subset of the 2x-l words
logical processes. 20 separatd by a certain Hamming distance were wed to

Ilowever, application of tbe smFISH approach to many encodeRNAs. lnacodebookwheretheminimumH6mmiag
systemsJevel questions remains limited by the number of distance is 4 (HD4 code), at least four bits must be read
RNA species that can be simultaneously measured in single incorrectly to change one code word into another (FIG.
cells. State-of+he-art efforts using combinatorial labeling by 12A). As a result, every single-bit error produces a word that
either color-based barcodes or sequential hybridization have 25 is uniquely close to a single code word, allowing such errors
enabled simultaneous m€zrsurements of 10-30 different RNA to be detected and corrected (FIG. 12B). Double-bit errors
species in individual cells, yet many interesting biological produce words with an equal Ilamming distance of 2 from
questionswouldbenefitfromthemeasurementofhundreds multiple code words and thus, can be detected bul not
to thousands of RNAs within a single cell, which are not corrected (FIG. 12C). Such a code should substantially
achievable using such techniques. por slamFler analysis of ro increase the calling rate and reduce the misidentification rate
how the expression profile of such a large number of RNAs (FIGS. 5C and 5D, middle symbols). To further account for
vary from cell to cell and how these variations correlale thefactthatitismorelikelytomissahybridizationevent(an
among different genes could be used to systematically l->Oerror)thantomisidentifrabackgn:undspotasanRNA
identify co-regulated genes and map regulatory networls; (an G>l error) in smFISH measurements, a modilied HD4
knowledge of the zubcellular organizations of numerous ts (MHDI)codewasdesigned,inwhichthenumberof 'l'bits
RNAs and their correlations could help elucidate molecrlar
mechanisms underlying the establishment and rnaintenance
of many local cellular structures; and RNA profiling of
individual cells in native tissues could allow in situ identi-
fication ofcell type.

The following examples generally discuss certain tech-
niques called MERFISH, which are highly multiplored
smFISH imaging methods that substantially increase the
number of RNA species that can be simultaneously imaged
in single cells by using combinatorial labeling and sequen-
tial imaging with error-robust encoding schemes. These
examples demonstrate this multiplexed imaging approach
by simultaneously measuring 140 RNA species using an
encoding scheme that can both detect and correct errors and
I 001 RNA species using an encoding scheme that can detect
but not correct errors. It should be understood tbat these
numben are by way of exemplification only, not limitation.
Correlation anrlyses of the copy number variations and
spatial distributions of these genes allowed us to identify
groups of genes that are co-regulated and groups of genes
lhat share similar spatial distribution patlerns inside the cell.

Combinatorial labeling *'ith error-robust encoding
schemes. Combinatorial labeling that identifies each RNA
species by multiple (N) distinct signals ofers a route lo
rapidly increase lhe number of RNA species that c;u: be
probed simultaneously in individual cells (FIG. 5A). How-
ever, this approach to scalirg up the thmughput oI smFISH
to the systems scale faces a significant cballenge because not
only does the number ofaddressable RNA species increases
exponentially with N, but the detection eror rates also grow
exponenlially with N (FIGS. 5B-5D). Imagine a conceptu-
ally simple scheme to implement combinatorial labeling,

were kept both constant and relatively low, only four per
word, to reduce error and avoid biased detection. This
MHD4 code should further increase the calling rate and
reduce the misidentification rate (PIG. 5C, upper symbols;
FIG. 5D, lower symbols).

In addition to the error oonsiderations, sweral practical
cballenges have also made it difficult to probe a large
number ofRNA species, such as the high cost of the massive
number of fluorescently labeled FISH probes needed and the
long time required to complete many rounds of hybridiza-
tion. To overcome these challenges, in this example, a

two-step labeling scheme was designed to encode and
readout cellular RNAs (FIG. 5E). First, cellular RNAs were
labeled with a set of encoding probes (also called primary
probes), each probe comprising a RNA targeting sequence
and two flanking readout sequences. Four ofthe N uoique
readout sequences were assigred to each RNA species base<l
on the MHDI code word of the RNA. Secon4 these N
readout sequerrces were identilied with complementary
FISH probes, the readout probes (also called secondary
prcbes) via N rounds of hybridizatioa sad imaging, each
round using s rrnique readout probe. To increase the sipal
to background ratio, every cellular RNA was labeled with
-192 encoding probes. Because each encoding probe con-
tained two of the fourreadout sequences ass(riated with that
RNA (FIG. 5E), a maximum of -96 readout probes can bind
to each cellular RNA per hybridizalion nrurxl. To generate
the massive number of encoding probes requted, they were
amplilied from array-derived oligonucler.rtide pools contain-
ing tens of thousands of custom sequences using an enzy-
matic amplification process comprising in vitrrr transcription
followed by reverse transcription (FIG. 13, see below
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regarding probe synthesis). This two-step labeling approach
significantly diminished the total hybridization time for an
experimeot: it was found that effcient hybridization to the
readout sequences took only 15 minutes whereas efficient
direct hybridization !o cellular RNA required more than l0
hours.

F'IC. 5 describes MERFISH, a highly multiplexed
smFISH approach using combinatorial labeling and error-
robust encoding. FIG. 5A shows a schematic depiction of the
identification of multiple RNA species in N rounds of
imaging. Each RNA species is encoded with a N-bit binary
word and during each round of imaging only the subset of
RNAs tbat should read 'l' in the corresponding bit ernit
signal. FIGS. 5B-5D show the number of addressable RNA
species (FIG. 5B), the rate at which these RNAs are properly
identified (calling rate) (FIG. 5C), and tbe rate ar which
RNAs are incorrectly identified as a different RNA species
(misidentification rate) (FIG. 5D) ploned as a funaion of the
number of bits (N) in the binary words encoding RNA. In
FIGS. 58 and 5D, the upper dots are a simple binary code
that includes all 2N-l possible binary words; the middle dots
are the HDI code where the Hamming distance separating
words is 4; and the lower dots are the modified IID4
(MHD4) code where the number of 'l' bits are kept ar four.
These are reversed in FIG. 5C.

The calling and misidenrification mtes are calculated with
per bit error rates of loo/o for the I ->0 error and 4o/o for the
0->l error. FIG. 5E is as schematic diagram of the imple-
mentation of a MHD4 code for RNA identification. Each
RNA species is first labeled with -192 encoding prcbes that
convert the RNA into a unique combination of readout
sequences @ncoding hyb). These encoding probes each
contain a central RNA targeting region flanked by two
readout suluences, drawn from a pool ol N dillerent
scquetrces, each associated with a specific hybridization
rouod. Encoding probes for a specific RNA species contain
a unique combination of four of the N readout sequenccs,
which correspond to the four hybridization rounds where
this RNA should read'l'. N subsequent rcunds ofhybrid-
ization with the fluorescent readout prohs were used to
probe the readout sequences (hyb I, hyb 2, . . . , hyb N). The
bound probes were inactivated by photobleaching between
successive rcr'n& of hybridization. For clarity, only one
possible pairing ofthe readout sequences is depicted here for
the encoding probes; however, all possible pairs of the four
readout scquences are used at thc same frequency and
distributed randomly along each cellular RNA h the actual
experiments.

FIG. 1l shows a schematic description of a combinatorial
labeling approach based on a simple binary code. In a

conceptually simJ'le latreling approach, 2N-l diferent RNA
species can be uniquely encoded with all N-bit binary wonls
(excluding the word with all '0's). In each hybridization
round" FISH probes that are targeted to all RNA species that
have a 'l' in the corresponding bit are included. To increase
the ability to discriminate RNA spots from backgruund, each
RNA is addressed with multiple FISH probes per hybrid-
iization ruund. Sig:nal from the bound prubes is extinguished
before the next round ofhybridization. This process contin-
ues for all N hybridization rounds (hyb I, hyb 2, . . . ), and
all 2x-l RNA species can be identified by the unique on-ofl
pattern of Iluorescerce sip.als in each hybridiiation n:und.

FIG. 12 shows schematic descriptions of Hamming dis-
tance and its use in the identilication and correction of
enors. FIG. 12A is a schematic representation of a Ilamming
distance oI'4. FIGS. 12B and l2C are schematics showing
the ability of an encoding scheme with Hamming distance 4

48
to conect single-bit errors (FIG. l2B) or detect but not
corect double-bit erors (FIG. l2C). Arrows highlight bits at
which the iodicated words differ. Two code words are
separated by a Hamming distance of 4 if one of the words
has to flip four bits from ' I' to '0' or '0' to ' I ' to convert into
the other word. Single-bit error correction is possible
because if a measured word difers fmm a legitimate code
word by only one bit, it is most likely ao error tbat arises
from misreading this code word, since the code words of all
the other RNA species will difer fnrm the measured word by
at least tbree bits. In this case, the measured word can be
corrected to a code word that diften by only one bit. If a
measured word difers from a legitimate code word by two
bits, this measured word can still be identilied as an errot
but correction is no longer possible since more than one
legitimate code word difers from this measured word by
rwo bits.

FIG. 13 shows prcduction of the library of encoding
probes. An array-synthesized complex oligopool. containing

-100 k sequences, is used as a template for the enzymatic
amplification of the encoding probes for diferent experi-
ments. Each template sequence in the oligopool contains a
central target region that can bind to a cellular RNA, two
flanking readout sequences, and two flanking index primers.
In the fust step, the required template molecules for a
specilic experiment are selercted and amplilied with an
indexed PCR reaction. To allow amplification via in vitro
transcriplion, a T7 promolor is addexl to the PCR products
during this step. In the second step, RNA is amplified from
these template molecules via in vitnr transcription. In the
third step, this RNA is reverse transcribed back into DNA.
ln the final step, the lemplate RNA is removed via alkaline
hydrolysis, leaving only the desired ssDNA probes. This
prctocol produces -2 nmol of complex pools of encoding
probes containing -20,000 differcnt sequences for the 140-
gene experiments or -100,000 ditrerent sequences for the
I 00 l -gene experiments.

Example 5

This example illustrates the measurement of 140 genes
with MERFISH using a 16-bit MHD4 Code. To test the
feasibility of this error-robust, multiplexed imagrng
approach, this example uses a 140-gene measurement on
human flbroblast cells (IMR90) using a l6-bit MHD4 code
to encode 130 RNA species while leaving l0 code words as

misidentification controls (FIG. 20). After each round of
hybridization with the fluorescent readout probes, cells were
imaged by conventional wide-field imaging with an oblique-
incidence illumination geometry. Fluorescent spots corre-
sponding to individual RNAs were clearly detected and were
then efrciently gxlinguislrcd via a brief photobleaching step
(FIG. 6A). The szrmple was stable throughout the l6 rounds
of iterative labeling and irnaging. The change in the number
of fluorescent spots from round to round matched the
predicted 6henge based on the relative abundances of RNA
species targeted in each round deriverJ from bulk se<1uenc-

ing, and a systematic decreasing trend with increasing
number oI hybridization rounds was not observed (FIG.
l4A). The average brightness ofthe spots varied from round
to round with a standard deviation of 40o/o, likely due to
diflerent binding eficiencies of the readout probes to the
dillerent readout sequences on the encoding prcbes (FIG.
14B). Only a small, systematic decreasing trend in the spot
brightness with increasing hybridization rounds was
observed, which was on average 4oZ per round (FIG. f 4B).
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Next, binary words were constructed from the observed tional smFISH measurements (FIGS. 18A and ltB). The
fluorescentspotsbasedontheiron-offpattemsacrossthe 16 ratio of the copy numbers determined by these two
hybridization rounds (FIG. 5B-6D). If the word exactly approaches was 0.82+/-0.06 (mean+/-SEM across the 15
matched one of the 140 MHDI code words (exact matches) measured RNA species, FIG. lEB), which agreed with the
or differed by only one bit (error-correctable matches), i1 5 gslimated 80/o calling rate for the multiplexed imagrng
was assigned to the coresponding RNA species (FIG. 5D). approach. The quantitative match between this ratio and the
Within the single cell depicted in FIGS. 6A and 68, more estimated calling rate over the full measured abundance
than 1 500 RNA molecules corresponding to 87% ofthe 130 range additionally supports the assessmetrt that the misiden-
encoded RNA species were detected after enor correction tification error was low. Given that the agreement between
(FIG. 6E). Similar observations were made in ^400 cells to theMERFlSHandconventionalsmFlSHresultsextendedto
from 7 independent experiments. On average, ^4 times as the genes at the lowest measured abundance (<l copy per
many RNA molecules and -2 times as runy RNA species cell, FIG. ltB), it was estimated that the measu.rement
were detected per cell after error correction as compared sensitivity was at least I copy per cell.
with the values obtained before error correction (FIG. f O. As a final validation, the abundance of each RNA species

Two types of errors can occur in the copy ntrmber ts averagod over hundreds of cells was compared to those
measurement of each RNA species: l) Some molecules of obtained from a bulk RNA sequencing measurement that
this RNA species are not detecte4 leading to a drop in were performed on the same cell line. The imaging results
calling rate, and 2) some molecules from otber RNA species correlated remarkably well with bulk sequencing results
are misidentified as this RNA species. To assess the extent with a Pearson correlation coefrcient of 0.89 (FIG. 6H).
of misidentification, the l0 misidentification contol words zo FIG. 6 shows simultaneous measurement of 140 RNA
were utilized, i.e., code words that were not associated with species in single cells using MERFISH with a l6-bit MHD4
any cellular RNA. Although matches to these contol words code. FIG. 6ll shows images of RNA molecules in an
wereobservedtheyoccurredfarlessfrequentlythanthereal IMR90 cell after each hybridizationround (hyb l-hyb l6).
RNA-encoding words: 957o of the 130 RNA+ncoding The image after photobleaching (bleach l) demonstated
words were coutrted more frequently tban the median count zs efrcient removal of fluorescent sig:nals between hybridiza-
for these control words. Moreover, it was typically found tions. FIG. 68 sbows the localizations of all daected single
that the ratio of the number of exact matches to the number molecules in this cell colored based on their measured
of matches with one-bit errors for a real RNA-encodi"g binary words. lnset: the composite fluorescent image of the
word was substantially higher than the same ratios observed 16 hybridization rounds for the boxod sub-region with
for the misidentification controls, as expected (FIGS. 16A :o numbered circles indicating potential RNA molecules. A
and 158). Using this ratio as a measure of the confidence in circle indicates an unidentifiable molecule, the binary word
RNA identification, it was found that 9l% of the 130 RNA of which does not match any of the l6-bit MHDI code
species had a confidence ratio greater thnn the maximum words even after error correction. FIG. 6C shows fluorescent
confidence ratio observed for the misidentification contols images from each round of hybridization for the boxed
(FIG. 6F), de.monstrating a high accuracy of RNA identifi- rs sub-region in FIG. 58 with circles indicating potential RNA
cation. Subsequgal :n:lyses were conducted only on these molecules. FIG. 6D shows corresponding words for the
91% ofgenes. spots identified in FIG. 6C. Crosses represent the corrected

To estimate the calling rate, the error-correction ability of bits. FIG. 6E shows tbe RNA copy number for each gene
the MHD4 code was utilized to determine the 1->0 error observed without (lower) or with (higher) error correction in
rates (107o on average) and G>l error rates (4Vo onaverage) +o this cell. FIG. 6F shows the confidence ratio measured for
for each hybridization rcund (FIGS. 16C and 16D). Using the 130 RNA species (eft) and the l0 misidentification
these error rates, an -80% calling rate for individual RNA control words (right) normalized to the maximum value
species after error correction was estimatd i.e. -80% of the observed from the misidentification controls (dashed line).
fluorescent spots corresponding to a RNA species were FlG.6Gisascatterplotoftheaveragecopynumberofeach
decoded correctly (FIG. 15E). It is noted that although the +s RNA species per cell measured with two shuffled codebooks
lgmaining 2U/o of spots contibuted to a loss in detection of the MHD4 code. The Pearson correlation coefrcient is
eftcienry, most of them did not cause species misidentifi- 0.94 with a p-value of 1xl0-53. The dashed line corresponds
cation because they were decoded as double-bit error words to the y:x line. FIG. 6H is a scatter plot ofthe average copy
and discarded. number ofeach RNA species per cell versus the abundance

To test for potential techdcal bias in these measuremerts, 50 determined by bulk sequencing in fragnents per kilobase
the same 130 RNAs species were probed with a different per million reads (FPKM). The Pearson correlation coefr-
MHDI codebook by shufling the code words among dif- cient between the logarithmic abundances of the two mea-
ferent RNA species (FIG. 20) and changing the encoding surements was 0.89 with a p-value of 3xl0-3e.
probe sequences. Measurements with this altemative code FIG. 14 shows the number and average brightness of the
gave similar misidentification and calling rates (FIG. 17). ss fluorescent spots detected in the 16 rounds of hybridization
The copy numbers of individual RNA species per cell before and after photobleaching. FIG. 14A shows tbe num-
measured with these two codebooks showed excellent agree- ber offluorescent spots observed per cell before (higher) and
ment with a Pearson correlation coefrcient of 0.94 (FIG. after (lower) photobleaching as a function of hybridization
6G), indicating that the choice of encoding scheme did not round averagod across all measurements with the fust l6-bit
bias the measured counts. 60 MHD4 code. Photobleaching reduces the number of fluo-

ln order to validate the copy numbers derived from the r€scent spots by two or more orders of magnirude. Hybrid-
MERFISH experiments, mnventional smFISH measure- ization rounds without lower bars represent rounds in which
ments were performed on 15 of the 130 genes, selected ft,om no molecules were obsenred after bleaching. Also depicted
the full measured abundance rauge of thlee orders of mag- is the expected change in the number of fluorescent spots
nitude. For erch of these genes, both the average copy 6s fromroundtoround(circles)predictedbasedontherelative
number and the copy number distribution across many cells abundances ofthe RNA species targeted in each hybridiza-
agreed quantitatively between the MERFISH and conven- tionroundderivedfrombulkRNAsequencing.Theaverage
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discrepancy between the observed and predicted number of species estimated frrom the 1->0 and 0->1 error rates. Genes
spotsforeachhybridizationisonly 15%ofthemeannumber are sorted from left to right based on the measured abun-
ofspots. This discrepancy does not systematically increase dance.
with the number of hybridization rounds. FIG. 14B shows FIG. 18 shows a comparison of the MERFISH measure-
the average brightness ofthe identified fluorescent spots in 5 ments with conventional smFISH results for a subset of
eachhybridizationroundaveragedacrossallmeasurements genes. FIG. ltA shows the distributions of RNA copy
with the first l6-bit MHD4 code both before (upper) and numbersinsinglecellsforthreeexamplegenesKlAAll99,
after (lower) photobleaching. Brightness varies by 40plo DYNCIHI' and LMTK2 in the higb, medium, and low
(standard deviation) u"-rr &tr"r"ot hybridization iounds. abundance.gn8es, respectively. Lighter ban: distributions

ihe variation pattern is reproducible bltween experimenrs to co3stugted-l*.{m cells in the 140'gene measurements

with the *."-*de likelytue to differences in the binding ,-tirg_ H MHD.4^codes. Darker bars: distributions con-

efrciency of the readoui probes to the different ,*a*i :T"j"1.ry*100 cells in the conventional smFISH mea-

sequences. rnere ls a srtrail systematic rend oraor"rr" io lY,"P1',^1.119-1tB 
shows a comparison of the average

the brightness with increasing hybridization -*ar, *ni"il ,. Hl::l:'.:t-1":^ m:"1'^::y*^:1he 140gene

is on average 4o/o per round. photobreaching e,airyi,l;; " ::fry"f.'J,1H1#H,?ifif.'r3"*'":i:ffi1r#,P"
fluorescence to a level similar to that ofthe autofluoresce
of the cell. 

lr ro uEr or rne auonuorescence copy number measured using the MHD4 measurements to
that measured usinc conventional smFISH was 0.82+/-0.06

FIG. lSshowserrorcorrectionsubstantiallyincreasesthe (mean+/-SEM aciss 15 genes). The dashed line corre-
numbers of RNA molecules and RNA species detected in zo iponds to the y:x line.
individual cells. FIG. 15A shows a histogram of the ratio of FIG. 20 shows lwo different codebooks for the 140-gene
the total number of molecules deected per cell with error experimeots. The specific code words of the l6-bit MHD4
correction to the number measured without error corrction. code assigned to each RNA species studied in the two
FIG. 15B is a histogram of the total number of RNA species shufles of the l4Ggene experiment. The "Genes" 6slrrmng
detected in each cell with error correction to tbat wittrout 2s contain the name of the gene. The "Codewords" columns
error correction. Both ratios are determined for -200 cells contain the qpecific binary word assigned to each gene.
and the histograms are constructed from these ratios.

FIG. 16 shows characterization of the misidentification E:rample 6
and calling rates of RNA species for the 140-gene experi-
mentsusingaspecificl6-bitMHD4code.FIG. l6Ashows ro This example is generally directed to high-throughput
the number of measured words exactly matching the code ,mlysis of cell-to-cell variation in gene expression. The
word corresponding to FLNA, represented by the bar in the MERFISH approach allows parallelization of measurements
center of the circle, and the number of measured words with of many individual RNA species and co-variation analysis
one-bit enor compared to the code word of FLNA, repre- between different RNA species. ln this example, the paral-
sented by the 16 bars on the circle. FIG. 15B is the same as 35 leliztion aspect was fust illustrated by examining the cell-
FIG. 16A, but for a code word that was trot assigoed to any to-cell variation in the expression level of each of the
RNA, i.e., a misidentification contrcl word. The solid lines measu:ed genes @IG. 7A). To quanti$ the measured varia-
conn@t the exact match to one-bit error words that are tion,theFanofactors,definedastheratioofthevarianceto
genemred by l->O errors. Based on the obsenration that the the mean RNA copy number, were computed for all mea-
ratio of the number of exact matches to the number of +o sured RNA species. The Fano factors zubstantially deviated
error-correctable matches for a real RNA-encoding word from 1, the value expected for a simple Poisson process, for
was typically substantially higher than the same ratios manygenesandexhibitedanincreasingtrendwiththemean
observed for the misidentification controls, this ratio was RNA abundance (FIG. 7B). This trend of increasing Fano
defined as a confidence ratio for RNA identification. The factors with mean RNA abundance can be explained by
confidence ratio measured for all 130 RNA species (center as ghqnges in the trarscription rate and/or promoter off-switch-
bar) and 10 misidentification control words not assigned to ing rates but not by chenges in the promoter on-switching
any RNA (outer bars) using this l6-bit MHDI code is show rate.
in FIG. 6F. FIGS. 16C and 16D show the average error rates Moreover, several RNA species were identified with
for the l->O error (FIG. 16C) and 0->l error (FIG. 16D) for substantially larger Fano factors than this average tend. For
each hybridization round. FIG. 168 shows the calling rate so example, it was found that Src5A3, CENPR MKI67, TNC
for each RNA species estimated from the 1->O and 0->1 and KIAAll99 displayed Fano factor values substantially
error rates. Genes are sorted from left to right based on the higher than those of the other genes expressed at similar
measured abundance, which spans three orders of magni- abundance levels. The high variability of some of these
tude. The calling rates are largely independent ofthe abun- getres can be explained by their association with the cell
dance ofthe gene. ss cycle. For example, nvo ofthese particulady 'noisy'genes

FIG. 17 shows characterization of the misidentification MKI67 and CENPF were both amotat€d as cell+ycle
and calling rates for a second 16-bit MHD4 code. In this related genes, and based on their bimodal expression (FIG.
second encoding scheme, the 140 code words were shuffled 7C), it is proposed that their transcription is strongly regu-
among different RNA species and changed the encoding lated by the cell cycle. Other high-variability genes did not
prcbe sequences. FIG. l7A shows the normalized confi- oo show the same bimodal expression patterDs and are not
dence ratio measured for the 130 RNA species (eft) and the known to be associated with the cell cycle.
lOmisidentificationcontrolwordsnotassignedtoanyRNA Analysis of co-variations in the expression levels of
(right). The normalized confidence ratio is determined the different genes canreveal whichgenes are co-r,egulated and
same way as in FIG. 6F. FIGS. 178 and 17C show the elucidate gene regulatory pathways. At the population level,
averageerrorratesdeterminedforthel->0errcr(FlG. 178) os such analysis often requires the application of external
and 0->1 enor (FIG. 17C) for each hybridization round. stimuli to drive gene expression variation; hence, correlated
FIG. 17D shows the calling rate determined for each RNA expression changes can be observed among genes that share
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common regulatory elements influenced by the stimuli. At measurements. FIG. 7A shows a comparison of gene expres-
the single-cell level, one can take advantage of the natural sion levels in two individual cells. FIG. 7B shows Fano
stochastic fluctuations in gene expression for such rnalysis factors for individual genes. Error bars represent standard
and cau thus study multiple regulatory networks without enor of the mean determined from 7 independent data sets.
having to stimulate each of them individually. Such co- 5 FIG.TCshowsZ-scoresoftheexpressionvariationsof four
variation atralysis can constain regulatory networks, sug- example pairs of genes showing correlated (top two) or
gest trew regulatory pathways, and predict firnction for anti-correlated (bottom two) variation for lfi) randomly
rrnznnotated genes based on associations with co-varying selected cells. The Z-*ore is defined as the difference from
geoes. the mean normalized by the standard deviation. FIG. 7D is

Thisapproachwasappliedtothel40-genemeasurements 10 a matix of the pairwise correlation coeffcients of the
and the -10,000 pairwise correlation coefficients describing cell-to-cell variation in expression for the measured genes,
how the elgression levels of each pair of genes co-varied shown together with the hierarchical clustering tree. The
from cell to cell were examined. Many ofthe highly variable seven grcups identified by a specific threshold on the cluster
genes showed tightly correlated or anti-correlated variations tree (dashed line) are indicated by the black boxes in the
(FIG.7c).Tobetterunderstandtheconelationsforallgene 15 matrix and lines on the tree, with grey lines on the tree
pairs, a hierarchical clustering approach was adopted to indicating ungrouped genes. Different threshold choices on
organize these genes based on their correlation coefrcients the cluster t.ee could be made to select either smaller
(FIG. 7D). From the cluster tree structurc, seven groups of subgroups with tiglter correlations or larger super-groups
geneswithsubstantiallycorrelatedexpressionpatteroswere containing more weakly coupled subgroups. Two of the
identified(FlG.7D).Withineachofthesevengroups,every 20 seven grcups are enlarged on the right. FIG.7E shows
gene showed significantly stonger average correlation with enrichment of30 selected, statistically significantly enriched
other members of the group than with genes outside the GO terms in the seven groups. Enrichmenl refers to the ratio
group. To further validate and understand these groups, gene ofthe fraction of genes within a group that have the specific
ontolory (GO) terms enriched in each ofthese seven groups GO term to the fraction of all measured genes having that
wene identified. Notably, the enriched GO 1srm5 u,/ithin each zs term. Not all of the GO terms presented here are in the top
group shared similar functions and were largely unique to l0 list.
each group (FIG. 7E), validating the notion that the observed
co-variation in expression reflects some commonalities in Example 7
the regulation of these genes.

This example describes two of these groups as illustrative ro This example illustrates mnpping spatial distributions of
examples. The predominant GO terms associated with RNAs. As an i*aging based approach, MERFISH also
Group 1 were terms associated with the extracellular matrix allowed the investigation of the spatial disributions of many
(ECM) (FIGS. 7D and 7E). Notable members of this group RNA species simultaneously. Several pattems emerged from
included ECM components, such as FBNI, FBN2, COL7A, the visual inspection of individual genes, with some RNA
COLT A and TNC, and glycoproteins linking the ECM and rs transcripts enriched in the perinuclear region, some enriched
cell membmnes, such as VCAN and THBS l The group also in the cell periphery and some scattered throughout the cell
included an unannotated gene, KIAAll99, which may pre- (FIG. EA). To identify genes with similar spatial distribu-
dict to play a role in ECM metabolism based on its asso- tions, the correlation coeftcients for the spatial density
ciation with this cluster. Indeed, this gene has recently been profiles of all pairs of RNA species were determined, and
identified as an enzyme involved in the regulation of +o these RNAs were organized based on the pairwise correla-
hyaluronan, a major sugar component of the ECM. tions again using the hierarchical clustering approach. The

Group 6 contained many genes that encode vesicle trans- correlation coeficient matrix showed groups of genes with
port proteins and proteins associated with cell motility correlated spatial organizations, and the two most notable
(FIGS. 7D and 7E). The vesicle transport genes included groups with the strongest corelations are indicated in FIG.
microtubule motors and related genes DYNCIH, CKAPI, +s 88. Group I RNAs appeared enriched in the perinuclear
and factors associated with vesicle fonnation and trafEcking, region whereas group II RNAs appeared enriched near the
like DNAJCI3 and RAB3B. Agai4 an unannotated gene, cell peripheral region (FIG. 8C). Quantitative a"alysis of the
KIAA1462, was found within this cluster. Ehsed on its distauces between each RNA molecule and the cell nucleus
strotrg correlation with DYNCIH1 and DNAJCI3, it is orthecellperipheryindeedconfirmedthisvisualimJ'ression
predicted that this gene may be involved in vesicle transport. so (FIG. 8D).
The cell motility genes in this group included actin-binding Group I contained genes encoding extacellular proteins
proteins like AFAPI, SPTANI, SPTBN1, and MYHl0, and such as FBNI, FBN2 aud THSBI, secreted proteins such as
genes involved in the formation of adhesion complexes, like PAPPA, and integral membrane proteins such as LRPI and
FLNA and FLNC. Several GTPase-associated factors GPR107. These proteins have no obvious commonalities in
involved in tbe regulation of cell motility, attachment and ss function. Rather a GO "nalysis showed significant enrich-
contnctio[ also fell into this group, including DOCK7, ment for location terms, such as extracellular region, base-
ROCK2, IQGAPI, PRKCA, and AMOTLI. The observa- ment membrane, or perivitelline space (FIG. 8E). To reach
tion that some cell motility genes correlated with vesicle these locations, proleins musl pass tbrough the secretion
transport genes is consistent with tbe role of vesicle trans- pathway, which often requires translation of mRNA at the
porl in cell migration. An additional interesting feature of oo endoplasmic reticulum (ER). Thus, it is proposed that the
goup 6 is that a subset of these genes, in particular those spatial pattem that were observed for these mRNAs reflects
related to cell motility, were anticorrelated with members of their co-translational enricbment at tbe ER. The enrichment
the ECM group discussed above (FIG. 7D). This anti- of tbese mRNAs in the perinuclear region @IGS. EC and
correlation may rcflect regulatory interactions that mediate 8D, lighter shading), where the rough ER resides, supports
svyilshing ofcells between adherent and migratory states. os this conclusion.

FIG. 7 shows cell-to-cell variations and pairwise corre- Group II contained genes encoding the actin-binding
lations for the RNA species determined from the 140 gene prcteins, including filamins FLNA and FLNC, talin TLNI,
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and spectrins SPTANI u* $5**r, the miootubule-bind-
ing protein CKAP5; and the motor prcteins MYH10 and
DYNCIHI. This group was enriched with GO terms srrch as
cortical actin cytoskeleton, actin filament binding, and cell-
cell adherens junction (FIG. 8E). Beta-actin mRNA may be
enriched near the cell periphery in fibroblasts as are mRNAs
that encode members of the actin-binding Arp2l3 complex.
The enrichment of group II mRNAs in the peripheral region
of the cells (FIGS. 8C and 8D) suggests that the spatial
distribution of the Group II genes might be related to the
distribution of actin cytoskeleton mRNAs.

FIG. E shows disinct spatial distributions of RNAs
observed in tbe 140-gene measuements. FIG. 8A shows
examples of the spatial distributions observed for four
difrerent RNA species in a cell. FIG. 88 is a matrix of the
painrise correlation coeffcients describing the degree with
which the spatial distributions of each gene pair is corre-
lated, shown together with the hierarchical clustering tree.
Two strongly correlating groups are indicated by the black
boxes on the matrix and shading on the tnee. FIG. tC shows
the spatial distributions of all RNAs in the two groups in two
example cells. Liglter symbols: group I genes; darker sym-
bols: group II genes. FIG. 8D shows average distances for
genes in group I and genes in group II to the cell edge or the
nucleus normalized to the average distances for all genes.
Error bars represent SEM across 7 data sets. FIG. 8E shows
enrichment of GO terms in each of the two groups.

Example 8

This example illustrates measuring 1001 genes with a
14-bit MHD2 code. This example firfter increases the
throughput of MERFISH measuremenls by simultaneously
imaging -lm0 RNA species. This increase could be
achieved with the MHD4 code by increasing the number of
bits per code word to 32 while maintaining the number of '1 '
bits per word at four (FIG. 5B). While the stability of the
samples across rurny hybridization rounds (FIG. 14) sug-
gests that such an extension is potentially feasible, an
altemative approach is shown here that did not require an
increase in the number of hybridizations by relaxing the
eror corection rcquirement but keeping the error detection
capability. For example, by reducing the Hamming distance
from 4 to 2, all 14-bit words could be used that contain four
'1'bits to enmde 1001 genes and these RNAs were probed
with only 14 rounds ofhybridization. However, because a

5ingls gnov can produce a word equally close to two
different code words, error correction is no longer possible
for this modified Hammingdistance-2 (MHD2) code.
Hence, it was expected that the calling rate would be lower
and tbe misidentification rate to be higher with this encoding
scheme.

To evaluate the performance of this 14-bit MHD2 code,
16 of the 1001 possible code words werc set aside as
misidentification controls ad used the remaining 985 words
to encode cellular RNAs. Among these 985 RNAs included
107 RNA species probed in the 140-gene experiments as an
additional control. The 1001-gene experiments werc per-
formed in IMR90 cells using a simitff prcseclue .t
described above. To allow all encoding probes to be syn-
thesized from a single lN,00G.member oligopool, the num-
ber ofencodi"g probes per RNA species was reduced to -94.
Fluorescent spots corresponding to individual RNA mol-
ecules were again detected in each round of hybridization
with the readout probes and, based on their on-offpattems,
these spots were decoded into RNA (FIGS. 9.A,, 19A and
19B). 430 RNA species were detected in the cell shown in

56
FIG. 9A, and similar results were obtained in -200 imaged
cells in 3 independent experiments.

As expectd the misidentification rate of this scheme was
higher than that of the MHD4 code. 77o/o of all real RNA
wotds were detected more frequently rhrn the median count
for the misidentification controls instead ofthe 95% value
observed in the MHD4 measurements. {Jsing the same
confi&nce ratio analysis as described above, it was found
thal T3o/o (instead of 9l7o for the MHD4 measurements) of
the 985 RNA species were measured with a confiderrce ratio
larger than the maximum value obsened for the misidenti-
fication controls (FIG. 19C). RNA copy numbers measured
from these 73% RNA species showed excellent correlation
with the bulk RNA sequencing results (Pearson correlation
coeficient r{.76; FIG. 98, black). It is worth noting that the
p66ining 27o/o of tb genes still exhibit good, albeit lower,
correlation with the bulk RNA sequencing data (r{.65;
FIG. 98, red), but the conservative me{lsure of excluding
them from further ""alysis was taken.

The lack of an error correction capability also decreased
the calling rate of each RNA species: When comparing the
107 RNA species common in both tbe 1001-gene and
140-gene measur,ements, it was found that the copy numbers
per cell of these RNA species were lower in the 10Ol -gene
measuremetrts (FIGS.9C and 19D). The total count of these
RNAs per cell was -1l3 of that observed in the lulo-gene
measuremetrts. Thus the lack of error correction in the
MHD2 code produced a -3-fold decrease in the calling rate,
which is consistent with the -4-fold decrease in calling rate
observed for the MHD4 code when error correction was trot
applied. As expected from the quantitative agreement
between l4Ggene measurements and conventional smFISH
results, comparison of the 1001-gene measurements with
conventional smFISH results for 10 RNA species also
indicated a -3-fold drop in calling rate (FIG. 1EC). Despite
the expected reduction in calliug rate, the good correlatiotrs
found between the copy nrurbers observed in the 1 001 -gene
measurements and those observed in the 140-gene measure-
ments, as well as in conventional smFISH and bulk RNA
soquencing measurements, indicates that the relative abun-
dance of these RNAs can be quantified with the MHD2
encoding scheme.

Simultaneously imaging -1000 genes in individual cells
substantially expanded the ability to detect co-regulated
genes. FIG. 10A shows the matrix of pairwise correlation
coefrcients determined from the cell-to-cell variations in the
expression levels ofthese genes. [J5ing tfue same hierarchical
clustering analysis as described above, -100 groups ofgenes
with correlated expression were identified Remarkably,
nearly all ofthese -100 groups showed statistically signifi-
cant enrichment of functionally related GO terms (FIG.
10B). These included some of the groups identified in the
140-gene measurements, such as the group associated with
cell replication genes and the group associated with cell
motility genes (FIGS. 10A and 10B, groups 7 and 102), as
well as ruany new groups. The groups identified here
included 46 RNA species lacking any previous GO annota-
tions, for which funaion based on their group association
may be hypothesized. For example, KlAAl462 is part ofthe
cell motility grcup, as also shown in the 140-gene experi-
ments, suggesting a potential role of this gene in cell motility
(FIG. 10A, group 102). Likewise, KIAA0355 is part of a
new group enriched in genes associated with heart devel-
opment (FIG. 10A, group 79), and Cl7orf70 is part of a
grcup associated with ribosomal RNA processing (FIG.
10A, group 22). Using these groupings, cellular functions
for 6l transcription factors and other partially aorotated
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pmteins of unknown functions may be hypothesized For
example. the transcription factors Z3CHI3 and CHDS are
both memben of the cell motility grcup. suggesting their
potential role in the transcriptional regulation of cell motility
genes.

FIG. 9 shows simultaneous measurements of 1001 genes
in single cells using MERI'ISH with a l4-bit MHD2 code.
FIG. 9A shows the localizations of all detected single
molecules in a cell colored based on their measured binary
words. Inset: the comgrsite, false-colored fluorescent image
ofthe 14 hybridization rounds for the boxed sub-region with
numbercd circles indicating potential RNA molecules.
Circles indicate unidentifiable molecules, the binary words
of which do not match any of the I 4-bit MHD2 code words.
Images of individual hybridization round are shown in FIG.
l9A. FIG. 98 is a scatter plot of the averrge copy number
per cell measured in the 1001-gene experiments versus the
abundance measured via bulk sequencing. The upper sym-
bols are for the 737o ofgenes detected with confidence ratios
higher than the maximum ratio observed for the misidenti-
fication controls. The Pearson correlation coeficient is 0.76
with a p-value of 3xl0-133. The lower symbols are for the
renainng27Yo ofgenes. The Pearson correlation coeffcient
is 0.65 with a p-value of 3xl0-33. FIG. rc is a scatter plot
ofthe average copy number for the 107 genes shared in both
the 1001-gene measurement with the MHD2 code and the
140-gene measurement with the MID4 code. The Pearson
correlalion coelficient is 0.89 with a p-value of9xl0-3o. The
dashed line corresponds to the y:x line.

FIC. f 0 shows co-variation analysis of the RNA species
measured in the 1001-gene mslsurements. FIG. l0A is a

matrix of all pairwise conelation coeffcients of the cell-to-
cell variation in expression for the measured genes shown
with the hierarrchical clustering tree. The -100 identified
grcups of correlated genes are indicated by sbading on the
tree. Zoom in of four of the groups described irr the text are
shown on the right. FIG. 10B is an enricbment of 20
selected, statistically significantly enriched GO terms in the
four groups.

FIG. 19 shows decoding and error assessment of the
lO0l-gene experiments. FIG. 19l\ shows images of the
boxed sub-region of the cell in FIG. 9A, for each of 14
hybridization ruunds. The final panel is a composite image
of these 14 rounds. Circles indicate fluorescent spots tbat
have been identified as potential RNA molecules. Some
circles in the compositc image indicate unidentifiable mol-
ecules, the binary words of which do not match any of the
l4-bit MHD2 mde words. FIG. 98 shows the corresponding
binary word for each of the spots identified in FIG. 9A with
the RNA species to which it is decoded. 'unidentified'
implies that the measured binary word does not match any
oI the lfl)l code words. FIG. l9C shows the normalized
confidence ratios measu€d for the 985 RNA species (left)
and lhe 16 misidentifiration control words not targeted to
any RNA (right). The normalized confidence ratio is defined
as in FIG. 6F. FIG. 19D shows a histogram of the reduction
in deteded abundance of 107 genes present in both the
lO0l-gene experiments and the 140-gene experiments.
"Fold decrcase in copy number" is defiaed as the average
number of RNA molecules per cell for each species mea-
sured in ttrc 140-gene experiments divided by the corre-
sponding average number measured in the lOOl-gene
experiments.

FIG. ltc is a comparison of the average RNA copy
numbers per cell measured in the l00l-gene experiments
using the MHD2 code to those determined by conventional
smFISH for l0 genes. The average ratio ofthe copy number

58
mea.sured using the MHD2 measurements to that measured
using conventional smFISH was 0.30+/-0.05 (mean+/-
SEM acrcss l0 genes). The dashed line corresponds to the
y:x line and tbe dotted line corresponds to the y:0.30x line.

Example 9

The above examples illustrate a highly multiplexed detec-
tion scheme for systems-level RNA imaging in single cells.
Ilsing combinatorial labeling, sequential hybridization and
imaging, and two different eror-robust eocding schemes,
either 140 or 1001 genes in hundreds ofindividual hnman
fibroblast cells were simultaneously imaged. Of the two
encoding schemes presented here, the MHDI code is
capable of both error detection and error correction, and
hence can provide a higher calling rate and a lower mis-
identification rate tban the MHD2 code, which instead can
only detect but cannot correct erors. MHD2, on the other
hand, provides a faster scaling ofthe degree ofmultiplexing
with the number of bits than MHD4. Other error-robust
encoding schemes can also be used for such multiplexed
imaging, and experimenters can sel the balance between
daection accuracy and ease of multiplexing based on the
specific requirements of the experiments.

By increasing the number of bits in the code words, it
should be possible to further increase the number of detect-
able RNA species using MERFISH with, for example, a

MHD4 or MHD2 cule. For example, using the MHDI code
with 32 total bits and four or six 'l' bits would increase the
number of addressable RNA species lo 1,240 or 27,776,
respectively. The latter is lhe approximate scale of the
human traascriptome. Tbe predicted misidentification and
calling rates are slill reasonable for the 32-bit MHD4 code
(shown in FICS. 5C ;rnd 5D lbr the MHDI code with four
'l'bits and similar rates were calculated for the MHDI code
with six ' I' bits). If more accurate measurements are dested,
an additional increase in the number of bits would allow the
use of encoding schemes with a Hamming distaoce greater
th"" 4, further enhancing the error detection and correction
capability. While an increase in the number of bits by adding
more hybridization rounds would increase the data collec-
tion time and potentially lead to sample degradation, these
pnrblems could be mitigated by utilizing multiple colors to
readout multiple bits in each round of hybridization.

As the degree of multiplexing is increased it is important
1o consider the potcntial increase in the density of RNAs that
need to be resolved in each round ofimaging. Based on the
imaging and sequencing results. it can be estimated that
including the whole traascriptome of th€ IMR90 cells would
lead to a total RNA density of -200 molecules/micrometet'.
Using the current imaging atrd analysis methods, 2-3 mol-
ecules/micrometerl per hybridization round could be
resolved which would reach a total RNA density of -20
molecules/micnrmeteri after 32 ruunds of hybridization.
This deosity should allow all but the top lfflo most
expresse<i genes to be imaged simultaneously or a subsel of
genes with even higber expression levels to be included. By
utilizing more advanced image anatysis algorithms to better
resolve overlapping images of individual molecules, such as
compressed sensing, it is possible to extend the resolvable
density by --4-fold and thus allow all but the top 29lo most
expressed genes to be imagul all together.

These examples have illustrated the utility of the data
derived frum high-ly multiplexed RNA imagng by using
co-variation and correlalion analysis to reveal distinct sub-
cellular distribution pattems of RNAs. to constrain gene
regulatory networks, and to predict functions for many
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previously unannotatd or panially annotated genes with
unknown functions. Given its ability to quanti$ RNAs
across a wide range of abundances without amplffication
bias while prcserving native context, systems and methods
srrh as MERF-ISH will allow many applications of in situ 5

transcriptomic :nalyses of individual cells in culture or
complex tiszues.

Example l0 
lo

Following are various materials and methods used in the
above examples.

Probe design. Each RNA species in the target set was
randomly assigned a binary code word either frrom all 140 _ -
possible code words of th; l6-bit MHD4 code or from all 15

1001 possible code words of the l4-bit MHD2 code.
Array-syntbsized oligopools were used as templates to

make the encoding probes. The template molecule for each
encoding probe contained three components: i) a central ,o
targeting sequence for in situ hybridization to the target
RNA, ii) two flanking readout sequences desigoed 1o hybrid-
ize each oftwo distinct readout probes, and iii) two flanking

EcIErlnent.
Nam

60
Multiple experiments were embedded in a single array-

synthesized oligopool. and PCR was used to selectively
ampli$ only the oligos required for a spocific experiment.
Primer sequences for this indexed PCR reaction were gen-
erated from a set of orthogonal 25-nt sequences. These
sequences were trimmed to 20 nt and selected for i) a ruurow
melting temperature range (70' C. to 80o C.), ii) the absence
of consecutive repqts of 3 or more identical nucleotides,
and iii) the presence of a GC clamp, i.e. one of the two 3'
terminal bases must be G or C. To funher improve speci-
ficity, these sequences were then screened against the human
transcriptome using BLAST+, and primen with 14 or mole
contiguous bases of homology were eliminated. Finally,
BLAST+ was again used to ideotiry and exclude primers
that bad an I I -nt homology region at the 3' end of any other
primer or a 5-nt homolory region at the 3' end of the T7
prcmoter. The forward primer sequences (himer 1) were
derermined as described above, whereas the reverse primers
each contain a 20-nt serquence as described above plus a
2O-ntTl promoter sequence to facilitate amplification via in
vitro transcription (Primer 2). The primer sequences used in
the l4Ggene and lOOl-gene experiments are listed below.

TABLE 2

Primcr 2 Scqucncc

Prirer l sGqucnce
(Indcx Prln.r 1)

(T? prorct
coq)lcmcnt

cr plus the reverae
ot Ind.x Pri.mcr 2)

140-gcn.
Codcbook 1

140-gene
codebook 2

10 01 -gcn.

GTTC€TCGGCACTTGCGTG
c (sEQ ID No: 18)

CCTATG ECCCAATTC CGGTTC
(sEQ ID NO: 19)

CGC@OCTATATOCEAACC
G (sEQ ID No: 20)

TAATACGACTCAC TATA@GA.AAGCCGG
TTCATCCGGT@ (SEQ rD NO: 21)

TAATACGA TCAC TATA@GTGATCATC
GCTCGCGGGTTG (sEQ ID NO: 22)

TAATACCTACTCAC TATA@GCGTGGAGG
GCATACAACGC (sEQ ID No; 23)

primer sequences to allow enzymatic amplification of the
prcbes (FIG. 13). The readout sequetrces were taken from +o

the 16 possible readout sequences, each corresponding to
one hybridization round. 'lle readout sequetrces were
assigned to the encoding probes such that for any RNA
species each of the 4 readout sequences were distributed
uniformly along the length of the target RNA and appeared a5
at the same frequency. Template molecules for the 140-gene
library also included a common 2O-nucleotide (nt) priming
region between the first PCR primer and the first readout
sqluence. This priming sequetrce was used for the reverse
transcription step described below.

3O-nt-long readout sequences were crcated by concatenal-
ing fragments of the srme orthogonal primer set generated
above by combining one 20-nt primer with a lGnt fragment
of another. 'Ihese readout sequences were then screened,
using BLAST+, for onhogonality with the index primer
sequences and other readout sequences (no more than I I nt
ofhomology) and for potential of-target binding sites in the
human genome (no more than 14 nt of homology). Fluo-
rescently labeled readout probes with sequences comple-
mentary to the readout sequences were used to probe these
readoul sequences, one in each hybridization round. All used
readout probes sequences are listed below.

rABLE 3

BIE Rcadout prcb.s

1

3

4

6

7

s

CGCAACGCTTGGGACC'CTTcCAATCGATc / 3 cys sp/

CGAATGCTcTGGccTCGAACGAACGATACC/ 3 Cy5sp /

ACAAATCCGACCAGATC'CGACGATCATOGIG / 3cys sp /

CAACTATGCAGCGCGATTGACCGTCTCGTT / 3cyssp/

Gcc@AAGcAcGTGGATTAccGcATcGAc c / 3cyssp /

AAGTcGTAcGccGATGcGcAGcAATTcAcT / 3CyssP/

CGAAACATCGGCCACGGTCCCGTTGAACTT/ 3CySSp/

ACGAATCCACCGTCCAGCGCGTCAAACAGA/ 3CysSp/

sEo

SEQ

SEQ

SEQ

SEQ

SEQ

SEQ

SEQ

ID

ID

ID

ID

ID

ID

ID

ID

NO: 24

NO:25

No:25

NO:2?

NO:28

NO:29

No: 3o

N0;31
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TABLE 3-conEinued

62

Bit Rc.dout probca

9

10

11

L2

13

14

15

16

CGCGA.AATCCCCGTAACGACCGTCCCTTCC/ 3Cy5Sp/

GCATGAGTTGCCTGGCGTTGCGACGACTAA/ 3 CYs SP /

CCGTCGTCTCCGGTCcAccGTTGcGcTTAC/ 3 cyssp /

@CCAATGGCCCAGGTCCeTCACGCAATTT / 3 Cys Sp /

TTGATCGAATCGGACCGTAGCGGAATCTCC/ 3 Cys SP /

cGcGcGGATCCGCTTGTCC€GAACGGATAC/3CysSp/

GcCTCGATTACGACGC'A?GTAATTCGGccG/3CysSp/

cccccTATTCCCGCTTGCGAGTAGGGCAAT/ 3 Cys Sp /

SEQ

SEQ

SEQ

SEQ

SEQ

SEQ

SEQ

SEQ

ID

ID

ID

ID

ID

ID

ID

ID

NO: 32

NO: 33

NO: 34

NO: 35

NO: 36

NO:37

NO:38

NO:39

The readout probes used for the l40-gene libraries were
prcbes 1 through 16. The readout probes usod for the
l00l-gene experiment werc probes I tbrough f4. /3Cy5Sp/
indicates a 3' Cy5 modification.

To desigr the central taryeting sequences of the encoding
prcbes, the abudance ofdifferent transcripts in IMR90 cells
using Cufflinks v2.1, total RNA data from the ENCODE
prcjc\ct, and human genome annotations from Gencodc vl8
were complied. Probes were designed from gene models
corresponding to the most abundant isoform using OligoAr-
ray2.l with the following constmitrts: the target sequence
region is 30-nt long; the melting temperatures of the hybrid-
ized region of the probe and cellular RNA target is greater
than 70o C.; there is no cross hybridization targets with
melting temperatures greater thatr 72o C.; there is no pre-
dicted internal secondary structures with melting tempcra-
tures greater th2n 76' C.; and there is no contiguous repeats
of 6 or more identical nucleotides. Melting temperarures
were adjusted to optimize the specificity of these probes and
minimize secondary structure while still producing sufrcient
numbrs of probes for the libraries. To decrease computa-
tional cost, isoforms were divided into l-kb regions for
probe design. Using BLAST+, all potential probes tbat
mapped to morc than one cellular RNA species were
rejected. Probes with multiple targets on the same RNA were
kept.

For each gene in the 140-gene experiments, 198 putarive
encoding probe sequences were generated by concatenating
the appropriate index primers, readout sequences, and tar-
getitrg regions as shown in FIG. 13. To address the possi-
bility that concatenation ofthese sequences introduced new
regions of homolory to off-target RNAs, BLAST+ was used
to screeD these putative sequences against all human rRNA
and IRNA sequences as well as highly expressed genes
(genes with FPKM>10,0(D). Probes with greater than 14 nl
of homology to rRNAs or tRNAs or greater than 17 nt of
homologr to highly expressed genes werc removed. Al'ter
these cuts, there were -192 (with a standard deviation of 2)
pnrbes per gene for both MHD4 codebooks used in the
140-gene experiments. The same protocol for the 1001-gene
experimeDts was use4 as follows: Starting with 96 pulative
tarBeti[g sequences per gene, -94 (with a sandard deviation
of 6) encoding prcbes per gene were obtainerl after these
additional homologr cuts. The number ofencoding probes
per RNA was decreased for the 1001-gene experiments so

that these probes could be synthesized fmm a single 100,
000-member oligopool as opposed to two separate purls.
Each encoding probe was desip.ed to contain two of the four

readout sequences associated with cach code word, hence

only balf of the bound encoding probeE can bind readout
probe during any given hybridization round. -192 or -94
encoding probes per RNA were used to obtain high signal-
to-background ratios for individual RNA molecules. The
number ofencoding probes per RNA could be substanlially
reduced but still u11ove 5ingle RNA molecules to be identi-
fied. In additio4 increasing the number ofreadout sequences
per encding probe or using optical sectioning methods to
reduce the fluorescence background may allow further
reduction in the number of the encoding probes per RNA.

Two types of misidentification controls were designed.
The first contnol (blank words) were not represented with
encoding probes. The second type of control (no-target
words) had encoding pnrbes that were not taryeting any
cellular RNA. The targeting regions of these prcbes were
composed of random nucleotide sequences subjecl to the
s^me constraints used to design the RNA targeting
sequences described above. Moreover, these random
sequences were screened against the human transcriptome to
ensure that they contain no significant homology (>14-nt) to
any human RNA. The 140-gene measurements contained 5

blank words and 5 no-target words. The lOol-gene mea-
surements conlained l1 blank words and 5 no-larget words.

Probe synthesis. The encoding probes were synthesized
usioS the following steps, and this synthesis protocol is
illustrated in FIG. 13.

Step 1: The template oligopool (CustomArray) was
amplified via limited-cycle PCR on a Bio-Rad CFX96 using
primer sequences specific to the desired probe set. To
faciliate subsequent amplification via in vitro transcription,
the reverse primer contained the fi promoter. All primers
were synthesized by IDT. This reaction was column purilied
(Zymo DNA Clean and Concentrator; D4003).

Step 2: The purified PCR products were then further
amplified -200-fold and converted into RNA via a high
yield in vitro transcription according to the manufacturer's
insutctions (New England Biolabs, E2O40S). Each 20
microliter reaction contained -l micrugram of template
DNA from above, 10 mM of each NTP I x reaction bufler,
lx RNase inhibitor (Promega RNasin, N26ll) and 2 micro-
liters ofthe T7 polymerase. This reaction was incubated at
37" C. for 4 hours to maximi:ze yield. This reaction was not
purified before the following steps.

Step 3: The RNA products fnrm the above in vitro
transcription reaction were then converted back into DNA
via a reverse transcription reaction. Each 50 micnrliter
reaction contained the unpurified RNA produce from Step 2
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supplemenled with 1.6 mM of each dNTP,2 nmol of a mented with t mg/mt, yeast rRNA (,ife Technologies,
reversetranscriptionprimer,30OunitsofMaximaH-reverse 15401-0ll) andltr/o w/v dextran sulfate (Sigma, D8906-
transcriptase (Tb€rmo Scientific, EP0751), 60 units of RNa- 50G).
sin. and a final lx concentration of the Maxima RT butrer. Cells were then washed with primary encoding wash
'Ihis reaction was incubated at 50' C. for 45 minutes, aod the s buller, incubated at 47o C. for l0 minutes, and this wash was

reversetranscriplasewasinactivatedat85oC.for5minutes. repeated for a total of three times. A l:1000 dilution of
The templates for the I zlo-gene libraries contain a common 0'2-micrometerdiameter carboxylate-modified orange fluo'
priming region for this reierse transcription step; thus, a rescent beads-(Life Tecbnologies, F'8809) in 2xSSC was

iingl. l;-". was used for this step wiren creating these s.oni;ate! for 3 m.inutes and then incubated with the sample

p-t".. trr sequence was GG(x}TTTAGCGCCGGAAATG lo f91 5 minutes The beads were used as fiducial markers to

(sEe lD No: 40). A common primtuB ,"gior, *", ooi il'fi,T:I:: o^btained from multiple successive rounds of
included for rhe lo0l-gene library; thus. the .*"rr" ,ril- llllo.'.ttl"t fdescribed 

below' The sample was washed

scription was conducted with the rorwara primlr: iff""r"H}*ttff; tt rt":, '#fi*#h"t?r"{;CGCGGCCTATATGCGAACCG (sEQ ID No: 20)' - ts minutes. The sample was then washed tbree times with
Step 4: To remove the template RNA, 20 microliten of 2rSSC and eirter'imagea immediately or stored for no

0.25 M EDTA and 0.5 N NaOII was added to the above longerthan 12 hours atl" C.priorto imaging.All solutions
reaclion to selectively hydrolyze RNA, and lhe sample was wei prepared as RNase-free.
incubated al 95o C. for l0 minutes. This reaction was then Upnfjstl i-aging with multipte successive rounds of
immsdlslgly purified by column purification using a l0O- zo hybridization. The sample coverslip was assembled iilo a
microgram-capacity collmn (Zymo Researctr, D4030) and Bioptech's FCS2 flow chamber, and the flow through this
the Zymo Oligo Clean and Concentrator protocol. The final chamber was controlled via a home-built fluidics system
probes were eluted in l00 microliters of RNase-free deion- composed of three computercontrclled 8-way valves (Ilam-
ized water, evaporated in a vacuum concenratol and then ilton, M\? and H\XM 8-5) and a computercontrolled
resuspended in 10 pL of encoding hybridization buffer (see zs peristaltic puml (Rainin, Dynamax RP-l). The sample was
below). Probes were stored at -2Oo C. Denaturing poly- imagod on a home-built microscope constructed around an

acrylamide gel electrophoresis and absorption spectroscop, Olympus IX-71 body and a 1.45 NA, l00x oil immersion
were used to confirm the quality of the probes *a ,"r""t"i 1bjati.v3 and configured for oblique incidence excitation.

thatthisprobesynthesispioto*lconvirtsg0-100/oofrhe The objective was heated to 37o C' with a Bioptechs

reverse-transcription primer into full length probe and of rhe ro objective. heater. Cotrstant focus was maintained thrcughout

probe thar is construite4 7o-xtr/o is recovired during the H:Tiffi:r1,,'trTil'*ri}:T,lr?,#::;tffi:,*i?.:purification step.
Fruorescentrv rabered readour probes have sequence: ffi.Hj}i,?:1#fi,'ffi:rffifl,;3ffiru1t'3]r$"|,

complementary to the readout sequences described rhll ,r i06;4li/,{r)"f";-excitation of rhe cys-labeled readout
and a Cy5 dye atkched at the 3'end' These probes were p-i*,in"-n'au.iuru""a",andnuclearcounte^tains,respec-
obtained frr;m IDT and HPLC purilied' rively. These lines were combined with a custom dichroic

Sample preparation and labeling with encoding probes. (Cbrtma, zy4o5l419l56l/u7n52Rp-U1l) and the emis-
Human primary fibroblasts (American Type Culture Cnllec- sion was filrered with a custom dichroic (C-homa, ZET4frst
tiorL IMR90) were used in this work. These cells are 40 488/561 1647-656n5?n).Fluorescencewasseparatedwitha
relatively large and flat, facilitating wide-field imaging with- QuadView (Photomerrics) using rhe dichroics T560lpxr,
out the need for optical sectioning. Cells were cultued with T650lpxr, 750dcxxr (Chroma) and the emission filiers
Eagle's Minimum Essential Medium. Cells were plated on 8T525/50m, WT59550m-2f, ET700/75m, HQ770lp
22-mm, #1.5 coverslips @ioptechs, M20.O321-2) at35O, (Chroma) and imaged with an EMCCD camera (Andor,
0(X)cells/coverslipandincubatedat3T"C.with5%COrfor as iXon-897). The camera was configured so that a pixel
48-96 hours within petri dishes. Cells werc fixed for 20 corresponds to 167 nm in the sample plane. The entire
minutes in 47o paraformaldehyde (Electron Microscopy system was fully automated, so that imagrng and fluid
Sciences, 15714) in lx phosphate bufered saline (PBS; handlingwereperformedfortheentireexperimentwithout
Ambion, AM9625) at room temperatue, rcduced for 5 user intenention.
minutes with 0.17o w/v sodium borohydride (Sigrna, so Sequential hybridization, imaging, and bleaching pro-
480886) in water to reduce background fluorescence, ceeded as follows. I mL of l0 nM of the appropriate
washed tbree times with ice-cold lxPBS, pemreabilized lbr fluorescently labeled readout prcbe in readout hybridization
2 minutes with 0.5% viv Triton (Sigma, T8787) in IxPBS at butrer (2xSSC; lW/o vlv forrramide; lO%o wlv dextran
ru)m temperature, and washed three times with ice cold sulfate, and 2 mM vanadyl ribonucleoside complex) was
lxPBS. ss flown across the sample, flow was stopped, and the sample

Cells were incubated for 5 minutes ia msoding wash was incubated for 15 minutes. Then 2 mL of readout wash
buffer comprising 2x saline-sodium citrate bufer (SSC) butrer (2xSSC,2U/o vlv formamide; and 2 mM vanadyl
(Ambion, AM9763), 3ff/o vlv forma-ide (Ambion, ribonucleoside complex) was flown across the szrmple. flou,
AM9342), and 2 mM yanadyl ribonucleoside complex was stopped, and the sample was incubated for 3 minutes. 2
(NEB, Sl402S). l0 microliters of l0O micromola(l,to-gene oo mL of imaging buffer comprising 2xSSC, 50 mM TrisHCl
experiments) or 200 micromolar (1001-gene experiments) pH 8, 10olo w/v glumse, 2 mM Trolox (Sigma-Aldrich,
encoding probes in encoding hybridization buller was added 238813), 0.5 mg/ml glucose oxidase (Sigma-Aldrich,
to the cell-containing coverslip and spread uniformly by G2133), and zl0 microgram/ml catalase (Sigma-Aldrich,
placing another coverslip on top of the sample. Samples C30) was flown across the sample. Flow was then stopped,
were then incubated in a humid chamber inside a 37o os and then approximately 75 to 100 regions were exposed to
C.-hybridirzation oven for 18-36 hours. Enculing hybridiza- -25 mW 642-nm and I mW of 561-nm light and imaged.
tion bufer is composed of encoding wash buffer supple- Each region was 40 micrometers by 40 micrometers. The
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laser powers were measured at the microscope backport.
Because the imaging buffer is sensitive to oryge& the -50
mI of imaging buffer used for a single experiment was made
fresh at the beginning of the experiment and then stored
under a layer of mineral oil throughout the measurement.
Buffer stored in this fashion was stable for more than 24
hours.

After imaging, the fluorescence ofthe readout probes was
extinguished via photobleaching. The sample was washed
with 2 mL of photobleaching buffer (2xSSC and 2 mM
vanadyl ribonucleoside complex), and each imaged region
of the sample was exposed to 200 mW of 641-nm light for
3 s. To confirm the efrcacy ofthis p[s16$t6aching ueatment,
imaging buffer was reintroduced, and the sample was
imaged as described above.

The above hybridization, imagrng, and photobleaching
prccess was repeated either 16 times for tbe lzlO-gene
measurements using the MHD4 code or 14 times for the
10o1-gene measurements using the MHD2 code. An entire
experiment was typically completed in -20 hours.

Following complaion of imaging 2 mI of a l:1000
dilution of Hoescht (ENZ-52401) in 2xSSC was flown
through the chamber to label the nuclei of the cells. The
sample was then washed immediately with 2 mL of 2xSSC
followed by 2 mI- of imaging buffer. Each region of the
sample was then imaged once again with -l mW of 405-nm
liSht.

Because cells were imaged using wide-freld imaging with
oblique-incidence illumination, without optical sectioning
and z-scanning, the fraction of individual RNA species that
was outside the axial range of the imaging geometry was
quantified for 6 different RNA species using conventioDal
smFISH. For this purpose, these cells were optically sec-
tioned by collecting stacks of images at different focal
depths through the entire depth ofthe cells. The images were
aligned in coosecutive focal planes and tbn computed for
each cell the fraction of RNAs thrt were detected in the
threedimensional stack but not in the basal focal plane. It
was found that only a small fraction, TiVo+l-lo/o (Mean+/-
SEM across six diferent RNA species) of RNA molecules
were outside the imaging range of a fixed focal plane
without z-scanning. These measuements also confrmed
that the excitation gometry illrrminated the full depth of the
cells. Any optical sectioning technique could be employed in
MERFISH to allow the imaging of RNAs in thicker cells or
tissues.

Construction of measured words. Fluorescent spots were
identified and localized in each image using a multiGauss-
ian-fitting algorithm assuming a Gaussian with a uniform
width of 167 nm. This algorithm was used to allow partially
overlapping spots to be distinguished and individually fit.
RNA spots were distinguisbed from background sipal, i.e.
signal arising from probes bound non-specifically, by setting
the inteffiity threshold required to fil a spot with rhis
software. Due to variation in the brigltness ofspots between
rouuds ofhybridization, this threshold was adjusted appro-
priately for each hybridization round to 6inimi2s the com-
bined average of the 1->O and 0->l eror rates across all
hybridization rounds (140-gene measurements) or to maxi-
mize the ratio of the number of measured words with four
'1'bits to those with three or five'l'bits (1001-gene
measurements). The location of the fiducial beads was
identified in each frame using a faster single-Gaussian fitting
algorithm.

Images of the same sample region in different rounds of
hybridization were registered by rotating and translating the
image to align the two fiducial beads within the seme image

66
that were most similar in location after a coarse initial
alig:nment via image correlation. All images were aligned to
a coordinate system established by the images collected in
the first round ofhybridization. The quality ofthis alignment
was determined from the residual distance between five
additional fiducial beads, and alignment errorwas typically
J0 nm.

Fluorescence spots in diferent hybridization rounds were
connected ials 6 5ingls sting, corresponding to a potential
RNA molecule, if the distance between spots was smaller
th:n I pixel (167 nm). For each string ofspots, the on-off
sequence of fluorescent signals in all hybridization rounds
were used to assip. a binary word to the potential RNA
molecule, in which 'l' was assiped to the hybridization
rounds that contained a fluorcscent siqnal above tbrcshold
and '0'was assigned to the other hybridization rounds.
Measured words were then decoded into RNAspecies using
the l6-bit MHD4 code or the 14-bit MHD2 code discussed
above. In the case of the 16-bit MHDzI code, if the measured
binary word matched the code word of a specific RNA
perfectly or differed from the code word by one single bit,
it was assigned to that RNA. In the case of the l4-bit MHD2
code, only if the measured binary word matched the code
word of a specific RNA perfectly, was it assigned to that
RNA. To determine the copy number per cell, the number of
each RNA species was counted in individual cells within
each 40 micrometer by 40 micrcmeter imaging area. It is
noted that this number accounts for the majority but not all
RNA molecules within a cell because a fraction of the cell
could be outside the lmeging area or focal depth. Tiling
images ofadjacent areas and adjacent focal planes could be
employed to imprcve the counting accuracy.

In the l40'gene experiments, some regions of the cell
ntrcleus occasionally contained too much fluorescence sig-
nal to propedy identiS individual RNAspots. Inthe 1001-
gene experiments, the cell nucleus generally contained too
much fluorescent siqnal to allow identification ofindividual
RNA molecules. These bright regions were excluded from
all subsequent analysis. This work focuses on mRNAs,
which are enriched in the cytoplasm. To estimate the fraction
of mRNAs missed by excluding the nucleus region, con-
ventional smFISH was used to quantify the fraction of
molecules found inside the nucleus for six different mRNAs
species. It was formd that only SVo+l-2o/o (Mean+/-SEM
across six RNA species) of these RNA molecules are found
in the nucleus. F.mployment of super-resolution imaging
and/or optical sectioning could potentially allow individual
molecules in these dense nucleus regions to be identified,
which would be padicularly useful for probing those non-
coding RNAs that are enriched in the nucleus.

smFISH measurements of individual genes. Pools of 48
fluorescently-labeled (Quasar 670) oligonucleotide probes
per RNA were purchased from Biosearch Technologies.
30-nt probe sequences were taken directly from a random
subset of the targeting regions used for the multiplexed
measurements. Cells were fixed and permeabilized as
described above. 10 microliten of250 nM oligonucleotide
probes in encoding hybridization butrer (described above)
was added to the cell-containing coverslip and spread uni-
formly by placing another coverslip on top of the sample.
Samples were then incubated in a humid chamber inside a
37" C.-hybridization oven for 18 hours. Cells were then
washed with encoding wash buffer (described above) at 37o
C. for l0 minutes, and this wash was repeated for a total of
three times. The sample was then washed three times with
2xSSC and imaged in imeging buffer using the same imag-
ing geometry as described above for MERFISH.
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Bulk RNA sequencing. Total RNA was extracted ftrom
IMR90 cells cultured as above using the Zymo Quick RNA
MiniPrcp kit (R1054) according to the manufacturer's
instnrctions, polyA RNA was then selected (NEB; E7490),
and a sequencing library was coostructed using the NEB-
Next Ulta RNA library preparatioo kit (NEB; E7530),
amplified with custom oligonucleotides, and l5o-bp reads
were obtained frrom on a MiSeq. These sequences were
aliped to the human genome (Gencode v18) and isoform
abundance was computed with cuflinks.

Calculation ofthe predicted scaling and error properties
of diflerent encoding schemes. Analytic expnessions were
derived for tbe dependence of the number of possible code
words, the calling rate, and the misidentification rate on N.
The calling rate is defined as the fraction of RNA molecules
that are properly identified. The misidentification rate is
defined as the fraction of RNA molecules that are misiden-
tified as a wrcng RNA species. !'61 gacoding schemes with
an error-detection capability, the calling rate and misidenti-
fication rate does not add up to I because a fraction ofthe
molecules mt called properly can be detected as errors and
discarded and, hence, not misidentified as a wrong species.
These calculations assume that the prcbability ofmisreading
bits is constant for all hybridization rounds but differs for the
1->0 and G>1 errors. Experimentally measured average
1->O and 0->l eror rates (10/o ax.d 4Yo respectively) were
used for the estimates shown in FIGS. 5B-5D. For simplic-
ity, the word corresponding to all '0's was not removed from
calorlations.

For the simple binary encoding scheme in which all
possible N-bit binary words are assiped to unique RNA
species, the number of possible code words is 2il. The
number of words that could be used to encode RNA is
actually 2r-l because the code word'00 . . . 0'does not
contain detectable fluorescence in any hybridization round,
but for simplicity the word corresponding to all '0's was not
removed from subsequent calculations. The error intnoduced
by this approximation is negligible. For any given word with
in 'l's and N-m '0's the prcbability of meazuring that word
without error (the fraction of RNAs that is properly called)
is:

(l-PtY(|,-PoY ^, (l)

where p, is l->0 error rate and po is 0->1 error rate per bit.
Because diferent words in this simple binary encoding
scheme can have different numbers of '1' bits, the calling
rate for diferent words will difer if p,rpo. The average
calling ratq reported in FIG. 5C, was determined from the

68
encodes a different RNA, the average misidentification rate
for this encoding scheme, reported in FIG. 5D, follows
directly fiom (2):

,-;I(:\t-p,y<t-pot --
(3)

To calculate the scaling and eror properties of the
extended Hamming distance 4 (HDt) code, the generator
matrix for the desired number of data bits using standard
methods was first created. The generator matrix determines
the specific words that are present in a given encoding
scheme and was wed to directly determine the number of
encoded words as a fiuction of the number of bits. In this
encoding scheme, the calling rate corresponds to the fraction
of words meazured without error {rs well as the fraction of
words measured with a single-bit error. For code words with
in 'l' bits, this fraction is determined by the following
expression:

$- p 1) $ - p s)-^ + np,' (1 -p, ) -' 
( t-po)*^ +(n- 

^)p o'(1-prxr-po)"--t (4)

where the first term is the probability of not making any
erors, the second term coresponds to the total probability
of making one 1-X) error at any of the in ' 1 ' bits without
making any other 0->l errors, and the final term coresponds
to the total probability of making one G>l error at atry of the
N-m '0'bits without making any 1->O errors. Because the
number of 'l' bits can differ between words in this encoding
scheme, the average calling rate reported in FIG. 5C was
computed from a weighted average over Eq. (4) for different
values of m. The weight for each term was determined from
the number of words that contain m 'l'bits as determined
from the generator mabix described above.

Because RNA-encoding words are separated by a mini-
mum Ha--ing distance of 4, at least 4 errors are required
to switch one word into another. If enor correction is
applied theu 3 or 5 errors could also convert one RNA into
aoother. Thus, the misidentification rate from all possible
combinations of 3-bit, 4-bit and 5-bit errors was estimated
for code words with m 'l'bits. Technically, >5-bit errors
could also convert one RNA into another, but the probability
of making such errors is negligible because of the small
per-bit error rate. This expression was approximated with:

I(1)(
(5)
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weighted average of the value of Eq. (l) for all words. ftr ,o
weighted average is:

N-m
)trn|-'rr - nrf'rL - po)il-'-(+' +

t2t $ 1' Yr'-'
+I(;),, -pty(t-po)N*, ''' ,, It;,lt 

'-")'lpx'(t-p')'-'(t 
-PilN-fta-i+

'\'-'
where f (1li-l)'ip3-'(t-p')--'(t -po)N-d-(s-i)+
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/ N .\ The first sum corresponds to all of the ways in which

[ , J exactly four mistakes can be made. Similarly, tbe second and
third snms correspond to all of the ways in which exactly
three or five mistakes can be made. Eq. (5) provides an upper

is the binomial coefrcient and corresponds to the number of 65 bound for the misidentification rate because not all tbree,
words with in '1 ' bits in this encoding scheme. Since in this four, or five bit errors produce a word tbat matches or would
encoding scheme every error produces a binary word tbat be corrected to another legitimate word. Again because the
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numbr of 'l' bits can difer between wonds, the average

misidentification rate reported h FIG. 5D is calculated as a

weighted average of Eq. (5) over the number of words tbat
have m 'l'bits.

'Ib generate the MHD4 code where the number of 'l' bits
for each code word is set to 4, the HDI codes were 6rst
generatd as described above, and then all mde words that
did nol contain four 'l 's were removed. The calling rate of
this code, reported in FIG. 5C, was directly calculated from
Eq. (4) but with m-4 because all code words in this code
have four'l'bits.'lhe misidentification rate of this code,
reported in FIG. 5D, was calculated by modifuing Eq. (5)
with the following considerations: (i) the number of 'l' bits,
m, was set to 4 and (ii) enon that produce words that do not
contain three, four, or five 'I' bits were excluded. Thus, the
expression in Eq. (5) was simplified to

70
word and that multi-error contamination from other RNA
words is negligible. Given that the error rate per hybridiza-
tion round is small and that it takes at least three errors to
convert one RNA-encoding word into a word that would be
misidentified as another RNA. the above approximation
should be a good one.

To compute the average l ->0 or 0->1 error probabilities
for each of the I 6 hybridization rounds, the above approach
was used to calculate the per-bit enor rales for each bit of
every gene, and these erors were sorted based on whether
they correspond to a l-X) or a 0->l error, and the average

ofthese enors for each bit weighted by tbe number ofcounts
observed for the c-orresponding gene was taken.

Estimates of the calling rate for individual RNA species
from actual imaging data. With the estimates of the l-X) or
0->l error probabilities for each round of hybridization as

determined above, it is possible to estimate the calling rate
for each RNAbased on the specific word used to encoded it.
Specifically, the fraction of an RNA species that is called
corre'ctly is deterndned by

(7)

(6)

5

t0

15

20('rlr ;' )a'e'L - pr )2(r - po)il-6 +

(i X'; 
t 
)'l'e'r - P' )r(r - Po)ry{ +

(lI''')'1"" - P)2(t - PdN 
s

(1I'. t)r;ra,' 
-P)2(t-pdN-1 +

(1 I';o )'l'e" - Pi' i - Po)N-6

w,= tt' rfio- e,t.

v-I-N

[1,,-r,,*I frfl,-0,,,

Again, this expression is an upper bound on the actual
misidentification rale because not all words with four '1's
are valid code words.

Estimates of the l->O and 0->l eror rates for each
hybridization round. To compute the probability of misread-
ing a bit at a given hybridization round, the eror correcting
properties of the MHD4 code were used. Briefly, the prob-
abilities oI 1->O or 0->l errors were derived in the following
way. kt the probability of making an error at the ith bit, i.e.
ith hybridization round, be p, and the actual number of RNA
molecules of the given species be A, then the number of
exact matches for this RNA will be

l6
wr=afll-p,l

i-l

and the number of one-bit error correctd matches for this
RNA corresponding to erors at the ith bit will be

25

where the fust term represent the probability of observing an

30 e)Gct match of the code word and the second term represent
the probability of observing an error-corrected match (i.e.

with one-bit error). 'lAe values of the per-bit error mte p, for
each RNA species are determined by the specific code word
for tbat RNA and the measured l ->0 or 0->l error rates for

ls each round ofhybridization. Ifthe code word ofthe RNA
contains a 'l' in the ith bit, then p, is determined from the
l->0 error rate for the ith hybridization round ifthe word
contains a '0' in the ith bit, p, is determined from the 0->1
eror rate for the ith hybridization round.

40 Ilierarchical clustering aoalysis of the co-variation in
RNA abundance. Hierarchical clustering of the co-variation
in gene expression for both the 140-gene and 1001-gene
experiments was <xrnducted as follows. First, the distance
b€tween wery pair of genes was daermined as 1 minus the

45 Pea$oo correlation coefficient of the cell-to-cell variation of
the measured copy numbers of these two RNA species, both
normalized by the total RNA counted in the cell. Thus,
highly conelated genes are 'closer' to one another and
higb.ly anti<orrelated genes are 'further'apart. An ag€lom-

50 erative hierarchical cluster tree was then constructed from
these distances using the Unweighted Pair Group Method
with Arithmetic mean (IPGMA). Specifi cally', starting with
individual genes, hierarchical clusters were corstructd by
identifying the two clusters (or individual genes) that are

55 closest to one another according to the aritbmetic mean of
the distances between all inler-cluster gene pairs. The pairs
of clusters (or individual genes) with the smallest distance
are then grouped together and the process is repeated. The
matrix of pairwise correlations was then sorted based on the

oo onler of the genes within these trees.
Groups of genes with substantial co-variations were iden-

tiliul by selecting a tbreshold on the hierarchical cluster tree
(indicated by the dashed lines in FIGS. 7D and 10A) that
produced approximately l0 groups ofgenes each ofwhich

65 contains at least 4 memben for the 140-gene experiments or
appruximately 100 groups each of which contains at least 3
members for the l00l-gene experiments. It is noted th2t one

The p, can be directly derived from the ratio:

w. tw. = 
Pi

lL - p,)

This ratio assumes that the one-bit error-corrected munts
were only generated from single-bit errors from the correct
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can change the threshold in order to identifr either more
tightly coupled smaller groups or larger groups with rela-
tively loose coupling.

A probability value for the confidence that a gene belongs
to a specilic group was determined by computing the dif-
ference betrveen the average correlation coefficient between
that gene and all other members of that group and the
avcrage corrclation coefrcient between that gene and all
other measured genes outside tbat goup. The signifisancs
(p-value) of this difference was determined with the stu-
detrt's t-test.

Because hierarchical cluslering is inherently a onedimen-
sional analysis, i.e. any given geoes can only be a member
of a single goup, this analysis does not allow all correlated
gene goups to be identified. Higher dimension analysis,
such as principal component analysis or k-means clustering,
could be used to identiry more co-varying gene clusters.

Analysis of RNA spatial distributions. To identiff genes
that have similar spatial distributioDs, each of the measured
cells was subdivided into 2x2 regions and calculated the
fraction of each RNA species present in each of these bins.
To control for the fact tbat some regions ofrhe cell naturally
contain more RNA than others, tbe enrichment was calcu-
lated for each gene, i.e., the ratio ofthe observed fraction in
a given region for a given RNA species to the average
fraction observed for all genes in that same region. For each
pair ofRNA species. the Pearson correlation coeffcient of
the region+o-region variation in enrichment of these two
RNA species for each cell was determined and the corrcla-
tion coelficients were averaged over -400 cells imaged in 7
independent data sets. RNA species were then clustered
based on these average correlation coefficienls using the
same hierarchical clustering algorithm described above.
Because of the large nrrmber of cells used 1sp lhs analysis,
it was found that the coarsc spatial binning (2x2 regions per
cell) was suffcient to capture the spatial correlation between
gencs and finer binning did not produce more significantly
correlated groups.

To measure the distances of genes from the nuclei and
from the cell edge, brightness thresholds on the cell images
were first used to segment the nuclei and the cell edges
identified. The distance from every RNA molecule to the
nearest part ofthe nucleus and nearest part ofthe cell edge
was then deterrnined. For each data set, the average distance
for each RNA species averaged over all the cells measued
was then computed. These distances were averaged for the
group I genes, group II genes or all genes. Only thse RNA
species with at least l0 counts per cell werc used in this
analysis to minimize statistical error on the distance values.

Gene ontology (GO) analysis. Groups of genes w€re
selected from the hierarchical trees as discussed above. A
colledion of GO terms was determined for all measured
RNA species as well as the RNA species associated wilh
each grr.rup from the most recent hr,-an GO annotalions
using both the annotated GO terms and terms immediately
upstrerm or downstream of the Ibund annotations. The
enrichment of these annotations was calculated ftom the
ratio ofthe fraction ofgenes within each group that have this
term to the fiaction ofall measured genes that have this tenn
and tbe p-value ficr this enrichmenl was calculated via lhe
hypergeometric function. Only statistically significantly
enriched GO ternrs with a p-value less than 0.05 were
considered.

While seveml embodiments of the presenl invention have
been described and illustrated herei4 those ofordinary skill
in the art will readily envision a variety of other means
and,/or stmctures for performing the functions and/or obtain-

72
ing the resulls and/or one or more of the advantages
described herein, and each of zuch variations and/or modi-
fications is deemed to be within the scope of the present
invention. More generally. those skilled in the art will
readily appn:ciate that all parameten, dimensions, materials,
ard configurations described herein are meant to be exem-
plary and that the actual parameters. dimensions, materials,
and/or configurations will depend upon tbe specific appli-
cation or applications for which the teachings ofthe present
invention is/are used. Those skilled in the art will recognize,
or be able to ascertain using no more than routine experi-
mentation, many equivalents to the specific embodiments of
the invention described herein. It is, therefore, to be under-
stood that the foregoing embodiments are prcs€nted by way
of example only and that, within the scope of the appended
claims and equivalents thercto, the invention may be pmc-
ticed otherwise than as specifically described and claimed.
The present invention is directed to each individual feature,
system. adicle, material, kit, and/or method described
herein. In addition, any combination of two or more such
features, systems, articles, materials, kits, and/or methods, if
such features, systems, articles, materials, kits, and/or meth-
ods are not mutually inconsistent, is included within the
scope of the presenl invention.

All definitions, as defined and used herein. should be
undentood 10 control over dictionary definitions, definitions
in doctrments incorporated by reference, and/or ordinary
meanings of the defined terms.

The indefinite articles "a" and "an " as used herein in the
specification and in the claims, unless clearly indicated to
lhe contrary, should be un&ntood to mean "at least one."

The phrase "and/ot" as used herein in the specificarion
and in the claims. should be understood to mean "either or
both' of the elements rc conjoined i.e., elemenls that arc
conjunctivcly prcsent in some cases and disjunctively pres-
ent in other cases. Multiple elements listed with "and/or"
should be construed in the same fashion, i.e., "one or more"
of the elements so conjoined. Other elements may optionally
be present other than the elements specifically identified by
the "and/or" clause, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiring
example, a reference to "A and./or B", when used in con-
junclion with open-ended language such as "comprising"
can refer in one embodiment, to A only (optionally includ-
ing elements other than B); in another embodiment, to B
only (optionally including clements other than A); in yet
another embodiment, to both A and B (optionally including
other elemenls); etc.

As used herein in the specification and in the claims, "or"
should be underslood to have the same meaning as "and/or"
as defined above. For gxample, when separating items in a
list, "or" or "an<Vor" shall be interpreted as being inclusive,
i.e., the inclusion of at least one, but also including more
than one, of a number or lisl of elements, and optionally,
additional unlisted items. Only terms clearly indicated to the
contrary. such as "only one oI" or "exactly one of," or, when
used in the claims, "consisting of," will refer to the inclusion
of exactly one element of a number or list of elements. In
general, the terrn "or" as used herein shall only be inter-
preled as indicating exclusive altematives (i.e. "one or the
other but not both") when preceded by terms ofexclusiviry
such as "either," "one of," "only one oI," or "exactly one ol."
"Consisting essentially of," when used in the claims, shall
have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the
phrase "at least one," in relbrence to a list of one or more
elements. should be understood to mean at least one element
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selected from any one or more of the elements in the list of
elements, but not necessarily including at least one of each
and wery element specifically 1is16d vithin the list of
elements and not excluding aoy combinations of elements in
the list of elements. This definition also allows that elements
may optionally be present other than the elements specifi-
cally identified within the list of eleooents to which lhe
phrase "at least one" refers, whether related or unrelated to
those eleorents specifically identified. Thus, as a oon-limit-
ing example, "at least one of A and B" (or, equivaleotly, 'ht
least one ofA or B," or, equivalently "at least one ofA and/or
B") can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and oprion-
ally including elements other than B); in anotber embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally iacluding elements other
than A); in yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionatly including other
elements); etc.

Wlen the word'hbout" ,11.* o-r. in reference to a

number, it should be understood that still another embdi-
menl of tbe invention includes that number not modified by
the presence of the word '?bout."

It should also be understood that, unless clearly indicated
to the contrary, in any methods claimed hercin that include
more than one step or act, the order ofthe steps or acts of
the method is not necessarily linited to the order in which
the steps or acts ofthe method are recited.

In the claims, as well as in the specification above, all
transitional phrases such as "comprising," "including," "car-

rying," "having," "containing," "involving," "holding,"
"composed of," and the like are to be understood to be
open+ndd i.e., to mean including 6u1 as1 timiled to. Only
the transitional pbrases "consisting of' and "consisting
essentially of' shall be closed or semi<losed tansitional
pbrases, respectively, as set forth in the United States Patent
Offce Manual of Patent Examining Procedures, Section
2l l I .03.
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l0

15

SEQI'EI{CE TJISTING

<150> NIr!.{BER OF SEO ID NOS: 40

<210> SEQ ID NO 1
<211> LENGTH: 120
<212> TYPE: DNA
<213> ORGAI{ISMr Artlficial Scqucncc
<220> PEATURE:
<223> oTHER INFORMATION: SynEhct1c po1)muclcoEide

<tloO> SEQIIENCE: 1

gtBggcgrca rargcrcEgc aattggrrcc ggcccaagcg tLgcgcEtaa tggatcaEca

rtt.ttgtctc rcErcgrcgg rcret.cgcgc ggcatactEg cgtcggtcgg acaaacgagg

<210> SEQ ID NO 2
<211> LENGTH: 30
<212> TYPE: DNA
<213> ORCANISM: Artlflclal S.quGncc
<220> PEATURE:
<223> OTHm INPORITIATION : Synth.tlc Polynucl.otidc

<4OO> SEQUEI{CE: 2

cacaacgctt gggacggttc cratcggatc

<210> SEQ ID NO 3
<211> LE{GTH: 3O
<212> TYPB: DNA
<213> ORGAIIISMi Arelliclal Scqucnce
<220> PEATT]RE:
<223 > OfHm. INPORI.IATION : SynEhctlc PoLlmucleotlde

<tlOO> SEQITENCE: 3

cgaatgct.ct ggcctcgaac gaacgatagc

<210> SEQ rD NO 4

<211> LE{GTH: 30
<212> TYPE: Dm
<213> ORGAIIfSM: ArEificlal Scqucnce
<220> FEATURE:
<223 > OTHER IMORilATION : SynEhctlc Polynucleotide

<400> SEQUENCE: {

50

t20

30

30

acaaaEccga ccagatcgga cgatcatggg 30

IPR2024-00526 
EX 1073 
Page 91



75

us 12,209,237 B2

-conE lnued
76

<210> SEQ ID NO 5
<211> LEIIGITH: 30
<212> TYPE: DNA
<213> OROA},ISI'!: Artif lc1rl S.qu.ncc
<22O> FEATTIRE:
<223> OlllER IIIFORI.IATIOII: SynBh.Bic Po1)mucletldc

<lOO> SIQUEICET 5

cr.gt.tgc. gcgcgrttgr ccalctcatt

<210> SEQ ID rO 6
<211> Ir8llGlll: 30
<212> ?YDl: DtrA
<213> OR(UltISll: Atti,tlchl S.qu.nc.
<220> 9IAIURE:
<223> O?IIER II{PORIIATION: Sytrth.ttc Polynucl@tidc

<100> SEQOlllCl: 6

Egcgtcat.cE ggcgrgcrcg gcrcgc.art

<210> S8Q ID l{O 7
<21,1> LENOTII: 30
<212> TYPS: DNA
<213 > ORCIAIIgM : Art,lf 1cle1 S.qu.ncc
<220> FEATIRE:
<223> OTHER INFORITIATION: Synth.tlc Polynuclrcrldc

<'!OO> SEQUEICE: 7

rrgfcggrcg ccgrugcgcr gcr.tccrcc

<210> SnQ ID NO I
<211> LENOIH: 30
<212> TYPD: DNA
<213 > OROANISI,I : Artlf lclel Scqu.ncc
<220> FEATIIRE:
< 223 > OTIIER INFORIiOTION : SynthGt lc PoL)muclmtsidc

<l0O> SEQUEICE: I

cg.r.c.!cg gccrcggtcc cgttg..ctt

<210> SEQ ID NO 9
<211> IJINCII|: 30
<212> TYPE: DITA
<213> ORGAIIISii: A!tj.ilcl.1 Scqu.ncc
<220> PEATITRI:
<223> OTHER IIIPORIIATION: Synthct,lc Polynuclrctid.

<100> SEQUEICE: 9

rcgrrtccac cgtccagcgc gtcatrcrga

<210> SBQ ID NO 10
<211> IJIIIO?H: 30
<212> TYPE: DNA
<213 > ORGAIIISI'I : Art.lllclrl S.qu.ncc
<220> FEA?TIRE:

<223 > OIHER INFORIATION : Synth.clc PoLynucl@tidc

<tlOO> SEQUEICE: 10

cgcgu.tcc ccgtr.cgrg cgtccct.tgc

<210> SEQ ID NO 11
<211> LENGTH: 30
<212> TYPE: DNA
<213> OROANISM: Artlflcl.l S.qu.ncc
<220> FEATIIRE:

30

30

30

30

30

<223 > OTHER INFORI,IATION : SynthGt.lc Pol)muclotidc

30
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<,100> SIQUEICI: t1

gcrtgrgttg cctggcgttg carcg.ctr.

<210> SEQ rD NO 12
<211> LB$CiTH: 30
<212> TYPf: IIIA
<213> ORGAilISII: Artlf lc1!l, Scqu.nc.
<220> ESATIIRE:
< 223 > OTIIER IIIFORI'|AIION : Synthct 1c Polynuclcotldc

<100> SEQUEICE: 12

ccgtcgtctc cggEcc.ccg Etgcgctt.c

<210> SEQ rD NO 13
<211> LEllGtIl: 30
<212> lllPB: DNA
<213> ORGAIIISU : Art.Itlctrl S.qu.ncc
<220> FSAlItRl:
< 223 > O?HER IIIFORI,IATIOII : Synthct lc Polynucl.ot.ldc

<lOO> SE@EICE: 13

ggcc[tggc ccrggtccat crcgca.ftc

<210> SEQ rD NO 1{
<211> LEKiTll: 3O
<212> IYPB: DNA
<213> O*GAIIIS!'I : A:Eif iclal S.qu.ncc
<220> PBATIIRE:
<223> O?IIER INFORI.IATION: Synth.tlc Po1ynuclrctld.

<{OO> SEQ9EICE: 1{

ctgrccgrrt. cggrgcgtrg cgg.rtctgc

<210> SEQ rD NO 15
<211> LEIIGT}I: 30
<212> ?YPE: DNA
<213> ORGAIIISI'I : Attltlcl.l Scqucncc
<220> IEATIIRI:
<223 > OTHER IIIFOR!{ATION : Synth.tlc PolynuclGotldc

<400> SEQOENCE: 15

cgcgcggatc cgcttgtcgg garcggetrc

<210> SEQ ID NO 15
< 211> LEliIGlTll : 3 0
<212> TYPE: DIA
<213> ORqAUISU: Art,Mchl S.qu.nc.
<220> PEATURE:
<223> OTIIER INPORITIATION: Synth.tlc Polynuclcotlalc

<{00> SEQUE|CE: 15

gcctcgrtta cg.cggatgt arttcgrgccg

<210> SEQ ID NO 17
<211> LElIGlllr 3O

<212> TYPE: DNA
<213> OnGAIIISU : Artlf 1cl,al S.qu.nc.
<220> PEATURE:
<223> OTHER INFORIiTATION: SynthGltc Polynuclet.ldc

<{00> SEQUENCE: 1?

gcccgtrttc ccgcEtgcgr gtrgggcrrt

<210> SEQ ID NO rS
<211> LEIIGTH: 2O

30

30

30

3o

30

30

30
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<212> TYPE: DNA
<213> ORQAIIISII : AlcMchl Scqucncc
<220> FD.AIURI:
<223 > OTHER INFORI.IATION : Synthct lc Polynucl@tldG

<aoo> sEouENcE: ls

gttggtcggc acttgggEgc 20

<210> SEQ ID NO 19
<211> I/EICTH: 20
<212> ?YPE: ltrfA
<213> ORGAIIISIi: Artl,tlchl Scqucncc
<220> tEArUnE:
<223> OTHER IISPORI(iAtfON: Synthct.lc Polynucl@tldc

<{OO> SEQOEICE: 19

cg.tgcgcce rttccggttc 20

<210> SEO ID trO 20
<211> LtNGTlt: 20
<212> TYPE: DIA
<213> ORGAIIISIi: Artlf 1clal. Scqucncc
<220> FEATIIRE:
< 223 > OTHER IIIFORI.IATION : Synth.t Ic Polynuclotld.

<{OO> SEQUEICE: 20

cacgggcErt rtgcgrrcc9 20

<210> SEQ ID lIO 21
<21,1> LEIGTH: {0
<212> IYPE: DltA
<213> ORGAIIISiI: Art.lf 1c1rl S.qucnc.
<220> FBATURE:
< 223 > OIIIER INFORI.IATION : Synth.t lc Po1)mucl@tldc

<400> SEOITENCE: 21

t..trcgrct crctrtrggg r[gccagtE catccagtgg llo

<210> SEQ ID NO 22
<211> LBICnl: 40
<212> TYPE: DNA
<213 > ORGAIIISM I Arclf lcle1 S.qu.ncc
<220> FEATIIRE:
<223> OTHER INFORI{ATION : $anthGtlc Polynuclstldc

<{00> sEQuEtiIcE: 22

Earlrcgac! cacEataggg tgaEcatcgc tcgcgggEtg {0

<210> SEQ ID NO 23
<21L> LENGTII: 39
<212> TYPE: DNA
<213> ORGAIIISMT Artlflcirl S.quGncG
<220> FEATURE:
<223> OTHER INFORITIATION: Synch.Elc Pollmuclcocldc

<{00> SEOUEIICET 23

graErcgrct crctrtrggg cgtggrgggc rtrc.rcgc 39

sEo rD No 2{
LENGTH: 30
TYPE: DNA
oR@NIsM : Arulf lchl SGqu.ncG
FEATORE:
OTI{ER INFORIIATION: Synthctlc Polynucl6tldc
PEATIIRE:
NAI,E/KEY, mlac-f GaEuc
rrocATroN: (30) .. (30)

<210>
< 211>
<2L2>
<213 >

<220>
<223>
<220>
<22L>
<222>
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<223> OTI{IR IXFORIIATIOIS: Cyto31n. 1s nodifi.d by 3r Cy5 Sp

<{O0> SEQOIIICE: 2{

cgc.rcgctt gEg.cagttc crrEcgErtc

<210>
<211 >
<2L2>
<2L3>
<220>
<223 >

<220>
<22L>

sEo rD no 25
IJEIGTH: 3O
TI|PE: D!!A
ORqAI{IS!| : Art.l. clal S.qu.ncc
FtI?ORE:
OTHIR INFORITATION : Synth.t lc Polynuclmtldc
PE,ATURI:
l(AlrlI/KtY : ml.c-l..tu.
IOCIIION: (30)..(30)
OTHIR IIFORUATIoN: Cytoelno Ir nodlfl.al by 3, Cys sp

<400> SEOUE{CD: 25

cgutgccct ggccEcgrrc gilcgrtrgc

30

30

3o

30

<210>
< 211>
<2L2>
<213 >

<220>
<223>
<220>
<22L>
<222>
<223>

sEQ ID NO 25
LEtIC?ll:30
TYPE: DtrA
ORoAIIISM: Artlf 1chl S.qu.nc.
FEA?IIRE:
OTHER IrPORIIATION : Sfnthotlc Po1)mucl6tlde
EEATIIRE r

llAl,tl/Knf , mllc-f .rlurG
rocATrof,: (30) ..(30)
OISER ntFORtIAtIOll: Granlnc lE rcdlfi.d by 3' Cy5 Sp

<{00> SEQUEICI: 25

rcaaalccgr ccrgrtsqgg. cartscrEggg

sEQ rD XO 27
LElGTll: 30
TI|PE: D0tA
OROAIIISlil : ArElllc1al s.qu.ncc
FEATI]?,E:
OTIIBR ntPORilAtION : Synthct,lc Pol)mucletide
F]ATURA:
llAtlE/KEY : mkc-f ..tuG
LOCATION: (30).. (30)
O"HER IIIPoRI,IATION: Thyminc la rcdlflcd by 3, CYs sp

<{00> SEQUEIICE: 27

cugtrtgca gcgca.ttgr ccgtctcgtE

<210>
<211>
<2L2>
<213 >

<220>
<223>
<220>
<22L>
<222>
<223>

<210>
<211>
<2L2>
<213>
<220>
<223>
<220>
<22!>
<222>
<223>

SEQ ID NO 28
LENGTH: 30
TYPE: DINA

ORGAIIISU : AtElf lc1tl SGqucnc.
FEATIIRE:
OTXER IDPORITIATIoN : synlhcB lc Po1)mucl6tldc
FEATIIRE:
IIAUE/KCY, nlrc-!.!tu!.
toCATIoN: (301..(30)
OTIIER II{FORIiIATION: CYtorlne 1s rnodlficd by 3' qE Sp

<lO0> SEQUEICE: 28

gcagg..gcr cgtggrttrg ggcrt cg.cc

<210> SEQ ID NO 29
<211.> LEllGTll: 30
<212> TYPE: DtrA
<213> ORCAlIfsil: Artl,f lchl s.qu.ncc
<220> FEATI]RE:
<221> NAI{B/KEY : mlsc-fc.tuc
<222> L,OCATIOI: (30) . . (30)
<223> OTHER IIIPORIiIATION: Tlymin. lc rcdlficd by 3r CYs Sp

30

IPR2024-00526 
EX 1073 
Page 95



us 12,209,237 B2
83 84

-cont,inued

<220> lEAtURl:
<223> OTHIR IIIFORIIA?ION: Synthctic Polynuclotidc

<{00> SBQtrE}lCEr 29

..gtcgtrcg ccg.lgcgc. gcrettcrct 30

<210>
< 211>
<2L2>
<213>
<220>
<223>
<220>
<22L>
<222>
<223>

sEQ ID nO 30
LIXIGTII:30
TYPE: DllA
OROAIfISII : AlEltlcl.l S.qu.nc.
PE.ATIIRE:
OIHER IrFORI,IATION : Synthct, 1c Polynuclocidc

'IATURE:lIAllE/KEY : nfu c-f crtu.
LOCATIOtr: (30).. (30)
OTIIIR IIIFOR].IA?ION: thynlnG lE rcditl.d by 3' Cys Sp

<400> SSQUEICE: 30

cgaarcrgcg gcc.cggccc cgEtgarcct 3o

<210>
<211>
<2!2>
<213 >

<220>
<223>
<220>
<22L>
<222>
<221>

sEQ rD NO 31
LENGTH: 30
fYDl: DNA
ORGAI|ISU : Artif lcir1 S.qucncc
PEATURE:
OTHIR ItrFORI{ATION : Synth.clc Pollmuclotsidc
PE.AIIIRE:
mldE/xllY: nlsc-!..tur.
LOCATION: (30)..(30)
OTIIER ITFORIIATION: Adcln is rcdlfl.d by 3, Cys Sp

<t00> sEQUEllGE: 31

ecgartcc.c cgt,ccagcgc atcrrrcrg! 3o

<210>
<211>
<2L2>
<211 >

<220>
<223>
<220>
<22L>
<222>
<223>

SEQ ID NO 32
LBNGI?H:30
TYPE: DXA
OROAIIISU : AttIf lc1.1 S.qu.ncc
PEAIIIRE:
OTHIR IXFORIiIATION : Synth.r lc Polynuclrctld.
PE.AIURE:
tlAlrlE/KEY : m13c-f .rturc
tocrTroN: (30) .. (30)
O?XIR IAFORIIATION: Cyto31n. ls rnodlficd by 3i qfs Sp

<400> SEQUENCE: 32

cgcgarrEcc ccgtucgag cgiccceegc 30

<210>
<211>
<2L2>
<213 >

<220>
<223 >

<220>
<22L>
<222>
<223>

sEQ rD NO 33
LEI{GITH:30
TYPE: DNA
ORGAI{ISM : Artlf lc1r1 S.qucnc.
IEATIIRE:
OTHER INFORI,IAIION: synth.t.lc PolynucletldG
PEATURE:
ItAll8/KEff : nkc-l..tur.
locATroN: (30)..(30)
OIHER IIIPORIIATION: Adolnc Is rpdillcd by 3' qys Sp

<{oo> sEQIrsIcE: 33

gc.tgrgttg cctggcgt.tg cgrcgrctu

<2t0> s80 rD xo 3a
<211> LEIIGTH: 30
<212> TYPB: DNA
<213 > OROAITISII : Artlf lclal S.qu.nc.
<220> FEAIIIRE:
<223> OTIIER IIIPORIIIAIIOI: SynthcElc Pollmucl6tlde
<220> FEATIIRE:

30
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<221> mtlE/KlY; nbc-f..cu.
<222> IloCATfON: (30) . . (30)
<223> OTHrR IDFORIIATION: Cytosin. Is rnodifl.d by 3' qf5 SP

<100> SEQUEICE: 3{

ccatcggctc cglrtccrccg ttgcgcttrc

<210>
<211>
<2L2>
<213>
<220>
<223>
<220>
<22L>
<222>
<223>

<loo>

<210>
<211>
<2L2>
<213 >

<220>
<223>
<220>
<22L>
<222>
<223>

<210>
<211>
<2L2>
<213>
<220>
<223>
<220>
<22L>
<222>
<221>

<2LO>
<211>
<2L2>
<213 >

<220>
<223>
<220>
<22L>
<222>
<223>

SEQ ID NO 35
LEIGTH:30
TYPE: DNA
oR@trISM: Artlf lchl s.qu.nc.
FEATIIRE:
OTHER INPORI'IAIION : Synthct lc Pollmuc1cotld.
FEATURE:
!{AI,!E/KEY : mlec-lc.turc
LOCATION: (30).. (30)
OTHER INPORIIATION: Cytoslnc ls modlllcd by 3' cys Sp

<t100> SEQIJEICE: 36

ErgrtcarrE cggrgcgurg cggr.tctgc

sBo rD No 37
LEIIGTH: 30
tYPE: D0fA
OROAIIISil ; Artlf 1c1.1 sGqu.nc.
PaAruRI,
OIHER IIIFOR}IA?ION : Synthalic Polynuclotldc
P8,AIUR8:
lltl,lE/KE'1f : nkc-f Grtu.
IoCItIoN: (30) ..(30)
o?HER IIIFoRTTATIoN: Cyroainc is trrodlflcd by 3' Cy5 SP

<lO0> SEQUEICE: 37

cgcgcagrcc cgcttgtcgg g[cggrsrc

sEQ rD DO 35
LElfGlTIl:30
TYPE: DNA
ORGtNf ${ : Artlf lclal S.quncc
PEATORE:
OTIIR IIIFORI,IATION : Synthct lc Po1ynuc16tid.
PEATURE:
NaI{E/KEY, n1'c-l..cu.
roclTr6; (30) ..(30)
oTHIR IrFoRl,lATIoN: thyrlln. ls roaUfl.d by 3r eys sP

SEQUBICE: 35

ggccmEggc ccrgrgtccgt crcgcaa!t!

sEQ rD trO 3S
LEMITH:30
fYPE: DNA
OR@NIS!|: Arrl!ich1 ScquGnc.
IEATI'RE:
OTHIR IllpORxAtIoN : Synth.t lc PolynuclGotld.
IEATIIRE:
NAIIE/KEIY : mI!c_!c.tue
IOCITIOtr: (30)..(30)
OTHBR II{FORI,IATION: Guanlnc la mdM.d by 3' CyS Sp

<{OO> SEQ0EIICE: 38

gcctcgrtt. cg.cagrtgt .rttscggccg

<210> SEQ rD NO 39
<211> LtrNGfH: 3O
<212> TYPE: DIIA
<213 > OROAIIISM: Artlf lclal ScquGncc
<220> FEATIIRE:

30

30

30

30

< 223 > OTHER INFoRI,ATIoN : gynth.clc Pol)muclrctld.

30
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<220> FEATIJRE:
<221> NAME/KEY: mlac_fcacuc
<222> IOCATION: (30) . . (30)
<223> OTHER INFORI,IATION: Thyminc ls rcdlficd by 3, CyS Sp

<40o> SEQUSICE: 39

gcccgE!ltc ccacttgcaa glagggcart

<210> SEQ ID NO {0
<2L1.> LENGTH: 2O
<212> TYPE: DNA
<213> ORGAIIISM : AtElf icj.el Scquencc
<220> PEATT'RE:
<223 > OTHER INPORIIATION : Synthcr Ic Polynucl@t j.dc

<{00> SEQUBICE: 40

cggEtttagc gccggaaaEg

30

20

The invenlion claimed is:
1. A method for imaging spatial organization of a nucleic

acid target in a sample, comprising:
a. cotrtacting the sample comprising a plurality of distinct

nucleic acid targets in situ v/irh a plurality of primary
nucleic acid prcbe pools each ol the nucleic acid probes
comprising a target sequence and one or more read
sequences, wherein each pool of nucleic acid probes
hybridize to a distinct nucleic acid target and each pool
of prcbes encde a N-bit codeword that was assigned to
each distinct nucleic acid target and each N-bit code-
word is a valid codeword, wherein each of the read
sequences corespoDd to a bil value of I for the valid
codeu/ords and each pool ofnucleic acid prcbes com-
prise fwo or more distinct read sequences, and the valid
codewords fomr an error-checking and/or error-corrrect-
ing code space;

b. contacting the sample with a plurality of readour probes
comprising a fluorescent label, wherein the readout
probes hybridize to the read sequences;

c. imaging the rcadout probes hybridized to the read
sequences; and,

d. repeating steps b) and c) in oDe or more sequential
hybridization and imagrng rounds until all N positions
in lbe N-bit codeword have bccn imaggd prcviding an
imaged codeword corresponding to each distinct
nucleic acid taryet in a spatial organization.

2. The mahod of claim l, wherein the code space bas a

Hamming distance of equal to or greater than 2 bet*'een
valid codewords.

3, Tbe method of claim 1, wherein the nucleic acid target
comprises RNA.

4. The method of claim l, wherein imaging rcmprises
using a super-resolution imagrng lschnique.

5. The method of claim l, comprising determining bind-
ing of the readout probes within the sample at a rcsolution
better than 100 nm.

6. The method of claim l. wherein the valid codewords
were assignal using a Single Enor Correction Double Emlr
Detection (SECDED) code.

7. The method of claim 1, wherein the valid codewords
were assigned using a Hamming code.

8. The method of claim 1, wherein each of the valid
codewords contains a parity bit.

9. The method of claim 1, wherein the nucleic acid target
comprises DNA.

10. The method of claim 1, comprising determining
transcriptome spatial organization from a single cell.

11. The method of claim 1, wherein the N-bit codewonl
[65 3 fiammiag weigbt of 4.

12. The method of claim 1, wherein the imaged codeword
is matched to a valid codeword assigned to a distirct nrrcleic
acid target.

13. The method of claim 1, wherein the imaged code-
words are matched to valid codewords or discarded.

14. The method of claim 1, wherein each primary nucleic
acid probe pool comprises at least 10 diferent primary
nucleic acid probes.

15. The method of claim 1, wherein each primary nucleic
acid probe pool comprises at least four distinct read
sequences.

16. The method of claim 1, wherein the primary nwleic
acid prcbes comprise a larget sequence, with an average
length ofbetween 10 and 200 nucleotides, that hybridize the
distinct nucleic acid targets.

17. The method of claim l, wherein after each hybrid-
ization and imaging round the fluorescent readout probe is
quenched to inactivate.

18. The method of claim 1, wherein after each hybrid-
ization and imaging round the fluorescent readout probe is
inactivated by removal of the readout probe hybridized to
the read sequetrces or by chemically or enzymatically cleav-
ing the fluorescent label from the readout probe.

19. The method of claim 1, wherein the N-bit codeword
comprises at least a l6-bit coderyord.

20. The method of claim 1, wherein each assiped N-bit
codeword is a valid codeword with a Ifamming distanc€
equal to or greater than 2 between valid codewords.

21. A method for im2ging spatial organization of a nucleic
acid target i1 s semple, comprising:

". 
*o1261ing the sample comprising a plurality of distinct
nucleic acid targets in situ with a plurality of primary
nucleic acid probe pools each ofthe nucleic acid probes
comprising a trrget sequence and one or more read
seque[ces, wherein each pool of nucleic acid probes
hybridize to a distinct nucleic acid targel and each pool
of probes encode a N-bit codeword with a Hamming
weight ofat least 2 that was assigned to each distinct
nucleic acid target and each N-bit codeword is a valid
codeword with a Hamming dislance equal to or grcater
than 2 between valid codewords and wherein each of
the read sequences correspond to a bit value of I for the
valid codewords;

20
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b. coaraing tb rryb wttt s phudity of nadox probca
coryUry i fulc.cld htd, *tlroia rt rcrdout
probc hytdtttrrto 6!lrd rapffi;

c. iaqlg tb rudq, pmbcr htoldrd to lbc re.d
rquc!.; [d,

4 ryrdq r[?. b) oC c) ia oD or mr! s.$d.l
hfulbriioood hryi{ moi r6il rll N poritbm
in 6o X-trit odsnmed h.re ta inaod povlliry u
hryld codoxord to Grch di.*id
arhic scid rcj:r is a 4rtid orymizrfba

90
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